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ABSTRACT: It is well known that most patients with obstructive sleep apnoea/hypopnoea

syndrome (OSAHS) suffer sleepiness, although the underlying mechanisms of this relationship

remain unclear. The present study examined the relationship between nocturnal variables and the

subsequent waking electroencephalogram (EEG), in order to determine if sleepiness was related

to OSAHS severity and due to sleep fragmentation or to nocturnal hypoxaemia.

In total, 12 moderate-to-severe OSAHS patients underwent a total sleep night followed by a 24-h

period of sustained wakefulness where the waking EEG was measured every hour.

The results showed that alpha (7.9–12.6 Hz) and beta (12.7–29.2 Hz) activities were strongly

related to OSAHS severity, mainly reflected by the apnoea index. Moreover, spectral power in

most of the waking EEG components was significantly correlated with nocturnal hypoxaemia

indices, namely alpha and beta activity when hypoxaemia becomes severe. However, no

correlation was found between the waking EEG and sleep fragmentation parameters.

In conclusion, the present results suggest that the difficulty in maintaining an optimal level of

alertness, reflected by a higher activity in awake alpha and beta bands (7.9–29.2 Hz) in obstructive

sleep apnoea/hypopnoea syndrome, was better explained by: 1) the apnoea as opposed to the

hypopnoea index; and 2) nocturnal hypoxaemia as opposed to sleep fragmentation.

KEYWORDS: Daytime sleepiness, nocturnal hypoxaemia, obstructive sleep apnoea/hypopnoea

syndrome, spectral analysis, sustained wakefulness, waking electroencephalogram

O
bstructive sleep apnoea/hypopnoea syn-
drome (OSAHS) is a common disorder,
characterised by recurrent cessation of

airflow during sleep that results in intermittent
hypoxaemia and leads to repetitive arousals from
sleep, resulting in a constant interruption of the
normal sleep pattern and daytime sleepiness [1].
Nevertheless, different aspects of disturbed sleep
could be responsible for sleepiness in OSAHS.
The sleep apnoea/hypopnoea index (AHI), the
most common clinical estimate of OSAHS sever-
ity, was considered by some studies to be the best
predictor of daytime sleepiness [2, 3], whereas
others did not find such a relationship [4, 5]. This
discrepancy between studies may be explained
by the ambiguity of the concept of the AHI as an
estimate of the OSAHS severity [6]. Since OSAHS
induces multiple awakenings, as well as blood
oxygen desaturation, the AHI could refer to
either of these two features. Thus, in patients
who awaken at each apnoea event, this index

may primarily reflect sleep fragmentation, while
in those who awaken less frequently but undergo
more severe oxygen desaturation during apnoea
events, this index may essentially reflect the
nocturnal hypoxaemia. The primary aim of the
present study was to examine whether apnoea
severity measured by the AHI was related to
daytime sleepiness measured by the waking
electroencephalogram (EEG), and to which extent
this was predominantly due to previous nocturnal
hypoxaemia or sleep fragmentation.

METHODS

Subjects and design
In total, 12 male OSAHS patients aged 35–64 yrs
(mean¡SE 51.2¡2.5 yrs) volunteered for the
present experiment. They underwent a medical
examination showing regular sleep–wake cycles,
with no medical or psychiatric history (except
apnoea) and were free from any medication. The
selected patients were characterised by a sleep
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AHI .20 (table 1) and a minimal sleep arterial oxygen
saturation (Sa,O2) ,92 %. The study involved one adaptation
night followed 7 days later by a 32-h experimental session. It
included a baseline 8-h night in a single room from 23:00 to
07:00 h, followed by a 24-h period of sustained wakefulness.
During the 24-h period of sustained wakefulness, the waking
EEG was assessed every hour using a modified version of the
Karolinska Drowsiness Test [7]. The patients were monitored
polygraphically for 9 min while seated in a comfortable chair
in a quiet single room at a distance of 2 m from the wall on
which a 100-mm ‘‘X’’ made with red tape had been placed at
eye level. During the recordings, they were instructed to relax,
keep their eyes open for 3 min and focus on the red tape
avoiding, as far as possible, eye blinks and movements. For the
next 3 min, they were told to close their eyes, and for the last
3 min to open their eyes again. Between the EEG recordings,

all patients were given freedom of movement but were
continuously observed by the experimental staff.

Polysomnographic recordings
The sleep EEG was recorded during the baseline night from
23:00 to 07:00 h (table 1) and analysed through visual scoring,
following the standard procedure defined by RECHTSCHAFFEN

and KALES [9]. The criteria for EEG arousals were defined by
the American Sleep Disorders Association [10] and respiratory
events were scored according to the criteria of the American
Academy of Sleep Medicine [8]. Apnoea severity was
measured by the AHI (number of apnoeas/number of apnoeas
plus hypopnoeas per hour of sleep), the apnoea index (AI;
number of apnoeas per hour of sleep) and the hypopnoea
index (HI; number of hypopnoeas per hour of sleep). The sleep
fragmentation parameters included the index of arousals (ArI;
number of arousals/total sleep time (TST)), the index of
awakenings (AwI; number of awakenings/TST), the indices of
arousals and awakenings (ArAwI; number of arousals and
awakenings/TST) and the sleep stage changes index (number
of sleep stage changes/TST). The arousals were defined as
lasting .3 s and the awakenings as lasting o15 s. Indices of
nocturnal hypoxaemia included the lowest Sa,O2 during sleep
and the percentage of sleep with Sa,O2 ,90% and ,80%,
measured with a transcutaneous finger pulse oximeter.

EEG recordings and analysis
Four EEG derivations were recorded: F3, C3, P3 and O1
referenced to the right mastoid (A2), right and left electro-
oculograms from the outer canthus referenced to the left
mastoid (A1), one electromyogram of the chin, and an ECG.
The SCAN LT software version 1.1 (Neuroscan Medical
Systems, Sterling, VA, USA) was used for data acquisition.
Spectral analysis (Fast Fourier Transform) was performed on
the C3-A2 derivation (showing the least movements and eyelid
artefacts) using the Brain Vision Analyzer program version
1.04 (Brain Products GmbH, Munich, Germany). Body move-
ments or eyelid artefacts were removed, as appropriate, from
further analysis of the measured EEG. The absolute power
values of EEG components known to be sensitive to sleepiness
were computed: delta (0.5–3.8 Hz), theta (3.9–7.8 Hz), alpha
(7.9–12.6 Hz) and beta (12.7–29.2 Hz) power. Care was taken to
distinguish the frequency range for all adjacent EEG bands,
which were computed as previously described [11].

Statistical analysis
Tests of normality and variance homogeneity were performed
on each EEG frequency band, anthropometric, clinical and
polysomnographic variable. Since normal distribution and
variance homogeneity could not be assumed for all clinical,
anthropometric, polysomnographic and respiratory variables,
Spearman rank-order correlations were used in OSAHS
patients to compare the 25 averaged values for each EEG
frequency band and the polysomnographic and sleep-related
respiratory variables.

RESULTS

Respiratory and polysomnographic variables
Table 1 summarises the clinical and anthropometric variables
of the patients, as well as the nocturnal sleep and respiratory
variables.

TABLE 1 Clinical, anthropometric, nocturnal respiratory
and polysomnographic findings among
obstructive sleep apnoea/hypopnoea syndrome
patients, stratified according to the American
Academy of Sleep Medicine criteria [8]

Variables Values

Subjects n 12

Sociodemographic features

Age yrs 51.2¡2.5

BMI kg?m-2 29.9¡1.5

Respiratory variables

AHI events?h-1 66.1¡11.2

AI events?h-1 29.8¡10.5

HI events?h-1 36.3¡8.5

Minimal sleep Sa,O2 % 81.9¡3.2

Time# with sleep Sa,O2 ,80% 2.1¡1.2

Time# with sleep Sa,O2 ,90% 38.1¡17.2

ODI .4% 37.6¡10.8

Polysomnographic variables

TST min 376.4¡16.2

Sleep efficiency % 77.3¡2.8

Stage 2 latency min 18.7¡7.4

SWS latency min 69.7¡15.1

REM latency min 145.0¡12.9

Stage 1 sleep % 14.7¡2.3

Stage 2 sleep % 44.4¡3.3

Stage 3–4 sleep" % 25.2¡3.8

REM sleep % 15.7¡2.1

ArI+ 3.4¡0.8

AwI+ 18.3¡4.7

ArAwI+ 22.6¡3.8

Sleep stage changes index 67.9¡13.2

Subjective sleepiness

ESS score 13.0¡1.3

Data are presented as mean¡ SE. BMI: body mass index; AHI: apnoea/

hypopnoea index; AI: apnoea index; HI: hypopnoea index; Sa,O2: arterial

oxygen saturation; ODI: oxygen desaturation index; TST: total sleep time; SWS:

slow-wave sleep; REM: rapid eye movement; ArI: arousal index; AwI: awakening

index; ArAwI: arousal/awakening index; ESS: Epworth Sleepiness Scale.
#: percentage of TST; ": SWS; +: per hour of TST.
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Relationships between apnoea severity, sleep
fragmentation variables and the waking EEG
As shown in table 2, the total AHI in OSAHS patients was
positively correlated with awake alpha power (r50.66, p,0.05).
Moreover, AI was positively correlated with the alpha (r50.62,
p,0.05) and beta (r50.57, p,0.05) powers, while no correlation
was found between HI and any of the waking EEG components.
No significant correlation was found between sleep fragment-
ation parameters, whatever the selected index, and the waking
EEG component.

Relationship between nocturnal hypoxaemia and the
waking EEG
The oxygen desaturation index was positively correlated with
theta (r50.88, p,0.01) and alpha powers (r50.68, p,0.05). The
minimum Sa,O2 during sleep was negatively correlated with
awake beta power (r5 -0.83, p,0.01), while the time spent
with Sa,O2 ,90% was positively correlated with most of the
waking EEG measures (beta: r50.77, p,0.01; alpha: r50.73,
p,0.05; theta: r50.66, p,0.05). The most severe hypoxaemic
measure, i.e. the time spent with Sa,O2 ,80%, was positively
correlated with the alpha power (r50.70, p,0.05).

Relationships between nocturnal variables and the Epworth
score
As shown in table 3, no significant correlation was found
between nocturnal parameters and the mean Epworth
Sleepiness Scale (ESS) score in OSAHS patients.

DISCUSSION
The present study showed that daytime sleepiness, measured
by various components of the waking EEG [12, 13], may be
related to apnoea severity as suggested by the relationship
between AHI and the increase in the waking alpha power.
Moreover, this correlation was mainly due to the AI, as shown

previously by CHERVIN and ALDRICH [14], who found a more
pronounced effect of apnoea (compared with hypopnoea) on
daytime sleepiness. The current results also suggest that the AI
could be related to the efforts to stay awake, reflected by an
increase in beta power [15] that is supposed to counteract the
sleep pressure. However, the difficulties in finding correlations
between the AHI and the low frequency range activity (0.5–
7.8 Hz) may be due to a complex interaction between
nocturnal hypoxaemia and sleep fragmentation. Therefore,
the present study focused on the respective contribution of
these two factors on daytime sleepiness. In this respect, it
appears that daytime sleepiness is predominantly related to
nocturnal hypoxaemia, rather than sleep fragmentation.
However, subjective sleepiness rated with the ESS score in
OSAHS patients was never related to sleep and respiratory
disturbances, most probably because the ESS is defined as a
‘‘trait’’ assessment of recent dozing behaviour but does not
necessarily represent the subjective sleepiness truly exhibited
during the experimental session.

Studies conducted in OSAHS patients [12] and in non-sleep-
deprived subjects [16, 17] have previously shown that
hypoxaemia was associated with waking EEG changes and
alertness impairment. The results of the current study show
higher activity in most of the waking EEG markers as a
function of the time spent with Sa,O2 ,90%. It was also found
that awake alpha (7.9–12.6 Hz) and beta (12.7–29.2 Hz)
activities were correlated with lower Sa,O2 and time spent
with Sa,O2 ,80%. Additionally, the oxygen desaturation index
during sleep was correlated with higher activity in awake theta
(3.9–7.8 Hz) and alpha (7.9–12.6 Hz) bands. In line with
BENNETT et al. [18], this finding suggests that the index of
respiratory disturbances may play a primary role in the degree

TABLE 2 Nonparametric regression showing relationships
between waking electroencephalogram (EEG)
measures and nocturnal variables in obstructive
sleep apnoea/hypopnoea syndrome patients

Waking EEG variables Delta Theta Alpha Beta

Respiratory variables

AHI 0.32 0.45 0.66* 0.24

AI 0.44 0.22 0.62* 0.57*

HI -0.19 0.13 0.05 -0.46

ODI .4% 0.35 0.88** 0.68* -0.04

Minimal sleep Sa,O2 -0.46 -0.35 -0.51 -0.83**

Time with sleep Sa,O2 ,80% 0.23 0.42 0.70* 0.52

Time with sleep Sa,O2 ,90% 0.47 0.66* 0.73* 0.77**

Polysomnographic variables

AwI 0.40 0.54 0.52 0.39

ArI -0.10 -0.21 0.05 0.20

Sleep stage changes index -0.07 0.33 0.25 0.23

Data are presented as Spearman coefficient r (rho) values. AHI: apnoea/

hypopnoea index; AI: apnoea index; HI: hypopnoea index; ODI: oxygen

desaturation index; Sa,O2: arterial oxygen saturation; AwI: awakening index;

ArI: arousal index. *: p,0.05; **: p,0.01.

TABLE 3 Nonparametric regression showing relationships
between the Epworth Sleepiness Scale (ESS)
score and nocturnal variables in obstructive
sleep apnoea/hypopnoea syndrome patients

Subjective sleepiness variables ESS score

Respiratory variables

AHI -0.20

AHI non-REM -0.18

AHI REM 0.09

AI -0.07

HI -0.15

ODI .4% -0.11

Minimal sleep Sa,O2 -0.35

Time with sleep Sa,O2 ,80% -0.18

Time with sleep Sa,O2 ,90% 0.20

Polysomnographic variables

AwI 0.15

ArI -0.46

Sleep stage changes index 0.20

Data are presented as Spearman coefficient r (rho) values. AHI: apnoea/

hypopnoea index; REM: rapid eye movement; AI: apnoea index; HI: hypopnoea

index; ODI: oxygen desaturation index; Sa,O2: arterial oxygen saturation;

AwI: awakening index; ArI: arousal index.
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of sleepiness. In contrast, in the present study, sleep
fragmentation measures were not related to the waking EEG
changes, although apnoea-related sleep fragmentation has
been shown to play a role in sleep propensity [19–21].
Therefore, in agreement with previous reports [6, 22–24], the
current results suggest that the severity of nocturnal hypox-
aemia, as opposed to sleep fragmentation, could be the
primary determinant of impaired alertness, especially in severe
OSAHS patients who exhibit numerous and deep sleep oxygen
desaturation events. However, the role of arousals and
awakenings should not be underestimated, since not all
apnoeas and hypopnoeas are terminated by visible cortical
arousals or awakenings [25, 26] and, according to REES et al.
[27], this could be the case for ,30% of them. Fragmented sleep
was assessed with only some parameters, whereas other
measures of sleep fragmentation may better correlate with
EEG spectral parameters, especially autonomic measures using
cardiac activation during arousal [28]. Moreover, sleep
propensity and efforts to remain awake probably represent
distinct physiological processes [29] and, therefore, the cause
of sleepiness in OSAHS may be multifactorial, as suggested by
CHERVIN and ALDRICH [14] and POCETA et al. [23]. Finally, the
present study was conducted on a small sample size of 12
moderate-to-severe OSAHS patients. This was due to the fact
that five patients with EEG artefact removal .30% were
excluded from further analysis. Therefore, the present data
need to be confirmed by further studies conducted on larger
groups. Nevertheless, it should be emphasised that this exten-
sive study was conducted over 24 h of sustained wakefulness
with hourly EEG tests, in order to optimise the analysis of the
waking EEG time-course over acute sleep deprivation in
OSAHS patients.

Further investigations should, therefore, be conducted within
two groups clearly differing in the degree of obstructive sleep
apnoea/hypopnoea syndrome severity, in order to examine
more accurately the involvement of nocturnal hypoxaemia and
sleep fragmentation in the occurrence of daytime sleepiness.
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