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Abstract

Impulse oscillometry (IOS) is a variant of forced oscillation technique described by Dubois 50 years ago, which
allows us to measure the reactance of the airways and the resistance of the small and large airways during tidal
breathing. It requires minimal patient cooperation from subjects who are unable to perform spirometry, like
elders, children and patients with neurologic disorders. IOS can outline the diagnosis of obstructive airway
disease, differentiate small airway obstruction from large airway obstruction. It is more sensitive than spirometry
for peripheral airway disease in determining the severity of the disease, the exacerbations and evaluate the
therapeutic response. Other applications include early evaluation of transplant rejection, cystic fibrosis, vocal
cord disorder, bronchiectasis, hypersensitivity pneumonitis, obstructive sleep apnea.
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Introduction

Lung function is essential to monitoring several lung
disorders, mostly obstructive airway diseases (OADs),
conventionally diagnosed based on spirometry.
Asthma and chronic obstructive pulmonary disease
(COPD) are the most common OADs’ entities, caused
by smoking, occupational exposure, and indoor and
outdoor pollution. Still, they can be secondary to
alphalantitrypsin deficiency (AAT) and tuberculosis
(TB), as well. Impulse oscillometry (IOS) is an
effort-independent non-invasive method of forced
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oscillation technique (FOT), a complementary way of
spirometry, essential for revealing the early stages of
obstructive lung diseases (OLDs) and for measuring
the airway resistance at different bronchial tree’ sites
during spontaneous (tidal) breathing [1,2]. Dubois
described FOT in 1956 by detecting the airway flow
and pressure’s disturbances inside the bronchial
branches, expressed by physical parameters as
resonant frequency (Fres), impedance, and peripheral
airway resistance (RS—Rzo) to airflow [3]. This ancient
method is easily performed by children and elders.
It does not require forced maneuvers of coordinated
inhaling and exhaling or any closure of a valve in
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in connection to a mouthpiece.

Structural airways alterations in OLDs consist
of progressive airway luminal narrowing, airway
remodeling, subepithelial fibrosis of the airways
wall, deposition of collagen inside the airway wall.
Compared to hyperplasia and hypertrophy of smooth
muscle cells in large airways are more evident in
small airways causing irreversible airflow. In contrast,
COPD being predominantly considered a small airway
disease, there is more and more recognition of small
airway disease as an essential phenotype of asthma
[1,4,5]. The gold standard for the lung function’s
assessment of COPD patients is spirometry. However,
in clinical practice, this method is not useful enough
for early detection of airway disease in smokers, in the
early stages of COPD, in small airway obstruction and
dysfunction among uncontrolled asthmatic patients.
Forced expiratory volume in the first seconds (FEV-
1) and maximal expiratory flow (MEF) are weak
parameters in measuring the peripheral/small airway
disease. IOS uses sound waves to measure respiratory
mechanics, resistance, and reactance. IOS is a type of
forced oscillation that combines “impulse-shaped”
oscillations and “impulse pressures”, being more
sensitive than spirometry in detecting the earlier
changes of lung function. And it is instrumental in
differentiating the peripheral airway dysfunction
from the large airway obstruction [1,2].

The main advantage of IOS, in clinical practice,
consistsinbeinganoninvasivemethodeasytoperform,
in all individuals from small children to geriatric
patients, involving Tidal breathing, relaxation,
and minimal cooperation, by measurements of
different frequencies and variations of resistance
and reactance to airway flow in the lung periphery
[1,6,7]. The requirement of normal breathing does
not require any effort from the subjects, inclusive for
patients with breathing limitations and decreased
inspiratory flow, with poor motor coordination and
cognitive impairment, severely ill persons who are
on ventilators, or underwent surgery. Oostveen E
et al. presented a suggestive diagram of the forced
oscillatory respiratory impedance measurement [8].

The principle of the method
pneumochromatograph

To perform the test, the subject in a seated position
and slightly extended head position, with a nose
clip, is breathing normally through the mouthpiece
of a pneumochromatograph, which has a pressure
transducer for measuring the pressure and flow
resistance and reactance. During the investigation, a

nurse or a respiratory technician should firmly press
the patient cheeks. FOT uses the oscillating sound
signals of noise with different frequencies, generated
by a loudspeaker, and transmitted sequentially to the
peripheral airways [8]. These pressure sound waves
are transferred to the subject’s lung, causing airflow
pressure changes in the airways according to the
lung function’ s mechanical properties and airways
resistance. Large airways reflect higher frequencies
of the sound waves. Lower waves succeed in reaching
the alveolar area and reflect, providing data about this
pulmonary region [8].

Flow air recording shows the superposed sinusoidal
waves in normal Tidal breathing. When sound
waves overlap during tidal breathing, this results
in a change in the flow. The straight line segment
is inserted between the start and endpoints of the
flow recordings due to each wave and considers it
the baseline. After the baseline correction shows
the separation of the respiratory component, the
record shows a mixed-signal consisting of respiratory
and sound wave components, and disturbances in
the flow occur because of the superimposed waves.
The same procedures apply to the recordings of
pressure concerning time. On a time scale, these
recordings have to be converted into the frequency
scale to calculate further the parameters of interest.
Fast Fourier transforms a mathematical technique
to convert the time scale to a frequency scale.
Respiratory input impedance (Zrs) is calculated as the
ratio of the resulting pressure and flow changes due to
the external pressure waves.

Flow recording is initially performed on normal tidal
breathing. Afterward, flow is recorded when tidal
breathing is superimposed by 5 Hz waves (d) and 20
Hz waves. When a pressure wave with frequency 5 Hz
or 20 Hz is applied, changes in flow are recorded.

The main difference between FOT and IOS consists
of the impulse’s characteristics. In IOS, the signal is
a mixture of sound waves and different frequencies,
from 5 to 30 Hz, transmitted sequentially along the
bronchial tree down to the alveoli. Frequencies higher
than 30 Hz can cause discomfort to the patient and
must be avoided. In IOS, rather than sending the
pressure waves of different frequencies sequentially,
an impulse (that mathematically consists of all
frequencies from 5 Hz to 30 Hz) is sent into the
airways. The impulse used during IOS examination
can be a little forceful to the subject when compared to
the gentler plain sinusoidal waves of FOT, and it may
even change the lung mechanics. Still, the advantages
overcome these limitations of the technique. First,
with IOS, we can calculate the impedance at every
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frequency from 5 to 30, whereas, in FOT, we can
calculate only at the frequencies of the used waves.
Second, the improved signal to noise ratio makes it
a better tool for detecting regional abnormalities
that have small effects on lung mechanics. Last but
not least, this also decreases the duration of the
test. Together, these diagnostic applications lead to
increased efficiency in a PFT laboratory.

IMPULSE OSCILLOMETRY
PARAMETERS AND THEIR
INTERPRETATION

Impedance

Respiratory impedance represents the sum of
all forces that oppose the generated impulse. It
is measured, at any frequency, using the ratio
between the pressure difference and flow changes,
corresponding to that frequency. Depending on the
region where the pressure is measured, the impedance
varies. For example, the pressure gap between mouth
level and the alveoli gives the impedance of the
airways, and the difference between the mouth and
pleural pressures provides the total impedance of the
lung. In IOS, the pressure measured at the mouth
level is referenced to the atmospheric pressure, which
is the pressure outside the chest wall. This is defined
as the respiratory system (Zrs), and it includes the
in-phase (real) component, which is the resistive
component (Rrs), and the out-of-phase (imaginary)
component, which is a reactive component (Xrs). Rrs
can be viewed as the energy dissipation and Xrs as
energy storage. Since IOS measures input impedance,
all chest wall abnormalities and skeletal muscles will
also be reflected in the measurement.

Resistance

The resistance, derived from the impedance,
includes 80% contributed by the resistance due to
central airways, 20% by small peripheral airways (<2
mm in diameter) in adults [1,9,10]. In children, the
contribution of small airways is higher than in adults.
Lung tissue and chest wall resistance are usually
negligible. Resistance values are considered normal
within the range of 150% of the predicted values.
In healthy people, resistance is independent of the
frequency, compared to patients with central airway
obstruction. The resistance at all frequency increases,
while, in small airway obstruction, the resistance at
lower frequencies increases. In the distal airways,
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the resistance at higher frequencies is unchanged,
because waves do not reach this area. In children, this
frequency dependency of resistance might be normal
compared to adults, where it is a high resistance for
lower frequencies impulse. A normal resistance for
higher frequencies indicates small airway obstruction
in adults.

Reactance

Unlike resistance, reactance is frequency-dependent
and includes two components: the inertia of the
air column to move (inertance) and the lung’s
capacitance. By definition, capacitance is negative in
sign versus inertance, which is positive. Capacitance
canbeinterpreted as a property that reflects the lungs’
elasticity. Since the elastic properties of lungs majorly
reside at the periphery, the capacitance component
dominates at low frequencies. Total lung reactance is
negative, whereas, at higher frequencies, the inertia
of the air column in larger airways dominates, making
the total reactance positive. The direction of change of
reactance does not differentiate between obstructive
or restrictive diseases. Similar to electric circuits,
elastance or capacitance refers to the lung’s energy
return properties, not to stiffness during inflation.
Therefore, in either lung fibrosis, or emphysema,
or small airway disease, the reactance at lower
frequencies would change, in the same direction,
becoming even more negative (more harmful?).

Resonant frequency

Resonant frequency (fres) is 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. Fres cannot
be attributed to a specific mechanical property of the
lung. Where the capacitance component dominates,
it can be used to separate low frequencies, from high
frequencies, where the inertial component takes
over. The normal value of fres in adults is 7-12 Hz. In
children, itis higher and increases with decreasing age.
In obstructive and restrictive lung diseases, fres are
above the normal range because reactance becomes
more negative at low frequencies in emphysema and
lung fibrosis.

Area of reactance
Area of reactance (AX) includes the area under the

reactance curve from the lowest frequency to the fres,
namely the area between the reactance curve and
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the negative side of the X-axis, reflecting the elastic
properties of the lung and increasing in small airways
disease. AX is a single measurement that summarizes
the above parameters in correlation with resistance at
lower frequencies.

Coherence

Coherence is an important parameter used to
determine the validity and quality of the test
results because it reflects the reproducibility of the
impedance measurements. Coherence takes values
between 0 and 1. Ideally, it should be > 0.8 at 5 Hz and
> 0.9 at 20 Hz to validate the measurements in adults.
There are no standard values in children. Coherence
can decrease if the technique is improper, such as
irregular breathing, glottis closure, and swallowing.

Reference values

Normal values for the adult and pediatric population
are essential for a straightforward interpretation of
the test. Studies to determine reference values in
adults are very few. In children, the resistance and
frequency of resonance decrease with increasing
height and age, whereas reactance increases. Height
and age are identified as the critical covariates and
significant predictors of R5 and X5 [1,11,12]. The
relationship between reactance and height is linear,
while between resistance and height is mostly
exponential. Shiota et al. found that predictive
equations with significant differences in smokers
and nonsmokers and no differences by gender in the
Japanese population [1,11]. There is no predictive
equation for the Romanian healthy population.
Before obtaining a specific equation, data from other
Caucasian populations might be used [1]. As for
monitoring the evolution of lung disease, the inter-
individual differences in intra-individual changes, in
time, can provide accurate enough data to sustain the
improvement or the aggravation of the functional
lung status.

Role of IOS in Asthma

IOS has been used to study several lung diseases,
including asthma, monitoring the progress of
diseases. The diagnosis of asthma includes a
demonstration of reversible obstruction and
bronchial hyperresponsiveness [13,14]. IOS has
been demonstrated to be sensitive and accurate
than spirometry revealing more elevated R5, AX,
fres compare to healthy patients, where X5 is more

negative [15,16]. Shi et al. compared baseline
spirometry and IOS parameters between asthmatic
children, subsequently presenting with exacerbations
and children with controlled asthma [17].

Gonem et al. showed that impedance measured
over time could differentiate between the frequent
exacerbators from the less frequent exacerbators
among asthmatic patients [18]. Studies also showed
significant improvement of all IOS parameters
in asthmatics, after three months of inhaled
corticosteroids (ICS) administration, with or without
a combination with long-acting beta-agonist (LABA).
A decrease of R5 with 30-35% suggests a positive
bronchodilator response [13]. IOS can be used
to determine the early obstruction of the small
airways, even when spirometry is normal [14]. In
bronchoprovocation testing, an increase in R5, fres,
and AX and a decrease in the X5 was observed. A 20%
decrease in FEV1 is shown to be equivalent to a 50%
decrease in X5 [19]. Schulze et al. showed that IOS
has a better performance identifying the bronchial
hyperreactivity at lower doses of methacholine than
the dose inducing a 20% decrease of FEV1 from its
initial value [20].

Role of I0S in bronchitis

The Tucson Children’s Respiratory Study analyzed
130 participants with a personal medical history of
bronchitis since the age of 32. IOS and spirometry
parameters were regressed on height, weight, gender,
and ethnicity. Participants with bronchitis had
significantly elevated resistance at 5, 10, and 15 Hz
and decreased reactance compare to healthy subjects
[21].

Role of I0S in recurrent wheezing

IOS assessment of lung function in 115 recurrent
wheezers, aged between 2-6 years, 65.2% males,
showed R5-R20% levels > 14.4 for predicting a
positive modified asthma predictive index (mAPI) in
55.6% of children, identifying those with a high risk
of asthma [22].

Role of IOS in COPD

In COPD patients, IOS’s reactive parameters are
better correlated with lung function than resistance
[23]. Over time, changes in X5 were proposed for
monitoring the disease [23]. Frantz et al. reported
that, despite normal spirometry, subjects with
symptoms of COPD have higher pulmonary resistance
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resistance and lower pulmonary reactance, indicating
IOS as a more sensitive technique in detecting the
subtle changesin the lung function in early COPD [24].
Peripheral airway resistance, expressed as frequency,
dependent heterogeneity between 5 Hzand 20 Hz (R5-
R20), and peripheral airway compliance as the area
under the reactance curve (AX), are affected in COPD.
R5-R20% and AX improve in response to long-acting
bronchodilators [25]. The fact that spirometry is a
diagnostic standard for COPD complicates matters.
Since the diagnosis of COPD is based on spirometry,
it is challenging to compare IOS. Still, there are
some COPD studies to prove the usefulness of 10S
in monitoring the disease progress. To define better
Predictive Surrogate Endpoints Evaluation for COPD,
in a large cohort of 2,609 COPD subjects, the IOS was
determined at baseline [26]. COPD was associated
with increased R5, R5 — R20, and reactance. However,
5-10% of smokers, older and heavy smokers, had
“abnormal” IOS, possibly reflecting an earlier stage
of COPD, undiagnosed by normal spirometry (lower
values of FEV-1, but still in the normal range). This
outcome has been confirmed by other researchers
who report healthy smokers often have abnormal
IOS compared to nonsmokers [27]. IOS is more
sensitive at predicting future exacerbations of COPD.
AX might also be considered a useful screening tool
in the early stage of COPD or monitoring long term
decline of lung function [28]. Another study showed
improvement of R5 and AX in patients, who received
COPD triple combination therapy compared to
tiotropium monotherapy [29].

Role of I0S in cystic fibrosis

Cystic fibrosis (CF) is a multisystem disease with
high rates of morbidity and mortality. Spirometry is
the primary method used in the evaluation of CF and
the therapeutic response. I0S can reveal increased
resistance and AX during CF exacerbations [30].

Role of 10S in Hypersensitivity
pneumonitis

Hypersensitivity pneumonitis (HP) is a group of
inflammatory interstitial lung diseases caused by
hypersensitivity immune reactions to the inhalation
or ingestion of various antigens like fungal, bacterial,
animal protein, or chemical sources, including multiple
occupational exposures [31]. In a study of 20 patients
with HP, IOS showed elevated AX, at baseline, with
improvement after administration of, particularly,
azathioprine and prednisone. Lung volumes were also
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improved, but there was no influence on gas exchange
values [32].

The role of I0S in monitoring lung
transplant

IOS can be used to monitor patients with a lung
transplant. A study involving 25 patients showed,
in 88% of the cases, increased R5 and AX, indicating
peripheral airway obstruction. IOS can be useful in
evaluating early transplant rejection [33].

The role of I0S in Bronchiectasis

Bronchiectasis is a chronic respiratory disease
involving recurrent bacterial airway infections,
inflammation, and destruction, mostly related to post
tuberculosis underlying lung disease [34].

Higher levels of IOS parameters are associated with
Pseudomonas aeruginosa infection, inhomogeneity,
and cystic bronchiectasis. All IOS parameters, except
R5, were correlated with the duration of bronchiectasis
symptoms, number of lobes with bronchiectasis and
total scores of high-resolution computed tomography
(HRCT), compare to increased frequency dependence
(AX), which was associated with lower HRCT scores
(£5) [35].

The role of I0S in OSA

IOS is useful in assessing patients with obstructive
sleep apnea (OSA), revealing higher R5 and lower
Xrs compared to healthy patients. The X5 parameter
is associated with the severity of OSA, according
to Apnea-Hypopnea Index (AHI). The severity of
OSA (AHI) correlated with R20, R5, and R5-R20, a
negative relationship was demonstrated between
the level of average night saturation and R5-R20
and R20 [26]. A strong correlation between X5 and
OSA severity suggests that a narrowing of the upper
airways and abnormal increased lung elastic recoil
are incriminated in OSA. IOS may have potential as a
screening tool for OSA diagnosis as it can detect upper
airways stenosis or patency in OSA patients [36]. A
study showed significantly higher R20% value in OSA
patients than COPD patients, higher R5-R20% values
compared to the control group, and X5, in the supine
position, as the best outcome for predicting OSA [37].

Other applications of I0S

IOS may also be useful in upper airway obstruction
[38], vocal cord dysfunction [39], and musculoskeletal



Lung function testing assessment by impulse oscillometry in chronic lung disease

thoracic abnormalities [40]. Regarding the
occupational setting, impedance measurements
alongside spirometry can be used in evaluating
subjects exposed to environmental irritants [41].
Numerous studies explored the role of IOS in
early detection and characterization of respiratory
dysfunction secondary to massive exposure to dust
and smoke, the acute reactive airways syndrome, a
severe occupational disease [42].

Limitations

Although IOS is useful, very easy to perform in
elderly subjects, and small children, it has some
limitations. It isn’t easy to compare measurements
taken by different devices. Intra-individual variability
for all IOS parameters is higher than FEV1 (~10%
vs. ~5%), but it is acceptable in clinical practice.
Notably, IOS parameters are less variable than other
spirometry parameters, such as FEF, (~20%-30%).
The use of IOS parameters in restrictive diseases
is uncertain. Rrs and Xrs are volume-dependent
parameters.  Concerning the  bronchodilator
responses, there is a difference between IOS values
and spirometry response. Most research on IOS
has been carried out on relatively small groups of
patients [43]. However, given its importance, I0S
can be a part of the routine pulmonary examination.
Further technological advances that reduce the form
factor, making it inexpensive and portable and novel
analytical methods for ease of diagnosis are on the
horizon. Such developments would make IOS a
viable alternative to spirometry in Pneumology and
Occupational Medicine’s routine clinical practice.

Conclusions

IOS may be more sensitive than spirometry in
early detecting small airways’ abnormalities. It is
an advantageous, safe, non-invasive method for
measuring the lung’s mechanical properties, helping
the diagnosis of obstructive lung diseases, including
obstructive sleep apnea, and monitoring the progress
of obstruction in small airways. It is also a better
tool to predict early COPD, uncontrolled asthma,
and exacerbations. However, since IOS is better for
detecting small airway disease, in the future, it could
be considered an investigation required to evaluate
occupational OLDs, mostly when spirometry is
normal. The main limitation is the lack of reference
values and extensive evaluation of different disease
conditions, including occupational exposure.

However, for a dedicated laboratory, these are not
limitations of more than the technique itself and
could be adopted widely with more thoroughly
conducted studies.
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