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Chapter 8

NEURAL CONSEQUENCES OF SLEEP
DISORDERED BREATHING: THE ROLE OF

INTERMITTENT HYPOXIA

Mary J. Morrell and Gillian Twigg

Abstract: Sleep disordered breathing is characterised by periodic breathing, episodes of hypoxia 
and repeated arousals from sleep; symptoms include excessive daytime sleepiness, 
impairment of memory, learning and attention. Recent evidence from animal studies 
suggests that both intermittent hypoxia and sleep fragmentation can independently 
lead to neuronal defects in the hippocampus and pre frontal cortex; areas known to be 
closely associated with neural processing of memory and executive function. We have 
previously shown that sleep disordered breathing is associated with loss of gray matter 

morphometry, an automated unbiased technique, was used to characterise changes 
in gray matter concentration. The magnetic resonance images were segmented and 
grey matter concentration determined voxel by voxel. Analysis of variance was then 
preformed, adjusted for overall image intensity, with age as a covariant. Additional 

bilaterally in the parahippocampus. No additional focal lesions were seen in other 

we speculate that in patients with sleep disordered breathing intermittent hypoxia is 
-

function.
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INTRODUCTION

Sleep disordered breathing may present in several forms (I) obstructive sleep apnea / 
hypopnea, resulting from occlusion or partial closure of the pharyngeal airway (II) central 
sleep apnea, resulting from reduced efferent output to the respiratory pump muscles (III) 
mixed apnea, a combination of both obstructive and central events (IV) Cheyne-Stokes 
respiration: a periodic breathing pattern that is characterised by a crescendo-decrescendo 

apnea / hypopnea is the most common form of sleep disordered breathing occurring in 

in patients with heart failure, or during conditions of chronic hypoxia as occurs at altitude. 
All forms of apnea and hypopnea produce intermittent hypoxia, to a greater or lesser extent 
(Figure 1). 

Figure 1. Intermittent 
hypoxia associated with 
obstructive sleep apnoea 
(Bottom Trace) and 
chronic hypoxia of alti-
tude (Top Trace).
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Apneic and hypopneic events are usually terminated by an arousal from sleep. As a 
result, sleep disordered breathing is typically associated with poor nocturnal sleep quality 
and excessive daytime sleepiness. The term obstructive sleep apnea / hypopnea syndrome 
(OSAHS) is usually taken to mean patients presenting with an apnea / hypopnea index 

-
er factors, or any two of the following factors: choking or gasping during sleep, recurrent 
awakenings during sleep, unrefreshing sleep, daytime fatigue, impaired concentration.

COGNITIVE FUNCTION AND SLEEP DISORDERED 
BREATHING

Cognitive dysfunction includes the impaired ability to problem solve, manipulate infor-
mation, plan, inhibit responses and maintain attention (14, 15). It is a frequently reported 

are unclear. Excessive daytime somnolence may result in an inability to focus and sustain 
attention (44), put simply patients fall asleep during boring repetitive tasks. Alternatively, 

-

intermittent hypoxia (56). These mechanisms will be addressed fully in the latter sections 
of this paper. In the remainder of this section we will review in more detail the relationship 
between sleep disordered breathing and aspects of cognitive function.

Previous research has examined many aspects of cognitive functioning in patients with 
sleep disordered breathing, including facets of memory, attention, vigilance and executive 

but not all aspects of working memory (e.g. the ability to hold information long enough to 

< 5 events / hour) (54). In patients with more severe OSAHS, the recall of word lists is 

However, recognition memory and retention of previously learned information are not sig-

are equally affected by sleep disordered breathing, and that the severity of the disease may 

In an important study into the effects of OSAHS on pre frontal lobe-related executive 

frontal lobe task, is impaired in OSAHS patients, compared to controls matched for age 
and educational status (58).

If sleep disordered breathing is associated with impairment of cognitive tasks involving 
the pre frontal cortex, it is reasonable to question: 

The treatment of choice for OSAHS is continuous positive airway 
pressure (CPAP). This treatment has been successfully used to reduce the number of ap-
neas / hypopneas, and the number of respiratory-related arousals, which in turn improves 
the quality of sleep. Patients who use CPAP frequently report a reduction in daytime som-
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a summary review of the effectiveness of CPAP in improving cognitive function is con-
founded by the fact that different researchers have used different cognitive test batteries, 
and CPAP treatment for varying periods of time; additionally, compliance is frequently 
poor or not reported. Nevertheless, OSAHS patients using CPAP treatment have shown an 

21) all improve following CPAP treatment.
The duration of CPAP treatment required to reverse cognitive dysfunction varies. Sig-

-
versed by treatment; these included tests of executive function. These data are in accor-

Finally, it is important to note that not all studies of CPAP treatment have shown im-
provements in cognitive function. A placebo controlled study, examining the effects of 
CPAP on cognitive functioning after one week found no improvements in any neuropsy-
chological tests used (2). The authors suggest that this may be due to the short duration of 
treatment use prior to evaluation, or poor compliance. However, this is unlikely since an 
earlier placebo controlled study of CPAP in OSAHS patients found that four weeks of treat-

detect any improvement on the neuropsychological function (19). Similarly, sleepiness 
and cognitive function were compared in patients who did, and did not comply well with 

but not cognitive function (16). The results of these studies, compared to those mentioned 
earlier may be explained in part by the differences in cognitive test batteries. Nevertheless, 
the latter studies are placebo controlled and as such must be taken into account.

From this review of the literature we conclude that the use of CPAP in OSAHS leads to 
reversal of day time somnolence and vigilance; improvements in some, but not all aspects 
of cognitive dysfunction are seen in the majority of studies. We speculate that treatment 
of sleep disordered breathing may improve vigilance and aspects of memory by reversing 
daytime somnolence; whereas it has a reduced and inconsistent effect on the cognitive 
dysfunction, because cognitive function results from neurodegeneration associated with 
chronic intermittent hypoxia. This suggestion is supported by correlation studies which 
have shown that tests of executive functions and visuo-constructional ability correlate 

attention correlated more strongly with measures of daytime somnolence (46).
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STRUCTURAL CHANGES IN BRAIN MORPHOLOGY
ASSOCIATED WITH SLEEP DISORDERED BREATHING

It is widely accepted that episodes of anoxia and / or hypoxia in humans can result in de-
-

pus can occur (22). Conversely the effects of chronic intermittent hypoxia are less clear. 
In rats, exposure to intermittent hypoxia during sleep results in cellular damage within the 
CA1 region of the hippocampus and adjacent cortex (27, 55).

In humans several recent studies have investigated the suggestion that the intermittent 

concentration across the brain in twenty one patients with OSAHS compared to twenty one 
age matched controls; including the frontal and parietal cortex, the temporal lobe, anterior 
cingulate, hippocampus and cerebellum (Figure 2, top panel). In these patients, the de-
crease in gray matter concentration was related to the severity of the OSAHS disease. For 
each group the magnetic resonance images were analysed using voxel-based morphometry 
(VBM; Figure 2, top panel: A). This is an automated and unbiased technique that can be 

65). It has the potential advantage of being able to detect subtle changes in relatively small 
structures such as the hippocampus (40). However, interpretation of the data obtained us-

-
tiple comparisons, which may explain the wide spread gray matter loss in their study.

In the recent study of O’Donoghue et al (48) changes in brain morphology were exam-

Using VBM these authors found some reduction in gray matter concentration when the 
data were reported at p<0.001, uncorrected for multiple comparisons (Figure 2, bottom 
panel). However, when the data were analysed at p<0.05, corrected for multiple compari-

bottom panel: B)

in part be explained by differences in patient selection. The patients studied by O’Donoghue 

-

to have neurological and cardiovascular co-morbidity, most commonly hypertension; this 
could have had an independent effect on brain morphology and resulted in a reduction in 
gray matter concentration.
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Our group have also carried out a study to investigate the hypothesis that OSAHS is as-
sociated with changes in brain morphology, particularly a focal loss of grey matter within 
the hippocampus. Seven male right-handed, newly-diagnosed OSAHS patients were in-
vestigated using VBM. Compared to controls our study revealed a loss of grey matter 
concentration within the left hippocampus in patients with OSAHS (47). The level of sig-

region of interest; this was selected on the basis of an a priori hypothesis of hippocampal 

in twenty-two OSAHS patients compared to seventeen controls. See Table 1 for subject 

more extensive loss of grey matter bilaterally in the para-hippocampus (p<0.001, a priori 
region of interest, uncorrected for multiple comparisons, with age as a covariant); no ad-

subject had a clinically diagnosed hypertension or were on antihypertensive medications. 
Therefore we carried out a second analysis removing these subjects. The focal lesions in 
the hippocampus and para hippocampus remained present on re-analysis.

Figure 2. Glass brain display of re-

matter (p<0.001, uncorrected for 
multiple comparisons) in 21 subjects 
with OSAHS, weighted by disease 
severity and 21 healthy controls, mat-
ched for handedness and age (Macey 

et al (48).
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As we have alluded to above, sensitivity of VBM has been questioned by some. There-

of the severe OSAHS patients they studied (n=14; respiratory disturbance index 84 (18) 

were analysed using an alternative quantitative (volumetric) method (7).
So far we have discussed the impact of sleep disordered breathing on changes in gray 

matter concentration in humans. We conclude that some, but not all available data, sup-
ports the concept that OSAHS is associated with reduced gray matter in the hippocampus. 
However, before concluding this section we must mention that the relationship between 

-
ies have found no relationship between OSAHS and sub-clinical white matter disease (11, 

Figure 3.
concentration within the para-hippocampus for the group of 22 OSAHS patients minus the 
17 controls, overlaid on a standard brain template. Cross hairs indicate voxel of maximum 

a priori region of interest, uncorrected for multiple comparisons) 

comparisons). Images oriented to a horizontal plane through the anterior and posterior 
commissures.

Table 1. Subject characteristics.
OSA patients (n=22) Controls (n=17)

Age (years) 51.8 (15.4)

BMI (Kg/m2)
Epworth Sleepiness Score 
AHI (events/hour) < 10
Minimum nocturnal oxygen 75 (8.4) n/a
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FUNCTIONAL IMPLICATIONS OF NEURONAL
DEGENERATION IN THE HIPPOCAMPUS AND FONTAL
CORTEX

have been carried out in patients with bilateral hippocampal degeneration, resulting from 
diseases other than sleep disordered breathing. In these patients aspects of memory are im-
paired. In one study, there was a reduction in recall of factual knowledge for several years 
prior to the onset of memory loss, although factual information acquired from greater than 
eleven years prior to onset of memory impairment remained intact (41). However, patients 
with bilateral hippocampal lesions do not always have complete loss of memory recall, 
suggesting either that other brain regions are recruited in the absence of hippocampal func-
tion, or that some cells in the hippocampus are spared (42).

Patients with damage limited to the hippocampus appear to show a reduction in source 
memory (41); the recognition of something as familiar and knowing the context in which 

with damage to the left prefrontal cortex, implicating this area as a vital component in the 
capacity for memory for source (24, 60).

(10), whereas it does appear to be involved in spatial memory, particularly for navigation 
(40, 49). Bilateral dorsal hippocampal lesions have resulted in impaired spatial memory 

volume (8). In addition, the medial prefrontal cortex has also been implicated in spatial 
memory, with lesions to either the hippocampus or the medial prefrontal cortex resulting in 
disruption of spatial memory capacity (62).

MECHANISMS OF NEURONAL DEGENERATION IN SLEEP
DISORDERED BREATHING: THE ROLE OF INTERMITTENT
HYPOXIA

As mentioned earlier at least two studies (6, 46), have examined the correlation between 
respiratory measures of disease severity, and performance on particular tests of cognitive 
function in order to address the question: -

-
 In a large population based study, Adams et al (2001) have used factor analysis to 

of declarative memory and signal discrimination (1). Furthermore, performances on tests 
which tap working memory, such as reverse digit span, were found to be predicted by the 

-
cantly predicted by sleepiness (1). These data indicate that hypoxemia contributes to cogni-
tive dysfunction in OSAHS. Consistent with this suggestion correlations between AHI and 
measures of visuo-spatial organisation (9, 29), visuo-motor coordination (9), reaction time 
(9), motor speed (29) and distractibility (9) have been shown.
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From our study (47), we speculate that the changes in brain morphology which occur 
in patients with OSAHS resulted from the intermittent hypoxic insult. The mechanisms 
contributing to the hypoxic-induced hippocampal neurodegeneration are likely to have in-
cluded several processes, with much of the recent research focused on the role of oxidative 

Brain function is critically dependent on oxygen supply. During any hypoxic insult, pro-
tection of the brain is dependent on a rapid cerebral vascular response otherwise cerebral 

during stable non rapid eye movement sleep compared to wakefulness (for a full review 

Cellular responses to hypoxia include changes in the mediation ions channels, release 
of vasoactive substances from the endothelium and neighbouring tissues, regulation of 

and in the hippocampal neurones immediate hyperpolerisation occurs via activation of the 
Kca -
age within the cerebella cortex (50), wake-promoting regions of the brainstem and basal 

animals with hippocampal damage evidence of increased membrane lipid peroxidation and 
oxidative stress occurs, which is attenuated with administration of antioxidants (56). The 
susceptibility of the hippocampal neurones to neural dysfunction may be age dependent, 
with very young and elderly animals being more vulnerable (12, 28). The importance of 

-
ity disorder (4).

In animal experiments mentioned above the onset of intermittent hypoxia is abrupt, this 
is not the case in humans where the development of sleep disordered breathing is insidious. 
This is of interest since the neural degeneration in these experiments may be time-course 

suggestion that long-term potentiation, may play an important role in the impact of inter-
mittent hypoxia on neural function (51).

MECHANISMS OF NEURONAL DEGENERATION IN 
SLEEP DISORDERED BREATHING: THE ROLE OF SLEEP
DEPRIVATION

Although the focus of this paper is the role of intermittent hypoxia on the neural degen-
eration associated with sleep disordered breathing any review of sleep disordered breathing 
would be incomplete without considering the role of sleep per se.

Recent research has demonstrated the vulnerability of the hippocampus to damage in 
sleep deprivation (57). Selective REM sleep deprivation can also lead to a reduction in neu-
ronal excitability in the CA1 pyramidal neurones, but not the dentate gyrus granule cells 
of the hippocampus (45). Sleep deprivation using a treadmill paradigm has also shown a 
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sleep deprivation and intermittent hypoxia on neuronal plasticity in humans, an area which 
thus far has not been investigated.

CLINICAL IMPLICATIONS OF CHANGES IN MORPHOLOGY
ASSOCIATED WITH OSAHS

As outlined earlier treatment of OSAHS using CPAP produces a considerable improve-
-

ment in patients with severe OSAHS, there remains considerable debate as to the clinical 

(66). In concluding this paper we suggest that if sleep disordered breathing is associated 
with focal changes in brain morphology, it is possible that early treatment of the disease 
with CPAP may prevent structural changes and subsequent cognitive dysfunction in some 
patients.
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