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Abstract

Since commercial forced oscillation technique (FOT) devices became available, they have been

widely used for physiological assessments, mainly of obstructive lung diseases. However, it is not known

whether the impedance values measured with different devices are identical. In this study, two FOT

devices—the impulse oscillometry system (I0S) and the MostGraph (MG)—were compared using

phantom models. The resistance values varied up to 10% from estimated values in both devices.

Additionally, there was a difference in frequency dependence for the resistance between the devices. The

reactance values measured with MG were higher than those measured with 10S. The effects of ventilation

on the measured impedance values were higher for 10S than for MG, especially at lower frequencies. We

concluded that the devices do not always generate identical impedance values. Thus, differences between

the devices should be taken into consideration when evaluating clinical data.
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Introduction

The forced oscillation technique (FOT) is a noninvasive method for measuring respiratory

mechanics [1-3]. Respiratory impedance, including resistance (R) and reactance (X), can be measured

using the relation between airway opening pressure and flow by imposing oscillation signals on normal

breathing. As commercial equipment for FOT, such as impulse oscillometry, has become available, this

method has been widely applied to physiological assessments of various lung diseases such as chronic

obstructive pulmonary disease (COPD) [4, 5], asthma [6, 7], and interstitial lung disease [8]. This

method is very useful as a respiratory function test for lung diseases including asthma especially for

children [9, 10] because the FOT enables us to measure respiratory mechanics during tidal breathing

without requiring an effort-dependent maneuver such as forced expiration.

In Japan, two devices are available for clinical use: MasterScreen 10S-J® (10S) (CareFusion,

San Diego, CA, USA) and MostGraph-01® (MG) (CHEST M.I., Tokyo, Japan). Both of these devices

generate oscillation signals of multiple frequencies to provide resistance and reactance at 5-35Hz. Several

clinical studies have been performed using the 10S [8, 11, 12] and the MG [13, 14]. There are some

differences in the hardware and software of these two devices, including the waveform of the oscillation

signal and data processing. For example, with 10S, positive and negative impulse signals are generated

alternately independent of the direction of airway opening flow. In contrast, with MG the direction of the

pulse signals can be changed in the same direction of flow according to inspiration or expiration.



Additionally with MG, a noise signal is available to provide another type of oscillation. Hellinckx et al.

reported that 10S using an impulse signal yields respiratory impedance values that are similar, but not

identical, to those provided by FOT using a pseudorandom noise signal [2]. Thus, there may be some

differences in the impedance measurements between the two devices and between the two kinds of

signals with MG. Although it is important to estimate these differences when comparing clinical results

measured in different institutions using 10S or MG, there have been no reports of an investigation of the

differences in measured impedance between the devices or between the imposing signals.

The purpose of this study was to reveal the differences in impedance between 10S and MG

using phantom models that include known resistance and compliance levels.

Methods

FOT measurements

Two FOT devices, 10S and MG, were used in this study. Both devices were calibrated

according to the manufacturer’s instructions for each apparatus before starting the measurements. Each

measurement was performed during 30 s with impulse signals generated every 0.2 s. With the MG device,

not only pulse waveform signals (MG-pulse) but also noise signals (MG-noise) were used for

measurements.



Phantom models

We measured impedance using four phantom models (Fig. 1). Each model was connected to the

outlet of the device without a mouth piece or bacterial filter. All measurements in each experiment were

repeated three times. The results for each experiment are shown as the mean of the three measurements.

* R model: A standard resistor (CHEST M.l.) was connected to the outlet of each FOT device, and

impedance was measured (Fig. 1a). We used three standard resistors with different known resistances

(0.196, 0.402 and 0.951 kPa-s/L).

» C model: This simple gas compliance model was based on air compression in an airtight rigid wooden

box (Fig. 1b). Two boxes with different air volumes (8.35 and 16.7 L for C model-1 and C model-2,

respectively) were used.

* RC model: A standard resistor (0.196 kPa-s/L) was serially connected to the C model-1 (8.35 L) (Fig.

1c).

» RC ventilation model: A 3.0-L syringe used for calibration was connected in series to a wooden box (RC

model). Ventilation was performed manually using the syringe during measurements with different

respiratory rates (10, 20, or 30/min) and tidal volumes (0.5, 1.0, or 1.5 L) (Fig. 1d).

Statistical analysis

The data were expressed as the mean + SD. Statistical analyses were performed using JMP10



software (SAS institute, Cary, NC, USA). One-way repeated measures analysis of variance (ANOVA)

was used to evaluate the frequency dependence of the impedance. The differences in the frequency

dependence of the impedance between 10S, MG-pulse, and MG-noise were evaluated with a two-way

repeated-measures ANOVA. Statistical significance of the differences in the impedance parameters

among 10S, MG-pulse, and MG-noise was determined with the Tukey-Kramer analysis. A value of

p<0.01 was considered significant.

Results

R model

Table 1 shows the measured resistance values of three standard resistors at 5, 25, and 35Hz

using 10S and MG. Although there were some variations in resistance values between the two devices,

standard deviations in the three repeated measurements were quite low for all values from both devices.

Figure 2 shows the percentage ratios of measured resistance values at different frequencies (range 5-35

Hz) to the estimated values of standard resistance. For both devices, the measured values of resistance

varied up to about 10% from standard values. Additionally, the resistance significantly changed with the

frequency in both devices and signals (p<0.0001). Moreover, there were significant differences in

frequency dependence for the resistance among 10S, MG-pulse, and MG-noise (p<0.0001).



C model

The measured impedance values of a simple compliance model with two different gas volumes

are shown in Fig. 3. In both devices, the reactance increased with the compliance, which corresponds to

the box volume, and the resistance decreased a little with box volume in both models. At 5Hz (X5) the

reactance of 10S was significantly lower than that of MG (p<0.0001), and the X values of 10S were close

to the estimated values calculated by the following equation:

X = —1/(2nfCa ),

where f is the frequency (Hz) and C,;; is the gas compliance of air (L/kPa), except for X5 in C model-2.

RC model

Figure 4 shows the impedance measured for the RC model consisting of serial connections by a

standard resistor (0.196 kPa-s/L), which is around the values in healthy subjects—and the C model-1

(8.35-L box). The resistance values in the RC model corresponded to the sum of the values in the R model

(standard resistor 0.196 kPa-s/L) and those in the C model-1 (Fig. 3a). Additionally, the differences

between the resistance value at each frequency in the RC model and the sum of that in the R model and C

model-1 were <7.1%, 2.7%, and 1.0% with 10S, MG-pulse, and MG-noise, respectively. Similar to the

results for the R model, the resistance significantly changed with frequency in both devices and signals

(p<0.0001). The difference between the resistance at 5Hz (R5) and at 20Hz (R20) (i.e., R5-R20), which



reflects frequency dependence, was highest with 10S (p<0.0001) and lowest with MG-noise (p<0.0001).

Similar to the results for the C model, the reactance values were significantly lower with 10S than those

with MG (p<0.0001). Additionally, the resonant frequency (Fres)—i.e., the frequency at which reactance

becomes “0” —was significantly higher (p< 0.0001) with 10S than with MG (31.5+0.04, 21.9+0.01, and

21.5£0.02 Hz in the 10S, MG-pulse, and MG-noise, respectively).

RC ventilation model

Figures 5 and 6, respectively, show the effect of the respiratory rate and tidal volume on

impedance when the RC model was ventilated. The respiratory rate was changed from 0 (static) to 30/min,

and the respiratory rate errors (the differences between the setting and the performed rate) were <1.3%.

The tidal volume was changed from O (static) to 1.5L. The differences between the setting and the

delivered volume were <16%, and the coefficient of variation in tidal volume within the measurement

was <8%. When the model was ventilated, the resistance increased in both devices and signals, and the

maximum change was observed at 5 Hz (R5). The frequency dependence of resistance (R5-R20) was

significantly highest with 10S (p<0.0001) and lowest with MG-noise (p<0.001). X5 measured with 10S

increased to be larger than the values at 10 Hz when the model was ventilated. The reactance using MG

showed similar values. X5 with 10S increased with the respiratory rate (p<0.0001 for respiratory rates of

10 vs. 30) and the increasing tidal volume (p<0.01 for tidal volumes of 0.5 vs. 1.5).



Discussion

This is the first study to investigate differences in the measured impedance between 10S and

MG. The results of this study are summarized as follows.

1. The resistance values varied by approximately +10% for both devices and signals. The

frequency dependence of the resistance was different between 10S and MG.

2. MG provided significantly higher reactance values than 10S, and thus Fres was significantly

lower with MG than with 10S.

3. Ventilation increased the resistance, especially at lower frequencies, with both devices. It

resulted in increased frequency dependence of the resistance. There were greater effects of

ventilation on X5 with 10S.

The FOT is a noninvasive method for assessing respiratory mechanics in subjects ranging from

adults to children. Recently, the use of 10S and MG has widely increased in Japan, and the usefulness of

both FOT devices in various respiratory diseases has been reported [8, 10-14]. Although it has also been

reported that the FOT devices did not always generate identical measurement results [2, 15], the actual

differences between 10S and MG were not yet known. Thus, it was necessary to estimate these

differences and similarities for proper comparisons of clinical results based on these measurements.



Resistance

The resistance values represent the in-phase component of the impedance obtained from the

relation between pressure and airflow. Additionally, resistance can be increased by airway obstruction.

Thus, the changes in resistance such as R5, R20 and R5-R20 have been used for determining

physiological parameters in patients with obstructive lung diseases. In the present study, the experiment

using a simple R model of a standard resistor ranging from 0.196 to 0.951 kPa-s/L showed that the

resistance values varied up to =10% in both devices and that frequency dependence of the resistance was

different between the devices and signals. Although the factors contribute most to the differences between

two devices could not be specified, they may derive from differences in apparatus characteristics,

oscillation signal and data processing between these two devices.

In the C and RC models, the measured resistance changed significantly with frequency in both

devices, although the R values in the static RC model represented linearity based on the results that the R

values in the RC model were close to the sum of those in the simple R and C models. Moreover, the

resistance, especially at lower frequencies, increased when the model was ventilated (Figs. 5, 6) with the

result that frequency dependence of the resistance increased. Recently, one of the parameters representing

frequency dependence of the resistance, R5-R20 has been used to assess small airways [16-19]. The

present study suggested that there may be some variations in the measured resistance and that the

measured values should overcome these variations to be significant in clinical studies using 10S and MG.



Regarding the comparison of the waveform of the oscillation signals, the effect of ventilation

on the resistance was lowest with the MG-noise. Hellinckx et al. also reported that R values using the 10S

were slightly greater than those using FOT with a pseudorandom noise signal especially at lower

frequencies [2]. According to the nature of the FOT, the impedance at lower frequencies can have a lower

signal-to-noise (S/N) ratio with the result that the impedance at low frequencies may have more variations.

The pulse wave is of quite short signal duration and hence may be more susceptible to a poor S/N ratio

compared with a pseudorandom noise signal [2]. The short signal duration, however, is advantageous

when investigating the pulmonary mechanics at specific lung volumes.

Reactance

Reactance values represent the out-of-phase component of impedance. These values are related

to the elastic and inertial properties dominant at lower and higher frequencies, respectively [3]. In the

present study, using the C and RC models, the reactance values were significantly higher and the Fres was

lower with the MG than with the 10S. When compared with MG, 10S produced X values that were closer

to the estimated values of the mathematical simple gas compliance model, although 10S suffered a larger

effect of ventilation on X5. I0S may be more susceptible to a poor S/N ratio at low frequencies. These

results suggest that it is necessary to pay attention to these factors when comparing results derived from

10S and MG measurements.



This study has the limitation that the results may not be directly extrapolated to measurements

in humans because the actual human lung is more complex and inhomogeneous regarding structure and

ventilation. However, measurements in human subjects can have intra- and inter-subject variations, and it

is not possible to perform direct and accurate comparisons between the devices. Thus, in the present study;,

the measurements were performed using the same physical structures to investigate and compare the

results for the two devices.

In conclusion, two FOT devices, the I0S and MG, have some differences in their resistance

and reactance values and their frequency dependence. Additionally, the devices may have some variations

in the measurements and the effect of ventilation on the results. It is necessary to understand these

differences and variations to interpret the measurements data in a clinical setting, especially in multicenter

studies. Standardization of the measurements using different FOT devices is warranted.

Conflict of interest

The authors declare that they have no conflict of interest.



References

1. Dubois AB, Brody AW, Lewis DH, Burgess BF Jr (1956) Oscillation mechanics of lungs and

chest in man. J Appl Physiol 8(6): 587-594.

2. Hellinckx J, Cauberghs M, De Boeck K, Demedts M (2001) Evaluation of impulse oscillation

system: comparison with forced oscillation technique and body plethysmography. Eur Respir J

18(3): 564-570

3. Oostveen E, MacLeod D, Lorino H, Farré R, Hantos Z, Desager K, Marchal F; ERS Task Force

on Respiratory Impedance Measurements (2003) The forced oscillation technique in clinical

practice: methodology, recommendations and future developments. Eur Respir J 22(6):

1026-1041.

4, Crim C, Celli B, Edwards LD, Wouters E, Coxson HO, Tal-Singer R, Calverley PM; ECLIPSE

investigators (2011) Respiratory system impedance with impulse oscillometry in healthy and

COPD subjects: ECLIPSE baseline results. Respir Med 105(7):1069-1078

5. Frantz S, Nihlén U, Dencker M, Engstrom G, Lofdahl CG, Wollmer P (2012) Impulse

oscillometry may be of value in detecting early manifestations of COPD. Respir Med

106(8):1116-1123

6. Gonem S, Natarajan S, Desai D, Corkill S, Singapuri A, Bradding P, Gustafsson P, Costanza R,

Kajekar R, Parmar H, Brightling CE, Siddiqui S (2014) Clinical significance of small airway



10.

11.

12.

obstruction markers in patients with asthma. Clin Exp Allergy 44(4):499-507

Boudewijn IM, Telenga ED, van der Wiel E, van der Molen T, Schiphof L, Ten Hacken NH,

Postma DS, van den Berge M (2013) Less small airway dysfunction in asymptomatic bronchial

hyperresponsiveness than in asthma. Allergy 68(11):1419-1426

Sugiyama A, Hattori N, Haruta Y, Nakamura I, Nakagawa M, Miyamoto S, Onari Y, lwamoto H,

Ishikawa N, Fujitaka K, Murai H, Kohno N (2013) Characteristics of inspiratory and expiratory

reactance in interstitial lung disease. Respir Med 107(6): 875-882

Delacourt C, Lorino H, Herve-Guillot M, Reinert P, Harf A, Housset B (2000) Use of the forced

oscillation technique to assess airway obstruction and reversibility in children. Am J Respir Crit

Care Med 161: 730-736

Hagiwara S, Mochizuki H, Muramatsu R, Koyama H, Yagi H, Nishida Y, Kobayashi T,

Sakamoto N, Takizawa T, Arakawa H (2014) Reference values for Japanese children's

respiratory resistance using the LMS method. Allergol Int 63(1):113-119

Yamaguchi M, Niimi A, Ueda T, Takemura M, Matsuoka H, Jinnai M, Otsuka K, Oguma T,

Takeda T, Ito I, Matsumoto H, Hirai T, Chin K, Mishima M (2009) Effect of inhaled

corticosteroids on small airways in asthma: investigation using impulse oscillometry. Pulm

Pharmacol Ther 22(4):326-332

Abe T, Setoguchi Y, Kono Y, Togashi Y, Sugiyama S, Tanakadate M, Soeda S, Nakai M,



13.

14.

15.

16.

17.

Sugiyama N, Fujiwara A, Yamaguchi K, Yamaguchi A, Kurita N (2011) Effects of inhaled

tiotropium plus transdermal tulobuterol versus tiotropium alone on impulse oscillation system

(10S)-assessed measures of peripheral airway resistance and reactance, lung function and quality

of life in patients with COPD: a randomized crossover study. Pulm Pharmacol Ther 24(5):

617-624

Mori K, Shirai T, Mikamo M, Shishido Y, Akita T, Morita S, Asada K, Fujii M, Hozumi H, Suda

T, Chida K (2013) Respiratory mechanics measured by forced oscillation technique in combined

pulmonary fibrosis and emphysema. Respir Physiol Neurobiol 15;185(2):235-240

Yamauchi Y, Kohyama T, Jo T, Nagase T (2012) Dynamic change in respiratory resistance

during inspiratory and expiratory phases of tidal breathing in patients with chronic obstructive

pulmonary disease. Int J Chron Obstruct Pulmon Dis 7:259-2569

Holle JP, Landsér F, Schiiller B, Hartmann V, Magnussen H (1981) Measurement of respiratory

mechanics with forced oscillations. Comparison of two methods (Siregnost FD 5 versus a

pseudorandom noise technique). Respiration 41(2): 119-127

Diong B, Singh K, Menendez R (2013) Effects of two inhaled corticosteroid/long-acting

beta-agonist combinations on small-airway dysfunction in mild asthmatics measured by impulse

oscillometry. J Asthma Allergy 5;6:109-116

Naji N, Keung E, Kane J, Watson RM, Killian KJ, Gauvreau GM (2013) Comparison of changes



18.

19.

in lung function measured by plethymography and IOS after bronchoprovocation. Respir Med

107(4):503-510

Williamson PA, Clearie K, Menzies D, Vaidyanathan S, Lipworth BJ (2011) Assessment of

small-airways disease using alveolar nitric oxide and impulse oscillometry in asthma and COPD.

Lung 189(2):121-129

Skloot G, Schechter C, Desai A, Togias A (2011) Impaired response to deep inspiration in obesity.

J Appl Physiol 111(3):726-734



Figure legends

Fig. 1 Schema for four phantom models. a R model. b C model. ¢ RC model. d RC ventilation model.

R: resistance using a standard resistor; C: air compliance using a wooden box of known volume

Fig. 2 Percentage ratio of resistance values measured with the impulse oscillometry system (10S) and

MostGraph (MG) devices. 10S, MG-pulse, and MG-noise values are compared to the estimated values of

standard resistance. a Resistance of 0.196 kPa-s/L. b Resistance of 0.402 kPa-s/L. ¢ Resistance of 0.951

kPa-s/L. Plotted data are the mean values of three measurements

Fig. 3 Comparison of impedance values in the C model measured with the 10S, MG-pulse, and MG-noise.

Plotted data are the mean values of three measurements. The estimated reactance values were calculated

from the mathematical model: X = —1/(2=fC;), where f is the frequency (Hz), and C,; is the gas

compliance of air (L/kPa). a C model-1 (8.35-L box). b C model-2 (16.7-L box)

Fig. 4 Comparison of impedance values in the RC model (resistance of 0.196 kPa-s/L and C model-1)

measured with 10S, MG-pulse, and MG-noise. Plotted data are the mean values of three measurements

Fig. 5 Effects of the respiratory rate on the impedance measured with 10S (a), MG-pulse (b), and



MG-noise (c), when the RC model was ventilated with a fixed tidal volume (1.0 L). Plotted data are the

mean values of three measurements. Respiratory Rate (RR) was set at 0, 10/min, 20/min, and 30/min.

Fig. 6 Effects of the tidal volume on impedance measured with 10S (a), MG-pulse (b), and MG-noise (c),

when the RC model was ventilated at a respiratory frequency of 20/min. Plotted data are the values of

three measurements. Tidal volume (TV) was setat0,0.5L, 1.0L,and 1.5 L.



Tablel. Comparison of resistance values at various frequencies measured in the R model

Standard resistor

(PasiL) 5 Hz 20 Hz 35 Hz
10S 0.174 (0.001) 0.178 (0.000) 0.187 (0.001)

0.196 MG-noise 0.191 (0.001) 0.191 (0.001) 0.194 (0.001)
MG-pulse 0.188 (0.001) 0.193 (0.001) 0.195 (0.003)

10S 0.371 (0.001) 0.380 (0.000) 0.409 (0.001)

0.402 MG-noise 0.437 (0.001) 0.422 (0.001) 0.413 (0.001)
MG-pulse 0.428 (0.003) 0.431 (0.001) 0.429 (0.001)

10S 0.848 (0.001) 0.878 (0.000) 0.965 (0.001)

0.951 MG-noise 1.020 (0.001) 0.932 (0.001) 0.843 (0.001)
MG-pulse 0.985 (0.001) 0.951 (0.001) 0.899 (0.003)

The data are shown as the mean (SD) of three measurements.

10S: MasterScreen 10S-J°; MG: MostGraph-01®
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