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Abstract

Background: Currently available commercial oscillometers, like the tremoFlo® C-100, can only be used in
adults and children aged at least two years old. However, no devices exist for infants. The tremoFlo® C-
100 was modified to enable its use in infants, leading to the development of the tremoFlo® N-100 Airwave
Oscillometry System™.

Aims: 1. To validate the new tremoFlo® N-100 by comparing its spectral measurements of respiratory
impedance (Zs), specifically resistance (Rrs) and reactance (Xs), with those of the current gold standard
OSC device for infants, the Wave-tube Oscillometer. 2. To identify physiologically meaningful intra-breath
patterns of respiratory mechanics by analyzing Zsat 16 Hz.

Methods: A total of 27 healthy, term (> 37 weeks) infants, with no neonatal or respiratory issues were
enrolled. Internal validation of the tremoFlo® N-100 involved 14 infants (9 females, 5 males), while external
validation with the wave-tube involved 13 infants (7 females, 6 males). R and X5 (at 7, 13, 19, 29 and 37
Hz), frequency dependence of R (R7-10 and Rz.29), resonant frequency (fres) and reactance area below fies
(AX) were averaged from at least three 10-30s, artefact-free segments from both devices. They were
compared using intraclass correlation coefficient (ICC) and Bland-Altman Limits of Agreement. Intra-
breath analysis was conducted on data at 16 Hz.

Results: The first part of the study showed that the more regular breathing pattern during sleep improved
coherence (COH), while adding a bias flow improved coefficient of variation (CV) by flushing equipment
dead space. There was no correlation between impedance and height, weight or sex. In the second part of
the study, the measurement duration was extended, which proved more practical and accurate. Reasons for
data exclusion included inadequate sleep state (3), testing with one device (2) and testing in stroller (2).
Spectral impedance data were all within the reproducibility threshold. Sufficient spectral data measured by
each device for 4 infants were analyzed with ICC and Bland-Altman Limits of Agreement. Sufficient intra-
breath data from both devices were collected and compared from 1 infant. Due to the small sample size,
results should be cautiously interpreted. Reliability based on ICC showed X37 had excellent reliability,
while X19, X29, R7-19 and AX had modest reliability. Bland-Altman plots revealed an outlier but indicated
close agreement.

Discussion: Based on reproducibility measures of COH and CV calculated by the internal tremoFlo®
software, testing sleeping infants using a bias flow resulted in optimal data collection. The ideal testing

position was one in which the infant was horizontal and avoided neck flexion.



The small sample size of inter-device comparison highlights the importance of a favourable environment
conducive to testing infants, free of time constraints, as well as a dedicated, consistent team of more than
one person.

When compared with the wave-tube, both spectral and intra-breath recordings of the N-100 systematically
underestimated resistance, but adequately measured reactance. Potential solutions include refitting the gain
and zero offset errors of the N-100’s sensors using a stable flow bench system, correcting for mask
impedance and modifying the resistance component of the three-point model. In contrast to ICC, Bland-
Altman showed AX as having the largest measurement error.

Resistance at all frequencies using the N-100 was higher than the modified C-100. Using higher calibration
test loads and oscillations with higher amplitudes may have enhanced accuracy. Reactance at all frequencies
using the N-100 was less negative than the modified C-100, which may be due to the difference in study
population age.

Conclusion: With some modification and further validation, the tremoFlo® N-100 is poised to serve as the

standard device for infant oscillometry research studies and eventually routine clinical use.



Résumé

Contexte : Contexte : Les oscillométres commerciaux comme le tremoFlo® C-100 sont indiqués pour les
adultes et les enfants de deux ans ou plus - aucun appareil n'existe pour les nourrissons. Le tremoFlo® C-
100 a été modifié pour permettre son utilisation chez ces derniers, ce qui a mené au développement du
tremoFlo® N-100 Airwave Oscillometry System™.

Objectifs : 1. Valider le systeme tremoFlo® N-100 en comparant ses mesures spectrales d'impédance
respiratoire (Zs) (de résistance (Rys) et de réactance (Xis)) avec celles du dispositif OSC de référence actuelle
pour les nourrissons, l'oscillométre Wave-tube. 2. Identifier les modeles intra-respiration
physiologiquement significatifs de la mécanique respiratoire en analysant Z,s a 16 Hz.

Méthodes : Un total de 27 nourrissons a terme en bonne santé, sans détresse néonatale ni problémes
respiratoires ont été inclus. La validation interne du tremoFlo® N-100 a impliqué 14 nourrissons (9 F, 5 H),
tandis que la validation externe avec le tube a ondes a impliqué 13 nourrissons (7 F, 6 H). Ris et X5 (2 7,
13, 19, 29 et 37 Hz), la dépendance en fréquence de Ris (R7-19 et R7-29), la fréquence de résonance (fies)
et la zone de réactance sous fres (AX) ont été moyennées a partir de au moins trois segments de 10 a 30 s
sans artéfact des deux appareils. 1ls ont été comparés a l'aide du coefficient de corrélation intraclasse (ICC)
et des limites d'accord de Bland-Altman. L'analyse intrarespiration a été réalisée sur des données a 16 Hz.
Résultats : Un schéma respiratoire plus régulier pendant le sommeil a amélioré la cohérence, tandis que
I'ajout d'un flux de biais a amélioré le coefficient de variation. Il n'y avait pas de corrélation entre
I'impédance et la taille, le poids ou le sexe. De plus, la durée de mesure a été prolongée, ce qui s'est avéré
plus pratique et plus précis. Les raisons de I'exclusion des données comprenaient un état de sommeil
inadéquat (3), des tests avec un seul appareil (2) et des tests dans une poussette (2). Des données spectrales
suffisantes mesurées par chaque appareil pour 4 nourrissons ont été analysées avec les limites d'accord ICC
et Bland-Altman. Des données suffisantes des deux appareils ont été recueillies et comparées a partir d'un
nourrisson. En raison de la petite taille de I'échantillon, les résultats doivent étre interprétés avec prudence.
Le ICC a montré que X37 avait une excellente fiabilité, tandis que X19, X29, R7-19 et AX avaient une
fiabilité modeste. Les tracés de Bland-Altman ont révélé une valeur aberrante mais ont indiqué un accord
étroit.

Discussion : Le test des nourrissons a l'aide d'un flux biaisé a abouti a une collecte de données optimale.
La position idéale était celle dans laquelle le nourrisson était horizontal et évitait la flexion du cou.

La petite taille de I'échantillon de comparaison met en évidence l'importance d'un environnement favorable

pour le dépistage des nourrissons, sans contraintes de temps, ainsi qu'une équipe dédiée et cohérente.

Vi



Par rapport au tube a ondes, les enregistrements du N-100 ont systématiquement sous-estimé la résistance,
mais ont mesuré adéquatement la réactance. Les solutions potentielles incluent le réajustement des erreurs
de gain et de décalage zéro des capteurs du N-100 a l'aide d'un systeme de banc d'écoulement stable, la
correction de lI'impédance du masque et la modification de la composante de résistance du modele a trois
points. Contrairement a ICC, Bland-Altman a montré que AX avait la plus grande erreur de mesure.

La résistance du N-100 était plus élevée que le C-100 modifié. La réactance en utilisant le N-100 était moins
négative que le C-100 modifié, ce qui peut étre dd a la différence d'age de la population étudiée.
Conclusion : Avec quelques modifications et une validation supplémentaire, le tremoFlo® N-100 est sur le
point de servir dappareil standard pour les études de recherche sur [l'oscillométrie infantile et

éventuellement pour une utilisation clinique routine.

vii
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Chapter 1: Introduction

The physiological function of the respiratory system is to supply oxygen to tissues for
cellular metabolism and expel carbon dioxide produced by tissues as metabolic waste. This chapter
starts with a brief overview of the respiratory system, specifically the anatomical and functional
divisions of the system, the sequence of events during one breathing cycle and the unique breathing
mechanics of infants. The next section outlines three mechanical models used to study the lung: the
linear single-compartment, viscoelastic tissue and constant-phase tissue models. Finally, the
principles and parameters of oscillometry (OSC) are described, followed by a focus on the current
gold standard OSC device, the Wave-tube Oscillometer, and the device to be validated, the
tremoFlo® N-100 Airwave Oscillometry System™ (AOS).

1.1 The Respiratory System

The respiratory system is structurally organized into the upper and lower respiratory tract. The
upper airways consist of the nose, mouth, nasal and oral cavities, pharynx and larynx, while the lower
airways consist of the trachea, bronchi and bronchial tree. The lower respiratory tract is made up of 23
generations of branching airways. Based on function, the first 16 generations are classified as the
conducting zone, since no gas exchange occurs. This anatomic dead space includes the trachea, bronchi,
bronchioles and terminal bronchioles. Thereafter is the respiratory zone, where gas exchange occurs, made
up of respiratory bronchioles and alveolar ducts and sacs™.

Central, or proximal, airways are those larger than 2 mm and reside in the conducting zone. Small,
or peripheral, airways of less than 2 mm diameter are thought to occur around the eighth generation and
span both the conducting and respiratory zones?. As the airways extend distally into the lungs, the individual
diameter of each airway decreases, while the total cross-sectional area increases causing a decrease in total
resistance®. The resistance of peripheral airways is so much smaller than that of central airways that changes
in resistance are difficult to detect. Thus, they are collectively known as the ‘silent zone’!. Intrathoracic
airways embedded within lung parenchyma are tethered by radial forces exerted by parenchymal tissues to
keep them open at high lung volumes, decreasing resistance during lung inflation. At low lung volumes,

the loss of tethering causes airway closure during lung deflation®2.

1.1.1 Respiratory Physiology
During the breathing cycle, the force of muscle contraction is translated into the pressure
changes that drive airflow. It becomes evident when pressure, flow and volume are plotted against

time for a single spontaneous breath (Fig. 1%).
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Figure 1. Pressure, flow and volume over P P (Per) a

time for one breathing cycle in a healthy elastic recoil of the lung only. The solid lines reflect the dynamic
adult state in which Pp is required to overcome the elastic recoil of
the lung (Per) and lung tissue resistance (Pr)*.

Normal expiration is passive because the elastic energy stored during inspiration dissipates to
overcome expiratory frictional resistance. The muscles relax and the lungs deflate due to inward elastic
recoil. Thoracic volume decreases, causing Pay to rise above Pam. This pressure gradient then drives air to
leave the lungs. Py also rises (or becomes less negative) until it reaches a slightly negative resting value?.
1.1.2 Respiratory Mechanics

The mechanics of breathing refers to the way in which the respiratory system moves air in and out
of the lungs. The force of respiratory muscle contraction generates the pressure changes that drive air into
the lungs. The diaphragm is the primary respiratory muscle, in addition to accessory muscles, like the
intercostal and abdominal wall muscles. To move air into the lungs, it must overcome the mechanical forces
of a) elastic recoil of lung, chest wall and abdominal tissue (proportional to volume), b) friction during
airflow in the respiratory system (proportional to the rate of airflow) and c) inertia of the respiratory system
(proportional to volume acceleration)®. Thus, the pressure exerted on the respiratory system (Pr) is a

function of changes in volume (V), flow (V') and volume acceleration (V”’) expressed as:
Bs= i)+ V) + f2(V") 1)
When the respiratory system acts in a linear fashion over a specific range of V, V' and V”’, Equation
1 can be rewritten as the linear equation of motion:

Py = (V—=V0)/Crs + RysV' + LsV" (2)



Cis is respiratory compliance, which describes the respiratory system’s elastic property, Rys iS
respiratory resistance, describing the system’s frictional property and Irs is respiratory inertance, which
describes the respiratory system’s inertial property. Vo is the volume at which elastic recoil pressure is
zero®,

In quiet breathing, the lung deflates during expiration due to its inward elastic recoil (E), which is
the reciprocal of Cys. As seen in Equation 2, Cs is the relationship between volume and pressure, equivalent

to the slope of a pressure-volume (PV) curve:

1 AV
Crs = E = P_rs (3)

Structures with low compliance require larger pressure gradients for a given increase in volume, while those

with high compliance require smaller pressure gradients for the same increase in volume.

Respiratory resistance expresses the relationship between driving pressure and flow:

PTS
Ry = v (4)

Structures with high resistance require larger pressure gradients for a given rate of airflow, while those with
low resistance require smaller pressure gradients for the same rate of airflow.

Inertia refers to the tendency of structures at rest to remain at rest unless acted upon by an external
force. Static air and tissues within the respiratory system need to be overcome by a pressure gradient to
initiate acceleration.

Air is driven into each component of the respiratory system by different pressure gradients. In the
airways, it is the difference between Py and Pam. The driving pressure for lung tissue, known as
transpulmonary pressure (PL), is the pressure difference between Py and Pay. The driving pressure for the
chest wall, known as transthoracic pressure (Pcw), is the pressure difference between Pam and Ppi®. Although
traditionally, the term transpulmonary pressure (P.) referred to the pressure difference across both, airways
and lungs, the commonly used current definition referring to the pressure difference across the lungs only

is used here.

1.1.3 Respiratory Physiology & Mechanics in Infants versus Adults

The differences in infant respiratory physiology compared with adults and their impact on
respiratory mechanics are summarized in Table 1 at the end of this section?, while those relevant to
oscillometry are described below.

Respiratory compliance (Cys) consists of lung (C.) and chest wall (Ccw) compliance. In adults, the
lungs and chest wall contribute equally to total compliance. However, infants have a Ccwthat is four to five
times higher than their Cy, as their cartilaginous ribs render the chest wall floppy®. Because the lung and

chest wall work in tandem, they are summed in parallel:

1 1 1 1 1 1
Crs Cr Cew Cy, 5CL, 6Cy,



Equation 5 shows that 83% of Cys consists of C, while Ccw can be assumed to be negligible in infants®,
conferring a practical advantage since C, is relatively easier to measure than Ccw®. In a young healthy
newborn, a typical C. measures 1.5 to 2.0 mL/cm H,O/kg’. As an infant grows, the mass of elastic tissue in
the lung increases, thereby increasing C.’, while Ccw decreases as the ribs ossify*.

Compared to adults, infants have a much higher metabolic rate that requires higher minute
ventilation (Vg = RR X V)8 Ve can be increased by increasing respiratory rate (RR) or tidal volume (V).
To increase Vr, a more negative Py needs to be generated, so the diaphragm contracts to increase trans-
diaphragmatic pressure (Pqi) and abdominal pressure (Pana)®. This causes the abdomen and lower rib cage
to expand. However, the highly compliant chest wall collapses under the large negative Py, resulting in
paradoxical inward movement of the upper rib cage, which sets a functional limit to the maximum Vr
possible®. Since the highly compliant chest wall prevents infants from increasing Vr, they opt to breathe at
a higher respiratory rate, instead, to meet their metabolic demands®. Normally, the intercostal muscles
compensate for the paradoxical movement, but they are inefficient in infants because their ribs are aligned
more horizontally, ultimately wasting the energy from diaphragm contraction on the chest wall distortion®.

In adults, resting lung volume or functional residual capacity (FRC) is determined by the static
balance between the inward elastic recoil pressure of the lung and the outward elastic recoil pressure of the
chest wall. In infants, this equilibrium point is lower*°. Low FRC results in decreased O, reserves in the
lungs at end-expiration, leading to rapid O desaturation. Moreover, the lower C. relative to Ccw, causes
the closing volume to be greater than FRC in infants, such that the small airways are at risk of collapse
during normal tidal breathing*®. Infants overcome this using an adaptive mechanism that actively increases
and maintains a dynamically elevated FRC, also known as dynamic hyperinflation. Generally,
hyperinflation is favoured by increasing V+, shortening expiratory time (T¢) and prolonging the time
constant to empty the respiratory system (trs = R x C)*8°, The high infant respiratory rate shortens T. relative
to 115, maintaining the elevated FRC. Prolonging t:s causes the next inspiration to begin before the previous
expiration is complete, thereby increasing FRC. This is achieved by activating the diaphragm and
intercostals after inspiration to delay passive recoil of the lungs and chest wall, as well as adducting the
vocal cords during expiration to increase airway resistance, known as expiratory braking*8°.

Respiratory resistance consists of non-elastic properties of the system, specifically frictional
resistance to airflow in airways (Raw), frictional resistance of moving tissues in the lungs (Ri) and chest
wall (Ricw) and inertial forces (Ri). In a spontaneously breathing adult, overall R consists of about 80%
Raw, 19% R;, with equal contributions from the lungs and chest wall, and 1% resistance due to inertia
(considered negligible in tidal breathing and the linear model of the respiratory system)’.

Poiseuille’s Law states that the pressure (AP) required to achieve a specific flowrate (V’) of a gas

with 1 viscosity through a rigid, smooth cylindrical tube of length L and radius r can be calculated using:
4
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r# (6)

When airflow is laminar and airways act like rigid, smooth cylindrical tubes, Ray can be calculated

AP =

according to this Law based on the pressure drop from one end of a tube to the other that drives a specific

flowrate. Thus, the above equation expressed in terms of resistance, like in Equation 4, is:

AP 8nL
Rawz_zi (7)

v mrt

The driving pressure used for AP in this case would be the pressure difference between Pay and
Pam. Evident in Equation 7 is the significant role of radius in determining resistance. The airway lumen of
a newborn is about half of that of an adult, making infant R,y 16 times higher than an adult (20 to 40 cm
H,O/L/s vs. 1 to 2 cm H,O/L/s, respectively)’. Consequently, even a small obstruction in an infant’s airway
leads to an exponential increase in resistance to airflow. Moreover, Equation 7 assumes laminar flow, which
occurs in small airways. The larger the airway, the higher the velocity and turbulence of airflow. Airflow
also becomes turbulent in situations like when an infant cries, increasing Raw 32-fold?°.

To calculate Ry, the driving pressure used for AP is the pressure difference between Pp and Pay,
while Ricw uses the pressure difference between Pam and Pp. Thus far, the simple linear model has been
used to explain mechanics. However, when it comes to R, this model no longer holds, as it ignores the
time- or frequency-dependence of respiratory tissue, that is accounted for in the viscoelastic tissue model.

Table 1. Main differences between respiratory physiology of infants vs. adults

Difference in Infants Physiology/Mechanics

rapid O desaturation increased rate of O, consumption
smaller O, reserve relative to body size

increased risk of apneas immature respiratory control

increased airway resistance smaller airway size

increased risk of airway collapse due to increased
airway compliance

increased risk of losing FRC decreased lung compliance

closing pressure near or below FRC

active, dynamic FRC elevation

decreased efficiency of respiratory muscles fewer type | (slow endurance) muscle fibres
increased chest wall compliance

ribs aligned more horizontally

1.2 Mechanical Models of the Respiratory System

Different models have been proposed to illustrate how the mechanical properties of respiratory

structures perform their designated function.



1.2.1 Single-Compartment Linear Model
The simplest way to model the respiratory system is the single-compartment linear model. It can
be depicted as two telescoping canisters connected by a spring that is attached to their horizontal bars (Fig.

211, Air flows (V') through a column, representing airways, to encounter a constant frictional resistance

S| (Raw), before entering a compartment of volume, V, representing the
lung. Hooke’s Law states that the deformation of an elastic object

4 g (AV), like a spring or lung, is proportional to the pressure required to

produce that deformation (Pe). This proportionality is reflected in the

spring constant, k, of the spring, which represents the static elastance

‘ ..............
R of the lung. Thus, the pressure change (Pis) required for inflation,
"""""" AP resulting in the movement of the bars, is the sum of the pressures
1 D required to overcome static elastic force (Pe) of the lung and airway
e resistance (P;)*. This can be expressed using the linear equation of
Figure 2. Single-compartment motion from Equation 2 as:
linear model. AP = pressure to AV
overcome airway resistance (P;) Brs =Py + B = ——+ Ry V' (8)
rs

However, this model ignores the dynamic (time-dependent) properties of tissue resistance and
elastance, as well as inertial forces (Ry).
1.2.2 Viscoelastic Tissue Model

The viscoelastic model accounts for the dynamic properties of viscoelastic respiratory tissues by
adding a second spring (E,) in series with a dashpot (R,) (Fig. 3'?). Together, they act like a shock absorber
to slow down the motion of the second spring’s piston as it encounters the frictional element of the dashpot.
This modification allows the model to reflect the time-dependent element of tissue elastance (E>) via the
second spring and the viscous element of tissue resistance (Rz) via the dashpot!?2. High frequency

oscillations move the horizontal bars further apart and closer

Ii_l R? ] together in a rapid, rhythmic motion. This causes both springs to
E E1 undergo immediate compression-decompression, but the movement
_Eij of the piston through the dashpot takes longer to adjust to the abrupt
volume changes.
IRy

Physiologically, during high respiratory rates, tissues are not

Figure 3. Viscoelastic model. Ry given enough time to adapt to the quick stress-relaxation cycles and
frictional resistance to airflow through

airways (Raw), R2: frictional resistance  contribute a smaller proportion of R: to Ry, compared to Raw.
of moving respiratory tissue (R:); E1:
static lung elastance, E;: viscoelastic

lung elastance have yielded mixed results**-6, the current generally accepted value

Although attempts to quantify the contribution of each component



for Ry is 20% in humans'’. Part of the variability is due to the complex physiological mechanisms
that cause both airway and tissue resistance to depend on the frequency of ventilation, which this

model fails to capture®”.

1.2.3 Constant-Phase Tissue Model

The constant-phase model*® is able to distinguish between the frequency dependence of airway
resistance and that of viscoelastic tissue (Fig. 4**). Mechanical impedance (Zr) is a measure of the extent
to which a mechanical system, like the respiratory system, resists motion when subjected to mechanical

oscillations. It can be expressed as a function of frequency (f):

G—jH

ZT‘S(f) = Raw +]27Tf ’ Iaw + zn,fa (9)
_|7 Raw represents frictional resistance to airflow in airways, j is an
|| Constant-phase imaginary number (v —1), la, represents inertia of the air column within
tissye model ] . .
7] central airways, G stands for tissue damping that accounts for the
/

-/ _ viscous property of tissues contributing to resistance (R:), H represents
G: tissue resistance

+| H: tissue stiffness

|| function of G and H that is usually equal to slightly less than

the elastic or compliant property of tissues (Cis) and o is a complex

. . Onell,12,17,19
HNZ alrway resistance ’

Figure 4. Constant-phase model. The springs and dashpot are replaced by a constant-phase tissue

Ry = airway resistance (Raw) unit characterized by G, related to energy dissipation as heat when

respiratory tissues are oscillated, and H, related to energy storage as elastic energy*!. Accounting for the

frequency dependence of tissues confers the ability to somewhat quantify R; by showing how it decreases

G

27Tfa)”. This model elegantly partitions the airway parameters of Raw and law

as frequency increases (R; =

from tissue parameters, G and H?. It also provides a significantly improved model that fits decades of

oscillometry data®’.

1.3 Oscillometry

Pioneered by Dubois et al.?t, oscillometry (OSC; also known as forced oscillation
technique) provides information about lung mechanics by applying oscillations at the airway
opening or body surface. It was not widely used at the time, as it required specialized equipment
and difficult, time-consuming calculations to resolve respiratory impedance (Zs) from the pressure
(P) and flow (V’) signals®. With the advent of technology and faster digital processing of more
complex signals, its use has gained popularity. OSC is especially useful for measuring lung function
in infants because it is non-invasive and requires minimal subject cooperation, as testing can be

conducted during quiet breathing.



1.3.1 Principles of Oscillometry

Oscillometry (OSC) measures the amount of pressure generated by the respiratory system to move
a given volume of air into and out of the lung®®. This allows the direct assessment of key mechanical
parameters: Ry, Crs and l. Mechanical perturbations from an external source (a loudspeaker in Fig. 5%) are
superimposed onto spontaneous breathing over a short period of time, typically a minute or two. These low-
amplitude oscillatory flow waves are generated at a higher frequency than normal breathing frequency to
avoid interference. To measure input impedance (Zin), oscillatory changes in pressure (P) and flow (V')

signals are recorded at the airway opening by pressure

o tachograph transducers and a pneumotach, respectively.
piece A pneumotach contains an element of known
4} resistance, either a honeycomb arrangement of conduits
e %7 (Fleish-type) or a mesh screen (Lilly-type) to decrease
Pao loudspeaker  turbulence. As air flows over this resistance, instantaneous
breathing pressure is measured on either side using differential
Figure 5. A conventional oscillometry setup pressure transducers. The linear relationship between flow

and pressure in laminar flow can then be used to calculate flow based on the pressure drop across the

2~ D1

resistive element®: V' = 2 .

The subject breathes through the mouthpiece equipped with an antimicrobial filter. The recorded P
and V’ signals contain frequencies of both, normal breathing and the superimposed oscillations. The
breathing components are filtered out to leave behind only the oscillation component®. This waveform
contains the mechanical response of the respiratory system*®. Filtering signals also eliminates noise from
cardiogenic oscillations, which are small mechanical lung deformations caused by each heartbeat,
prominent at 1 to 4 Hz'°.

Recall that the equation of motion from Section 1.1.2 applies to the respiratory system when it acts
in a linear fashion. Assuming the lung is a linear dynamic system, for a given volume of air to enter the

lung, the pressure it needs to generate as a function of time is:

V(L)
CTS

P(t) = + RrsV,(t) + IrsV"(t) (2)

The mechanical input impedance (Zs) is expressed as the ratio of the Fourier transform of P(t) to
V’(t) in terms of frequency (f)*:

2.(H) =28 (10)

With V as the integral of V’ and V” as the derivative of V’24, the Fourier transform of Equation 2

givesth:
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Thus, Equation 11 shows that impedance is a complex function of frequency that includes all the
mechanical forces hindering airflow into and out of the respiratory system, specifically a) compliance
(blue), b) resistance (red) and c) inertance (green). It is usually simplified to show impedance (Zr) as the
vector sum of effective resistance (Rrs) and effective reactance (Xs)'+24:

Zys = Ros + jXyg (12)

Ris reflects the real component of Zys, where pressure signals are in phase with flow signals®. X is
the sum of the compliant (Xc) and inertial (X;) components of reactance?*:

Xe=—50 (13)

27f Crs

X, = 2nfl (14)

Xis reflects the imaginary component of Z,s, where pressure is out of phase with flow, but in phase

with volume?®. When volume changes at low frequencies, the elastic tissues cause pressure changes to lag
behind flow changes, making reactance negative. Thus, more negative (decreased) reactance reflects
increased elastance or decreased dynamic compliance, denoting stiffer tissues (Fig. 6%°). The term elastance
is analogous to stiffness in the mechanical domain and is the inverse of compliance in the fluid flow domain.
As mentioned in section 1.1.2, a pressure gradient needs to overcome the inertia of air and tissues to initiate

acceleration. At high frequencies, inertance causes

pressure changes to lead flow changes, making reactance

g positive.
E K—d Resistance Resonant frequency (fs) is the frequency at
E 0 _ T which the compliance (Xc) and inertial (X)) contributions
E /’/f to X are equal in magnitude but opposite in sign,
e e cancelling each other?. Thus, at frs, When reactance is
zero, pressure changes depend only on flow resistance
0 él':cmmn rrequeilgy . a0 and flow rate®*?. This frequency has a zero phase angle
Figure 6. Resistance and reactance curves between pressure and flow?* and can be calculated by?®:

generated by oscillometry

_ 1
fres - 271\/6
(15)



Thus, Zs conveys the spectral, or frequency domain, relationship between pressure and airflow to provide

a global measure of resistive, elastic and inertial forces throughout the respiratory system.

1.3.2 Interpretation of Oscillometry in Health

Using OSC at different frequencies provides different insights into the respiratory mechanics of a
healthy adult. The standard frequency range used in a typical oscillometer is 5 to 40 Hz'°, as Zs can be
described by a simple resistance-compliance-inertance (R-C-L) model within this range?’.

In a healthy adult, resistance below 5 Hz has a negative frequency dependence. As frequency
decreases, Rys increases rapidly, reflecting both airway resistance (Raw) and tissue resistance (R;). Above 5
Hz, as frequency increases, R: diminishes, thus Rys reflects only Ray and is independent of frequency over
the standard OSC range®2,

As frequency decreases below 5 Hz, reactance becomes more negative to reflect compliance of
respiratory tissue (Crs) only®. Above 5 Hz, the X curve reflects both tissue compliance (Cr) and the
compressibility of air in the airways and alveoli?®. With further increases in frequency, Cs diminishes,
making Xs less negative (increase) until it reaches zero at fies. In a healthy adult, fes typically occurs at
around 8 to 12 Hz?. At this point, impedance reflects true resistance, since there is zero contribution from
reactance??4, As frequency increases beyond frs, Xis increases, mostly reflecting inertance of the air
column in central airways, with a small contribution from tissues?. The latter becomes significant at higher
oscillation frequencies®.

Impedance increases with decreasing age due to the smaller lung sizes of children and infants,
shifting the Rs and X5 spectra of healthy children and infants to the right. With decreasing age, the negative
frequency dependence of Rrs becomes more evident?®, such that healthy children demonstrate this
relationship well beyond 5 Hz and into the standard OSC frequency range®. Also with decreasing age, Xis
increases, shifting fres to over 20 Hz3* and 30 Hz? in children and infants, respectively.

Infant impedance at low frequencies of 1 to 2 Hz contains information on the resistance and
compliance of lung and chest wall tissue®. The chest wall tissue contribution to Z decreases with
increasing frequency and decreasing age?+°. Zs over the frequency range of 5 to 15 Hz reflects Raw?®, while

Z:s over 50 Hz reflects the acoustic wave properties of central airways and airway wall compliance®?,

1.3.3 Clinical Interpretation of Oscillometry

Adults with obstructive lung disease, such as asthma, have narrower airways, which increases
resistance (Ris), and less compliant or stiffer lungs, which decreases reactance (X ) to more negative
values®. Airflow obstruction also increases frs®’, causing effective resistance at fr to contain an in-phase
portion of reactance in addition to true resistance?*. The reactance area below fres (AX), which is the integral

of the area of the reactance curve from the lowest frequency to fres, is also increased in asthma compared

10



with healthy adult controls?®3:3%, However, the ability of OSC to distinguish between health and asthma in
children has shown mixed results*®-3,

In obstructive lung disease, not all airways narrow to the same degree (Raw), Or even narrow at all,
nor do all regions of the lungs become stiffer (Cs). This heterogenous distribution of disease contributes
further to the frequency dependence of respiratory impedance seen in health, amplifying them at low
frequencies and displaying this dependence well into the standard OSC frequency range.

The frequency dependence of Rs may be expressed as the difference between Ry values at a low
and high frequency, usually Rrs 520?223, In the past, the relationship was attributed to heterogeneous
narrowing mainly in the small airways®. However, frequency dependence is also influenced by other
factors, like heterogeneous narrowing in central airways and viscoelastic tissue resistance (Ry)?%%,
Moreover, heterogenous distribution of disease affects not only the airways, but also lung tissue. This
results in different regions of the lungs having different time constants (trs = R x C)*892225 Mixed 1,s make
effective reactance, and thus dynamic compliance, sensitive to frequency, with increasing heterogeneity at
any given frequency causing a decrease in reactance or dynamic compliance?.

The final contributing mechanism to the frequency dependence of impedance is the upper airway
shunt. It occurs when some of the generated oscillatory flow is diverted or ‘shunted’ to the more compliant
structures of the upper airways, like the pharynx and cheeks, decreasing flow to the lower respiratory
tract'®44, This loss in oscillatory flow leads to an underestimation of Zs, especially at higher frequencies®.
In cases of high impedance, such as those of infants, this airway artefact also overestimates the frequency
dependence of Ry and shifts Xs to the right, increasing frs>*. Although cheek support is thought to partially
correct for this upper airway artefact in adults and children, it requires subject comprehension not feasible
in infants®.

The head generator technique (Fig. 7%°) was used to minimize the influence of the upper airways

by generating oscillations around the surface of the subject’s

[ﬁeéliﬁm’c’e"

- LReactance)

head to measure transfer impedance, instead of at the airway | l
opening, which measures input impedance?®. Doing so decreased
transmural pressure across the upper airways and was found to

completely eliminate the upper airway shunt in adults*.

motion does not hold, as infants are habitual nose breathers,

which induces a driving pressure that causes upper airway wall 4MV

movement®. Yet, using the head generator technique, in addition Figure 7. Setup of head generator technique to
minimize upper airway shunt

However, in infants, the assumption of zero upper airway wall

to directly estimating u