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Abstract: High-frequency oscillatory ventilation (HFOV), which uses a small tidal volume and a high
respiratory rate, is considered a type of protective lung ventilation that can be beneficial for certain
patients. A disadvantage of HFOV is its limited monitoring of lung mechanics, which complicates its
settings and optimal adjustment. Recent studies have shown that respiratory system reactance (Xrs )
could be a promising parameter in the evaluation of respiratory system mechanics in HFOV. The aim
of this study was to verify in vitro that a change in respiratory system mechanics during HFOV can be
monitored by evaluating Xrs . We built an experimental system consisting of a 3100B high-frequency
oscillatory ventilator, a physical model of the respiratory system with constant compliance, and a
system for pressure and flow measurements. During the experiment, models of different constant
compliance were connected to HFOV, and Xrs was derived from the impedance of the physical model
that was calculated from the spectral density of airway opening pressure and spectral cross-power
density of gas flow and airway opening pressure. The calculated Xrs changed with the change of
compliance of the physical model of the respiratory system. This method enabled monitoring of the
trend in the respiratory system compliance during HFOV, and has the potential to optimize the mean
pressure setting in HFOV in clinical practice.
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1. Introduction
High-frequency oscillatory ventilation (HFOV) is a non-conventional mode of mechanical lung ventilation with a protective potential [1]. In clinical practice, HFOV is mainly
used in patients suffering from acute respiratory distress syndrome (ARDS) who do not
tolerate conventional mechanical ventilation (CMV) [2]. HFOV uses pressure oscillations
to ensure effective elimination of carbon dioxide from the lungs of the ventilated subject.
These pressure oscillations are superimposed on the continuous distension pressure (CDP),
which keeps the lungs recruited, and together with the set fraction of inspired oxygen,
ensures the oxygenation of the ventilated subject [3]. Despite its theoretical advantages,
the practical suitability of HFOV is still debated [1,4–8], as there is a lack of recent studies
that clearly demonstrate the clinical benefits of the technique for adult and pediatric patients. HFOV is therefore considered as a rescue intervention when adequate oxygenation
cannot be achieved by CMV. The optimal management of HFOV, including CDP, which
would be based on knowledge of lung mechanics of the patient, is unresolved, which
could have contributed to inconsistent or negative conclusions of large multicenter HFOV
studies [9,10] and subsequent meta-analyses [11,12]. Recent studies have shown that an
individual approach to HFOV settings could improve the patient’s outcome [13,14]. Other
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monitoring methods should be involved to individualize HFOV settings, including electrical impedance tomography (EIT) [15], optoelectronic plethysmography [16], or respiratory
system impedance analysis [17]. A lack of an individual approach to HFOV settings could
have affected the outcome of earlier studies [18,19].
Currently, it is not clear how to set CDP properly with respect to an individual patient’s
airway condition. CDP should be set to reach the maximal recruitment of the lungs while
minimizing their overstrain [20]. An improperly high level of CDP can lead to ventilatorinduced lung injury. Many studies have been performed with an aim to obtain an optimal
setting for CDP [21–28]. However, none of the suggested approaches have been broadly
implemented in clinical practice, and CDP is commonly being set as a value of the mean
airway pressure from the preceding CMV increased by several cmH2 O [25]. Nevertheless,
this way of setting CDP is quite questionable [25]. As shown in [29], the CDP directly
influences the compliance of the lungs, which is also tied to the recruitment (volume)
of the lungs [29–31]. However, monitoring of the ventilation parameters is very limited
in HFOV. For example, the 3100B ventilator (Vyaire Medical, Mettawa, IL, USA), which
is commonly used in clinical practice for HFOV, and which was used in this study as
well, does not enable monitoring of tidal volume or parameters of lung mechanics, such
as lung compliance. This lack of monitoring ability also exists in the 3100A ventilator
(Vyaire Medical, Mettawa, IL, USA), which is suitable for the ventilation of neonatal and
pediatric patients.
Recent studies have shown that reactance of the respiratory system (Xrs ) measured
using the forced oscillation technique (FOT) is a promising tool for evaluation of the
mechanics of the respiratory system in HFOV [20,28]. During FOT, reactance is found
using high-frequency pressure oscillations applied at the entrance of the respiratory system,
and using the induced flow. Reactance is tied to compliance (C), inertance (L), and frequency
of the pressure oscillations (f ) according to the equation:
Xrs = 2 · π · f · L −

1
.
2·π· f ·C

(1)

Inertance represents the tendency of a gas to remain in motion, and depends on the
characteristics of the used ventilation gas mixture and geometric characteristics of the
proximal airways [32]. The frequency of the pressure oscillations determines the sensitivity
Xrs to the changes of the lung mechanics in different areas of the respiratory system [33]. The
reactance Xrs measured at f = 5 Hz is a sensitive indicator of the changes of the mechanics
in peripheral areas of the lungs [33–36]. Assuming a constant ventilation frequency and
proximal airways with constant dimensions and stable shape, we consider the changes
of inertance L to be minimal. The first term of Equation (1) is therefore considered to
be constant as well. On this assumption, the value of Xrs defined by the equation (1) is
inversely proportional to the negative of the value of compliance C of the ventilated system.
A higher value of C also means a higher value of Xrs , i.e., Xrs is less negative, which is thus
called relative compliance further in this study.
In a standard configuration of FOT, high-frequency oscillations are generated by a
device connected to the inspiration branch of the patient circuit, and the flow is measured
at the entrance to the respiratory system. Nonetheless, it has been shown that pressure
oscillations generated by the ventilator during HFOV can be also used for the relative
compliance measurement [20,28]. The method has been, however, successfully used in
small animals (rabbits and preterm lambs), whose parameters of the respiratory system
correspond to neonatal patients, but its use has not been verified in larger physical or
animal models that would correspond to pediatric and adult patients.
The aim of this study is to verify whether it is possible, under laboratory conditions, to
use pressure oscillations generated by the high-frequency oscillatory ventilator to determine
relative compliance of the respiratory system from the measured proximal airway pressure
and flow as a method that could be used for optimization of HFOV in pediatric and
adult patients.
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pressure and flow as a method that could be used for optimization of HFOV in pediatric
and adult patients.
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along the signals with a step of 1 s. In the windows, the average value of a signal in the
was subtracted from the signal to remove the DC component in the frequency domain.
Both spectral densities Sxx and Syx were calculated using Welch’s averaged modified
periodogram method of spectral estimation [39]. When calculating the spectral densities,
sections of both signals within the same window were split into eight segments, with a 50%
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overlap between the neighboring segments. In a particular 2-s window, an i-th sample yK (i)
of the K-th segment of the paw or qaw signal was thus acquired as:
yK = y(i + (K − 1) · 222),

(2)

where y represents the paw or qaw signal in the window, i has a range of 1 to 444, and K
has a range of 1 to 8. Each segment yK was filtered in the time domain by a low-pass FIR
filter using the Hamming window. Fourier transforms PK and QK of yK were obtained for
the pressure and flow signal segments, respectively. Modified periodograms IK of K-th
segment were calculated from PK and QK as:
IK =

1
· PK · PK ∗
·w

wT

(3)

for Sxx and as:

1
· QK · PK ∗
(4)
wT · w
for Syx . In equations (3) and (4), PK * represents a complex conjugate of PK , w is a column
vector of coefficients of the previously used Hamming window, and wT represents the
transpose of w. Finally, the spectral densities Sxx and Syx were calculated as an average
value of IK in a given window. In the Sxx and Syx , the frequency f max corresponding to the
maximal power was found. This frequency corresponds with the fundamental waveform
(first harmonic frequency) of the oscillations generated by the ventilator, which was set in
the study as a nominal frequency f = 5 Hz.
The next step in the calculation of Xrs was calculating the amplitude Zmag and the
angle Zang of the impedance of the respiratory system based on equations [40]:
IK =

Zmag =

Sxx ( f max )
,
Syx ( f max )
"

Zang = − tan

−1

#
Im Syx
 .
Re Syx

(5)

(6)

The relative compliance Xrs was then calculated by converting the respiratory system
impedance from polar coordinates to Cartesian according to Equation (7):

Xrs = Zmag · sin Zang .
(7)
3. Results
The course of Xrs is shown in Figure 2 during the measurement of the modeled respiratory system without (R = 0 cmH2 O·s/L) and with an added resistor (R = 5 cmH2 O·s/L),
with three sizes of the glass container (54 L, 35 L, and 25 L). The relative compliance Xrs
determined from the pressure paw and flow qaw in the respiratory circuit decreased with the
value of the volume of the used rigid container, and therefore with decreasing compliance.
When measuring with an additional resistor, we detected higher values of Xrs compared to
the corresponding measurements without the resistor.
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phase of HFOV or its reassessment during the course of ventilation. Another advantage
advantage of using the relative compliance determination, is optimizing CDP in the initial
of relative compliance determination could be evaluating efficiency of recruitment maphase of HFOV or its reassessment during the course of ventilation. Another advantage
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constant airway inertance and resistance can be assumed, observing a short-time trend
of relative compliance gives a faster response than standard methods that utilize assessment of the respiratory gas exchange. Because maximal compliance and maximal carbon
dioxide elimination are highly correlated [29], relative compliance change could indicate
appropriateness of a conducted CDP-optimization step. Suter et al. [43] documented that
in adult patients with atelectatic lung disease, both underinflation and overinflation of
the lungs impaired lung compliance. Changes in functional residual capacity during a
recruitment procedure impact lung compliance as the position of ventilation changes along
the inflation and deflation limbs of the pressure–volume curve [44]. As a consequence,
a decrease in the relative lung compliance indicates moving ventilation outside of the
linear lung-compliance region (i.e., it is able to detect either emerging lung collapse or lung
hyperinflation). This method of relative lung compliance measurement could also facilitate
control of modern ventilators that use mathematical modeling of the respiratory system
as an integral part of their control systems, real-time systems for support of spontaneous
breathing during HFOV, and in other applications with advanced control systems [45–47].
5. Conclusions
In this in vitro study, we verified the possibility of monitoring the relative compliance
of lungs during HFOV in laboratory conditions using the model of large laboratory animal.
The results of the study showed that the monitoring of relative compliance in laboratory
conditions is possible. The method we used is simple enough for bedside use in clinical
practice, and seems to be suitable for real-time monitoring as well. The method could allow
the evaluation of changes in respiratory system compliance related to the setting of CDP
during HFOV of large laboratory animals and pediatric and adult patients. It could help
physicians or respiratory therapists to assess the trend in compliance of the respiratory
system when its direct measurement is not available, and the information could be used
for optimizing CDP in HFOV.
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