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Abstract

Purpose High-frequency oscillatory ventilation (HFOV)

is thought to protect the lungs of acute respiratory distress

syndrome (ARDS) patients. The performance and mecha-

nical characteristics of high-frequency oscillatory ventila-

tors, especially with regard to delivering appropriate tidal

volume (VT) to compromised lungs, might affect the out-

come of patients. We evaluated the performance of two

such ventilators using a model lung with a position sensor.

Methods We tested the Metran R100 and SensorMedics

3100B. VT was measured using the model lung with the

compliance set at 20 or 50 ml/cmH2O and the resistance at

0 or 20 cmH2O/l/s. Oscillator frequency was set at 5, 7, and

9 Hz, and amplitude was set at 25%, 50%, 75%, and 100%

(100% being maximum amplitude available at each setting

configuration).

Results At each model lung setting, R100 delivered greater

VT at 5 Hz. VT differences between the ventilators decreased

as frequency increased and were negligible at 9 Hz. At each

model lung setting and frequency, as amplitude increased

from 25% to 100%, VT increased proportionally more with

R100. With an I:E ratio of 1:1, 3100B delivered greater VT

than with 1:2.

Conclusion Because it is able to deliver comparably

greater VT, R100 may be a better choice for HFOV in

critical ARDS patients. Better proportionality may be a

result of more effective amplitude titration for adjusting

PaCO2 during oscillation.

Keywords Ventilator performance � High-frequency

oscillatory ventilation � Model lung

Introduction

To prevent barotrauma, high-frequency oscillatory venti-

lation (HFOV) has long been used for neonates and infants.

In HFOV, lungs are inflated with a tidal volume (VT) less

than anatomic deadspace and at a high respiratory rate

(3–20 Hz) [1]. The advantage of HFOV is that, with the

maintenance of high mean airway pressure (PEEP), it can

ventilate patients without raising peak alveolar pressure.

This mode of ventilation is thought to avoid the transmis-

sion of pressure swings from the central airways to the

peripheral airways or alveoli [2]. Many investigators have

reported that HFOV provides better oxygenation [3], ven-

tilation [4], and lung protection [5, 6].

In acute respiratory distress syndrome (ARDS) patients,

lung-protective ventilation, using low tidal volume to

prevent barotrauma or volutrauma [7] and high PEEP to

prevent collapse and subsequent reopening of injured air-

ways and alveoli [8–10], has been applied clinically. The

ARDS Network reported better survival for ARDS or acute

lung injury (ALI) patients ventilated with 6 ml/kg VT than

with 12 ml/kg VT [11]. HFOV is considered protective

because peak and mean airway pressures, and PEEP, are

almost the same as in alveoli and it is easy to provide

enough levels of PEEP with limiting peak airway pressures
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at the same time. Recently, ventilators that provide HFOV

in adult patients have been developed and introduced for

clinical use [12]. In a randomized, controlled clinical trial

comparing HFOV with conventional mechanical ventila-

tion (CMV) in ARDS patients, the 30-day mortality rate

in the HFOV group was found to be lower than in the

CMV group, although there was not statistical significance

(P = 0.057) [13]. However, reports from several other

clinical trials comparing HFOV with CMV [14–16] have

failed to corroborate these results.

Other studies have reported successful 9 Hz [17] and

3–5 Hz [13] oscillation in ARDS patients. It is not clear if

the reported success of the strategy was the result of the

performance characteristics of the high-frequency oscilla-

tory ventilator or was skewed by studying what might

have been milder cases of ARDS. Even so, it is widely

conjectured that as HFOV frequency increases, so does

its lung-protective effect. Because oscillatory ventilator

performance may crucially affect patient outcome, we

evaluated how two adult high-frequency oscillatory venti-

lators delivered VT to a model lung with a position sensor.

Materials and methods

Model lung

To monitor the volume change, a position sensor was fixed

to the model lung (TTL; Michigan Instruments, Grand

Rapids, MI, USA). This position sensor converts the

movement of a metal bar attached to the model lung into

measurable electrical output (0–5 V). Volume in the model

lung was calibrated using a 1-l syringe. As a result of this

approximation of arc movement as linear, 7% overesti-

mation of VT could exist at maximum depending on the

mean airway pressure in our pilot study. With and without

an additional resistor of 20 cmH2O/l/s (Pneuflo; Michigan

Instruments), an 8.0-mm internal-diameter endotracheal

tube was set at the airway opening of the model lung. The

compliance of the model lung was set at 20 or 50 ml/

cmH2O. We were thus able to test the model lung at four

basic settings. The combination of a compliance of 50 ml/

cmH2O and no additional resistance simulated a normal

lung; 20 ml/cmH2O and no additional resistance simulated

restrictive lung disease; 50 ml/cmH2O and additional

resistance of 20 cmH2O/l/s simulated obstructive lung

disease; and 20 ml/cmH2O and an additional resistance of

20 cmH2O/l/s simulated mixed lung dysfunction.

Ventilators

Two high-frequency oscillatory ventilators for adults were

evaluated: SensorMedics 3100B (Yorba Linda, CA, USA)

and Metran R100 (Saitama, Japan). Each of these uses a

diaphragm for oscillation. Developed in Japan, R100 is a

model with approval in Japan and Korea for clinical use

with adult patients.

Protocol

Each ventilator was tested with frequency set at 5, 7, and

9 Hz and with amplitude set at 100% (i.e., maximum

amplitude at each setting combination) and at 75%, 50%,

and 25%. I:E ratio was set at 1:1 and 1:2 with the Sen-

sorMedics 3100B and at 1:1 with the Metran R100. Mean

airway pressure set at 15 cmH2O and the fraction of

inspiratory oxygen concentration set at 0.21 throughout the

experiment. On 3100B, constant flow was set at 15 l/min

and on R100, at 20 l/min.

Measurements and analysis

Airway pressures between the endotracheal tube and

ventilator circuit Y-piece (Paw) and between the resistor

and model lung (Ptr) were monitored using pressure

transducers with built-in amplifiers (Fig. 1). This type of

device measures airway pressure directly without tubing,

thus eliminating the risk of underestimating airway pres-

sure owing to the damping effect of high-frequency

oscillation.

Measured analog signals of airway pressures and lung

volume were sampled at 667 Hz and stored in a personal

computer using an A–D converter (DI-220; Dataq Instru-

ments, Akron, OH, USA). These data were analyzed using

a playback software (Windaqex; Dataq Instruments).

Amplitude of oscillation was calculated as the pressure

difference between highest and lowest Paw and Ptr in each

oscillatory cycle. Delivered tidal volume (VT) was calcu-

lated as the volume difference between highest and lowest

model lung volume in each oscillatory cycle. Three con-

secutive oscillatory cycles were analyzed, and average

values were used. We did not show the results of statistical

analysis in this study because standard deviation in each

setting was almost zero so that significant difference

existed in every comparison.

Results

Table 1 shows VT for R100 or 3100B at each setting of the

model lung. With both ventilators, VT decreased along with

the decreased compliance or increased resistance of the

model lung. At each setting, R100 delivered greater VT

than 3100B at 5 Hz. The difference in VT between the two

ventilators decreased as frequency increased and was

negligible at 9 Hz.
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Figure 2a, b shows the VT delivered with frequency

set at 5 Hz by R100 (Fig. 2a) and 3100B (Fig. 2b) at

various model lung settings and amplitude set at 25%,

50%, or 100% (of maximum). Results show that R100

delivered proportionally greater VT at each amplitude (for

each combination of settings, amplitude was set accord-

ing to values available on the graphic display of the

ventilator).

Figure 3 shows the effect of I:E ratio on VT using 3100B

with frequency set at 5 Hz. The delivered VT was greater

when the I:E ratio is 1:1 than when 1:2.

Discussion

The major findings of this study are (1) R100 delivers more

VT than 3100B, especially at 5 Hz; (2) at the combinations

of the settings tested, R100 is capable of delivering greater

VT proportional to the amplitude; and (3) 3100B delivered

greater VT when the I:E ratio was 1:1 than when it was 1:2.

So far as we know, this is the first report comparing

high-frequency oscillatory ventilators for adults. During

HFOV, delivered VT at each frequency is an important

clinical variable that is difficult to measure using conven-

tional flow-metering methods. Hatcher et al. [18] measured

VT with high-frequency oscillatory ventilators for neonates

using a bodyplethysmograph in an animal model. It is

difficult to use a bodyplethysmograph for large animals. In

addition, the lung model is more suitable than an animal

model when comparing ventilator performances with

changing lung mechanics. In this study, we directly mea-

sured VT in a model lung during HFOV using a position

sensor and compared the results obtained with two high-

frequency oscillatory ventilators.

The position sensor used in this study converts move-

ment of a metal bar to electrical voltage: through travel of

0–50 mm, with a maximum resolution of 0.01 mm,

movement is measured as DC voltage of 0–5 V. The dis-

tance is sufficient and the resolution fine enough for the

purposes of this study [19].

3100B has an available frequency range of 3–15 Hz.

The range for R100 is 5–15 Hz. In the overlapping range,

we tested three settings, 5, 7, and 9 Hz, but did not test

above 10 Hz because such frequencies are rarely used in

adult patients. In addition, at frequencies greater than

10 Hz, we detected resonance in our model lung.

Fig. 1 The experimental setup.

Paw, airway pressure between

the endotracheal tube and

ventilator circuit Y-piece; Ptr
airway pressure between the

resistor and model lung, ETT
endotracheal tube

Table 1 Tidal volumes delivered in each setting of model lung

Frequency (Hz) 5 7 9

Normal (C50, R0)

R100 396 ± 0 232 ± 0 182 ± 1

3100B 221 ± 1 188 ± 1 169 ± 0

Restrictive (C20, R0)

R100 333 ± 0 211 ± 1 165 ± 1

3100B 185 ± 0 159 ± 1 143 ± 1

Obstructive (C50, R20)

R100 201 ± 0 123 ± 0 93 ± 0

3100B 147 ± 1 117 ± 1 99 ± 3

Mixed (C20, R20)

R100 171 ± 0 109 ± 0 81 ± 0

3100B 118 ± 0 93 ± 0 86 ± 4

Values are expressed as mean ± SD (ml)

The amplitude of each ventilator was set at maximum (100%). Model

lung settings simulate normal lung (C50, R0); restrictive lung disease

(C20, R0); obstructive lung disease (C50, R20); and mixed lung

dysfunction (C20, R20)

C compliance, R resistance
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Although the diameter of a diaphragms used in the

ventilators are similar—3100B, 185 mm; R100, 180 mm—

we found that R100 delivered comparatively more VT,

especially at the lowest frequency tested. Because the

specifications have not been published, we can only spec-

ulate that the oscillating surface of the diaphragm in R100

is designed to travel a greater distance than the diaphragm

in 3100B.

While 3100B allows the inspiratory time to be set at

30–50% of the oscillatory cycle, R100 is fixed at 50%.

When we compared VT using I:E ratios of 1:2 and 1:1, we

found a lesser VT when the ratio was 1:2. We surmise that

VT declines owing to the shorter inspiratory time when the

I:E ratio is 1:2. Even so, an I:E ratio of 1:2 may be indi-

cated if air trapping is clinically suspected. When devising

a strategy, however, it is necessary to weigh the effect on

VT of both of I:E ratio and the reported relationship

between I:E and mean alveolar pressure [20].

3100B has featured in most of the clinical reports of the

application of HFOV for ARDS patients [13–16]. When

ventilating severe ARDS patients, it is sometimes very

difficult to maintain normocapnia. In such situations, fre-

quency is usually reduced to increase VT; this may result in

deflation of the endotracheal-tube cuff. Moreover, if

hypercapnia persists, it may become necessary to admin-

ister sodium bicarbonate when blood pH cannot be main-

tained above a certain level [13]. To avoid or postpone

such complications, it is better to ensure that VT remains as

high as possible. Because R100 is capable of delivering

comparably greater VT, it may be a better choice for ven-

tilating more severe ARDS patients.

In conclusion, owing to its ability to deliver comparably

greater HFOV, R100 may be a better choice for ventilating

critical ARDS patients. Better VT proportionality with

increasing amplitude may be the result of better titration of

amplitude when adjusting PaCO2 during oscillation.
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