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Impulse oscillometry in the evaluation of diseases
of the airways in children
Hirsh D. Komarow, MD*; Ian A. Myles, MD*; Ashraf Uzzaman, MD*; and Dean D. Metcalfe, MD*

Objective: To provide an overview of impulse oscillometry and its application to the evaluation of children with diseases of
the airways.

Data Sources: Medline and PubMed search, limited to English language and human disease, with keywords forced oscillation,
impulse oscillometry, and asthma.

Study Selections: The opinions of the authors were used to select studies for inclusion in this review.
Results: Impulse oscillometry is a noninvasive and rapid technique requiring only passive cooperation by the patient. Pressure

oscillations are applied at the mouth to measure pulmonary resistance and reactance. It is employed by health care professionals
to help diagnose pediatric pulmonary diseases such asthma and cystic fibrosis; assess therapeutic responses; and measure airway
resistance during provocation testing.

Conclusions: Impulse oscillometry provides a rapid, noninvasive measure of airway impedance. It may be easily employed
in the diagnosis and management of diseases of the airways in children.
Ann Allergy Asthma Immunol. 2011;106:191–199.

g
a
d
o
c
i
p
t
r
m
I
a
d
P
o

o
r
a
e
o
i
t

M

M
T
m
c
r

INTRODUCTION
Asthma is reported to be the most common chronic respira-
tory disease in children, and its prevalence appears to be high
worldwide.1 Accordingly, significant efforts have been made
to develop noninvasive techniques that accurately measure
lung function in children. Examples of such techniques in-
clude spirometry, plethysmography, interrupter technique
(discussed later), tidal breathing measurements, multiple-
breath inert gas washout technique, forced oscillation tech-
nique (FOT) and impulse oscillometry (IOS).2–4 The forced
oscillation technique is the general name for airway mechanic
measurements using the noninvasive superimposition of pres-
sure fluctuations on the airway over the subject’s normal,
quiet, tidal breathing. More than 50 years ago, FOT was first
determined by Dubois et al5 and has developed with regard to
configuration, standardization, and application. Impulse os-
cillometry is one type of FOT. Other techniques of FOT use
only one frequency or change the frequency “pseudo ran-
domly.” Impulse oscillometry delivers a regular square wave
of pressure 5 times per second, which has the advantage of
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enerating a larger sample during measurements and emitting
continuous spectrum of frequencies that may provide more
etailed characterization of respiratory function.6 Impulse
scillometry has been used in adults as well as in preschool
hildren to identify lung dysfunction, such as in asthma.3,4 It
s noninvasive, easy to perform, and requires only passive
atient cooperation.3 IOS systems are finding increased use in
he clinical diagnostic testing of patients with airway hyper-
eactivity and airway obstruction. Impulse oscillometry also
ay be used during challenge and provocation testing. The

OS apparatus generates small pressure oscillations that are
pplied at the mouth and transmitted into the lungs, to help
etermine the impedance (Zrs) of the respiratory system.7

ulmonary resistance and reactance are the key components
f impedance8 and are measured and graphically displayed.

The purpose of this article is to provide a comprehensive
verview of the application of IOS to the evaluation of
espiratory disease in children. A complete search in Medline
nd PubMed was performed for articles on impulse oscillom-
try, in peer-reviewed journals, using the key words forced
scillation, impulse oscillometry, and asthma. The articles
ncluded in this study were based on the expert opinions of
he authors.

EASUREMENT

easurement Parameters
he IOS apparatus generates pressure oscillations at the
outh that propagate via movement of the air column in the

onducting airways, which is followed by distension and
ecoil of the elastic components of lung tissues and creation

f backpressure. The pressure oscillations are applied at a
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fixed (square wave) frequency of 5 Hz, from which all other
frequencies of interest are derived. Low-frequency signals (5
Hz) penetrate out to the lung periphery, whereas high-fre-
quency signals (20 Hz) only reach the proximal airways. This
is because of the physical properties of the size, shape, and
tissue composition of the human chest. This concept is anal-
ogous to how loud music will cause a listener’s entire body to
rumble with low frequency (bass) sounds, but not with high-
er-frequency tones. Airway resistance, especially at lower
frequencies, is inversely correlated to age; younger children
generally have higher airway resistance than older children
and adults.9

Impulse oscillometry measures pulmonary impedance
(Zrs) (Table 1), which comprises pulmonary resistance (en-
ergy required to propagate the pressure wave through the
airways) and reactance (amount of recoil generated against
that pressure wave).8 Resistance (R) is a well-recognized
term, and is a measure of central and peripheral airway
caliber; which includes the resistance of the oropharynx and
larynx, the trachea, the large and small airways, the lung, and
chest wall tissue.10 Impulse oscillometry measures the resis-
tance (R) of the airways and lungs to differing frequencies,
and is calculated from pressure and flow signals where pres-
sure is in phase with flow (when the pressure wave enters the
lungs unopposed by any recoil force). Reactance (X) is a
complex concept and incorporates forces of inertia, which
result from the movement of the air column in the conducting
airways, and the elastic recoil properties of the lung tissue. It
has been correlated at low frequencies with peripheral airway
obstruction and is computed from pressure out of phase with
flow.6 At low frequencies the lung passively distends, there is
high compliance, little elastic recoil, and low reactance. As
frequency increases, the amount of energy imparted into the
pulmonary system increases, and the lungs go from passive
distension to active stretch. Analogous to inflating a balloon,
a small volume of air initially distends the balloon without

Table 1. Impulse Oscillometry Terminology

Impedance (Xrs) A calculation of the total force nee
comprising resistance and react

Resistance (R) Energy required to propagate a pre
bronchioles, and to distend the
unopposed by airway recoil and

Reactance (X) Energy generated by the recoil of t
Area of reactance (AX or XA) Area under the curve between the
Coefficient of variability (CV) Statistical determinant of the trial-t
Coherence An estimate of the quality of imped

and measured signals
Compliance An indicator of the ability of the lun
Frequency-independent change When resistance values do not var

indicative of proximal obstructio
Frequency-dependent change When resistance varies with freque

distal obstruction.
Resonance frequency The frequency at which the lung ti

force of the pressure wave signa
generating any recoil. Yet, there is a distinct point where the R
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mount of air inflating the balloon will cause it to stretch, will
egin to generate resistance to further inflation, and this
otential energy in the material can produce recoil. The
requency at which there is a transition in the lungs from
assive distention to active stretch is the point when the
nflation pressure and elastic recoil cancel out, resulting in a
eactance equal to zero. This point is referred to as the
esonant frequency and is dependent on the physical proper-
ies of chest size and tissue composition.11 The area of reac-
ance (AX) is the area under the curve of reactance between
Hz and resonant frequency and reflects a composite index
or reactance.

Impulse oscillometry measures impedance over a range of
requencies (5–20 Hz). Resistance (R) and reactance (X)
hen measured at 5 Hz, for example, are designated as R5

nd X5, respectively. Lower-frequency oscillations, such as 5
z, generally travel farther to the lung periphery and provide

ndices of the entire pulmonary system. Therefore, when
ither proximal or distal airway obstruction occurs, R5 and
5 may be increased. Higher-frequency oscillations, such as
0 Hz, transmit signals more proximally and provide infor-
ation primarily concerning the central airways. Thus, cen-

ral airways obstruction will be reflected by an increased R20.
By extension therefore, disease isolated to the distal air-

ays will increase R5 to a greater extent than the R20. This
s because the increase in the proximal resistance (measured
y the R20) makes up only a small percentage of the total
hange in the system’s resistance (measured by R5). This is
eferred to as frequency-dependant change and for resistance
s routinely measured as a differential change (R5 - R20).
onversely, disease isolated to the proximal system will be

eflected as an equivalent increase in R5 and R20 and is
eferred to as frequency-independent change. In general,
aseline frequency-dependent changes in resistance are in-
ersely proportional to age; the younger the child, the greater

propagate a pressure wave through the pulmonary system,

wave through the airways; to pass through the bronchi and
renchyma. Resistance is determined when a pressure wave is
hase with airflow.
gs after distention by a pressure wave out of phase with airflow
nce values for 5Hz and the resonance frequency
variability serving as an index of reproducibility

easurements. Provides an index of discrepancy between input

e to distend in response to the pressure wave
fferent frequencies. If overall resistance is increased, this may be

ore than age-dependant normal values. This may be indicative of

oves from passive distention to active stretch in response to the
hically when reactance is zero.
ded to
ance
ssure

lung pa
is in p
he lun
reacta
o-trial
ance m

g tissu
y at di
n.
ncy m

ssue m
5 - R20.
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Coherence is a correlation between airflow and pressure
and is considered to reflect the reliability of a given IOS trial.
If there is a mismatch between the airflow into the lungs and
the amplitude of the reflective pressure wave, coherence will
be low. For 30 seconds of testing (which generates 120
samples of data), acceptable coherence values are 0.6 or
greater at 5 Hz and 0.8 or greater at 10 Hz3,12; however, a
clearly established cutoff of acceptable values has not been
established in preschool children.8 Testing inaccuracies and
low coherence may result from an inability of the subject to
relax, irregular breathing or hyperventilation, a leak around
the mouthpiece, inadequate seal with the nose clip, improper
bracing of the cheeks, vocalization, swallowing, coughing,
temporary airway closure by closing of the glottis, or the
tongue obstructing air flow into the mouth. If the duration of
measurement is longer, the acceptable coherence value is
reduced. The IOS apparatus calculates the coefficient of
variability (CV), which is an indicator of trial-to-trial vari-
ability and serves as an index of test reproducibility. Studies
have determined day-to-day and weekly CV in children to be
16% and 17%, respectively.13 This degree of variability sug-
gests that getting similar repeated measures is not difficult.
When a bronchodilator is used to evaluate airway hyperreac-
tivity, the response should be interpreted in light of the pretest
and posttest CV to be certain that the bronchodilator response
is at least twice the baseline CV.13

In children, normal lung reference values are based on
standing height, which appears to be the strongest indepen-
dent variable.14 Most studies suggest no effect of sex, age,
race, ethnicity, and body surface area on the respiratory
indices measured by IOS,12,15 but further establishment of
reference values is warranted. A bronchodilator response
of 20% to 40% in R5 and 15% to 30% in R10 suggestive of
reversible obstruction has been reported in children,3,8

whereas a 40% to 50% change in AX has been determined in
adults.6,10

Figure 1. Components of the impulse oscillometry apparatus. A, A pressure
and the pneumotachography more distally is transmitted into the airway thr
oscillations pass though the pneumotachograph and are measured by the
supporting the cheeks, and making a tight seal with the lips at the mouthpiec

computer monitor.
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easurement Acquisition
he IOS apparatus consists of a measuring head, a resistor,
pneumotachograph, pressure and flow transducers, and a

omputer (Fig 1A). The measuring head, connected to one
rm of a y-adapter, contains a loudspeaker that generates
ressure oscillations. On the lower arm of the y-adapter, a
neumotachograph is connected. The transducer attached
o the pneumotachograph measures total pressure and
low, a summation of the pressure and flow of the tidal
reathing, and that of the superimposed oscillatory signals.
he system is calibrated through several full strokes of a
ingle volume (3 L) of air at different flow rates, which are
alidated and verified for human measurements with a
eference resistance device (2.0 cmH2O/L/sec) supplied by
he manufacturer.

In the use of the device, the child should first be familiar-
zed with the testing procedure; and then informed to breathe
ormally during the test itself. This helps prevent measure-
ent inaccuracies.16 Measurements are then made by a

killed technician with the child in a relaxed sitting position
ith an effort toward a stable and constant posture. The head

s held in a neutral or slightly extended position while avoid-
ng flexion.13,17 Crossing of the legs should be avoided, be-
ause this maneuver contracts the abdominal musculature and
ay lead to diminished resting end-expiratory pulmonary

olumes. During testing, the subject makes a tight seal with
he lips around and tongue below an appropriate disposable
outhpiece, which is attached to the open end of the pneu-
otachograph (Fig 1B). A bacterial filter is placed between

he mouthpiece and the pneumotachograph for hygiene
urposes.
Measurements of lung function also may be performed on

ndividuals on mechanical ventilation. In such a situation, the
ndotracheal tube is connected to the pneumotachograph
hrough an adapter, and mathematical adjustments are used to

generated in the loudspeaker reaching both the (terminal) resistor proximally
e mouthpiece. Pressure and flow signals from tidal breathing and pressure
cer. B, Eight-year-old boy performing IOS. Patient is using a nose-clip,

IOS apparatus. The results of IOS testing are graphically displayed on the
signal
ough th
transdu
e of the
193
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account for the functional differences of the endotracheal
tube.18

To compensate for the compliance of the cheeks, which
expand when pressure oscillations are applied and limit the
transmission of air into the lungs, the cheeks must be firmly
supported by placing the subject’s or the examiner’s hands
directly over them19 (Fig 1B). A nasal clip is placed to
occlude the nares to prevent nasal breathing and inhibit the
applied pressure oscillations from escaping through the nares.
The measurements begin with a short sampling period to
determine compliance of the subject, followed by collection
of data. Generally, a 30-second interval of testing is per-
formed, which produces a total of 120 impulses from which
the mean values of reactance and resistance is calculated at
frequencies from 5 to 20 Hz. Assuming the coherence is
acceptable based on the aforementioned criteria, and the
tracings show uninterrupted breathing, the trial value is
saved. If the coherence is low or there is repeated coughing,
swallowing, vocalization, or breath holding, the trial is re-
jected. The average of three to five measurements are ob-
tained, analyzed, and graphically displayed. A representative
example is shown in Figure 2. If airway hyperreactivity is
being assessed, a bronchodilator is administered, and a sim-
ilar number of measurements in the same fashion are then
taken. Pre and post bronchodilator response for resistance, R,
and reactance, X, may be jointly (Fig 2A, B) or separately
displayed (Fig 2C, D).

Figure 2. Representative graphical report of IOS testing. A and B, Comp
as a function of Freq (Hz) before bronchodilator (A) and postbronchodilator (

separately as pre and post R (C) and X (D).

194
OMPARISON OF LUNG PATTERNS USING IOS
ND SPIROMETRY IN PATHOLOGIC
ONDITIONS
igure 3 illustrates different patterns of abnormalities that
ay be identified using IOS in comparison with those pat-

erns seen with spirometry. As mentioned, distal obstructive
iseases, such as asthma and chronic bronchitis, result in a
requency-dependant increase in resistance (high R5–R20)
ecause the pressure signal wave propagating out to the lung
eriphery (R5) encounters greater resistance than the more
roximal higher-frequency (R20) impulse. Distal obstruction
lso results in a decrease in reactance because the signal
eturning from the lung periphery to the sensor also has to
avigate these same narrowed airways. Proximal obstruction
eads to frequency-independent elevations in resistance and
hould have little to no effect on reactance, because the
apacity of the lung to recoil and the signal to return to the
ensor are relatively unaffected. Restrictive lung diseases will
esult in a decrease in reactance, because the elastic recoil,
nd therefore the ability of the lung parenchyma to reflect
he signal back, will be decreased. Restrictive processes
hould not affect resistance because the airway diameter is
nchanged.

LINICAL APPLICATIONS OF IOS
mpulse oscillometry is used to diagnose, evaluate disease
everity, and assess therapeutic responses20–22 in chronic lung
iseases23 such as asthma3 and cystic fibrosis.24 Impulse os-

ot developed by Goldman10 illustrates both resistance, R, and reactance, X,
is the area under the curve of reactance. C and D, The same curves displayed
osite pl
B). AX
ANNALS OF ALLERGY, ASTHMA & IMMUNOLOGY



c
u
m
t
u
v
I
t
b

lid line
cillometry may help distinguish between asthma, chronic
bronchitis, and emphysema based on differences in pulmo-
nary resistance, frequency dependence of resistance, and pul-
monary reactance.25 It also has been used to determine lung
function in individuals with stable asthma and during prov-
ocation by methacholine.26 Thus, Pairon et al27 found a sig-
nificant correlation between forced expiratory volume in 1
second (FEV1) measured by spirometry and the changes in
airway resistance, resonant frequency, and frequency depen-

Figure 3. Representative graphs of IOS and spirometry in patients with
reactance in comparison with spirometric flow-volume loop for prototypica
restrictive lung disease. Dotted lines indicate the normal tracing, whereas so
dence of resistance as measured by IOS during methacholine s

VOLUME 106, MARCH, 2011
hallenge testing. In the emergency room setting, IOS may be
sed to evaluate lung function and assess response to treat-
ent of acutely ill children with asthma, who may be unable

o perform forced expiratory maneuvers.16 Relative to this
se, correlations have been shown between FEV1 and forced
ital capacity by spirometry and impedance and resistance by
OS in children with hyperactive airways.28 Of practical in-
erest, an established Current Procedural Terminology reim-
ursement code exists for IOS testing that is completely

, obstructive, and restrictive lung disease. Tracings of lung resistance and
ts with normal lung function, distal obstruction, proximal obstruction, and
s show pathological tracings.
normal
l patien
eparate from the code for spirometry. Impulse oscillometry

195
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also may be applied in epidemiological settings to screen for
asthmatic children29 and to examine bronchial responsiveness
to methacholine challenge test in active working adults ex-
posed to occupational respiratory irritants and cigarette
smoke.27

The ability to transport the IOS apparatus and measure
effort-independent lung function parameters highlights the
utility of IOS to assess respiratory dysfunction at the bedside
in critically ill patients18 and determine optimal parameters
for mechanical ventilation from the patient’s pulmonary re-
sistance and elastance.30 In obstructive sleep apnea syn-
drome, IOS has been used to evaluate the degree of upper
airway obstruction,31 determine the optimal continuous
positive airway pressure required to treat the obstruction,32

and estimate the resolution of obstruction subsequent to
surgical intervention.33

COMPARISON WITH OTHER TECHNIQUES
In addition to IOS, a number of techniques are routinely used
to assess lung dysfunction. These include standard spirometry
as mentioned,34 body plethysmography,35 and the interrupter
technique,36 as well as tidal breathing measurements and
multiple-breath inert gas washout technique. Standard spi-
rometry continues to be the mainstay in the clinical assess-
ment of lung function of school-aged children and adults. The
technique is well known and easily performed, and standards
of performance and interpretation have been documented.37

However, the effort and skill required to accurately perform
spirometry often precludes its utility in preschool children.
This may help explain the lack of studies reported in the
literature for this age group.38–41 Compared with standard
spirometry in the preschool population, IOS, which requires
only passive cooperation, has been validated by published
standards of performance, interpretation, and reference val-
ues, and hence is an excellent alternative.13,14 Furthermore, in
a study comparing 4-year-old children with a clinical history
of asthma with children without asthma, IOS detected signif-
icant post-bronchodilator responses in areas of resistance and
nearly significant in reactance within the asthmatic group.
This distinction was not detected using conventional spirom-
etry.3 Follow-up from this study in children with mild to
moderate asthma revealed that AX showed continued long-
term improvement from daily use of anti-inflammatory treat-
ment with inhaled corticosteroids that was not detected by
spirometry.42

Body plethysmography has been successfully employed
to determine specific airway resistance in preschool chil-
dren with asthma,35 assess the efficacy of therapeutic in-
tervention,43,44 determine response to bronchodilators,45

follow bronchial challenge,46 and evaluate lung dysfunc-
tion in individuals with cystic fibrosis.47 During measure-
ments, the child is seated inside a sealed cabin and
breathes through a pneumotachograph, using a mouthpiece
or a facemask and nose clips. Flow in the pulmonary
airways and pressure variations in the sealed box are

simultaneously determined by a flow and pressure trans- i
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ucer. Similar to IOS, body plethysmography is noninva-
ive, entails passive cooperation by the subject, and is
onducted during spontaneous tidal breathing. However,
lethysmography may be difficult for some subjects, be-
ause it entails sitting in a sealed cabin during testing. The
ize and importable nature of the equipment also limits its
tility in many clinical settings.
The interrupter technique generates during transient (�100
illisecond) interruptions of airflow at the mouth, during
hich alveolar pressure equilibrates with mouth pressure.
ynamic changes in mouth pressure after an interruption
uring spontaneous breathing are measured and provide in-
ormation regarding airway resistance and the viscoelastic
nd stress adaptation properties of the respiratory system.8 It
s also noninvasive, may be conducted during spontaneous
idal breathing, and requires only passive cooperation by
he subject, thus making it a valuable technique to deter-
ine lung function.48 Similar to IOS, the patient sits up-

ight, supports their cheeks, wears a nose clip, and breathes
hrough a mouthpiece or facemask during measurements.
he facemask is connected to a flow meter and a pressure

ransducer, which determine airflow and pressure varia-
ions, respectively. Studies have shown IOS to be more
ensitive in determining airway caliber in asthmatic chil-
ren who underwent bronchodilator therapy49 and metha-
holine challenge testing.50

LINICAL SCENARIOS
mpulse oscillometry may provide objective information that
s beneficial to patient care in cases in which spirometry was
ither normal or could not be performed. Figure 4 outlines
everal instructive cases of children that were evaluated in the
ational Institutes of Health Pediatric Allergy Clinic. Panel
shows the impedance curves from a 3-year-old white boy

ith a history of food-induced systemic reactions and skin
est positivity to wheat, egg, peanuts, and tree nuts; and who
uffered from chronic atopic dermatitis. He presented for
valuation with a clinical diagnosis of asthma based on re-
urrent cough and wheezing and was well maintained with
aily inhaled corticosteroids. The patient was too young to
orrectly perform the maneuvers for spirometry, but IOS was
asily executed and reproducibly showed reversible obstruc-
ion (�R5: �27%, �AX: �57%) that could thereafter be
bjectively followed. Panel B shows the pulmonary function
esting in an 8-year-old boy with a history of nocturnal cough,
hinorrhea, nasal congestion, conjunctivitis, intermittent “dif-
iculty breathing,” and wheezing. He was on oral antihista-
ines, a leukotriene inhibitor, and daily short-acting �2 ago-

ists. Lung studies revealed normal spirometry based on
merican Thoracic Society guidelines (�FEV1: 3%). Impulse
scillometry, however, showed significant reversible obstruc-
ion (�R5: �27%, �AX: �81%). Based on the IOS results,
e was placed on daily-inhaled corticosteroids; and upon
ubsequent evaluation, he had full resolution of symptoms
nd normalization of IOS parameters. The impedance curve

n Panel C was generated from a 16-year-old adolescent boy

ANNALS OF ALLERGY, ASTHMA & IMMUNOLOGY
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with a history of recurrent pneumothoraces and chronic re-
spiratory symptoms; several occurred spontaneously and the
others with physical exertion. There was serious concern
that the increase in intrathoracic pressure required for
spirometry testing could trigger a pneumothorax, and thus
this type of testing was excluded from his evaluation. He
was able to perform IOS on repeated clinic visits without
incident. The representative impedance curve was normal,
without significant reversibility.

CONCLUSIONS
Impulse oscillometry is a noninvasive, rapid, safe and
validated technique that measures respiratory impedance

Figure 4. Clinical scenarios highlight utility of IOS. A, Three-year-old b
IOS indicates significant reversible obstruction. B, Eight-year-old boy w
spirometry but abnormal findings consistent with clinical presentation show
unable to perform spirometry. Impulse oscillometry performed without even
that is used as an indicator of lung function. It requires l

VOLUME 106, MARCH, 2011
inimal cooperation from the subject and is therefore of
reat utility in preschool children, as well as in older
hildren and adults. IOS may be used to diagnose, evalu-
te, and determine treatment response in those with asthma
r other pulmonary disease states, with an accuracy and
eproducibility comparable to spirometry and other lung
unction tests. IOS is similarly used in research endeavors,
n part because it is objective and reproducible, although
tandardization for challenge testing has not been clearly
stablished. IOS provides objective measurements of pa-
ient performance, whereas spirometry requires subjective
udgments of patient effort and cooperation. Thus, impulse
scillometry is an excellent choice for the evaluation of

food allergy, eczema, and chest symptoms; unable to perform spirometry.
gic rhinoconjunctivitis, dyspnea, and wheezing on examination. Normal
IOS. C, Sixteen-year-old male adolescent with recurrent pneumothoraces
ing normal lung function.
oy with
ith aller
n from
ung disease in children.
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