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History and Physiology

• FOT and IOS capture the effect of frequency on respiratory mechanics

Application of sinusoidal pressure waves 2-18 Hz to 
the surface of the body and flow recorded at airway 
opening
Based on changing transthoracic pressure 
Measures impedance of the whole system
Impedance = Trans thoracic pressure/Flow recorded 

Application of sinusoidal pressure waves at airway 
opening and flow is also recorded from here 
Based on trans respiratory pressure 
Impedance = Trans respiratory pressure/Flow 

Du Bois et al JAP 1956

Michaelson et al 1975 modified this technique using multiple frequencies  
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Physiology

Prs(t) =  Pmax sin (ωt)
ω = 2πf (frequency)
ωt = phase of pressure change 

Prs = PE + PR + PI

PE = Total respiratory system elastance * Volume 

PR = Total respiratory system resistance * Flow 

PI = Coefficient of inertia of respiratory system * Acceleration 

Andreas S. Lappas et al PNEUMON Number 4, Vol. 26, Oct –Dec 2013
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Physiology

• Impedance – 2 components 

• Resistance (R) – Express pressure and flow amplitude relationship

• Reactance (X) – Time needed for pressure change to cause flow 
changes – in other words it is the phase difference 

• Reactance 
i. Elastic properties of the respiratory system 

ii. Inertia of both air column and tissue elements of the system 
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Physiology

• Positive phase difference
To overcome inertial forces – Pressure change 
first resulting in flow change – positive phase 
change 

• Negative phase difference 
Forced oscillations on elastic elements – cause 
flow change which results in distension and 
subsequent pressure change in the form of 
elastic recoil pressure – negative phase change 
(pressure after flow change)

Andreas S. Lappas et al PNEUMON Number 4, Vol. 26, Oct – Dec 2013
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Physiology

• As at lower frequencies – elastic 
elements response predominate – 
total pressure changes follow flow 
change – the phase difference is 
negative – X values are negative 

• At higher frequencies – inertial 
forces predominate due to 
extremely high values of 
acceleration and the development 
of adequate pressure is needed to 
overcome them and create flow – 
positive phase difference – X values 
are positive 
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Heterogenous lung – Pendelluft phenomenon 

• At lower rates and higher rates of 
respiration 

• Effects flow changes in IOS 

Otis et al JAP 19568



Unlocking silent zone 

The quiet zone, a term coined by Jere Mead in 1970 
Frequently involved early in the course of lung diseases 
with significant pathological changes demonstrable before 
the onset of symptoms/changes in spirometry/imaging 

McNulty et al ECRJ 2014
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Spirometry ----------> Oscillometry

• Relies on forced expiratory maneuver and requires patient co-operation – effort 
dependent (20% cannot perform and 40% recordings not acceptable)

Anyone who can breathe can do oscillometry
Children, old age, mentally and physically 
challenged 

Clinically obstructive airway disease with normal 
spirometry
To determine level of obstruction (large airways vs 
small airways) – Role of ultra-fine particle inhaler 
therapy

Lung transplant rejection earlier than spirometry 
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Differences between Spirometry and IOS

Breathe March 2015 Volume 11 No1
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Interpretation of spirometry 

Why predicted not a fixed cut – off values ?

• Test is influenced by - Age, Gender, Ethnicity, Height, Weight

%predicted                 
LLN
Z-score
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• Without correcting for age, 
height, gender, weight and 
ethnicity can lead 70-90% 
variability 

• Thus predicted values are used 

13



India - Heterogenous population

• Use of Caucasian prediction equations or a fixed percentage of their 
predicted values (e.g., 90% of predicted) are not suitable for Indians 
despite accounting for ethnic discounting

• Has multiple reference equations as per region-specific 

Aggarwal AN et al Respirology 2007 Sep;12(5):763-8

%predicted                 
LLN
Z-score
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Interpretation of oscillometry

• Numerous reference equations exist globally, none has covered such 
a broad age range

• Not standardized for interpretation unlike spirometry

• Unlike spirometry, DLco no single equation gives limits – mainly 
because of smaller values and negative values 

15
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10 Studies
6 Caucasian
2 Indian

European Respiratory Review 2022; 31(165): 22002116



Variables determining cut-off for oscillometry

• Chaya et al 2023 conducted a study among 692 asymptomatic South 
African children and found that the only variable determining 
compliance and resistance is the height 

Although there are significant 
differences across the studies  

attributed to 
1. Frequency used (4Hz, 5Hz, 6Hz)

2. Ethnicity
3. Types of oscillometers used

Chaya et al ERJ Open Res 2023; 9: 00371-2022
17



Gochicoa-Rangel L et al ERJ Open Res. 2023 Dec 18;9(6):00503-2023 

830 Latin American people 
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Gochicoa-Rangel L et al ERJ Open Res. 2023 Dec 18;9(6):00503-2023 

Sex
Age

Height
BMI

Ethnicity
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Letter to the editor Gochicoa-Rangel et al study 

• They observed no difference between the fall of R5 

between boys and girls between 2.7 yrs and 18 yrs 

• After 19 yrs, remained relatively constant with 

females showing a consistently higher value than 

males from 19 yrs to 90 yrs attributed to height 

differences

• Small increase in R5 in both males and females 

towards the latter ages

Sex
Age

Height
Ethnicity
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• Always do oscillometry first followed by spirometry
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Modified from Smith HJ et al. 

Components of IOS Equipment 
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• Most commonly used commercial devices are 
Impulse oscillometry using a loudspeaker source (IOS, Jaeger Masterscreen, 
Carefusion Hoechberg) 

Airwave oscillometry using a vibrating mesh (AOS, Tremofo, Thorasys, 
Montreal)

Kuo et al Lung (2019) 197:473–481

Resistance 10% difference IOS > AOS
Reactance 65% difference AOS > IOS 
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FOT vs IOS 

• FOT – Sinusoidal wave – Vibrating mesh

• As a single frequency given each time – 
less discomfort, more time required, and 
higher precision control on flow, pressure, 
and volume 

• Produce continuous sine waves which 
means continuous measurement is done 
over the whole time not only when the 
pulse appears – use prime numbers – so 
harmonics are avoided and the higher 
quality signal is present (covers all range 
of interest frequencies – avoid noise and 
discomfort)

• Power is controlled and the same for all 
frequencies 

• IOS – Square waves – Loud speaker

• Made up of an almost infinite number of 
frequencies and many higher frequencies 
to get square morphology – a quick rise 

• More discomfort to the patient and 
reduced time of testing

• 0.2 sec - Membrane moves out and in – 5 
Hz – harmonics will be generated at 
multiples of 5 Hz leading to harmonic 
interference at multiples of 5 

• Power spectrum is not controlled – power 
will be higher 

Pseudorandom noise – randomly any frequency is 
delivered 
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Performing oscillometry 

• Normal tidal breathing in a quiet room (prevent interference)

• Sitting upright position with the correct head position, chin up, no crossing of legs 

(reduce extrathoracic pressure) with nose clip and mouthpiece seal with proper tongue 

position 

• Cheek support (to prevent newer vibrations from interfering) 

• Tidal breathing for 30-40 secs

• Minimum of 3 readings (pre and post-BD each)

QUALITY OF TEST IS ONLY BY OBSERVING THE PROCEDURE 
(unlike spirometry which has a graph)
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Coherence -----→ Covariance 

• CoV – to determine artifacts between flow and pressure (validity and 
quality of the test)

• CoV should be ≤10% in adults & ≤15% in children

• Because of improper technique, irregular breathing, glottis closure, 
and swallowing.
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Resistance

(Rrs) 

Reactance
(Xrs) 

Capacitance 
Inertance

(I) 

Capacitance: elastic properties of the 

lung and of the chest wall, mobility of the 
ribcage, lung compliance                                   

Inertance: 
mass-inertia of 
the moving air 

columns, due to 
the physical 

properties of 
inhaled airElastance

(E)
Compliance

Respiratory impedance(Zrs)

Parameters in oscillogram 

Dependent on flow Dependent on volume 
changes
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1. Resistance (Rrs) – Energy required to propagate pressure wave

• Reflects opposition to changes in flow- in phase with flow and increased resistance will 

decrease flow for a given pressure input

• Resistance due to central airways, peripheral airways, lung tissue, and chest wall, 

although the latter two are usually negligible

• Depends on airway caliber and length - 

Parameters in spirometry

Sound wave

Airway 
resistance (R)
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• 80% by central airways and only 20% by 
small airways (<2 mm diameter) in adults

Why not less than 5 Hz?
Alters breathe dynamics

Why not more than 30 Hz?
Causes discomfort to the 

patient

Resistance

Location Normal COPD

Pharynx-Larynx 0.6 0.6

Airways> 2mm 0.6 0.9

Airways<2mm 0.3 3.5

Total Airway 
Resistance

1.5 5.0

J. B. West, Respiratory Physiology, 9/e, 2012
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5Hz 10

Hz

15

Hz

20

Hz

Frequency

Resistance

Normal Airways

Large Airways Obstruction
Small Airways Obstruction 

Frequency dependency of resistance In airway obstruction

R5: increased in both large and small airway obstruction
R20: increased in central airway obstruction
R5-R20: increased in small airway obstruction

Normal airways– resistance is frequency-independent   
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Sound wave

Inertia of air in 

respiratory 

column 

(Inertance)

Elastic recoil 

(Capacitance)  

Reactance (X)

Reactance (X)= Capacitance + Inertance

1. Inertance in the large, central airways – Positive phase 
difference

2. Elastic properties of lung tissue (capacitance) – Negative 
phase difference 

• Reactance is more frequency-dependent than resistance
• Ers, which is 1/compliance, measures the elastance and 

stiffness of the entire system (chest wall, lungs, and 
airway walls) 

Reactance (X)

In either fibrosis, emphysema or small 
airway disease, the reactance at lower 
frequencies would change in the same 

direction, i.e., become even more negative
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Frequency dependency of reactance 

Normal airways– reactance is frequency-
dependent   
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Area of reactance (AX)- Goldman triangle 

• Area under the curve between the 
reactance values for 5Hz and the 
resonance frequency

• It includes the total area dominated 
by the capacitance and reflects the 
elastic properties of the lung 

• Increases in any disease of lung 
periphery

X5
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Resonant Frequency (fres) 

• Resonant frequency (fres) is defined as 
the frequency at which the inertial 
properties of the airway and the 
capacitance of the lung periphery are 
equal 

• The frequency at which total reactance 
is zero

X5

In both obstructive and restrictive lung diseases, fres is increased above normal
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Parameters 

• R5 – Total respiratory resistance

• R20 – Large airway resistance 

• R5 – R20 – Small airway resistance

• X5 – Small airway obstruction, Lung elastance and stiffness, Lung heterogeneity 

• Fres – Airflow obstruction, Lung restriction 

• AX – What is happening in the distal portion of the lungs, both – small airways and 
lung parenchyma  

• X5 inspiratory more than X5e – restrictive 

• X5 expiration more than X5i -  obstructive 

• Delta X5

R5 – R19 vs R5 – R20 –  harmonic distortions
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• Multi centre study – in 20 hospitals in China 2016 – 2018 

37



38



39



For the same FEV1

• R5 and R20 were higher for 
asthma 

• R5-R20 higher for COPD 

ILD – 

• R5 exceed ULN if FEV1 < -3.5

• R5-R20 > ULN 

• X5 < LLN 
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• When compared to FEV1 and FEV1/FVC, oscillometry parameters had 
lowest diagnostic value
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Cut – offs

• Z- scores – 
i. Not normally distributed

ii. although anthropometric factors impact impulse oscillometry indices, their 
impact is not as large as that of spirometric indices (the highest 
determination coefficient of the predictive equation is ∼0.20 vs 0.8)

• Fixed cut-off

• % predicted - ≥ 140% predicted 
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• For Indian adults (n=1200), found age, height and weight – 10-20% contribution to variability

Fres – 12 Hz 43



Comparison between fixed values and z-scores

Z-scores performed better than fixed values 
diagnosing respiratory diseases (area under the curve (AUC) 0.81 versus 0.77, p<0.01)
obstructive airway diseases (AUC 0.79 versus 0.75, p<0.01)

Liang et al ERJ Open Research 2023; 9(2): 00718-2022;
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Reversibility testing 

• Spirometry vs FOT

• 52 asthma patients

• BDR – Spirometry – ≥200 ml and ≥12% FEV1 and/or FVC

• BDR – FOT - absolute change in R5 ≥ –1.40 cm H2O.s/L, X5 ≥  0.55 cmH2O s/L, or 
AX ≥ –3.98 cmH2O/L 

• 1 subject had BDR based on FVC alone

• BDR – more frequently by oscillometry (54%) vs 27% in spirometry

• 15 met BDR by elastance but not spirometry

• Only 2 met BDR by spirometry but no oscillometry

• Elastance more sensitive for poor asthma control than spirometry

Cottee et al 157#6 CHEST JUNE 202045



LUNG FUNCTION | E. OOSTVEEN ET AL

Multicentre, multidevice study among 368 adults 

Reversibility testing 
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Bronchodilator – Reversibility  on IOS parameters

King GG et al, Eur Respir J 2020

Response to bronchodilator

R5 X5 AX Fres

40% 50% 80% Leftward 
shift

Reversible obstruction

STILL EVOLVING 47



Do all oscillometers have similar cut-offs?

48



Standardization of 
oscillometers 

• Why is it necessary? 

• Different devices provide different 
values

• Difference is higher with higher test 
loads

• One device cannot be compared 
with another device

• Each device must have its own cut-
off value

• Need for standardization of devices 

Ronald et al, ERJ Open Research 2019; 5(4): 00160-2019
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Standardization of oscillometers 

• By test loads - Dynamic test load that simulates patient breathing and 
a static load that includes elastic and inertive components

• Must cover most of the acceptable tolerance range 

• It is recommended that test loads for adult testing be ∼15 hPa·s·L−1 
and for children ∼40 hPa·s·L−1

King GG et al, Eur Respir J 2020
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Uses

S. Kostorz-Nosal et al.Respiratory Physiology & Neurobiology 316 (2023) 104135
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Small airway COPD phenotype 

• Hyperinflation – increased TLC, increased residual volume and 
decreased FVC due to gas trapping

• Higher peripheral resistance (high R5-R20) and lower X5 and high Ax

• HRCT showing increased low attenuation areas
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% difference GOLD 4 vs GOLD 2
Ax = 136%

R5 - R20 = 60% 
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Intra breath ΔXrs

• Differences between inspiratory and expiratory phases of respiratory 
reactance - expiratory flow limitation (EFL) – a characteristic feature 
of patients with moderate-to-severe COPD

• High EFL index (>0.55 cmH2O/L/s) - independently predicts 
emphysema score, peripheral airway obstruction (FEF25%-75% of forced 
vital capacity), hyperinflation (functional residual capacity), and 
airway caliber (whole-breath Rrs at 5 Hz)

Dellaca et al European Respiratory Journal 2004; 23(2): 232-240

Mikamo et al. BMC Pulmonary Medicine 2014, 14:23
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LAMA and LABA in COPD

T. Abe et al. Pulmonary Pharmacology & Therapeutics 24 (2011) 617e624

This change cannot be picked up by spirometry 

Because in COPD predominantly symptoms are due to air trapping –  

change in compliance best picked up by oscillometry 

LABA/LAMA deflates the lungs – makes lung less stiff
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Asthma 

• SAD is seen in more than 50-60 % of asthma 

• SAD type of asthma – is difficult to treat and is 

associated with 

night time awakenings (OR -3.3(1.8 – 6.1)), 

obesity induced asthma (OR – 3.6(1.9-6.8))

exercise induced asthma (OR-6.4(3.6-11.4)) 

O.S. Usmani et al. / Respiratory Medicine 116 (2016) 19e27
Cottini et al JACI 2020;8:997-1004

Anderson et al Ann Allergy Asthma Immunol 109 (2012) 185–189
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Asthma 

Respiratory Medicine 176 (2021) 106243

SAD asthma is associated with a higher risk of 
exacerbations (65.9% versus 25.0%) 

cottini et al  Respiratory Medicine 209 (2023) 107154 2023 
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Small airway dysfunction among preserved FEV1

• 302 (68%) out of 442 asthmatics had a preserved FEV1 (>80% pred) 

• In such patients 135 (45%) had abnormal R5-R20 indicating small 
airway dysfunction

• 157 patients (51.9%) had abnormal FEF25%-75% 
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Patient outcomes – asthma control

• In a study with n=46, mean FEV1 = 87%, ICS 620 mcg (mild - moderate)
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Asthma 

• In pre-school children where spirometry is difficult to perform for diagnosis and follow-up 

• BDR

• Changes in FOT precede spirometry changes predominantly in milder forms of asthma (SAD) 
(Abdo et al 2023)

• Useful in home based monitoring (Wang et al AJRCCM 2019)
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Reversibility in asthma and COPD

% reversibility to salbutamol 400 mcg:

• In a study of 84 patients (asthma – 59 and COPD – 25), reversibility using FEV1 was found 

to be asthma (8.14%) and COPD (8.40%), while for AX the degree of reversibility was 

more pronounced in asthma than COPD with AOS: 40% versus 24% (p=0.05)

Kuo et al Lung (2019) 197:473–481
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Restrictive lung diseases

• Difference between inspiratory (X5in) and expiratory (X5ex) - ILD from 
obstructive lung disease and combined pulmonary fibrosis-
emphysema (CPFE) from ILD-only

• n=89 
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OTHERS

• Fujii et al (n=93) CPI best correlates with Fres in patients with restrictive lung diseases

• In post-lung transplant patients – differentiate between BOS and RAS (Verleden et al JTD 2017 Aug;9(8):2650-2659)

• In immediate post-transplant patients where spirometry is difficult to perform

• OSA – Central airway resistance (correlates with AHI index) (Ravi Dosi et al, IJSM 13-25)

• OHS – Severity based on compliance 

• Cannot be used for pre-op because does not give lung volumes
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Summary - Asthma vs COPD 

• SAD vs Large airway 

• Large airway predominantly 

• Resistance at all frequencies increase – 

R5, R20 and R5 and R20 difference mild 

• BDR reversible and R20 more decreased 

• Ax and R5-R20 closely relate to asthma 

control and T2 inflammation

• Small airway predominant

• R20 – normal and R5 increase and R5 – 

R20 increase 

• Reactance shifts more compared to 

resistance

• Partial reversible  

• Ax is more sensitive than R5 in COPD
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Interpretation of IOS Parameters

R5 R20 R5-20 X5 AX Fres

N N N N
Central airway 
obstruction

N
More 
Negative

Peripheral
Airway obstruction

More 
Negative

Total
Airway obstruction

N N N
More 
Negative

Restrictive lung disease
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THANK YOU
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