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SUMMARY. This is a literature review of the theoretical principles 
which frame the two widely used techniques of forced oscillations 
applied to the respiratory system, forced oscillation technique (FOT) 
and impulse oscillometry (IOS). The effect of forced oscillations on 
the respiratory system is investigated as a phenomenon of motion 
expressed as changes of pressure, volume, flow and acceleration in 
the classical mathematical approach to a linear system which, under 
the pressure of a stimulating force, is impelled into forced oscillation. 
The physiology of respiratory input impedance is presented as 
a parameter which describes the correlations between pressure, 
volume, flow, elastance, resistance and inertia of the respiratory 
system. The principles of basic practice for test completion are 
described, and the epidemiological factors which form the framework 
for the evaluation of the measurements, derived from research in 
healthy adults, are reviewed. Pneumon 2013, 26(4):327-345. 

INTRODUCTION

The periodicity of the phenomenon of breathing is an integral part of 
respiratory mechanics, as it is linked with all fundamental parameters which 
define the functional level of the respiratory pump. One of the best theo-
ries highlighting the effect of breathing frequency on the configuration of 
alveolar ventilation is the linear approach to the volume-time relationship 
as formulated by Millic-Emili1. According to this theory, in quiet breathing 
the alveolar carbon dioxide (CO2) partial pressure is dependant on the 
physiological parameters of volume and time, according to the equation:

PACO2 =  
(Κ×V'CO2)

(VT/Ti)×(Ti/TTOT)×(I-VD/VT)
*

*  where VT = Tidal volume, TTOT = period of the respiratory cycle, Ti = inspiratory time, TE = 
expiratory time, f = breathing frequency, PACO2 = alveolar carbon dioxide partial pressure, 
V’ CO2= total CO2 output, K = units constant, VD= dead space
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structure of the respiratory system, in order to study the 
changes on all the pressure and flow components, as 
described by the respiratory system equation of motion 
P = ErsV+Rrs V’+IrsV”*8-10 at higher frequencies than those 
of quiet breathing.

The transfer impedance of the respiratory system 
was calculated as the ratio of the transthoracic pressure 
(recorded at the point corresponding to the symbol 
“P” of Figure 1) to the flow recorded by the flow-meter 
adjusted in the mouth cavity, at a range of frequencies 
of from 2 to18 Hz.

This apparatus was subsequently replaced by that 
depicted in Figure 2. The sinusoidal pressure waves were 
applied at the airways opening, where the flow was also 
recorded, while the pressure difference created was now 

* P = minimum required pressure, necessary for the respiratory motion, 
V = volume, V’= flow, V’’= acceleration, Εrs= total respiratory system 
elastance, which is the reciprocal of the respiratory system compliance, 
Rrs= total respiratory system resistance, Ιrs= coefficient of inertia of the 
respiratory system

More recently reported approaches2-5, but also the 
previous study of the authors6 in which an improved 
harmonic vectorial approach to tidal breathing mechan-
ics was formulated, document the way in which the 
fluctuation of breathing frequency significantly alters 
the energy demands of breathing. Data related to these 
modifications are expressed by the parameters forced 
oscillation technique (FOT) and impulse oscillometry (IOS), 
which constitute the most technically complete output 
of research on application of forced oscillations in clinical 
practice. FOT and IOS capture the effect of frequency on 
respiratory mechanics and thus add a new component 
to the study of respiratory function. A particular advan-
tage of this method is the study and evaluation of quiet 
breathing, reflecting the everyday breathing activity of 
the subject.

Review of the theoretical basis of FOT and IOS is 
of importance, since a number of studies show how a 
better understanding of the theoretical principles upon 
which the application of forced oscillations is based has 
introduced new, important parameters into respiratory 
physiology. The use and usefulness of these parameters 
in clinical practice has been evaluated to a satisfactory 
extent, leading to conclusions indicative of the function 
of almost all the mechanical structures composing the 
respiratory system.

1. METHODOLOGY 

1.1.  The early application of forced oscillations  
in the human respiratory system

The first application of forced oscillations in humans, 
conducted by Du Bois and colleagues7 in 1956, consisted 
of the application of sinsusoidal pressure waves of spe-
cific frequency [f=(2-18)Hz] to the surface of the body of 
a subject placed in a body box. The respiratory muscles 
of the subject were voluntarily relaxed at the end of a 
normal expiration, so that the respiratory system was 
balanced at the functional residual capacity (FRC) level. 
The apparatus used is depicted in Figure 1. 

The pressure waves were produced by the reversible 
motion of a pump and the pressure changes around 
the chest of the subject led to a pressure difference 
between the airways opening and the outside of the 
chest (transthoracic pressure). The result was a passive 
imitation of normal breathing and flow production. The 
core significance of this apparatus is the application 
of harmonic forced oscillations on every anatomical 

FIGURE 1. First application of forced oscillations. The subject 
lies in the supine position inside the body box. The pump is 
depicted moving reversibly, vertically to the long axis of the 
subject’s body. The flowmeter (V’) which is adjusted to the 
opening of the airways (the cavity of the mouth) is depicted. 
The pressure (P) and flow (V’) signals are recorded at different 
points and thus transfer impedance values are measured. (Re-
produced with the permission of DuBois et al7).

FIGURE 2. Advanced application of forced oscillations. A pump 
is depicted, moving reversibly, vertically to the saggital axis of 
the head of the subject. The flow (V’) and pressure (P) signals 
are both recorded at the opening of the airways (the cavity of 
the mouth) and thus input impedance values are measured. 
(Reproduced with the permission of DuBois et al7).



329PNEUMON Number 4, Vol. 26, October - December 2013

is considered as a vector with magnitude equal to the 
amplitude of the components and the direction imposed 
by the phase relationship of the components. The vectors 
are placed on the Cartesian level and the point (0.0) also 
is centred consider at their beginning. The vectors rotate 
with an angular velocity of ω=2πf (rad/sec) around the 
point (0.0). This layout is depicted in Figure 4, where the 

the transrespiratory pressure (Prs) (Figure 2). 
The impedance was calculated as the ratio of Prs to 

the flow and was called input impedance because the 
signals of both the flow and the pressure were recorded 
at the airways opening. Since that time, systems based 
on the second apparatus (Figure 2) have been used in the 
majority of oscillometry techniques, and input impedance 
values are measured. 

1.2.  Pressure and flow characteristics and multi-
frequency input impedance definition

The graph of the change of Prs versus time is depicted 
in Figure 3. Prs is changed harmonically and the change 
can be imprinted mathematically in sinusoidal terms. 
Consequently, it is possible to define a period (T), a 
pressure change frequency (f = 1/T) and an amplitude of 
pressure (Pmax). The mathematical formulation of a such 
change is: Prs(t) = Pmax sin(ωt) (equation 1), where ω is 
angular frequency, ω = 2πf, and f is the frequency of forced 
oscillations. Factor ωt is called phase of pressure change. 

Prs, can be analyzed in components by applying the 
respiratory system equation of motion7-10:
 Prs = PE+PR+PI = ErsV+Rrs V’+IrsV” (equation 2)
 and thus:
 PE = ErsV, PR =RrsV’ and PI = IrsV’’ 

The combination of equations 1 and 2 results in:
 Prs(t)=Pmax sin(ωt) 
 = ErsV(t)+ RrsV’(t)+ IrsV”(t)* (equation 3) 

The solution of this differential equation according 
to time (t) is11: 
 V(t) = - Vmax cos(ωt) (equation 4)
 V’(t) = V’max sin(ωt) (equation 5)
 V’’(t) = V’’max cos(ωt) (equation 6) 
where factors with status max, represent amplitudes 
(maximum absolute values) of the corresponding fig-
ures. The combination of equations 3, 4, 5 and 6 gives 
the time functions of each pressure component, in the 
following forms:
 PE= -ErsVmax cos(ωt)
 PR=RrsV’max sin(ωt)
 PI=IrsV’’max cos(ωt)

Based on the above equations, a vectorial approach to 
pressure components can be attempted. Each component 

* Prs.= transrespiratory pressure, V = volume, V’= flow, V’’= acceleration, 
Εrs= total respiratory system elastance, which is the reciprocal of the 
respiratory system compliance, Rrs= total respiratory system resistance, 
Ιrs= coefficient of inertia of the respiratory system, PE = elastic recoil 
pressure, PR=resistive pressure, PI=inertial pressure

t

FIGURE 3. Graphical representation of change in transrespira-
tory pressure (Prs) by time, which is a sinusoidal curve. Pmax = 
pressure amplitude, Τ = pressure change period, where Τ = 1/f, 
and f = the pressure change frequency. 

FIGURE 4. Representation of the vectors of elastic recoil pres-
sure (PE), resistive pressure (PR), inertial pressure (PI) and the 
resultant transrespiratory pressure (Prs) vector, and the resul-
tant of ΡΕ and PI (ΡΙ-ΡΕ) and the flow vector (V’). The vectors are 
rotating clockwise with angular velocity ω=2πf, where f is the 
frequency of the rotation. It can be observed that the phase 
difference (φ angle), which is formed by the vectors of Prs and 
V’ is positive, as it is pointing in the same direction as the sense 
of rotation of the vectors.
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rotation has been conventionally chosen to be clockwise 
and the relationship of amplitude PE and PI arbitrary so that 
PE < PI. Angle φ, symbolizes the phase difference between 
the changes of resultant pressure (Prs) and flow (V’), and 
is defined as the degree to which pressure leads flow12.

Based on the above, it has been proven that flow 
changes harmonically with the same frequency (f ) but 
Prs and V’ are out of phase, with a phase difference which 
equals φ. As shown in Figure 4, pressure leads flow, and 
thus φ is positive. 

Here it must be pointed out that the sign of φ is not 
univocal and is defined by the magnitude of the vectors 
PE and PI and, therefore, the relationship of the amplitudes 
of PE and PI. In order to make the role of the relationship 
of PE and PI in forming φ comprehensible, we will choose 
the situation where the amplitude of PE is greater than 
that of PI. Now, as shown in Figure 5 the resultant pressure 
(Prs) is on the forth quadrant, angle φ becomes negative 
and the change of Prs follows after flow change. 

To generalize the above theory, we will study the 
changes of the x-axis projections of the vectors Prs and V’. 
This change is expressed mathematically by the equations:
 Prs(t) = Pmaxsin(ωt) (equation 1)

 and V’(t) = V’maxsin(ωt +φ) (equation 7)
where φ can have either a positive or a negative value, 
depending on PE and PI amplitude relationships. Equa-
tions 1 and 7 show also the change of transrespiratory 
pressure and flow versus time during harmonic forced 
oscillations and the relevant graphs are shown in Figures 6 
and 7. In Figure 6, the pressure change leads flow change 
and the phase difference is positive, while in Figure 7, the 
pressure change follows after flow change and the phase 
difference is negative.

Impedance (Z) is the resultant of two components: (i) 
Resistance (R), the values of which express the pressure 
and flow amplitudes relationship, and (ii) Reactance 

FIGURE 5. Representation of the vectors of elastic recoil pres-
sure (PE), resistive pressure (PR), inertial pressure (PI) and the 
resultant transrespiratory pressure (Prs) vector, and the resultant 
of ΡΕ and PI (ΡΙ-ΡΕ) and flow vector (V’). The vectors are rotating 
clockwise with angular velocity ω=2πf, where f is the frequency 
of the rotation. It can be observed that the phase difference (φ 
angle), which is formed by the vectors of Prs and V’ is negative, 
as it is pointing in the opposite direction to the sense of the 
rotation of the vectors. 

FIGURE 6. Depiction of changes of the X-axis projections of 
the vectors transrespiratory pressure (Prs) and flow (V’) by time. 
It can be observed that in this example pressure change leads 
to flow change, as described by the positive phase difference 
(φ angle) of the vectors Prs and V’. 

t

t

FIGURE 7. Depiction of changes of the X-axis projections of the 
vectors transrespiratory pressure (Prs) and flow (V’) by time. It 
can be observed that in this example pressure change follows 
flow change, as described by the negative phase difference (φ 
angle) of the vectors Prs and V’. 
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(X), which is the mathematical formulation of the time 
needed for the pressure change to cause flow change, in 
other words the phase difference as defined above. The 
values of X are thus formed by the phase relationship of 
pressure and flow. This mathematical description reflects 
the physiology of X. Reactance reflects the action of two 
components: the elastic properties of the anatomical 
structures of the respiratory system and the inertia of 
both the air column and the tissue (parenchymal or non 
parenchymal) elements of the system. 

The effect of forced oscillations on the elastic element 
of the respiratory system causes firstly flow change which 
results in its distension and subsequent pressure change, 
in the form of elastic recoil pressure12. Consequently, the 
phase difference is negative, since the pressure change 
comes after flow change. Conversely, in order to overcome 
the inertial forces, pressure change must be developed 
first, resulting in flow change6,12. In this case the phase 
difference is positive, as the pressure change leads the 
flow change. Accordingly, in the case where the response 
of the elastic element in forced oscillations is dominant, 
which normally occurs in low frequency oscillations, the 
total pressure change follows the flow change, the phase 
difference is negative and therefore, the X values are also 
negative (Figures 5 and 7). The opposite occurs in a normal 
respiratory system in high frequency oscillations, where 
inertial forces are significantly higher due to the extremely 
high values of acceleration6 and the development of an 
adequate degree of pressure is needed to overcome them 
and create flow. Consequently pressure change leads flow 
change (Figures 4 and 6), the phase difference is positive 
and therefore, X values are also positive.

Based on these examples, it becomes clear that in a 
normal, “ideal” respiratory system the resistance values 
are not affected by the frequency of oscillation, in contrast 
with reactance values which depend on the frequency (f ) 
of forced oscillations. This frequency defines ω directly 
(equation 1) and φ indirectly (equation 7).

Impedance, as the resultant of R and X, depends on 
frequency and therefore, different frequency values give 
different impedance values. Thus, a functional relationship 
is settled between impedance (Z) and frequency (f ). The 
equation which describes this function is the following: 
Z(f) = P(f)/V’(f) , {0 ≤ f ≤ fmax }13 and so, Z(ω) = P(ω)/V’(ω), 
{0 ≤ ω ≤ ωmax}, where ω = 2πf (equation 8).

1.3.  Evolution and contemporary methodology of 
forced oscillation technique (FOT)

Understanding of the dependence of the mechanical 

properties of the respiratory system on frequency led 
to the evolution of the method of FOT. Michaelson and 
colleagues14, based on the apparatus shown in Figure 2, 
in 1975 developed a computer driven loudspeaker which 
produced multifrequency pressure waves in the form of 
pseudorandom noise waveforms (PRN). These complex 
waves can be analysed in harmonics, based on the su-
perposition principle, characterized by a specific, unique 
and separate frequency for each component. These waves 
were superimposed on the subject`s tidal breathing, as 
software had been developed to discriminate between 
the components of tidal breathing (respiratory compo-
nents) and the pressure and flow components created as 
a response to forced oscillations (oscillatory components). 
This technique, the FOT and is now widely used in lung 
function laboratories. Further development culminated 
in the precursor of the updated technique of oscillometry, 
introduced in 1976 by Landser and colleagues15, who, for 
the first time, applied pressure pulses on the respiratory 
tract of the subject. Since 1998, the pressure pulse tech-
nique has been perfected and has entered production 
under the name of impulse oscillometry (IOS)16.

The IOS technique is based on applying recurrent, 
alternating directed pressure “impulses” of 30-40 msec. 
duration, produced by an impulse generator12,13 . The pres-
sure “impulses” are basically pressure changes (positive 
and negative), created by the reversible motion of the 
membrane of the generator’s loudspeaker, and they are 
canalized to the respiratory tract of the subject during 
quiet breathing, forcing all the anatomic structures of 
the respiratory system into oscillatory motion. Forced 
oscillations are followed by flow and pressure changes 
(“impulse” components) the status of which is defined 
by the status of the pressure pulses and the elastance, 
resistance and inertia of the respiratory system. Input 
impedance of the respiratory system is calculated by 
the characters of pressure and flow, and expresses all 
mechanical properties of the system. Analysis of the 
physiology of impedance follows below.

Figure 8 shows the pressure and flow changes by 
time during IOS shown. These changes are not harmonic. 
The graphical representation of the time functions of 
“impulse” pressure and flow initially takes the shape of 
a triangle and subsequently approximately harmonic 
curves of infinitesimal amplitude in relation to the ampli-
tude of the triangle. A safe approach of the equation of 
a such line is the following: f(t)=0.7UnitTriangle[100/3
(t-1/50)]sin(20πt) - 0.1UnitTriangle[200/3(t-0.03-1/50)]
sin[50/3π(t-0.04)]18 (equation 9). UnitTriangle functions 
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describe a triangle-shaped waveform, and are multiplied 
by sinusoidal terms to describe more accurately the 
nature of the IOS generator products. Equation 9 is a far 
cry from the mathematical definition of a Dirac impulse, 
which is theoretically characterized by infinitesimal time 
duration and infinite amplitude. It is clear that during IOS 
such impulses are not produced, but in the framework of 
the mechanically feasible their characteristics make them 
almost factual, since they are produced in a 30-40msec 
period of time and have the appropriate amplitude for 
reliable impedance measurements13,18.

The characteristic of equation 9 which indicates the 
peculiarity of the “impulses” produced by the IOS gen-
erator is the harmonic pattern which follows the initial 
triangular shape. By adding these, the equation tends 
to describe a wave pulse rather than an impulse. The 
mathematical description of a wave pulse is close to the 
actual nature of the activity and the products of the IOS 
“impulse” generator. The peculiarity of wave pulses lies in 
the lack of clear internal morphology of the wave, which 
is captured in the periodicity of the waveform (i.e., a short 
wave with no repeated oscillations – aperiodic waveform).

The mathematical definition of impedance measured 
by IOS is that of equation 8. In other words, about it refers 
to multi-frequency input impedance values, but there is a 
quality difference between the two definitions: equation 
8, which derives from spectral analysis of each pressure 
and flow pulse of IOS is continuous in its domain, whereas 
the same function coming from spectral analysis of each 
pressure and flow wave of FOT is discontinuous. This 

circumstance derives from the way the spectral analysis 
of pressure and flow waves is made. The core of the math-
ematical reasoning for this analysis is the transformation 
of the function of time describing each pressure and flow 
wave – P(t) and V’(t)-, to functions of frequency – P(f ) and 
V’(f ). This transformation can be made using an algorithm 
called fast Fourier transformation (FFT)19.

In the case of FOT, every multi-frequency pressure and 
flow wave is analyzed according to its components, based 
on the Fourier series inside FFT, and the components 
which result are integer multiples of the fundamental fre-
quencies of the original periodical wave being analyzed19. 
Consequently, functions P(f ) and V’(f ) are discontinuous in 
their domain, {0 ≤ f ≤ fmax}, if this is considered as a subset 
of the real numbers. The function Z(f) = P(f)/V’(f), {0 ≤ f 
≤ fmax} is therefore also discontinuous. Conversely, in the 
case of IOS, where pressure and flow pulses follow the 
standard of a wave pulse, the Fourier Integral is used in FFT, 
and this results in all functions being continuous in their 
domain and becoming real functions of a real variable19.

The clinical importance of this difference is still a 
controversial issue. At least theoretically, the continuous 
frequency spectrum of IOS could be an advantage in 
revealing underlying pathology of a respiratory system 
which presents non-homogeneity of its impedance char-
acteristics13. On the other hand, the specific frequencies 
of FOT impart a better signal to noise ratio (SNR) and, 
at the same time, the resistance-frequency [R(f )] and 
reactance-frequency [X(f )] curve morphology, which to 
date is the most important evaluation element for respira-

FIGURE 8. Depiction of tidal volume, flow and pressure changes by time, as recorded by the monitor of the computer during im-
pulse oscillometry (IOS) on a healthy adult non-smoker. “Impulse” components (impulse pressure and impulse flow) are depicted 
magnified in Figure 6b. The green curve corresponds to the pressure change, the red curve to the flow change and the blue curve 
to the tidal volume. The period of the respiratory cycle is marked by the vertical black lines and described by the term Trs. 
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tory function, proves to be identical for both methods17.

2.  IMPEDANCE AS A PARAMETER OF 
RESPIRATORY PHYSIOLOGY

2.1. The concept of impedance 
The use of electric models, analogues of the respira-

tory system, is a classic method of studying respiratory 
mechanics20-25. A simple such electrical circuit model 
(Figure 9) consists of the following elements: a capacitor, 
a resistor and an inductor (simple RLC circuit). The circuit 
derives energy from an alternating voltage source with 
specific electromotive force.

(i) The Capacitor, is an electric charge storage device 
and, therefore, an storage device of energy in the form 
of electric energy. When the capacitor is linked to an 
electromotive force the electric charge motion caused 
charges the capacitor, which in this state has dynamic 
electric energy storage. When the electromotive force 
is removed from the circuit, the charged capacitor will 
spontaneously start to discharge, diverting the electrical 
dynamic energy stored during charging to flow (electric 
current). This behaviour of the capacitor corresponds to 
the behaviour of the respiratory system in normal inspira-
tory and expiratory phases respectively. When inhaling 
(active process), elastic work is produced and thus elastic 
energy is stored to be consumed spontaneously while 
exhaling (a passive process, without additional energy 
contribution). This correlation is formulated mathemati-
cally as follows: 

(a) The electrical dynamic energy (U) that the capacitor 
stores while being charged is:
 U = ½ Q2/C26

where Q is the electric charge and C the capacitance of 
the capacitor. 

(b) The demanded work (W) for each respiration is:
 W = ½ VT

2/Crs
20

where VT, is the tidal volume and Crs, the respiratory 
system compliance. From this mathematical association 
the following rates result: the electrical charge (Q) of the 
capacitor in the electric circuit corresponds to volume, and 
the capacitance to respiratory system compliance (Crs), 
or, in other words, the elastic properties of the system.

(ii) The Resistor is a device that prevents charge flow 
and converts the energy it carries to thermal energy. The 
resistance of the electric circuit can thus be paralleled 
to the total respiratory system resistance (Rrs), and the 
electric current (i) to flow (V’).

(ii) The Inductor has the characteristic, unique ca-
pacity of resisting to the changes of electric current (i) 
in a circuit, causing inductive electromotive force with 
contrast armature to that of the source’s electromotive 
force, and electric current (iL) of the opposite direction 
to that going through its branch. It represents, in other 
words, the element of inertia inside the electrical circuit. 
Because of this capacity, it can be paralleled to inertial 
forces within the respiratory system (IrsV’’) as follows: (a) 
for inductive electromotive force: EL = - L ( di/dt)26 (b) for 
the configuration of inertial forces within the respiratory 
system, the amount of pressure consumed: PI = ΙrsV’’= Ιrs 
(dV’/dt). Consequently, rate L (self-induction) corresponds 
to the inertial coefficient of the respiratory system (Irs), 
and flow (V’) to the electric current (i).

Figure 9 shows a simple RLC circuit model in which 
the energy the electromotive source produces is de-
scribed by the equation E = Emaxsin(ωt), leading to the 
electric charge motion (i), described by the equation: i = 
imaxsin(ωt+φ). While the electric charge moves through 
the capacitor, resistor and inductor, part of the energy of 
the electromotive force of the source is spent:
 E = VC + VR + VL = 1/C x Q + Ri+Li’**

 and so
 E = 1/C x Q + RQ’+LQ’’26 (equation 10)

* VC = voltage at the poles of the capacitor, VR = voltage spent for the 
motion of the electric charge through the resistor, VL= voltage created 
by the inductor, Q = total amount of moving charge, Q’= dQ/dt = I 
= electric current, Q’’= d2Q/dt2 = i’ electric charge acceleration, C = 
capacitance, R = resistance, L = inductance

FIGURE 9. Depiction of a simple RLC circuit: I = electric cur-
rent, C = capacitance, R = resistance, L = self-inductance, E = 
electromotive force of the source, iL = field current created by 
the inductor. 
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The similarity of equation 10 to the respiratory system 
equation of motion (P = 1/Crs x V+RrsV’+IrsV”) verifies that 
through a linear approach with one degree of freedom, 
the respiratory system behaves like the electrical circuit 
of Figure 97,20-25.

Accordingly, the correlations of the above parameters 
can be extended to the respiratory input impedance defi-
nition, which will arise from resolution of this circuit. The 
resolution of this circuit is based on the transformation 
of time functions of the source’s electromotive force and 
electric current into frequency functions and gives the 
following mathematical formulation of total impedance 
of the circuit in Cartesian complex form: 
 Ζ(ω) = Εmax(ω)/ imax(ω) = R +j(XL - Xc) =  
 R +j(ω L - 1/ω C) 
where ω = 2πf26.

The element XC = 1/ω C is called capacitive impedance 
and the element XL = ω L, inductive impedance. Factor j 
is the imaginary numbers coefficient, where j2 = -1. The 
total impedance of the RLC circuit expresses the total bar-
rier in the motion of the electric charge in the circuit and 
extends the meaning of resistance in alternating current 
circuits, where voltage (E) and current (i) are out of phase. 

Exactly the same reasoning constitutes the mechanism 
by which the parameters of the respiratory system me-
chanics are evaluated by oscillometry. The time functions 
of pressure and flow –P(t) and V’(t)- are transformed into 
frequency functions, with FFT. 

The frequency functions that result are, qualitatively 
and quantitatively equivalent to those resulting from the 
resolution of the circuit RLC. Therefore, the mathemati-
cal expression of total respiratory input impedance(Zrs), 
is as follows:
 Zrs(ω) = Pmax(ω)/ V’max(ω) = Rrs + jXrs =  
 Rrs + j(ωΙrs – 1/ωCrs)7

 where ω = 2πf , { 0 < f ≤ fmax } (equation 11)
Thus, total impedance of the respiratory system ex-

presses the total load, the “barrier”, which is surmounted 
at every moment of respiratory motion.

In the circuit shown in Figure 9, the stimulator of oscil-
lations is the source which “feeds” the circuit constantly 
with power in the form of voltage, resulting in the creation 
of a continuous flow of electric charge, compensating each 
time for the losses caused by resistance, self-induction 
and the charge of the capacitor. Thus, every single mo-
ment and for each value of the total charge of the circuit 
(Q), the equilibrium of the components of the circuit is 
given by the equation:
 Ε = 1/C x Q + RQ’+ LQ’’. 

During FOT and IOS the stimulant is the applied pres-
sure waves, or pulses (Pappl.), produced by the generator. 
By applying Pappl., oscillatory components of flow and 
pressure are produced, surmounting the resistance, the 
elastic forces and the inertia of the respiratory system. 
Thus, every single moment, the equilibrium of the com-
ponents of the respiratory system motion is described 
by the equation of motion:

 Pappl. = 1/Crs x V + RrsV’ + IrsV”

2.2. Components of Impedance
Equation 10 can be analyzed with the following equa-

tions:
 Ζrs = Rrs + jXrs (equation 11),
 and Ζrs = Rrs + j(ωΙrs – 1/ωCrs)
 where ω = 2πf , {0 < f ≤ fmax}7 (equation 12)

a) Resistance (Rrs)
The component of impedance which concerns re-

sistance, includes7,12,13,27-47: (i) Airways resistance (Raw), 
where Raw= ( Palv -Pao) / V’, (ii) The tissue – parenchhymal 
component of lung resistance (Rtis) (iii) Chest wall and 
diaphragm resistance (Rcw). Oscillometry can evaluate 
all these components of resistance of the respiratory 
system, with great sensitivity in imprinting their modifi-
cations. It does not reveal, however, equal specificity for 
each of these components, with the only exception the 
discrimination between central and peripheral resistance. 
High frequency resistance values (Rrs in 20 Hz) are formed 
mainly by central airways resistance, while low frequency 
resistance values are formed mainly by peripheral airways 
resistance (an interpretation of this phenomenon follows 
below). The Rrs of a healthy adult remains almost stable 
throughout the frequency range (when conventional 
oscillometry, with a frequency range of from 4 to 35 Hz, 
is applied) (Figure 10).

β) Reactance (Xrs)
Reactance consists of7,12,13,27-47: 1) a component which 

represents the energy contribution of the inertial forces 
(inertial component of Xrs), which is described by the term 
ωIrs, in equation 12. Inertial forces are modulated by: (i) 
motion of the air-column in the central airways, and (ii) 
motion of the total tissue mass of the respiratory system 
(parenchymal or non parenchymal)6,7,21,38. This component 
expresses the pressure-acceleration relationship, and 
its clinical value is still questioned13,35. 2) Α component 
which represents the elastic properties of the respiratory 
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system, and expresses the pressure-volume relationship 
(capacitive component of Xrs). This component is described 
by the term 1/ωCrs in equation 127. Crs refers to the total 
respiratory system compliance which contains lung and 
bronchial wall compliance, the compliance of the chest 
wall/abdominal compartment, thoracic gas compres-
sion and the upper airways compliance (mouth cavity, 
pharynx, etc.)7,38.

It must be pointed out however, that the above ap-
proach, which derives from considering the respiratory 
system a linear system with properties analogous to 
those of a simple circuit RLC, is oversimplified. A more 
specific concept of the relationship between capacitive 
component of Xrs and compliance is described by the 
ratio 1/ωCrs,dyn

38 where Crs,dyn is the total dynamic compli-
ance of the respiratory system, consisting of the dynamic 
components referred to above. In a stricter approach, the 
concept of capacitive component of Xrs is not identical 
with that of compliance, but expresses the percentage of 
the total respiratory work which can be consumed for the 
production of elastic work and elastic energy storage13,38. 
In order to avoid identification of this component with 
compliance, in contemporary bibliography equation 12 
is slightly different from the original formulation by Du 
Bois and colleagues7, the new formulation of the equa-
tion being:

Ζrs = Rrs + j(ωΙn – 1/ωCa) 
with ω = 2πf, {0 < f ≤ fmax}13,16 (equation 13)

where the terms Ca (capacitance) and In (inertance) 
express energy storage capacity38. 

During normal inspiration, elastic work is negative 
and reflects elastic energy storage6. Conversely, during 
normal quiet expiration (a passive process, with no ad-
ditional energy contribution), elastic work is positive6 
and mediates the return of the stored elastic energy to 
the respiratory system, causing motion and bringing 
the system back to its former state of equilibrium (FRC), 
surmounting resistance and inertial forces. Capacitance 
expresses the above sequence of elastic energy transport 
in the respiratory system. Inertial forces also contribute 
as an energy source throughout the respiratory cycle, as 
pointed out in a previous study of the authors6, in which 
it was demonstrated that in an “ideal” respiratory system, 
inertial forces are conservative, like elastic recoil forces. 
The pressure configured by inertial forces (PI = IrsV’’), op-
poses the respiratory system motion at the beginning and 
up until the middle of inspiration or expiration (when it 
is nullified), resulting in the work of these forces being 
negative, unlike during the second half and up until the 
end of inspiration or expiration, when PI tends to maintain 
respiratory system motion, resulting in inertial forces 
work being positive, and creating energy efficiency for 
the respiratory system. Inertance, expresses the energy 
transport that is mediated by inertial forces in the res-
piratory system.

At this point, in order to have a comprehensive view of 
the respiratory system behaviour under variable frequency 
circumstances, the resonant frequency (fres) concept 
should be defined. In every forced oscillation system, 
the oscillation frequency is imposed by the stimulant. If 
the stimulant at any point is withdrawn the system will 
continue to oscillate with its inherent frequency, which is 
determined by the mechanical properties of the structures 
that constitute it, until attenuation forces bring a pause 
to the oscillation. This inherent frequency is the quality 
of an oscillating system and is not affected by external 
factors such as the frequency of the stimulant11. Fres is 
the frequency of the stimulant which is equal (or almost 
equal in an attenuation system) to the inherent oscilla-
tion frequency of the system. In an RLC circuit, just as in 
oscillometry, when the frequency of the electromotive 
force or pressure waves respectively, is fres, we can apply 
the format7,13,20: ω0Ιn = 1/ω0Ca, ω0 = 2πfres. Thus, fres is the 
frequency at which, the inertial component is in equal 
quantity with the capacitive component, the value of Xrs 

FIGURE 10. Impulse oscillometry (IOS): Depiction of the resis-
tance (Rrs) – frequency (f ) [Rrs(f )] curve of a healthy non-smoker 
of 23 years of age. [From the archives of the Centre for Smoking 
and Lung Cancer Research of the Hellenic Cancer Society, where 
the CareFusion (Master screen – IOS) machine is used]. It can 
be observed that the curve is almost rectilinear throughout the 
frequency spectrum (5-35 Hz).
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is zero (Xrs= 0) and the phase difference between pressure 
and flow is also zero (φ = 0).

As already mentioned, at frequencies lower than fres, 
the capacitive component is dominant, while the inertial 
component is dominant at frequencies higher than fres. 
Correspondingly, low frequency Xrs represents the periph-
ery of the respiratory system where elastic energy storage 
capacity is greater, and the small peripheral airways where 
the flow is low and more linear, which results in small ac-
celeration values, and depends on the supportive elastic 
tissue. High frequency Xrs expresses the behaviour of the 
larger, upper airways for the reverse reasons. 

There is one interpretation of a technical nature of 
the specificity of the parameters of resistance (Rrs) and 
reactance (Xrs). It has been estimated that low frequency 
oscillations (f<20Hz) are spread in a greater depth over 
generations of airways and reach the more peripheral 
parts of the bronchial tree, while the spread of high pres-
sure frequency waves (f>20Hz) is impeded in the middle 
sized airways and the waves never reach the periphery13,16. 
The anatomical trace of frequency distribution and the 
precise point barrier of high frequency waves have never 
been clarified. It is estimated, based on Weibel’s model, 
that this point is somewhere between the fifth and twelfth 
generations of airways16.

Figure 11 shows the reactance-frequency curve [Xrs(f )] 
of a healthy subject. The area under the curve, which is 
defined by the two coordinate axes and curve Xrs(f ), from 
its minimum rate (which is the point of intersection of 
the curve and axis y) to its rate in resonant frequency 
(which is the point of intersection of the curve and axis 
x), is called reactance area (AX), giving12,13:

fres

ΑΧ = ∫
5

 Xrs df

AX is a quantitative indicator of respiratory system re-
actance, at all frequencies between 5Hz and the resonant 
frequency. AX is an important magnitude as it evaluates 
three parameters: (i) the total Xrs of the respiratory system 
at frequencies lower than fres, (ii) the resonant frequency 
(fres), and (iii) the curvature of the function Xrs(f ). It has also 
been formulated that AX is a marker of airway closure, 
since such closure results in impending diffusion of pres-
sure waves more peripherally in the bronchial tree, which 
is captured in the increase in the value of AX, expressing 
the increase of the “effective elastance” of the respiratory 
system30. Figure 12 shows the graphical representation of 
all the frequency curves of resistance [Rrs(f )] and reactance 
[Xrs(f )] in a healthy subject.

In conclusion, the parameters of the respiratory system 
mechanics that can be co-evaluated using oscillometry are 
the following: (i) Rc and Rp, corresponding to central and 
peripheral respiratory system resistance, consisting of the 
upper airways, peripheral airways, chest wall, diaphragm 
and tissue mass of the lung resistance32, (ii) Cextrathoracic: 
extrathoracic airways compliance, (iii) Cbronchial: bronchial 
tree compliance, (iv) Clung: pulmonary compliance, (v) Ccw: 
chest wall and diaphragm compliance, (vi) Irs : inertia of 
the air-column and the tissue mass (parenchymal or non 
parenchymal) of the respiratory system. Factors Rc and Rp 
are reflected in rates of the Ohmic component (Rrs), while 
factors Cextrathoracic, Cbronchial, Clung, Ccw and Irs are reflected in 
rates of reactance (Xrs). At this point, it must be emphasized 
that it is not feasible to record values of every one of the 
above components, but their values configure the rates 
of the parameters of impedance.

Figure 13 depicts a schematic rendering of an ad-
vanced electric model as proposed by Mead21 to describe 
all the parameters of the respiratory system mechanics 
listed above. This specific model is included unchanged in 
the IOS software to improve the specificity of the method 
towards each component of impedance. By using Mead’s 
model, the IOS software can provide qualitative data for 

FIGURE 11. Impulse oscillometry (IOS): Depiction of the reac-
tance (Xrs) – frequency (f ) curve [Xrs(f )] of a healthy non-smoker 
of 23 years of age. [From the archives of the Centre for Smok-
ing and Lung Cancer Research of the Hellenic Cancer Society, 
where the CareFusion (Master screen – IOS) machine is used]. 
The coloured area under the curve which is defined by the Χrs(5) 
and Χrs(fres) = 0 value, is called the reactance area (AX). 
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FIGURE 12. Impulse oscillometry (IOS): Depiction 
of both the resistance (Rrs) – frequency (f ) [Rrs(f )] 
and the reactance (Xrs) – frequency(f) [Xrs(f )] curves 
of a healthy non-smoker of 23 years of age. [From 
the archives of the Centre for Smoking and Lung 
Cancer Research of the Hellenic Cancer Society, 
where the CareFusion (Master screen – IOS) ma-
chine is used].

FIGURE 13. Depiction of a complex layout of capacitors, resistors and inductors, corresponding to the circuit introduced by J.Mead 
as an optimum electric analogue of the respiratory system. Abbreviations: Rc: central resistance, Rp: peripheral resistance, Cextrathoracic: 
extrathoracic airways compliance, Clung: pulmonary compliance, Ccw: chest wall compliance, Cbronchial: bronchial tree compliance, I: 
inertia of the moving air-column and the tissue mass (parenchymal or not) of the respiratory system. 
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3.  SET UP, TECHNICAL CHARACTERISTICS 
AND PRACTICE PRINCIPLES FOR TEST 
COMPLETION

The FOT and IOS measuring heads are functionally 
similar. Both apparatuses have a forced oscillations gen-
erator with a loudspeaker to deliver the forced oscillatory 
signal, a low impedance pathway open to the atmosphere 
in order to achieve quiet breathing in the subject (to which 
usually a resistor is attached), a pneumotachograph, to 
which pressure and flow transducers are attached, and 
a mouthpiece which is attached at the end of the whole 
layout13,39. Figure 15 shows a schematic rendering of the 
basic structures that compose the IOS measuring head. 

During the examination, the forced oscillations gen-
erator produces either pressure waves (FOT) or pressure 
pulses (IOS), which are channeled through the layout in 
Figure 15 to the respiratory tract of the subject. The pneu-
motachograph and the flow and pressure transducers 
receive complex pressure and flow signals which come 
from the breathing activity of the subject and from the 
superimposed forced oscillation signals (Figure 15). Those 
signals are separated, analyzed and digitalized by an analog 
to digital converter and are subjected to a standardiza-
tion and sorting process which ensures the reliability of 
the measurements. As far as IOS is concerned, sampling 
intervals of 32 sampling points per impulse are used, cor-
responding to an optimized impulse rate of either 3 or 5 
impulses per second, which results in the recording of 3 
or 5 impedance spectra per second13. Recommendations 
have been formulated for optimizing the reliability of the 
measurements, which cover the apparatus, calibration 
and signal processing, including practice principles for 
examination completion39. These recommendations refer 

FIGURE 15. The basic constituent elements of the impulse 
oscillometry (IOS) measuring head: the loudspeaker (with a 
membrane which accelerates a volume displacement of 40mL 
in <40msec), connected to a Y-adaptor at one upper arm, an 
exit for respiratory flow with terminal resistor of resistance ~0.1 
kPa/(L/s) at the second upper arm, and a lower arm adjusted 
to a Lilly-type pneumotachograph, which is connected with 
pressure and flow transducers. A mouthpiece is connected to 
the open side of the pneumotachograph. The green line cor-
responds to the respiratory flow, which is the first derivative of 
subject’s tidal volume. The red line corresponds to the “impulse” 
flow, which is produced as a response to the pressure pulses. 
[Redrawn from Smith et al.13 Reproduced with the permission of 
the European Respiratory Society. European Respiratory Society 
Monograph 2005; Eur Respir Mon 31 (Lung Function Testing) 72-
105; DOI: 10.1183/1025448x.00031005).FIGURE 14. Graph of the qualitative data of compliance, elas-

tance, resistance and inertia of the mechanical components of 
the respiratory system based on quantitative data of resistance 
and reactance, fitted to Mead’s model. Abbreviations: Cm= ex-
trathoracic airways compliance, Rz= upper airways resistance, 
Lz= respiratory system inertia, Rp= peripheral resistance, Εrs=1/
Crs = total respiratory system elastance (reciprocal of the total 
respiratory system compliance).
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TRAnSDUCER
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FLOW
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all of the above parameters of resistance, compliance, 
and inertia, which are shown in graphical presentation in 
Figure 14. Even this advanced model requires a simplified, 
one-dimensional approach to respiratory function and, 
therefore, deviations from the raw data of the parameters 
mentioned above are to be expected, especially for com-
pliance, elastance and inertia values.
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TAbLE 1. Recommendations for measurements made by forced oscillometric techniques concerning apparatus, calibration and 
signal processing (13, 39, 48

Apparatus
Total impedance of the system  
(total load against spontaneous breathing)

<0.1 kPa/(L/s), below 5 Hz

Highest pressure developed in the system ≤0.5 kPa 

Common mode rejection ratio (CMRR)  
of the pressure transducer

≥60 dB up to the highest frequency investigated

Linearity of the pressure transducer Up to at least 0.5 kPa (within 2%)

Linearity of the flowmeter Up to at least 1 L/s (within 2%)

Calibration*
Reference impedance (Zrs) for adult population ~1.5 kPa/(L/s)

Maximum error after proper calibration 10% or 0.01 kPa/(L/s)

Input signal characters
Peak-to-peak amplitude of pressure  
composite signal**

0.1-0.3 kPa

Frequency range*** FOT: 
4-30 Hz, in the case of multi-frequency waveform application the lowest possible 
frequency, in the case of a single-frequency sinusoidal wave application****
IOS: 5-35 Hz 

FOT = forced oscillation technique , IOS = impulse oscillometry
*The magnitude of impedance should be comparable at all measured frequencies to that of the highest Zrs encountered or expected in 
the measured subject population (39

**Peak-to-peak amplitude of a certain parameter is defined as the difference between its maximum positive (+A) and its maximum nega-
tive (-A) value, when a harmonic change by time is concerned [A - (-A) = 2A]. This magnitude is used especially to describe properties of 
electric signals, and is correlated with the electric energy that the signal is able to bear. 
***In the cases that Rrs(f ) and Xrs(f ) curves must be evaluated, application of pseudorandom noise waveforms (FOT) or pressure pulses 
(IOS) is optimal. Single-frequency sinusoidal waves are preferred for monitoring the airway patency and bronchomotor tone, or when 
variability of impedance indices throughout the respiratory cycle (breath by breath analysis) is evaluated (39.
****Single-frequency FOT in 5Hz is usually applied in these cases.

to FOT, but they are also applicable to IOS13,48. Tables 1 and 2 
outline the current recommendations for both techniques. 

3.1. Artifacts
(i) Upper airway artifacts

Because of oscillatory motion of both the mouth cav-
ity and, mostly, the extrathoracic airways49, an amount 
of flow is produced which is included in the flow signal 
(V’) and expresses the behaviour of these structures 
as an impedance (Zuaw) - shunt in parallel to the true 
total impedance of the respiratory system (Zrs)49-53. As a 
result, a bias is established in measuring flow (V’), which 
leads to underestimation of total impedance (Z), as the 
denominator of the fraction systematically gets higher 
values: Z(f ) = P(f )/V’(f ). This bias is of minimum influence 

in the configuration of low frequency impedance values, 
but significantly interferes with the configuration of high 
frequency impedance values. This phenomenon affects 
the measurements of: 

Resistance (Rrs), as an aberration from its normally 
almost stable value throughout the range of frequencies 
and establishment of a negative slope of the curve Rrs(f )16,39 
which is called frequency dependence on resistance (fdr) 

Reactance (Xrs), causing resonant frequency increase 
and shifting the Xrs(f ) curve towards more negative val-
ues16,39. 

These alterations constitute the characteristics of 
peripheral airways obstruction. Certain simple manipula-
tions noted in Table 2 are thought to neutralize the upper 
airway artifact phenomenon effectively and provide safe 
data for clinical use13,16,39,48.
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TAbLE 2. Forced oscillometry: Recommendations for examination completion13,39,48

Position of the subject Nose-clip is applied and measurements are performed in the sitting position. The subject’s body must 
be aligned with the measuring head to ensure maintenance of a neutral relaxed head and neck posture, 
avoiding additional motions or body postures that might affect impedance values. The cheeks must be 
supported by the subject (in order minimize the upper airway artifact)*, whose teeth and lips must be 
firmly adapted to the mouthpiece. The subject’s tongue must be beneath the mouthpiece in order to 
avoid obstruction. 

Quiet breathing  
of the subject

The subject is instructed to breathe quietly at FRC level in order to achieve volume amplitude equal to the 
subject’s tidal volume. Further instructions concerning depth and frequency of tidal breathing must be 
avoided. Volume and flow signals must be evaluated continuously by the technician and any aberration 
from the quiet breathing pattern leads to the rejection of the results and a new attempt. 

Volume and flow 
history

Volume and flow should be monitored for ≥30 seconds. At least 3 minutes of quiet breathing should 
intervene between a previously performed forced manoeuvre and the next test. It is recommended that 
oscillometry be performed before any other lung function test requiring forced manoeuvres, due to 
changes of the bronchomotor tone caused by such tests.

number of 
measurements

3-5 measurement, between which the subject should come off the mouthpiece. For repeatability 
evaluation, especially when bronchomotor tests are required, baseline measurements may be repeated 
10–20 minutes later. 

Display of the results Mean ± SD is considered the optimum mode of display of results display. CV% is recommended for 
repeatability evaluation, at every measured frequency. Graphics containing qualitative parameters (Figure 
14), must always be followed by corresponding raw data. 

*In the case of severe peripheral airways obstruction, cheek support by the operator is recommended

(ii) Artifacts imposed by the position of the tongue  
and the addition of an antibacterial filter

The increase of the anatomical dead space by about 
60 mL16, which follows the use of an antibacterial filter, 
but also caused by obstruction of the mouthpiece by the 
tongue, adds an acquired impedance, in series with Zrs, 
which leads to an increase of resistance, stable through-
out the range of frequencies, depicted as central airways 
obstruction16. In contrast, the values and frequency curve 
of Xrs at frequencies lower than resonant frequency will 
scarcely be affected. A slight increase in the higher fre-
quencies can be expected, both in values of Xrs and slope 
of Xrs(f ). To avoid these alterations, if the use of filter is 
essential the measurements must be corrected on the 
basis of the impedance values of the filter39.

(iii) Artifacts imposed by mechanical load  
on the respiratory system during examination.

Tight belts and clothing increase peripheral reactance 
(Rp) and must be removed from the subject13,48. In addi-
tion, for patients with severe peripheral airway obstruc-
tion, cheek support imposes a significant mechanical 
load on the chest wall, from the elevation of the arms, 

which results in deterioration of the normal kinetics of 
quiet breathing and marked variability in the impedance 
parameters. For this reason, support of the cheeks by the 
operator is recommended for these patients48.

4.  EPIDEMIOLOGICAL FACTORS WHICH FORM 
THE FRAMEWORK FOR THE EVALUATION OF 
OSCILLOMETRIC INDICES

4.1.  Reference values of oscillometric indices for 
healthy adults

All of the studies conducted with a view to developing 
prediction equations for the determination of reference 
values and predicted frequency curves of impedance 
components, were performed with FOT and used multiple 
linear regression models. In the classical study of Làndsér 
and colleagues54, prediction equations were produced by 
fitting a fourth grade polynomial function on the Rrs(f ) 
and Xrs(f ) curves of a healthy adult male population. Thus, 
the independent variable of this function was frequency 
(f ) and the dependent variable was resistance (Rrs), or 
reactance (Xrs): 
 Rrs (or Xrs) = a·f 4 + b·f 3 + c·f 2 + d·f + e
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where a, b, c, d, e, are constants and appear as: kH+lW+mA. 
Factors H, W, A represent height, weight and age 

respectively, while k, l, m are real numbers (negative, posi-
tive or zero) and represent the effect of the above factors 
(H,W,A) on the power of the prediction equation. In all of 
the more recent studies54-60, the same mathematical model 
has been used, with the same or different demographic 
parameters, while both the measured and predicted 
values were given separately for the two sexes, since 
there are statistically significant differences in the rates 
between males and females, which is probably due to the 
difference in lung volume. In all the studies54-60 without 
exception, the most significant predictor of the mean 
values of Rrs and Xrs, in the frequency range 4-30Hz, was 
height, with age and body weight being factors that 
increase the power of the prediction equation, but that 
individually are significantly weaker predictors.

The distribution pattern for Rrs and Xrs values in the fre-
quency spectra described above (Figure 12), is confirmed 
by all the studies54-60, in the frequency range 4-30Hz. The 
mean values of Rrs and Xrs show minimal variations between 
the earlier and the later studies54-59. These values are as 
follows: (i) The mean value of Rrs in healthy adult males, in 
the frequency range 4-30 Hz, is equal to 0.25-0.26 kPa/(L/s) 
with a standard deviation (SD) of 0.05-0.07 kPa/(L/s). (ii) The 
mean value of Rrs in healthy adult females, in the frequency 
range 4-30Hz is equal to 0.30-0.34 kPa/(L/s), with SD0.06-
0.07kPa/(L/s). In the recent study, however, of Brown and 
colleagues60, also using FOT, significantly higher values 
were documented (Table 3). The particular features of this 
study were the large number of subjects, the recording 
of mean values of resistance and reactance on individual 
frequencies, and the high age range of the subjects (18-

92 years). In this study60, increase in height was found to 
be correlated to decrease in Rrs and increase in Xrs, while 
increase in weight showed the opposite correlations.

It must be pointed out here that, at least according to 
current bibliographic information, there are no reports 
of data related to prediction equations for IOS indices. 
In the few studies that IOS data on healthy adults are 
reported61-64, the Rrs(f ) and Xrs(f ) curves follow the pat-
tern noted above (Figure 12), and the values of Rrs and 
Xrs (Table 4), are closer to those presented by Brown and 
colleagues60. In the study of Crim and colleagues61, statisti-
cal analysis was used to assess the degree of agreement 
between the values of Rrs measured at 20 Hz (Table 4) 
with values predicted from the equations proposed by 
Pasker and colleagues55 applied to a healthy non-smoking 
population. Almost 95% of the values fell within limits of 
agreement, although the prediction equations tended to 
underestimate the higher values of Rrs measured at 20 Hz.

The common denominator in the limitations of the 
evaluation of the results of the studies reported above is 
the absence of recording Rrs and Xrs values at individual 
frequencies in the FOT studies54-59, as only mean values 
in a frequency range are given, with the exception of the 
study of Brown and colleagues, and failure to separate the 
values according to sex in the IOS studies61-64. This could 
partially explain the fact that in the latter study, the mean 
values of Rrs and Xrs are recorded as being significantly 
higher throughout the frequency range. It should be 
noted that Rrs values measured with the IOS technique, 
are slightly higher than those measured with FOT, as 
Hellinckx and colleagues17 demonstrated in a study on a 
healthy population and patients with various respiratory 
problems [asthma, chronic obstructive pulmonary disease 

TAbLE 3. Forced oscillation technique (FOT). Mean values of total respiratory system resistance (Rrs) and reactance (Χrs) correspond-
ing to individual frequencies, for healthy adults, according to Brown et al60.

Males Females
n Age range 

(y)
f (Hz) Rrs[kPa/(L/s)] Χrs[kPa/(L/s)] n Age range 

(y)
F (Hz) Rrs[kPa/(L/s)] Χrs[kPa/(L/s)]

341 55 (17) 6 2.92  
(2.83, 3.03)

-0.37 
(-0.40, -0.34)

563 55 (17) 6 3.56  
(3.49, 3.67)

-0.51  
(-0.54, -0.49)

11 2.92  
(2.83, 3.00)

0.21  
(0.17, 0.24)

11 3.46  
(3.35, 3.53)

0.17 
(0.14, 0.19)

19 2.72  
(2.64, 2.83)

1.18  
(1.13, 1.24)

19 3.29  
(3.22, 3.39)

1.29  
(1.26, 1.33)

Data are shown as:
(i) X̅ (SD), where X̅ = mean value of the corresponding parameter, and SD = standard deviation
(ii) X̅ (min, max), where min is the minimum and max the maximum value of the group
F = frequency, N = number of subjects (Reproduced with permission of Brown et al60).
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(COPD), cystic fibrosis and other diseases]. The difference 
was more marked at low frequencies (especially at higher 
low frequency resistance values), with a mean value of 
0.14±0.09 kPa/(L/s) at 5 and 6 Hz, and decreased at higher 
frequencies. Xrs values presented no significant differences 
over the full frequency range. The authors reached the 
conclusion that the IOS technique overestimates low 
frequency resistance values.

A characteristic of almost all of the above studies54-62,64 
was that the age range was 26-58 years and the common 
conclusion was that age is a weak predictor. However, 
aging of the respiratory system is linked to Rrs changes, 
which are related to respective changes in the flow-
volume curve. The changes in both cases usually reflect 
a progressive increase in peripheral airways resistance, as 
expressed by slightly increased low frequency Rrs values 
and fres increase65, and decrease of airways resistance 
(Raw)66-68, mainly due to reduction of respiratory system 
compliance. The latter observation was confirmed in the 
study of Brown and colleagues60, where lower age was 
connected with reduction in the Xrs mean value.

The age effect in the configuration of Rrs values was 
investigated by Guo and colleagues68 in a study using FOT. 
Height was found to be the best predictor for Rrs and Xrs 
values in healthy non smokers with an average age of 81 
years, while the contribution of age and body weight was 
either non-significant or negligible. The predicted as well 
as the measured Rrs mean values at the frequency range 
of 4-30 Hz tended to be lower than those observed in the 

studies reported above in both sexes [measured values 
Rrs,mean 4-30: 0.22 ±0.06 kPa(L/s) for males, and 0.26±0.06 
kPa(L/s) for females]. These results were attributed to 
airway dilatation because of the increase of FRC observed 
in aging, and to the decrease of the respiratory system 
compliance. This indicates that the above mechanism 
influences to a greater extent the configuration of Rrs val-
ues at those ages, and counterbalances the mild increase 
of peripheral resistance66,68. The same conclusion can be 
derived from observing the resistance values in Table 4, 
where a descending progress of Rrs5 and Rrs20 values is 
detected in parallel with age increase. At the same time 
a clear increase in fres values is observed, which is strongly 
related to small airways obstruction65.

4.2.  Variability of oscillometric parameters in healthy 
adults

In all of the studies reported above54-65, the short term 
variability of Rrs and Xrs, estimated by the coefficient of 
variation index (CV%) is recorded from 5 to 15%. These 
rates are comparable to those of body-plethysmographic 
parameters (sGaw)39 and, often, higher than those of spiro-
metric indices (FEV1). A common characteristic in all the 
studies is that the variability of Xrs is much higher than 
that of Rrs, due to both physiological and numerical 
properties. In addition, it has been demonstrated that 
inspiratory Rrs and Xrs variability is significantly lower 
than that of the expiratory parameters throughout the 
frequency range69-72 and the use of the former is suggested 

TAbLE 4. Mean values of total respiratory system resistance (Rrs) and reactance (Χrs) from studies in which the impulse oscillometry 
(IOS) technique was applied in healthy adults61-64.
Study Ν Age range 

(y)
Rrs5  

[kPa/(L/s)]
Rrs20  

[kPa/(L/s)]
Rrs5-Rrs20 
[kPa/(L/s)]

Xrs5  
[kPa/(L/s)]

AX (kPa/L) fres (Hz)

Williamson  
et al64*

Healthy non 
smokers

45 26 (2) 0.37  
(0.34, 0.43)

0.37  
(0.33, 0.41)

0.01
(-0.01, 0.43)

-0.12
(-0.14, -0.1)

10.5
(6.9, 11.8)

Kohlaufl  
et al61

Healthy non 
smokers

55 37 (8) 0.30 (0.10) 0.25 (0.09) -0.10 (0.06) 10.8 (3.3)

Crim  
et al62

Healthy non 
smokers

223 54.3 (9) 0.33 (0.10) 0.26 (0.07) 0.07 (0.05)  -0.10 (0.06) 0.38 (0.04) 12.4 (3.4)

Healthy 
smokers

322 55.2 (9) 0.31 (0.10) 0.25 (0.07) 0.06 (0.05) -0.09 (0.05) 0.34 (0.03) 12.1 (3.2)

Kanda  
et al63

Healthy non 
smokers

29 70 (1.3) 0.27 (0.02) 0.25 (0.02) 0.02 (0.01) -0.10 (0.01) 15.7 (1.2)

*data arepresented as median (interquartile range)
The rest of the data are presented as: X̅ (SD), where X̅  =mean value of the corresponding parameter and SD = standard deviation 
N = number of subjects, AX = reactance area, fres = resonant frequency.
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to ensure safer clinical decision-making48. The variability 
of the expiratory parameters, however, has proved to be 
especially useful in the early diagnosis of expiratory flow 
limitation and evaluation of the progress of peripheral 
airways obstruction.

 CONCLUSIONS 

Despite apparent difficulties, the theoretical principles 
that provide the framework for oscillometric techniques 
are the product of long-term research in primary fields of 
respiratory physiology. This review provides an analytical 
approach to the basic mathematical principles which are 
classically used in respiratory mechanics and applied in 
the study of quiet breathing, through oscillometric tech-
niques. It is clear from the current state of knowledge, that 
impedance indices, as evaluated by FOT and IOS, express 
different and perhaps finer parameters of respiratory 
physiology than the conventional lung function tests, 
such as spirometry and body-plythesmography. This can 
be attributed to the inherent capacity of the method to 
evaluate quiet breathing, which cannot be more com-
pletely investigated using any other currently applied 
lung function test. Given the practical convenience of the 
method and the fact that its results are not affected by 
respiratory system fatigue, both features being due to the 
minimal requirement of quiet breathing of the subject, 
oscillometric techniques and their clinical applications 
constitute a constantly developing area for research but 
also for use in clinical practice.
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