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KEY POINTS 

 The role of interface during non-invasive high-frequency ventilatory modes is very 

important and physical characteristics of different interfaces must be known in order to 

optimize their use. 

 NHFOV needs to be used within a physiology-driven protocol with accurate mini-invasive 

multimodal monitoring and adequate nurse training. A protocol proposal is enclosed. 

 NHFOV may be useful to reduce PaCO2 and spare intubation and invasive ventilation in 

neonates with CPIP (i.e.: evolving BPD). 

 Future trials about NHFOV need to be more explanatory and physiology-based. 

 There is less experience about NHFPV, although it might be useful for TTN. 

 

  



 

 

 

SYNOPSIS  

Non-invasive high-frequency oscillatory (NHFOV) and percussive (NHFPV) ventilation represent 

two non-conventional techniques that may be useful in selected neonatal patients. We offer here a 

comprehensive review of physiology, mechanics and biology for both techniques. As NHFOV is 

the technique with the wider experience, we also provided a meta-analysis of available clinical 

trials, suggested ventilatory parameters boundaries and proposed a physiology-based clinical 

protocol to use NHFOV. 

 

INTRODUCTION 

The term “non-invasive high-frequency ventilation” designates a non-conventional ventilatory 

technique with supra-physiologic frequencies applied through an external non-invasive interface 

(nasal prongs, helmet or various types of mask), thus without endotracheal intubation or 

tracheostomy. It is out of our scopes to discuss whether conventional or non-conventional 

modalities are generally preferable but we will review the data regarding non-invasive high-

frequency ventilations available in neonatology and their possible benefits. 

 Within this technique, we may recognize two modalities:  

 non-invasive high-frequency oscillatory ventilation (NHFOV),  

 non-invasive high-frequency percussive ventilation (NHFPV).  

Only scanty exist about NHFPV, while NHFOV is quite often used in some countries.1 The 

diffusion of NHFOV is likely due to the wide experience about the use of endotracheal high-

frequency oscillatory ventilation (HFOV) and nasal continuous positive airway pressure (CPAP) in 

preterm neonates. The experience in HFOV and CPAP has pushed clinicians to combine them in 

order to maximize their advantages (such as, non-invasive interface, increase in functional residual 

capacity determining oxygenation improvement, no need for synchronization, efficient CO2 

removal).  

 



 

 

 

PHYSIOLOGY OF NHFOV 

General characteristics 

NHFOV is based on the application of a continuous flow, generating a constant distending positive 

pressure with superimposed oscillations, delivered all over the spontaneous breathing cycle. 

NHFOV could be applied either in a restrictive (e.g.: respiratory distress syndrome (RDS)) or in a 

mixed (e.g.: evolving broncho-pulmonary dysplasia (BPD) or BPD plus acute-on-chronic 

respiratory failure) respiratory insufficiency. NHFOV has the same basic principles and peculiar 

physiology in both cases: Fig.1 shows similar flow, volume and pressures tracings recorded from 

active neonatal lung models of restrictive or mixed pattern ventilated with NHFOV.  

 

Oscillations have constant frequency and may be seen as somehow similar to those of bubble 

CPAP, which provides a positive pressure with oscillations although the latter are smaller, irregular 

and with inconstant amplitude.2 Furthermore, NHFOV can produce much higher mean airway 

pressure (Paw) than bubble CPAP, since it is generated by a ventilator rather than a simple water 

valve.  

 

A first interesting characteristic of NHFOV is that it can be easily used for alveolar recruitment 

increasing Paw, without the risk of gas trapping-induced CO2 retention, since this is avoided by the 

superimposed oscillations. Alveolar recruitment in NHFOV can be performed in a patient with 

restrictive respiratory failure in the same manner as it is done in endotracheal HFOV, following the 

well-known principles of the optimum lung volume strategy.3 Compared to endotracheal HFOV, 

however, NHFOV is generally accompanied by relevant pressure leaks that should be considered.4 

 

If the effects on oxygenation are quite well known, the mechanisms of gas exchange during 

NHFOV are incompletely understood.  They partially correspond to the ones occurring in 

endotracheal HFOV5 albeit with some peculiarities. During NHFOV a tidal volume is 



 

 

 

spontaneously generated, but at the same time a small oscillatory volume is provided by the cyclic 

pressure oscillations and delivered all along the respiratory cycle.1 These oscillations may be 

variably transmitted along the respiratory tree and this adds to the complexity of gas exchange, 

which is based on several physical phenomena.6  

 

Oscillation transmission seems to be the most important variable influencing ventilation, although 

both tidal and oscillatory volumes actually contribute to gas exchange.7,8  This dual contribution has 

been initially hypothesized in in vitro measurements, but recent in vivo studies in preterm infants 

have provided consistent results.9  Bench data have also initially shown that NHFOV is able to 

wash-out CO2 from the upper airways’ deadspace.10 Subsequently, CO2 clearance has been also 

demonstrated at lung level in similar bench models.11 However, recent in vivo data demonstrated 

that during binasal prongs-delivered NHFOV, oscillations are not only transmitted to the upper 

airways but also to the alveolar tissue, especially in the non-gravity dependent and right-sided lung 

regions; this effect was noticed at relatively low oscillatory amplitude values.9 Nonetheless, these 

data may be significantly influenced by several factors. For instance, oscillation transmission is 

more efficient through stiff structures,12 thus the amount of oscillatory volume reaching the alveoli 

may be different between babies with mainly restrictive and homogeneous (i.e.: RDS) and those 

with mixed and non-homogeneous patterns (i.e.: evolving BPD). Furthermore, type, size and 

material of interfaces may significantly influence the oscillation transmission and the resulting 

volume delivery (see below).1 These can also be influenced by alveolar recruitment which changes 

the regional compliance.12 On the other hand, patients’ position could also have an effect, since 

neonates are often turned and this changes the non-gravity dependent lung zones. In adults, this 

shift has been associated with increased regional compliance and pulmonary perfusion and 

subsequent effects on volume delivery and oxygenation.13,14 An useful tool to summarize the 

interplay of factors influencing oscillation transmission is the oscillatory pressure ratio, that is, the 



 

 

 

ratio between the oscillation amplitude set at the ventilator and that actually measured at a given 

level (e.g: at the interface or the pharynx).12 

 

NHFOV and patient-ventilator interaction 

Non-invasive ventilation is difficult to synchronize in neonates because of their high respiratory 

rate, low tidal volume and irregular breathing pattern. NHFOV bypasses this problem since all 

ventilations at supra-physiological frequencies, by definition, do not require synchronization. 

Furthermore, NHFOV could provide benefits over conventional non-invasive ventilations,  because 

it does not induce phasic inspiratory glottal constriction, or decrease inspiratory glottal dilatation in 

newborn lambs.15 This may allow a more constant pressure/volume transmission to the distal 

airways.16 However, animal data also showed suppression of respiratory drive when nasal mask-

delivered NHFOV was applied with a very low frequency (4 Hz).15 This effect has been confirmed 

in various models and is not mediated by hypocarbia, but rather by an increased vagal pulmonary 

stretch receptor or thoracic wall afferent activity.17,18 However, such low frequencies are not used in 

neonatology and an increased respiratory drive with consequent diaphragmatic activation has also 

been observed in animals: this depends on the ventilation parameters and is mediated by pulmonary 

rapidly adapting receptors.19,20 Conversely, in adults with central sleep apnea, nasal mask-delivered 

high-frequency oscillations stimulate respiratory effort in adult patients.21 In neonates, other 

mechanisms also influence the spontaneous respiratory drive, such as inflammation, pain or 

discomfort and the choice of NHFOV interface may play a relevant role (see below).22 Finally, as 

patients are spontaneously breathing during NHFOV, an increment in their work of breathing 

(WOB) could be observed, although this is lower in smaller patients.23 WOB increment depends on 

many factors such as lung compliance and resistances, patients’ size, ventilator type (see below) 

and parameters. Regarding these latter, lower frequencies seem to be associated with lower 

additional WOB:24 this should be considered for long-lasting NHFOV, but also balanced with the 

need to deliver adequate ventilation. Therefore, the interactions between high-frequency oscillations 



 

 

 

and spontaneous respiratory drive is complex and opposite effects might be observed in different 

patients or in different moments: tailoring ventilation with close patient monitoring is crucial. 

 

Effect of different interfaces for NHFOV 

NHFOV can be provided using different interfaces and each has its own mechanical characteristics 

and multiples effects on NHFOV physiology. Moreover, interfaces may significantly affect 

patients’ comfort and the combination of these mechanisms can considerably change the effect of 

NHFOV in terms of oxygenation and gas exchange. 

 

The first clinical experiences on NHFOV used single, long, high-resistive naso-pharyngeal tubes.25 

As demonstrated for CPAP, these interfaces were unsuitable and should not be used: in fact, they 

are associated with large leaks occurring through the contralateral nostril and with a relevant 

resistive load increasing the patients’ WOB.26 As short binasal prongs should be preferred over 

naso-pharyngeal tubes,27 and nasal masks seems even better than short prongs,28 we have 

investigated them in dedicated NHFOV bench studies finding efficient oscillation transmission and 

volume delivery.4,29,30 Finally, the use of prongs occluding only a small portion of the nostril cross-

sectional area and connected via a long and resistive tubing (RAMCannula®) is currently 

spreading. These interfaces are particularly comfortable, however they provide high resistance, 

which increases the patients’ WOB,31 and significant leaks when used to deliver CPAP32,33 or 

conventional non-invasive ventilation.34 Despite these negative mechanical characteristics a case 

series described the use of RAMCannula®-delivered NHFOV in three neonates ventilated with 

relatively low Paw.35  

 

Our knowledge on the different interfaces for NHFOV and their effects on physiology can be 

resumed as follows:  



 

 

 

1) The diameter of binasal prongs is important to guarantee an efficient ventilation (i.e.: the larger 

the probe, the greater the volume delivery); for a given amplitude and frequency, increasing the 

inspiratory time from 33% to 50%, allows a greater volume delivery, but increasing the amplitude 

beyond 50-60 cmH2O does not significantly increase ventilation.29,30  Thus, when binasal prong-

delivered NHFOV is provided with maximal parameters (that is, with amplitude of approximately 

50-60 cmH2O, a frequency of 8-10 Hz and 50% inspiratory time) a suitable oscillatory volume 

might be provided to neonates up to 1-1.5 Kg29,30 (if we consider 1-2 mL/Kg as an ideal target alike 

in invasive HFOV36).  

3) Nasal masks can efficaciously deliver NHFOV but provide lower oscillation transmission, due to 

the dampening occurring on the skin tissue and the mask soft material.4 This seems consistent with 

what happens during full face mask-delivered NHFOV in infants beyond neonatal age.7 More 

aggressive parameters (particularly lower frequency) may be needed to deliver the same oscillatory 

volume provided through binasal prongs.4  Nasal masks are associated with lower pressure leaks 

compared to nasal prongs33 and these leaks (30-35%) seem similar during NHFOV and other types 

of non-invasive support.4 Bench data have demonstrated that moderate leakage may increase CO2 

clearance during NHFOV, probably facilitating the wash out from the upper airways deadspace and 

reducing gas trapping: thus, moderate leaks may be allowed, on a case-by-case evaluation.37,38  

3) RAMCannula® should not be used to deliver NHFOV, if it is applied in cases of severe 

respiratory failure (for instance, when intubation is pending) or for long periods or when the added 

resistance may have negative consequences (for instance, in extremely low birth weight neonates). 

 

These mechanical data do not advocate for an universal use of a single interface. In fact, patients’ 

comfort, ventilatory parameters, integrity of skin and also non-respiratory factors should be 

considered, as well. Moreover, the severity of respiratory failure may vary from one patient to the 

other and between different moments during the clinical course: thus, sometimes less aggressive 

parameters may be sufficient to compensate respiratory failure. Mechanical characteristics of 



 

 

 

interfaces, patients’ comfort and severity have a complex interplay on NHFOV physiology: 

therefore, the choice of NHFOV interface should be based on all these aspects and aim to find the 

best compromise between ventilation efficiency and patients’ comfort.1 This latter remains to be 

evaluated in specifically dedicated studies and, therefore, interfaces should be tailored on a case-by-

case basis evaluation and interchanged to reduce the risk of skin lesions and according to patients’ 

need.39 Tab.1 resumes the factors influencing gas exchange during NHFOV. 

 

Different devices producing NHFOV 

NHFOV may be applied with any ventilator able to provide the HFOV mode: several technologies 

are available.1 From a formal point of view an actual “oscillatory” ventilation should have an active 

expiratory phase produced by a vibrating piston or membrane over a continuous gas flow or by an 

electronically controlled, cyclic flow reversal. These two ways to produce active oscillations have 

not been compared in respect to the application of NHFOV.  Other technologies to produce HFOV 

(although without an active expiratory phase) are represented by the flow interruption due to the 

cyclic opening-closure of one or more pressure valves. Some neonatal ventilators are technically 

able to provide NHFOV using this technology, but their performance to provide invasive HFOV 

can be suboptimal at extreme settings or for late preterm/term neonates.40,41 As NHFOV is usually 

proposed for preterm infants, and, as bench studies have demonstrated an adequate ventilation for 

neonates up to 1-1.5 Kg,29,30 this is not likely to represent a significant problem. Another ventilator 

produces oscillations based on the inertia of gas in the circuit when the pressure at airway opening 

is rapidly changing: this technology is combined with fast responding inspiratory valves and high-

flow capability but it has not been formally tested for NHFOV yet. There are also hybrid systems 

based on positive pressure generated by high flow nasal cannula with superimposed high-frequency 

oscillations provided by a solenoid valve: they have shown to provide efficacious CO2 clearance in 

bench models.42,43 Finally, a new technology based on electronically controlled blower and valve 



 

 

 

has been specifically proposed for NHFOV.44 So far, hybrid high flow or blower and valve 

technologies have not been incorporated in any commercially available ventilator.  

 

The active oscillation is  considered important for the CO2 clearance; however, the wide experience 

accumulated on invasive HFOV seems to indicate that this is not actually affecting clinical 

outcomes.45 Nonetheless, at least in some patients, the kind of  NHFOV-producing device may have 

an impact on its short-term efficiency.40,41 This problem may be less relevant in NHFOV, as this is 

supposed to be used in neonates below 1-1.5 kg. It is also important to note that, as patients are 

spontaneously breathing during NHFOV, a certain WOB may theoretically be superimposed by 

NHFOV application. This WOB increment is relatively low for preterm infants, but seems 

significantly different between ventilators based on the above-described technologies, with 

tendency to a lower WOB for ventilators with an active expiration.24 

 

Humidification during NHFOV 

Heating and humidification during non-invasive respiratory support seem to improve comfort in 

adults, although we do not have specific neonatal data.46 An European survey identified viscous 

secretions and consequent upper airway obstructions as specific side effects of NHFOV47 and this 

seems logical as NHFOV is usually applied as rescue, when other non-invasive respiratory 

techniques have failed. The American Association for Respiratory Care suggest to use active 

humidification during non-invasive ventilation, although there are still open questions about the 

type of active humidifier to prefer.46 Ullrich et al have studied humidification during NHFOV and 

found that aggressive NHFOV settings (i.e.: low frequency, high amplitude and IT) significantly 

reduced oropharyngeal gas conditioning.48 This is consistent with data on CO2 pharyngeal wash-

out:10 thus, it seems reasonable to think that aggressive NHFOV remove water through physical 

mechanisms similar to those of HFOV gas exchange.5 The presence of leakage might also 

contribute, as gas particles can be mixed by thermo-diffusion and heat may be lost by thermal 



 

 

 

conduction or with the entry of cool dry gas particles from the room air. The clinical relevance of 

these phenomena is unknown, but probably limited if NHFOV is not used for a longtime. 

 

BIOLOGY OF NHFOV 

Reddy and colleagues showed that superimposing oscillations over tidal volume excursions in a 

surfactant bubble lowers surface tension significantly more than tidal volume excursion alone.49 

Minimum surface tension decreased with increasing frequencies and reached a value of 7 mN/m at 

extreme frequencies (70-80 Hz),  not attainable in clinical care. Conversely, minimum surface 

tension of 15-30 mN/m was measured with frequencies usually applied when using NHFOV. 

Similar values have been measured in neonates and infants with acute respiratory distress 

syndrome.50,51 Invasive HFOV improves lung mechanics and histology in surfactant-depleted 

rabbits.52 Consistent findings, as well as larger surfactant aggregates have been reported in animal 

models mimicking different types of lung injury.53,54 These data allow to hypothesize that NHFOV 

could improve surfactant function, although this only remains a working hypothesis.  

 

EVIDENCE-BASED REVIEW OF CLINICAL DATA ON NHFOV 

Uncontrolled studies 

In 2016 we have analyzed the clinical data on NHFOV available at that time and these were mainly 

represented by uncontrolled small case series, showing globally promising results.1 Because of the 

neonatal experience on HFOV and wide availability of this ventilatory mode, NHFOV spread in the 

last five years led to the publication of other similar studies. These latest uncontrolled studies were 

consisting with the earlier data, reporting that: 1) NHFOV may reduce the extubation failure or the 

need of invasive ventilation in infants with pending intubation; 2) NHFOV may improve gas 

exchange; 3) NHFOV may reduce the number of apneic spells; 4) NHFOV did not cause any severe 

adverse event.55–58 The absence of these had also been suggested by an European survey of 

physicians using NHFOV.47 



 

 

 

 

Randomized controlled trials 

After these studies, randomized controlled trials finally started to be published. We performed a 

systematic review of these trials. A literature search was performed on PubMed (on November 7, 

2020), using “nasal” or “non-invasive high-frequency oscillatory ventilation” or “NHFOV”, as 

words or MeSH terms, without year or language restrictions. We also hand-searched references 

cited in the studies identified through the initial search, review articles and the authors’ personal 

archives. We excluded “grey” literature, unpublished or non-peer reviewed reports. Non-English 

manuscripts were translated using Google translator. We used a data extraction sheet based on the 

Cochrane Review Group template adapted from our previous work.59 Data from included trials 

were extracted and cross-verified independently by the two authors. We analyzed data applying the 

Sidik-Jonkman method60 with random-effects models. Consistency was evaluated using the I2 

statistics and χ2 test for heterogeneity. Meta-regressions were performed adjusting for gestational 

age and prenatal steroids as confounders. We inserted one covariate in each model in order to 

reduce false positive results.59 Analyses were performed with Open-MetaAnalyst 10.1.61  

 

Meta-analysis of randomized controlled trials 

To date, there are 11 trials comparing NHFOV against single level or biphasic CPAP, either with 

parallel or crossover design, mainly having short-term events or gas exchange as primary 

outcomes.62–72 Tab.2 shows essential trials’ characteristics. All but two trials63,68 recruited relatively 

small populations and three enrolled extremely preterm neonates.62,65,70 The majority of primary 

outcomes were represented by short-term need for intubation and invasive ventilation 

(IMV)63,66,68,71 or PaCO2/oxygenation.62,63,65,67,72 While authors should be commended for the 

efforts, there are important problems behind these outcomes’ choice: 

1. The need for IMV can be a sensible outcome, however some studies investigated NHFOV in 

preterm neonates with RDS as primary respiratory support (i.e.: before surfactant 



 

 

 

administration, if any)64,68 and others as secondary support after extubation or surfactant 

administration.63,66,67,69,71,72 This lack of homogeneity prevents to draw any conclusion: 

although it seems logical that a higher Paw would reduce the risk of extubation failure as 

demonstrated for other non-invasive respiratory support techniques,73,74 we need larger trials 

focused on the post-extubation phase, comparing NHFOV with other non-invasive 

techniques. More and above this, we need to actually use higher Paw during NHFOV: in the 

majority of trials, Paw was equivalent in the two arms,62,64,65,68–72 and this would prevent 

NHFOV to provide an actual recruitement. Furthermore, it is unclear what might be the 

advantage of NHFOV in the early phase of RDS. In fact, it is known that CPAP works very 

well for the majority of patients in this phase75 and, when CPAP fails, that is usually for 

worsening oxygenation. Oxygenation impairment in a purely restrictive and homogeneous 

condition (such as RDS) is easily overcome by alveolar recruitment. However, since trials 

investigating NHFOV as a primary mode always used an equivalent Paw in the two 

arms,64,68 no alveolar recruitment was provided and it was logical to observe no difference. 

Moreover, if alveolar recruitment through NHFOV would be applied in this phase, this 

might delay surfactant replacement, reducing its efficacy, which is optimal only within the 

first 3h of life.76,77 

2. HFOV is known to be very powerful in washing-out CO2. Because NHFOV has some 

peculiar physiologic characteristics, it was interesting to evaluate its carbon dioxide 

clearance capacity, although it would have been unlikely to see NHFOV failing on this 

regard. In fact, face mask-delivered NHFOV has been found to effectively washout CO2 

also in a small crossover trial enrolling adults.78 However, CO2 clearance has been tested in 

trials enrolling stable preterm neonates or anyway with relatively low PaCO2 levels and no 

respiratory acidosis.62,63,65–67,69,72 This choice has led to less meaningful and possibly biased 

results, since, in the daily NICU care, no one would shift a patient from CPAP to NHFOV if 

there is no hypercarbia. Moreover, having CO2 clearance as outcome also presents a 



 

 

 

problem similar to the afore-mentioned issue about Paw and oxygenation. In fact, some 

trials used a flow interruption device, generating very low amplitudes which are unlikely to 

be transmitted downstream:62,68,71,72 the generation of a very little oscillatory volume and its 

actual contribution to gas exchange is doubtful. 

Two large well designed physiology-driven multicenter trials, are currently ongoing.1 These trials 

aim to verify if NHFOV provides any benefit, compared to CPAP or non-invasive positive pressure 

ventilation, either as primary respiratory support or in the post-extubation phase for preterm 

neonates with RDS.79,80 

 

The trials published so far had a panoply of secondary outcomes, amongst which, there are some 

difficult to improve, but also several vital parameters and safety data. NHFOV reduced the number 

of desaturations and bradycardia in one trial,70 while there was no difference in any safety data in 

the other trials.62–69,71,72 Therefore, we can reasonably state that NHFOV is essentially safe or can 

even be beneficial in reducing bradycardia, desaturations and/or apneas, at least in some patients. 

However, due to the complex effects of NHFOV on the spontaneous breathing (see above), these 

results cannot be generalized as they can change according to the patient’s clinical condition, 

cointerventions, NHFOV interfaces and parameters.  

 

We present here the meta-analysis of trials focusing on the two more commonly studied outcomes: 

1) need for intubation and mechanical ventilation; 2) PaCO2 levels after NHFOV application 

(Fig.2). NHFOV significantly reduces the risk or intubation and need of IMV (odds ratio: 0.29; 

95% confidence interval: 0.2-0.4; p<0.001) compared to single level or biphasic CPAP. These 

results are confirmed if we only analyze the trial using NHFOV as post-extubation support (odds 

ratio: 0.3; 95% confidence interval: 0.18-0.5; p<0.001). NHFOV also tends to reduce CO2 

compared to single level or biphasic CPAP (mean difference: -4.6 mmHg; 95% confidence interval: 

-9.3-0.08; p=0.05); significant heterogeneity is seen for this outcome and this may be related to the 



 

 

 

different times and techniques to measure PaCO2 and to the different ventilatory strategies 

described above. 

 

We further studied the effect of possible confounders: for the outcome intubation, neither 

gestational age (coefficient: 0.104: (95% confidence interval: -0.2; 0.4), p=0.527), nor prenatal 

steroids (coefficient: -0.007: (95% confidence interval: -0.02; 0.007), p=0.327), were associated 

with the effect size; same results were found for PaCO2 levels, regarding gestational age 

(coefficient: -1.1 (95% confidence interval: -2.7; 0.4), p=0.137) and prenatal steroids (coefficient: 

0.07 (95% confidence interval: -0.1; 0.2), p=0.424). 

 

These results, and particularly those issued by subgroup analyses and meta-regressions, should be 

cautiously seen also in light of the above-described problems in trial design and outcome choice. 

The NHFOV trials published so far have been affected by significant intrinsic biases and these have 

been reported in commenting letters.81,82 We do not comment here all the biases, as this would be 

beyond our scopes. Nonetheless, future trials shall investigate NHFOV with a physiology-driven 

management, in homogeneous populations, with a clearly defined lung mechanics and restricted, 

physiopathologically sound objectives. NHFOV shall be compared to a well-defined “control” 

technique and both shall be applied with a strict protocol. In other words, future trials should have 

an explanatory design and tend to recruit only from well experienced sites. More pragmatic 

inclusive approaches are unsuitable because they seek a ‘real world’ answer for a more widely used 

and well-known intervention.83 On the contrary, NHFOV is a relatively new technique and, by 

mixing different populations or leaving ventilatory management too free, we risk to lose important 

information.84 

 

To date, according to the available clinical data and the physiology background, NHFOV can be 

considered as an additional technique for infants with severe respiratory failure. It may be suitable 



 

 

 

in preterm patients with pending re-intubation or in those with evolving BPD, where one may want 

to spare oxygen exposure and invasive ventilation as much as possible. In these cases, NHFOV can 

be used, if there is enough expertise, after careful evaluation on a case-by-case scenario and with 

accurate patients’ monitoring and physiology-based management. 

 

PERSONAL EXPERIENCE AND PROTOCOL TO MANAGE NHFOV  

As NHFOV represents another “brick in the wall” of the non-invasive respiratory support,85 we 

have been using it for extremely preterm infants with evolving BPD to reduce invasive ventilation 

as much as possible. These patients are comprised under the definition of chronic pulmonary 

insufficiency of prematurity (CPIP), recently issued by the International Neonatal Consortium, 

which spans as a continuum from the end of the first week of life to 36 weeks’ post-conceptional 

age.86 During this period, in our experience, some extremely preterm infants show a worsening of 

their respiratory function around 14 days of postnatal age and this can be easily visualized with 

semi-quantitative lung ultrasound.87  

 

Our NHFOV protocol follows a physiology based-approach, with alveolar recruitment maneuvers 

alike in endotracheal HFOV3 and close multimodal monitoring, based on semiquantitative lung 

ultrasound,88 transcutaneous blood gas measurements, peripheral saturation and perfusion index.89 

Lung ultrasound is used to assess lung aeration and guide the alveolar recruitment in real-time as 

described in critically ill adults.90 Nurses are specifically trained to care for these infants who are 

considered at high risk: non-pharmacological sedation is widely given, hydrocolloid gels are used 

and interfaces are swapped to change the pressure points and reduce the risk of skin injuries. 

COMFORT91 and/or EDIN92 scores are serially used to evaluate patients comfort. Our proposal also 

integrates different respiratory techniques and respiratory support is personalized. 

 



 

 

 

As shown in Fig.3, the respiratory management is initially based on gas exchange traits. Due to its 

capability to wash-out CO2, NHFOV is used as first intention in extremely preterm infants 

experiencing hypercapnic respiratory failure. Conventional non-invasive respiratory support is 

initially used in infants with hypoxemic respiratory failure and NHFOV is regarded as rescue 

intervention in case of failure; conventional non-invasive ventilation is synchronized, either using 

neurally adjusted ventilator assist93 or flow/pressure-sensors in order to increase its efficacy and 

optimize patient-ventilator interaction (more details in the figure legend). Point-of care 

echocardiography is also performed according to international guidelines:94 when there are signs of 

pulmonary hypertension and this significantly influences hypoxia, nebulized iloprost is started,95 

using modern vibrating-mesh nebulizers on the inspiratory limb.96 Thus, intubation and inhaled 

nitric oxide are only considered as last resource. When the monitoring shows consistent signs of 

improvement, the respiratory support is de-escalated and can go back to CPAP, which is usually 

weaned between 33 and 34’ weeks post-conceptional age. An illustrative case of a patient managed 

with this respiratory strategy has been described in our previous review on NHFOV.1 

 

This is obviously just a proposal for a respiratory management protocol integrating NHFOV for 

neonates with evolving BPD. Tab.3 shows suggested boundaries for NHFOV in our strategy. Other 

possible strategies exist and, for example, NHFOV has been proposed also as first line technique in 

neonates with RDS.1 However, the use of NHFOV later in life for neonates with CPIP seems to us 

more reasonable and well grounded. It is actually difficult to design randomized controlled trials for 

these patients, but in absence of these studies, the respiratory care should be tailored to the patients’ 

characteristics as much as possible. 

 

EXPERIENCES WITH NHFPV  

High-frequency percussive ventilation is a pneumatic, pressure-limited, time-cycled, high-

frequency ventilation providing sub-physiological volumes generated by Venturi’s effect through a 



 

 

 

sliding device (called Phasitron®) powered by high-flow compressed gas inlet. Thus, the high 

frequency volume delivery is provided as gas “percussions” into the airways. Between 90 to 650 

percussions per minute can be provided. These percussions are superimposed to a pressure-limited, 

conventional respiratory support with physiological rate and volume: conventional frequency, IT 

and positive end-expiratory pressure need to be set as usual. An end-expiratory pressure for the gas 

percussions must be set, while the peak pressure is decided through the value of pulsatile gas flow 

(the greater the flow, the higher is the peak pressure reached all along the conventional respiratory 

cycle). A typical pressure waveform during this modality is shown in Fig.4: conventional breaths 

are drawn with superimposed percussions. Since the percussions are generated through the Venturi 

effect, the ventilator circuit has an open expiratory limb and the patient may spontaneously breath 

without any added WOB. Only one ventilator can provide this modality, which can be delivered 

both endotracheally or as NHFPV. This modality has the physical capability to improve secretions 

clearance and to move secretions towards upper airways. Because of these characteristics, this 

modality has been mainly used for aspiration-induced lung injuries and acute respiratory distress 

syndrome, both in adults and children.97 

 

In neonatology, NHFPV has been investigated in a randomized controlled trial to treat transient 

tachypnoea of the neonate (TTN): NHFPV was superior to CPAP in improving oxygenation and 

reducing the duration of TTN.98 In a second work, the same authors showed that NHFPV is safe in 

terms of cerebral oxygenation in neonates with TTN or moderate RDS.99 Since TTN is due to a lack 

of lung fluid reabsorption, these results seem physiopathologically plausible as NHFPV may have 

facilitated the lung fluid clearance. Given its physical characteristics, NHFPV might also be 

theoretically useful in meconium aspiration, alike for other inhalation syndromes in older patients. 

Interestingly, endotracheal high frequency percussive ventilation compared to HFOV resulted in a 

better oxygenation in animal model of meconium aspiration,100 while the two techniques resulted 

equivalent in a model of lung injury caused by depleting lung lavages.101 Furthermore, two other 



 

 

 

animal studies compared the long-term effect of NHFPV and invasive ventilation in preterm lambs 

mimicking infants with chronic pulmonary insufficiency of prematurity (i.e.: evolving BPD).  The 

animals ventilated with NHFPV for three weeks showed improved alveolarization with increased 

surfactant protein-B expression and better oxygenation.102,103 These findings may be at least 

partially explained by an enhanced PTHrP-PPARγ-mediated epithelial/mesenchymal signaling of 

alveolarization.102 These results allow to hypothesize that long-term respiratory support with 

NHFPV, or a strategy integrating different non-invasive non-conventional respiratory supports, 

might be useful to improve long-term respiratory outcomes in preterm infants.  In conclusion, the 

use of NHFPV for TTN seems interesting, but given its complexity, the mildness of TTN and the 

effectiveness of CPAP, it is unclear if NHFPV may be really useful.   
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Figure 1. Non-invasive high-frequency oscillatory ventilation (NHFOV) during spontaneous breathing in an active lung model of neonatal 

restrictive (model A) and mixed (model B) respiratory failure. Blue, green, red and orange lines, represents flow, volume, airway pressure 

(measured at the lung) and inspiratory muscle pressure (spontaneously generated by the patient), respectively. 

Data have been generated using a bench model modified from adult setting 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 (Vyaire, 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). Model A mimics a preterm neonate with RDS (birth 

weight: 1.5 kg, resistances: 100 cmH2O/L/s, compliance: 0.5 mL/cmH2O/Kg, respiratory rate: 40 breaths/min, Paw: 8 cmH2O, amplitude 30 

cmH2O; frequency 9 Hz, IT 50%). Model B mimics an infant with BPD and acute worsening of respiratory function (acute-on-chronic respiratory 

failure) (birth weight: 2 kg, resistances: 300 cmH2O/L/s, compliance: 0.4 mL/cmH2O/Kg, respiratory rate: 50 breaths/min, Paw: 10 cmH2O, 

amplitude 50 cmH2O; frequency 6 Hz, IT 50%); notice how the inspiratory effort is weaker in this example, as the patients is experiencing relevant 

work of breathing. A single spontaneous breath is shown in both panels.Abbreviations: Paw: airway pressure measured at the lung; Pmus: negative 

spontaneously generated inspiratory muscle pressure. 

 

  



 

 

 

Table 1. Factors influencing gas exchange during NHFOV. Effect of interface is variable 

because different interfaces may facilitate or reduce oscillation transmission through an improved 

patients’ comfort and/or changing pressure leaks and/or oscillation dampening. *Leaks are 

generally reducing gas exchange through decreased oscillation transmission, but moderate leaks 

have been demonstrated to increase CO2 clearance under certain experimental conditions.37,38  The 

effects of Paw or gravity are variable because increasing constant distending pressure, or 

positioning the infant prone or supine may change regional compliance and affect oscillation 

transmission.  

 

 

Variable Effect on gas exchange  

Oscillation amplitude  

Inspiratory time  

Frequency  

Leaks * 

Interface variable 

Mean airway pressure variable 

Gravity (patient positioning) variable 

 

 

 

 

 

 

 



 

 

 

Table 2. Randomized clinical trials comparing NHFOV versus single level or bilevel CPAP. 

Gestational age and prenatal steroids were considered as the weighted mean of the two trial arms. 

Three studies had a crossover design;62,65,70 the remaining were parallel trials. Values have been 

rounded to the closest decimal. *Asterisks indicate that patients in trial arms have equivalent Paw. 

Abbreviations: CPAP: continuous positive airway pressure; GA: gestational age; IMV: invasive 

mechanical ventilation; N.A.: not available; NARDS: neonatal acute respiratory distress syndrome; 

NHFOV: non-invasive high frequency oscillatory ventilation; PaCO2: carbon dioxide levels; Paw: 

mean airway pressure; RDS: respiratory distress syndrome. 
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Author/year N. of 

patients 

GA 

(weeks) 

Prenatal 

steroids 

(%) 

Primary 

outcomes 

 

Secondary  

outcomes 

Maximum 

Paw and 

amplitude 

Enrolled population 

Bottino/201862 30 26.4 N.A. PaCO2  N.A. 8/10* Stable preterm neonates  

Chen/202063 206 32.6 89.8 Need for IMV and 

PaCO2  

Complications of 

prematurity 

16/40 Preterm neonates with RDS or 

NARDS as post-extubation 

support 

Iranpour/201964 68 33 26.4 Duration of CPAP 

or NHFOV 

Need for re-

intubation; 

Complications of 

prematurity 

8/20* Preterm neonates with RDS as 

primary support 

Klotz/201865 26 26.7 100 PaCO2  Apneas, bradycardia 

and safety data 

8/N.A.* Stable preterm neonates 

Lou/201766 65 32.4 38.4 Need for IMV Oxygenation and 

PaCO2, complications 

of prematurity 

N.A. Preterm neonates with RDS as 

post-extubation support 
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Lou/201867 65 33.8 35.3 Oxygenation and 

PaCO2 

IMV duration, apneas, 

complications of 

prematurity 

12/35 Preterm neonates with RDS as 

post-extubation support 

Malakian/201868 124 31.1 53.9 Need for IMV IMV duration,  

complications of 

prematurity 

8/7* Preterm neonates with RDS as 

primary support 

Mukerji/201769 39 28.8 80.9 Feasibility  IMV duration, PaCO2, 

complications of 

prematurity 

10/ N.A.* Preterm neonates with RDS as 

post-extubation support 

Rüegger/201870 40 26.5 90 Bradycardia 

and/or  

desaturation 

Vital parameters and 

safety data 

7/40* Stable extremely preterm 

neonates 

Zhu/201771 76 31.8 36.7 Need for IMV Complications of 

prematurity 

6/ N.A.* Preterm neonates with RDS as 

post-extubation support 

Zhu/201772 38 31.8 36.6 Oxygenation and 

PaCO2  

Complications of 

prematurity 

10/10* Preterm neonates with RDS as 

post-extubation support 



 

 

 

Figure 2. Meta-analysis of NHFOV trials: Forrest plots for the more commonly studied 

outcomes. Panel A and B show need for intubation and mechanical ventilation (681 patients) and 

PaCO2 levels after NHFOV application (662 patients), respectively. NHFOV and the single level or 

biphasic CPAP are considered as treatment (Trt) and control (Ctrl) arm, respectively; events per 

arm and odds ratio or mean difference (95% confidence interval) are reported in panel A and B, 

respectively. Square size is proportional to trial weight. Diamond width indicates the 95% 

confidence interval of the final effect size. The need for intubation and invasive ventilation was 

considered at any timepoint after intervention (some trials defined this outcome within 72 hours, 

others within a 7-days time-window). PaCO2 levels were considered at any timepoint after 

intervention (trials defined this outcome by measuring PaCO2 at various times after the 

intervention). Trials weight for the outcome intubation were: Chen: 36.138%, Iranpour: 1.636%, 

Lou: 10.087%, Lou-2: 12.530%, Malakian: 9.406%, Mukerji: 8.153%, Zhu: 14.882%, Zhu-2: 

7.167%. Trials weight for the outcome PaCO2 levels were:  Bottino: 10.820%, Chen: 11.968%, 

Iranpour: 11.454%, Klotz: 8.461%, Lou: 11.471%, Lou-2: 11.762%, Malakian: 11.740%, Rüegger: 

10.651%, Zhu-2: 11.672%. Abbreviations: 95% CI: 95% confidence interval; CPAP: continuous 

positive airway pressure; Ctrl: control arm (i.e.: single level or biphasic CPAP); NHFOV: non-

invasive high frequency oscillatory ventilation; PaCO2: carbon dioxide levels; Trt: treatment arm 

(i.e.: NHFOV). 

 

 

 

Figure 3. Proposal for a tailored protocol to apply NHFOV in extremely preterm infants with 

developing BPD (i.e.: chronic pulmonary insufficiency of prematurity).86 This is the protocol in 

use at Paris Saclay University Hospitals NICU. Different types of non-invasive respiratory 

techniques are used after the first week of life in extremely preterm infants if they experience a 

worsening of their respiratory function. NHFOV is integrated in the strategy with the other 



 

 

 

techniques based on a physiology-driven approach. Hypoxic respiratory failure (blue lines) is 

defined with an increased work of breathing (Silverman score >4) without hypercarbia and with 

FiO2>0.4 to achieve peripheral saturation between 90% and 95% and is treated with synchronized 

conventional non-invasive ventilations (NIV-NAVA or sNIPPV); NHFOV is used if these fail. 

Hypercapnic respiratory failure (red lines) is defined with hypercarbia (CO2>65 mmHg) and 

acidosis (pH<7.20), irrespective of the oxygenation deficit, and treated with NHFOV as first line. 

NHFOV is managed applying alveolar recruitment maneuvers and with a close multimodal 

monitoring. Definition criteria should be fulfilled for at least 4-6h before instigating NIV-NAVA, 

sNIPPV or NHFOV and patients are monitored overtime with several non-invasive techniques (see 

text for more details).As the patient is improving the respiratory support can be de-escalated. Full 

and hatched lines, indicate deterioration and improvement of respiratory conditions, respectively. 

*The choice between NIV-NAVA and sNIPPV depends on the availability of ventilators. 

Abbreviations: BPD: broncho-pulmonary dysplasia; CPAP: continuous positive airway pressure; 

EDIN: “Echelle et Inconfort du Nouveau-né” score; FiO2: inspired oxygen fraction; LUS: lung 

ultrasound score; NIV-NAVA: non-invasive ventilation with neurally adjusted ventilator assist; 

NHFOV: non-invasive high frequency oscillatory ventilation; PI: perfusion index; SatO2: peripheral 

hemoglobin saturation; sNIPPV: synchronized non-invasive positive pressure ventilation; WOB: 

work of breathing. 

 

 

 

Table 3. Suggested parameters boundaries of NHFOV for extremely preterm infants with 

developing BPD (i.e.: chronic pulmonary insufficiency of prematurity). These suggestions have 

been modified from those previously proposed,1 based on accumulated clinical experience.  

Inspiratory time should be fixed at 50%. Parameters may require serial adjustments according to 



 

 

 

patients’ monitoring. Paw should be titrated on oxygenation and/or ultrasound assessed lung 

aeration. Oscillation amplitude and frequency should be titrated according to transcutaneous CO2 

levels. Interfaces might also impact on the NHFOV performance and patients’ comfort needing to 

be changed and requiring parameters adjustments.  

 

 Minimum  Maximum 

Mean airway pressure (cmH2O) 10 18 

Amplitude (cmH2O) 30 55 

Frequency (Hz) 8 12 

 

Data from Steinhorn R, Davis JM, Göpel W, et al.Chronic Pulmonary Insufficiency of Prematurity: 

Developing Optimal Endpoints for Drug Development.J Pediatr 2017;191:15-21.e1. 

 

Figure 4. Illustrative time-pressure waveform during neonatal NHFPV. Conventional breaths 

are drawn with superimposed percussions. Ventilatory parameters to be decided by clinicians are 

indicated in the figure. Pressure rates for conventional breaths and flow rate for the pulsatile 

percussions must also be set to decide the maximum delivered pressures. Abbreviations: ET: 

conventional breath expiratory time; i/e ratio: inspiratory/expiratory ratio for the gas percussions; 

IT: conventional breath inspiratory time; PEEP: positive end-expiratory pressure; PIP: peak 

inspiratory pressure. 
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Studies

Bottino 2018
Chen  2020
Iranpour 2019
Klotz 2018
Lou 2017
Lou−2 2018
Malakian 2018
Ruegger 2018
Zhu−2 2017

Overall (I^2=9267 % , P< 0.001)

Estimate (95% C.I.)  

−2.400  (−7.489,   2.689)
−7.300  (−9.845,  −4.755)
2.200  (−1.633,   6.033)
5.800  (−3.276,  14.876)
−5.500  (−9.296,  −1.704)
−9.000 (−12.113,  −5.887)
−19.900 (−23.069, −16.731)
3.000  (−2.397,   8.397)
−4.300  (−7.636,  −0.964)

−4.599  (−9.280,   0.082)

−20 −15 −10 −5 0 5 10
Mean Difference

Studies

Chen 2020
Iranpour 2019
Lou 2017
Lou−2 2018
Malakian 2018
Mukerji 2017
Zhu 2017
Zhu−2 2017

Overall (I^2=0 % , P=0.594)

Estimate (95% C.I.)

0.213 (0.114, 0.401)
0.098 (0.005, 1.900)
0.273 (0.083, 0.900)
0.825 (0.283, 2.406)
0.392 (0.114, 1.347)
0.320 (0.085, 1.206)
0.248 (0.093, 0.663)
0.231 (0.056, 0.950)

0.288 (0.197, 0.421)

Ev/Trt

19/103
0/34 
5/34 
9/33 
4/63 
6/16 
9/37 
4/17 

56/337

Ev/Ctrl

53/103
4/34 
12/31 
10/32 
9/61 
15/23 
22/39 
12/21 

137/344

0.01 0.01 0.03 0.05 0.1 0.25 0.51 1.02 2.41
Odds Ratio (log scale)
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and 

age
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CPAP 

-8 cmH2O)
( eventual surfactant

replacement) 

↑ WOB
FiO2>0.4

normocapnia
NIV-NAVA or 

sNIPPV*

pH<7.2 
CO2>65 mmHg

NHFOV

NHFOV

↑ WOB
FiO2>0.4

normocapnia

overtime (LUS score, transcutaneous blood gases, EDIN and COMFORT score, SatO2 and PI)
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