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Gas transport mechanisms s

during high-frequency ventilation
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Abstract

By virtue of applying small tidal volumes, high-frequency ventilation is advocated as a method of minimizing venti-
lator-induced lung injury. Lung protective benefits are established in infants, but not in other patient cohorts. Efforts
to improve and extend the lung protection potential should consider how fundamental modes of gas transport can
be exploited to minimize harmful tidal volumes while maintaining or improving ventilation.

This research investigates different models of gas transport during high-frequency ventilation and discusses

the extent to which the gas transport mechanisms are considered in each. The research focuses on the ration-

ale for current ventilation protocols, how they were informed by these models, and investigates alternative pro-

tocols that may improve gas transport and lung protection. A review of high-frequency ventilation physiology

and fluid mechanics literature was performed, and dimensional analyses were conducted showing the relationship
between clinical data and the model outputs. We show that contemporary protocols have been informed by resistor-
inductor-capacitor, or network, models of the airway-lung system that are formulated around a ventilation pressure
cost framework. This framework leads to clinical protocol selection that ventilates patients at frequencies that excite

a resonance in the lung. We extend on these models by considering frequencies that are much higher than reso-
nance which further optimize gas transport in the airway via alternative gas transport mechanisms to bulk advection
that operate for very low tidal volumes. Our findings suggest it is unlikely that gas transport is optimally exploited dur-
ing current approaches to high-frequency ventilation and protocols that differ significantly from those currently in use
could achieve ventilation while using very low tidal volumes.

Keywords High-frequency ventilation, High-frequency oscillatory ventilation, Mechanical ventilation, Nonlinear
mean streaming

Background

The focus of this manuscript relates to the gas transport

mechanisms that are likely available during clinical high-

frequency ventilation (HFV). Of course, gas transport is

not the only consideration for successfully administering
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emptied and refilled each inflation cycle [1]. This relies
on the tidal volume, (V7), being larger than the airway
dead space volume, (Vp). High-frequency oscillatory ven-
tilation, in particular, purports to use an alternative set
of gas transport mechanisms that operate even when the
tidal volume is less than the dead space (see the online
supplementary Table 1 for a summary of these mecha-
nisms: https://github.com/leontini/gas_transport_suppl
ement.git). These include nonlinear mean streaming
(asymmetric velocity profiles), turbulent diffusion, Tay-
lor dispersion, Pendelluft, molecular diffusion [2] and
even cardiogenic mixing [1]. The ability to support gas
exchange with low tidal volumes is the rationale behind
HFV being potentially lung protective, although (V)
above (Vp) have been reported during HFV [3]. The use
of high frequencies and associated low tidal volumes
aims to avoid high volume and pressure excursions that
may lead to volutrauma. When coupled with a high and
constant mean airway pressure it may also avoid atelec-
trauma [4].

While the alternative gas transport mechanisms out-
lined by Chang [2] are well-accepted, the exploitation
of these mechanisms is not explicitly considered in the
selection of current ventilator protocols. HFV has been
successfully applied in the treatment of infants [5] with
primary respiratory failure for decades, but it is less
successful in large trials in the treatment of adults, sug-
gesting a change in the efficacy of gas transport that is
dependent on the size of the patient. A meta-analysis by
Maitra et al. [6] including 1,759 patients from seven ran-
domized controlled trials suggested variable outcomes
using HFV in adults and highlighted a lack of a standard-
ized strategy for setting ventilator parameters including
the oscillatory frequency [6]. HFV did not reduce mor-
tality compared to conventional ventilation [6]. Interpre-
tation of these results is complicated and suggests that
the optimal approach to delivering HFV currently eludes
clinicians.

HFYV frequency is generally set based upon the under-
lying lung mechanics and patient size. Higher frequen-
cies are used for smaller patients and less compliant
lungs, with lower frequencies in more resistive states and
larger patients [7]. For example, frequencies of 12-15 Hz
are often used in preterm infants with surfactant defi-
cient respiratory distress syndrome (RDS), and frequen-
cies of 3-6 Hz in adults with acute respiratory distress
syndrome. This range of frequencies typically align with
what is predicted as optimal from network, or resistor-
inductor-capacitor (RLC-type) models, as proposed in
the work of Venegas and Fredberg [8]. These empirical
models implicitly consider the contribution of the alter-
native mechanisms to ventilation as a global sum and
model the fluid mechanics down to a scale of the airway
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diameter. Le., they do not capture the complex flows
through the airway. More recent advanced versions of
RLC-type models have attempted to include, explicitly,
the contributions of some of these alternative mecha-
nisms [9-11] with some success. For example, the onset
of turbulence and the subsequent effects of diffusion [9]
have been included empirically.

We consider the important transition between the con-
ventional and high-frequency ventilation domains identi-
fied in the work detailed in [8] and [12] and show how
this modelling leads to a choice of frequency that targets
the resonance, or corner, frequency of the lungs. We
extend on this work, by consideration of patient and air-
way dimensions, and show that lung resonance or corner
frequencies are unlikely to be optimal for gas transport in
the airway using the alternative mechanisms proposed by
Chang [2]. We suggest that a second optimum exists at
higher frequencies than currently employed and point to
recent computational modelling efforts that demonstrate
ways in which these alternative mechanisms may be tar-
geted to exploit this second optimum.

Methods

This research commenced with a review of contemporary
HFYV protocols to understand the modelling that informs
current clinical practice. The review was initiated using
the search terms:

“High-frequency oscillatory ventilation 'OR’ high-
frequency ventilation ‘AND’ ventilator protocol
'OR’ ventilator settings”

where ten, predominantly review-style, papers were
selected as the starting point. Where ventilation proto-
cols were detailed, and referenced, the listed study was
obtained repeating the process until the origin of the pro-
tocol or some rationale was reached. Based on the review
findings, we investigated the modelling approach that
informs current clinical practice including the parame-
ters used to construct them and their outputs, in particu-
lar the frequency of ventilation. We compared the model
outputs with the protocols used in randomized controlled
trials, including both neonatal and adult cohorts, to show
alignment between modelling and clinical practice. We
then performed dimensional analyses of the airway-lung
system to show there are at least two characteristic fre-
quencies to consider. The first is associated with the reso-
nance or corner frequency of the lungs and the second
is associated with the gas transport in the airway which
influences the alternative mechanisms detailed by Chang
[2]. Finally, we review recent numerical and experimen-
tal models that investigate the alternative gas transport
mechanisms that suggest higher ventilation frequen-
cies are required to exploit them effectively and consider
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these higher frequencies in the framework that currently
informs clinical practice.

Results
Outcomes from RLC-type models
RLC-type models of the airway-lung system have been
used extensively to understand the dynamics during
HFV. Early results were reviewed by Drazen et al. [13],
with a large contribution to the contemporary under-
standing stemming from the work of Venegas et al. [12]
and Venegas and Fredberg [8]. The seminal work of Ven-
egas and Fredberg [8] analyzed the problem of “achiev-
ing adequate alveolar ventilation at minimal pressure
cost” [8] by formulating two simpler problems to “assess
the total pressure cost of high-frequency ventilation” [8].
Their work proposed that the total pressure cost of venti-
lation is the product of the flow cost of achieving ventila-
tion, and the pressure cost of achieving flow [8].

The non-dimensional flow cost of achieving ventilation
was expressed as

Q= Vrf/Va 1)

where fis the frequency of ventilation and V4 is the rate
of alveolar ventilation, and related to a single nondimen-
sional frequency parameter

F=f/(Va/ VD) = Vpf/Va. (2)

In the conventional ventilation domain, the functional
relationship between these two nondimensional param-
eters was expressed as

Q=1+F 3)

which is derived from the expression for conventional
alveolar ventilation

Va = (Vr — Vp)f (4)

where we recall that (V) is the tidal volume and (V)p)
is the dead space volume. In the HFV domain, the non-
dimensional flow cost of achieving ventilation was estab-
lished from an empirical relationship, fitted to data from
various species, expressed as

Q = (F/0.18)%%%, (5)

For the case of the high-frequency flow cost of achiev-
ing ventilation, (Q), the expression for alveolar venti-
lation, (VA), detailed in Eq. (4) is not applicable due to
the requirement of the tidal volume to be larger than the
dead space volume for ventilation to occur. Although an
expression is not explicitly defined in [8] it is described as
a ratio of CO; output to alveolar CO; concentration in the
steady state [12].
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The pressure cost of achieving flow is equal to the air-
way-lung system impedance, (Z), which is the pressure
gradient (AP) required to generate a given tidal volume.
The RLC-type model of the airway-lung system in [8] is
constructed from electrical hardware components to
predict the pressure distending the airway. Resistive ele-
ments of the model capture the viscous pressure losses;
inductors model the impacts associated with inertial
loads; and capacitors model the impacts due to the elas-
tic loads. The pressure and oscillatory flows in the airway
are analogous, in this model, to the voltage and alternat-
ing current respectively [8]. The pressure cost of achiev-
ing flow is minimized when the frequency of ventilation
is equal to the natural frequency of the airway-lung sys-
tem, i.e., the system is resonating. However, this is only
the case for underdamped airway-lung systems and in
many scenarios the system is overdamped in which case
the corner frequency becomes the point in the system up
to which the largest reductions in the pressure cost are
observed [8]. For the overdamped system the corner fre-
quency is less than the natural frequency.

Some important points arise from this modelling. A
transition point is identified between the conventional
and the high-frequency domains where a reduction in
the rate of increase of the flow cost of achieving ventila-
tion with increasing frequency is apparent. In the con-
ventional ventilation domain, the flow cost of achieving
ventilation (Eq. 3) scales linearly with the non-dimen-
sional frequency, (F). After the transition, the flow cost
of achieving ventilation in the high-frequency ventila-
tion domain (Eq. 5) scales with the non-dimensional fre-
quency raised to the power of 0.54 suggesting an increase
in ventilation efficiency (compared to what would be
expected if the trend from conventional ventilation con-
tinued). It should be noted, however, the flow cost of
achieving ventilation is predicted by this model to con-
tinually increase with increasing frequency, and therefore
there is little apparent benefit to the overall cost from
manipulating the frequency. The pressure cost of achiev-
ing flow, for high-frequency gas exchange, is optimized
when the frequency of ventilation is set at, or near, the
natural or corner frequency of the airway-lung system
and it is the reduction in the pressure cost of ventilation
that is the focus when the overall pressure cost of flow is
considered.

Alignment of currently used frequencies with those
suggested by RLC-type models

An output of this modelling, i.e., the suggestion to exploit
resonance, aligns with the current selection of frequencies
used during HFV for the treatment of both infants and
adults. For infants, resonance frequencies are predicted
in the range of 7 — 26Hz by Venegas and Fredberg [8], in
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line with the range of 10 — 15Hz reported by Weber et al.
[14] and 12 — 23Hz reported by Lee et al. [15]. The online
supplementary Table 2 (https://github.com/leontini/gas_
transport_supplement.git) summarizes ventilation pro-
tocols used in trials comparing first-intention HFV to
conventional ventilation for term (reproduced from [16])
and preterm infants (reproduced from [17]) with severe
pulmonary dysfunction. All the studies listed use frequen-
cies in the range of 10 — 15Hz, with the exception of one
study [18] where frequencies were as high as 20Hz, and all
were within the reported range of resonance frequencies.
It is notable that a number of the studies set the pressure
amplitude via visible movement, jiggle, or bouncing of the
chest wall, a crude approach that may encourage inadvert-
ent high tidal volume. Several other studies recommend,
or report, frequencies in the resonance range [4, 5, 19, 20],
and recent work discuss or support the concept of exploit-
ing resonance or corner frequencies [21-26].

A similar situation is apparent when considering HFV
in adults, where reported resonance frequencies are as
low as 4.7Hz [11], or in the range 7 — 12Hz [27]. Online
supplementary Table 3 (https://github.com/leontini/gas_
transport_supplement.git) reports the ventilation proto-
cols used in trials of HFV for the treatment of adults with
acute respiratory distress syndrome (ARDS), reproduced
from [6]. All except one study use a frequency in the
range of 4 — 5Hz. Similar to the studies involving infants,
the frequencies used in the treatment of adults align with
the reported resonance frequency.

In both infant and adult cohorts, there is an effort to use
frequencies that target an assumed resonance frequency.
Despite this apparent consistency in approach, there is a
difference in clinical benefit. While the difference in ben-
efit across infant and adult cohorts is likely due to various
factors, we propose that one important aspect for con-
sideration is the impact of the ventilation frequency on
the efficacy of alternative gas transport mechanisms in
the airway. In the following section, we show that cur-
rently selected frequencies do not target these alternative
mechanisms of gas transport, and therefore gas trans-
port through the airway is likely to be sub-optimal in all
patient cohorts.

Dimensional analysis suggests airway details should be
accounted for

Scaling to incorporate the flow cost of ventilation

and the pressure cost of flow into a single dimensionless
relationship

Dimensional analysis is a method for systematically find-
ing the minimum set of dimensionless variables that need
to be considered in a given dynamic system [28, 29]. For
the airway-lung system, this is achieved by considering
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the dimensional variables of the system, and charac-
teristic mass, length, and time scales. For the current
RLC-type models, the simplest dimensional relationship
between the rate of alveolar ventilation, patient physiol-
ogy, and ventilator protocol can be written as

Va = 0(f, AP, fx, D, m) (6)

where (@) is a function to be determined, (fy ) is the natu-
ral, or resonance frequency, (D) is a length characterizing
the airway-lung system, and (m) is a mass characteriz-
ing the inertia of the system. This can be reduced to the
dimensionless relationship

V, APD
it = ﬂ(f, 2> )

N IN mfy
which suggests ventilation is a function of only two
dimensionless groups (a dimensionless group being a
ratio of parameters that have the same dimensions or
units). The first group on the right-hand side of this rela-
tionship is the ratio of the frequency of ventilation to the
natural, or resonance frequency, and the second group is
the ratio of the applied pressure amplitude to the elastic
stress in the lungs. This nondimensionalization uses the
inverse of the natural frequency (fN) as a consistent time
scale in all parameters, and (D) as the length scale. Doing
so ensures that the ventilation frequency (f ) appears in
only one group. Details of the dimensional analyses are
provided in the online supplement (https://github.com/
leontini/gas_transport_supplement.git).

Equation (7) provides a way to scale parameters from
one patient (or patient cohort) to another. If the ratios
on the right-hand side are kept the same between two
cases, then the scaled ventilation on the left-hand side is
also expected to be the same. If the flows in the two cases
transport gas in the same way, the values of the groups on
the right-hand side of Eq. (7) that result in optimal venti-
lation in one case should also lead to optimal ventilation
in the second case.

The expression in Eq. (7) naturally incorporates the
impact of frequency and pressure and can be related to
the concept of the pressure cost of achieving flow pro-
posed in [8]. Equation (7) can equally be rearranged to
find an expression for the required pressure as

APD ( Va f)
mfy — \DYnfn )
If the dead space volume is used to define the repre-

sentative length scale, (D = Vg/ 3

(8)

), then the quotient of

the two parameters on the right-hand side recovers the
nondimensional frequency, (F), of [8] from Eq. (2). Le.,
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(@) G e e

Combining the two parameters suggests that the pres-
sure amplitude is only a function of the parameter (F),
ie.,

APV

mf

Equations (3) and (5) (from [12]) define the dimension-
less flow cost of ventilation parameter, (Q), as a function
of the same dimensionless frequency, (F). Therefore, it
could be taken that the relationship between pressure
and (F) is an implicit one moderated by (Q), i.e.,

= ¢(F). (10)

APVA?

mf

Written this way, the flow cost of achieving ventilation
and the pressure cost of achieving flow are incorporated
into a single non-dimensional relationship. It makes it
clear that for a given flow cost of ventilation, (Q), the only
parameter to minimize is (AP), and this is likely to occur
when using a frequency near the resonance frequency
(i.e., (f /fn) = 1). However, in order to arrive at this rela-
tionship, the two independent dimensionless parameters
on the right-hand side of Eq. (8) need to be combined.

The section titled: Alignment of currently used frequen-
cies with those suggested by RLC-type models outlines
that (f/fx) = 1 in most studies across infant and adult
cohorts. There is an effort to maintain this dimensional
similitude, suggesting parameters are scaled between the
two cohorts in the way suggested by Eq. (11).

However, we highlight two points:

=~ ¢(QF)). (11)

+ this final relationship for a non-dimensional pres-
sure cost of achieving flow is built by combining two,
potentially independent, parameters into a single
parameter, (F); and,

« the relationship outlined in Eq. (8) contains no
parameters related to the airway resistance or the
fluid properties of air, that will have a significant
impact on the pressure loss and gas transport prop-
erties.

Scaling to explicitly consider the impact of the flow variation
in an airway vessel and the properties of air

Adding consideration of an additional parameter, the
kinematic viscosity (v), to address the lack of airway flow
resistance leads to the dimensional relationship
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Va = 0(f, AP, fx, D, m,v) (12)

which, when reduced, produces the dimensionless
relationship

Va Q(f APD fD2>

i N\ i

(13)

noting that a third group appears (ﬂ)z/v) which rep-
resents the ratio of the fluid inertia to the viscous force
(the Reynolds number) and is directly proportional to the
oft-used Womersley parameter [30] (noting that here this
parameter is a characteristic of the entire airway-lung
system — a Womersley parameter can be defined locally
for each airway vessel). To arrive at this group, the rela-
tionship has been nondimensionalized, again, using the
inverse of the natural frequency as the consistent time
scale, and then the product of two parameters multi-
plied, producing the square of the Womersley parameter,
o = (1)) (WD) = /D2

When the square of the Womersley parameter is large
(ﬂ)2 /v > 1) the flow inertia is high and so the effects of
viscosity are relatively small. Viscosity tends to “smear
out” small-scale flow features such as eddies and vorti-
ces (here, “small-scale” means smaller than the diameter
of an airway vessel). Turbulent flows, by nature, consist
of small-scale features. Therefore, without the smearing
effect of viscosity, turbulence is most likely in flows where
the Womersley parameter is large.

Conversely, when the square of the Womersley param-
eter is small the flow inertia is low and so the effects of
viscosity are relatively large. In this case, the flow is lami-
nar (free of small-scale features), and turbulence cannot
occur. The square of the Womersley parameter, there-
fore, relates to the “shape” of the flow at a scale below
the size of the airway diameter. The shape of the flow
influences the rate of gas transport by alternative mecha-
nisms including nonlinear mean streaming and turbulent
diffusion. So, explicit consideration of the square of the
Womersley parameter is necessary if gas transport by
alternative mechanisms is to be targeted.

Importantly, the square of the Womersley parameter
cannot be controlled while maintaining (f /fxsr) = 1 across
patient cohorts, due to its dependence on the frequency
of ventilation. There are at least three dimensionless
groups and only two can be matched by controlling the
ventilator settings of (f ) and (AP).

This highlights there are at least two characteristic time
scales to consider:

+ the inverse of the natural or resonance frequency
which is primarily associated with the inertia and
elasticity of the lungs; and,
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+ a viscous time scale (D?/v), which is primarily asso-
ciated with details of the gas flow in the airway.

Current practice targets the resonance frequency at
the expense of the viscous time scale. However, in doing
so, this neglects explicit consideration of the alternative
transport mechanisms that depend on the viscous time
scale and details of the flow in the airway.

The current frequency parameters used in clinical
practice for the treatment of infant and adult patients,
detailed in the online supplementary Tables 2 and 3, are
represented in terms of the dimensionless groups intro-
duced in Eq. (13) and are plotted in Fig. 1. The param-
eters, in both the infant and adult cohorts, cluster around
(f /fN) = 1 (with the exception of the outlier from the
study in [31]) as outlined in the section titled: Align-
ment of currently used frequencies with those suggested
by RLC-type models. Importantly, the plot illustrates
that this similarity between infant and adult cohorts
is not maintained with respect to the square of the
Womersley parameter involving the viscous time scale
(0(2 :fDZ/ v). The trachea diameter has been used as
the characteristic length (D) with values taken from the
data reported in [32]; for infants a value of 0.55¢cm and
for adults a value of 1.3cm [32]. The values used for the

180

160

120
100
80 Adult cluster

60

. . 2nfD?
Viscous timescale, ny /4.;

Infant cluster .
40 o ®

20

fif =1
n

Page 6 of 13

resonance frequency of the infant and adult lungs are
12Hz [14] and 4.7Hz [11] respectively. For the data plot-
ted on the viscous timescale in Fig. 1, we have applied a
factor of (/) to maintain similarity with the definition
of the square of the Womersley parameter used in other
studies that are reviewed in this manuscript.

Consideration of ventilation efficiency in terms

of the viscous timescale

In Fig. 2 we re-plot the original data pertaining to the
flow cost of achieving ventilation, (Q), from [8] and [12]
as a function of the square of the Womersley parameter
(a?), rather than the non-dimensional frequency (F) and
we use the trachea diameter as the length scale, (D),
sourced from the literature for the various species in
place of (Vl;/?’). The plots in Fig. 2 (log scale at the top
and linear scale at the bottom) show the flow cost of
achieving ventilation starting to flatten before turning
over and eventually reducing as the square of the Wom-
ersley parameter increases suggesting an increase in ven-
tilation efficiency at much higher Womersley parameters
than those typically used in clinical practice. In the linear
plot, we have fitted a curve to the “lower branch” using a

Outlier from Young et al (2013)

<4
Direction of increasing frequency

1.5 2 25 3

Resonance timescale, f/fN

Fig. 1 Currentinfant and adult frequencies reported in clinical trials plotted with respect to the viscous and resonance time scale parameters.
Infant data is represented as blue markers. Adult data is represented as red markers. For the viscous time scale a trachea diameter of 0.55cm
for infants and 1.3cm for adults was used. For the resonance time scale a resonance frequency of 12Hz for infants and 4.7Hz for adults was used.
Oscillation frequencies for infants and adults are from the studies detailed in the online supplementary Tables 2 and 3 respectively



Scott et al. Respiratory Research (2024) 25:446

0.5

40

35

Flow cost of ventilation, Q

30

25

20

15

10

0 100 200 300

Page 7 of 13

400 500 600 700 800

Square of the Womersley parameter, a?

Fig. 2 The flow cost of achieving ventilation, (Q), plotted as a function of the square of the Womersley parameter, (az).The flow cost of achieving
ventilation has been reproduced from studies [8] and [12]. The plot on the top is log scale and the plot on the bottom is linear scale. The marker
shapes representing each species in both plots are the same shape as the original data. Triangles: rats, filled triangles: rabbits, filled diamonds:
monkeys, circles: dogs, squares: dogs, filled circles: dogs, diamonds: humans, and filled squares: horses. We have used different colors here

for visibility. The length scale for the Womersley parameter is based on the trachea diameter for each species sourced from the literature which are
detailed in the online supplementary Table 4 (https://g;ﬁthubcom/\eomtim/gas_transport_supplememt.git).The square of the Womersley parameter

has been calculated from the expression, a2 = 2w fD /4\/

least squares method expressing the flow cost of ventila-
tion, (Q), as a function of the square of the Womersley
parameter, (052). Le,

Q = 1581.869¢ 0003357 _ 158] g6 ~0-0034650”
(14)

From the expression for (Q) in Eq. 14, if the kinematic
viscosity, tracheal diameter and required rate of ventila-
tion is known, a tidal volume can be established from the
expression. For a specified (ozz), the required frequency

can be determined. After establishing (Q) from Eq. 14, a
tidal volume can be calculated from the expression for
(Q) in Eq. 1. This illustrates, for a specific clinical sce-
nario, how the tidal volume is likely to scale with increas-
ing the frequency (and subsequently («?)). This process is
detailed in the online supplement.

It is these much higher frequencies displayed in Fig. 2
relating to large Womersley parameters («?), which per-
tain to the viscous time scale, that are required to exploit
the alternative gas transport mechanisms reported by
Chang [2]. At present, the Womersley parameter (o)
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is not prioritized. If these are to be exploited, it is this
parameter that needs to be considered, and this can only
be done by considering frequencies other than the reso-
nance or corner frequency.

Using dimensional analysis to scale between patient
cohorts

Using the technique detailed in the section titled:
Dimensional analysis suggests airway details should be
accounted for to scale the frequency of ventilation from
infant to adult patients based on the resonance time scale
requires matching the first group from Eq. (13). Le.,

fJa _ i

Ny B Ing

where subscripts A and [ represent the adult and infant
cases respectively, (f ) is the frequency of ventilation and
(fN) is the natural frequency. Rearranging to solve for (fA)
gives

i

Ja = EfNA

and substituting approximately the median value from
current infant frequency protocol, fi = 12Hz, and values
for adult and infant resonance frequencies, fy, = 4.7Hz
and fy; = 12Hz, gives a dynamically similar adult ven-
tilation frequency of 4.7Hz, which aligns with current
adult protocol detailed in Table 3 (https://github.com/
leontini/gas_transport_supplement.git) and Fig. 1. How-
ever, scaling from infant to adult patients using the vis-
cous time scale requires matching the third group from
Eq. (13) which is the ratio of the fluid inertia to the vis-
cous force. Le.,

faDy _ fiD}
vV %

where (D) is the trachea diameter and (v) is the kinematic
viscosity of air. Rearranging to solve for (fy ) gives

2

A
and substituting the median value from current infant
frequency protocol, f; = 12Hz, trachea diameters of
0.55cm (0.0055m1) and 1.3cm (0.013m) for the infant and
adult respectively, noting that the kinematic viscosity
cancels, gives a dynamically similar adult frequency of
~ 2.1Hz.

When matching the frequencies of ventilation between
infants and adults using the viscous time scale using cur-
rent infant protocols, the dynamically similar adult fre-
quency is actually lower than current adult protocol.
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However, considering the findings reported in this
manuscript, current infant frequency protocol is likely
too low to leverage the alternative gas transport mecha-
nisms available to the viscous time scale. If an optimized
frequency for an infant is used as the starting point for
scaling, both the infant and adult frequencies will be con-
siderably higher than current clinical practice.

Discussion

Does a focus on resonance miss an opportunity for lung
protection?

Previous sections have outlined that current ventila-
tor protocols are guided by an effort to ventilate at the
resonant or corner frequency of the airway-lung sys-
tem, in order to minimize the pressure cost of achieving
flow, which, implicitly leads to increasing tidal volume
to improve or maintain ventilation. Large tidal volumes
however increase the risk of both volutrauma and atelec-
trauma and a number of studies report V1 < Vp dur-
ing HEV [5, 33] suggesting that the alternative transport
mechanisms listed by Chang [2] are important. There-
fore, a strategy targeting resonance may effectively ven-
tilate, but it may not be the strategy that adequately
ventilates and optimally reduces the risk of ventilator-
induced lung injury. The dimensional analyses detailed in
the section titled: Dimensional analysis suggests airway
details should be accounted for shows that alternative
transport mechanisms are not currently targeted, and if
they are to be, other ventilation frequencies are required.
Here, we review recent studies that suggest what these
frequencies might be.

Recent modelling suggests alternative transport
mechanisms are optimized at higher frequencies

The alternative mechanisms detailed in the section titled:
Background rely on details of the flow of gas inside the
airway, and so their characterization requires high-reso-
lution computation or experimental measurements. Fig-
ure 3 shows the complex flow structure and turbulence
that is generated through a simple bifurcation during
inhalation and exhalation at conditions modelling the
flow during HFV at the trachea of a full-term infant.
These images were generated using a high-resolution
computational fluid dynamics (CFD) model [34] that ran
on high-performance computing facilities.

A CFD study in [35] has shown that all the identified
alternative mechanisms can operate during HFV in dif-
ferent regions of the airway. Other CFD studies [34,
36] suggest that for current ventilator settings used for
infants, nonlinear mean streaming alone can provide
a recirculating flow rate adequate to provide oxygen
in at least the first five generations of the airway [34,
36]. The operation of these mechanisms during HFV is
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(a) Inhalation
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(b) Exhalation

Fig. 3 Turbulence during the inhalation and exhalation phases of high-frequency ventilation as gas moves through a single airway bifurcation

from the study in [34] which current models are unable to predict

also supported by recent experimental work [37-39] in
phantom models which allow high-resolution measure-
ments of the entire three-dimensional flow field in airway
sections.

The studies detailed in [11, 40] investigated higher fre-
quencies up to 19 Hz and 40 Hz, whereas the study of
Wanigasekara and co-workers [41], although the upper
limit is not currently clinically practical, reported fre-
quencies up to sixteen times greater than those currently
used in clinical practice. The studies [40, 41] report that
gas transport can be maintained with increased fre-
quencies, and proportionally smaller tidal volumes, and
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therefore subsequent reduction in the fluctuation of
cyclic tissue strain.

In Fig. 4 we show the results from [41] in the same
parameters used for the physiological measurement data
displayed in Fig. 2. Again, the flow cost of achieving ven-
tilation is plotted as a function of the square of the Wom-
ersley parameter in the very high frequency domain.
Here we consider ventilation as the strength of the non-
linear mean streaming. An important finding from the
work of Venegas et al. [12] and Venegas and Fredberg
[8] was the observation of a transition point, discussed
here in the section titled: Outcomes from RLC-type mod-
els. This transition point between the conventional and

100 120 140 160 180 200

Square of the Womersley parameter,

Fig. 4 The flow cost of achieving ventilation, (Q), plotted as a function of the square of the Womersley parameter, (az), from the data in the study
from Wanigasekara and co-workers [41]. The length scale for the Womersley parameter is based on a trachea diameter of 3 mm
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high-frequency domains indicated that the flow cost
of achieving ventilation in the high-frequency domain
scaled differently to that of the conventional domain,
with respect to the frequency, suggesting a change in the
mechanisms of gas transport. The work of [41] explored
significantly higher frequency protocols than that of con-
temporary modelling and clinical practice and Figs. 2 and
4 suggest that there is a second transition at much higher
Womersley parameters.

The modelling detailed in [8] doesn’t explicitly con-
sider the contributions from individual gas transport
mechanisms, but rather considers a global contribu-
tion to the overall gas transport. Figure 4, reproduced
from the work in [41], considers explicitly one alterna-
tive gas transport mechanism operating in the airway,
namely nonlinear mean streaming. The first data point
(«? = 11.31) in Fig. 4 corresponds to values close to the
current clinical protocol for the treatment of infants
(f = 12Hz, Vr = 3ml/kg). Figure 4 shows that when
the square of the Womersley parameter is doubled
(a? =22.62,f = 24Hz and Vi = 1.5ml/kg) there is a
significant increase in the efficiency of ventilation. These
results from [41] displayed using the flow cost of achiev-
ing ventilation framework proposed in [8] support the
observation, detailed in Fig. 2, that there is potentially
another optimum that is significantly removed from the
current implementation of clinical HFV when the viscous
time scale is targeted.

Although it is not clear from these studies exactly what
the optimal frequency of ventilation is, it is significantly
higher, and likely at least two to four times greater than
that of current practice in the treatment of infants (that
is 20Hz or greater). In adults this would suggest that
frequencies > 10Hz may be optimal. In the framework
proposed in [8], the pressure cost of achieving flow for
very high frequency modes would be large due to the
high impedance when oscillating the airway-lung system
far from resonance. However, this implies a rapid pres-
sure drop with progression through the airway, so that
a large pressure cost of flow does not necessarily sug-
gest an increase in intra-lung pressure precluding the
use of these modes of ventilation. The study detailed in
[42] investigated the effects of frequency selection on the
pressure cost of ventilation during high-frequency oscil-
latory ventilation in preterm infants. With the carbon
dioxide diffusion coefficient held constant, they reported
higher frequencies resulted in lower pressure amplitudes
at the alveolar compartment [42]. Under these condi-
tions, the study in [42] found the lowest pressure cost of
ventilation did not coincide with the resonant frequency.
The study detailed in [43] measured the pressure trans-
mission through an artificial airway model for increasing
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ventilation frequencies. They found the pressure meas-
ured at the distal lung compartments reduced with fre-
quency over the range tested [43]. Furthermore, the study
detailed in [44] based on a computational canine airway
network suggested that a frequency bandwidth may exist
pertaining to optimal conditions for high-frequency
oscillatory ventilation. The range, potentially, occurring
between the resonant and anti-resonant frequencies,
defined as “according to the local minimum and maxi-
mum impedance magnitudes” [44, 45].

Other considerations for ventilation at very high
frequencies

The high-fidelity computational and experimental mod-
els discussed here relate to the optimal frequencies for
gas transport through the airways. Our study reports
that in order to fully leverage these alternative gas trans-
port mechanisms, much higher frequencies than current
clinical protocols may be useful. Here, we consider other
factors that will need to be considered for these higher
frequencies to be used in the clinic.

Ventilating at higher frequencies implies an increase
in pressure amplitude (AP) at the ventilator is required
which could expose the proximal airways to higher pres-
sure swings, in comparison to what occurs under cur-
rent clinical settings. However, the study in [41] reports
the pressure drop between successive airway genera-
tions (for e.g., between generation 1 and generation 2,
between generation 2 and generation 3 etc.) increases
with increasing the frequency. Therefore, even though
a higher driving pressure at the trachea is required for
ventilating at higher frequencies, similar to the findings
in [42, 43], this does not necessarily translate to higher
intra-lung pressures. The findings reported in these
numerical [41, 42] and artificial [43] models used to
understand how pressure distends the airways are likely
to be good approximations of the human respiratory sys-
tem; however, these models are idealized and do not con-
sider all complex dynamics of the respiratory system and
need to be applied with care.

Other considerations on how gas transport in distal
regions of injured, and heterogenous, lungs might be
affected when ventilating at very high frequencies, dis-
cussed in [9], should also be taken into account.

Furthermore, the optimal frequencies required for gas
transport discussed in this study are currently beyond
the limits of contemporary ventilator technology. How-
ever, the experimental and numerical studies reviewed in
this manuscript indicate that significant improvements
in gas transport due to alternative mechanisms are still
available that are within the operating ranges of currently
available technology.
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Despite the high-fidelity respiratory gas transport mod-
els and dimensional analyses discussed here, it is impor-
tant to note that these are not a complete physiological
representation of the respiratory system and cannot cap-
ture all the physics and physiological variation. There are
patient- and cohort-specific features such as airway
branching angles and relative size, parenchymal tissue
properties and heterogeneity, the addition of surfactant,
air leak, etc., that will affect the details of the flow in the
airway which will impact on gas transport. However, the
dimensional analyses presented in this study, besides the
parameters which are encapsulated in the Womersley
parameter (a single measure of size D, the frequency f,
and the kinematic viscosity v), consider other independ-
ent dimensionless groups (f / fN) and (APD/ mff,) which
incorporate the pressure fluctuation, the inertia of the
airway-lung system, and the lung elasticity via the natural
frequency. With the rescaling presented in Fig. 2, and the
consistency of its suggestion of using higher frequencies
with the simulation data and recent clinical and physio-
logical studies, it suggests that the dimensional analysis
has captured the most important variables relating to
clinical high-frequency ventilation.

Importantly, the clinically set frequency needs to
carefully consider all aspects of the respiratory system,
including effective alveolar gas exchange, lung protection,
cardio-pulmonary interactions and the imposed work of
breathing, as well as technological limitations. Some of
these aspects may require a lower frequency than what
is optimal for gas transport and a balance will need to be
considered when ventilating at very high frequencies of
>20Hz in infants and >10Hz in adults.

Conclusion

This review has highlighted that across infant and adult
cohorts, high-frequency ventilation protocols use fre-
quencies of ventilation that target resonance that implic-
itly increase tidal volumes. While the concurrence of
ventilation and resonance frequency is maintained, we
have shown that frequencies relevant to the gas trans-
port via alternative mechanisms to bulk advection are
not specifically targeted. Recent models have shown that
these mechanisms may be available at higher frequencies,
and subsequently lower tidal volumes, than those cur-
rently used. This suggests that there may be ventilation
strategies which better optimize for ventilation and lung
protection that are yet to be fully explored. While the
proposed optimal frequencies may not be fully achievable
with currently available ventilators, this review provides
some insight for consideration into the limitations of the
strategy in its current implementation. Furthermore, this
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study recommends investigating higher frequencies that
are within current ventilator operating ranges and con-
sidering the findings of this work as a guide in the devel-
opment of future ventilator technology and subsequent
ventilation strategies.
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