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Abstract

Paediatric acute respiratory distress syndrome (PARDS) is a manifestation of severe, life-threatening lung injury
necessitating mechanical support. However, if inappropriately set and not tailored to the respiratory system
mechanics of the individual patient, mechanical support of breathing can lead to ventilator-induced lung injury.
High-frequency oscillatory ventilation (HFOV) is, at least theoretically, a justifiable mode to be considered to limit
lung stress and strain, especially in patients severe PARDS. However, these theoretical benefits have not been
translated into improved clinical outcomes. In addition, in adult ARDS HFOV is associated with harm. However,

an important question is whether the results of the exisitng randomised clinical trials confirm that HFOV is not
beneficial, and its use should be discouraged, or if it is a matter of how the oscillator was used that determins
patient outcomes. Currently, HFOV is mainly used as a rescue mode of ventilation and titration of HFOV settings is
mainly based on manufacturer’s recommendations, personal beliefs, and institutional preferences. We propose in
this perspective a physiology-driven, open-lung strategy for paediatric HFOV for patients with moderate to severe
lung disease to avoid injurious conventional ventilation settings, making use of lung recruitment manoeuvres,
and setting high oscillatory frequencies to deliver the smallest distal pressure amplitudes. This approach has been
shown feasible and safe in children, but needs evaluateion for efficacy. Future investigations should also explore
HFOV weaning and monitoring during HFOV.
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dysfunction (VIDD) [2, 3]. MV can cause lung injury by a
variety of putative interacting pathways, primarily medi-
ated by mechanical stress and strain (i.e., alveolar defor-
mation) and cyclic alveolar opening and closure [4, 5].
With MV, the transpulmonary pressure reflects mechani-
cal stress and change in volume in relation to its resting
volume reflects lung strain. Considering these pathways,
high-frequency oscillatory ventilation (HFOV) is, at least
theoretically, a justifiable mode to be considered to limit
lung stress and strain, especially in patients with moder-
ate to severe lung disease. Data from animal studies have
reported improved effects on oxygenation, lung compli-
ance, attenuation of the pulmonary inflammation and
histologic injury, and better alveolar stability with HFOV
than conventional MV (CMV) [6-8].

Paediatric critical care clinicians may resort to HFOV
despite the lack of high-quality paediatric evidence as
reported in a systematic review [9, 10]. HFOV in adults
is no longer recommended following the outcome of two
large randomized clinical trials (RCT) of which particu-
larly the Oscillation for Acute Respiratory Distress Syn-
drome Treated Early (OSCILLATE) raised concerns [11,
12]. This study was stopped prematurely after inclusion
of 548 of 1200 planned subjects for increased mortal-
ity (47% vs. 35%) and worse secondary outcomes in the
HFOV group [12].

An important question is whether the results of the
paediatric (and adult) RCTs indeed confirm that HFOV
is not beneficial and its use should therefore be discour-
aged, or if it is a matter of how the oscillator was used
that determined patient outcomes [13, 14]. In other
words, has HFOV been applied in its most optimal fash-
ion, taking full advantage of the unique properties of this
ventilatory mode?

What is the basis for a physiology-driven approach
to HFOV titration?

Minimising lung stress and strain during HFOV adheres
to the same principles as for CMV. This means opening
up the lung and keeping it open through (repeated) lung
volume optimisation manoeuvres (LVOM) and delivering
the smallest distending pressure that allow for sufficient
gas exchange [15].

Lung volume is the main determinant of oxygenation
during HFOV. Simplified, PaO, increases linearly with
lung volume up to a certain point when alveoli become
overdistended [16]. Additional benefits include a bet-
ter distal dampening of the pressure oscillations (i.e.,
lower lung stress) in a well-aerated lung compared with
less dampened pressure oscillations in poorly aerated
lungs, thereby not only delivering the smallest stroke
volume but also decreasing the risk for conducting air-
ways and alveoli to be exposed to higher injurious pres-
sure swings [17]. Recruiting the lung at high oscillatory
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frequency allows for better lung recruitment and the
delivered stroke volume to be more equally distributed
as it becomes less dependent on regional compliance [18,
19]. Second, performing LVOMs promotes oscillating the
patient on the deflation limb of the pressure — volume
loop, thereby making use of hysteresis of the lungs and
maintaining sufficient lung aeration at lower airway pres-
sures [6, 13, 14, 20-22].

During HFOV, the delivered stroke volume is, thus,
not only influenced by compliance (Crs) and resistance
of the respiratory system (Rrs), but also by the oscillator
settings, such as oscillatory power (magnitude of mem-
brane displacement), oscillatory frequency (Fosc, Hertz),
LE ratio, and position of the membrane, as well as endo-
tracheal tube (ETT) length and diameter, and presence
of ETT leakage [23-27]. The ETT constitutes the major
workload to the oscillator with the stroke volume being
proportional to the ETT inner cross-sectional area as the
impedance of the ETT exceeds the impedance of the lung
[28-30]. F is also a strong determinant of delivered stroke
volume as changes in Fosc are inversely proportional to
the distal oscillatory pressure amplitude (APdistal) [31].

Translating physiology at the bedside

The obvious question is how to implement the physio-
logic basis for HFOV at the bedside (i.e., how to perform
a LVOM and how to titrate F). The 2nd Paediatric Acute
Lung Injury Consensus Conference (PALICC-2) recom-
mends performing LVOMs after switching to HFOV [32].
But to date, the best approach remains to be determined.
The only direction comes from one neonatal lamb model
study investigating four different LVOMs approaches: a
step-wise pressure increase over 6 min, a 20 s sustained
dynamic inflation either once or repeated six times, and
a standard approach (setting continuous airway pressure
[CDP] direct at start) [33]. This study showed that a step-
wise pressure increase produced the greatest increase in
lung volume and resolution of atelectasis. We have shown
a significant heterogeneity in lung behaviour during the
incremental phase of a staircase incremental-decremen-
tal CDP titration in paediatric HFOV, further providing
support for an individualised LVOM [34].

Titrating Fosc is traditionally accomplished according
to the patient’s age, ventilator settings and observation
of chest wiggle. Alternatively, it can be appreciated that
titrating Fosc should be guided by the corner frequency
(Fc) of the respiratory system calculated by 1/(2nRC),
where R is resistance and C compliance [35]. Fc defines
the optimal frequency at which there is adequate gas
transport during HFOV in combination with the least
injurious pressures and is influenced by the underlying
disease process. Fc is increased in lung diseases charac-
terized by short time constants and low compliance, such
as in PARDS [36]. From a clinical perspective, this means
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that the initial Fosc should be as high as possible and
then further titrated based on ventilation goals.

Oscillators are designed for the operator to set an
oscillatory power that moves the piston forward and
backward, generating a pressure amplitude. This pres-
sure amplitude is known as the proximally measured
AP (APproximal) and is measured near the Y — piece
of the ETT). While commonly used as setting param-
eter, APproximal should be interpreted as a monitoring
parameter. As the ETT is the strongest resistor in the
respiratory system during HFOV, APproximal does not
reflect the alveolar AP (AP distal) [37]. In principle, the
higher the power the greater the APproximal and thus
potentially the greater APdistal. However, In bench test-
ing it was shown that combining high Fosc (15 Hz) and
high power (set to achieve a APproximal of 90) resulted
in a significantly smaller APdistal compared with low
Fosc (5 Hz) and low power settings [38]. Furthermore,
the ratio of APproximal over APdistal (the oscillatory
pressure ratio) increased with increasing compliance
[37]. From a clinical perspective, therefore, targeting the
highest possible Fosc in combination with power settings
aiming for APproximal of ~ 90 appears to be physiologic.
It would then be easier to stay within the limits of the safe
zone (ie., zone with the smallest risk of injurious hyper-
inflation or atelectasis) of oscillation on the deflation
limb of the pressure — volume loop.

Can we explain why HFOV has not conferred
outcome benefit?

Several explanations can be proposed why HFOV has not
been shown to improve clinically relevant patient out-
comes. First, patient selection is an important feature.
Many negative trials in critical care can be explained
by the so-called heterogeneity of treatment effect (HIE)
[39]. HIE refers to some patients having benefit from
the tested intervention, whereas others experience harm
leading to an indifferent trial outcome. However, the
indications for HFOV are ill-defined in the medical litera-
ture and are usually dictated by clinician preferences and
institutional beliefs. In general, HFOV is often consid-
ered a rescue mode of ventilation when conventional MV
(CMV) fails. But, on the other hand, it could be argued
that HFOV should be considered early in the PARDS tra-
jectory to minimise VILI and prevent more “toxic” venti-
lator settings (e.g., plateau pressure>28-32 ¢cmH,O and
driving pressure>15 cmH,0). Nonetheless, there are at
present virtually no data supporting this concept, except
for one small observational study of 26 patients report-
ing significantly higher 30-day survival rates (58.8% vs.
12.5%) when HFOV was employed within the first 24 h of
MYV rather than as rescue intervention [40]. In the 1994
paediatric RCT by Arnold and colleagues, duration of
CMV before enrolment was meanztstandard deviation
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(SD) 80+81 vs. 143+240 h for the HFOV group, thus the
exposure to potentially injurious MV was longer in the
HFOV group [41]. The OSCILLATE trial enrolled sub-
jects within 72 h of ARDS diagnosis, but at the same time
subjects could have been on the ventilator for up to 14
days prior to randomization making the true effects of
early HFOV less clear [12]. Aside from timing, metrics
for oxygenation such as the oxygenation index (OI) or
the PaO, /FiO, ratio as estimates of PARDS severity, are
often used in the decision-making to switch to HFOV. In
two paediatric RCTS OI>13 and 15 were used as inclu-
sion criterium, but so far, no appropriate threshold has
been identified nor validated [41, 42]. Re-evaluation of
OSCILLATE showed that a mortality benefit of HFOV
could only be expected in adults with severe ARDS (i.e.,
Pa0O,/FiO,<100) [43], suggesting that HFOV as alterna-
tive intervention should be considered at least in those
with the most severe lung injury. This warrants fur-
ther investigations as such observations for children are
unavailable.

Second, there are different LVOMs reported in the
paediatric and adult trials. These included incrementally
titrating the continuous distending pressure (CDP) to
achieve Sa0,>90% with FiO,<0.6 or a sustained inflation
(SI) of 3040 cmH,O for 20-40 s [12, 41, 44, 45]. How-
ever, limiting the LVOM to only the incremental phase
excludes making use of hysteresis of the lungs. By design,
SIs ignore individual patient’s pathophysiology and respi-
ratory system mechanics. It may be thus be surmised that
both LVOM approaches used may have resulted in over-
or under-aerated lungs in some patients [14].

Third, the HFOV strategy (including titrating Fosc
and power) employed in these trials may be either been
poorly detailed or poorly adhered. Reported Fosc var-
ied between 5 and 12 Hz, and APproximal was primarily
used as the setting parameter targeting either chest wig-
gle or a pre-specified multiplication of the pressures on
CMV [41, 42, 44, 45]. Similar criticisms can be made to
three paediatric observational studies [46—48].

Fourth, it cannot be ruled out that improved under-
standing of lung-protective ventilation has made CMV
much safer than a few decades ago. Lastly, while generally
the most commonly available oscillator was tested, in one
paediatric trial a neonatal hybrid oscillator was tested
(with limit capabilities in children>6 kg) [44].

A physiologic approach to HFOV in PARDS

Integrating the working principles of HFOV as outlined
above, we propose a physiology-driven, open-lung strat-
egy for paediatric HFOV (Fig. 1). Patients should be con-
sidered for HFOV early (arbitrarily defined as 72-96 h)
after endotracheal intubation or the onset of moderate
lung disease including PARDS in tracheostomy patients
to avoid (potentially) injurious conventional ventilation
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Fig. 1 Graphical representation of the approach to early high-frequency oscillatory ventilation (HFOV) for patients with paediatric acute respiratory

distress syndrome (PARDS)

settings based on the second iteration of the Paediatric
Acute Lung Injury Consensus Conference (PALICC-2)
on the diagnosis and management of PARDS, including
Pplat<28 cmH,0O (<32 cmH,0 in case of increased chest
wall elastance), adequate PEEP and driving pressure<15
c¢cmH,0) [1]. While it is not yet defined how to quantify at
the bedside Fc, from a pragmatic perspective we propose
as initial oscillator settings Fosc>10-12 Hz and power
titrated to APproximal 70-90 cm H,O for sufficient ven-
tilation. These settings are irrespective of age or weight.
Then, a staircase incremental-decremental CDP titra-
tion should be performed, identifying the optimal CDP
for the individual patient and oscillation on the deflation
limb of the pressure — volume loop. Previously, we have
reported that increasing CDP up to 34—38 cmH,O is nec-
essary during this LVOM, with the initial optimal CDP
being 28-32 ¢cmH,0 [34]. Oxygenation is then managed
by changes in CDP and ventilation by F titration (and not
AP). When stabilized, twice daily CDP challenges should
be performed for aggressive HFOV weaning in addition
to commonly used approaches including small decreases
in CDP if the FiO, is above a pre-defined threshold and
the SpO, is in an acceptable range. With this CDP chal-
lenge, the CDP is decreased until the SpO, also decreases,
indicating the onset of lung derecruitment. Subsequently,
the CDP is over a period (at least 5-10 min) increased to
its initial value before the manoeuvre and then reduced
again to approximately 2 cmH,O above the CDP when
lung decruitment started.

Lessons from the neonatal experience

HFOV has been studied extensively in neonates.
Although most neonatal RCTs did not report improved
outcomes with HFOV, it remains a well-established ven-
tilation mode for pre-term and term born infants with
severe respiratory failure [49, 50]. Nineteen RCTS in
pre-term born infants comparing HFOV with CMV have
been performed; there was no reduction in mortality or
the incidence of bronchopulmonary dysplasia (BPD)
between HFOV and CMYV after analysis in an individual
patient data meta-analysis [49]. Consequently, also the
neonatal evidence for the ideal HFOV strategy remains
scarce. Interestingly, interpretation of this meta-analysis

is similar to adult and paediatric experiences hampered
by the HFOV strategy [50]. Also in neonates, inappropri-
ate use of pressure and lack of recruitment manoeuvres
influenced the outcome of the RCTs [50]. Notably, the
2019 European Consensus Guidelines on the Manage-
ment of neonatal respiratory distress syndrome (RDS)
recommends an open lung approach on initiation of
HFOV, mirroring the same recruitment manoeuvre we
have adopted of older children and adults [51]. Setting
Fosc in neonates also follow the same principles for older
children and adults (i.e., driving by resonance and corner
frequency); on a physiologic base in neonatal patients the
initial Fosc might be closer to 15 Hz than the commonly
used 10-12 Hz [52].

Ongoing and future research directions

Does the physiology-based approach improve outcomes?
We have reported feasibility and safety of the physiol-
ogy-driven, open-lung strategy for paediatric HFOV in
non-cardiac and cardiac children with acute respiratory
failure [53, 54]. Nonetheless, it needs to be determined
if this approach confers benefit in clinically relevant out-
comes in PARDS. Currently, the global 2x2 factorial
adaptive PRone and OScillation PEdiatric Clinical Trial
(PROSpect) is enrolling children with high moderate-
to-severe PARDS (i.e., OI = 12 / OSI 2 10), randomizing
them to CMV or HFOV and prone versus supine posi-
tioning (NCT03896763) to test the hypothesis amongst
others that HFOV improves VFD by at least two days.

Spontaneous breathing and going back to CMV

Almost all patients transitioned to HFOV will have high-
moderate to severe PARDS. In those patients spontane-
ous breathing may be unwanted as vigorous breathing
coming from increased respiratory drive to normalize
gas exchange potentially can aggravate underlying lung
injury (patient self-inflicted lung injury) due to increased
global and regional lung stress and strain [4, 55, 56]. Con-
troversy exists regarding the optimal pharmacological
approach to control spontaneous breathing, whether that
be deep sedation alone or in combination with neuro-
muscular blockade. No data exist to conclusively support
either approach. However, when the underlying disorder
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starts to resolve and spontaneous breathing is prefer-
able, transition back to CMV should be considered as the
imposed work of breathing may be substantial in HFOV
as there is no demand flow system [57]. While there is no
ideal CDP identified to transition to CMYV, this occurs
when CDP of 15-20 cm H,O, oxygenation is stable (i.e.,
Fi0,<0.6), and ETT suction is well-tolerated for most
patients.

Can HFOV weaning be improved?

In three observational studies it was reported that
patients managed with HFOV experienced a longer total
ventilation time, even after adjusting for disease severity
[46—48]. While much can be said about the methodol-
ogy of these three reports and lack of explaining of the
HFOV strategy employed, the observations made are
compatible with the fact that bedside clinicians tend to
feel more comfortable weaning CMV using the read-
ily available information about pressures and volume as
guidance. With the current HFOV devices, there is lim-
ited information that can assist in HFOV weaning other
than SpO, and results from blood gas analysis and chest
radiographs. In the OSCILATE trial, a CDP/FiO, table
was used, mirroring the much used PEEP/FIO, table
that was developed by the ARDS Network [12]. However,
such a CDP/FiO, table has not been physiologically vali-
dated. In fact, there are no data supporting the relation-
ship between CDP and FiO, in terms of lung mechanics
or lung aeration proposed by such as table.

Can monitoring during HFOV be improved?

Currently, available paediatric and adult HFOV devices
offer little monitoring possibilities except for CDP, Fosc,
AP, inspiratory time and sometimes stroke volume. Mod-
ern neonatal oscillators incorporate stroke volume mea-
surement and display an index of ventilation (DCO,) and
some even have forced oscillation technique build in to
measure respiratory system reactance, which may help
the bedside clinician in titrating HFOV settings [50]. It is
clear that there is much room for improvement in patient
monitoring during paediatric and adult HFOV. Electrical
impedance tomography (EIT) is a promising monitoring
tool that has become more available outside research set-
tings over the past few years. EIT is an imaging modality
that estimates the electrical properties inside an object
from measurements made on its surface. It involves
injecting low currents through electrodes placed on the
surface and measuring the resulting electrode voltages
change. These measurements are then used to compute
the electrical conductivity and permittivity distributions
within the object. EIT can identify global and regional
changes in lung volume during the LVOM and thereby
aid in balancing lung under- and overinflation [58]. So
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far, the paediatric literature on usefulness of EIT to guide
HFOV titration is limited.

Lung ultrasound is becoming increasing popular and is
readily available. The point of care ultrasound (POCUSYS)
Working Group of the European Society of Paediatric
and Neonatal Intensive Care (ESPNIC) recommends that
lung ultrasound is helpful to semi-quantitatively evaluate
lung aeration and thereby help the management of respi-
ratory intervention in ARDS in neonates and PARDS
[59]. Similar to EIT, the paediatric literature on useful-
ness of lung ultrasound to guide HFOV titration is very
limited.

Respiratory Inductance Plethysmography (RIP) is a
non-invasive method for monitoring respiratory function
by measuring the movement of the chest and abdominal
wall. The technology involves the use of inductive bands
placed around the chest and abdomen, which detect
changes in their circumference with amongst others
changes in lung volumes. These changes are then con-
verted into electrical signals that can be analysed to pro-
vide information on the breathing pattern, tidal volume,
and other aspects of respiratory function. Nonetheless,
its use is cumbersome and not readily available outside
research settings [60].

Conclusions

Despite theory and positive experimental studies, the
use of HFOV has not been shown to result in improved
clinical outcomes. Continued use has been scrutinised
because of the suggestions of increased harm with this
ventilator mode in one adult RCT. However, there are
strong arguments that HFOV has not been applied in its
most optimal fashion, taking full advantage of the unique
properties of this ventilator mode and individual patient
respiratory system mechanics. We propose a physiol-
ogy-driven, open-lung approach that is currently being
tested in a large RCT for efficacy. Future work should also
include improving patient monitoring during HFOV.
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