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BACKGROUND: High frequency oscillation is a safe and effective treatment for patients with
ARDS, but poses a patient and caregiver risk when the circuit is disconnected. We modified the
circuit to include a heated expiratory filter, eliminating the need for daily filter changes due to
buildup of condensate. The purpose of the study was to determine if substitution of the filter resulted in
a clinically important change in delivered tidal volume or amplitude. We additionally compared expi-
ratory resistance and measured efficacy for the substituted filter. METHODS: This bench study mea-
sured tidal volume and amplitude using 5 of each filter type across 6 patient setting scenarios. Filter
efficacy was tested through an independent laboratory, and expiratory resistance measurements were
taken after prolonged use with humidification. RESULTS: The clinically important threshold value for
tidal volume (defined as 5% difference) was excluded by the limits of agreement, confirming that use of
the modified circuit does not result in alterations in tidal volume. The clinically important threshold for
amplitude (defined as 10% difference) was the same as the lower confidence interval on the lower limit
of agreement, indicating it is possible for amplitude values to be different between the 2 filters. Filter
efficacy for the substituted filter was not affected. Expiratory resistance was unchanged in the substi-
tuted filter, but nearly doubled for the manufacturer’s filter after 48 hours. CONCLUSIONS: Modi-
fying the circuit to include a heated expiratory filter does not affect tidal volume, and the filter material
remains efficacious during oscillation. Amplitude varies under some conditions. Preventing the need for
daily filter changes reduces the risk of alveolar de-recruitment. This does not completely eliminate
exposure to expired gases, but provides an additional layer of protection against occupational exposure
and nosocomial spread of respiratory pathogens. Further testing in a clinical environment is necessary.
Key words: high frequency oscillation ventilation; infection control; critical care; respiratory therapy; filtra-
tion; pandemics; severe acute respiratory syndrome; SARS; influenza; airborne particulate matter; ARDS.
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Introduction

High frequency oscillation (HFO) is safe and effective
in improving oxygenation for patients with ARDS,1,2 and

may reduce mortality rates in this critically ill patient pop-
ulation.3 Oscillation may be required when patients de-
velop ARDS from potentially lethal and highly transmis-
sible viruses such as novel influenza H1N1 (swine flu),
influenza H5N1 (avian flu), or severe acute respiratory
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syndrome (SARS).4,5 Occupational transmission to health-
care workers from patients with bacterial pneumonia has
also been described during respiratory care procedures that
occur at close proximity.6 When using a high frequency
oscillator, expiratory gas is vented out relief valves di-
rectly into the atmosphere. Furthermore, the piston move-
ment can lead to aerosolization of expired droplet parti-
cles.7 This may increase the likelihood of airborne
dispersion over longer distances.7,8

In 2003, with the virus responsible for causing an outbreak
of SARS thought to be transmissible through the airborne
route,9 some critical care units looked carefully at the possi-
bility of occupational transmission and declined the use of
HFO for SARS patients who developed ARDS.7,10 Similar
concerns were raised during the H5N1 pandemic alert of
2007, prompting the World Health Organization to place high
frequency oscillation on the list of “aerosol generating med-
ical procedures,” recommending use only within a negative
pressure room where all healthcare workers were protected
with gowns, gloves, eye protection, and N95 masks.11

SEE THE RELATED EDITORIAL ON PAGE 657

In 2007, Viasys Healthcare (now CareFusion) released
a filtered circuit for the SensorMedics 3100B (CareFusion,
San Diego, California) high frequency oscillator in Can-
ada. The filters are non-heated, and when used in a hu-
midified circuit, collect condensate and become saturated
with water, increasing expiratory resistance and affecting
ventilating pressures. Thus, the manufacturer recommends
changing the filters every 24 hours. Some researchers in-
dicate circuit disconnects may increase the risk of venti-
lator-associated pneumonia,12 although there is little evi-
dence to support this claim.13 However, not only does
disconnecting the circuit result in lung de-recruitment, it
poses a serious occupational and environmental health risk
as healthcare providers and family members would be ex-
posed to potentially highly transmissible organisms.

To prevent the need for filter changes, we modified the
adult circuit of the oscillator to include a heated expiratory
filter. The intent of using the external heater housing is to
mitigate the buildup of condensate within the filter mate-
rial, thereby eliminating the need for filter changes and
circuit disconnection. The primary purpose of this study is
to determine if substitution of this heated filter for the
brand used in the manufacturer’s circuit has any clinically
important effects on delivered tidal volume or amplitude.
The secondary purposes of the study are to determine if
the efficacy of the heated filter is reduced when used dur-
ing oscillation, and to document expiratory resistance in
comparison with the manufacturer’s filter when used in a
heated humidified circuit.

Methods

Circuit Modification

We modified the circuit (flexible patient circuit with
dual heated wire, Cardinal Health, Palm Springs, Califor-
nia) (Fig. 1) of the oscillator to include an OmniFilter
Reusable Bacterial Filter (Puritan Bennett, Pleasanton, Cal-
ifornia), with filtration efficiency of � 99.97% of 0.3 mi-
cron particles (most penetrating particle size) (Fig. 2). The
OmniFilter was housed within a heated device (VH-210
bacterial filter heater, 100–120 volts, 10 Watts, Vadi Med-
ical Technology, Taoyuan, Taiwan), with preset nonad-
justable temperatures of 55–70°C. The VH-210 bacterial
filter heater is composed of a plastic casing surrounding an
aluminum sleeve with a coil heater. The bacterial filter
heater and filter assembly were placed inline with the ex-
piratory limb of the oscillator circuit, proximal to the high
pressure relief valve and mean pressure control valve, to
filter expired gases. Silastic 22 mm inner diameter con-
nectors were used to connect the filter to the circuit with-
out loss of circuit pressure, to avoid leaks, and to ensure a
tight seal, avoiding risk of accidental disconnection.

This circuit modification resulted in an overall lengthening
and sharper angle of the expiratory limb, contributing to an
increased likelihood of expiratory tubing kinks proximal to
the new filter. We added a short length of hard plastic splint-
ing coil surrounding the tubing to mitigate this. This splinting
reduced, but may not have completely eliminated, the inci-
dence of circuit kinks across this portion. Kinks are a poten-
tial hazard for any ventilator circuit, and there is a need for
practitioner vigilance in monitoring circuit integrity. The
weightof thebacterial filterheaterhousing(totalweight�1.02
kg with filter) was supported through the addition of a metal
bracket manufactured by biomedical technicians within our
healthcare technology management team.

QUICK LOOK

Current knowledge

High frequency oscillation requires the use of a propri-
etary circuit that does not include a heated expiratory
filter. In patients with communicable respiratory dis-
ease this may present a risk to caregivers.

What this paper contributes to our knowledge

The addition of a heated expiratory filter to the high
frequency oscillator circuit does not alter tidal volume
in a lung model; however, amplitude can be reduced in
some circumstances. The filtration efficacy of the heated
filter is not adversely affected by prolonged exposure to
high frequency oscillation.
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Circuit Modification Testing

A patient circuit calibration test was performed on the
modified circuit, and the results of the test fell within the
manufacturer’s specified range for pre-use testing. The
patient Y-piece of the oscillator circuit was connected to
the high flow oxygen inlet port of a VT Plus HF gas flow
analyzer (Fluke Biomedical, Carson City, Nevada) using a
single 15 mm outer diameter/15 mm inner diameter con-
nector. A dual adult test lung (TTL 2600i, Michigan In-

struments, Grand Rapids, Michigan), set with a compli-
ance of 0.3 L/cm H2O and a resistance of 20.8 cm H2O/
L/s, was connected to the high flow exhaust port of the
analyzer with a single 22 mm inner diameter connector.

The analyzer was used in HFO mode, in which it samples
bidirectional flow and airway pressure at a rate 5 times greater
than itdoes innormaloperation(normalsample rate is100Hz).
Flow is measured via a differential pressure drop across a
resistive screen mesh, and calibration of the device is trace-
able to the National Institute of Standards and Technology.
The analyzer was zeroed prior to the first measurement and
automatically throughout the data collection. Based on the
analyzer manufacturer’s recommendations and to ensure re-
liability in the comparison test, only dry gas was used during
measurement. The relative humidity setting on the analyzer
was set to ATPS (ambient temperature and pressure satu-
rated) to optimize accuracy.

Measurements were taken using the nonheated expira-
tory filter included with the oscillator circuit (AirLife HEPA
filter 001852, Allegiance Healthcare, McGaw Park, Illi-
nois), and then compared to measurements taken using the
OmniFilter (compliance 0.4 mL/cm H2O). All other parts
of the circuit remained the same for both measurements.
Tidal volume and amplitude were measured using the an-
alyzer value after allowing time for stabilization, with both
circuit setups across 6 patient setting scenarios (Table 1).
All measurements were repeated using 5 of each filter
type, and mean values are reported.

Filter Efficacy Testing

The OmniFilter used in the modified circuit was not orig-
inally designed to be used with HFO. To ensure degradation
of filtration material did not occur during use with the oscil-
lator, we compared the efficacy of a new OmniFilter with that
of a “test” (used) OmniFilter. The test filter was used within
a closed heated humidified circuit for 9 continuous days of
operation with the oscillator set to the following parameters:
power 6.0, percent inspiratory time 33%, frequency 6 Hz,
bias flow 30 L/min, mean airway pressure 30 cm H2O.

The efficacy of the test filter was then compared to that
of the new filter by an independent laboratory (Nelson

Fig. 1. SensorMedics 3100B original circuit. This photograph de-
picts the high frequency oscillator with the original circuit in place.
Note the unheated AirLife filters present in the inspiratory and
expiratory limbs of the circuit.

Fig. 2. SensorMedics 3100B circuit modification. The OmniFilter is
housed within the heated bacterial filter heater assembly. A sup-
port arm attaches to the humidifier bracket and extends to the
bacterial filter heater assembly, where it is screwed onto the side
of the housing to support its weight. Hard plastic coil wrap is
applied to splint the circuit where the tubing is most likely to kink
in the expiratory limb.

Table 1. Patient Scenario Settings

Scenario
Mean Airway

Pressure
(cm H2O)

Bias Flow
Rate

(L/min)
Power

Frequency
(Hz)

1 20 20 6 8
2 25 30 7 8
3 30 30 8 7
4 35 30 9 6
5 40 30 10 5
6 45 40 10 4
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Laboratories, Salt Lake City, Utah). Both filters were sub-
jected to a standardized sodium chloride aerosol efficiency
test14 to determine particle penetration and air flow resis-
tance properties. A neutralized, poly-dispersed aerosol of
sodium chloride, with a mass median diameter of approx-
imately 0.26 �m (accepted as the most penetrating particle
size) was passed through the filters to calculate filtration
efficiency.

Filter Resistance Testing

Filter resistance specifications for the AirLife filter were
obtained from the manufacturer (testing per International
Standards Organization standard 9360). These values were
compared with the mean data from 3 Omnifilters, tested at
a dry baseline, and after exposure to 24 and 48 hours of
continuous HFO with heated and humidified gas within a
closed circuit. OmniFilter resistance was measured by pass-
ing 100% oxygen gas through the filter at a flow rate of
60 L/min. Pressure measurements were taken at the inlet
with the VT Plus HF gas flow analyzer, and values were
recorded in cm H2O/L/s.

Statistical Analysis

We determined 95% limits of agreement15 by a linear mixed
model16 that accounts for correlation between measurements
made under the same scenario. The 95% limits of agreement
provide an interval within which we would expect 95% of the
differences between the 2 filters to lie. All statistical analyses
were conducted using Stata 10 (StataCorp, College Station,
Texas). A priori we defined absolute differences larger than
5% of the average tidal volume and 10% of the average
amplitude to be clinically important.

Results

Circuit Modification Testing

The average mean tidal volume for all measurements
with both filters was 65.9 mL (Table 2); thus, our thresh-
old for agreement was 3.3 mL. The estimated limits of
agreement for tidal volume measurements were �1.9 mL

to �0.24 mL, with a margin of error of � 0.3 mL. (Fig. 3).
Even allowing for sampling variability, the resulting range
of �2.2 mL to 0.06 mL still excludes the clinically im-
portant threshold value of 3.3 mL. Thus, changing to the
modified circuit did not result in clinically important dif-
ferences in delivered tidal volumes when oscillator param-
eter settings are held constant. Amplitude measurements
had a wider variation, and when assessing for clinically
important measurements within 10% (agreement thresh-
old � 8.4 cm H2O), this threshold was excluded by the
estimated limits of agreement (�7.2 cm H2O to
0.49 cm H2O), but not when considering the margin of
error for these estimates (� 1.2 cm H2O) (Fig. 4).

Filter Efficacy Testing

Filter testing results showed filtration efficiency at
99.778% for the used OmniFilter, when compared with a
new filter of the same brand (filtration efficiency 99.53%).

Table 2. Amplitude and Tidal Volume for OmniFilter and AirLife Filter Across Patient Scenario Settings

Scenario
(mean � SD)

Filter 1 2 3 4 5 6

Amplitude, cm H2O OmniFilter 61.2 � 0.29 70.3 � 0.23 78.5 � 0.32 90.5 � 0.95 97.0 � 0.13 95.0 � 0.21
AirLife 66.5 � 0.22 68.7 � 0.18 79.9 � 0.29 93.2 � 0.11 102.8 � 0.39 98.9 � 0.35

Tidal volume, mL OmniFilter 38.0 � 0.15 40.3 � 0.08 55.0 � 0.10 69.0 � 0.26 85.3 � 0.20 101.9 � 0.21
AirLife 38.5 � 0.14 41.1 � 0.04 55.9 � 0.11 70.2 � 0.14 86.9 � 0.10 103.0 � 0.20

Fig. 3. Dot plot of differences between the 2 filters for tidal volume
against their mean. The marker labels (1, 2, 3, 4, 5, and 6) indicates
the patient scenario settings (see Table 1). Limits of agreement are
designated as dotted lines, with CI bars. The limits of agreement
identify the interval in which 95% of the differences between filter
measurements would be expected to lie. The level at which the
differences would be considered clinically important is shown by
the dotted-and-dashed line.
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Filter Resistance Testing

The manufacturer’s reported resistance measurement for
the AirLife filter was 0.9 cm H2O/L/s dry, 1.2 cm H2O/L/s
after 24 hours, and 1.7 cm H2O/L/s after 48 hours. Mean
measured expiratory resistance for the heated OmniFilter
was 0.2 cm H2O/L/s dry, 0.3 cm H2O/L/s after 24 hours,
and 0.3 cm H2O/L/s after 48 hours.

Discussion

We have demonstrated that modifying the circuit of the
SensorMedics 3100B high frequency oscillator to include
a heated OmniFilter system in the expiratory limb does not
have a clinically significant effect on the delivery of tidal
volume within normal adult ARDS ranges of oscillation
parameter settings when compared with the AirLife filter.
Amplitude may show a clinically important difference with
some settings, but in our bench study, these discrepancies
did not change delivered tidal volume.

The OmniFilter has a larger compressible volume
(�375 mL) than the AirLife filter (�75 mL). We noted a
greater discrepancy in amplitude between the 2 filters in sce-
nario 5 than in scenario 6, despite the same power setting and
lower mean airway pressure. We attribute this to the inability
of the lower bias flow setting of 30 L/min in scenario 5 to
maintain amplitude with the higher dead space volume of the
OmniFilter. When using the modified circuit on the highest
power setting, bias flow rates may need to be increased to
maintain the mean airway pressure at desired levels.

The VT Plus HF gas flow analyzer has accuracy spec-
ifications that may also account for some of the variation
seen in amplitude measurements between the 2 filters tested.
Pressure measurement accuracy is � 0.8% of the reading,
or � 1.5 mm Hg, whichever is greater.

The expiratory resistance measurements with the heated
Omnifilter stayed relatively constant from baseline, even
after 48 hours exposure in a humidified circuit. In contrast,
expiratory resistance specifications for the AirLife filter
from dry baseline values almost double after 48 hours of
use with humidity. A higher expiratory resistance in a high
frequency oscillator circuit may result in a drift toward an
increased mean airway pressure or amplitude; the clinical
importance of this would be patient dependent.

The filtration components of the OmniFilter used in the
circuit modification remain intact and efficacious after 9 days
of continuous use; this filter is rated for up to a year of service
or 100 autoclave cycles. The heated housing prevents the
need for filter changes and resultant circuit disruptions. The
manufacturer recommends oscillator circuits should be
changed only as frequently as standard ventilator circuits as
per an organization’s policy. Preventing frequent circuit dis-
ruption protects patients against alveolar de-recruitment, may
reduce the potential for introduction of infectious organisms,
and lowers the risk of adverse events occurring during lung
recruitment maneuvers that would need to be performed daily
when using the AirLife filter.

This study was designed to compare 2 filters while hold-
ing constant other variables such as ventilation parameter
settings, thoracic characteristics and physiology, endotra-
cheal tube sizes and lengths, or other in vivo factors af-
fecting system compliance or resistance. Measurements
were taken with dry gas rather than with heated humidity,
which would have more closely approximated clinical con-
ditions. It is possible that results from this bench study will
not translate into similar results when the circuit is used in
a context with variable factors. However, in practice, most
clinicians do not adopt a one-size-fits-all ventilation strat-
egy, and instead titrate ventilation parameters to fit the
needs of the patient. Therefore, we could speculate that
any discrepancies in the pressure or volume outputs after
circuit modification that were not accounted for in the
in vitro design will have less of a clinical impact, as ven-
tilation settings and adjustments are dynamic and are ad-
justed based on patient assessments and lab/radiographic
results within a clinical environment.

It is important to note that any modification to a venti-
lator circuit carries inherent risk and is not recommended
by the manufacturer. The modified circuit has not been
tested in a clinical environment, and is therefore not rec-
ommended for use with humans. Clinical testing is neces-
sary to ensure safety.

We modified and assessed an adult circuit only, as our
facility does not provide care for neonatal or pediatric pop-

Fig. 4. Dot plot of differences between the 2 filters for amplitude
against their mean. The marker labels (1, 2, 3, 4, 5, and 6) indicates
the patient scenario settings (see Table 1). Limits of agreement are
designated as dotted lines, with CI bars. The limits of agreement
identify the interval in which 95% of the differences between filter
measurements would be expected to lie. The level at which the
differences would be considered clinically important is shown by
the dotted-and-dashed line.
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ulations. Results should not be extrapolated to use in neonatal
circuits or other models of high frequency oscillators; this
warrants further study so that effective filtration can be ap-
plied for these patient populations. Clinicians should be aware
that endotracheal tube cuff deflation techniques for carbon
dioxide clearance negate the intent of expiratory gas filtration
provided by the modified circuit. When endotracheal cuffs
are inflated, air leaks are still possible and variable; clinicians
should be aware of the inherent risk at all times, despite
circuit filtration. An additional understanding of the limita-
tions of all layers of protection (eg, accidental circuit discon-
nection, endotracheal dislodgement or cuff leak, improper
use or fit of personal protective equipment, incomplete im-
munization, inadequate hand-washing) is essential to prevent-
ing infectious disease transmission; none of these strategies
should be assumed fail-safe, and the addition of multiple
layers of protection starting at the source, including use of
filtration, may be employed as a comprehensive strategy to
reduce infectious spread.5,17

Conclusions

Substituting a heated filter for the brand used in the
manufacturer’s circuit did not have any clinically impor-
tant effects on delivered tidal volume during bench testing,
although amplitude was affected under some parameter
setting scenarios. The Omnifilter used in our modification
remained efficacious after 9 continuous days of use. The
heated housing surrounding the filter prevented buildup of
condensate;expiratoryresistanceremainedrelativelyconstant,
compared to the filter used in the manufacturer’s circuit.

Removing the need for daily circuit disruption due to
filter changes reduces the risk of alveolar de-recruitment.
Expiratory filtration does not completely eliminate expo-
sure to expired gases due to potential or purposeful leaks
around the tracheal tube cuff. However, mitigating the
need to open the circuit as frequently provides an addi-
tional layer of protection against occupational exposure
and nosocomial spread of respiratory pathogens. Further
safety testing in a clinical environment is necessary.
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