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Forced oscillation technique for the evaluation of severe sleep 
apnoea/hypopnoea syndrome: a pilot study

J.R. Badia*, R. Farré**, J.M. Montserrat*, E. Ballester*, L. Hernandez*, M. Rotger**,                        
R. Rodriguez-Roisin*, D. Navajas**

Patients with obstructive sleep apnoea/hypopnoea syn-
drome (SAHS) experience repeated episodes of increased
upper airway resistance leading to profound disturbances
in sleep architecture and arterial blood gases [1, 2]. Re-
peated inspiratory efforts occur during an obstructive sleep
apnoea until arousal ensues and airway patency is restor-
ed [3]. The increased upper airway resistance in patients
with SAHS can be assessed indirectly by the analysis of
different signals, such as the time profile of the inspiratory
flow signal, the noise of snoring, the use of strain gauges
or inductance plethysmographs [4–7]. However, as the
recent description of the upper airway resistance syndrome
has pointed out [8], the classical noninvasive techniques
previously described are unable to detect the full range of
respiratory-related flow events that occur throughout the
night. A more direct quantitative approach is the record-
ing of the inspiratory driving pressure by means of an
oesophageal catheter [8–10], although this has limited
applicability in routine studies. Accordingly, methods to
quantify changes in airway resistance noninvasively are
required.

The forced oscillation technique (FOT) provides a non-
invasive method to quantify and assess the degree of airway
obstruction, thus avoiding the need for a measurement of
oesophageal pressure. It consists of superimposing on spon-
taneous breathing a small pressure oscillation through a
nasal mask attached to the patient [11]. Respiratory impe-
dance (| Z |) is derived from pressure and flow signals recor-
ded at the nasal mask. Because patient co-operation is not
required the technique can be applied during sleep. The
potential applicability of FOT to assess airway obstruction
in SAHS studies has recently been substantiated in a model
study [12]. | Z | measured by FOT was found to be an accu-
rate index of overall airflow obstruction [12]. The aim of
the present study was to ascertain whether FOT is applica-
ble in human diagnostic sleep studies for noninvasive
assessment of airway obstruction in SAHS patients. Spe-
cifically, we were interested in testing whether respiratory
events detected by FOT corresponded with those recog-
nized by more conventional approaches. Furthermore, we
wished to establish whether the FOT could be an adequate
method continuous monitoring of airway mechanics dur-
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ABSTRACT: The forced oscillation technique (FOT) is a noninvasive method of
potential clinical interest for quantitatively assessing airway mechanics during sleep.
We investigated the applicability of FOT as a diagnostic tool for noninvasive assess-
ment of airflow obstruction in patients with sleep apnoea/hypopnoea syndrome
(SAHS) during sleep.

In seven patients previously diagnosed with severe SAHS (mean±SD apnoea/ hypop-
noea index (AHI) 67±14) we performed a full polysomnography (PSG) together with
on-line measurement of respiratory impedance (| Z |) using FOT. For each patient we
determined: 1) number of respiratory events conventionally detected by full PSG,
those obtained by FOT and their degree of concordance; and 2) the characteristics
and values of | Z | during the respiratory events. FOT was well tolerated and easily
applied in conjunction with a conventional sleep setup.

The mean number of respiratory events·h-1 detected by PSG and FOT were 55±16
and 58±17, respectively, with a strong concordance. | Z | increased from a baseline of
11±4 to 50±20 cmH2O·L-1·s during apnoea (mean±SD). In all but one patient intermit-
tent increases of | Z | occurred immediately before each obstructive apnoea. In four
patients, the increases of | Z | developed at end-expiration whereas in two others
occurred during inspiration. During hypopnoea most of the patients showed
decreases of | Z | during expiration.

In conclusion, forced oscillation technique can be used as a noninvasive and com-
plementary tool for the diagnosis of respiratory events and provides an on-line quan-
titative approach for continuous monitoring of airflow obstruction during sleep in
patients with sleep apnoea/hypopnoea syndrome. 
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ing sleep. Consequently, we chose for study a group of
patients with severe SAHS.

Methods

Subjects

Seven male subjects with polysomnographically docu-
mented SAHS (table 1) not previously treated with contin-
uous positive airway pressure (CPAP) were evaluated
during "nap" polysomnography with additional on-line
measurement of | Z | using the FOT. The subjects had no
other current medical problems and routine pulmonary fun-
ction tests showed no evidence of airway obstruction. This
study was approved by the Human Ethics Committee of
the Hospital Clinic and informed written consent was
obtained from all, subjects prior to the study.

Polysomnography (PSG)

PSG was performed in the usual manner, including con-
tinuous monitoring of the electroencephalogram (EEG)
(C4/A1, C3/A2), chin electromyogram (EMG) and electro-
oculogram (EOG) for sleep staging according to standard
criteria [13]. Arterial oxygen saturation (Sa,O2) was meas-
ured continuously with a finger probe using a pulse oximeter
(504; Critical Care Systems Inc., Waukesha, WI, USA).
Ribcage and abdominal motion were monitored by bands
placed over the thorax and abdomen. Airflow was assess-
ed using a thermistor and a pneumotachograph signal.
These signals were recorded continuously on a polygraph
(SleepLab® 1000P, Aequitron, MN, USA). Respiratory
events were scored according to commonly used criteria,
with apnoea defined as cessation of airflow lasting for 10 s
or more and hypopnoea as a reduction in airflow or thora-
coabdominal motion lasting 10 s or more, in association
with an arousal or with a cyclical dip in Sa,O2. An arousal
was defined according to the recommendations of Ameri-
can Sleep Disorders Association [14], as an abrupt shift in
EEG frequency, which may include theta, alpha or fre-
quencies greater than 16 Hz, subject to various conditions.
Microarousals were scored following the previous criteria
but lasting at least 1.5 s and associated with EMG activity. 

Forced oscillation technique (FOT)

The assessment of airway obstruction was carried out
with the FOT by measuring | Z |, which is the quotient

between the amplitudes of oscillatory pressure and flow
and represents the total mechanical load of the patient's
respiratory system [11, 12]. Therefore, increases in airway
obstruction are accompanied by an increase in | Z |. Meas-
urements in these patients were carried out using the setup
shown in figure 1. A CPAP nasal mask which incorpo-
rated a naso-oral thermistor was connected to a pneumota-
chograph (dead space: 22 mL) and this was connected to a
T-piece. One arm of this T-piece was connected to a
chamber with a loudspeaker (JBL-800GTI, 8" subwoofer,
600 W; SBL, Victoria, Spain) and the other arm to a tube
acting as a pneumatic low-pass filter. In order to avoid
rebreathing, a continuous flow (0.3 L·s-1) of fresh air was
passed along the tube (fig. 1). An oscillating pressure of
small amplitude (1.5 cmH2O peak-to-peak) was generated
by the loudspeaker while the patient breathed spontane-
ously. The oscillation frequency was set at 5 Hz since in a
model study [12] we found that this frequency optimized
the sensitivity of the system to obstruction as well as time
resolution. Nasal pressure (Pn) and flow (V 'n) were meas-
ured by differential pressure transducers (MP 45; Vali-
dyne Co, Northridge, CA, USA). Pn and V 'n were
analogically low-pass filtered (Butterworth, 8 poles, 16
Hz cutoff frequency) and fed into an analogue circuit that
provided continuous estimation of | Z |. This analogue cir-
cuit mimicked the digital signal processing to compute | Z |
as described previously in detail [12]. The analogue sig-
nal corresponding to | Z | was fed into an auxiliary chan-
nel of the polygraph in addition to the other PSG data. 

To perform a more detailed analysis of the FOT signals,
Pn, V 'n and | Z | were acquired simultaneously at a fre-
quency of 100 Hz by an independent computerized system
(CODAS; DATAQ Instruments Inc., Akron, OH, USA)
and stored for subsequent analysis. Synchronization marks
allowed association of the signals recorded by the two
independent acquisition systems. Before the beginning of
the study, and after the calibration procedures were car-
ried out with the patient awake in the recumbent position
and with all the equipment connected, we carefully fitted
the nasal mask to minimize leaks. To this end, we applied
CPAP of 5 cmH2O with an external  device, the patient was 

Table 1.  –  Patient characteristics

Subject
No.

Age
yrs

Height
cm

Weight
kg

BMI
kg·m-2

FEV1
% pred AHI*

1
2
3
4
5
6
7

44
54
73
42
43
47
62

160
171
168
177
170
170
160

120
88

105
118
77
90
78

46
30
37
37
26
31
30

71
109
77
86

105
77
93

82
42
67
76
69
81
54

*: values from baseline diagnostic polysomnogram; BMI: body
mass index; FEV1: forced expiratory volume in one second;
AHI: apnoea/hypopnoea index.

Mean±SD 52±11 168±6 96±17   34±6   88±14   67±14

Continuous
airflow

Loudspeaker

Room air

P

PNT

Fig. 1.  –  Experimental setup. Subjects breathed through a nasal mask
connected to a pneumotachograph and a unidirectional valve. A loud-
speaker that generated a continuous sinusoidal signal at a frequency of 5
Hz was connected to the patient. To avoid rebreathing, a continuous
flow of air was generated. the other side of the unidirectional valve was
connected to a 1 m tube (diameter 2 cm) thus avoiding the leak of the
sinusoidal signal generated. See text for further explanation. P: pressure
signal; PNT: pneumotachograph.
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required to stop breathing for a brief period and, if neces-
sary, adjustments of the mask were made until the leak
with CPAP=5 cmH2O was <50 mL·s-1. With such a proce-
dure we increased the resistance of the leak, which is
placed in parallel to the patient, to a value of >100
cmH2O·L-1·s and thus, we optimized the sensitivity of the
method to assess airway obstruction [12, 15]. 

Protocol and data analysis

In each subject, after a well-established sleep phase was
achieved, at least 1 h of sleep was recorded including the
polysomnographic variables previously described plus the
continuous measurement of | Z |. The stored data were ana-
lysed in two separate steps at random. First, we scored
sleep and respiratory variables from the polysomnogra-
phic computer-displayed tracings but without visualizing
the channel assigned to | Z | following the criteria describ-
ed above. Second, visualizing only | Z | on the screen, we
scored respiratory events in terms of a persistent or inter-
mittent increase in | Z | lasting >10 s and exhibiting phasic
changes.

A further analysis was carried out to check the concord-
ance between the respiratory events detected by conven-
tional criteria from PSG and those by the FOT. Finally,
we selected at random 20 respiratory events for measuring
the mean value of | Z | and analysed their characteristics
(i.e. persistent or intermittent increases in | Z |, occurrence
during inspiration or expiration) and changes preceding ap-
noeas. Data are expressed as mean±SD. Comparison be-
tween the events scored by classical PSG and FOT were
compared using the method of BLAND and ALTMAN [16]. Sta-
tistical significance was defined as p<0.05.
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Fig. 2.  –  Examples of the three different patterns of oscillatory airway
impedance (| Z |) and flow (V ') during respiratory events. a) corresponds
to an apnoea with a corresponding persistent increase of | Z | observed
throughout the apnoea. (b) and c) depict two different hypopnoeas with
corresponding intermittent patterns in | Z |. In the first hypopnoea b),
high | Z | values are interrupted by intermittent decreases during expira-
tion (Exp.) whereas (c) shows normal | Z | values, followed by intermit-
tent increases during inspiration (Insp.).
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Fig. 3.  –  A representative standard compressed polysomnographic recording (6 epoch, 3 min) with oscillatory impedance (| Z |) added at the bottom.
Note that | Z | shows low values during arousal and increases during the apnoea periods. This increase shows cyclical variation before the onset of each
apnoea and during an hypopnoea (last event in this figure). EOG: electro-oculogram; C4-A1, C3-A2: electroencephalogram channels no. 3 and no. 4,
respectively; EMG-GG: chin electromyogram; Flow: flow by pneumotachograph; Effort: thoracic-abdominal bands; Sum: thoracic-abdominal sum;
Sa,O2: arterial oxygen saturation; Gen DC | Z |: respiratory impedance.
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Results

In this study in patients with severe SAHS, FOT was
easily applied since only a CPAP mask and a loudspeaker
were required. The setup was well tolerated during all the
nap periods. Moreover, superimposing a 5 Hz oscillation
on the circuit in an on/off manner did not elicit changes in
the EEG during stable sleep. 

Initial analysis showed three distinct impedance patterns
which corresponded with respiratory events - obstructive
apnoea and hypopnoea-registered by the conventional app-

roach (fig. 2). In figure 2a, an apnoea is observed from the
airflow signal with a corresponding persistent increase in
| Z | maintained throughout. Figure 2b and c shows two
hypopnoeas that are accompanied by transient changes in
| Z |. However, the behaviour of | Z | during these two
hypopnoeas is different. Figure 2b shows a hypopnoea
with an increase in | Z | value with accompanying periods
of reduction in | Z | during short periods of expiration; by
contrast, figure 2c shows baseline low | Z | values with
periodic increases during inspiration. 

Gen DC | Z |

EOG-I

EOG-D

C4-A1

C3-A2

EMG-GG

Flow

Effort

Effort

Sum

Body position

Sa,O2

Fig. 4.  –  Recorder tracing from a patient with predominantly central apnoeas. During central apnoeas, airway impedance showed either high or low
| Z | values. For definitions, see legend to figure 3.
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80 s
Fig. 5.  –  A representative example of hypopnoeas in Stage 2 sleep. Note that during the hypopnoea transient increases in the amplitude of impedance
(| Z |) during inspiration that correspond to limitation of inspiratory airflow in the pneumotachograph signal. During the apnoea (last event of the figure)
the increase in | Z | was sustained. V ': flow.



1132 J.R. BADIA ET AL.

The addition of | Z | to the conventional polysomno-
graphic display is shown in figure 3. In general, | Z | shows
low (normal) values during wakefulness or during per-
iods of increased ventilation associated with arousals but
marked and sustained increases during the apnoeas. These
increases were systematically preceded by irregular varia-
tion in | Z | shortly before the beginning of apnoeas and
during certain hypopnoeas (see last event in fig. 3).

 Figure 4 displays a compressed PSG tracing in a patient
with typical central apnoeas. Here, two additional | Z | pat-
terns were observed with high or low | Z | values suggest-
ing different mechanisms involved. 

Figure 5 shows detailed examples of the behaviour of
| Z | during apnoeas and hypopnoeas. Note that during
hypopnoeas, |Z| increases during inspiration and decreases
during expiration. During the apnoea the increase in | Z |
was sustained. 

Figure 6a displays transient increases in | Z | during
inspiration before the onset of apnoea and Figure 6b dis-
plays transient increases in | Z | during expiration before
apnoea onset. Before apnoea onset, four individuals dev-
eloped transient increases in | Z | at the end of expiration,
whereas in two patients the increases in | Z | occurred dur-
ing inspiration. 

Table 2 shows the characteristics of | Z | and the respi-
ratory events obtained. The mean±SD number of respira-
tory events detected with conventional full PSG (55±16;
and by the FOT (58±17) were similar with no statistical
differences. In addition, the time-related concordance be-
tween the respiratory events detected by PSG and FOT
was entirely accurate. The mean number of arousals detect-
ed during the study period in the seven patients was 53±16. 

Figure 7 shows the | Z | values at baseline (11±4 cmH2O·
L-1·s) with increases during the apnoeas (50±20 cm H2O·
L-1·s) in all but one patient (the one with a central apnoea).

Discussion

This study shows that, in patients with severe SAHS
during a nap study, | Z |, a quantitative index of airway
obstruction, is a potential alternative or complementary
method for the diagnosis of respiratory events. Accord-
ingly, we found a high degree of correspondence in detec-
tion of respiratory events between conventional means
and the FOT. In addition, we observed that this technique
applied during sleep is well tolerated, being easily added

0 5 10 15 20 25 30 35 40
Time  s

80

0| Z
 | c

m
H

2O
·s

-1
·L

-1

1

0

V 
'  

L·
s-

1

b)
Inspiration

Expiration

80

40

0

40

Inspiration

Expiration
1

0

-1a)

V 
'  

L·
s-

1
| Z

 | c
m

H
2O

·s
-1

·L

Fig. 6.  –  Representative examples of an apnoea in Stage 2 sleep. a)
shows transient increases in the amplitude of impedance (| Z |) during
inspiration coincident with limited inspiratory flow before apnoea
ensues. b) shows transient increases in | Z | that occur during expiration.
V ': flow.

Table 2.  –  Respiratory events and characteristics of FOT data obtained during the nap PSG

Subject
No.

Respiratory events 
detected by PSG

n

Arousals
n·h-1

Respiratory events 
detected by FOT

n
     Mean±SD | Z | Time of increase of | Z |

1
2
3
4
5
6
7

63
53
65
75
42
65
27

52
50
61
79
43
65
27

67
51
67
81
45
67
29

37±2
45±5
35±6
64±6
88±1
28±2
56±9

End-expiration
Inspiration
End-expiration
End-expiration
Inspiration
Inspiration and end-expiration
No

FOT: forced oscillation technique; PSG: polysomnography; | Z |: oscillatory impedance.

Mean±SD 55±16 53±16 58±17     50±20    
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Fig. 7.  –  The amplitude of impedance (| Z |) values at baseline and dur-
ing apnoeas for the seven patients.
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to the conventional sleep setup. Moreover, it provides an
on-line quantitative approach for continuous monitoring
of airway mechanics during sleep. 

Although FOT has been applied in respiratory medicine
during the past few years [17, 18], only preliminary data
obtained during sleep have been reported [19, 20]. The
interpretation of obstruction indices measured by FOT dur-
ing apnoea and hypopnoea required a model investigation
since flow-limitation and dynamic occlusion is present in
the collapsible upper airway of patients with SAHS. In a
previous study, our group analysed and tested the suitabil-
ity of FOT in a model and concluded that the technique is
appropriate for assessing airway obstruction under dynamic
airflow conditions found in SAHS [12]. | Z | is computed
from nasal pressure and flow and therefore, the imped-
ance measured corresponds to that of the total respiratory
system. As in SAHS patients the most relevant mechani-
cal abnormality is in the upper airway, the patterns of
change in | Z | illustrated in figure 2 can be attributed
mainly to variation in the degree of upper airway obstruc-
tion.

In this preliminary report, the FOT has enabled us to
make some interesting observations on the patterns of air-
way obstruction during apnoea and hypopnoea and on the
changing airway resistance and its timing immediately
before each apnoea or hypopnoea. In addition, the method
gives an insight into the pathophysiology of SAHS. In-
deed, when apnoea occurs there is a corresponding increase
in | Z | that is sustained as a plateau until apnoea terminates
following arousal. The different values of | Z | correspond-
ing to obstructive apnoeas (i.e., total occlusion) (fig. 7) cor-
respond to the distensibility of the upper airway upstream
from the occlusion site and to possible leaks in the mask
[12]. During hypopnoeas different intermittent patterns of
obstruction were observed (fig. 2). We have also noticed
that, in most patients, the beginning of an apnoea is pre-
ceded by brief obstructions, mainly during expiration,
while during hypopnoeas, obstructive periods are mainly
inspiratory. The significance of these observations needs,
however, to be further investigated. We therefore consider
that FOT may be a potentially useful and powerful method
for the noninvasive recognition of even subtle mechani-
cal events associated with respiratory disturbances during
sleep (i.e. the so-called "upper airway resistance synd-
rome").

In the present study, we applied the FOT with a setup
similar to that used for CPAP treatment, thus minimally
disturbing the subject. With the oscillation frequency
applied (5 Hz) in an on/off manner, sleep was not disturb-
ed as shown by the unchanged EEG (no arousals nor
microarousals) and chin EMG. More studies are required
to investigate other amplitudes and frequencies but it app-
ears that with the low-frequency (5 Hz), low-pressure (1.5
cmH2O) oscillations applied in our study, reflex activ-
ity such as may occur when high frequencies (30 Hz) are
applied [21], is not present. However, more sophisticated
EEG analysis or needle EMG of muscle subgroups during
low-frequency oscillation might clarify this point further.
One possible practical concern is the application of FOT
in the presence of mask leaks. As required whenever any
system or device is employed to achieve quantitative flow
measurements (i.e. pneumotachograph), leaks should be
reduced as much as possible [12, 15].

In conclusion, this pilot study demonstrates that the
forced oscillation technique is a clinically useful tool for
noninvasive assessment of recurrent obstruction of the
collapsible upper airway of patients with sleep apnoea/
hypopnoea syndrome. In addition, the technique may give
further pathophysiological information to assess upper
airway behaviour, hence strengthening the usefulness of
correlation studies in which the timing of respiratory ev-
ents can be critical. It is important now to proceed to stud-
ies involving the whole night and to include patients with
milder sleep apnoea/hypopnoea syndrome or other condi-
tions accompanied by upper airway narrowing, such as
nonapnoeic snoring.
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