
Abstract. Repetitive occurrence of partial or total upper
airway obstruction characterizes several respiratory dys-
functions such as the obstructive sleep apnea syndrome
(OSAS). In OSAS patients, pharyngeal collapses are
linked to a decrease in upper airway muscle activity
during sleep which causes decreased upper airway wall
sti�ness. Continuous positive airway pressure (CPAP) is
recommended as the treatment of choice. Advancements
in CPAP therapy require early detection of respiratory
events in real time to adapt the level of the applied
pressure to airway collapsibility. The forced oscillation
technique (FOT) is a noninvasive method which re¯ects
patients' airway patency by measuring respiratory im-
pedance. The aim of this study was to evaluate by a
mathematical model of the respiratory system if FOT can
provide an early detection index of total or partial upper
airway obstruction. Furthermore, the simulation should
suggest which characteristic features are relevant for early
apnea detection in measured clinical data. The respira-
tory system has been treated as a series of cylindrical
segments. The oropharynx analog of the model allows
simulation of upper airway collapse, mimicking the
situation in patients with OSAS. We calculated the input
impedance for di�erent degrees of upper airway obstruc-
tion ranging from unobstructed airways to total occlu-
sion. Furthermore, we simulated di�erent upper airway
wall compliances. We compared the simulation with real
data. The results of the study suggest that FOT is a
valuable tool for assessing the degree of upper airway
obstruction in patients with OSAS. Especially, the phase
angle of the impedance seems to be a potentially useful
tool for early apnea detection by assessing the upper
airway wall collapsibility.

1 Introduction

Upper airway obstructions accompany several respira-
tory dysfunctions such as the obstructive sleep apnea
syndrome (OSAS), which is characterized by recurring
episodes of complete or partial pharyngeal obstruction
during sleep. OSAS is associated with multiple episodes
of sleep fragmentation and oxygen desaturation, with
predominant symptoms of disruptive snoring and day-
time sleepiness (Strohl and Redline 1996). The patho-
physiology of OSAS has not been fully understood to
date, although previous investigations have shown that
contributory factors include (1) a sleep-induced decrease
in upper airway dilator muscle activity, (2) an anatom-
ically small pharyngeal airway, (3) relatively thick lateral
pharyngeal walls, and (4) an increase in the total volume
of parapharyngeal fat (Schwab et al. 1995; Mezzanotte
et al. 1996; Schwartz et al. 1996). Furthermore, Kuna
and Smickley (1997) have shown that activation of
superior pharyngeal constrictors is not necessary to
induce upper airway closure. They reported a decrease
or complete cessation of superior pharyngeal constrictor
activity during obstructive respiratory events.

Nowadays, continuous positive airway pressure
(CPAP) is recommended as the treatment of choice
achieving pharyngeal patency by pneumatic splinting of
the collapsible segment. However, the increased work of
breathing required to complete expiration against this
pressure often results in a sensation of dyspnea (Kribbs
et al. 1993). Furthermore, long-term e�ects on the lung
due to the continuous overin¯ation have not been in-
vestigated yet. Therefore, the task arises to develop ap-
nea-adapted CPAP devices which require methods for
automatic early detection of respiratory events.

The forced oscillation technique (FOT) noninvasively
measures respiratory impedance which re¯ects airway
patency. Applying FOT, a pressure oscillation of small
amplitude is superimposed on the breathing pattern of
the patient, e.g. via a nasal mask. Respiratory imped-
ance (Z) is derived from the pressure (P))¯ow (V 0) re-
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lationship of the FOT signal at the airway opening
(Z � P=V 0) with its components absolute value jZj and
phase angle /; Z � jZj � ei/; i2 � ÿ1 (Michaelson et al.
1975; LaÁ ndseÂ r et al. 1976). Since respiratory impedance
is frequency dependent, various FOT methods have been
developed in the past (DuBois et al. 1956; Michaelson
et al. 1975; LaÁ ndseÂ r et al. 1976; Cauberghs et al. 1984;
Peslin and Fredberg 1986). The main di�erences be-
tween these methods are the frequencies applied and the
way impedance is analyzed.

Initial studies suggested that FOT may be a valuable
tool for the quantitative assessment of respiratory im-
pedance in OSAS patients (Navajas et al. 1996; Reisch
et al. 1996a; RuÈ hle 1996; FarreÂ et al. 1997). These
studies showed in particular that the absolute value of
impedance is related to the degree of airway obstruc-
tion. However, for early detection of OSAS, a signal is
required which re¯ects upper airway muscle activity
since a sleep-induced decrease in muscle activity pre-
cedes obstructive respiratory events. Such a decrease of
muscle activity results in slackening of muscles sur-
rounding the pharynx that usually dilate and sti�en the
upper airway segments (Remmers et al. 1978). We
therefore hypothesized that any change in upper airway
muscle activity is equivalent to a change in upper airway
wall sti�ness and hence in compliance and should result
in a change in the morphology of the phase angle /�t�
(Reisch et al. 1998).

The purpose of the present study was to obtain a
qualitative and quantitative understanding of (1) the
acoustical input impedance using a simpli®ed mathe-
matical model of the human respiratory system, (2) the
input impedance for simulated upper airway obstruc-
tions of various degrees and (3) the input impedance
for simulated sleep-induced decreases in upper airway
dilator muscle activity by means of simulating di�erent
upper airway wall sti�ness. The ®nal goal was to
demonstrate the potential value of FOT for early de-
tection of upper airway obstructions by investigating
the relationship between the sti�ness of the pharyngeal
wall and /�t�. This led to the derivation of character-

istic features for early apnea detection in measured
clinical data. We interpreted, ®nally, clinical FOT time
series obtained from OSAS patients on the basis of the
results obtained.

2 Theory

Performing an impedance measurement in parallel to
CPAP therapy, the FOT signal is applied via a nasal
mask (RuÈ hle et al. 1997; Reisch et al. 1998). When the
subject breathes through the nose with his mouth closed,
this allows for the measurement of the respiratory
impedance which comprises the following segments in
series: (a) the nasal cavity, (b) the epipharynx, ranging
from the choana/posterior nasal aperture down to the
free end of the velum palatini, (c) the mesopharynx,
ranging down to the free end of the epiglottis (frontally
it is open to the oral cavity which usually is almost
completely ®lled by the tongue in the case of relaxed
quiet breathing during sleep), (d) parts of the hypo-
pharynx (down to the aditus laryngis/laryngeal en-
trance), (e) the larynx, (f) the trachea and (g) the lung.

To investigate the in¯uence of the wall sti�ness of
collapsing upper airways on the FOT signal, we used a
model according to the electroacoustic theory. Figure 1
shows a scheme of the airway model. The respiratory
system is modeled by four cylindrical segments, repre-
senting the nasopharynx analog NPA [corresponding to
the above-mentioned segments (a) and (b)], the oro-
pharynx analog OPA [segments (c) and (d)], the trachea
analog TRA [segments (e) and (f)] and the lung analog
LA [segment (g)]. The LA consists of a cylindrical seg-
ment whose volume changes during the respiratory cy-
cle. The FOT source is located at the nasal airway
opening and superimposes a ¯ow rate V 0

FOT�t� on the
respiratory ¯ow. To simulate upper airway obstruction
the OPA is divided into two subsegments, OPA I and
OPA II with variable cross-sectional area (Fig. 2).

A uniform cylindrical segment (Fig. 1) having a plane
wave passing through it, is analogous to a section of

Fig. 1. Scheme of the airway model. V 0
FOT�t� Flow rate of the forced oscillation technique (FOT) signal at the airway opening,NPA nasopharynx

analog; OPA oropharynx analog, TRA trachea analog; LA lung analog; `NPA length of the nasopharynx analog (4 cm); `OPA length of the
oropharynx analog (4 cm); `TRA length of the trachea analog (12 cm); `LA length of the lung analog (9 cm); `breathing length variation of the lung
analog due to tidal breathing (3.5 cm); rNPA radius of the nasopharynx analog (0.9 cm); rTRA radius of the trachea analog (0.9 cm); rLA radius of
the lung analog (7.5 cm); dobst obstruction radius of the oropharynx analog; CwallOPA and CwallLA, compliances of the oropharynx analog and of
the lung analog wall, respectively
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transmission line (Guelke and Bunn 1981). That is, the
acoustical properties of a cylinder (resistance, inertance,
conductance and compliance) can be described mathe-
matically by di�erential equations for pressure and ¯ow
identical to those of an equivalent electrical circuit
consisting of a resistance, an inductance, a conductance
and a capacitance for electric potential and current. The
transmission line theory was, therefore, used to derive
the equations for the acoustical input impedance of the
cylindrical segment. The theory is brie¯y described in
Sect. 2.1.

Hypothesizing that changes in upper airway muscle
activity are related to changes in upper airway wall
sti�ness (Reisch et al. 1996a, 1998), we decided to con-
sider varying wall sti�ness of the OPA to simulate a
sleep-induced decrease in upper airway muscle activity.
The theory of wave propagation in cylindrical segments
with an elastic wall is described in Sects. 2.2 and 2.3.

The theory of determining input impedance for sim-
ulated partial and total upper airway obstruction is
presented in Sect. 2.4.

2.1 Transmission line theory for isothermal
and rigid tube walls

The theory of wave propagation in a tube with rigid
walls is discussed in detail elsewhere (Dunn 1959;
Benade 1968; Keefe 1983; Hudde 1988; Hudde and
Slatky 1989). Brie¯y, consider a smooth cylindrical duct
of radius a with rigid walls whose axis extends along the
x-axis (Fig. 1). It is assumed that the FOT frequency is
low enough to allow only a single mode which propa-
gates energy over axial distances which are large
compared to the tube diameter. Furthermore, laminar
steady ¯ow is considered for breathing. Thus, the
respiratory system is thought to respond passively and
linearly to forced oscillation. The frequency of the
respiratory ¯ow can be neglected because FOT frequen-
cies normally used are far beyond the normal range of
physiological respiratory frequencies and because the
FOT amplitude is small compared with tidal breathing
(Dorkin et al. 1982; Franken et al. 1986; Daviskas et al.
1990; Keyhami et al. 1995). The input/output relation of

a cylindrical tube is given by the acoustic transmission
line equations for lossy duct:

Pi � P0 cosh�c`� � V 0
0Z0 sinh�c`� �1a�

V 0
i � P0 sinh�c`�=�Z0� � V 0

0 cosh�c`� : �1b�

Pi and V 0
i denote sound pressure and ¯ow at the input, P0

and V 0
0 the same at the output. ` is the length of the

airway. The propagation coe�cient c and the charac-
teristic wave impedance Z0 are numerically evaluated
according to the approximation given by Hudde and
Slatky (1989).

The acoustical input impedance Zi of the airway can
be calculated according to Eqs. (1a) and (1b):

Zi �
ZL cosh�c`� � Z0 sinh�c`�

�ZL=Z0� sinh�c`� � cosh�c`�
; �2�

where ZL denotes the impedance at the output of the
airway.

2.2 Tube wall compliance

The wall compliance of a tube can be taken into account
by multiplying both the propagation coe�cient c and the
wave admittance Y :� cZ0 by the factor (Hudde and
Slatky 1989)

Fx � 1� Yx=�Y c�� �1=2 ; �3�

where Yx is the length-related wall admittance, and Y
and c are the unchanged values of wave admittance and
propagation coe�cient, respectively. For airways of the
respiratory system the quantity Yx in Eq. (3) is given by

Yx �
1

w� ixm� s=ix
; �4�

where w denotes the speci®c (length-related) resistance
of the airway, m the speci®c inertance, and s the speci®c
sti�ness (Hudde and Slatky 1989).

2.3 Model wall compliances

The onset of an obstructive respiratory event is charac-
terized by a decrease in upper airway muscle activity,
which is equivalent to a decrease of the speci®c sti�ness s
of the airway wall. Isono et al. (1997) have investigated
the mechanical properties of the passive pharynx in
normal subjects and OSAS patients. They applied
general anesthesia, including muscle relaxation, to
achieve complete paralysis of the pharyngeal muscles.
In the absence of ventilation, they measured the mean
cross-sectional areas A of the oropharynx as a function
of airway pressures Paw applied via a nasal mask ranging
from 20 cm H2O down to pharyngeal closing pressure.
They ®tted the pressure/area relationships by exponen-
tial functions A � Amax ÿ B exp�ÿKPaw� with constants
Amax, B and K for di�erent patient groups. The speci®c

Fig. 2. Model of the upper airway obstruction assumed for the
calculation. OPA oropharynx analog with the subsegments OPA I
and OPA II; `OPA length of the oropharynx analog (4 cm); `OPA/2
length of an OPA subsegment (2 cm); rOPA radius of the unobstructed
OPA (0.9 cm); robst obstruction radius of the oropharynx-analog
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sti�ness of a transmission line wall is given by
s � A�dPaw=dA� (Morse and Ingard 1968), where A
denotes the cross-sectional area. Thus, the speci®c
sti�ness s can be calculated for a pharyngeal segment by

s � A=�K�Amax ÿ A�� : �5�

The parameters determined by Isono et al. (1997) for the
oropharynx for normal subjects are Amax � 3:0 cm2 and
K � 0:13 �cmH2O�ÿ1

and for OSAS patients
Amax � 2:1 cm2 and K � 0:2 �cmH2O�ÿ1

. Taking these
parameters and considering a nonobstructed orophar-
ynx with a cross-sectional area A of 2.6±2.7 cm2 for
normals and A = 1.7±1.8 cm2 for OSAS patients, the
speci®c sti�ness of the oropharynx varies between
5000 kg/(m s2) and 7000 kg/(m s2) for normal subjects
and between 3000 kg/(m s2) and 4000 kg/(m s2) for
OSAS patients in the described situation.

2.4 Simulation of upper airway obstruction

In this section, the theory to determine the input
impedance of the model with partial and total upper
airway obstruction is presented. To simulate upper
airway obstruction, the oropharynx analog is divided
into two subsegments: (a) OPA I, a segment with
decreasing cross-sectional area A � A0=�1� kx� with the
cross-sectional area A0 � A �x � 0� at the entrance of
the segment, a positive constant k, the x-axis being the
symmetry axis of the segment; and (b) OPA II, a
segment with increasing cross-sectional area
A � Am 1� k�xÿ `OPA=2�� �, Am being the cross-sectional
area at the junction of OPA I and OPA II (Reisch et al.
1996b). The degree of obstruction degob � 1ÿ Am=A0 is
related to the constant k by

k � �degob=�1ÿ degob�� � 2=`OPA :

Some area/distance functions of the OPA for di�erent
degrees of obstruction are shown in Fig. 3. This special
form of variation of the cross-sectional area (Bessel
tube) was chosen because it allows an analytical
calculation of the input impedances as described in the
following subsection and seems reasonable from a
physiological point of view. Thus, the serial impedance
Z :� Z0c and wave admittance Y of a transmission line
can be expressed by

Z � ixL� R �7a�

Y � ixC � G ; �7b�

where L is the serial inertia (per unit length of the
transmission line), R the serial resistance, C the shunt
compliance and G the shunt conductance (Benade 1968).
In order to calculate the input impedances analytically,
the four quantities have to ful®l the relations

R�x� � f1L�x� �8a�

and

G�x� � f2C�x� ; �8b�

where f1 and f2 are constants.
Furthermore, C / A and L / 1=A holds in an ideal

transmission line (Guelke and Bunn 1968).

2.4.1 Segment with decreasing cross-sectional area
The input impedance of a Bessel tube segment with
decreasing cross-sectional area can be calculated by
means of a linearly increasing inertia L�x� (Wagner 1947;
Dunn 1950; Seskadri 1971)

L�x� � L0�1� kx� : �9a�

Thus, the segment shunt compliance is decreasing in the
opposite way:

Fig. 3. Area distance functions of the oropharynx-
analog for di�erent degrees of obstruction degob.
The oropharynx analog had a diameter of 1.8 cm in
the unobstructed state and a length of 4 cm
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C�x� � C0=�1� kx� : �9b�

L0, C0 and k are constants. L0 and C0 denote the
inertia and the compliance (per unit length of the
transmission line) at the input of the segment,
respectively. The wall of the segment is assumed to
be rigid to allow for an analytical solution of the
equations. Extending the procedure described in Sect.
2.2 would allow to include the speci®c resistance w,
the speci®c inertance m and the speci®c sti�ness s of
the airway wall into the calculation of R, L, G and C
of a Bessel tube, but Eqs. (8a)±(9b) would not be
ful®lled anymore, disabling an analytic treatment. The
theory is discussed in detail elsewhere (Wagner 1947;
Seskadri 1971). Brie¯y, with x denoting the radian
frequency of the pressure oscillation, the following
results are given for sound pressure �P�x;t�� and ¯ow
�V 0

�x;t�� within the segment:

P�x;t� ��ix� f1��1� kx� c1H
�1�
1

m

k
�1� kx�

� �h

�c2H
�2�
1

m

k
�1� kx�

� �i

eixt �10�

V 0
�x;t� �ÿ

m

L0
c1H

�1�
0

m

k
�1� kx�

� �h

�c2H
�2�
0

m

k
�1� kx�

� �i

eixt : �11�

H �1�
n and H �2�

n denote the Hankel functions of order n,
and m is

m � aÿ ib ; �12�

with

a �

����������

L0C0

2

r

������������������������������������������������������������������������������������������

�x2 ÿ f1f2� �

��������������������������������������������������������

�x2 ÿ f1f2�
2 � x2�f1 � f2�

2

q

r

�13�

and

b �

����������

L0C0

2

r

����������������������������������������������������������������������������������������������

ÿ�x2 ÿ f1f2� �

��������������������������������������������������������

�x2 ÿ f1f2�
2 � x2�f1 � f2�

2

q

r

:

�14�

The quantities c1 and c2 can be calculated as follows
(Wagner 1947; Seskadri 1971):

1. P0e
ixt denotes the sound pressure at the input

�x � 0� of the airway segment. Then, using Eq. (10) we
derive

P0 � �ix� f1� c1H
�1�
1

m

k

� �

� c2H
�2�
1

m

k

� �h i

: �15�

2. The impedance at the output of the segment �x � `�
is assumed to be ZL. The pressure at the output of the
segment can then be expressed by

P�`� � ZLV
0
�`� : �16�

Using Eqs. (10) and (11), we derive

�ix� f1��1� k`� c1H
�1�
1

m

k
�1� k`�

� �h

�c2H
�2�
1

m

k
�1� k`�

� �i

eixt

� ZL ÿ
m

L0
c1H

�1�
0

m

k
�1� k`�

� �h

�

�c2H
�2�
0

m

k
1� k`� �

� �i

eixt
o

: �17�

Equations (15) and (17) have to be solved in order to
determine c1 and c2 (Wagner 1947; Seskadri 1971).

2.4.2 Segment with increasing cross-sectional area
The input impedance of a Bessel tube segment with
increasing cross-sectional area can be calculated by
means of a linearly increasing segment shunt compliance
C�x� (Wagner 1947; Dunn 1950; Seskadri 1971) which
can be given by

C�x� � C0�1� kx� �18a�

and a decreasing inertia

L�x� � L0=�1� kx� : �18b�

Again, the segment wall is assumed to be rigid to allow
for an analytical solution of the equations. In analogy to
Sect. 2.4.1, the following equations are obtained as
results for sound pressure �P�x;t�� and ¯ow �V 0

�x;t�� of the
FOT oscillation in the segment:

P�x;t� � ÿ
m

C0

c1H
�1�
0

m

k
�1� kx�

� �h

�c2H
�2�
0

�

m

k
�1� kx�

��

eixt �19�

V 0
�x;t� � �ix� f2��1� kx� c1H

�1�
1

m

k
�1� kx�

� �h

�c2H
�2�
1

�

m

k
�1� kx�

��

eixt : �20�

The quantities f1, f2, c1, c2 and m can be obtained in the
same way as described in Sect. 2.4.1.

2.5 Model parameters

The NPA, OPA and TRA had diameters of 1.8 cm and
lengths of 4 cm, 4 cm, and 12 cm respectively, in the
unobstructed status. The LA had a length of 9 cm and a
diameter of 15 cm (functional residual capacity = 1.6 l).
The length of the LA was varied between 9 cm and
12.5 cm to simulate tidal breathing (tidal volume
= 0.63 l). A respiratory rate of 15 minÿ1 and an air
temperature of 36 �C were assumed.

NPA and TRA were rigid tubes, whereas the LA had
a compliant wall. Figure 4 shows the variation of speci®c
sti�ness s, speci®c resistance w and speci®c inertance m
of the LA during three respiratory cycles. They were
chosen according to the mean values for lungs deter-
mined by Hudde and Slatky (1989). Respiratory hys-
teresis was not taken into account.
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In the case of high muscle activity, the oropharyngeal
walls are slightly less sti� than the tracheal walls. For
decreased muscle activity, we assume that oropharyn-
geal walls are still sti�er than a completely paralyzed
pharynx. Therefore, we chose sOPA � 70 000 kg=�ms2�
for quiet breathing and sOPA � 30 000 kg=�ms2� as the
minimum value to simulate collapsible upper airway
walls. Hudde and Slatky (1989) have given values for s,
m and w of di�erent lung generations. As, to our

knowledge, pharyngeal speci®c inertance and speci®c
resistance have never been measured, we determined w
and m of the OPA as functions of s on the basis of those
values obtained by Hudde and Slatky (1989) by linear
interpolation of the mean values (Fig. 5).

Ryan and Love (1996) have investigated changes of
the pharyngeal cross-sectional areas between expiration
(CSAex) and inspiration (CSAin) by measuring
rCSA � CSAex=CSAin in normal subjects �rCSA � 1:1�

Fig. 4. Speci®c sti�ness (B), speci®c resistance (C) and speci®c inertance (D) of the lung analog related to lung volume (A)
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and OSAS patients �rCSA � 1:8�. This intra-breath
variability of the OPA cross-sectional area was taken
into account when simulating rigid upper airway walls
only, using rCSA � 1:8. It was not considered for com-
pliant walls because an analytical treatment of a com-
pliant Bessel tube is not feasible.

According to a clinical FOT setup (RuÈ hle et al. 1997;
Reisch et al. 1998), the input impedance of the model
was calculated for a FOT frequency of 20 Hz.

2.6 Limitations of the model

Our mathematical model does not take into account all
physiological and anatomical parameters. For example,
neither the geometry of the bronchial tree, area/distance
functions of human airways nor nonlinearities of the
mechanical properties of airway walls nor clinical
problems such as involuntary movements of the patient
or swallowing are considered. Further, problems in
daily routine such as mask leaks or an open mouth can
only be simulated approximately. Any leak creates an
additional impedance in parallel to the simulated
system. As well, tidal volumes and breathing frequen-
cies are constant throughout all simulations, not
considering changes due to variations of the degree of
obstruction.

Especially, the simulations rely heavily on the as-
sumption of linearity. During normal breathing, turbu-
lences of the gas ¯ow are present in the nasal cavity,
pharynx and trachea (Jaeger and Matthys 1970; Olson
et al. 1970; Jebria et al. 1987; Leiter 1992). As a conse-
quence, signi®cant nonlinearities in the pressure/¯ow
relationship of the FOT signal may occur when it in-
teracts with the underlying respiratory ¯ow. Louis and
Isabey (1993) have investigated the validity of the as-
sumption of linearity when superimposing FOT oscil-
lations of frequency f on a steady turbulent ¯ow of rate

V 0 and found the condition V 0 � 700ml/s for f � 20Hz
in unobstructed airways. Real peak ¯ow rates at quiet
breathing range from 125 ml/s to 200 ml/s. The afore-
mentioned condition is not ful®lled when an obstruction
occurs or during hyperventilation at the end of a respi-
ratory event.

The impedance of the respiratory system is in¯uenced
by changes of both the cross-sectional areas and the
lengths of all airway generations during a breathing
cycle (Wiggs et al. 1990; Renotte et al. 1994). These in-
tra-breath variabilities, together with turbulences, are
reasons for the appearance of frequency doubled pat-
terns in clinical jZ�t�j and /�t� time series (Peslin et al.
1992) compared to the respiratory rate.

Further, for an analytical calculation of the input
impedance, the tube wall has to be rigid when simu-
lating airway obstruction using a transmission line
with a variable cross-sectional area. The speci®c re-
sistance w of the tube wall, speci®c inertance m and
speci®c sti�ness s of such a segment can only be
considered when performing a numerical simulation by
®nite elements.

The in¯uence of heat transfer between the air and the
tube walls during an oscillation as proposed by Keefe
(1983) was evaluated. As the e�ect was negligible, we
discarded this extension.

However, a comparison with empirical data shows
that major physiological e�ects can be reproduced even
with the simpli®ed geometry of our model, only partially
modeled intra-breath variabilities and assumptions of
linearity.

3 Simulation studies

Three simulation studies were performed. In all simula-
tions the parameters s, m and w of the LA wall varied
with lung volume according to Fig. 4.

Fig. 5. Calculation of speci®c inertance (A) and
speci®c resistance (B) on the basis of speci®c
sti�ness by linear interpolation of the mean of
reference values for di�erent lung generations.
Each point in the ®gure represents a value
tabulated by Hudde and Slatky (1989)
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In simulation 1, input impedance was calculated for
quiet spontaneous breathing with unobstructed OPA.
sOPA was 70 000 kg/(m s2); the calculation of mOPA and
wOPA was done according to Fig. 5. The cross-sectional
area of the OPA was constant throughout the simulation
�rCSA � 1�. At t � 30 s, the occurrence of a leak with a
cross-sectional area of 2 mm2 on the level of the airway
opening was simulated. This leak should mimic a leaky
nasal mask or an open mouth.

Upper airway obstruction was simulated by reducing
the OPA radius robst (simulation 2). In contrast to sim-
ulation 1, the OPA wall is rigid even in the unobstructed
state to allow for an analytical calculation of the input
impedance. The input impedance was calculated for
di�erent degrees of obstruction ranging from unob-
structed airways to total occlusion. Evolution of the
degree of obstruction was adapted to the pathophysio-
logical situation in OSAS patients. In the majority of the
obstructive sleep apneas, upper airway collapses occur
slowly and airway obstructions are abolished rapidly by
an arousal. The simulation was performed with an
elastic LA wall. rCSA was 1.8 with an expiratory cross-
sectional area of the OPA of 2.3 cm2 in the unobstructed
state (Ryan and Love 1996).

Finally, the speci®c sti�ness of the OPA wall was
varied (simulation 3). The speci®c sti�ness was selected
to range between 70 000 kg/(m s2) for normal muscle
activity and 30 000 kg/(m s2) representing slackened
muscles. The course of the speci®c sti�ness of the OPA
wall re¯ects pathophysiological situations; a slow de-
crease of upper airway wall sti�ness characterizes the
onset of respiratory events. The arousal which termi-
nates respiratory events leads to a rapid increase of the
speci®c wall sti�ness. The OPA airway was open
(degob � 0) as wall sti�ness decreases preceding an ob-
struction and the cross-sectional area was kept constant
throughout the simulation �rCSA � 1�.

3.1 Results

Figure 6 shows (A) the absolute value jZ�t�j and �B� the
phase angle /�t� of the input impedance for (C) quiet
spontaneous breathing calculated in simulation 1. /�t�
shows an oscillatory pattern of twice the respiratory
frequency, ranging from ÿ0:15p to ÿ0:05p. When the
leak occurs at t � 30 s jZ�t�j is shifted towards lower
values and /�t� towards higher values.

The results of simulation 2 for both jZ�t�j �A� and /�t�
�B� at di�erent degrees of upper airway obstruction (C)
are shown. Since the OPA wall is rigid the input im-
pedance �jZ�t�j and /�t�� for the unobstructed state
(t � 0 s to 10 s) di�ers from the values obtained in
simulation 1 (note the scaling of the y-axis). With in-
creasing degree of obstruction, jZ�t�j increases by more
than a factor of 5 from unobstructed airways to the
maximum degree of obstruction simulated. /�t� shows a
decrease in amplitude and a baseline shift towards lower
values, also related to the degree of obstruction.

Figure 8 shows the input impedance of simulation 3
[(A) jZ�t�j and (B) /�t�] for di�erent speci®c sti�nesses of
the OPA wall without upper airway obstruction. A mi-
nor increase of the baseline and decrease in the ampli-
tude of jZ�t�j can be observed. This change in the
morphology of jZ�t�j, however, is negligible compared to
that observed during an upper airway obstruction
(Fig. 7, note the di�erent scaling of the y-axis). For /�t�,
a marked baseline shift towards higher values can be
observed when reducing the speci®c sti�ness of the OPA
wall.

4 Application to measured data

We have frequently observed changes in the morphol-
ogy of /�t� measured in OSAS patients. Figure 9

Fig. 6. A 40-s segment of A the absolute value
jZ�t�j, B the phase angle /�t� and C the lung
volume for quiet breathing. The respiratory rate
is 15 minÿ1. At t � 30 s, a leak of cross-sectional
area 2 mm2 on the level of the NPA appears
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shows ®ve typical segments of jZ�t�j (thin line, lower
tracing) and /�t� (thick line, upper tracing). FOT was
applied overnight within the scope of a polysomno-
graphy (Hospital Ambrock, Hagen, Germany). The
FOT device which was connected in parallel to a
CPAP device measures respiratory impedance at the
nasal opening (RuÈ hle et al. 1997; Reisch et al. 1998).
Using such an integrated CPAP-FOT set-up, the value
of the impedance depends on the individual CPAP set-
up of the patient such as length of the CPAP tube or
size of the nasal mask, which is part of the FOT
reference impedance (Franetzki et al. 1979). Thus, the
impedance is given in arbitrary units. The FOT device
determines relative changes of airway impedance
compared to a noncalibrated reference impedance.
The analysis of data measured in OSAS patients is
performed by evaluating changes in the morphology of
the time series similar to those obtained in the
simulations.

Figure 9A shows a 60-s period of quiet spontaneous
breathing. During most of this period, the phase angle
/�t� shows an oscillation similar to the unobstructed
state assuming rigid OPA walls during the ®rst 10 s in
simulation 2 (Fig. 7). The respiratory rate can be ob-
served in /�t�. It is about 0.3 Hz. During some breathing
cycles (t � 39 s to t � 47 s), /�t� shows twice the fre-
quency of the respiratory cycle which can be explained
by simulation 1 (Fig. 6), i.e. an unobstructed OPA with
compliant walls.

In Fig. 9B, a shift in baseline apparent in /�t� can be
observed with its onset at t � 26 s (*) whereas the in-
crease in jZ�t�j is less pronounced. This situation can be
interpreted based on simulation 3 (Fig. 8) in terms of a
decreasing pharyngeal wall sti�ness in preparation of an
airway obstruction. An upper airway obstruction fol-
lows at t � 42 s (") where a marked increase in jZ�t�j is
visible similar to simulation 2 (Fig. 7). Both time series
show twice the frequency of the respiratory rate. This
phenomenon can be explained by unrigid upper airway
walls where both inspiration and expiration cause a
decrease of the pharyngeal cross-sectional area.

In Fig. 9C, a ®rst baseline shift in /�t� starting at
t � 15 s (*) is observed, together with a slight increase in
jZ�t�j, both in accordance with simulation 3 (Fig. 8).
After t � 28 s an abrupt total occlusion occurs ("), re-
¯ected by a pronounced increase in jZ�t�j together with a
decrease in /�t�. This behavior during the obstruction
can be explained by simulation 2 (Fig. 7), also con-
®rming the results of a study on a mechanical model
(Reisch et al. 1998). From t � 39 s (*) to t � 53 s ("), a
comparable event takes place.

In Fig. 9D, up to t � 17 s (*), /�t� follows the re-
spiratory cycle in analogy to the unobstructed rigid OPA
displayed in the ®rst 10 s of simulation 2 in Fig. 7B.
From t � 17 s until t � 42 s, /�t� shows twice the re-
spiratory rate. As for Fig. 7B, this can be explained by a
decreased pharyngeal wall sti�ness in preparation of the
airway collapse. From t � 42 s until the obstruction,

Fig. 7. A 40-s segment of A the absolute value
jZ�t�j, B the phase angle /�t� and C the degree of
obstruction of the oropharynx analog. rCSA of
the OPA is 1.8. The respiratory rate is 15 minÿ1
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beginning at t � 50 s ("), the phase angle increases, in
accordance with simulation 3 (Fig. 8B).

In Fig. 9E, three changes in the morphology of /�t�
can be observed. The data shown can be interpreted as
follows: the upper airway muscle activity is reduced,
which causes a frequency doubling and a baseline shift in
/�t� at t � 9 s (*). The upper airway wall, however, re-
mains sti� enough to prevent an obstruction. The muscle
tone increases again 20 s later, causing a second change
in the morphology of /�t� at t � 29 s (*). Concurrently,
/�t� changes back to a pattern as observed during quiet
spontaneous breathing (compare Fig. 9A and beginning
of Fig. 9D). The morphological change in /�t� at
t � 50 s (*) can be interpreted such that the upper air-
way wall sti�ness decreases again, followed by a short
upper airway obstruction which can be identi®ed by the
increase of jZ�t�j at t � 54 s ("). From t � 50 s on, /�t�
shows the frequency doubling re¯ecting decreased upper
airway wall sti�ness.

We have developed an algorithm to detect change
points in /�t� and investigated /�t� data obtained in ten
all-night FOT measurements of OSAS patients. The
change points were classi®ed retrospectively as potential
onsets of respiratory events by ®ve physicians. In total
3091 changes in the morphology of /(t) were detected:
76.4% of the change points were classi®ed as `correct',
6.8% as `false', and 16.8% as neither `correct' or `false'.
`Correct' means that the change points in /�t� were
linked to onsets of respiratory events. Change points

classi®ed as neither `correct' or `false' can be interpreted
as decreases of the upper airway wall sti�ness in prep-
aration for upper airway collapse that ®nally do not
result in an obstruction as in the data shown in Fig. 9E.
Furthermore, the change points showed high correlation
to the manual scoring of the sta� physicians (Reisch et al.
1997).

5 Discussion

Although both the dynamics of upper airway obstruc-
tion are poorly understood and the presented theoretical
model is a very simpli®ed one only partly re¯ecting
in vivo conditions, the model allows us to study main
features considering the expected changes in jZ�t�j and
/�t� of a FOT impedance measurement for (1) di�erent
degrees of upper airway obstructions, and (2) changes in
the speci®c sti�ness of the upper airway wall. The ®nal
goal of our study was to investigate by simulations if it is
possible to use /�t� as an early indicator for obstructive
respiratory events by indicating changes in the collaps-
ibility of the upper airways.

In summary, the data obtained by FOT for the model
showed that the absolute value of the impedance jZ�t�j is
related to airway obstruction (Fig. 7). Thus, jZ�t�j is a
potential tool for detecting upper airway obstructions
(Navajas et al. 1996; RuÈ hle 1996; FarreÂ et al. 1997).
However, the detection is reliable only for degrees of

Fig. 8. A 40-s segment of A the absolute value
jZ�t�j, B the phase angle /�t� and C the speci®c
sti�ness of the OPA wall in the unobstructed
state. The respiratory rate is 15 minÿ1
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obstruction >0.8 (Reisch et al. 1998). For early detec-
tion, a signal is required which re¯ects the pathophysi-
ological process that precedes the onset of a respiratory
event. We hypothesized that the decreasing upper airway

muscle activity which occurs in preparation for an ob-
structive respiratory event (Schwab et al. 1995; Me-
zzanotte et al. 1996; Schwartz et al. 1996; Kuna and
Smickley 1997) causes a decrease of upper airway wall

Fig. 9. Five 60-s segments of the absolute value jZ�t�j (thin line, lower tracing) and phase angle /�t� (thick line, upper tracing) of overnight FOT
measurements from ®ve patients. jZ�t�j and /�t� are low-pass ®ltered (Butterworth 6-poles, 0.5 Hz) and are given in arbitrary units of the D/A
converter. A Quiet spontaneous breathing. B, C Baseline shifts apparent in /�t� (*) followed by upper airway occlusions ("). D A change in the
morphology of the phase angle time curve (*) 30 s before jZ�t�j increases ("). E Changes in the morphology of /�t� (*). The occlusion of the
upper airway can be identi®ed by the increase of jZ�t�j (")
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sti�ness, which enables the upper airways to collapse
when the transmural pressure rises above a critical value
(FarreÂ et al. 1997). In other words, if we assume an
increase in upper airway wall elasticity to characterize
the onset of obstructive respiratory events, we expect the
morphology of /�t� to change signi®cantly before an
obstruction occurs (Fig. 8).

The proposed mathematical model is a simpli®cation
of the respiratory system not considering the complete
set of physiological and anatomical parameters and as-
suming laminar ¯ow conditions during quiet breathing.
Nevertheless, a good accordance between simulated and
measured input impedances is observed. Clinical data
endorse several aspects of changes in the morphology of
jZ�t�j and /�t� in agreement with simulated variations of
upper airway geometry and elasticity. Postulated e�ects
such as an increase in /�t� in an early stage of an upper
airway obstruction, a decrease in /�t� when jZ�t�j in-
creases sharply, or changes in the morphology of /�t�
caused by a decrease of the upper airway wall sti�ness
can be observed in clinical data (Fig. 9). Furthermore,
when the simulation is performed with realistic values of
wall compliances or intra-breath variabilities of pha-
ryngeal cross-sectional areas, the frequency doubled
patterns in jZ�t�j and /�t� like those obtained in clinical
impedance measurements can be observed.

The algorithm used in the measuring device of the
clinical setup to calculate the absolute value and phase
angle of the airway impedance makes use of several ap-
proximations; this could result in occasional masking of
the e�ect of physiological changes on the phase angle
signal. Furthermore, it could be speculated that a de-
creasing upper airway muscle activity also results in a
slight decrease of pharyngeal cross-sectional area, too
small to be visible in jZ�t�j; this would explain the de-
creasing amplitude of the /�t� time series which can be
observed together with the baseline shift in some of the
examples in Fig. 9. Furthermore, not all patterns of
the time series jZ�t�j and /�t� could be simulated due
to the limitations of the mathematical model. Especially,
the change to frequency doubled pattern at the onset of
assumed decrease in upper airway wall sti�ness could not
be simulated with the model (Fig. 9D,E). This frequency
doubling could be explained by a higher intra-breath
variability of pharyngeal cross-sectional area due to
slackened airway walls. Due to our demand for analytical
treatment, this could not be integrated into our simula-
tions. However, the results obtained yield a foundation
for a qualitative interpretation of clinical data.

In patients, air leaks at the nasal mask cannot be
completely avoided. The simulations show that the im-
pedance measured by FOT is a�ected by the appearance
of a leak which is placed in parallel with the patient's
airway. The leak has a similar e�ect on the respiratory
input impedance phase angle as upper airway wall
compliance. As seen in Fig. 6, however, air leaks can be
recognized by a disproportional decrease of jZ�t�j. An
air leak caused by an open mouth has the same e�ect as
a mask leak. However, clinical experience shows that the
open mouth situation rarely occurs under CPAP thera-
py. The sealed mouth represents a constant upper air-

way shunt in parallel with the oropharynx, which plays a
similar role to the individual con®guration of the CPAP
setup mentioned in section 4.

In conclusion, regarding all limitations of the math-
ematical model, this study suggests that FOT is a valu-
able tool for assessing the degree of upper airway
obstruction in patients with OSAS. If applied to pa-
tients, the absolute value jZ�t�j of the respiratory im-
pedance enables us to determine the degree of upper
airway obstruction. The data obtained show that the
phase angle /�t� can be useful to indicate decreased
upper airway wall sti�ness presumably related to muscle
activity and, consequently, to predict upper airway ob-
struction. /�t� is a promising tool for early detection of
obstructive respiratory events.
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