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What is already known on this topic?

Safe and effective application of high frequency ventilation requires an
understanding of the performance characteristics of the ventilator being used.

High-frequency ventilators demonstrate differences in their performance
characteristics. Some older ventilators are known to have a frequency related

limitation in"liressure amplitude and tidal volume.

What this paper adds?

In the benchtop setting, thé Drﬁéér, VN500 demonstrates a frequency related
reduction in oscillatory pressure am.ia.iitude not observed in the Sensormedics 3100.
Increasing the frequency of oscillations: 'reéﬁzlt_e.d. in a greater reduction in delivered
high—frequency tidal volume in the Driger VNSOO icomp_ared with the Sensormedics
3100. =

Clinicians need to be aware of these differences and -'.rr"lay need to adapt their

ventilation strategies accordingly.
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Abstract

Background: The high-frequency pressure amplitude (AP) of the Driiger BabyLog 8000
High-frequency ventilator is related to the frequency, and clinical application differs from
other high-frequency devices. The performance characteristics of the new VN500 ventilator

have not been described.

Aim: To compare the Hhigh-frequency pressure amplitude (AP) and tidal volume (Vyyg)
delivered by the Driiger VN500 and the Sensormedics 3100 (SM3100) through a range of

oscillatory frequencies,

Methods: In this benchtop study high-frequency oscillations were applied to an infant test
lung at unrestricted set amplitudes. -Preséﬁke and flow were measured as a function of
frequency, incremented by 1 Hz from 5 to 15 Hz. Measurements wete repeated for a range

of ventilator settings, and lung resistive and compliance states.

Results: The VN500, but not the SM3100, demonstfat.e'c_i‘:én exponential decrease in airway
opening AP as frequency increased. The difference betWeet_l' the SM3100 and VN500
delivered Vrur became greater with each frequency incremeﬁt. AtlSHz, VN300 Fryr was

49% of SM3100 Viyg.

Conclusions: The VN500 demonstrates a frequency related reduction in AP not observed
in the SM3100. Clinicians need to be aware of these differences in performance

characteristics.

Abstract word count: 186 words
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INTRODUCTION

High-frequency oscillatory ventilation (HFOV) is commonly used in neonatal intensive
care units. The mechanism of gas exchange during HFOV is complexl and may vary

according to the method of generation and attenuation of the pressure waveform™™,

The Sensormedics 310_Q _(SM3100; CareFusion, San Diego, CA) and BabyLog 8000+
(Drigerwerk Ag &. C(l).:,' Liibeck, Germany) have been in wide use for more than two
decades. The SM3100 uses a piston-diaphragm, where as the BabyLog 8000+ uses a
Venturi sysiem to generate oscillatory pressure amplitudes (AP) and resultant tidal
volumes. In the BL8000+, a frequcﬁé_y_ dependent maximum AP threshold is known to
exist’. Consequently, different settings are rc__quired when ventilating with the BabyLog
8000+ compared with the SM3100. Lower fréquencies are used in order to deliver tidal
volumes capable of maintaining adequate gas exchange The VN500 ventilator superseded
the BabyLog 8000+ in 2010, reportedly with é' l'r-ni._).ré_powerﬂxl venturi system. The
relationship between applied frequency, AP and tidal. volhme- for the VIN500 have not

previously been reported.

The aims of our benchtop study were 1} to determine whether there were differences in the
maximal AP and tidal volume that could be generated through a range of frequencies and
lung compliance and resistance states using the VN500, and 2) compare these with the

performance characteristics of the SM3100.
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METHODS

Experiment Setup

This study was performed using a variable compliance (Crs; minimum 1.0 mL/cm H»0)
infant test lung (model 5601, Michigan Instruments, Grand Rapids, MI). Each device was
attached via the manufacturer’s recommended circuit (VN500; Driiger VentStar Heated N
circuit, and SM3100; Cq_refusion flexible patient circuit) to an uncuffed 2.5mm or 3.5mm
endotracheal tube (ETT)‘_;trimmed to 15 cm and attached to the test lung to make a leak free
system, To minimize thé;.'.\}_éri'a_ble effect of humidity, on resistance and AP, the humidifier

biock was removed from the circuits.. .

Measurements

The experimental arrangement is shown 1n ‘Figu're 1. Airway pressure was measured using
pressure transducers (1000Hz; SC-24, SCIREQ;"MOﬁtfeal, Canada) located at the proximal
end of the inspiratory limb of the ventilator cir;ﬁi_t' (P;;ENT), proximal o the ETT at the
airway opening (Pao) and from a dedicated préssure b:c')r’t_‘_w’ii':hin the test lung (Prracy).
Flow (7 a0) and tidal volume (Vrgr) were measured using a'-'-ﬁ;t.iwire'anemometer (200Hz;
Florian respiration monitor, Acutronic Medical Systems, Zug, SWitzerland) located at the

airway opening®.

Experiment Protocol
For both the SM3100 and VN500, ventilation was applied with a set AP of 90 cm H,0
(maximum setting for VN500) and frequency (Fr) increased in 1 Hz increments every 5

minutes from 5 to 15 Hz. This was performed for all permutations of inspiratory to
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expiratory ratio (E) 1:2 and 1:1, and test lung Crg 1.0 and 2.0 mL/ecm H;O . Airway
resistance (Rgs), was varied by using a 3.5 mm ETT with a mean airway pressure (MAP) of

20 ¢m H,0, and a 2.5 mm ETT (MAP 10 cm H>O).

Data Analysis

Pressure and flow signals were digitized using LabChart 7.2 (ADInstruments, Sydney,
Australia). The amplitude .(A) of the Pvext, Pao and Prracy waveforms was calculated for
the last 300 stable conseﬁﬁtive -o_scillations at each recording. Each parameter was graphed
against frequency and the félatio_nship examined to determine the best linear or non-linear
model using Prism V4.02 (GraphPad, San Diego, CA). The simplest model in which all
coefficients of determination (R?) &cre significant (p<0.05) was deemed representative,

and a R%>0.7 defined as a good fit of the model.

RESULTS

For the VN500, but not SM3100, APygnt decreased eXpbpeﬁtiélly as the Fr was increased.
from 5 to 15 Hz despite a constant ventilator AP set at 90 cmHgo (Figure 2), itrespective
of I:E ratio, MAP and ETT size permutations; all R? >0.95. Thé ‘SM3100 maintained a
stable APygnt approximating the set AP at all Fr examined. LE ratio exerted the greatest
influence on the absolute APyeyr at each Fr in the VN500. At 15 Hz with a LE ratio of 1:2,
Crs 1.0 mL/em H20 and ETT 2.5mm, the maximum APygnT recorded was 34.2 cm HyO,
compared with 41.3 ecm H;O using LE 1:1, Crs 2.0 ml/em H»O and ETT 3.5mm
(Supplemental Digital Content Figure 1). The relationship between frequency and APyenr

was similar at different Crs and Rgs permutations, except at test lung Cgs of 1.0 mL/em
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H,0 and the lower Rgs (3.5 ETT). At these settings, APvpyt Was 4 to 10 ¢m H,O higher

than the other permutations between frequencies of 7 to 13 Hz in the VN500,

Figure 3 shows the relationships between Fr and APao and Vryr using the same
permutations as Figure 2. A similar exponential decrease in AP4g in the VN500 was seen
(R? >0.97). There was no change in AP5o with the SM3100. Both devices had a similar
pattern of frequency.reﬁ.late'd decrease in Vryr. As Fr was increased, the difference in
absolute Vryy betweeﬁ.. ti]e SM3100 and VN500 became incrementally greater
(Supplemental Digital Content Flgure 2). By 15 Hz, the Vryr delivered by the SM3100B
was almost twice that of the VNS 00 The difference in AP1pacu between the two oscillators
as the frequency was increased was 51m11ar to that of Ve (Supplemental Digital Content
Figure 3), with the potential of the VNSOO APTRACH being at least 40% less than the
SM3100B at frequencies of 10 Hz or more (Flg_q_‘re'_‘4 and Supplemental Digital Content

Figure 4).

DISCUSSION

In this benchtop study, we found that there was a difference befwéén the new VN500 and
SM3100 with regards to the delivered Vryr and AP at various points in the respiratory
circuit that became more marked as the frequency was increased. I:E ratio, Crg and Ryg
influenced the magnitude of changes observed. Our resulis are a guide to the theoretical
maximum AP that could be generated at any given frequency. To our knowledge, this is the

first report of the AP performance characteristics of the VN500 in HFOV mode.
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The performance characteristics of the SM3100 have been well described previously, and
our results are consistent with these studies® . The pattern of performance characteristics
we observed in the VN500 shows similaritics to those of the BL8000®. The VN300 was
able to generate larger Py at higher frequencies than those reported for the BL8000, but
these were still closer to the BL8000 than the SM3100. The relationship between set AP
and APypnt suggests that the frequency dependent relationship we observed relates to the
similarities in the underl&iﬁg mechanism used to generate HFOV in the two Driger devices,
both of which use a Venturi-assisted expiration system as opposed to a piston diaphragm
(SM3100). The Venturi syéfem has been attributed to the performance differences in the
BL8000. It seems likely that .‘sém.g,..' qlbeit more powerful, Venturi-assisted expiration

system accounts for the results we obsérved in the VN500.

Alveolar ventilation during HFOV is determirléd"i_))l( the product of the frequency and the
square of Vyyr, with Vrur representing the stroke vdlnﬁie_ of the pressure amplitude™'®. The
square relationship between alveolar ventilation and V:TH}.suggests that the difference in
alveolar ventilation between these two devices is likely to‘b=e. e;f_'en greater. Further studies
are required to determine whether our findings translate to signiﬁ&én’t differences in carbon

dioxide removal at higher frequencies.

The optimal set frequency is determined by the pathophysiology and resultant time constant
of the lung'’. Unlike the SM3100, there appears to be limits in the AP that the VN500 could
be expected to achieve at certain frequencies. In Australasia, HFOV is used for those

infants with the most severe respiratory failure'?. In these situations, clinicians may need to
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decrease frequency and/or increase L:E ratio with the VIN500 to achieve adequate AP and
Vrur for CO; removal. Clinicians need to be aware that unlike conventional ventilation
where settings are largely interchangeable between ventilators, in HFOV devices the

settings are unique to the device and are not transferable.

We chose a AP of 90 cm H,O, well above settings being used clinically, to allow
unrestricted performance of the oscillator. This was intentional, as this is the first report of
the performance characf_er_is'tigs of the VN500. Choosing a lower AP setting may have
applied an external limitatibn oﬁ performance, and misrepresented the inherent technical
capabilities of each device. Bf allowmg unrestricted performance of the high-frequency
power we were also able to inform the chmclan of the theoretical maximum AP that could
be expected from the VN500 at any giveﬁ -'f'réhuenqy. It is likely that other more variable
factors, such as leak, water in the circuit (hun{i;li_ﬁé'ation), spontaneous respiratory effort
and nature of lung pathology would exert a negﬁfiﬂée ::father than positive effect on our

findings.

This study has a number of limitations. This was a benchtop study and the findings may not
be clinically transferable. Minimum simulated Cgs was limited to 1.0 mL/cm HyO, greater
than in severe lung disease. Differences in patient circuits can aftenuate high-frequency
oscillations; the rigid SM3100 circuit has low Rgs, and differs from the VN500 circuit.
Nonetheless, some of the frequency related performance characteristics we observed were
also noted upstream from the circuit. This suggests that our findings relate to the inherent

operational characteristics of these devices.

Journal of Paediatrics and Child Health 10
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Conclusions
Like the BL8000, set frequency and L:E ratio determine the maximum AP available in the
VN500. Clinicians need to be aware of the properties of their high-frequency ventilators

and adapt their ventilation strategies accordingly.
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FIGURE LEGENDS

Figure 1. Schematic diagram of the experimental setup. Pressure transducers are shown as
dark grey squares. Flow (V7 a0; black square) was measured at the airway opening between
the ETT and the ventilator hot wire anemometer (VN500) or sham anemometer

(SM3100B).

Figure 2. Relationship _Eetween frequency and APvenr for the SM3100 (diamonds) and
VN500 (circles) at 1:1 (clf;sed éymbols and dashed lines) and 1:2 (open symbols and solid
lines) I:E ratio. Data shown for'é tést-iung Crs of 1.0 mL/cm H;O, ETT 2.5mm and mean
airway pressure 10 cm H,O. Other-:péf'fnuf;ations are provided in the online supplemental

material.

Figure 3. A. Relationship between frequency andJAI"I;;(:)* for the SM3100 (diamonds) and
VN500 (circles) at a test lung Cys of 1.0 mL/cm H,0O and:'i:2'_:.5':{r1m ETT. B. Relationship
between frequency and Vryr for the SM3100 (triangles) andVNSOO (squares) at the same
settings. For both relationships data is shown for I:E ratios of i:l .(closed symbols and
dashed lines) and 1:2 (open symbols and solid lines). There was no difference in the
relationships for the other permutations with a 2.5 mm ETT. The 3.5 mm ETT data is

available in the online supplemental material.
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Figure 4. Percentage difference in APtracu generated by the SM3100 and VN500 at

different frequencies in a test lung with Crs 1.0 mL/cm H;O and 2.5 mm ETT. Closed

circles represent data for I:E ratio of 1:1 and open circles 1:2.
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ONLINE SUPPLEMENTAL MATERIAL

OSM Figure 1. Relationship between frequency and APygyr for the SM3100 (red) and the
VNS500 (blue) for ET'T sizes 2.5mm (circles; Panels A and C) and 3.5mm (squares; Panels B
and D) at a test lung Cgs of 1.0 mL/ecm H,0 (open circles and squares) and Crg 2.0 mL/cm H;O
(filled circles and squares). Panels A and B shows data using an L:E ratio 1:2 and Panels C and

D L:E ratio 1:1.

OSM Figure 2. Relationshaifj'.between frequency and Vryr for the SM3100 (red) and the VN500
{blue), both at LE ratio 1:2, .for_ ETT sizes 2.5mm (circles; Panel A) and 3.5mm (squares; Panel
B). Test lung Cig set at 1.0 mL/cm H0 (open circles and squares) and 2.0 mL/cm H,O (filled

circles and squares).

OSM Figure 3. Percentage difference in VTHF generated by the SM3100 and VN500 at different
frequencies in a test lung with Cgg 1.0 mL/cm HZO for a 2.5 mm ETT. Closed triangles represent

data for LE ratio of 1:2 and open triangles 1:1.

OSM Figure 4. Relationship between frequency and APrpacy for the SM3100 (red) and the
VIN500 (blue) at a test lung Crs of 1.0 mL/cm H;0 (open circlés) and Cys 2.0 mL/cm H,O (filled
circles) with a 2.5 mm ETT. Data from Figure 3 represents the difff;rences in APrracy at each

frequency between SM3100 and VN500.
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