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Arousability in sleep apnoea/hypopnoea syndrome patients
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ABSTRACT: Sleep disruption and daytime sleepiness in obstructive sleep apnoea/
hypopnoea syndrome (OSAHS) patients result from recurrent apnoeas/hypopnoeas and
arousals from sleep. Around 30% of apnoeas/hypopnoeas are not terminated by visible
cortical arousals. The current authors tested the hypotheses that arousal induction is
linked to sleep stage, oxygen desaturation, event type, event duration and time of
occurrence during the night.

Fifteen patients with OSAHS of varying severity were studied and all their apnoeas/
hypopnoeas were evaluated.

Eight of 15 patients had apnoeasthypopnoeas in all sleep stages, and all their 610
apnoeas/hypopnoeas were analysed in the between stages comparison; data from all
15 patients were included in other comparisons. Thirty-four per cent of apnoeas/
hypopnoeas during slow wave sleep (SWS) were associated with arousal, significantly
less than the 77% during nonrapid eye movement (NREM) 1 and 2 and 62% during
rapid eye movement (REM) sleep. Arousal induction was not affected by oxygen
desaturation, event type, duration or time of the night. The apnoea/hypopnoea index
was 39-h™ in NREM 1 and 2, significantly higher compared to 17-h”" in REM or to
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11-h! in SWS sleep.

In conclusion, apnoeasthypopnoeas in slow wave sleep are associated with fewer

cortically apparent, visually detected arousals.
Eur Respir J 2002, 20: 733-740.

Obstructive sleep apnoea/hypopnoea syndrome
(OSAHS) affects 1-4% of the population [1] and is
more common among middle-aged men. The major
symptom is daytime sleepiness, a risk factor for
accidents [2, 3], which impairs quality of life and
creates difficulties and embarrassing situations at
work and in the social environment. Previous studies
of the factors causing sleepiness in OSAHS patients,
have found weak correlations between polysomno-
graphic findings and both objective and subjective
measurements of daytime sleepiness [4, 5]. In part, this
may be because the recurrent arousals, which model-
ling studies have shown are central to daytime
dysfunction [6, 7], are poorly identified [8]. Not all
apnoeas/hypopnoeas are terminated by visible cortical
arousals, which are absent in about 30% of them [9].

However, there may be differences between events
which predispose to more marked arousal reactions.
These might include event duration and severity of
oxygen desaturation. Furthermore, there may be
differences between sleep stages in arousability or in
the visibility of arousals.

The current authors have therefore investigated the
hypotheses that arousability varies between light sleep
(nonrapid eye movement (NREM) 1 and 2), slow
wave sleep (SWS) and rapid eye movement sleep
(REM), and that visible cortical arousals are more
common with longer apnoeas/hypopnoeas and with
more severe desaturation. The study also aimed to
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examine the effects of respiratory event type, apnoeas
or hypopnoeas, and the time of their occurrence
during the night on cortical responses.

Methods
Subjects

Fifteen patients (14 malei age 51 (sp 9) yrs, body
mass index 29 (sp 2) kg-m™) with excessive daytime
sleepiness and at least one further OSAHS symptom
[10], underwent diagnostic polysomnography. Patients
with periodic limb movement disorder, other neuro-
logical, cardiac or pulmonary diseases, or intake of
medication which affected sleep, were excluded.
The study was approved by the Institutional Ethics
Committee.

Polysomnography

Polysomnography was performed using a compu-
terised recording system consisting of: 1) two central
(C3A2, C4Al) and two occipital (O1A2, O2A1)
electroencephalogram (EEG) tracings, two outer
canthi electrodes (LEOG, REOG) and a submental
electromyogram (EMG) electrode; 2) tibial EMG;
3) three-lead electrocardiogram; 4) oronasal airflow
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detection by a thermistor sensor, thoracoabdominal
movement detection by two piezoelectric belts, a
digital microphone and a pulse oximeter.

Recordings were carried out between 22:00 and
07:00 h. They did not include continuous recording of
supine body position.

Scoring, definitions

Scoring was performed by a single observer, blinded
to subject. Sleep and arousals were scored from the
C4A1 and C3A2 tracings. Sleep was scored according
to the criteria proposed by RECHTSCHAFFEN and KALES
[11]. An arousal was scored when an abrupt shift to a
faster EEG frequency (including theta, alpha and/or
greater frequencies but no spindles) occurred and
lasted 1-15 s, ie. arousal scoring was based on the
definition of the American Sleep Disorders Associ-
ation (ASDA), modified to the time threshold which
was set at 1 s rather than 3 s [12]. Arousals with no
preceding apnoeas/hypopnoeas were defined as spon-
taneous arousals. Arousals overlapping or adjacent
to apnoeas/hypopnoeas were defined as respiratory
arousals. Arousal scoring ranged from 1-15 s, irre-
spective of sleep recurrence or prolonged awakening
subsequent to the arousal; hence, the awakenings as
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described by REcHTSCHAFFEN and KALEs [11] were also
included in the scoring.

The numbers of each arousal type per hour of sleep
were termed the spontaneous arousal index (SAI) and
the respiratory arousal index (RAI). Respiratory-
arousals were categorised according to the following:
1) 1-3 s of duration, 2) 3-15s of duration, or 3)
REcHTSCHAFFEN and KaLEs [11] awakenings >15 s.
The respiratory events which were not terminated by
cortical arousals were categorised into events causing:
1) no EEG changes, or 2) lightening in sleep stage in
the epoch following the event termination (e.g. from
stage 3 to 2) (fig. 1).

Apnoeas were defined as cessation of the oronasal
airflow, lasting >10s. Hypopnoeas were defined as
airflow reduction of >50%, compared to a 10 s peak
amplitude during the preceding 2 min, lasting
>10 sec and associated with either oxygen desatura-
tion of >3% or an arousal [13].

Arousals and respiratory events were scored sepa-
rately during two sessions.

Oxygen saturation was based on a second-by-
second measurement within a window set from the
beginning of each event until the middle of the
following and/or a maximum of 120 s.

Apnoea/hypopnoea index (AHI) and arousal
indices were calculated for each sleep state.
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Fig. 1.—Four examples of scoring: a) hypopnoea inducing a 5-s arousal; b) hypopnoea inducing a 2-s arousal; c¢) apnoea causing
awakening; and d) apnoea that begins in rapid eye movement (REM)-sleep and self-terminates in the following epoch, causing a transition
from REM to stage 1 (lightening). EOG: electrooculogram; EEG: electroencephalogram (tracings: C3A2, C4Al, O1A2 and O2Al);

EMG: electromyogram; ECG: electrocardiogram; O,: oxygen.
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Table 1.—Intrarater variability for sleep states, sleep
efficiency, apnoea-hypopnoea index (AHI) and arousal
index (Arl) in 15 patients

Intrarater variability

Sleep efficiency 0.8+0.5
NREM 1 and 2 sleep 0.54+0.2
SWS 0.2+0.09
REM sleep 0.440.2
AHI 1-h! 1.7+0.9
Arl 1-h" 3.0+0.4

Data are presented as mean differencexSEM in % of the
highest score. NREM: nonrapid eye movement; SWS: slow
wave sleep; REM: rapid eye movement.

To assess the accuracy and reproducibility of
scoring outcomes, the polysomnograms from the 15
patients were scored twice by the same researcher. In
these intrarater analyses the researcher was blind to
the patient details and the results of the comparison
studies. Intrarater comparisons were made 12 months
after the initial study was scored. Variability was
calculated as the difference between the two scores in
per cent. Across the patients the highest variability
between scores was 3% for arousal index, but 94% of
these scores differed by <3 arousals-h™ (table 1).

The influence of the following factors on the
induction of respiratory arousals were then investi-
gated: 1) sleep state during which the respiratory event
occurred, 2) event type (apnoea versus hypopnoea),
3) event duration, 4) oxygen desaturation, and 5) time
of night.

Statistical analysis

Analysis of variance (ANOVA) was performed for
the detection of sleep state-related differences in AHI,
RAI and SAI, across the patients. Post-hoc analysis
was performed with the least-significant difference test
for pairwise multiple comparisons.

ANOVA was performed to detect changes in the
induction of respiratory arousals due to the time of
the night. Paired comparisons between the RAI before
and after 02:30 h during NREM 1 and 2 were per-
formed to further assess changes in arousal threshold.

The Chi-squared test was performed to assess
significant association between respiratory event type
and arousal induction. Paired t-tests were performed
to evaluate the significance of event duration and
oxygen desaturation on the arousal induction.

Tests were two-tailed and p<0.05 was accepted as
statistically significant. The data are presented as the
standard error of the means (SEm) or the interquartile
range (IQR).

Results

Sleep architecture

All patients showed a disturbed sleep pattern. Mean
sleep efficiency was 87.6+3.5% of the sleep period

D
e

Fig. 2.—Of all apnoeas/hypopnoeas 67.4% caused American
Sleep Disorders Association arousals (), 4.0% caused 1-3-s arou-
sals (N), 5.9% caused awakenings described by RECHTSCHAFFEN
and KALES (11] (H), 22.0% were terminated without any visible
electroencephalographic change (M) and 0.7% (M) caused sleep
lightening during the epoch that followed the event termination.

time. Mean time spent in NREM 1 and 2 was 64.4+
3.6%, in SWS 21.242.4%, and in REM 14.3+2.2% of
the total sleep time.

Apnoeaslhypopnoeas and cortical arousals

Across the 15 polysomnograms, 2,667 apnoeas/
hypopnoeas and 2,056 respiratory arousals were
scored (fig. 2). There were 2,326 apnoeas/hypopnoeas
during NREM 1 and 2, 128 during SWS and 213
during REM sleep. There were 1,900 respiratory
arousals during NREM 1 and 2, 31 during SWS and
125 during REM sleep.

The mean AHI of the 15 patients was 31-h™! (range
10-75-h ) The mean arousal-index was 34-h! (ran%e
16-70-h™"). The mean SAI was 10-h™! (range 4-25-h™)
and mean RAI was 24-h"' (range 8-52-h™). E1ghty
per cent of the respiratory events caused visible cor-
tical arousals, 20% did not (table 2, individual data
table 3).

Table 2.—Apnoea-hypopnoea index (AHI) and arousal
indices in different sleep stages

All NREM 1 REM SWS
night and 2

AHI h! 30.5+4.5 39.6+4.5 16.8+4.1 11.5+4.9

38.1+4.9% 20.8+5.4% 14.9+6.8%

RAI h! 234433 29.6+4.8% 11.842.4% 5.143.3%

% of all RE  79.6+4.3 76.6+6.8"7 61.6+8.7% 34.3+8.5"

SAI h! 10.4+13 13.841.8 54406  4.9+1.0

Data are presented as meantSEM. NREM: nonrapid eye
movement; REM: rapid eye movement; SWS: slow wave
sleep; RAI: respiratory arousal index; RE: respiratory
events; SAI: sgontaneous arousal index. Results apply to
n=15 patients. ”: n=8 patients in whom apnoeas/hypopnoeas
occurred in all sleep stages.
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Table 3. -Individual apnoea/hypopnoea index (AHI) and arousal indices in each sleep stage

Patient no. Time h AHI h'! RAI h'! Ratio % of all RE SAI h!
1

NREM 1 and 2 4.4 38.7 37.6 97 13.0

REM 1.1 5.3 5.3 100 44

SWS 1.5 1.9 1.3 66 2.6
2#

NREM 1 and 2 2.8 79.6 58.8 74 19.0

REM 0.02 0.0 0.0 0 50.0

SWS 0.6 52.6 21.0 40 10.5
3#

NREM 1 and 2 3.7 57.8 42.4 73 34.5

REM 0.3 41.4 37.9 9] 3.5

SWS 0.7 0.0 0.0 0 11.7
4%

NREM 1 and 2 3.8 18.1 15.2 84 10.5

REM 0.8 0.0 0.0 0 8.6

SWS 2.2 0.9 0.0 0 3.2
5#

NREM 1 and 2 2.7 18.7 17.5 94 15.3

REM 0.9 5.4 4.3 80 43

SWS 1.8 0.0 0.0 0 1.8
6

NREM 1 and 2 45 18.5 12.5 67 8.0

REM 0.5 14.9 10.6 71 8.5

SWS 1.5 15.6 2.0 13 2.0
7

NREM 1 and 2 4.1 51.8 448 87 43

REM 0.9 43.7 20.7 47 2.3

SWS 1.6 2.5 14 50 3.2
8#

NREM 1 and 2 48 37.1 35.9 96 12.0

REM 14 8.6 22 25 29

SWS 1.3 0.0 0.0 0 5.4
9

NREM 1 and 2 3.5 24.3 12.7 52 12.2

REM 1.2 16.1 8.5 53 5.1

SWS 1.9 2.0 1.0 50 3.7
10%

NREM 1 and 2 4.1 33.0 28.5 86 33.1

REM 0.8 30.5 21.9 72 11.0

SWS 1.2 0.0 0.0 0 3.3
11

NREM 1 and 2 5.4 50.1 473 94 44

REM 0.8 15.0 13.7 91 6.3

SWS 0.07 57.1 28.5 50 0.0
12#

NREM 1 and 2 3.4 453 439 97 11.7

REM 1.5 0.0 0.0 0 9.3

SWS 1.1 0.0 0.0 0 4.5
13

NREM 1 and 2 3.7 55.8 25.5 45 13.8

REM 1.0 418 20.4 48 3.1

SWS 1.7 27.4 2.4 9 3.6
14

NREM 1 and 2 45 40.6 36.2 89 13.0

REM 1.5 2.7 0.7 25 2.7

SWS 0.9 12.5 4.5 36 13.6
15

NREM 1 and 2 3.4 25.7 20.7 80 20.4

REM 1.2 27.1 15.2 56 5.1

SWS 2.0 0.5 0.0 0 45

RALI: respiratory arousal index; RE: respiratory events; SAI: spontaneous arousal index; NREM: nonrapid eye movement;
REM: rapid eye movement; SWS: slow wave sleep. #: seven patients excluded from analysis of variance across the three sleep
states, as their AHI in REM and/or SWS was zero.
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Apnoealhypopnoea index, respiratory arousal index,
spontaneous arousal index and sleep states

AHI differed significantly between sleep stages
across the 15 patients (p<0.001). Pairwise compar-
isons showed significantly higher AHI during NREM
1 and 2 compared to SWS (p<0.001) and to REM
sleep (p=0.001), but no significant differences between
REM and SWS (p=0.4).

ANOVA, with the percentage of arousal-inducing
apnoeas’/hypopnoeas in the three sleep states being the
within-subject variable, was performed between patients
whose AHI was greater than zero in all three sleep
states. Seven of the 15 patients were excluded as they
failed to meet this criterion (table 3). All data from the
remaining eight patients including all 610 apnoeas/
hypopnoeas showed significant, sleep stage-related
differences in arousal induction (F=7.0, p=0.005).
Pairwise comparison showed a lower percentage of
arousal-inducing apnoeas/hypopnoeas during SWS
compared to NREM 1 and 2 (p=0.001) and REM
(p=0.02). There was no significant difference between
NREM 1 and 2 and REM (p=0.2) (fig. 3).

The SAI differed significantly between the three
sleep-states, across the 15 patients (F=14.9, p<0.001).
Pairwise comparison showed significant differences
between NREM 1 and 2 and SWS (p<0.001), NREM
1 and 2 and REM (p<0.001), but not between SWS
and REM (p=0.7).

Apnoeas versus hypopnoeas

Of all the 2,667 respiratory events, 1,430 were
hypopnoeas and 1,237 were apnoeas. During NREM
1 and 2 53% were hypopnoeas, during SWS 88% and
during REM sleep 43%. Seventy-five per cent of
hypopnoeas and 80% of apnoeas induced arousals.
Chi-squared testing showed no significant difference

w801
[38]
3
S 70+
8
Z 60
&
g 50
% 40,
5
_‘:_3 30
s
c 204
3
= 10
REM NREM 1 and 2 SWS
Sleep state

Fig. 3.—Comparison of arousal-inducing apnoeas/hypopnoeas
during slow wave sleep (SWS), rapid eye movement (REM) and
nonrapid eye movement (NREM) 1 and 2 sleep. N: % respiratory
events with arousal; [J: % respiratory events without arousal.
Per hour, REM: 6248% apopnoeas/hypopnoeas caused arousals;
NREM: 77+6% caused arousals; SWS: 3448% caused arousals
across n=8 patients.

Table 4.—Absence of association between respiratory
event type and arousal induction®

Apnoeas Hypopnoeas p-value’
NREM 1 and 2
Arousals
Yes 911 989 0.1
No 189 237
SWS
Arousals
Yes 5 26 0.7
No 10 87
REM
Arousals
Yes 71 54 0.8
No 51 37

NREM: nonrapid eye movement; SWS: slow wave sleep;
REM: rapid eye movement. #: using the Chi-squared test;
7 two sided.

between the respiratory event type (apnoea or hypop-
noea) in the arousal induction either overall or in any
sleep-state across the patients (p>0.1) (table 4).

Apnoealhypopnoea duration, oxygen desaturation and
arousals

The median duration of arousal-inducing apnoeas/
hypopnoeas was 22.5s (IQR 17-30 s), the median
duration of nonarousal-inducing apnoeas/hypopnoeas
was 20 s (IQR 15.5-20 s). Median oxygen desatura-
tion of arousal-inducing apnoeas/hypopnoeas was 5.0%
(IQR 0-7.0%), and of nonarousal-inducing events was
5.0% (IQR 4.0-7.0%). Across the 15 patients, compa-
risons of median duration and oxygen desaturation
between arousal-inducing versus nonarousal-inducing
apnoeas/hypopnoeas were not significant overall
(p=0.8, p=0.07) or during NREM 1 and 2 (p=0.9,
p=0.2). In the eight patients in whom apnoeas/
hypopnoeas occurred in all three sleep-states, no
significant differences were found in REM (p=0.3,
p=0.6) or SWS (p=0.3, p=0.2) (table 5).

Time of the night

Time of the night did not influence the cortical
response to apnoeas’hypopnoeas across the 15 pati-
ents (p=0.2) (fig. 4). Paired comparison between the
mean RAI before and after 02:30 h during NREM 1
and 2, showed no significant changes across the 15
patients (p=0.6).

Discussion

This study has shown that apnoeas and hypopnoeas
are less frequent in REM and SWS than light sleep.
Arousals caused by apnoeas/hypopnoeas are less
common from SWS, while spontaneous arousals are
less common from SWS and REM than from light
sleep. Furthermore, the cortical arousal response was
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Table 5.—Duration of hypopnoeas and apnoeas and oxygen desaturation

All night NREM 1 and 2 REM SWS
Duration s
Hypopnoeas 21.8 (20.0-27.5) 21.5 (20.0-26.5) 37.0 (26.1-41.5)* 0(18 7.9)%
Apnoeas 21.8 (17.3-22.5) 21.0 (17.0-22.5) 21.0 (19.0-25.8)" 3(18 3.1)*
Desauration O, %
Hypopnoeas 4.0 (3.0-5.0) 4.0 (3.0-5.0) 6.2 (5.2-9. 3) 5(2.2-1.7)%
Apnoeas 5.0 (4.0-6.0) 5.0 (4.0-6.0) 5.0 (3.0-9.0* 0 (2.0-11.0*

Data are presented as median (interquartile range). NREM: nonrapid eye movement; REM: rapid eye movement; SWS: slow

wave sleep; O,: oxygen. Results apply to n=15 patients.
sleep states.

not influenced by the event type, duration, desatura-
tion or time of occurrence during the night.

Arousal threshold

This study confirms the variability in the arousa-
bility of OSAHS patients in response to apnoeas/
hypopnoeas during SWS, compared to light and REM
sleep. This is in agreement with the findings of BERRY
et al. [14] who, based on measurements of respiratory
effort, observed a cyclical increase in cortical arousal-
threshold across the night, parallel to the increase of
delta power.

The frequency of spontaneous arousals also changed
significantly during SWS and REM sleep compared
to light sleep, suggesting a higher arousal threshold
during these sleep states. The difference between
respiratory and spontaneous arousal frequencies
during REM sleep might relate to the loss of muscle
tone and the higher degree of upper airway instability
[15]. This makes airway collapse more likely in REM
sleep. Once started, the events tend to end with
arousal often after long events, whereas spontaneous
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Fig. 4. —Hourly comparison of the respiratory arousal index
(RAI) between 00:00 and 05:00 h showed no significant differences
in apnoeahypopnoea-related arousability during the night, across
the 15 patients (p=0.2).

: n=8 subjects in whom apnoeas/hypopnoeas occurred in all three

arousals are less common in REM sleep. Furthermore,
some "spontancous" arousals may partly be linked to
undetected, increased ventilatory effort [14, 16].

The current authors hypothesise that all afferent
impulses reach the thalamic/hypothalamic region but
onward transmission to the cortex is dependent on the
sleep state. In SWS this transmission is inhibited,
resulting in decreased detection of cortical arousals
but maintenance of "nonvisible" autonomic arousals
[17]. This hypothesis is supported by BRAUN et al. [18]
who demonstrated changes in cerebral blood flow
detected by positron emission tomography through-
out the sleep-wake cycle, with selective deactivation
of fronto-parietal areas and their functional discon-
nection to thalamic nuclei during SWS. Activity in
primary and secondary sensory cortices was preserved
for arousal from deep sleep in response to sudden
threat. This finding suggests that the homeostatic
drive for sleep, which cumulatively increases in sleep
apnoeics as a result of repetitive arousing stimuli
within and between nights [19], may be more promi-
nent during SWS.

Apnoeas versus hypopnoeas,
hypopnoea index

arousals and apnoeal

The present study could not confirm the findings of
STRADLING et al. [20] regarding the increased cortical
response to apnoeas compared to hypopnoeas. This
is in accordance with the current authors’ clinical
impression that patients with predominately apnoeic
events are not sleepier than patients with predomi-
nately hypopnoeic events. STRADLING et al. [20] used
a different hypopnoea definition, based on a 50%
thermal airflow reduction but with no desaturation or
visible arousal requirement. The latter study examined
a mean of 18 apnoeas/hypopnoeas in 16 patients,
albeit in carefully selected situations, in comparison
to the mean of 178 events in 15 patients in the present
study. The significant electroencephalographic differ-
ences at apnoea versus hypopnoea termination were
not detected through the visual scoring which used a
3 s-threshold for arousal scoring, but through neural
network analysis.

The sensitivity of the thermistor for the detection
of hypopnoea may be questioned as it is a good
qualitative but relatively poor quantitative sensor of
airflow changes [21]. However, it is widely used. To
avoid hypopnoea over-scoring, arousal and/or >3%
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oxygen desaturation were added to the 50% ampli-
tude reduction requirement, as recommended by
the American Academy of Sleep Medicine [13]. The
ratio of arousal-inducing hypopnoeas found in the
present study is similar to that found by GouLp et al.
[21] although the method of hypopnoea detection and
the scoring criteria differed. It is therefore possible,
but unlikely, that the presently used hypopnoea
definition has contributed to the lack of differ-
ence between apnoeas and hypopnoeas in inducing
arousals.

The ratio of apnoeas to hypopnoeas varied with
sleep stage, the ratio varying broadly in line with the
AHI in that sleep stage. In SWS both the AHI and
ratio of apnoeas to hypopnoeas were lowest. Both
presumably reflect a greater relative stability of the
upper airway in SWS compared with the other sleep
stages. Given that there was no difference between
arousal frequency following apnoeas compared with
hypopnoeas overall, nor in any sleep stage, it is
unlikely that the difference in arousal frequency in
SWS resulted from this difference in event type.

The AHI decreased significantly from light to REM
to SWS in the present study. Previous reports showed
higher AHI during REM compared to NREM sleep
[22]. This difference to the present outcomes maybe
due to: 1) previous comparisons of REM against
NREM stages 1-4, and/or 2) the fact that the presently
studied group spent significantly more time in NREM
1 and 2 and 2,326 of the 2,667 apnoeas + hypopnoeas
occurred during this state.

Event duration, oxygen saturation and time of the
night

The significance of apnoea/hypopnoea duration and
level of oxygen desaturation on the arousal induction
was not consistent across the 15 patients.

The nonsignificant relation to oxygen desaturation
may be due to: 1) poor accuracy of the method to
reflect chemoreceptor activation, and/or 2) its non-
significance in arousal induction, as previously sug-
gested [23]. Hence, oximetry alone cannot reflect the
extent of sleep fragmentation, suggesting that it is not
a good diagnostic tool.

The lack of association between apnoea/hypopnoea
duration and arousal induction is in accordance with
previous observations of lengthening of apnoea across
the night [24], as it implies that the more sleep is
disrupted, the higher the arousal threshold becomes
and the less important apnoea/hypopnoea duration
becomes in inducing arousal, which is the case in the
patient group studied.

The present study could not confirm the findings of
a modelling study regarding the progressive increase
in arousal threshold across the night [7]. The current
findings are in keeping with the findings of REEs et al.
[9] and they may be due to the disturbed sleep cycle
and the within and between nights sleep deprivation
in sleep apnoea patients, whose circadian rhythm
and the homeostatic sleep dynamics are disturbed.
The result is a high arousal threshold at sleep onset
in this group of patients.

Study limitations

Limitations of this study include power, definitions
and multiple comparisons. Fifteen patients were
studied, but seven of these were excluded post hoc
from the across sleep-states comparisons as they had
no events in a sleep stage, usually in SWS and for
three patients in REM sleep. Therefore, it can be
questioned whether these data are applicable to all
OSAHS patients. The findings between the eight
studied patients are consistent in regard to the low
ratio of arousal-inducing apnoeas/hypopnoeas during
SWS, which varied between 0-66% (table 3).

The patients were randomly selected and the group
studied included mild, moderate and severe sleep
apnoeics with symptoms and polysomnographic find-
ings typical of the syndrome. The low percentage of
REM and SWS is common in untreated OSAHS
patients and is an indicator of treatment success and
compliance [25].

All the recorded apnoeas/hypopnoeas were studied.
This represents a large body of data with which to
answer the questions posed. The current results are
not only robust, but represent the largest body of
events which have been similarly analysed. Therefore,
the study is adequately powered to detect clinically
important differences.

There are many definitions of hypopnoea and
arousal used in the literature. The hypopnoea defini-
tion used here fulfils the ASDA recommendations
[13]. The inclusion of arousals or desaturation in the
definition may lead to a greater association with
arousals than would be found using other ASDA
accepted definitions, ie. based on thoraco-abdominal
movement or nasal pressure alone. The arousal defini-
tion used, has been used in previous studies and
validated against respiratory events and outcomes [9].

The current authors tried to keep the number of
comparisons to a minimum and the study defined pri-
mary end points clearly. However, the present study
involved 17 statistical comparisons which would bias
the study to show significant differences, whereas the
current results are largely negative, including the
a priori hypotheses that event type, duration, desa-
turation and time of the night would predispose to
arousal induction.

The current authors acknowledge that the present
study did not assess all factors which may influence
the cortical response to apnocas/hypopnoeas. These
include changes in upper airway resistance, snoring
and body posture. STRADLING et al. [20] have shown
that the latter is not a significant contributor to
cortical changes, as detected through neural networks.
However, analysis of these factors in the present study
was not planned and is not possible retrospectively
from the data collected.

Despite the modification in the time threshold used
to score arousals, 20% of respiratory events were not
terminated by cortical arousals in the present study.
This suggests that lack of detection of cortical changes
at apnoea/hypopnoea termination is not due to the
arousal definitions used but is related to sleep/wake
physiology, the processes of which can not be detected
through the standard techniques.



740 K. DINGLI ET AL.

It is unclear what terminates apnoeas/hypopnoeas
which are not terminated by visible cortical arousals.
One possible explanation is that a different type of
reaction, the autonomic, terminates apnoeas/hypop-
noeas at thalamus/hypothalamus level, linked to
presso-/mechano-/chemo-receptor afferent stimuli [8,
16]. Autonomic reactions are not represented at the
cortex, possibly due to the higher cortical arousal
threshold, which during SWS is linked to the syn-
chronised appearance of delta waves. Alternatively,
such autonomic arousals may be represented at the
cortex but the changes cannot be detected with
standard techniques and/or topology.

Monitoring of frontal brain activity as well as
autonomic activity and/or the application of neural
networks or Fast Fourier Transform analysis might
improve the detection of changes at apnoea/hypopnoea
termination and thus minimise the difference between
apnoea/hypopnoea index and respiratory arousal index.
There is some evidence in support of this contention
[20, 26, 27, 28]. Whether differences between sleep
stages would then be requires further study.
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