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Imposed Work of Breathing During High-Frequency Oscillatory
Ventilation in Spontaneously Breathing Neonatal and
Pediatric Models
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BACKGROUND: High-frequency oscillatory ventilation (HFOV) is used in cases of neonatal and
pediatric acute respiratory failure, sometimes even as the primary ventilatory mode. Allowing
patients (at least neonates) on HFOV to breathe spontaneously soon after intubation has been
shown to be feasible, and this is becoming a more generally used approach for infants and small
children. However, such an approach may increase the imposed work of breathing (WOB), raising
the question of whether the imposed WOB varies with the use of newer-generation HFOV devices,
which operate according to different functional principles. METHODS: A bench test was designed
to compare the pressure-time product (PTP), a surrogate marker of the imposed WOB, produced
with the use of 7 HFOV devices. Scenarios corresponding to various age groups (preterm newborn
[1 kg], term newborn [3.5 kg], infant [10 kg], and child [25 kg]) and 2 respiratory system conditions
(physiologic and pathologic) were tested. RESULTS: The PTP varied between devices and in-
creased with the oscillation frequency for all devices, independent of the respiratory system con-
dition. Furthermore, the PTP increased with age and was higher for physiologic than for pathologic
respiratory system conditions. We considered a change of = 20% as being of clinically relevant; the
effect of oscillation frequency was the most important parameter influencing imposed WOB during
spontaneous breathing. CONCLUSIONS: Variations in imposed WOB, as expressed by PTP values,
during spontaneous breathing depend mainly on the oscillator frequency, respiratory system con-
dition, and, though to a lesser extent, on the device itself. Key words: high-frequency oscillatory
ventilation; neonatal intensive care; work of breathing; spontaneous breathing; respiratory insufficiency.
[Respir Care 0;0(0):1—. © 0 Daedalus Enterprises]

Introduction

High-frequency oscillatory ventilation (HFOV) has been
used for many years in neonatal and pediatric health care,
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mainly as a rescue mode of ventilation in cases of severe
hypoxic respiratory failure. More recently, especially in
the field of neonatal care, HFOV in the very early phase of
acute hypoxic respiratory failure has been suggested.!-3
This strategy, while allowing for spontaneous breathing
during HFOV, has been shown to render direct weaning to
CPAP feasible.* The maintenance of spontaneous breath-
ing during conventional mechanical ventilation has been
shown, at least in adult patients, to enable better ventila-
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tion perfusion matching, improve cardiopulmonary func-
tion, and shorten ICU length of stay.>-'© However, allow-
ing for spontaneous breathing during HFOV considerably
increases the imposed work of breathing (WOB).!! In neo-
nates, who have lower maximal inspiratory flow demands,
this increase in imposed WOB is less pronounced.!' Newer-
generation HFOV devices use various concepts to build up
the mean airway pressure (P, ) and to generate oscillation
waves.!213 Therefore, questions arise as to whether the im-
posed WOB varies with the use of different oscillators and/or
settings, and/or in patients with different respiratory system
conditions. To investigate these questions, we designed a
bench test to compare the imposed WOB that is imposed by
HFOV devices while simulating typical breathing patterns of
preterm newborns, term newborns, infants, and children with
various respiratory system conditions.

Methods
Ventilators

We used 3 piston HFOV devices: Sensormedics 3100A
(CareFusion, San Diego, California); Fabian-HFO, with
neonatal and pediatric modes, which uses an electromag-
netically driven vibrating diaphragm (Acutronic Medical,
Hirzel, Switzerland); and HummingX, which is a linear
motor piston pump device (Metran, Saitama, Japan). We
used 4 contemporary non-piston devices: Babylog VN500,
which uses concepts like flow-modulated sine wave gen-
eration (Driger, Liibeck, Germany); SLE 6000, which is a
valveless system (SLE, South Croydon, United Kingdom);
Stephanie, a 2-valve oscillation pressure-generation device
(Stefan, Gackenbach, Germany); and a Servo-n HFOV
prototype, which is a newer concept that relies on the
inertia of air in the patient circuit when the pressure at
airway opening is modified rapidly, combined with very
rapidly responding inspiratory valves and high-flow capa-
bility (Maquet, Solna, Sweden). The features of the HFOV
devices are described in the supplementary materials (see
the supplementary materials at http://www.rcjournal.com).
The study was conducted in the pediatric and neonatal
ICU in the Department of Pediatrics at the University Hos-
pital of Geneva, in Geneva, Switzerland.

Lung Model

To simulate spontaneous breathing and to test different
lung-compliance scenarios, a lung simulator (ASL 5000, Ing-
Mar Medical, Pittsburgh, Pennsylvania) was used. In this
simulator, flow is generated by a motor-driven piston. Sys-
tem compliance was set directly, and resistance was deter-
mined and modified using associations of various resistive
tubes. The endotracheal tube and the resistance system were
then placed between the lung model and the tested ventilator
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Current knowledge

The imposed work of breathing during high-frequency
oscillatory ventilation (HFOV) while allowing the pa-
tient to breathe spontaneously is greater for pediatric
and adult patients than for newborns and infants. There-
fore, heavy sedation and even muscle paralysis are of-
ten required in older patients, whereas these are usually
not needed in newborns and infants, in whom it is fur-
thermore feasible to extubate directly from HFOV.

What this paper contributes to our knowledge

Imposed work of breathing varies mainly with the os-
cillator frequency and respiratory system condition.
Therefore, although it is recommended to use high os-
cillation frequencies in restrictive lung disease, it might
be reasonable to lower these during the weaning phase
from HFOV, when lung function has improved and the
patient has to take over more spontaneous breathing
efforts, since this will allow to reduce iWOB.

(Fig. 1). Data were acquired online from the ASL 5000 and
stored in a laptop computer for subsequent analysis.

Scenarios

Scenarios corresponding to various age groups (a preterm
newborn weighing 1 kg, a term newborn weighing 3.5 kg, an
infant weighing 10 kg, and a child weighing 25 kg) and
physiologic and pathologic respiratory system conditions were
tested. Scenario details are provided in Table 1. The scenarios
were developed in accordance with previous publications.!4-18
The pathologic conditions were characterized for each age
group by poor compliance and normal resistance to simulate
restrictive pulmonary disease, corresponding to the most fre-
quent alteration of respiratory mechanics encountered in neo-
natal and pediatric patients (see the supplementary materials
at http://www.rcjournal.com).

Ventilator Settings
HFOV settings were selected according to current clin-
ical practice (Table 2) using:

 one continuous distending pressure level set at 12 cm H,0;

e 2 bias gas flows (10 and 20 L/min), when the device
permitted modification of this parameter;

e 2 oscillation frequencies (10 Hz and 15 Hz for the preterm
scenario, 8 Hz and 12 Hz for the term scenario, 5 Hz and
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Fig. 1. Experimental setup. The endotracheal tube and the resistance system were placed between the mechanical lung model (ASL 5000)
and the tested ventilator. Resistance was set using associations of different resistive tubes.

Table 1.

Respiratory System Mechanics for Various Scenarios in Pathologic and Physiologic Conditions

Physiologic Condition

Pathologic Condition

Endotracheal
Tube Size . . Muscle . . Muscle
’ Resistance, ~ Compliance, . Resistance, ~ Compliance, .

mm emH,0/L/s mL/cm H,0 Breaths/min  Pressure, cm H,O/L/s  mL/em H,0 Breaths/min  Pressure,
cm H,O cm H,0

Premature (1 kg) 3.0 120 1.6 50 —-12 120 0.5 70 —-17

Term (3.5 kg) 3.5 29 4 30 -8 29 2 40 —-10

Infant (10 kg) 4.0 13 20 25 -8 13 9 50 —-12

Child (25 kg) 6.0 6 71 18 -5 6 24 30 -8
Table 2. Settings for the HFOV Devices Tested Because oscillation power varies among oscillators, we
- ‘ chose a clinically relevant V. to enable comparison of
Mﬁ‘;s/;i?e”ay T dzilr{g/ztﬁ;(ine Frequency, 3:13 similar conditions by targeting HFOV efficiency. To fa-
em H20’ mL/kg | Hz L/min cilitate comparison of AP values among devices for the
same scenario, AP was expressed as a percentage of the

Premature (1 kg) 12 1.5 10/15 10/20* K ’ p . P . g

Term (3.5 ke) 12 L5 8/12 10/20% maximum amplitude for each oscillator. For this, the sce-
Infant (10 ke) 12 15 59 10/20% nario was used without spontaneous breathing, and the AP
Child (25 kg) 12 1.5 5/8  10/20% was set to the required value up to the maximum permitted

HFOV = high-frequency oscillatory ventilation
* When the device permitted modification of this parameter.

9 Hz for the infant scenario, and 5 Hz and 8 Hz for the
child scenario);

* an inspiratory-expiratory ratio of 1:1;

e an amplitude pressure (AP) set to obtain a target tidal
volume (V) of 1.5 mL/kg, measured with an external
hot wire anemometer (Florian, Acutronic Medical).'®
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by the oscillator.
Parameters Measured

For each experimental condition, a 1-min period was
recorded. The final 3 breaths were then analyzed. The
modified Campbell diagram?° is recognized as the accepted
standard for imposed WOB measures in patients. Unfor-
tunately, we could not obtain reliable Campbell diagram
graphics in our bench setting because the high oscillation
frequencies created too many artifacts. We therefore used
the pressure-time product (PTP) measure as a surrogate
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Fig. 2. The PTP was analyzed as the integral of P, as a function
of time (expressed in cm H,O X s), which corresponds to the area
under the curve between the start of the negative deflection of the
P.w signal and the return to P, baseline. PTP = pressure-time
product; P,, = mean airway pressure.

marker of the imposed WOB of the simulated patient
breaths, after filtering out the high-frequency oscillation pres-
sure waves with a low-pass filter (set at 2 Hz). The PTP was
analyzed as the integral of P, as a function of time (ex-
pressed in cm H,O X s), which corresponds to the area under
the curve between the start of the negative deflection of the
P,,, signal and the return to P, baseline (Fig. 2).

The second parameter analyzed was the oscillator AP,
expressed as a percentage of the maximum amplitude for
each oscillator corresponding to the power of each venti-
lator. For this study, we defined an oscillator as suffi-
ciently powerful when the amplitude needed to generate
the target Vo was < 50% of the maximum AP setting,
reflecting the capacity to increase the AP if disease wors-
ens further.

Statistical Analysis

Data are presented as mean = SD. We used analysis of
variance for multiple comparisons with a post hoc Tukey
test for pairwise comparisons between ventilators to ex-
amine differences in PTP between ventilators under equiv-
alent test conditions. We used ¢ tests to compare the 2
various bias flow of the Sensormedics 3100A and the
Fabian-HFO, the only devices able to modify the bias
flow. We considered differences in PTP values of = 20%
as potentially clinically relevant. Data were analyzed
using Acqknowledge software (version 3.7.3, Biopac
Systems, Goleta, California). P values < .05 were con-
sidered to be significant.

Results
PTP
PTP values are presented as mean = SD in Table 3.

Statistics for PTP values obtained with the 7 ventilators
under 16 conditions are presented in Supplementary Table
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2 (see the supplementary materials at http://www.rcjournal.
com). PTP values for the premature newborn and term new-
born scenarios are illustrated in Figure 3 and 4. Values for the
infant and child scenarios are not represented because we
chose to illustrate only differences that might be relevant in
the clinical setting (ie, = 20%).

Influence of Bias Flow. The 3100A and Fabian devices
permitted testing with bias flows of 10 L/min and 20 L/min.
No difference in PTP was observed between bias flows,
except for the 3100A device in the physiologic term sce-
nario (—2.3 cm H,O X s for 10 L/min, —1.9 cm H,O X s
for 20 L/min) (P = .007).

Influence of Frequency. No oscillator could deliver the
V1 at 8 Hz for the child scenario. The PTP increased with
frequency independent of the respiratory condition and
oscillator in all conditions (Table 3, Fig. 3). This increase
was less pronounced for the infant conditions.

Influence of Patient Type and Respiratory System Con-
dition. Under pathologic and physiologic premature and
pathologic term conditions, no ventilator was superior to
any other in terms of imposed WOB as measured by PTP
(Fig. 4). Under the physiologic term condition, the Hum-
mingX produced the highest PTP values (—3.88 cm H,O X
s at 8 Hz, —4.04 cm H,0O X s at 12 Hz), which were
approximately double the values obtained with the other
oscillators (Table 3, Fig. 3). The infant and child con-
ditions were not tested with the Babylog VN500, which
is cleared only for neonatal use. For the other devices,
PTP values were similar under the pathologic and phys-
iologic infant and child conditions. In general, mea-
sured PTP values were age-dependent, with higher val-
ues in older-patient scenarios.

Device Power

For the premature newborn and term newborn scenar-
i0s, all but 1 of the tested ventilators were able to deliver
the target V. via HFOV; the Babylog VN500 failed to do
so under the physiologic premature and pathologic and
physiologic term conditions at 15 Hz and 12 Hz, respec-
tively (Supplementary Table 3; see the supplementary ma-
terials at http://www.rcjournal.com). For the infant and
child scenarios, the tested ventilators were able to deliver
the target Vo, with 2 exceptions: the Fabian-HFO (even
when used in the pediatric mode), and the Servo-n proto-
type at 9 Hz in the infant scenarios. The 3 most powerful
ventilators were the 3100A, the HummingX, and the SLE
6000, independent of the clinical condition tested and the
frequency chosen.
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Table 3.  Factors Affecting Imposed Work of Breathing During HFOV for Spontaneously Breathing Neonatal and Pediatric Models

Babylog Fabian Fabiar_l . Servo-n .
3100A VN500 Neonate Pediatric HummingX Prototype SLE 6000 Stephanie
Mode Mode
Premature (1 kg)
Pathologic
10 Hz —0.34 £0.00 —-0.23+0.02 -0.32+0.03 —0.29 £0.00 —0.34*=0.01 —-0.28*0.02 —0.47 =0.06
15 Hz —0.36 £0.00 —0.42*0.01 -0.58*0.03 —047 £0.02 —-045*=0.01 —0.50*0.04 —0.53 =0.02
Physiologic
10 Hz —0.97 £034 —151*0.00 —1.06=*0.02 —1.50£0.00 —131*=0.01 —149*0.01 -1.32=0.00
15 Hz —1.09 £0.35 * —1.40 = 0.03 —191 £001 —1.67*=0.02 —-215*0.10 —2.10*0.01
Term (3.5 kg)
Pathologic
8 Hz —-1.32 001 —1.61 =0.08 —1.22*0.03 —1.30 £0.00 —0.65*0.01 —145%0.02 -0.92*0.01
12 Hz —1.34 £ 0.00 * —1.81 = 0.02 —141 003 —-121%+0.02 —-1.71*0.10 —1.49 *0.02
Physiologic
8 Hz —1.81 £0.00 —2.22=*0.01 —2.85=*0.02 —3.88£0.00 —1.80=*=0.01 —211%x0.05 -133=*0.01
12 Hz —1.99 £ 0.00 * —3.02 = 0.02 —4.04 £001 —2.17*=0.00 —2.61=*0.03 —2.11=*0.01
Infant (10 kg)
Pathologic
5 Hz —1.11 £ 0.01 —-1.28 £0.01 —-127*0.01 -135%x001 -127=x0.00 -1.02=0.01
9 Hz —1.26 £0.01 —1.53 £0.02 * —1.30 £0.05 —1.45=*0.02
Physiologic
5 Hz —2.58 £0.01 —-2.76 £0.02 —2.77£0.01 —2.61=*=0.00 —279*0.02 -257*0.01
9 Hz —2.72 £ 0.01 g —2.90 £ 0.02 * —3.04 £0.02 -2.71 £0.01
Child (25 kg)
Pathologic
S Hz —2.07 £0.01 —-2.03*£0.13 —-229*0.01 —-195*0.01 —-230*0.05 -231*0.03
8 Hz & * 3k * & 3k
Physiologic
5 Hz —2.57 £ 0.00 —2.87 £0.03 -278*0.01 —244*+0.00 -—2.80*0.04 —2.69*0.02
8 HZ * * * * *

Pressure-time product expressed in cm H,O X s as mean = SD for the 7 tested ventilators under 16 conditions.
* Indicates the conditions when the oscillator was not able to deliver the target tidal volume of 1.5 mL/kg.

HFOV = high-frequency oscillatory ventilation

Discussion

The main result of this study is that variations in the
imposed WOB (as expressed by PTP values) during spon-
taneous breathing depend on the oscillator frequency, re-
spiratory system condition, and, less importantly, the HFOV
device. The second finding is that the power of the tested
oscillator, as reflected by the AP required to obtain the
target Vi, varied notably among devices.

Influence of Bias Flow

The shift from 10 L/min to 20 L/min only marginally
reduced the PTP obtained with the 3100A. This finding is
in part consistent with the results reported by van Heerde
et al,'! but that group increased the bias flow from 20 L/min
to 60 L/min.

RESPIRATORY CARE @ @ @ VOL @ NO @

Influence of Frequency

The increase of oscillation frequency raised the PTP
specifically for premature and term scenarios. These re-
sults can be explained by the rapid back-and-forth flows in
the tubing system against which the patient must breathe.
This dependence of the imposed WOB on oscillation fre-
quency seems to call for the use of low-oscillation fre-
quencies when allowing for spontaneous breathing. How-
ever, the use of higher frequencies with unchanged
amplitude settings not only results in lower V. but also
decreases the magnitude of pressure swings and flow spikes
transmitted downstream to the proximal and distal lung
compartments,?'-22 thereby reducing the risk of barotrauma
and/or rheotrauma. Pressure-wave damping is known to be
least pronounced in the stiff, poorly compliant lung, and
most pronounced in the compliant lung.?3-2> Despite this
knowledge, frequencies as low as 8 Hz in newborns and
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Fig. 3. Influence of the frequency, patient type, and respiratory system condition on the PTP. * Conditions under which the oscillator could
not deliver the target tidal volume of 1.5 mlL/kg. PTP = pressure-time product.
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Fig. 4. PTP values for premature and term settings. Brackets between devices indicate significant differences (P < .05). Only differences
that might be relevant in the clinical setting (= 20%) are shown. PTP = pressure-time product.
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even lower in adults with poorly compliant lungs are often
used to increase ventilation efficiency. In the acute stage
of restrictive lung disease, preference is often given to the
reduction of frequency because of the fear of using “high”
pressure amplitudes, as measured at the airway opening. In
contrast, in the weaning phase frequencies are often in-
creased, which will result in the need for higher amplitude
levels for a relative short time period. Both concepts seem
to be incompletely thought out. The approach of using low
frequencies in patients with restrictive respiratory-system
conditions may increase the risk of barotrauma and/or rheo-
trauma, due to poor downstream oscillation pressure-wave
damping.?%-27 In the more compliant lung (eg, during wean-
ing from HFOV, when more effective spontaneous breath-
ing efforts by the patient can be allowed), oscillation pres-
sure-wave damping becomes much more important because
it reduces the risk of barotrauma. Therefore, lower fre-
quencies can be used, and oscillation pressure amplitudes
at the airway opening can be further reduced while main-
taining the same ventilation efficiency. This approach also
reduces the risk of rheotrauma as a result of high peak
airway flows. Thus, the reduction of frequency and oscil-
lation amplitude might be suggested when lung conditions
(ie, lung compliance) improve. This approach would help
reduce the imposed WOB in spontaneously breathing pa-
tients during the weaning phase. When introducing the
concept of the corner frequency during HFOV, Venegas
and Fredberg?® addressed the selection of the optimal pro-
tective oscillation frequency according to the mechanical
conditions of the lung in much more detail.

Influence of the Respiratory System Condition and
Patient Age

The imposed WOB, as measured by PTP, increased
with simulated age. This can be explained by the higher
inspiratory flows older patients will generate during spon-
taneous breathing efforts. These results are consistent with
those reported in a previous publication!! and with the
observation that neonatal patients not only tolerate spon-
taneous breathing during HFOV more than do older chil-
dren and adults, without requiring deep sedation or neu-
romuscular blockade,?® but also can be more easily be
weaned directly from HFOV 4

Power

Regardless of simulated condition or oscillation fre-
quency, the 3 most potent ventilators were the 3100A, the
HummingX, and the SLE 6000. These findings are in agree-
ment with previous reports?® and should render the user
attentive to the fact that not all HFOV devices are equally
powerful or can be used over the same range of patient age
and/or body weight. Furthermore, all devices showed less

8

power reserve at higher frequencies, which was a major
limitation for some devices in some of the clinical scenar-
ios tested.

Conclusions

The main result of this neonatal and pediatric oscillator
bench test study was that the PTP, a surrogate marker of
the imposed WOB, depended on the oscillator frequency,
respiratory system condition, and, though to a much lesser
extent, on the HFOV device used. Our observations might
have a major impact on the development of recommenda-
tions for the selection of optimal oscillation parameters,
such as the oscillation frequencies in the acute phase of
restrictive lung disease and later, in the weaning phase,
when lung function improves and spontaneous breathing
efforts are permitted.
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