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ABSTRACT: Inspiratory flow limitation (FL) during sleep has previously been re-
ported both in obstructive sleep apnoea (OSA) patients and heavy snorers (HS).
Recent results from this laboratory have shown the occurrence both of inspiratory
and expiratory flow limitation during muscular relaxation in awake healthy sub-
jects and OSA patients.

In this study, we have investigated whether expiratory flow limitation occurs
during sleep in heavy snorers and in patients with OSA. We studied four nonap-
noeic, heavy snorers and five OSA patients. Airflow was measured with a pneumo-
tachograph attached to a tight-fitting mask, and supraglottic pressure with a
catheter placed at the supraglottic level. Scoring for flow limitation was achieved
by visual inspection of 200 breaths recorded during sleep.

About 20% of the respiratory cycles presented isolated inspiratory flow limita-
tion. Approximately the same percentage was observed in heavy snorers and OSA
patients. Isolated expiratory flow limitation was less frequently recorded. Coup-
led inspiratory and expiratory flow limitations were more numerous, especially in
heavy snorers.

We conclude that both in heavy snorers and obstructive sleep apnoea patients,
inspiratory flow limitation is associated with expiratory flow limitation. This sug-
gests that upper airway obstruction during sleep is both an inspiratory and expi-
ratory event.
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It is generally accepted that the mechanism responsi-
ble for the development of obstructive sleep apnoea
(OSA) is the result of an imbalance between negative
inspiratory intraluminal pressure and activation of upper
airway dilator muscles. This causes narrowing of the
upper airway and flow limitation. The latter is characte-
rized by a constant, or even decreased, inspiratory flow,
occurring simultaneously with an increased, i.e. more
negative, intraluminal pressure. Sleep-related inspira-
tory flow limitation was reported in healthy, nonobese,
nonsnoring subjects [1], healthy snorers [2, 3], and OSA
patients [3, 4]. In the latter, upper airway narrowing may
progress to airway occlusion, so that inspiratory flow
limitation is followed by apnoea.

Narrowing of the upper airway and flow limitation is
not supposed to occur during expiration, since intralu-
minal, and therefore transmural, pressure is positive, dis-
tending the airways. However, recent findings from this
laboratory [5, 6], as well as previous reports of other
authors [7–10], suggest that narrowing of the upper air-
way and flow limitation is not solely an inspiratory
phenomenon. We have recently observed inspiratory and
expiratory flow limitation during muscular relaxation
in healthy subjects and OSA patients. No flow limita-
tion was recorded when subjects breathed actively, in

phase with the respirator [6, 11]. Recently, KAYALEH et
al. [7] have reported changes in the tidal breath expi-
ratory flow-volume curve in relaxed supine subjects.
This was more frequently observed in patients with sleep
apnoea and a history of snoring. The authors suggest-
ed that these changes reflected expiratory upper airway
narrowing. However suggestive these results might be,
they are no substitute for actual demonstration of expi-
ratory flow limitation during sleep. Such a demonstra-
tion, in heavy snorers and OSA patients, was the aim
of this study.

Materials and methods

We studied four nonapnoeic, heavy snorers (HS) and
five OSA patients. Heavy snorers were recruited by
means of newspaper advertisement. They had suffered
from loud snoring for several years, without other symp-
toms of OSA. Heavy snorers were admitted to the hos-
pital for a single night, during which measurement of
upper airway mechanics was followed by polysomno-
graphic recordings. The OSA patients were admitted
to the hospital for two nights. On the first night, poly-
somnographic recordings were obtained. Measurement
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of upper airway mechanics was performed during the se-
cond night. During this night, sleep was assessed using
behavioural criteria: absence of response to the envi-
ronment; apparent state of sleep; and occurrence of
snoring. Repeated entrance to the patient's room was
the stimulus to test the response to the environment,
every 10–15 min. Written, informed consent was obtai-
ned from all subjects, and the experiment was appro-
ved by the Ethics Committee of our hospital.

Two separate samples of 100 consecutive breaths,
selected at random, were analysed for inspiratory and
expiratory flow limitation. Flow limitation was defi-
ned as an increase in supraglottic pressure occurring
simultaneously with a constant or decreased flow rate.
The records were scored by two observers together,
who were blind to the clinical characteristics of the sub-
jects. The figures reported are the result of their con-
sensus.

Airflow (V ') was measured with a Fleisch No. 2 pneu-
motachograph, attached to a tight-fitting silicone face
mask. Pressure drop across the pneumotachograph was
measured by a ±5 cmH2O Validyne pressure transduc-
er. A silicone paste was inserted between the mask and
the subject's face. The mask was found to be free of
leaks when breathing a 79% He/21% O2 mixture (using
a Godart catapherometer), as no helium was detected
around the border of the mask. Supraglottic pressure
(Psg) was recorded with a 60 cm long polyethylene
catheter (internal diameter (ID) 2 mm), placed through
one nostril at the supraglottic level, 17 cm from the
nares, under local anaesthesia (10% lidocaine) and
secured in place. The distal end of the catheter was per-
forated by six holes spread over the 2 cm section behind
the tip, which was sealed. A bias flow (<0.1 L·min-1)
kept the tube free of secretions. A similar catheter was
placed into the mask at 3 cm from the nares. The prox-
imal ends of both catheters were connected to the two
sides of a differential pressure transducer (Validyne
±140 cmH2O). The lengths of the tubing of the pha-
ryngeal and mask catheters were adjusted to bring the
signals into phase. The phase angle between flow and
pressure signals was less than 5° up to 90 Hz. Signals
of V ' and Psg were simultaneously recorded on tape
(Teac R 81 cassette data recorder) for further exami-
nation. From the tape, signals of V ' and Psg were dis-
played on a storage oscilloscope and breaths were
analysed for flow limitation. Representative examples
of inspiratory and expiratory flow limitation were dis-
played on a recorder versus time. Supraglottic resis-
tance (Rsg) was measured on the linear portion of the
pressure-flow relationship and is the average of 15 con-
secutive breaths.

Polysomnographic recordings and sleep staging were
assessed using standard procedures [12]. Hypopnoea was
defined as a reduction by 50% of the flow signal for 10
s or more when compared to the peak amplitude obtai-
ned over a 10 s period within the last 2 min [13]. Thora-
cic movements were recorded using a strain gauge. Two
thermistors were fixed in front of the nostrils and one
in front of the mouth to detect the route of breathing.
With rare exceptions, subjects breathed through the nose
all night. The 200 breaths analysed for flow limitation
were all through the nose. Transcutaneous oxygen sat-
uration and pulse rate were monitored by a Nellcor pulse
oximeter.

Data between groups were compared using the Mann-
Whitney U-test, and a p-value <0.05 was considered
significant.

Results

The four heavy snorers (2 females and 2 males) had
a mean±SD age of 43±12 yrs and a body mass index
(BMI) of 30±9 kg·m-2. The five OSA patients (all males)
were older (51±6 yrs) (p<0.05) and had a higher BMI
of 35±5 kg·m-2 (p>0.05).

Sleep characteristics of the two groups (without the
pharyngeal catheter) are presented in table 1. The short
total sleep time (TST) in heavy snorers is due to the
fact that it was recorded after the withdrawal of the
pharyngeal catheter (i.e. following the measurements of
upper airways mechanics). Table 2 presents the sleep
characteristics of heavy snorers, with and without the
pharyngeal catheter. With the catheter in place, rapid
eye movement (REM) sleep was absent in all heavy
snorers. After the withdrawal of the catheter, all sleep
stages were present. In heavy snorers, Psg and V ' were
recorded during stages 1 and 2 non-REM (NREM) sleep.
In OSA patients we assume that Psg and V ' were also
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Table 1.  –  Sleep characteristics of heavy snorers (HS) and OSA patients without pharyngeal catheter

TST REM NREM 1 NREM 2 NREM 3 NREM 4 AI W REM NREM HI
min % TST % TST % TST % TST % TST events·h-1 Sa,O2 % Sa,O2 % Sa,O2 % events·h-1

HS 182±54 14±10 11±7 46±5 9±6 20±9 0 97±0.5 96.5±0.6 96.5±1 13.3±13.2
n=4
OSA 416±46* 15±10 42±28 39±24 2.5±3 0.4±0.8* 33±17* 94±2* 89±5* 91±2* 38.0±37.0
n=5

Values are presented as mean±SD. OSA: obstructive sleep apnoea; TST: total sleep time; REM: rapid eye movement sleep; NREM
1, 2, 3 and 4: stages of non-rapid eye movement sleep; AI: apnoea index; HI: hypopnoea index; Sa,O2: arterial oxygen satura-
tion; W: during wakefulness. *: p<0.05, compared to heavy snorers.

Table 2.  –  Sleep characteristics of heavy snorers (HS)
with and without the pharyngeal catheter

Sleep stage HS with catheter HS without
% TST catheter

(56 min) % TST
(182 min)

REM 0 16
NREM 1 17 9

2 66 49
3 6 8
4 11 20

For definitions see legend to table 1.



recorded in light NREM sleep. Indeed, during the polyso-
mnographic night, with a less invasive procedure, pati-
ents showed only about 3% of deep NREM sleep. With
a catheter in the pharynx, which alters the sleep, a more
profound NREM sleep is not likely to have occurred.

Flow limitation occurred as an isolated, inspiratory or
expiratory, event or as coupled breaths, inspiratory fol-
lowed by expiratory flow limitation (figs. 1 and 2). The
percentage of flow limited events in the 200 breaths is
presented in table 3. About 20% of the respiratory cycles
presented isolated inspiratory flow limitation, and about
the same percentage was observed in heavy snorers and
OSA patients. Isolated expiratory flow limitations were

less frequently recorded. Coupled inspiratory and expir-
atory flow limitations were more numerous, especially
in heavy snorers. Examples of isolated inspiratory, iso-
lated expiratory and coupled inspiratory and expiratory
flow limitations are shown if figures 3, 4 and 5. Mean
values of flow limited breaths were not statistically dif-
ferent (p>0.05) between heavy snorers and OSA pati-
ents. Mean value for linear supraglottic resistance was
5.0±3.2 cmH2O·L-1·s in heavy snorers and 7.1±3.0
cmH2O·L-1·s in OSA patients (p>0.05). Hysteresis was
recorded both in snorers and OSA patients. There was
either inspiratory hysteresis (fig. 6), expiratory hystere-
sis or both.
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Fig. 1.  –  Supraglottic pressure (P) and flow rate (V ') in an OSA patient during sleep. Periods of normal breathing (N), hypopnoea (H), apnoea
(A), inspiratory (FLinsp) and expiratory (FLexp) flow limitation, and snoring (S) are evident. Exp.: expiration; Insp.: inspiration.
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Fig. 2.  –  Supraglottic pressure (P) and flow rate (V ') in another OSA patient during sleep. One can see a period of normal breathing (N),
hypopnoea (H), inspiratory (FLinsp) and expiratory (FLexp) flow limitation. Exp.: expiration; Insp.: inspiration.
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Discussion

We have observed the occurrence of expiratory flow
limitation during sleep in 3 out of 5 OSA patients and
in all heavy snorers studied. Expiratory flow limitations
occurred as isolated events (figs. 3 and 4), or coupled
i.e. inspiratory followed by expiratory flow limitation
(fig. 5). Inspiratory flow limitation was recorded in all
subjects studied. To our knowledge, this is the first time
that expiratory flow limitation during sleep has been
reported.

There are several limitations to this study. In heavy
snorers, measurement of upper airways mechanics were
made simultaneously with the polysomnographic recor-
dings on the same night. In OSA patients sleep was
assessed by behavioural criteria. In as much as behav-
ioural criteria for defining sleep are less accurate than
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Table 3.  –  The percentage of flow limited events

Isolated FLinsp Isolated FLexp Coupled FLinsp
% % and FLexp %

Heavy snorers  n
1 1 7 92
2 38 14 3
3 11 11 67
4 28 5 53
Mean±SD 20±17 9±4 54±38
OSA patients  n
1 13 17 22
2 13 10 60
3 19 19 10
4 26 0 0
5 9 0 0
Mean±SD 16±7 9±9 18±25

n: number of subject; FLinsp: inspiratory flow limitation; FLexp:
expiratory flow limitation; HS: heavy snorers; OSA: obstruc-
tive sleep apnoea.
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Fig. 3.  –  Isolated inspiratory flow limitation (FLinsp) in a heavy
snorer. Note an increase in supraglottic pressure (P) (more negative)
and a plateau of inspiratory flow (V '). Note also high frequency flow
oscillations, corresponding to snoring. Exp.: expiration; Insp.: inspi-
ration.
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Fig. 4.  –  Isolated expiratory flow limitation (FLexp) in an OSA
patient. Note an increase in supraglottic pressure (P) (more positive)
simultaneously with a decrease in flow rate (V ').  Insp.: inspiration;
Exp.: expiration.
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Fig. 5.  –  Coupled inspiratory (FLinsp) and expiratory (FLexp) flow
limitation in a heavy snorer. V ': flow rate; P: pressure; Exp.: expira-
tion; Insp.: inspiration.
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Fig. 6.  –  An example of inspiratory (Insp.) and expiratory (Exp.)
flow limitation in an OSA patient. Signals of flow (V ') and pressure
(P) recorded on tape were displayed on a storage oscilloscope and
photographed (redrawn from the original). Note pressure and flow
oscillations (corresponding to snoring), and hysteresis during inspi-
ration. Other signals (thoracic movements and signals from thermis-
tors) were omitted from this and the previous figures. OSA: obstructive
sleep apnoea.



electroencephalographic (EEG) criteria, breaths which
were not flow limited could have occurred during a
brief arousal. This might have resulted in an underes-
timation of the actual number of flow limited breaths.
The sample studied was small, and the lack of statisti-
cal differences between the two groups of subjects has
to be accepted with caution. However, the small size
cannot deny the main finding of this study, namely the
presence of expiratory flow limitation occurring during
sleep in all snorers and most of the OSA patients.
Measurements of upper airway mechanics were per-
formed more than 30 min after local anaesthesia. We
have previously shown [14] that most of the effect of
lidocaine on upper airway muscles (at a much larger
dose than in the present study) had disappeared by that
time. The localization of the upper airway flow limit-
ing segment was not determined in this study. However,
it must be located above the tip of the catheter, i.e. above
the glottis.

Inspiratory, but not expiratory, flow limitation was
previously reported during sleep in patients with OSA,
in healthy snorers [2, 3] and in healthy nonobese non-
snorers [1]. Models using collapsible tubes have shown
that, once a critical narrowing is reached, flow does not
increase any further, and might even decrease, despite
an increase in intraluminal pressure. Flow limitation is
associated with high frequency oscillations of the wall
of the tube, which are propagated to the mass of fluid
[15, 16]. According to current concepts, during wakeful-
ness inspiratory activation of dilator muscles keeps the
upper airway open; thus, balancing the negative intra-
luminal pressure generated by the chest wall inspira-
tory muscles. During sleep, the decrease in muscle tone
results in inspiratory narrowing and, eventually, closure
of the pharyngeal airway [17, 18]. In terms of flow rate,
this corresponds to flow limitation, high frequency flow
oscillations (snoring) and eventually apnoea.

During expiration, since intraluminal, and therefore
transmural, pressure is positive, narrowing and closure
of the upper airway is not supposed to occur. This view
is contradicted by the present findings that flow limi-
tation also occurs during expiration. Two mechanisms
can explain sleep-related flow limitation during expi-
ration. An active contraction of pharyngeal constrictor
muscles or, paradoxically, a decrease in their tone. Both
mechanisms would result in expiratory narrowing of the
upper airway. The latter mechanism, which we favour,
is based on the assumption that not only inspiratory
(dilator) but also expiratory (constrictor) muscles are
activated during wakefulness, and that sleep induces a
decrease and, eventually, lack of tone of both these
muscles, thus destabilizing the upper airway.

HILL et al. [19] and SAUERLAND et al. [20] found elec-
tromyographic (EMG) discharges of the superior and
middle pharyngeal constrictors during sleep in normal
subjects and OSA patients. We recently observed inspi-
ratory and expiratory flow limitation in awake healthy
subjects and OSA patients during muscular relaxation.
Fibreoptic bronchoscopy showed a wide open oropharyn-
geal isthmus during active breathing. During relaxa-
tion, the soft palate fell and the base of the tongue
rose, resulting in a narrowed orifice. This was true both
during inspiration and expiration [6, 11]. These find-
ings demonstrate that active breathing maintains a wide

open pharyngeal airway; and that muscular relaxation
results in a critical narrowing of this airway and flow
limitation during both inspiration and expiration. We
suggest that the same mechanism was operating in the
subjects investigated in this study during sleep. Indeed,
the decrease in tone of the respiratory muscles during
relaxation may be related to the decrease in tone of these
muscles during sleep.

Several previous reports are in keeping with the pre-
sent observations. In a paper by LUGARESI et al. [21]
there is a clear illustration of expiratory flow limita-
tion in a heavy snorer (but without any comment). Rec-
ently, KAYALEH et al. [7] have reported changes in the
shape of the tidal breath expiratory flow-volume curve
during relaxation in supine subjects, reflecting expira-
tory upper airways obstruction. Previously, SANDERS

and MOORE [8] have suggested that upper airways are
substantially narrowed during expiration in OSA. Re-
cently, SCHWAB et al. [22], using cine-computed tomo-
graphy in supine, awake, normal subjects and OSA
patients, found that at end-expiration the upper airway
narrowed significantly. SANDERS and KERN [9] have
shown that in OSA patients a critical level of expira-
tory positive airway pressure (EPAP) is "essential for
uninterrupted upper airway patency during sleep". This
is in keeping with the findings of MAHADEVIA et al.
[10], who reported that 10 cmH2O of EPAP signifi-
cantly reduces frequency and duration of apnoeas and
the degree of nocturnal oxygen desaturation.

In conclusion, we have recorded expiratory and in-
spiratory flow limitation during sleep both in heavy
snorers and obstructive sleep apnoea patients. Present,
as well as previous results, suggest that upper airway
obstruction during sleep is both an inspiratory and expi-
ratory event.
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