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REVIEW

Input oscillometry and the forced oscillation technique for assessing
lung function in preschool children with asthma
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ABSTRACT

Preschool children with asthma present a challenge in lung function testing, as
they cannot readily cooperate with spirometry. The forced oscillation technique
(FOT) measures passive pressures and flows delivered by a loudspeaker to a
facemask, at frequencies much higher than those occurring physiologically.
This in turn allows for rapid collection of data from a spontaneously breathing
child in a timespan of seconds. However, at very rapid oscillatory flow rates,
the mechanical properties opposing flows into and out of the respiratory system
(collectively termed the respiratory system impedance, and comprised of elastic,
resistive and inertial components) are very different from at normal breathing
frequencies, with elastic properties being less important and inertial properties
being more important. An understanding of how the respiratory system behaves
at high frequencies is essential to understanding the physiological basis of this
technique. This article presents a way to understand these oscillatory mechanics
of the respiratory system. It then describes studies of the FOT in normal
preschool children and in children with asthma. The technique can also measure
the separate contributions of the central and peripheral airways, as well as assess
for changes after bronchodilator administration. The FOT holds promise for the
objective measurement of lung function in children who are too young to reliably
perform spirometry.
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INTRODUCTION

Asthma is increasingly prevalent in children in the United
States, China, and internationally, and most often has its roots
in early childhood. In the US, half of all children wheeze by
the age of 3 years, and nearly half of these will be diagnosed
with asthma by the age of 6 years.' Despite the importance
of better understanding this window of asthma evolution in
children between the ages of 3 and 6 years, there have not
been extensive tests of lung function in this age range. This
is because accurate performance of spirometry, the most
commonly employed lung function test, is highly effort
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dependent. Preschool children present a particular challenge
in lung function testing, as they cannot readily cooperate
with sustained forced expiratory maneuvers. Mayer et al’
showed that only about 60% of 3-year-old children, 75% of
4-year olds and 85% of 5-year olds are able to successfully
complete spirometry. This makes it difficult to objectively
assess asthma control in the preschool age child. The
forced oscillation technique (FOT) measures pressures and
flow rates at frequencies much higher than those occurring
physiologically, measured in cycles per second rather than
breaths per minute. This allows rapid collection of large
amounts of data in a matter of seconds, on a spontaneously
breathing child breathing at normal breathing frequencies, by
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superimposing a rapidly oscillating pressure and flow signal.
Because of this, interest has been developed recently in using
FOT to assess lung function in preschool children with
asthma.

At very high oscillatory flow rates, the relevant mechanical
properties of the lung are very different from those at
physiologic respiratory rates. In this article we shall
review the physics of lung mechanics at high frequencies,
and how this can be applied to the measurement of lung
function in preschool children. In order to understand the
mechanical properties that the forced oscillation technique
measures, it is first necessary to review some principles
of respiratory system oscillation mechanics. We will then
review some representative clinical studies of oscillation
mechanics in preschool children with asthma.

OSCILLATION MECHANICS

Oscillation mechanics theory has been thoroughly
reviewed by Fredberg and Peslin.’ The major impediments
to lung and respiratory system expansion are their elastic
properties (related to volume change), resistive properties
(related to flow rate, i.e. the first derivative of volume
with respect to time) and inertive properties (related to
acceleration of gas flow and lung/chest wall, i.c., the
second derivative of volume with respect to time). The
pressure necessary to expand the lung is given by the
Equation of Motion:

P=ExV+RxV'+IxV”

Where

P is pressure

E is elastance, or stiffness (the reciprocal of C,
compliance)

R is resistance

I is inertance (or mass)

V is volume

V’is dV/dt, or flow, and

V>’ is dV’/dt, or acceleration

The total pressure cost of flow, AP/AV’ is termed the
impedance, Z, and has elastic, resistive and inertive
components. These components are frequency
dependent, I and E to a greater extend, and R to a lesser
extent (Figure 1).

As frequency increases, the impedance due to the inertive
elements goes up because of the increasing acceleration
and deceleration of gas, lung and chest wall masses.
Conversely, as frequency increases, the impedance due
to the elastic elements of the lung decreases because for
a given minute ventilation, as frequency increases tidal
volume decreases. Total impedance is comprised of the
resistive, inertive and elastic impedances. Impedance is
minimum at the “resonant frequency,” fo, that frequency
at which inertive and elastic impedance are equal.
Increases in inertance lower the resonant frequency, while

Impedance is frequency dependent
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FIGURE 1 Dependence of total impedance (Z) on oscillatory
frequency, and the contributions of elastic impedance, ZE, and inertive
impedance, ZI. fo = resonant frequency

increases in elastance (decreases in compliance) increase
the resonant frequency (Figure 2), which also shows the
equation by which the resonant frequency is calculated.

Impedance is frequency dependent
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FIGURE 2 Effect of increases in elastic impedance, ZE, and inertive
impedance, ZI, on the resonant frequency, fo.

At the resonant frequency, the inertive and elastic
components cancel each other out because of their
pressure phase relationships (Figure 3). Pressure and flow
swings in a resistive element are in phase with each other.
Pressure swings in an inertive element are 180 degrees out
of phase with the pressure swings in an elastic element.
This is because as flow enters an elastic element, a back
pressure develops as a consequence. However, pressure
is necessary to produce flow into an inertive element.
Thus, during oscillatory flow, the pressure swings precede
the flow swings by 90 degrees in the inertive element,
but follow the flow swings by 90 degrees in the elastic
element. When these impedances are of equal importance
(at the resonant frequency), because the pressure swings
in these two elements are 180 degrees out of phase, they
cancel each other out and the impedance is at a minimum.

Another way to look at this is that oscillatory pressure
through the elastic and inertive elements can be subtracted
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Phase relationships:

Pressure in an inertial element is 180° out of phase with pressure in an elastic element
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FIGURE 3 Phase relationships in inertive and elastic elements: Inertial pressure leads flow by 90 degrees (solid ball on left represents a mass); elastic
pressure lags flow by 90 degrees (expanding balloon on right represents an elastic element). Thus inertive and elastic pressures are 180 degrees out of
phase, and cancel each other out when they are equal in magnitude (at the resonant frequency).

arithmetically, since they are 180 degrees out of phase
with each other; these two terms comprise the “reactance”,
X (Figure 4). Because the pressure in the reactance element is
out of phase with the pressure in the resistive element by 90
degrees, they cannot be added arithmetically, but as a vector,
to give the total impedance, Z, which has both magnitude and
phase.

Xi

Xc

FIGURE 4 Planar representation of phase relationships between
resistive (R), elastic/compliant (Xc) and inertive pressures (Xi). The
arithmetic sum of elastic and inertive pressure at any given moment is
termed the “reactance,” X. X is 90 degrees out of phase with R. The total
impedance, Z, is the vector sum of the reactance and resistance, and has
both a magnitude and a phase angle.

A more accurate way to redraw Figure 1, in order to
take into account both the magnitude and the phase
relationships described in Figures 3 and 4, is shown in
Figure 5. In Figure 5, which graphs reactance as a function
of frequency, the inertive impedance and elastic impedance

have opposite signs reflecting that their pressure swings
are opposite in phase (Figure 3). They are seen to be equal
and opposite at the resonant frequency. Further, elastic
impedance is seen to dominate at low frequencies, while
inertive impedance dominates at high frequencies.

Differences in respiratory system inertance and compliance
between infants, children and adults (higher compliance
and inertance in adults) explain the lower resonant
frequencies in larger humans (see equation, Figure 2).
Resonant frequency is approximately proportional to body
mass to the (-)1/3 power.”

Impedance accounting for phase relations
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FIGURE 5 Reactance as a function of frequency, taking into account
both the magnitude and phase of the inertive and elastic components.
The resonant frequency, fo, occurs at the frequency at which inertive and
elastic pressures are equal and opposite, cancelling each other out.
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FIGURE 6
(Reprinted with permission from Ref.7 Oostveen 2003).

MEASUREMENT OF LUNG MECHANICS
BY INPUT OSCILLOMETRY

During input oscillometry, a facemask is attached to the
patient’s mouth and nose and low-pressure high frequency
flow oscillations are introduced at the airway opening

(Figure 6).

Standards for the performance of input oscillometry in
children have recently been described.”” By measuring
the impedance, Z, of the respiratory system, inferences
can be made about the elastic properties, the resistive
properties and the inertive properties of the system,
as described under Oscillation mechanics, above.
Patients with asthma have characteristic changes in
their impedance/frequency profiles, including increased
reactance at low frequencies, indicative of increased
dynamic elastance compatible with small airway disease
and bronchospasm. Low frequency oscillations penetrate
more deeply into the lung, since the time constants
of the smallest airways and alveoli are comparable to
these lower frequencies. At higher frequencies, the
relatively long time constants prevent the small airways
from oscillating in response to pressure oscillations.
Thus measurements below the resonant frequency can
be thought of as reflecting properties of the peripheral
airways, whereas measurements above the resonant
frequency are more reflective of properties of the
central airways. In addition, the “low frequency
reactance area,” that area bounded by the triangle
formed by the impedance curve, the y axis and the x
axis below the resonant frequency has been proposed
as another way of describing peripheral airway
function (Figure 7).

I

Bias flow

Apparatus for the measurement of forced oscillatory impedance. V’= flow; Pao = pressure measured at the airway opening (mouth).
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FIGURE 7 Impedance, Zrs, in a healthy child showing both the

resistive component (top) and the reactance component (bottom) before
(closed circles) and after (open circles) bronchodilator administration.
Compare to Fig. 5. After bronchodilator administration, the resonant
frequency falls, and the low frequency reactance area (red triangle) decreases
(orange triangle). (Modified with permission from Ref.5 Beydon 2007)

When elastance is high, the resonance frequency is shifted
upward. After bronchodilators in normal subjects, the
resistance and elastance decreases, the resonant frequency
shifts downward® and the low frequency reactance area
becomes smaller (red triangle > orange triangle Figure 7).

These responses are exaggerated in subjects with asthma.®
There are numerous studies of impedance and bronchodilator
responsiveness assessed by the FOT in preschool children
with asthma, and a detailed summary of all of them is beyond
the scope of this article. However, a summary of some
representative studies describing oscillation mechanics in
normal children and children with asthma follows.
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CLINICAL STUDIES OF OSCILLATION
MECHANICS IN NORMAL PRESCHOOL
CHILDREN

Changes in oscillation mechanics with growth have
been reviewed. With increasing age and height, airways
grow in size, airway and lung resistance decrease
(Figure 8).
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FIGURE 8 Changes in respiratory system oscillatory resistance (Rrs)
with growth (Studies summarized in and reprinted with permission from
Ref.7 Oostveen 2003)

Increasing lung compliance (decreased elastance) with
growth translates into a less negative reactance at low
frequencies below resonance, e.g., X5 (refer to Figure
5).” Resonance frequency also decreases with growth,
corresponding to a decrease in respiratory system elastance.
Separate working groups of the American Thoracic Society
and the European Respiratory Society have each published
detailed recommendations for the technical performance of
FOT in children, and for the interpretation of results,™” as well
as summarized reference values.

OSCILLATION MECHANICS IN CHILDREN

Several studies have shown no difference between
impedance characteristics of children with asthma when
well and normal controls.'”'* These results are not
surprising, as children with reversible airflow obstruction
would be expected to have relatively normal lung function
when well. On the other hand, impedance measurements such
as Rrs, resonance frequency, and the low frequency reactance
area seem highly sensitive to changes after bronchodilator
administration in both normal children and asthmatics.””'*"
Criteria for reversibility that have been proposed include a
change in Rrs of >1-2 intra-subject standard deviations, >2—-4
intrasubject coefficients of variation,”"® or a percent change
from baseline of 20%-40%.>"

The magnitude of bronchodilator response may'"'* or,

surprisingly, may not'”'*" differ between asthmatics
and controls. Hellinckx reported an average decreases in
RrsS of 12% after bronchodilator administration in both
asthmatics and controls.'”” It is unclear why FOT fails,
in some studies, to show differences in airway reactivity
between asthmatics and controls, as this is a hallmark of
asthma in most spirometric studies of asthma in adults. It
may be a distinguishing characteristic that only appears
with increasing age or the full emergence of asthma as a
distinct phenotype.

However, other studies have found differences in
bronchodilator responsiveness between asthmatics and
controls. The sensitivity and specificity of bronchodilator
responsiveness in distinguishing between children with
and without asthma has been reported to be between 75%-
85% and 60%-65%, respectively.'”"®

Another distinguishing characteristic between asthmatic
and non-asthmatic children may be variability of resistance
throughout the respiratory cycle. A novel 3-dimensional
descriptive display of reactance and resistance has
been described that allows visualization of changes in
resistance between inspiration and expiration; in children
with asthma there is an exaggerated increase in resistance
during expiration which may be related to dynamic airway
collapse (Figure 9)."

WITH ASTHMA
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Asthma Non-asthma Respiratory resistance(cmH20/L/S)
Inspiratory Expiratory  Inspiratory Expiratory
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FIGURE 9 Changes in oscillatory respiratory system resistance during the breathing cycle in two boys, with and without asthma. (Reprinted with

permission from Ref.19 Murakami 2014)
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In one study, measurement of oscillation mechanics was
able to distinguish between 4-year-old children with
different wheezing phenotypes;'* children with persistent
wheeze had greater respiratory system resistance and low
frequency reactance area when better than children with
transient wheeze, who in turn had greater resistance than
children who never wheezed ( Figure 10)."
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FIGURE 10 Respiratory system resistance (a) and reactance (b) in
non-wheezing children (squares), children with early transient wheeze
(closed circles) and children with persistent wheezing (open circles).
(Reprinted with permission from Ref.14 Oostveen 2010)

After bronchodilators, all children’s resistance reduced to
similar levels, i.e., the bronchodilator response was greater
in the persistent and transient wheezers than in the normal
controls.

Children with asthma who have abnormal impedance
measurements have higher risk of developing poor asthma
control.”” In addition, Robinson has shown that high
between-test variability of impedance measurements can
be a marker of both asthma severity and poor control.”

Few studies have evaluated the utility of FOT in assessing
lung function in the emergency department during asthma
exacerbations. Ducharme and Davis showed that FOT
was easier to obtain than spirometry in asthmatic children
cared for in the ED, especially preschoolers, and that
measures of resistance by FOT correlated well with other
measures of asthma severity such as respiratory and heart
rates. They also found that changes in resistance following
treatment correlated with clinical improvement and
suggested a change of resistance at of >19% as indicative

. 16
of improvement.

CONCLUSIONS

The forced oscillation technique, by virtue of its ability to
rapidly accumulate physiological data at many cycles per
second, and without forced expiratory effort on the part of
the subject, is able to measure lung function in very short
bursts of time, which is ideally suited to the attention span
of 3-5 years old children. An understanding of principles
of how the respiratory system behaves at high frequency
(oscillation mechanics) is crucial to the interpretation
of such studies at baseline and after bronchodilator
administration in both the healthy and asthmatic states.
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