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Objectives: The differences in performance of early generation 
high-frequency oscillators have been attributed to their distinct 
pressure and flow waveforms. Recently, five new oscillators have 
been commercially released. The objective of this study was to 
characterize the pressure and flow waveforms of eight commer-
cially available oscillators.
Design: In vitro benchtop study.
Setting: Tertiary pediatric teaching hospital.
Interventions: Eight oscillators were evaluated using a test lung; 
mean airway pressure 10 and 20 cm H2O; frequencies 5, 10, and 
15 Hz; pressure amplitude 30 cm H2O (or equivalent); compli-
ance 1.0 mL/cm H2O; and endotracheal tube 3.5 mm. Ventilators 
tested were Sensormedics 3100A and B (Carefusion), SLE5000 
(SLE), Fabian (Acutronic), Leonie+ (Heinen+Löwenstein), Sophie 
(Stephan), and VN500 and Babylog 8000 (Dräger).
Measurements and Main Results: Pressure (airway opening, at 
oscillator and within the test lung) and airway opening flow wave-
forms were recorded. Airway opening waveforms were character-
ized by type (square or sine) and by determining power spectral 

density analysis. The Sensormedics A and B and the SLE5000 
delivered square waves; all other oscillators generated sine waves. 
Sensormedics, the SLE5000, and the Sophie had a characteristic 
inspiratory slope (incisura). The pressure waveform within the test 
lung was a sine wave for all oscillators. Oscillators with square 
waves or an inspiratory incisura exhibited the highest number of 
nonfundamental frequency components on power spectral den-
sity analysis, suggesting more complex harmonic waveforms with 
potentially greater transmissive power to the lungs. At frequencies 
of 5 and 10 Hz, all ventilators, except Babylog 8000, generated 
airway pressure amplitudes greater than 28.6 cm H2O and tidal 
volumes greater than 6 mL at the airway opening.
Conclusions: Current high-frequency oscillators deliver different 
waveforms. As these may result in variable clinical performance, 
operators should be aware that these differences exist. (Pediatr 
Crit Care Med 2014; XX:00–00)
Key Words: high-frequency oscillatory ventilation; infant; 
mechanical ventilation; power spectral density; respiratory 
monitoring

High-frequency oscillators deliver complex airway 
pressure and gas flow waveforms, at least at the air-
way opening, to achieve gas exchange (1–3). Early 

oscillators used different mechanisms to generate oscillations, 
and each demonstrated unique in vitro pressure and flow char-
acteristics (1, 2). Of these early devices, only the Sensormed-
ics 3100A (SM3100, CareFusion, San Diego, CA) and Babylog 
8000+ (BL8000, Drägerwerk, Lübeck, Germany) are still com-
mercially available. The performance characteristics of these 
oscillators (1, 2, 4–6), and how clinicians apply high-frequency 
oscillatory ventilation (HFOV) with them, are different. These 
differences have been attributed to the method of waveform 
generation and led to oscillators being classified according to 
their mechanism of waveform generation (5, 7). Since then 
a new Sensormedics 3100 device (3100B) and five other new 
oscillators have become commercially available. The manu-
facturer’s described mechanism of generating oscillations 
differs between machines. The waveform characteristics of 
these new devices are not known and traditional methods of 
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characterizing HFOV based on the oscillation generation may 
no longer be relevant.

The aim of this benchtop study was to describe the pressure 
and flow waveform characteristics of eight commercially avail-
able oscillators in an in vitro setting.

METHODS
The following oscillators were studied using the manufactur-
er’s recommended circuit without humidification: SM3100A 
and SM3100B, Fabian (Acutronic, Hirzel, Switzerland), Sophie 
(Stephan GmbH Medizintechnik, Gackenbach, Germany), 
SLE5000 (SLE UK, Croyden, United Kingdom), Leonie+ 
(Heinen+Löwenstein, Bad Ems, Germany), and Dräger’s 
BL8000 and the new Babylog VN500.

Experimental Setup
A 15-cm long 3.5-mm internal diameter endotracheal tube 
(Mallinckrodt, Rowville, Victoria, Australia) was connected to 
an infant test lung with a residual lung volume of 70 mL (model 
560li; MI Instruments, Grand Rapids, MI), creating a leak-free 
circuit. Test lung compliance was set to 1 mL/cm H

2
O (lowest 

possible setting). Flow was measured at the airway opening 
(VAO

′ ) using a hot wire anemometer sampling at 200 Hz (Florian 
Respiratory Monitor, Acutronic) (8). Airway pressure was mea-
sured at 1,000 Hz using calibrated pressure transducers (SC-24, 
Scireq, Montreal, Canada) located at the proximal end of the 
circuit (pressure in the ventilator [P

VENT
]), the airway opening 

(pressure at the airway opening [P
AO

]), and within the test lung 
(pressure in the “trachea” of the test lung [P

TRACH
]).

Oscillation Strategy
Each oscillator, in standard HFOV mode, was used to ven-
tilate the test lung at mean airway pressure (P

AW
) of 10 and 

20 cm H
2
O and frequencies of 5, 10, and 15 Hz. Inspiratory 

to expiratory time ratio (I:E) was set at 1:2, except on the 
SLE5000 which operates with a fixed 1:1 I:E ratio. To allow 
comparison, SM3100A and SM3100B were also tested with a 
1:1 I:E ratio (3). Pressure amplitude (∆P) was 30 cm H

2
O in 

oscillators that used absolute units. For the ventilators that 
set ΔP as a percentage (Sophie and BL8000), the %Max was 
titrated to deliver 30 cm H

2
O trough-to-peak measurement 

of the P
VENT

 waveform.

Data Acquisition and Analysis
Analog signals were acquired over 600 consecutive oscillatory 
cycles and digitalized using LabChart (V7.2.1, AD Instru-
ments, Sydney, Australia). P

VENT
, P

AO
, P

TRACH
, and VAO

′  wave-
forms were plotted and tidal volume (V

T
) calculated. The 

waveforms were characterized using the following criteria: 
square or sine wave and presence of unique incisurae. Peak, 
trough, and amplitude of each waveform were determined. 
Power spectral density (PSD) analysis was performed on the 
P

AO
 waveform using Welch’s periodogram method in Matlab 

(v7.1 SP3, Natick, MA) with a frequency resolution of 0.5 Hz. 
This process allows for oscillator waveform to be separated 
into its different harmonics, and thus, analysis (as a graphical 

representation) of the nonfundamental frequencies that con-
tribute to the high-frequency waveform at 10 Hz performed. 
The power, or strength, of each nonfundamental frequency is 
graphically expressed relative to the power of the fundamen-
tal frequency (represented with a value of 1) (2). This separa-
tion can also be expressed as the ratio of the signal power of 
fundamental frequencies to the power of the nonfundamental 
frequency (FTN) using fast Fourier transformation. A lower 
FTN represents a waveform with denser harmonic composi-
tion, which theoretically leads to less waveform distortion and 
better energy transmission in the respiratory tree.

RESULTS
There was no difference in the results at P

AW
 10 and 20 cm H

2
O, 

and the 10 cm H
2
O data are presented.

Waveforms
The P

AO
 and VAO

′  of each oscillator are shown in Figure  1. 
Oscillators exhibited either a square or sine wave pattern 
with varying harmonic components. The Fabian, Leonie+, 
and BL8000 P

AO
 and flow profiles resembled sine waves. The 

VN500 pressure waveform was a pure sine wave with a sheer 
expiratory slope. The SM3100B P

AO
 and VAO

′  waveforms at 1:2 
I:E ratio differed from the essentially square waves at 1:1 I:E 
ratio and the SM3100A at both I:E settings. At 1:2 ratio, the 
SM3100B waveforms exhibited an initial inspiratory pulse 
and incisurae, then stepwise reductions in pressure and flow 
preceding peaks. The SLE5000 exhibited a square P

AO
 that 

was comparable to SM3100A and B at 1:1 ratios. The Sophie 
generated sine pressure and flow waves, but unlike the other 
sine wave devices, the pressure waveform exhibiting incisu-
rae on the inflation slope similar to the square wave devices. 
The BL8000 P

AO
 waveform had a small notch in the inspira-

tory slope without a distinct incisurae. Across all devices, the 
general shape of the waveforms did not change throughout 
the frequency range. In particular, the location of any inci-
surae was not altered.

Figure  2 shows the P
TRACH

 waveform for each device. 
Compared with the P

AO
 waveform, all devices generated a sine 

wave pattern within the test lung. There was evidence of a 
more irregular wave in the square waved devices (SM3100A 
and B and SLE5000) but any incisurae had been attenuated.

Delivered Pressure and Flow at Experimental 
Settings
The operational range of the ventilators varied at comparable 
settings, as shown in Table 1 (10 Hz) and Supplemental Digi-
tal Tables 1 (5 Hz) and 2 (15 Hz) (Supplemental Digital Con-
tent 1, http://links.lww.com/PCC/A96). All oscillators, except 
the BL8000, generated a ΔP

VENT
 above 28.9 cm H

2
O and V

T
 

greater than 6 mL at frequencies above 10 Hz. At the settings 
tested, all but the BL8000 and SM3100A (1:2 ratio) were able 
to achieve sub- or atmospheric airway pressures during expi-
ration. Minimum flow and pressure became more negative as 
frequency increased in the SLE5000. Delivered V

T
 was gener-

ally similar between devices at comparable I:E ratios, except for 

http://links.lww.com/PCC/A96
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the BL8000. Different frequencies did not alter ΔP
VENT

, ΔP
AO

, 
and VAO

′ , but, as expected, delivered V
T
 and ΔP

TRACH
 decreased 

in all devices with increasing frequency.

Power Spectral Density
The PSD of the P

AO
 waveform for each ventilator is shown 

in Figure  3 and the FTN in Figure  4. The spectral density 

Figure 1. Pressure (A) and flow (B) waveforms at the airway opening during a single oscillation at 5 Hz (light gray), 10 Hz (black), and 15 Hz (dark 
gray) for the eight high-frequency oscillators evaluated. Devices defined as having a square-shaped pressure waveform are in the first row and the sine 
wave devices in the second row. All recordings at an inspiratory:expiratory ratio of 1:2 except the SLE5000 (1:1) and SM3100B (1:2 and 1:1).

Figure 2. Pressure waveform within the test lung (pressure in the “trachea” of the test lung during a single oscillation at 5 Hz (light gray), 10 Hz 
(black), and 15 Hz (dark gray) for the eight high-frequency oscillators evaluated. All devices generated a sine wave within the lung. All recordings at an 
inspiratory:expiratory ratio of 1:2 except the SLE5000 (1:1) and SM3100B (1:2 and 1:1).
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for the square wave ventilators conformed to known square 
wave characteristics with peaks at odd multiples for 1:1 I:E 
ratios and consecutive peaks for 1:2 ratios. Oscillators gen-
erating square waves (SM3100A and B, SLE5000) and/or a 
distinct inspiratory slope incisurae (Sophie) generated wave-
forms with a higher number of nonfundamental frequency 
components, and thus the most complex frequencies with 
potentially greatest transmissive power. Generally, as the 
fundamental frequency becomes more dominant, with less 
harmonic (nonfundamental) components, the FTN became 
more positive. At 5 Hz, the SM3100A and B at 1:2 I:E ratio 
generated a pressure waveform composed of some nonfun-
damental frequencies with a higher signal power than the 
fundamental frequency (5 Hz). All other ventilators had FTN 
greater than 1.0 across the range of frequencies except the 
VN500. Overall, as the frequency increased, the FTN changed 
in a nonuniform manner. The VN500 was the only sine wave 
device to show a large change in FTN with increasing fre-
quency. At 15 Hz, the FTN had decreased to 0.71, or 60% 
from the 5-Hz value, as demonstrated by the marked change 
in PSD of the P

AO
 waveform.

DISCUSSION
This is the first study to describe the waveform character-
istics of the current high-frequency oscillators. We found 
differences in the shape and complexity of the generated 
pressure and flow waveforms. Traditionally, high-frequency 
oscillators have been classified according to the mechanism 
used to generate high-frequency waveforms (e.g., oscilla-
tor and flow-interrupter) (7). Our study suggests that the 

complexity of engineering design in the modern oscillators, 
and resultant waveforms, makes this approach to nomencla-
ture obsolete. We propose that using the characteristics of 
the waveforms along with frequency composition provides a 
more useful method for classifying modern high-frequency 
oscillators.

We demonstrated marked differences at the airway opening 
in the generated waveforms and the absolute ΔP

VENT
, ΔP

AO
, and 

VAO
′  values. Unlike conventional ventilation, HFOV is reliant 

on the waveforms generated to achieve gas exchange at small 
tidal volumes (1, 2). The SM3100A and BL8000 are known 
to produce very different waveforms, which lead to clinically 
important differences in performance (4–6, 9). Unlike the 
SM3100 oscillators, modern ventilators are hybrid devices, 
offering conventional and high-frequency modes. Only the 
SLE5000 produced a waveform similar to the SM3100 oscilla-
tors. Whether delivery of a sine wave influences clinical perfor-
mance or effectiveness cannot be determined from our study. 
Pressure waveforms are known to attenuate to sine waves at the 
alveolar level in the SM3100A (1, 10), and this was apparent 
in all the devices we evaluated. V

T
 was similar at comparable 

I:E ratios across all oscillators in our study, with the exception 
of SM3100 A and B (3) and BL8000 (4, 6) where differences 
in generated V

T
 have been described previously. Especially at 

lower frequencies, the V
T
 at the airway opening was above the 

dead space of the respiratory system, irrespective of waveform 
type. This observation is consistent with previous benchtop 
and human studies (11–14), the difference being that some of 
the new oscillators now offer high-frequency tidal volume tar-
geting modalities. The relationship between HFOV waveforms, 

Table 1. Operational Pressure and Flow Range and Principles of Operations of Eight  
High-Frequency Oscillatory Ventilators at 10-Hz Frequency

Ventilator Principle of Operation
Inspiratory:Expiratory 

Ratio
Pressure in the Ventilator  

(cm H2O)
Peak PAO  
(cm H2O)

Trough PAO  
(cm H2O)

Pressure in the “Trachea” 
of the Test Lung (cm H2O)

Peak VʹAO   
(L/min)

Trough VʹAO    
(L/min)

Tidal  
Volume (mL)

Sensormedics 3100A Electromagnetic flow generator 1:2 30.5 16.3 3.0 11.5 15.6 –11.2 6.9

Sensormedics 3100A As above 1:1 30.9 16.5 0.7 13.2 14.0 –14.1 7.8

Sensormedics 3100B Electromagnetic flow generator 1:2 35.6 21.7 0.3 8.6 16.4 –10.4 4.6

Sensormedics 3100B As above 1:1 32.2 17.0 1.1 11.9 14.4 –13.9 8.6

SLE5000 Bidirectional jets 1:1 35.9 16.2 –7.2 15.2 16.3 –15.8 8.3

Fabian Voice coil flow generator 1:2 32.1 15.6 0.3 9.9 12.8 –10.4 6.3

Leonie+ Membrane-integrated diaphragms 1:2 28.9 13.9 0.8 8.8 12.8 –11.0 6.0

Sophiea Valve oscillator with active expiration 1:2 30.0 14.3 –0.3 9.6 13.7 –8.9 6.6

VN500 Expiratory valve with venturi-assisted expiration 1:2 33.5 13.1 0.3 10.9 17.3 –11.4 6.6

BL8000b Expiratory valve with venturi-assisted expiration 1:2 16.3 10.7 2.2 8.5 8.5 –8.0 4.7

PAO = pressure at the airway opening, VAO
′

 = flow at the airway opening.
a%Max ΔP of 40% was required to achieve 30 cm H2O pressure in the ventilator (ΔPVENT) for the Sophie oscillator.
bBL8000 was unable to achieve 30 cm H2O ΔPVENT at 100% Max ΔP; the value shown is the highest ΔP the ventilator could produce at these settings.
5 Hz and 15 Hz data available in Supplemental Digital Tables 1 and 2 (Supplemental Digital Content 1, http://links.lww.com/PCC/A96).
Recordings made at settings of mean airway pressure 10 cm H2O, frequency 10 Hz, pressure amplitude (ΔP) 30 cm H2O, compliance 1.0 mL/cm H2O,  
and inspiratory:expiratory ratio as specified via a 3.5-mm endotracheal tube.

http://links.lww.com/PCC/A96
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generated pressure, and effectiveness in vivo warrants further 
investigation.

In this study, we attempted to characterize the waveforms 
in the frequency domain (2). We contend that this is a rela-
tively simple method of describing a waveform’s composi-
tion, although FTN is not without limitations. The FTN is 
analogous to the signal-to-noise ratio used in engineering to 
compare the strength of a desired signal power to the power 
of background noise. In this context, however, the frequency 
composition is secondary to the function of the waveform 
and any analysis using fast Fourier transformation must be 
careful not to assume “desired” waves and “unwanted” noise. 
The ratio is used only as a descriptive tool, and until fur-
ther studies focused on waveform nature and composition 
are undertaken, these types of analyses should not be used 
to assume a ventilator’s performance or effectiveness. Despite 
this, it is interesting that the VN500 demonstrated a marked 
change in the FTN at a frequency of 15 Hz. Recently, the 
VN500 was found to have a frequency-dependent limitation 
in oscillatory performance at frequencies above 10 Hz (10). 
This illustrates the importance of clinicians understanding 
the type of oscillator they are using and differences in appli-
cation with other devices.

This benchtop study was unable to determine whether 
the marked differences in delivered waveforms are likely to 
translate into clinical differences in oscillatory performance 
or lung protection. HFOV has long been advocated as a 
lung-protective mode, especially when applied with a high 
lung volume strategy (15). The role of oscillator design in 
lung protection remains unclear. The SM3100A was the sole 

device used in a trial that demonstrated better lung protec-
tion in preterm infants compared to conventional ventila-
tion when HFOV was used with a high lung volume strategy 
(15). Conversely, the United Kingdom Oscillation Study trial 
suggested the least benefit from the SM3100A compared to 
other oscillators (16), although it has been argued that this 
trial did not use a true high lung volume strategy (17). More 
recently, individual patient meta-analysis has failed to show 
a difference in oscillator type on lung injury (18). Despite 
this uncertainty, these studies highlight the importance of 
applying HFOV optimally, irrespective of device.

All devices achieved similar pressure waveforms at the 
P

TRACH
 level, demonstrating significant attenuation of the oscil-

latory wave as it enters the upper respiratory tree. We did not 
evaluate the flow patterns within the test lung, in part, due 
to the limitation of the test lung used and also as clinicians 
are only able to see flow at the airway opening. Interestingly, 
subtle irregularities in the sine wave pattern were evident in 
the square wave devices. This finding is intriguing and war-
rants further evaluation in more complex in vivo models to 
determine whether these differences translate to differences at 
an alveolar level.

Limitations
This was a benchtop test using a test lung with known perfor-
mance limitations. In particular, the mechanical test lung does 
not exhibit the complex viscoelastic properties of the diseased 
human lung. This explains the similarity in results at P

AW
 10 

and 20 cm H
2
O. The circuits tested were those recommended 

by the manufacturers, and not the same across devices. Thus, 

Table 1. Operational Pressure and Flow Range and Principles of Operations of Eight  
High-Frequency Oscillatory Ventilators at 10-Hz Frequency

Ventilator Principle of Operation
Inspiratory:Expiratory 

Ratio
Pressure in the Ventilator  

(cm H2O)
Peak PAO  
(cm H2O)

Trough PAO  
(cm H2O)

Pressure in the “Trachea” 
of the Test Lung (cm H2O)

Peak VʹAO   
(L/min)

Trough VʹAO    
(L/min)

Tidal  
Volume (mL)

Sensormedics 3100A Electromagnetic flow generator 1:2 30.5 16.3 3.0 11.5 15.6 –11.2 6.9

Sensormedics 3100A As above 1:1 30.9 16.5 0.7 13.2 14.0 –14.1 7.8

Sensormedics 3100B Electromagnetic flow generator 1:2 35.6 21.7 0.3 8.6 16.4 –10.4 4.6

Sensormedics 3100B As above 1:1 32.2 17.0 1.1 11.9 14.4 –13.9 8.6

SLE5000 Bidirectional jets 1:1 35.9 16.2 –7.2 15.2 16.3 –15.8 8.3

Fabian Voice coil flow generator 1:2 32.1 15.6 0.3 9.9 12.8 –10.4 6.3

Leonie+ Membrane-integrated diaphragms 1:2 28.9 13.9 0.8 8.8 12.8 –11.0 6.0

Sophiea Valve oscillator with active expiration 1:2 30.0 14.3 –0.3 9.6 13.7 –8.9 6.6

VN500 Expiratory valve with venturi-assisted expiration 1:2 33.5 13.1 0.3 10.9 17.3 –11.4 6.6

BL8000b Expiratory valve with venturi-assisted expiration 1:2 16.3 10.7 2.2 8.5 8.5 –8.0 4.7

PAO = pressure at the airway opening, VAO
′

 = flow at the airway opening.
a%Max ΔP of 40% was required to achieve 30 cm H2O pressure in the ventilator (ΔPVENT) for the Sophie oscillator.
bBL8000 was unable to achieve 30 cm H2O ΔPVENT at 100% Max ΔP; the value shown is the highest ΔP the ventilator could produce at these settings.
5 Hz and 15 Hz data available in Supplemental Digital Tables 1 and 2 (Supplemental Digital Content 1, http://links.lww.com/PCC/A96).
Recordings made at settings of mean airway pressure 10 cm H2O, frequency 10 Hz, pressure amplitude (ΔP) 30 cm H2O, compliance 1.0 mL/cm H2O,  
and inspiratory:expiratory ratio as specified via a 3.5-mm endotracheal tube.

http://links.lww.com/PCC/A96
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the flow waveform characteristics generated within the oscilla-
tors may vary. The Sophie and BL8000 set the ∆P as percentage 
of maximum available power. The maximum available power 
changes with many factors including respiratory system com-
pliance, P

AW
, and frequency. Waveform characteristics may thus 

change without altering oscillator settings.

CONCLUSIONS
This study has shown that the waveforms generated by mod-
ern oscillators differ by shape, frequency characteristics, and 
resultant amplitudes at comparable settings. Clinicians should 
be aware of these differences, which may lead to variations in 
the effectiveness of oscillation between these devices. Further 
clinical studies are required to identify the in vivo implications 
of differences in high-frequency waveforms.
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