Neuroanatomical Correlates of Cognitive Dysfunction in
Obstructive Sleep Apnoea

Thesis submitted to Imperial College, London for the degree of Doctor of
Philosophy in the Faculty of Science

Martin Glasser, MBBS

CID: 00234721

Clinical and Academic Unit of Sleep and Breathing
National Heart and Lung Institute, Imperial College London

Royal Brompton Hospital, Fulham Road, London

A Thesis submitted for the degree of Doctor of Philosophy
January 2016

1



Copyright Declaration

The copyright of this thesis rests with the author and is made available under a Creative Commons
Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or
transmit the thesis on the condition that they attribute it, that they do not use it for commercial
purposes and that they do not alter, transform or build upon it. For any reuse or redistribution,
researchers must make clear to others the licence terms of this work



Declaration of Originality

I, Martin Glasser, hereby declare that this thesis contains the results of my own work except where
otherwise acknowledged. The studies presented in this thesis were conceived and designed with the
assistance of my supervisors, Professor Morrell and Professor Simonds and Dr lvana Rosenzweig. In
addition, | acknowledge the invaluable assistance of Dr Alison McMillian who randomised the patients
in Study 2 (Chapter 4) and collected the sleep data in Study 3 (Chapter 5). Peter Drivas set up the
scanning sequences for Study 2 (Chapter 4) on the Royal Brompton scanners and captured the images.
The physicists, radiographers and radiologists at Charing Cross Hospital were similarly involved in

Studies 1 and 3 (Chapter 3 and 5).

The MRI scans for Study 1 (Chapter 3) had already been collected prior to my re-analsyis in the study.
Statistical support was received from Dr Milan Milosovic for studies 1 and 2 (Chapter 3 and 4). Chi

Cheng Tsai assisted in the statistical analysis of study 3 (Chapter 5).

Information derived from the work of others and discussed in this thesis is referenced in the text and

listed in the bibliography.

The results of studies contained within this thesis have previously been presented. A list of

publications arising from this work follows.



PUBLICATIONS ARISING FROM THIS THESIS

Published Original Research Papers, Reviews and Editorials

M. Glasser, N. Bailey, A. McMillan, E. Goff, M.J. Morrell, Sleep apnoea in older people. Breathe 2011;
7:248-256 (Review)

Morrell MJ, Glasser M. The brain in sleep-disordered breathing: a vote for the chicken? Am J Respir

Crit Care Med. 2011 May 15;183(10):1292-4. (Editorial)

Morrell MJ, Glasser M, McMillan A, Rosenzweig |I. CPAP for the treatment of cognitive dysfunction in

obstructive sleep apnoea. Neuropsychiatry News. 2012 Winter.

Rosenzweig |, Kempton MJ, Crum WR, Glasser M, Milosevic M, Beniczky S, Corfield DR, Williams SC,
Morrell MJ. Hippocampal hypertrophy and sleep apnea: a role for the ischemic preconditioning? PLoS

One. 2013 Dec 13;8(12):e83173

Rosenzweig |, Glasser M, Polsek D, Leschziner GD, Williams SC, Morrell MJ. Sleep apnoea and the

brain: a complex relationship. Lancet Respir Med. 2015 May;3(5):404-14. (Review)

Rosenzweig |, Glasser M, Crum WR, Kempton MJ, Milosevic M, McMillan A, Leschziner GD, Kumari V,
Goadsby P, Simonds AK, Williams SC, Morrell MJ. Changes in Neurocognitive Architecture in Patients
with Obstructive Sleep Apnea Treated with Continuous Positive Airway Pressure. EBioMedicine.

2016 May;7:221-9. doi: 10.1016/j.ebiom.2016.03.020. Epub 2016 Mar 25

Abstracts

Glasser M, Rosenzweig |, McMillan A, Drivas P, Satkunam K, Man WDC, Simonds AK, Morrell MJ.
Neuroanatomical Correlates Of Cognitive Dysfunction In Obstructive Sleep Apnoea: An Ongoing Study.
A109. Sleep disordered breathing: Cardiovascular, metabolic and Neurocognitive outcomes. May 1,
2013, A2319-A2319. First published online May 09, 2013 as doi:10.1164/ajrccm-
conference.2013.187.1_MeetingAbstracts.A2319

Other publications completed during the Thesis

Carlisle T, Carthy ER, Glasser M, Drivas P, McMillan A, Cowie MR, Simonds AK, Morrell MJ Upper airway
factors that protect against obstructive sleep apnoea in healthy older males. . Eur Respir J. 2014

Sep;44(3):685-93



Prizes

NIHR BRU/BRC Experimental Training Camp 2011, MPHRP Project Winner

American Thoracic Society Abstract Scholarship Award, 2013



Abstract

Obstructive sleep apnoea (OSA) has been reported to be associated with brain hypotrophy and
cognitive dysfunction; however, whether these normalise after treatment is unclear. The overall aim
of this thesis is to investigate the relationship between OSA and brain structure using FreeSurfer (a
new automated technique that reliably measures brain structures). | have investigated changes in
brain morphology and the newly described phenomenon in OSA of ischaemic preconditioning.
Chapters 4 and 5 will also assess brain structural response to CPAP, and investigate the association

between brain structure and cognitive function in OSA.

Chapter 3 reports an observational study investigating brain structure. FreeSurfer analysis of magnetic
resonance imaging (MRI) found OSA patients had hypertrophy in the right hippocampus (p=0.03) and
right choroid plexus (p=0.02) but hypotrophy of the corpus callosum (p=0.04) compared to healthy

controls.

Chapter 4 reports a randomised controlled trial of CPAP in OSA. At baseline hypotrophy was seen in
the corpus callosum (p=0.03) and pallidum (p=0.03) of OSA patients compared to healthy controls.
Hypertrophic changes in the right thalamus were seen in the CPAP group after 1 month (p=0.06),

associated with improvement in verbal memory (p=0.04).

Chapter 5 reports a randomised controlled trial of CPAP in older patients with OSA. A significant
decrease in left fimbria volume was seen in the CPAP group (p=0.01). A significant increase in the left
presubiculum volume was seen in the best supportive care group (p=0.03). No hippocampal

hypertrophy was seen in the CPAP group.

In summary, young and middle-aged OSA patients had evidence of brain hypotrophy, but also areas
of hypertrophy that may signify dendritic sprouting and increased connectivity as a result of ischaemic
preconditioning. This allows recovery of brain hypotrophy after CPAP treatment. This was not seen in
older OSA patients suggesting an age-related difference which may have implications for OSA

treatment in older people.
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1.1 OVERVIEW

Obstructive sleep apnoea (OSA) is the name given to repetitive episodes of sleep-related upper airway
collapse, which occlude the airway and lead to hypoxaemia plus hypercapnaemia. These periods of
sleep apnoea are frequently terminated by arousal from sleep, which can lead to symptoms of
sleepiness, as well as cardiovascular disease and neurocognitive impairment. The cognitive

impairment associated with OSA is the particular focus of the studies presented in this thesis.

Chapter 1 outlines the aetiology, pathophysiology and epidemiology of OSA, as well as a brief
discussion of some of its sequelae. The neurological consequences of OSA will be reviewed focusing
on cognitive impairment. The chapter will also describe the cognitive domains that are thought to be
affected by OSA, as well as the functional outcomes e.g. driving impairment. Possible mechanisms of
cognitive impairment will be considered. These will focus on a) attention deficits as a result of
sleepiness, b) changes in brain structure as a result of either intermittent hypoxia or sleep
fragmentation. The different methods of assessing cognitive function, brain structure and sleepiness

will be included in Chapter 2. The final section of Chapter 1 will list the specific aims of the thesis.

1.2 OBSTRUCTIVE SLEEP APNOEA

OSA is at the severe end of a disease spectrum referred to as ‘sleep disordered breathing’ (Fig 1.1).
Snoring and nocturnal airflow limitation (sometimes called ‘upper airway resistance syndrome’) is at
the mild end, and complete obstruction resulting in cessation of airflow (apnoea) is at the other. Partial
obstruction of the upper airway is in the middle of the disease severity spectrum, and results in
reduction of airflow termed ‘hypopnoea’. The definition of what constitutes a hypopnea varies but it
is often considered that a 50% reduction in airflow, in combination with a 4% decrease in arterial

oxygen saturations or an arousal from sleep is classed as a hypopnoea (see Chapter 2 for more details).

OSA severity is described by the apnoea-hypopnoea index (AHI). This is the mean number of apnoeas
and hypopnoeas per hour of sleep. OSA is defined as 5 events or more per hour. Mild OSA is usually
an AHI less than 15 events per hour. Moderate OSA is defined as an AHI between 15 and 30 events
per hour, and an AHI greater than 30 events per hour is considered severe (Fig 1.1). Obstructive sleep
apnoea-hypopnoea syndrome (OSAHS) is defined as the presence of OSA in combination with

excessive daytime sleepiness.
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Regular snoring

Severity of Sleep Disordered Breathing

Figure 1.1: The spectrum of disease referred to as ‘sleep disordered breathing’. UAR: Upper airway
resistance, OSA: Obstructive sleep apnoea, AHI: Apnoea/Hypopnoea Index

1.2.1 The aetiology of OSA

The aetiology of OSA is complex and multi-factorial. In simple terms the cycle of OSA is produced by
upper airway occlusion leading to apnoea, which in turn produces changes in blood gases, and a
subsequent arousal from sleep that triggers the airway re-opening and the resumption of airflow (Fig

1.2). This section will give an overview of the factors that contribute to the development of OSA.

Resumption of Sleep
airflow
Alrway Alrway
opening collapse
tHeart rate :
“Blood pressure ~— Arousal Ces_sra;ltmn of
+Urine produdion allmiow
Loxygen
+carbon
dioxide

Figure 1.2 The cycle of obstructive sleep apnoea
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Upper airway narrowing in OSA: The most common site of upper airway collapse in patients with OSA
is the retroglossal airway; (fig 1.3). However, narrowing can occur at different points along the airway
and any condition that leads to upper airway narrowing will predispose to OSA (Dempsey et al., 2010),
including craniofacial abnormalities (Mixter et al., 1990; Pijpers et al., 2004), enlargement of upper
airway soft tissue structures (Hwang et al., 2013) and external compression due to obesity (Pahkala et
al., 2013) or oedema (Redolfi et al., 2009). However, it is important to note that people with
anatomical narrowing of the upper airways are able to maintain airway patency during wakefulness,

and it is only during sleep that airway obstruction occurs.

Apneic

Soll palate ———_ Masapharynx
Retroplatal

Tongue

Airway —— Retroglossal

Mandible — Hipophaiyi

Subcutansous
fat

Figure 1.3 Midsagital MRI in a normal subject (left) and a patient with Severe OSA (Apnoeic — Right).
Highlighted are the 4 regions of the pharynx, the upper airway soft tissues and craniofacial structures
that can contribute to OSA. Fat tissue is shown in white. Note that the OSA patient has more fat tissue
around the neck, and in the tongue. He/She also has a smaller retroplatal and retroglossal airway
(Dempsey et al., 2010).

Hypoventilation during sleep: The respiratory minute volume in healthy individuals has been shown
to be up to 15% lower during sleep, compared to wakefulness (Douglas et al., 1982). A number of
factors contribute to this reduction. During wakefulness there is a ventilatory drive from the cortex
called the ‘Wakefulness Drive to Breathe’. This cortical drive is absent during sleep (Fink, 1961; Morrell
et al., 1993; Wellman et al., 2004). Furthermore, a simultaneous sleep-related reduction in
chemosensitivity also occurs (Dempsey & Skatrud, 1986). These two factors reduce the ventilatory
drive to the respiratory pump muscles, which produces a relative hypercapnia during sleep (Dempsey

& Skatrud, 1986; Leevers et al., 1994).

Reduced muscle tone during sleep: During sleep muscle tone is reduced throughout the body.
Reduced diaphragm and accessory respiratory muscle tone contributes to the reduction in minute

volume that has been recorded during sleep (Orem et al., 2002). The reduced tone in the upper airway
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dilator muscles results in an increased resistance to airflow in the pharynx. This hypotonia can produce
upper airway collapse in predisposed individuals as a result of negative inspiratory pressure
generation in the thorax, and positive extra-luminal pressure, produced by gravitational forces, and
adipose tissue. The critical collapsing pressure of the upper airway (termed Pcrit) is ultimately

determined by the transmural pressure (Dempsey, 2010).

Apnoeas caused by upper airway obstruction are terminated by an arousal from sleep that leads to
increased tone in the airway dilator muscles and a return to waking-state ventilatory control; hence
regular breathing. The physiological conditions that induced the airway obstruction return on
resumption of sleep, and OSA patients can experience multiple cycles of sleep-apnoea throughout the

night (Fig 1.2).

1.2.2 The prevalence of OSA

The prevalence of OSA appears to be rising. This is likely to be due to the aging population, and an
obesity epidemic in developed countries. Both obesity and aging are high risk factors for OSA. This

section describes the way in which the prevalence of OSA has increased over the past 20 years.

The most widely quoted figures for the prevalence of OSA are taken from the Wisconsin Sleep Cohort
(Young et al., 1993). During the period between 1988 and 1994 the prevalence of moderate-severe
OSA (AHI 2 15 events/hour) in the Cohort was estimated to be 8.8% in males aged 30-70. By
comparison, during the period between 2007 and 2010 the estimated prevalence had risen to 13%.
OSA is less common in women, but a similar increase has occurred from 4% in the period between
1988 and 1994, to 6% in the period between 2007 and 2010 (Young et al., 1993; Peppard et al., 2013).
As mentioned above the most likely reason for the increasing prevalence of OSA is the increasing
prevalence of obesity. In 1993, 15% of the UK adult population was obese (BMI >30 Kgm?). In 2011

this had risen to 25% (Health and Social Care Information Centre; http://www.hscic.gov.uk).

OSA is also more common with increasing age. The Wisconsin Sleep Cohort data showed that 10% of
men aged 30-49.9 years had moderate-severe OSA, compared to 17% of men aged 50-70 years. This
age distribution is even more pronounced in women where the prevalence increases from 3% in 30-
49.9 year olds, to 9% in women from 50-70 years. The increased prevalence of OSA in older people is
supported by other epidemiological studies, which estimate the prevalence of OSA in people over 65
years to be approximately 20%, with some estimates as high as 70% (Ancoli-Israel et al., 1989; Young

et al., 2002b; Hader et al., 2005b).
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The factors that contribute to the age-related increase in the prevalence of OSA include a reduction
in pharyngeal muscle function (Worsnop et al., 2000b) and a more collapsible upper airway (Kirkness
et al., 2008b). Age-related differences in upper airway structure include a decrease in the size of the
upper airway lumen (Carlisle et al., 2014), associated with an age-related changes to the position of
the hyoid bone (Pae et al., 2008). An increase in arousal frequency, has an associated change in the
stability of breathing (Browne et al., 2003a). Perhaps the most important change is an increase in the
prevalence of co-morbidities. For example, patients with chronic heart failure are more likely to have

both obstructive and centrally mediated sleep apnoea (Vazir et al., 2007).

1.2.3 The Sequelae of OSA

OSA is known to impact multiple organ systems, and the most commonly investigated are
cardiovascular and metabolic changes. However, other conditions as diverse as skin cancer,
Alzheimer's disease and retinal dysfunction have been linked with OSA. This section will briefly outline
the cardiovascular and metabolic effects of OSA. The association between OSA and brain function,

which is the focus of this thesis will be covered in Section 1.3.

Cardiovascular: The association between OSA and hypertension has been known for many years
(Fletcher et al., 1985; Strohl et al., 1994; Bixler et al., 2000). Longitudinal data from the Wisconsin
Sleep Cohort suggests that hypertension is a consequence of OSA, with a three fold increased risk of
hypertension in OSA patients with severe disease (Peppard et al., 2000). OSA patients are also at
increased risk of coronary artery disease and heart failure (Mooe et al., 1996; Mooe et al., 2001;

Shahar et al., 2001).

The mechanisms that lead to increased cardiovascular disease in OSA have been studied in both
animal and human models. The difficulty in demonstrating causality is that both OSA and
cardiovascular disease are linked with obesity. The most likely factors by which OSA (independent of
obesity) causes cardiovascular disease are increased sympathetic nervous system activity, hypoxic and
oxidative stress, systemic inflammation, and mechanical factors secondary to intrathoracic pressure
oscillations, e.g. reduced left ventricular stroke volume, systemic arterial pressure, cardiac output and

heart rate (Somers et al., 2008), (Drager et al., 2011).

Metabolic: OSA is strongly associated with obesity and therefore as with cardiovascular disease, the
extent to which there is an independent association between OSA and metabolic disease is debated.
Current data appear to show a particular link with insulin resistance and type-2 diabetes mellitus
(Ancoli-Israel et al., 1989; Strohl et al., 1994; Punjabi et al., 2002). Specifically the link with insulin

resistance may be a combination of both central and visceral obesity, although sympathetic drive from
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frequent arousals, intermittent hypoxia and sleep fragmentation may also play a role (Punjabi et al.,

2004; Spiegel et al., 2009).

Additional metabolic factors have also been studied, including blood lipid levels (triglycerides, low
density lipoproteins, non-high density lipoproteins and total cholesterol). The impact of OSA on
triglycerides as a marker of cardiovascular disease has also been evaluated, with 2 months of
treatment leading to a reduction in triglyceride and cholesterol levels (Phillips et al., 2011). Recent
data from the UK show that diabetic patients with OSA are more likely to have diabetic retinopathy
and neuropathy, and an ongoing treatment trial is investigating the role that reducing OSA could have
on diabetic retinopathy (Harsch et al., 2004; Kosseifi et al., 2010; Mason et al., 2012; Rudrappa et al.,
2012).

1.2.4 The Treatment of OSA

There are many treatments for OSA and their application depends in part on the severity of the disease
(Fig 1.4). For patients with mild disease modifying lifestyle (weight loss, stopping smoking, and
cardiovascular exercise), increasing total sleeping time, and improving the sleeping environment (e.g.
remove digital screens etc. from the bedroom) can help. Additionally, improving diet and reducing
stimulants, such as caffeine, before bedtime is advisable. For patients who only have OSA when
sleeping in the supine position, positional aids can help. Optimising medical management of co-
morbidities is another key part of treatment e.g. pain control, and optimising cardiorespiratory
function. In patients with mild to moderate disease, oral mandibular advance devices are often
helpful. The most commonly used treatment for OSA is positive airway pressure, which acts as a
pneumatic splint blowing air into the upper airway and preventing collapse (Fig 1.5). There are
different forms of pressure delivery, including continuous positive airway pressure (CPAP),
autotitrating CPAP (auto-CPAP), bilevel ventilation and adaptive servoventilation (ASV). OSA is most
effectively treated with CPAP, and this section will summarise the reasons why CPAP is considered the

mainstay of treatment for patients with moderate to severe OSA.
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Figure 1.4 Algorithm for the treatment of mild, moderate, and severe obstructive sleep apnoea (OSA).
Upper airway resistance (UAR), cardiovascular disease (CVD).

Y/
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Figure 1.5 A patient using CPAP

The recent National Institute for Health and Care Excellence (NICE) Health Technology Appraisal of the

use of CPAP concluded that it was an efficacious and cost-effective treatment for OSA syndrome
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(McDaid et al., 2009). The benefit of CPAP is measured in most trials as an improvement in sleepiness
as measured by the Epworth Sleepiness Scale (ESS; See Chapter 2, Section 2.3.1). The ESS is a
subjective measure of sleepiness and treatment with CPAP (versus conservative treatment) reduces
sleepiness by approximately 2.7 points (95% confidence interval -3.45 to -1.96). The reduction in
sleepiness is proportional to the severity of the disease and therefore patients with severe OSA often

feel more relief of symptoms than those with mild disease.

The cost of CPAP treatment is relatively cheap (compared to no treatment) per quality adjusted life
year (QALY) gained at <£4,000 (McDaid et al., 2009). However, the majority of the cost is associated
with a reduction in the incidence of cardiovascular disease, stroke, and road traffic accidents
associated with sleepiness. Thus in patients who are not sleepy, and have a low cardiovascular and/or

cerebrovascular risk CPAP may not be cost-effective.

The effectiveness of CPAP therapy is also related to the adherence to treatment. Adherence to CPAP
is estimated to range from 46% to 83%, with an average nightly usage of 2.39 hours per night in
minimally symptomatic middle-aged OSA patients (Craig et al., 2012) and 2 hours 22 mins in older OSA
patients at 12 months (McMillan et al., 2014). This is somewhat lower than the 4 hours per night on
70% of nights which is commonly used as the benchmark for CPAP adherence, and less than the
optimal outcomes achieved with a usage of at least 5 hours per night. Factors that impact CPAP
compliance are shown in Table 1.1 (adapted from the Oxford Handbook of Medicine chapter
submitted for publication). The percentage of patients who continue using their CPAP falls over time,
e.g. from 84% at the end of the first year to 68% after 4 years, remaining at this level for a further 3
years. The weighted average for studies that report discontinuation rates over 3 years was estimated

to be 3.8% per annum
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Table 1.1: Predictors of poor CPAP adherence include

Patient characteristics — increased nasal resistance, depression

Disease characteristics — either severe or mild minimally symptomatic disease

Psychological or social — less self-efficacy, poor social support, limited disease or treatment

knowledge

Technical — lack of heated humidification and flexible pressure

1.3 COGNITIVE FUNCTION AND OSTRUCTIVE SLEEP APNOEA

There have been many studies of OSA and cognitive function. These have shown an association
between OSA and a broad range of neurocognitive impairments (Bucks et al., 2013). A recent study by
our group demonstrated deficits in verbal memory (Twigg et al., 2010), while other studies have found
deficits in spatial memory (Varga et al., 2014) (Daurat et al., 2008), reaction time (Bedard et al., 1991,
Bedard et al., 1993) and numerical memory (Verstraeten et al., 2004). Even in cognitive tests where no
impairment has been detected, functional imaging has demonstrated that sleepy OSA patients utilise
spare capacity in brain regions not utilised by healthy controls to achieve normal cognitive function
(Ayalon et al., 2006). However, despite these data, the impact of OSA on cognitive function remains
controversial. Indeed, it has recently been argued that there is only a weak correlation between
(subjective) cognitive complaints, and objective cognitive function in patients with OSA (Vaessen et al.,
2014). The wide variation in the reported cognitive dysfunction of patients with moderate to severe

OSA was the starting point for the studies reported in Chapters 3-5 of this thesis.
1.3.1 Impaired Cognitive function in OSA

A recent meta-analysis determined that deficits in attention/vigilance, delayed long-term visual and
verbal memory, visuospatial/constructional abilities and executive dysfunction have been consistently
reported in patients with OSA (Twigg et al., 2010; Bucks et al., 2013). The cognitive impairment
appears to be associated with the severity of hypoxaemia, while the attention and vigilance
dysfunction is more likely to be associated with the degree of sleep fragmentation (Bucks et al., 2013).
Working memory, short-term memory, and global cognitive functioning and language ability appear

to be largely unaffected by OSA (Bucks et al., 2013).

There are several possible explanations for the wide range of results seen in these studies: The

subjective tests used may not be specific enough to detect accurately the cognitive deficits (see
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Chapter 2, Section 2.4 for a detailed explanation of the cognitive tests used in this thesis), indeed the
objective tests used are frequently designed to detect deficits in patients with brain-injuries, and
therefore may not be able to capture the milder impairments that occur in OSA (Vaessen et al., 2014).
Similarly, one day (or night) of testing provides only a ‘snapshot’ of the patient’s ability. This kind of
testing is unable to take account of time-dependent factors, such as fluctuation over time and various
circadian influences. Moreover, cognitive domains frequently involve more than one construct.
Therefore only carefully deconstructed analyses of the different cognitive test results can accurately
assess patient deficits (Olaithe et al., 2014). Finally, the cognitive dysfunction may be a sign of
psychological distress, rather than impairment (Pullens et al., 2010; Vaessen et al., 2014). Of note,
cognitive reserve and genetic vulnerability (e.g. apolipoprotein e4 genotype) are likely to be factors in
the susceptibility to cognitive dysfunction (Rosenzweig et al., 2013c; Olaithe et al., 2014; Rosenzweig
et al., 2014). Some other important factors considered during the design of the studies presented in
this thesis were the duration of exposure to the disease, the role of the blood-brain barrier and co-

morbidities such as hypertension, metabolic dysfunction and systemic inflammation.
1.3.2 Treatment of Cognitive Function in OSA

Both pharmacological and non-pharmacological treatments for OSA have been shown to improve
cognitive function in patient with OSA. Several meta-analyses suggest that CPAP treatment reduces
sleepiness and improves mood, and that these changes are associated with improvements in objective
cognitive functioning (Giles et al., 2006; Marshall et al., 2006; Kylstra et al., 2013; Vaessen et al., 2014).
Although less successful, drugs such as donepezil, phylostigmine, and fluticasone have also been used

to try to improve cognitive outcomes in treated OSA patients (Kohler et al., 2009; Mason et al., 2013).

Of interest for the studies presented in this thesis, CPAP treatment also appears to reverse some, but
not all, neuroanatomical changes. Specifically the study by Canessa et al, 2011 showed that 3 months
of CPAP treatment improved cognitive function in several domains and that these improvements were
correlated to grey matter volume increases in frontal and hippocampal regions (Canessa et al., 2011).
Another recent study showed significant improvements involving memory, attention, and executive
functioning that correlated with white matter changes after 12 months of treatment with CPAP
(Castronovo et al., 2014). However, in these studies not all areas showed complete reversal of tissue
damage, or deficits in cognition, suggesting that initiation of prolonged treatment may be needed as
early as possible in the disease process (Kushida et al., 2012; Prilipko et al., 2012; Ferini-Strambi et al.,

2013; Yaffe et al., 2014).
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To investigate the effect of disease duration on cognitive function, studies have been carried out
looking into the cognitive performance and effects of treatment in children with OSA (Gozal, 1998;
Biggs et al., 2014). In a recent study of children with sleep disordered breathing (SDB), followed-up for
four years, treatment led to improvements in several aspects of neurocognition, collectively

categorised as performance 1Q (Biggs et al., 2014).

Performance IQ represents fluid intelligence and is reflective of incidental learning. It describes the
subject’s ability to adapt to new situations (Cattell, 1967). In the study by Biggs et al, improvements
were recorded in tasks associated with spatial visualisation, visuo-motor coordination, abstract
thought and non-verbal fluid reasoning (Biggs et al., 2014). However, overall improvements in the
academic ability or behaviour were less clear. Furthermore, worsening of verbal 1Q, which, unlike
performance 1Q, is more likely to be affected by formal education and learning experiences, was noted
in a treated group (Biggs et al., 2014). No conclusive explanation for this finding was provided, and no
statistically significant association between the reduction in verbal IQ performance and treatment was

demonstrated (Biggs et al., 2014).

Conversely, in the seminal study by Gozal in 1998, younger children with SDB were followed for 12
months after treatment and significant improvements in academic performance were recorded
(Gozal, 1998). The different neurodevelopmental ages of children, and different test parameters used
may account for the differences in findings between the two groups. Nonetheless, similarities may be
emerging from these studies of children and earlier work. Specifically, associations between
performance 1Q and slow wave activity (SWA) during the non-rapid eye movement (NREM) sleep

(Biggs et al., 2012; Biggs et al., 2014).

In healthy adults, sleep progresses through NREM stages N1 to N3 followed by a period of REM sleep
occurring approximately 60- 90 minutes into sleep (Vyazovskiy & Delogu, 2014). It has been argued
that cognitive improvements in treated OSA patients may reflect increased stability of brain activity
during sleep, allowing crucial synaptic repair and maintenance to occur during SWA, and counteracting
the toxic effects of OSA mediated by arousal and hypoxia (Neubauer & Fink, 2009; Biggs et al., 2014).
This argument is supported by findings showing that sleep presents a crucial period during which the
brain can restore cellular homeostasis (Fig 1.6), increase signal to noise ratio, and reinforce neuronal
circuitry for subsequent cognitive processing demands (Poe et al., 2010; Abel et al., 2013; Tononi &

Cirelli, 2014).
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Figure 1.6: “Sleep is the price we pay for [neural] plasticity” Tononi & Cirelli 2014. Figure shows neural
connections in a fruit fly (left) following sleep, enriched wakefulness, sleep after enriched wakefulness
and wake after enriched wakefulness with no sleep. Note the smallest number of synapses occur
following sleep, and the most following sleep deprivation. New learning occurs during wakefulness via
synaptic potentiation. Neurones strengthen synapses during enriched wakefulness, while interacting
with the environment e.g. fear conditioning, cue-reward learning etc. Neurones renormalize synapses
in sleep when the brain is off line; synapses have a high energy cost and neural ‘space’ may be reduce
if sleep does not occur.

1.3.3 Sleep Deprivation and Cognitive Function in OSA

Sleep alters the molecular signalling pathways that regulate synaptic strength (Fig 1.6), plasticity-
related gene expression and protein translation (Abel et al., 2013). Moreover, sleep deprivation can
impair neuronal excitability, decrease myelination and lead to cellular oxidative stress and misfolding

of cellular proteins (Abel et al., 2013; Picchioni et al., 2014).

The frequent arousals and ensuing fragmented sleep that occur in OSA, have been shown to impact
on cognitive function the following day, in a manner similar to that of total sleep deprivation
(Daulatzai, 2013). Studies of the effects of sleep deprivation on cognition in the general population
suggest comparable cognitive impairments to those seen in OSA (Killgore, 2010). Furthermore, an
association has been shown between excessive daytime somnolence and cognitive impairment and
an increased risk of cognitive decline and dementia (Yaffe et al., 2014). In a prospective cohort study
(The Honolulu-Asia Aging Study), lower nocturnal oxygenation and a reduction in SWA NREM sleep
were associated with the development of micro-infarcts and brain atrophy. Conversely, men with

longer SWA sleep showed slower cognitive decline (Gelber et al., 2014).

The impact of OSA on selected sleep stages may be particularly important, as each sleep stage is
associated with its own functional learning and memory processes (Poe et al., 2010). In OSA patients,
stage N2 NREM sleep has been shown to increase, while stages N1, N3 and REM sleep decrease Fig
1.7 (Andreou et al., 2014).
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Figure 1.7: Overnight sleep patterns (hypnogram), obtained from electroencephalography, illustrating
sleep cycles in a young healthy person (Top panel). Note that NREM is the first sleep, and the first REM
sleep occurs after approximately 90 minutes; throughout the night there are occasional brief arousals
from sleep. The Bottom Panel illustrates sleep cycles in an OSA patient. Note that throughout the
night there are frequent, brief arousal from sleep with a reduction in both NREM stage 3 and REM
sleep. W: wake; R: REM sleep (marked in blue); 1, 2, 3: NREM stage 1, 2 and 3 sleep.

The consequences of sleep fragmentation in OSA are difficult to assess. In one study of mild OSA,
where sleep fragmentation did not significantly reduce the scoring of N3 Sleep, the exponential decay
function of SWA was demonstrated as significantly slower in patients than in controls (Ondze et al.,
2003). This was due to the more even distribution of SWA throughout the night. These results show
that mild sleep fragmentation can alter the dynamics of SWA, without decreasing significantly the
amounts of SWA and REM sleep. This means that to fully understand the impact of sleep deprivation
in OSA it may be necessary to perform SWA decay analysis (Ondze et al., 2003). In the same study, a
decrease of spindle activity was observed in N2 and N3 which was not attributable to an increase of
SWA (Ondze et al., 2003; Schonwald et al., 2012). Such a reduction in total spindle density has also
been reported in sleep maintenance insomnia, and is likely to be related to sleep fragmentation

(Ondze et al., 2003; Schonwald et al., 2012).
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REM Sleep: Traditionally, obstructive events during NREM sleep were viewed as associated with
greater cognitive deficits or impaired quality of life, whilst REM sleep events were shown to be
associated with greater sympathetic activity, hypertension and cardiovascular instability in patients
with OSA (Mokhlesi et al., 2014) (Mokhlesi & Punjabi, 2012). Recently, a role for fragmented REM
sleep in spatial navigational memory problems in OSA patients was suggested (Varga et al., 2014).
During this study, patients spent two different nights in the laboratory, during which they performed
timed trials, before and after sleep, on one of two unique 3D spatial mazes (Varga et al., 2014). The
normal consolidation of sleep was achieved with use of therapeutic CPAP throughout the first night,
whereas during the second night CPAP was reduced only during the REM stages. Here, patients
showed improvements in maze performance after a night of normal sleep, and those improvements
were significantly reduced following a night of REM disruption without changes in psychomotor
vigilance. Cognitive improvements were significantly positively correlated with the mean REM run

duration across both sleep conditions (Varga et al., 2014).

In some OSA patients, reduction of REM sleep can lead to dissociation of REM traits to other sleep
stages, further impacting on critical sleep windows for memory formation and consolidation (Poe et
al., 2010). Of particular note, several studies have now demonstrated that, if high homeostatic
demands are not fully met during sleep, microsleeps can occur in highly active regions of the brain
during the subsequent wake period (Vyazovskiy & Delogu, 2014). This can lead to the concomitant
disability of that region (Tononi & Cirelli, 2014; Vyazovskiy & Delogu, 2014). To what extent this takes
place in OSA patients, and whether this also contributes to attention/vigilance dysfunction and the
higher rate of road traffic accidents seen in OSA patients has yet to be fully understood. Previously
reports of retarded SWA decay through the night in even mild OSA patients further supports the

notion of non-restorative sleep in OSA (Ondze et al., 2003) .

Sleep Spindles: Intriguingly, in a study of spindle frequency changes in OSA, it has been shown that,
unlike healthy controls, OSA patients continued displaying a significant proportion of slow spindles in
frontal, central and parietal regions during the night. This may suggest that deregulated spindle
formation contributes to cognitive deficits in OSA patients (Schonwald et al., 2012). In another study,
sleep architecture of patients with mild OSA showed a high degree of sleep fragmentation resulting in
a different time course of SWA and a decreased sleep spindle index when compared to controls

(Ondze et al., 2003).

Taken together, these studies further highlight the possible role for OSA brain injury in the
acceleration, or even initiation, of cognitive decline especially in older people (Sforza & Roche, 2012;

Daulatzai, 2013; Pan & Kastin, 2014; Yaffe et al., 2014).
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1.4 ISCHAEMIC CONDITIONING AND NEURO-INFLAMMATION IN OSA

In OSA, repetitive occlusions of the upper airways lead to intermittent hypoxia and recurrent
hypoxaemia, typically characterized by short cycles of hypoxia and reoxygenation (Almendros et al.,
2014). These cycles can lead to either adaptive or maladaptive processes (Almendros et al., 2014) and
the outcome will vary depending on the dynamic interplay between the specific type and amount of
reactive oxygen/nitrogen species produced, their duration and frequency, the intracellular
localization, and the micro-environmental antioxidant activity (Lavie, 2014). Additional interplay
depends on factors such as the genetic makeup, nutrition and other lifestyle related variables, which
all affect the redox status (see also (Almendros et al., 2014; Lavie, 2014)). A variety of studies to date
suggest that severity of hypoxia, its duration, and cycle frequency, are fundamental determinants of
outcomes (Ayalon et al., 2010). For example, it has generally been acknowledged that short, mild, and
lower cycle frequency may generate beneficial and adaptive responses in brain, such as ischaemic
preconditioning (Almendros et al., 2014). Conversely, chronic moderate-to-severe, and high frequency
intermittent hypoxia can induce maladaptive disruption of homeostatic mechanisms, leading to

dysfunction and sterile neuroinflammation (Almendros et al., 2014; Lavie, 2014).
1.4.1 Ischaemic preconditioning

Ischaemic preconditioning represents a generalized adaptation to ischaemia by a variety of cells (Lavie
& Lavie, 2006; Dirnagl et al., 2009). In OSA, induction of ischaemic preconditioning is thought to be
due to the activation of several gene programs, including the hypoxia inducible factor-1, vascular
endothelial growth factor, erythropoietin, atrial natriuretic peptide and brain derived neurotrophic
factor (Brzecka, 2005; Nanduri et al., 2008).Various end-mechanisms and pathways have been shown
to play a role, including that of long-term facilitation of diaphragmatic motor output, chemo-reflex
activation, vascular remodelling, neo-angiogenesis, productive autophagy, reactive gliosis, various
synaptic alterations. Modulation of adult hippocampal neurogenesis has also been suggested (Haddad
& Yu, 2009; Aviles-Reyes et al., 2010; Tsai et al., 2011; Papadakis et al., 2013; Tsai et al., 2013; Lavie,
2014).

CPAP treatment of OSA has been shown partially to reverse the damage in the hippocampus, and to
ameliorate some of the associated cognitive deficits, possibly also by modulating adult neurogenesis
(Canessa et al., 2011). It is proposed that at any given time ongoing maladaptive neuro-inflammatory
processes probably exist alongside adaptive mechanisms of increased brain plasticity and ischaemic
preconditioning (Ferriero, 2005; Lledo et al., 2006; Dirnagl et al., 2009; Seki, 2011; Rosenzweig et al.,

2013a). In a recent study that compared the cognitive performance of patients with high and low
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hypoxemia after controlling for demographic factors and other aspects of OSA severity, an unexpected
advantage of higher hypoxemia on memory was demonstrated in a carefully matched clinical cohort

(Hoth et al., 2013).

Another powerful central neuroprotective adaptive mechanism for ischaemic events was
demonstrated following the activation of the intrinsic neurons of the cerebellar fastigial nucleus (Reis
et al., 1997). Neurostimulation of these nuclei appears to provide protective reduction in excitability
of cortical neurons during the subsequent ischaemic episodes, and to lead to reduced
immunoreactivity of cerebral microvessels by down-regulating their production of intracellular cell
adhesion molecule (ICAM-1) and consequently preventing the release of pro-inflammatory cytokines
(Rosenzweig et al., 2014). The compensatory entraining of the cerebellum by hypertrophic

hippocampi may also occur in younger patients with mild OSA (See Chapter 3).

Although there are no direct monosynaptic anatomical connections between hippocampi and
cerebellum, their connectivity is thought to be important for the control of movement under states of
heightened emotion and novel conditions, and for associative learning. Of note, failed adaptation of
cerebellar networks to injury was shown to lead to cognitive deficits and hyperactivity, distractibility,
ruminative behaviour, dysphoria and depression in some patients (Rosenzweig et al., 2014). Several
studies also suggest that, under certain conditions, intermittent hypoxia can increase immune
defences without exacerbating inflammation (Almendros et al., 2014; Lavie, 2014). Moreover, in
animals, short-lasting hypoxic exposures mimicking OSA were associated with recruitment of bone-
marrow derived pluripotent stem cells, which exhibited up-regulation of stem cell differentiation
pathways, particularly involving central nervous development and angiogenesis (Almendros et al.,

2014).

1.4.2 Neuro-inflammation

Intermittent hypoxia can lead to maladaptive effects, including neuro-inflammation. Although the
exact neurocellular sources for associated processes are still incompletely understood, it is likely that
activation of astroglia is important (Dale et al., 2014; Lavie, 2014). In addition, the oligodendrocytes,
myelin-producing cells of the CNS, were shown to be selectively sensitive to hypoxia and sleep
fragmentation (Rosenzweig et al., 2012; Bellesi et al., 2013). The subsequent loss of buffering
functions can ultimately contribute to pathological processes, such as increased glial proliferation and
microglial activation (Dale et al., 2014). Astroglial and microglial cells play critical roles in regional
blood flow regulation and inflammatory processes in the brain, as well as critical coordination of

bioenergetics through lactate transport (Dale et al., 2014). Under normal conditions, microglia in the
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healthy CNS exhibit a surveillance phenotype that synthesizes and releases neuroprotective
growth/trophic factors (Dale et al., 2014). However, severe and prolonged hypoxia can activate
microglia toward a toxic, pro-inflammatory phenotype that triggers pathology, including change in
hippocampal structure, impaired synaptic plasticity, and cognitive impairment (Dale et al., 2014) (See
Chapter 5). Neuro-inflammation has been shown independently to raise the brain's sensitivity to
stress, resulting in stress-related neuropsychiatric disorders, such as anxiety and depression (Skaper

et al., 2014).

Dynamic changes in transcription of inflammatory genes were demonstrated following exposure to
intermittent hypoxia, with most inflammatory markers increasing over time (Dale et al., 2014).
Increased concentrations of prostaglandin E2 in neural tissue have also been demonstrated in
hippocampal and cortical regions accompanied by lipid peroxidation of polyunsaturated fatty acids
(Dale et al., 2014). Similarly, it was shown that increased carbonylation- and nitrosylation-induced
oxidative injury emerges in susceptible brain regions and promotes increased daytime somnolence
(Dale et al., 2014; Lavie, 2014). Recently, toll-like receptor 4 (TLR4) expression and activity was
demonstrated to be increased in monocytes of patients with OSA (Unnikrishnan et al., 2014).
Expression of TLR4 was also demonstrated in the microglia of the cortex and brainstem after chronic
intermittent hypoxia where it was postulated to play region specific and differential adaptive or
maladaptive role (Unnikrishnan et al., 2014). This finding is of particular interest since TLR4 has also
been strongly implicated in several inflammatory and neurodegenerative disorders, including vascular
dementia and Alzheimer’s disease (Unnikrishnan et al., 2014). In line with this, in cognitively healthy
adults, intermittent hypoxia was correlated with increases in phosphorylated and total tau and
amyloid®;.4, concentrations in cerebral spinal fluid, which are key components of Alzheimer’s
pathology (Yaffe et al., 2014). Similarly, cerebral amyloidogenesis and tau phosphorylation along with
neuronal degeneration and axonal dysfunction were shown in the cortex and brainstems of animals

exposed to intermittent hypoxia (see Chapter 5) (Daulatzai, 2013).

Taken together, these findings support the role for neuro-inflammatory processes in cognitive and
emotional deficits of OSA patients. They further suggest a close association between hypoxaemia-

induced maladaptive processes and dementia.
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1.5. DESCRIPTION AND STRUCTURE OF THESIS

The primary aim of this thesis is to investigate the effects of OSA on brain structure. The thesis will
also investigate whether treatment of OSA with CPAP leads to resolution of any changes in brain
structure, possibly mediated by ischaemic preconditioning. Finally the thesis will investigate whether

these changes in brain structure are associated with corresponding changes in cognitive function.

The general methods used for all the studies in this thesis will be described in Chapter 2. Additional
background to the individual studies will be presented in each chapter, with further details of study

protocols, data analysis and statistical analyses where necessary.

In Chapter 3 | will describe the reanalysis of brain imaging data gathered previously by the group using
more modern techniques. The aim of this study was to investigate the effect of intermittent hypoxia
on brain structure in OSA patients. | was interested in brain hypertrophy, suggestive of ischaemic

preconditioning, as well as the hypotrophy demonstrated in other studies.

In Chapter 4 | will describe a randomised controlled trial of CPAP in OSA. Brain structure and cognitive
function were measured in younger people newly diagnosed with OSA before and after randomisation
to CPAP or best supportive care. This aim of this study was to investigate the association of brain
structural changes with cognitive dysfunction in OSA and to investigate whether these changes were

reversible.

Chapter 5 will describe an analysis of brain structure in older people with OSA before and after
randomisation to CPAP. The aim of this study was to investigate whether neuroplasticity still existed

in older patients with OSA, or whether any brain structural changes caused by OSA were irreversible.

In Chapter 6 the results of the studies presented in this thesis will be discussed, with some suggestions
as to how the results, and areas of uncertainty identified during this research, could be developed in

the future
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CHAPTER 2

General Methods
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2.1 PARTICIPANT AND LABORATORY INFORMATION

OSA patients were recruited from The Royal Brompton (Chapters. 3, 4 and 5), Harefield (Chapter 4)
and Charing Cross (Chapter 3) Hospitals and Queen Elizabeth Hospital, Woolwich (Chapter 4). Controls
were recruited from the Healthy Volunteers Database in the Academic Department of Sleep and
Ventilation and from hospital staff at The Royal Brompton Hospital. Sleep studies were performed at
The Royal Brompton as part of routine clinical practice. In addition, research nocturnal
polysomnography was carried out (Chapter 4) in the NIHR Respiratory Biomedical Research Unit (BRU)
at The Royal Brompton Hospital. MRI scans were performed at both The Royal Brompton Hospital
(Chapter 4), and Charring Cross Hospital (Chapter 3 & 5). In the study presented in Chapter 4, | was
the first investigator to use the Respiratory BRU Clinical Research Facility for overnight studies and
helped to develop the pathway for future overnight studies. The study in Chapter 4 was also the first
collaboration between the Respiratory BRU and the Cardiology BRU at The Royal Brompton and the
first study to use the Cardiology BRU MRI scanners to perform brain imaging. | set up this
collaboration, and arranged the sharing of knowledge and expertise between our previous imaging
collaborators and the physicists and radiographers at The Royal Brompton to ensure the correct MRI
sequences were used and the images obtained were of appropriate quality. | also set up two new
collaborations, to recruit patients from Harefield Hospital and Queen Elizabeth Hospital, Woolwich to

Royal Brompton sleep research projects for the first time.

All studies were carried out with Research Ethics Committee approval, and all participants gave
written informed consent. Note, the IRAS ethical approval numbers are given in each experimental

chapter.

2.2 NOCTURNAL POLYSOMNOGRAPHY

Polysomnography was performed in all OSA patients using the SOMNOscreen system (SOMNOmedics
GmBH, Germany). This system allows data to be was transmitted wirelessly in real time to a computer,

ensuring that the patient has as comfortable a night’s sleep as possible (Fig 2.1).
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Figure 2.1: Studies presented in this Thesis used nocturnal polysomnogram to diagnose the severity
of the OSA. Note that the patient is able to move freely as the system used is wireless.

2.2.1 Assessment of sleep : EEG, EOG and EMG

Electroencephalogram (EEG), electro-oculogram (EOG) and surface electromyogram (EMG) are used
to monitor sleep and wake, using standard sleep scoring criteria (Reschtschaffen, 1968). EEG was
measured using 10mm gold cup electrodes (Grass technologies, Rhode Island, USA). The electrodes
were sited according to the International ten twenty EEG electrode system. This system uses the
nasion and inion as reference points, with EEG electrodes placed at increments of 10 or 20% along
transverse and sagittal lines linking these landmarks. Electrodes were placed in the C3 and C4

positions, with a common reference electrode in the Cz position (Fig 2.2).

The electrode positions were marked with a chinagraph pencil and the site was cleaned with an
abrasive paste (Nuprep, Weaver and Company, Colorado, USA) and an alcohol soaked swab. This
process reduced the electrical impedance between the electrode and the skin. It also helped the

attachment of the electrode. The gold cup electrodes were then filled with conducting paste (Ten20

conductive paste, Weaver and Company,
Colorado, USA ) and fixed in place with
adhesive (Collodion, SLE Ltd.,

South  Croydon, , ' MRS i UK). Reference
electrodes were - placed over left and
right mastoid processes (Al and A2
respectively) and a ground electrode was
placed on the centre of the forehead

(Fig 2.2).
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Figure 2.2. A view of the head showing the electrode positions of the international ten twenty system
for recording of sleep using electroencephalography (EEG). (Figures adapted from Malmivo & Plonsey.
Bioelectromagnetism: Principles and Applications of Bioelectric and Biomagnetic Fields. New York:
Oxford University Press; 1995)

Self-adhesive electrodes were used to measure EOG activity. These were placed 1 cm lateral and
superior to the right outer canthus, and 1 cm lateral and inferior to the left outer canthus and
referenced to the A1l mastoid electrode. By placing the EOG electrodes asymmetrically conjugate
vertical eye movements, which produce opposing deflections in the right and left EOG signals, can be
distinguished from electrode artefact or high voltage which produce in-phase deflections in both EOG
signals. Self-adhesive electrodes were also used to record EMG activity. The skin was prepared as for
the EEG and electrodes were positioned 2 cm posterior to the inferior edge of the mandible, and 2 cm

to either side of the midline.

After application of all electrodes, an impedance test was performed to ensure all electrodes had a
low resistance for optimal detection of brain electrical activity. An impedance of <10,000 Ohms was
considered acceptable, and where this was exceeded, further conducting paste was added to gold cup

electrodes, or the electrode was replaced until impedance was satisfactory.

The EEG and EOG signals were digitally sampled at a rate of 128 Hz, whilst the EMG signals were
sampled at a rate of 256 Hz (Silber et al., 2007). The signals were processed by differential amplifiers
to generate a conventional EEG montage (C3/A2; C4/A1, Right EOG/A1 and Left EOG/A1) for sleep
scoring (Reschtschaffen, 1968). Conventional filter settings (High pass filter: 0.2 Hz; low pass filter: 35
Hz) were applied to the differential amplifier output to remove signals outside of the frequencies of

interest.

2.2.2 Measurement of airflow using nasal pressure transducer
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Airflow from the nose and mouth was monitored using a ‘nasal pressure’ signal, generated by changes
in pressure at the nares. The pressure changes were measured by a nasal cannula (Embla, Colorado,
USA) connected to a differential pressure transducer that was referenced to atmospheric pressure.
The voltage output of the transducer was proportional to the pressure change across a membrane

located within the transducer.

The measurement of nasal pressure provides a semi-quantitative measure of the velocity of air passing
through the nostrils (Fig 2.3). However, because the airflow is most commonly non-linear, nasal
pressure overestimates apnoeas compared to other sensors (Redline et al., 2007). For example, if the
amplitude of the nasal pressure signal falls below 10% (the commonly used criteria to score apnoea)
when nasal airflow decreases to 30%. The Bernouilli equation states that the velocity of a gas is
proportional to the square root of the gas pressure. Therefore, the nasal pressure signal is equivalent
to the square of the airflow; for example, when nasal airflow decreases to 70% of baseline, the nasal
pressure will decrease to 49%. It has been suggested that a square root transformation of the nasal

pressure signal could be used in this case. However, in practice this is not often used.

The within-breath shape of the nasal pressure airflow signal can also provide information about the
occurrence of airflow limitation that does not fulfil the requirements to be scored as apnoeas or

hypopnoeas (Fig 2.3).
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Figure 2.3: Nasal airflow, respiratory effort and oxygen saturation (SpO2) measured during sleep in a
health person (left) and a patient with airflow limitation (right). Notice the flattened inspiratory airflow
profile (green) in the patient with flow imitation, compared to the healthy subject.

2.2.3 Measurement of respiratory effort using respiratory inductance
plethysmography
Respiratory effort was measured by respiratory inductance plethysmography. This requires placement

of a belt around the upper chest and a further belt around the abdomen, midway between the inferior

ribs and the iliac crest (Fig 2.1). The belts were sized according to patient girth and were fastened with
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Velcro. To ensure the belts did not become displaced during the sleep study they were further secured

with tape.

The respiratory inductance plethysmography bands measure changes in current, caused by an
alteration in cross sectional area enclosed by a wire. A magnetic field is created by passing alternating
current through a thin zigzagging wire which has been sewn into the RIP belt (Sleepsense, SLP Inc.,
Illinois, USA). This magnetic field is affected by changes in the cross-sectional area enclosed by the
wire and this, in turn, alters the frequency of the current. The change in current can be measured,
which provides a metric of respiratory and abdominal expansion during inspiration as shown in Fig

2.3.

2.2.4 Measurement of arterial oxygen saturation using pulse oximetry

Finger pulse oximetry (Nonin 8000 Softsensor, Nonin, Minnesota, USA) was used to measure
haemoglobin oxygen saturation. This measurement represents the average oxygen saturation of
haemoglobin. It relies on the principle that the light absorption characteristics of haemoglobin are
altered by the binding of oxygen. One arm of the clip contains LEDs that emit light at red (660nm) and
infrared (910nm) wavelengths. Light transmitted through the finger is detected by a photodetector
on the other arm of the clip. The absorption of light by blood constituents can be determined from
changes in the quantity of transmitted light occurring during fluctuations in arterial volume with each
cardiac cycle. The ratio of red and infrared light absorbed during these pulsatile fluctuations is used to
calculate the oxygen saturation of haemoglobin. The oxygen saturation is then displayed as a moving

time average as shown in Fig 2.3.

2.2.5 Measurement of heart rate using ECG

Heart rate was measured by placing ECG electrodes on the skin below each clavicle and below the

lower left ribcage.

2.2.6 Measurement of leg movement using EMG

During sleep phasic limb movements (called Periodic limb movements [PLM]} can disrupt sleep in a
similar way to OSA. Therefore, to differentiate between sleep disruption caused by occlusion of the

upper airway, and that caused by PLM, EMG of the anterior tibialis muscle is monitored, and phasic
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bursts of activity are scored. If more than 4 consecutive limb movements are noted, separated by not
less than 5 seconds, but not more than 90 seconds the patients is said to have PLM. Limb movements
can also occur during an arousal from sleep at the end of an apnoea/hypopnoea. Therefore, if the
increase in anterior tibialis EMG activity occurs within 0.5 seconds of a respiratory event it is NOT
scored as a limb movement. The PLM index is calculated as the mean number of PLMs per hour of

sleep.

2.3 ASSESSMENT OF SLEEPINESS

One of the most common symptoms of OSA is excessive daytime sleepiness. The measurement of
sleepiness is difficult. Subjective measurements, such as the commonly used ESS, are influenced by
factors such as motivation, and objective measurements are often complex and time consuming. In

this thesis, therefore, sleepiness has been measured subjectively using the ESS.

2.3.1 Epworth Sleepiness Scale

The Epworth Sleepiness Scale (Johns, 1991) is a widely used, validated questionnaire that assesses
daytime sleepiness. The Epworth scale asks subjects to rank how likely, on average, “in recent times”
they are to doze in 8 different situations. Each situation is given a mark out of 3 depending on how
likely the subject is to doze in that situation (0 = never 1 = slight chance, 2 = moderate chance, 3 = high
chance). The score for each situation is added to give a total out of 24. A total score of 10 or more

indicates excessive daytime sleepiness.

Although it was designed to be self-administered, a recent study found that 33% of patients made
errors and 23% required assistance when completing the Epworth Sleepiness Scale for the first time.
Even among patient who had used the Epworth scale previously, 16% made errors. Furthermore 4%
of patients were unable to complete the form because of poor reading skills or because they did not
have their glasses with them (Ghiassi et al., 2011). Another criticism is that ESS scores do not correlate
(Furuta et al., 1999) or correlate only weakly with objective measures of sleepiness such as the

multiple sleep latency test (MSLT).

Despite these criticisms the ESS is widely used around the world. As well as the English language
version, it has been translated into and validated in numerous other languages including: Croatian,
French, German, Greek, lItalian, Japanese, Korean, Mandarin, Norwegian, Portuguese, Serbian,

Spanish, Thai and Turkish and a pictorial version has recently been validated (Drakatos et al., 2015). It
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has even been argued that it is a better discriminator of excessive daytime sleepiness than the MSLT

or the maintenance of wakefulness test (MWT) (Johns, 1991).

2.4 ASSESSMENT OF COGNITIVE FUNCTION

In Chapter 1 the relationship between OSA and cognitive function was reviewed, with a discussion of
the possible mechanisms that may cause cognitive dysfunction in patients with OSA. In Chapter 2, |
will review the cognitive tests used in the experimental Chapters 3-5. The tests were selected based
on the results of previous studies carried out by the Sleep Group at the Royal Brompton Hospital (Fig
2.4). A further discussion of the changes in brain morphology and function that may lead to the

cognitive impairment is given in Chapter 3, Section 3.2.

I
Memony Tests I Attention Tests

Verbal lest _L. Span lests r—?ﬁ:‘é%‘f‘
reaponse bask
5 Sl

£
:
&
g
&
B

=0
;v—
%I

]

Semantc
Flusncy

Visual tasts

|

§

§

&

-
g
g
g
8

o7
T
i
&
g

g4

%._
3 @
@] i

Topographical
Recogniion
hem

38

Figure 2.4: This diagram shows the cognitive testing battery examining different aspects of memory
and attention used in the studies of (Twigg et al., 2010). The battery was designed in consultation with
Dr Kim Graham, MRC Cognition and Brain Sciences Unit, Cambridge. Each test was selected to examine
aspects of long-term memory (semantic and episodic) and working memory. Episodic memory tests
was further divided into verbal and visual tests. Two aspects of working memory were included in the
battery, specifically maintenance of working memory and dual task performance. Several tests of
attention were included in order to cover the different aspects of attention.



2.4.1 Logical Memory

The Logical Memory test (WMS IllI, Harcourt, UK) is a validated test of verbal episodic memory. The
different components of the test allow assessment of different subsets of episodic memory such as
recognition memory, immediate recall and delayed recall. Two short stories are read to the subject.
After each story is read the subject is asked to repeat the story, using as close to the same words as
he can remember (immediate recall). One point is awarded for each unit of the story correctly
repeated according to criteria supplied with the test. The subject is asked to repeat the 2 stories a
second time 35 minutes after they were read (delayed recall). The same scoring system is used.
Immediately following this second repetition the subject is asked a series of true-false questions about

the stories (recognition memory). One mark is scored for each correct answer.

2.4.2 Trail Making

This is one of the most widely used neuropsychological tests and is included in most
neuropsychological panels. TMT provides information on visual conceptual and visuo-motor tracking,
motor speed, attention and executive functions. It consists of two parts, A and B. TMT — A is a dot-to-
dot in which circles containing the numbers 1 to 25 must be joined in numerical order by a line. In
TMT — B the circles contain either a number (1 to 12) or a letter (A to L). The aim is to join the circles
in numerical and alphabetical order, alternating between letters and numbers (e.g. 1, A, 2, B, 3, C, 4,
D etc.). The time taken to complete the tests is measured. Younger subjects and those with more years
of education complete the test in less time than older subjects and those with fewer years of
education, although normative data is available (Tombaugh, 2004). Most subjects complete the test

in less than 300 seconds (Reitan, 1979).

2.4.3 Spatial Span

Spatial Span Forward and Backwards is a discriminator of visual-spatial processing and working
memory. The examiner takes a standardised board with 10 cubes in set positions on the board and
points to a predetermined series of cubes. The subject is required to repeat the series in the same
order (forward span) or in reverse order (backwards span). The sequences gradually increase in length
as the test proceeds, from a minimum of 2 cubes, to a maximum of 9 cubes. One point is scored for
each correct series, resulting in a maximum score of 16 in both parts of the test. Both tests are
validated discriminators of cognitive impairment but spatial span backwards is more sensitive
(Wiechmann et al., 2011). Spatial Span forward mainly tests attention. Spatial Span backward tests

working memory and executive function as information must be held in the memory and processed.
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2.4.4 Digit Span

Digit Span is similar to spatial span, but instead of a having to repeat a series of tapping cubes, the
subject has to repeat a series of digits that are read to him. Again there is a forwards and a backwards
component of the test and the series grows in length as the test proceeds. Digit Span forwards mainly

tests auditory attention. Digit Span backwards mainly tests working memory and executive function.

2.4.5 ACER

This test (not listed in Fig 2.4) is an assessment of global cognitive function. It has been validated as a
discriminant of even mild cognitive dysfunction (Mioshi et al., 2006). It incorporates the Mini Mental
State Examination (MMSE), the most widely used screening tool for a global assessment of cognitive
function (Folstein et al., 1983), but also encompasses cognitive domains not assessed in the MMSE

including attention, orientation, memory, verbal fluency, language and visuospatial skills.

The test comprises a series of questions and simple tasks such as memorising an address, obeying a 3
stage command and drawing a clock face. ACE-R is available and has been validated in many languages
(including English, Japanese, Cantonese, Italian and Slovak. It takes approximately 15 minutes to
complete the test. There are 26 tasks in total with a maximum possible score of 100, with individual
scores for each domain. There are age and education dependent norms for the total score as well as
for the individual domains. A cut-off score of 88 is 94% sensitive and 89% specific for the diagnosis of

dementia. A cut-off of 82 is 84% sensitive and 100% specific.

2.5 ASSESSMENT OF BRAIN STRUCTRE

In this Thesis Magnetic resonance imaging has been used to assess the impact of OSA on brain
structure. The principle of MRI is outlined below with a brief description of the methods of image
analysis. The details of the scanners and the scanning protocols used in each study will be given in

Chapters 3, 4 and 5.

2.5.1. Magnetic resonance imaging

MRI utilises the magnetic properties of hydrogen ions within the body to produce detailed images.

Each hydrogen ion consists of a single proton. This proton spins on its axis. In normal circumstances
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the direction of spin is random, but, because a proton has positive electrical charge, when a strong

magnetic field is applied to the body, the protons’ spins align.

A radiofrequency pulse produced at the same frequency as the protons are spinning, will cause the
protons to absorb the energy from the pulse and change the direction of their spins. When the
radiofrequency is removed, the protons will release these quanta of energy and return to their relaxed
state. These quanta are detected by the MR receiver and allow the position of hydrogen ions within

the body to be determined.

In order to produce contrast between different tissue types, MRI relies on the different speeds at
which different tissues lose their energy after the RF pulse has been turned off. This occurs through
two processes: T1 recovery refers to transfer of energy from nuclei to the surrounding environment.
T2 recovery refers to the loss of energy through inhomogeneities in the intrinsic magnetic field. This
recovery occurs at different rates in different tissues. Scans can be either T1 or T2 weighted, referring

to the process by which contrast is achieved.

2.5.2. Image analysis

Cortical reconstruction and volumetric segmentation was performed with the Freesurfer image
analysis suite, which is documented and freely available for download online

(http://surfer.nmr.mgh.harvard.edu/).

The description given here is written by the software’s authors and is how they request that the

analysis is described.

“The technical details of these procedures are described in prior publications (Dale et al.,
1999; Dale and Sereno, 1993; Fischl and Dale, 2000; Fischl et al., 2001; Fischl et al., 2002;
Fischl et al., 2004a; Fischl et al., 1999a; Fischl et al., 1999b; Fischl et al., 2004b; Han et al.,
2006; Jovicich et al., 2006; Segonne et al., 2004, Reuter et al. 2010, Reuter et al. 2012). Briefly,
this processing includes motion correction and averaging (Reuter et al. 2010) of multiple
volumetric T1 weighted images (when more than one is available), removal of non-brain
tissue using a hybrid watershed/surface deformation procedure (Segonne et al., 2004),
automated Talairach transformation, segmentation of the subcortical white matter and deep
gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen,
ventricles) (Fischl et al., 2002; Fischl et al., 2004a) intensity normalization (Sled et al., 1998),

tessellation of the gray matter white matter boundary, automated topology correction (Fischl
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et al., 2001; Segonne et al., 2007), and surface deformation following intensity gradients to
optimally place the gray/white and gray/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines the transition to the other tissue class (Dale et al., 1999;
Dale and Sereno, 1993; Fischl and Dale, 2000). Once the cortical models are complete, a
number of deformable procedures can be performed for further data processing and analysis
including surface inflation (Fischl et al., 1999a), registration to a spherical atlas which is based
on individual cortical folding patterns to match cortical geometry across subjects (Fischl et
al., 1999b), parcellation of the cerebral cortex into units with respect to gyral and sulcal
structure (Desikan et al., 2006; Fischl et al., 2004b), and creation of a variety of surface based
data including maps of curvature and sulcal depth. This method uses both intensity and
continuity information from the entire three dimensional MR volume in segmentation and
deformation procedures to produce representations of cortical thickness, calculated as the
closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on
the tessellated surface (Fischl and Dale, 2000). The maps are created using spatial intensity
gradients across tissue classes and are therefore not simply reliant on absolute signal
intensity. The maps produced are not restricted to the voxel resolution of the original data
thus are capable of detecting submillimeter differences between groups. Procedures for the
measurement of cortical thickness have been validated against histological analysis (Rosas et
al., 2002) and manual measurements (Kuperberg et al., 2003; Salat et al., 2004). Freesurfer
morphometric procedures have been demonstrated to show good test-retest reliability across

scanner manufacturers and across field strengths (Han et al., 2006; Reuter et al., 2012)”.

To extract reliable volume and thickness estimates, images where automatically processed with the
longitudinal stream (Reuter et al., 2012) in FreeSurfer. Specifically an unbiased within-subject
template space and image is created using robust, inverse consistent registration (Reuter et al., 2010).
Several processing steps, such as skull stripping, Talairach transforms, atlas registration as well as
spherical surface maps and parcellations are then initialized with common information from the
within-subject template, significantly increasing reliability and statistical power (Reuter et al., 2012).
One of the advantages of using FreeSurfer is that the longitudinal stream (LS) has specifically been
designed to analyse longitudinal data, unlike other analysis techniques, such as voxel based
morphometry and deformation based morphometry (DBM), which were designed specifically to
analyse cross sectional data. DBM has been shown to overestimate the rate of hippocampal
degeneration in Alzheimer’s disease (AD) (Yushkevich et al., 2010). Thompson and Holland recognised
that the majority of brain degeneration in AD demonstrated using tensor based morphometry

occurred in the first six months. By using the same techniques, they were able to demonstrate similar
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changes using serial images acquired from healthy controls (Thompson & Holland, 2011). This
reduction in test-retest reliability is likely to be due to several factors, including motion artefact,
change of head and jaw position and variability in image processing .(Reuter & Fishel 2011).

The longitudinal stream has been validated, and found to reduce within-subject variability compared
to the cross-sectional (CS) analysis techniques, when used to analyse two sets of MR images obtained
from the same healthy subjects on the same day, as well as four sets of images of healthy controls
obtained over a period of 14 days (Reuter et al., 2012). MR images were obtained twice in the same
session, using the same protocol, from 115 healthy subjects and analysed using both LS and CS. There
was significantly less volume change in all brain regions, including thalamus and hippocampus when
using LS [mean dice coefficient (SD): LS, 0.942 (0.030) vs CS, 0.859 (0.058); p<0.001] (Reuter et al.,
2012). LS was also shown to have better test retest agreement in all brain structures than CS when
analysing images obtained from healthy subjects multiple times over several weeks at 8 different sites
[e.g. hippocampus dice coefficient (SD): LS, 0.92 (0.02) vs CS, 0.87 (0.02); p<0.001, thalamus dice
coefficient (SD): LS, 0.94 (0.03) vs CS, 0.89 (0.04); p<0.001]. This study also showed that LS gives higher
spatial consistency than CS across multiple sites (p<0.01) (Jovicich et al., 2013) i

FreeSurfer analysis can detect the increased cortical volume loss over 2.5 years seen in patients with
early AD relative to age matched healthy controls [mean % volume loss (SD): AD, 3.45 (1.51) vs controls
0.64 (1.06); p<0.05] (Adriaanse et al., 2014). Furthermore, this volume loss was not seen in the motor
or sensory cortices . This suggests that the increased volume loss seen in AD patients is not a result of
systematic measuring errors and is consistent with evidence from other imaging modalities that these
areas are relatively preserved in early AD (Svarer et al., 2005). LS analysis has been shown to be more
sensitive than CS to the different brain volume loss between healthy controls and patients with AD

and also between healthy controls and patients with Parkinson’s disease (Reuter et al., 2012).
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Chapter 3

THE ASSOCIATION BETWEEN OF OSA AND
HIPPOCAMPAL HYPERTROPHY
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3.1 SUMMARY

The impact of OSA on neural structure and function is unclear. Preclinical studies suggest that
intermittent hypoxia (IH) and sleep fragmentation, both common in OSA, can affect the brain by
disrupting hippocampal neurogenesis. Previous studies from the Brompton Sleep Group have shown
grey matter loss in patients with OSA, compared to healthy controls. However, in animal models the
notion of a biphasic response to chronic IH has been proposed. Prior to the study presented in this

thesis there was little evidence for increased ‘compensatory’ neurogenesis in humans with OSA.

The objective of this study was to carry out a re-analysis of previously collected data to determine the
effect of OSA on hippocampal, thalamic and cerebellar volumes: in prior studies these structures are
most consistently shown to be affected. A cross-sectional case-control study was completed using

structural MRI.

MRI scans from thirty two patients with mixed severity OSA (mean [SD]: AHI, 42.3 [23.81] events/h; 3
women; age 48.5[12.51] years) and 33 non-apnoeic controls (AHI: 2.1 [1.61]) events/h; 5 women; age
49.7 [11.30] years) were analysed to determine hippocampal, thalamic and cerebellar volumes.
Inferential analysis showed that the hippocampi were bilaterally larger in the OSA group than in the
healthy control group; on the non-dominant (right) side this reached significance (p=.029). No
significant difference in cerebellar volume was noted between the OSA patients and healthy controls.
Although a trend towards smaller thalami in the OSA group was also noted, with larger reductions on
the non-dominant side, this did not reach significance (p=.09). Inter-regional correlation analysis
suggested aberrant connectivity between hippocampal and thalamic structures and the cerebellum in

the OSA group.

The finding presented in this study suggests that hypertrophy of hippocampus can occur in young and
middle-aged OSA patients with mixed disease severity. The possible role of hypoxia preconditioning
in the neuropathology of OSA is discussed, and the clinical functional implications of these changes
are investigated in Chapter 4. The effects of aging on neuroplasticity in older OSA patients are

discussed in Chapter 5.

Contributions: The study was designed by Rosenzweig, Morrell, Glasser and Kempton. The data were
previously acquired by Morrell and Corfield. Analysis and interpretation of data were carried out by
Glasser, Rosenzweig, Milosevic, Beniczky and Williams. Data have now been published in a manuscript
with Rosenzweig, Glasser, Kempton, Crum, Beniczky, Williams and Morrell as authors. Statistical

analysis was carried out by Milosevic and Beniczky.
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3.2 INTRODUCTION

OSA is a prevalent multisystem disease affecting up to 13% of the population (See Chapter 1, Section
1.2.2). It is predicted that it will become an even greater health problem in the future because rates
of two of its most important risk factors, obesity and older age, are increasing.(Durgan & Bryan, 2012;
Li & Veasey, 2012). This means that it is important to understand the consequences of OSA, and to

ensure that treatment strategies are optimal.

OSA patients experience recurrent collapse of their upper airway that produces apnoeas and
hypopnoeas, resulting in intermittent hypoxia (IH). Each event is terminated by an arousal from sleep,
resulting in reoxygenation, and producing fragmented sleep patterns.(Gozal, 2013a; Rosenzweig et
al., 2013b) It has been suggested that in older people the intermittent hypoxia and fragmented sleep
may accelerate brain atrophy, cognitive decline, and may even increase the severity of
dementia.(Fotuhi et al., 2009; Ayalon et al., 2010; Durgan & Bryan, 2012; Gozal, 2013a). The
mechanism of this cognitive impairment may be mediated by the impact of the intermittent hypoxia
and / or sleep fragmentation on neurogenesis and brain structure, particularly in the hippocampus
(see Chapter 1, Section 1.4). However, a review of the changes in brain morphology associated with
OSA shows that multiple regions are influenced, and that the overall picture is confusing (see Table

3.1).

The differences shown in Table 3.1 are likely to be caused by the use of different image analysis
methods in the reported studies. Over the years the techniques for analysis of MRI scans have
improved; in addition the statistical thresholds used in the analysis varied (Morrell & Glasser, 2011).
Nevertheless, this explanation does not take into account the between-subject variability to a given
hypoxic stimulus (Rosenzweig et al., 2013b, d) or the within-subject differences across multiple brain
regions. Additionally, it does not account for any cardiovascular and cerebrovascular protection
conferred by ischaemic preconditioning, resulting from the nocturnal cycles of hypoxia-reoxygenation
(Lavie & Lavie, 2006; Rosenzweig et al., 2013b). The role of ischaemic preconditioning, which
represents a generalized adaptation to ischaemia is described in detail in Chapter 1, Section 1.4.1.

(Lavie & Lavie, 2006; Dirnagl et al., 2009)
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Table 3.1: A review of studies that have used MRI (voxal based morphomatry) in OSA (Morrell &

Glasser, 2011)
AHI
Study Sample Size Mean (5D Statistical Analysis and Threshold Changes in Gray Matter Concentration
Macey 2002 (1) 21 05A* 34 20y SMP Vo9 Diffuse changes acrass the entire brain:

Morrell 2003 (15)

O'Donoghue 2005 (46)

Yoouhi 2008 (16)

Morrell 2010 (17)

Joo 2010 {18)

Canessa 2077 (3)

Torelli (2011) (19)

21 Control subjects

7 O%A
7 Control subjects

27 05A
24 Control subjects

Ts O5A
14 Controf subjects

60 O5A
60 Control subjects

36 OsA
31 Control subjects

17 05A
15 Control subjects

13 05A
@ Controf subjects

Median 2B {range 25-40)

71(17)

38 (14)

55 (95% Cl, 48-61)

53 (range, 32-108)

56 (19)

53 (26)

P < 0.001, uncomected for
multiple comparisons

SMP Vaa

P = 0,01, corrected for multiple
comparisons within a small
volume

SMP V2.0

P = 005, corrected for multple
comparisons using FDR

ShP V20

P 0,005 uncorrected for
muitiple compansons but
with @ minimum duster sz

SMP VE.O

P = 0,05 corrected for multiple
comparisons using FO'R

SMP V2.0

P = 0.05 corrected for multiple
comparisons using FO'R

SMP VS0

P < 0.05 corrected for multiple
comparizons usimg FOR

SMP VE.D

P 0,05 corected for multiple
comparnisons using FWE

frontal and parnietal cortices, temporal
lobe, anterior dngulate, hippocampus,
and cerehellum

Mo significant reductions aoross the
entire brain Focal reduction within
the left hippo@ampus

Mo significant reductions

Bilateral prefrontal cortex, inferor
parietal gryrus, nght temporal
cortex, ocoipital cortex, right
thalamus, some bazal gonglia,
right hippocompus,
para-hippocampus, and cerebelum

Left cerebelum, right temporal gyrus

Left gyrus rectus, bilateral superior frontal
qyrus, left precentral gyrus, bilateral
dnqulated gyrus, right insular gyrus,
bilateral caudate nucleus, bilateral
thalamus, bilateral amygdale, bilateral
hippocampus, bilateral temporal gyrus,
bilateral quadrangular lobe, bilateral
biventer lobe

Left posterior-paonetal cortex, nght
superior-frontal gyrus, left hippocompus

Left hippocampus, bilateral temporal lobe

Definition of abbreviotions FDR = fake discovery rate; PVE = family wise error; SPM = statistical parametric map.

Rows in bold are studies that measured both gray matter changes in brain pre and post CPAP; rows in italics measured both cognitive function and changes in gray
matter.
* 20 patients with co-morbidities.

3.2.1. Neurogenesis and the role of intermittent hypoxia in OSA

New neurons are produced on a continuous basis in the healthy adult human brain, with neural
stem/progenitor cells residing in two major neurogenic regions: the subventricular zone lining the
lateral ventricles and the dentate gyrus (DG) of the hippocampal formation (Seki, 2011). Additional
sites of neurogenesis, such as the temporal horn, thalamus, striatum, cerebellum and cortex have
been reported in some animal models (Seki, 2011). Hypoxic/ischaemic insults in rodent models are
powerful stimuli of adult neuronal cell production in both neurogenic areas and otherwise dormant
regions such as the striatum and hippocampal pyramidal cell layer CA1 (Lichtenwalner & Parent, 2006)

— Also see Fig 3.1 Top panel.

In the classic study of (Gozal et al., 2001), chronic intermittent hypoxia in animal models of OSA was
associated with impaired spatial learning that coincided with the increased structural change in the
cortex and CA1 region of the hippocampus (Gozal et al., 2003b; Gozal et al., 2003c; Haddad & Yu,

2009). Moreover, these researchers demonstrated increased cell proliferation in the dentate gyrus at
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a later stage of this process, which was present in spite of the ongoing intermittent hypoxia. Therefore
the biphasic, temporal change in dentate gyrus proliferation may account for the partial recovery of
clinical function in the later stages of IH exposure (Gozal et al., 2003b). Several other preclinical studies
have also reported a ‘protective’ response to moderate intermittent hypoxia(Jung et al., 2008; Haddad
& Yu, 2009) suggesting that ischaemic preconditioning-like processes may occur. For example, in one
rodent model, the intermittent hypoxia intervention after the ischaemic event led to increased
expression of brain derived neurotrophic factor (BDNF), increased hippocampal neurogenesis and
functional synaptogenesis, as well as in improvement in spatial learning and long-term memory
impairment (Tsai et al., 2011; Tsai et al., 2013). In another study, intermittent hypoxia in adult rats
was also shown to promote hippocampal neurogenesis, and to mimic antidepressant-like effects (Zhu

et al., 2010).

Despite the animal data suggesting the association between chronic intermittent hypoxia, ischaemic
preconditioning and the subsequent adaptive increase in adult neurogenesis in several affected brain
regions, this putative association has not so far been shown conclusively in clinical studies of brain
changes in OSA (Table 3.1) (Macey et al., 2002; Morrell et al., 2003; Macey et al., 2008; Yaouhi et al.,
2009; Joo et al., 2010; Morrell et al., 2010; Torelli et al., 2011). To date, volumetric, predominantly
voxel based morphology (VBM), studies of brain changes in OSA patients indicate a predominantly
hypotrophic effect in a number of cortical regions and subcortical structures (Macey et al., 2002;
Morrell et al., 2003; O'Donoghue et al., 2005; Macey et al., 2008; Yaouhi et al., 2009; Morrell et al.,
2010; Torelli et al., 2011). This includes the findings of studies carried out by my own group at the
Brompton Hospital. However, there is high variability in results across clinical studies of OSA and the
neuroimaging methods used in earlier studies might not be sufficiently sensitive to capture the subtle
and spatially diffuse changes in regions such as the hippocampal formation. The connectivity between
these regions is also important in describing the neurocircuitry of OSA neuropathology (Gozal, 2013b;

Rosenzweig et al., 2013b).

In order to address some of these issues, | decided to re-analysis the magnetic resonance imaging
scans, previously obtained by my group, using a fully automated volumetric analysis method,
FreeSurfer (FS). Specifically | wished to study the changes in several subcortical structures in OSA
patients with different severity of disease, and age-matched healthy controls (Doring et al., 2011). The
FS method is more fully described in Chapter 2, Section 2.3.6. It has also now been validated in a
number of clinical studies where it was shown to be efficient in quantifying subcortical volumes in
dementia (Pengas et al., 2009), epilepsy (McDonald et al., 2008), depressive disorders (Tae et al., 2008)

and aging (Walhovd et al., 2005). The hypothesis investigated in the study presented in this thesis was
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that volumes in the hippocampus, thalamus and cerebellum would differ across diagnostic groups.
Analysis of the MR scans used in this study has been previously published as a sub-set of a wider study

(Morrell et al., 2010); the hypothesis and techniques used in this chapter are different.

3.3 METHODS

Patients were recruited from Royal Brompton and Charing Cross Hospitals sleep clinics. Inclusion
criteria were: AHI >15 events/h. Exclusion criteria were: a history of other respiratory disease,
cerebrovascular disease or ischaemic heart disease, diabetes mellitus, a neurological or psychiatric

disorder, alcohol or illicit drug abuse, or current intake of psychoactive medications.

Healthy controls were recruited through a database of healthy volunteers. Exclusion were: a history
of habitual snoring or any other sleep complaint. All control subjects were screened with

polysomnography and questionnaires to exclude OSA (AHI <5 events/h).

The study was approved by the ethics committee of the Royal Brompton Hospital (Ref: 01-160), and

all patients and healthy volunteers gave informed written consent.

3.3.1 Measurements and Analysis

The protocol and measurements made during nocturnal sleep studies are described in Chapter 2,
Section 2.2. Apnoeas were defined as >80% drop in airflow for 10s and hypopneas were defined as

>50% reduction in airflow from baseline with a >4% dip in saturation, or an arousal from sleep.
3.3.2 Magnetic resonance imaging and analysis

The principle of MRI is described in Chapter 2, Section 2.5.1. In the study presented in this chapter all
participants underwent MR imaging at the Charing Cross Hospital. T1-weighted MR images were
acquired using a 1.5T scanner (Magnetom Vision, Siemens Healthcare, Camberley, Surrey, UK) and a
3D MP-RAGE sequence (T1 300 ms, TE 4 ms, in-plane resolution 1.031.0 mm) with contiguous 2 mm

coronal slices.

The T1-weighted images were processed and volumetry performed using an automated method
unbiased by non-linear registration, FS, as previously described in Chapter 2, Section 2.5.2. (Fischl et

al., 2002; Walhovd et al., 2005; Tae et al., 2008; Cerasa et al., 2009; Pengas et al., 2009; Doring et al.,
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2011). In summary during this fully automated process removal of non-brain tissue, automated
Talairach transformation, segmentation of the subcortical white matter (including segmentation of
the corpus callosum to five parts) (Webb et al., 2012) and deep grey-matter volumetric structures,
intensity normalization, and cortical reconstruction were performed. A neuroanatomical label to every
voxel in the MR image volume was assigned and the Markov Random Field Theory was applied, where
the probability of a label at a given voxel was computed not just in terms of the grey-scale intensities
and prior probabilities at that voxel, but also as a function of the labels in a neighbourhood of the
voxel in question. Given the a priori hypothesis regarding the differences in hippocampal volumes, this
step was particularly pertinent as it enabled correct separation of the hippocampus and amygdala,

which have similar grey-scale values (Doring et al., 2011).

The analysis was performed for all scans on the same workstation using parallel running streams with
no variability to the data processing conditions (Gronenschild et al., 2012). The segmented 3D images
of structures of interest were inspected for gross errors through visualization with 3D slicer (Version
3.2 1.0, NIH, USA) (IR), and the volume values were extracted by implemented Unix scripts by Dr

Crumm and Dr Kempton.
3.3.3 Statistical Testing

The Kolmogorov-Smirnov test was used to test the normality of distributions. To analyse differences
in variety of demographic parameters between controls and OSA patients, a student’s t-test was
initially applied. All statistical analyses had a 2-tailed a level of <.05 for defining significance and were
performed by a biostatistician on the statistical software  “STATISTICA 10.0”

(http://www.statsoft.com).

The gender differences between the two groups were found to be non-significant (Pearson Chi-Square
test, p=.479). The intracranial volume (ICV) calculated by the FS did not differ significantly between
groups (Appendix 3.1) and a one-way analysis of covariance (ANCOVA) was conducted (using age as a
covariant) on the ICV controlled data to assess between-group differences. Finally, the presumed
inter-regional connectivity between the hippocampi and thalami and cerebellar cortices was explored

using Pearson correlations; controlled for ICV and age.(Plessen et al., 2006)
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3.4 RESULTS

Sixty five participants were studied with MR neuroimaging. Demographic data is given in Table 3.2.

Table 3.2. Demographic Information

OSA Control
n=32; mean [SD] | n=33; mean [SD]

Age [years] 48.50 [12.51] 49.73 [11.30]
BMI [kg/m?]* 31.48 [4.34] 24.76 [3.66]
AHI [events/h]* 42.3[23.81] 2.1[1.61]
ODI [events/h]* 31.4[19.43] 1.2 [1.33]
ESS* 13.2 [4.64] 4.7 [3.69]
Right-handedness [%] 100 100

*Significant difference between OSA patients and healthy controls (P<.001). There was no significant
difference in the age between the two groups (P=.68). Normality was checked using Kolmogorov-
Smirnov test. The plots appeared approximately normally distributed so independent sample t-test
statistics were used to compare patients and controls. Abbreviations: AHI, apnoea/hypopnoea index;
BMI, body mass index; ESS, Epworth sleepiness scale; n, number; ODI, oxygen desaturation index;
OSA, obstructive sleep apnoea; SD, standard deviation.

The a priori hypothesis investigation concentrated on analysis of group differences for three
neuroanatomical structures previously shown to be affected in OSA; the hippocampus, thalamus and
cerebellum. The hippocampus was found to be larger bilaterally in the OSA group and hypertrophy in
the right hippocampus was statistically significant (absolute mean values: OSA, 4336.5mm? vs control,
4090.6mm?3; F (1,62)=5.02, P=.029). A statistically non-significant trend for smaller thalami in the OSA
group was also noted, more so on the right (absolute mean values: OSA, 6718.9mm? vs control,
7056.4mm3; F (1,62)= 2.9, P=.092). No statistically significant differences were noted between

cerebellar cortical and white matter volumes of the two studied groups (Table 3.3).

Amongst the values for several other subcortical structures automatically calculated by FS, only two
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more group differences in volume reached statistical significance; those of choroid plexus and the
middle anterior portion of the corpus callosum. Both left (F (1,62)=4.39, P=.040) and right choroid
plexus (F (1,62)=6.13, P=.016) (Table 3.3) were found to be hypertrophic in the OSA group. Conversely,
the volume of the mid-anterior portion of the corpus callosum was significantly decreased in OSA
patients (F (1,62)=4.26, P=.043). The hypertrophy of the right choroid plexus along with the
hypertrophy of the right hippocampus in the OSA group was found to be statistically significant even

when controlled for age (ICV controlled t-test; P<.05; Table 3.3).

The results for the remaining subcortical structures by FS are summarised in Appendix 3.1.

53



Table 3.3. Subcortical Volumes as determined by analysis of brain MRI using FreeSurfer.

Region Study n Mean [SD] mm? ANCOVA® P t—test® P
Group values values
Right Control 33 4090.58 [663.41] .029" .025*
Hippocampus OSA 32 4336.47 [461.99]
Left Control 33 4321.61 [483.03] .096 .084
Hippocampus OSA 32 4453.81 [477.37]
. Control 33 7056.39 [1037.81] .092 212
Right Thalamus
OSA 32 6718.88 [827.24]
Control 33 7190.27 [1042.69] .327 .547
Left Thalamus
OSA 32 6965.72 [960.79]
Right Control 33 54018.21 [5284.82] 461 .533
Cerebellum
OSA 32 52464.13 [4974.43]
(Cortex)
Left Cerebellum | Control 33 52611.33 [5081.25] 401 .486
(Cortex) OSA 32 51001.41 [5119.22]
Right Control 33 15275.03 [2460.36] .399 442
Cerebellum OSA 32 14658.78 [1776.50
(White Matter) 78 -50]
Left Cerebellum | Control 33 15059.58 [2397.52] .849 .929
(White Matter) OSA 32 14772.03 [1985.43]
Right Choroid Control 33 1982.91 [446.91] .016" .035"
Plexus OSA 32 2172.81 [476.45]
Left Choroid Control 33 1733.67 [373.39] .040" .087
Plexus OSA 32 1839.22 [371.26]
Corpus Callosum | Control 33 459.55 [139.62] .043" .078
(Middle Anterior
) OSA 32 406.53 [72.13]
Portion)

In the table, for each neuroanatomical structure statistical analysis of group differences for ICV
controlled volumes was performed; t-test and ANCOVA test (covariate with age),were done.
2Bonferroni corrected P values. *Significant difference between OSA patients and healthy controls
(p<.05). Abbreviations: ANCOVA, Analysis of covariance; ICV, intracranial volume; OSA, obstructive
sleep apnoea; SD, standard deviation.

Post hoc interregional volumes correlation analysis revealed an increased number of significant
correlations between the cerebellar cortex and hippocampal and thalamic structures in the OSA group
when compared to controls (Fig 3.1 bottom panel). On the non-dominant side, in the OSA group
significant correlation was found between the right hippocampus and thalamus with the ipsilateral
(hippocampus, r=.363; P=.041; thalamus, r=.407; P=.021) and the contralateral cerebellar cortex
(hippocampus, r=.379; P=.032; thalamus, r=.455; P=.009).

In the control group, the only significant correlation was found between right thalamus and the
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contralateral cerebellar cortex (r=.349; P=.047). On the dominant side, in the OSA group, there was a
significant positive correlation between left thalamus with both ipsilateral (r=.383; P=.030) and
contralateral (r=.381; P=.031) cerebellar cortex. Only ipsilateral correlation was found significant for

left hippocampus (r=.357; P=.045). Conversely, control subjects had no significant correlations.

Sites of compensatory neurogenesis in preclinical models ofischemia and OSA.

Legend: CA, Cornu Ammonis; DG, Dentate Gyrus; OSA, Obstructive Sleep Apnea; SUB, subiculum.

Control OSA

LCC LTh LH R CC

Legend: R, right; L, left; CC, Cerebellar Cortex; Th, Thalamus; H, Hippocampus.

Figure 3.1: Dentate gyrus (DG) and CAl (arrows) support neurogenesis in animal models of
ischemia/OSA (Top left panel). Human hippocampal subfields are shown (coronal/sagittal planes),
adapted from® (Top right panel) Potential aberrant/additional connectivity between cerebellar
cortices (arrows) and thalamus and hippocampus in OSA patients (Bottom panel).
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3.5 DISCUSSION

The main finding of this study was the coexistence of both hyper- and hypotrophic changes in the OSA
group compared to healthy controls. To my knowledge these data provide some of the first
experimental evidence that patients with OSA are exposed not only to noxious factors that cause brain
injury, but also to mechanisms that act to repair brain tissue. This may be mediated by ischaemic

preconditioning and enhanced neurogenesis. (Ferriero, 2005; Dirnagl et al., 2009; Seki, 2011)
3.5.1 Hypertrophic changes and relation to previous studies

The role for the altered neurogenesis and possible conditioning effect of OSA in the OSA patients was
suggested by the significant increase of hippocampal volumes, which were up to 6% greater than in
the control group. Additionally, the hypertrophy of the choroid plexus, an important source of adult
neurogenic factors and signalling molecules for the migration of cells in the subventricular zone (Seki,
2011), was also noted. These findings are compatible with reported hypertrophic change of these

structures under ischaemic conditions (Comi, 2003).

Previous clinical studies of the neural changes in OSA, including those from the Royal Brompton Group,
have predominantly reported hypotrophic changes in OSA patients (see Table 3.1). Although the
cross-sectional design of this study only permits associations to be described, and does not provide
evidence of cause and effect, it is possible that both hyper- and hypotrophic changes could occur in
OSA patients, as there are a range of plausible physiological explanations: Firstly, | studied patients
with mixed disease severity and hence they potentially differed from other investigated cohorts that
incorporated patients at the more severe end of the OSA spectrum. Indeed, the duration of the
exposure to IH and the intensity of the bouts of hypoxia are important determinants of whether IH is
protective or harmful (Jung et al., 2008; Haddad & Yu, 2009; Aviles-Reyes et al., 2010). Secondly, the
patients were relatively young, mostly in their forties with no obvious major co-morbidities, and it is
possible that the onset of OSA was relatively recent. The age-dependent decline in adult neurogenesis
is an accepted phenomenon, although it appears to be mediated more by the age-related alterations
in the cellular environment than impaired responsiveness of progenitor cells to neurogenic stimuli

(Lichtenwalner & Parent, 2006).
3.5.2 Automated FS analysis

Unlike the earlier studies that utilized the optimized VBM method, this study used the fully automated
FS analysis that has been proven particularly effective for analysis of subcortical structures (Fischl et

al., 2002; Cerasa et al., 2009; Doring et al., 2011). Conversely, the whole-brain VBM method is
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generally regarded as less sensitive than the other methods when it comes to detecting abnormalities

in small subcortical structures (Cerasa et al., 2009).

In a recent magnetic resonance spectroscopy study of OSA patients, decreased frontal lobe neuronal
viability and integrity was shown, as was decreased hippocampal membrane turnover. However,
when the structural MRI images were analysed using the VBM method no lesions in those regions
were shown in the same patients (O'Donoghue et al., 2012). It should be noted that in animal studies,
subregions of the hippocampus were shown to be differentially sensitive to chronic IH (Gozal et al.,
2003c; Aviles-Reyes et al., 2010; Papadakis et al., 2013). For example CA1 was particularly IH-sensitive
and prone to increased levels of change in structure whilst CA3 and DG were significantly less so
(Papadakis et al., 2013). DG was additionally able to undergo compensatory neurogenesis (Gozal et
al., 2003b). Further enhancements of cognitive vulnerability to IH exposures occurred in CA1 in rats
fed on an obesity-inducing diet (Goldbart et al., 2006). It is, hence, possible that depending on the
balance of these changes and their overall offset, the whole volume of the hippocampus might be
ultimately noted as either hyper- or hypotrophic; whereas in the current study | have been able to
segment these effects, which represents a step forward and differs from previous papers from the
Brompton group. Finally, volume increase in the hippocampus could represent an epiphenomenal, or
downstream, effect of the connectivity with other brain regions, which include prefrontal cortex,

amygdala and thalamus.
3.5.3 Hypotrophic changes

In the current study, hypotrophic changes were noted in OSA patients in the mid-anterior portion of
the corpus callosum and the thalami. A trend towards smaller thalamic volumes in OSA group in
comparison to controls was observed, but it did not reach statistical significance. This is in accordance
with previous clinical studies and possibly supports the hypothesis that a disturbed thalamocortical
oscillator underlies some of the neurocognitive deficits seen in OSA (Schonwald et al., 2012;
Rosenzweig et al., 2013b). One of the major sources of thalamic afferents to the hippocampus (e.g.
CA1 and subiculum) is the nucleus reuniens, the largest of the midline nuclei of the thalamus, the
region known to be strongly activated by chronic IH (Sica et al., 2000; McKenna & Vertes, 2004).
Nucleus reuniens has been implicated in associative learning and object recognition and it is proposed
to gate information flow between the hippocampus and the medial prefrontal cortex (Aggleton et al.,
2010; Eleore et al., 2011). Similarly, the noted volume reduction of the mid-anterior portion of the
corpus callosum in OSA patients in the current study is in agreement with previous diffusion
tractography (DTI) studies of white matter tract changes; it likely represents the effects of IH on the

later myelinating part of this tract (Kumar et al., 2012; Rosenzweig et al., 2012).
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3.5.4 Correlations with cerebellar cortex volumes

The Royal Brompton group has previously shown hypotrophic changes in the cerebellar cortices of
OSA patients (Morrell et al., 2010). It is possible that the functional deficits noted in OSA, could be
seen as the by-product of being at the milder end of a spectrum of cerebellar cognitive affective
syndrome (Schmahmann & Sherman, 1998; Rosenzweig et al., 2013b). In the study presented in this
chapter, no significant difference in cerebellar volumes was recorded, although aberrant connectivity
with hippocampal and thalamic structures was suggested by the interregional volume correlations
analysis (Figure 3.1 — bottom panel). This suggestion is in broad agreement with previous VBM and
DTI studies (Kumar et al., 2012; Macey, 2012). Whilst these volumetric correlations can be only very
tentatively taken to suggest a true aberrant connectivity (Plessen et al., 2006). in the OSA group, they
nonetheless circumstantially intimate that ‘compensatory’ entraining of the cerebellum by a

hypertrophic hippocampus may occur.

3.5.5 Limitations

Limitations of this study include the moderate sample size and cross-sectional design, which can
suggest only an association, rather than a causal relationship between the neural changes noted in

OSA patients and the mechanisms of intermittent hypoxia and sleepiness.

This study did not incorporate neuropsychological testing and the lack of the related correlational data
with the noted volumetric changes means that no conjecture about the compensatory role of the
prominent enlargement of hippocampi can be made. Furthermore, correlations between regional
volumes were exploratory and hypothesis-generating and therefore should be interpreted with

caution. They will need to be confirmed in future studies.

It should be noted that the ultra-structural determinants of group differences in morphology of the
hippocampus and thalamus are unknown. Addressing these limitations would require detailed post-
mortem and other in vivo (adult neurogenesis) imaging methods in order to determine those ultra-

structural underpinnings.

Finally, the strict exclusion criteria used in this study does not allow any judgments to be made
regarding interactions between OSA and its comorbidities such as hypertension and diabetes, both
strongly associated with OSA and known to also cause brain injury (Devisser et al., 2011; Li & Veasey,

2012; Gozal, 2013a).

3.5.6. Conclusions
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In summary, these findings demonstrate for the first time to my knowledge hypertrophy of the
hippocampus in OSA patients with mixed disease severity. It is proposed that these enlargements
represent the end product of neuroglial ischaemic preconditioning (Ferriero, 2005; Lichtenwalner &
Parent, 2006; Nanduri et al., 2008; Dirnagl et al., 2009; Aviles-Reyes et al., 2010). This interpretation
is consistent with extensive preclinical evidence that increased hippocampal neurogenesis occurs in
response to IH, which consequently leads to increases in hippocampal volume and thickness (Gozal
et al., 2003b; Lichtenwalner & Parent, 2006; Zhu et al., 2010; Bonnici et al., 2012). Aberrant
connectivity between limbic regions, the prefrontal cortex and the cerebellum was also inferred by

the study.

It has been previously suggested that increasing age and OSA work additively (or even
synchronistically) to overwhelm the brain’s capacity to respond to cognitive challenges with
compensatory recruitment, and to maintain performance (Ayalon et al., 2010; Sforza & Roche, 2012;
Gozal, 2013a). It would, therefore, be important to recognise which compensatory mechanisms
evoked by OSA are functionally viable and which may be further detrimental, especially in older
people. | will begin to explore these issues in an MRI study carried out in older people, presented in

Chapter 5.
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Appendix 3.1: Table Shows the Percentage Ratios of Subcortical Volumes to

the ICV as determined by the FreeSurfer

Structures N Mean Std. Student t-test”| ANCOVA? P

Deviation P values values

L-Cerebellum-White-Matter =~ OSA 32 0.972 0.130 0.929 0.849
Control 33 0.975 0.153

L-Cerebellum-Cortex OSA 32 3.353 0.289 0.486 0.401
Control 33 3.408 0.339

L-Thalamus-Proper OSA 32 0.457 0.046 0.547 0.327
Control 33 0.464 0.055

L-Caudate OSA 32 0.229 0.028 0.214 0.235
Control 33 0.221 0.027

L-Putamen OSA 32 0.373 0.045 0.276 0.316
Control 33 0.361 0.048

L-Pallidum OSA 32 0.111 0.012 0.827 0.732
Control 33 0.112 0.014

L-Hippocampus OSA 32 0.293 0.032 0.084 0.096
Control 33 0.280 0.030

L-Amygdala OSA 32 0.108 0.012 0.289 0.327
Control 33 0.104 0.016

L-choroid-plexus OSA 32 0.120 0.020 0.087 0.040
Control 33 0.112 0.020

R-Cerebellum-White-Matter  OSA 32 0.964 0.104 0.442 0.399
Control 33 0.990 0.163

R-Cerebellum-Cortex OSA 32 3.450 0.281 0.533 0.461
Control 33 3.498 0.340

R-Thalamus-Proper OSA 32 0.441 0.038 0.212 0.092
Control 33 0.456 0.056

R-Caudate OSA 32 0.230 0.026 0.609 0.661
Control 33 0.227 0.024

R-Putamen OSA 32 0.353 0.042 0.263 0.302
Control 33 0.340 0.047

R-Pallidum OSA 32 0.104 0.012 0.554 0.619
Control 33 0.101 0.016

R-Hippocampus OSA 32 0.285 0.030 0.025 0.029
Control 33 0.265 0.042

R-Amygdala OSA 32 0.105 0.013 0.114 0.129
Control 33 0.099 0.015

R-choroid-plexus OSA 32 0.142 0.026 0.035 0.016
Control 33 0.128 0.026

CC_Posterior OSA 32 0.060 0.007 0.514 0.522
Control 33 0.058 0.010

CC_Mid_Posterior OSA 32 0.027 0.005 0.330 0.381
Control 33 0.026 0.006

CC_Central OSA 32 0.027 0.007 0.505 0.433
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Control 33 0.028 0.007

CC_Mid_Anterior OSA 32 0.027 0.004 0.078 0.043
Control 33 0.030 0.009

CC_Anterior OSA 32 0.057 0.007 0.954 0.969
Control 33 0.057 0.011

SubCortGrayVol OSA 32 11.917 0.820 0.843 0.704
Control 33 11.962 0.992

In the table, for each neuroanatomical structure statistical analysis of group differences for ICV controlled
volumes was performed; t-test and ANCOVA test (covariate with age), were performed. *Bonferroni
corrected P values. *Significant difference between OSA patients and healthy controls (p<.05).
Abbreviations: ANCOVA, Analysis of covariance; CC, corpus callosum; ICV, intracranial volume; OSA,
obstructive sleep apnoea; SD, standard deviation. L: Left, R: Right
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Chapter 4

CHANGES IN NEUROCOGNITIVE FUNCTION AND
BRAIN MORPHOLOGY IN OSA PATIENTS TREATED
WITH CPAP4.1 summARY

Treatment with CPAP offers some protection from the effects of OSA, although it is still unclear which
populations should be targeted, for how long, and what the effects of treatment are on different organ
systems. The focus of this Thesis is specifically neurocognitive and brain function.The objective of this
study was to investigate whether cognitive improvements could be achieved as early as one month
into CPAP treatment in patients with OSA.

Fifty-five patients (mean (SD) age: 47-6 (11-1) years) with newly diagnosed moderate-severe OSA (ODI:
366 (25-2) events/hour; ESS: 12-8 (4-9) units) and 35 matched healthy volunteers were studied. All
participants underwent neurocognitive testing, neuroimaging and polysomnography. Patients were
randomised into parallel groups: CPAP with BSC, or BSC alone for one month, after which they were
re-tested. | found that one month of CPAP with BSC resulted in a hypertrophic trend in the right
thalamus [mean difference (%): 4-04, 95%Cl 1-47 to 6-61], which was absent in the BSC group [-2:29,
95%Cl -4-34 to -0-24]. Significant improvement was also recorded in ESS, in the CPAP plus BSC group,
following treatment [mean difference (%): -27-97, 95%CI -36-75 to -19-19 vs 2.46 95%Cl -5-23 to 10-15;
P=0-012], correlated to neuroplastic changes in brainstem (r=-0-37; P=0-05), and improvements in
delayed logical memory scores [57-20, 95%Cl 42-94 to 71-46 vs 23-41 95%Cl 17-17 to 29-65; P=0-037].
The finding presented in this study suggest that one month of CPAP treatment can lead to adaptive

alterations in the neurocognitive architecture that underlies the reduced sleepiness, and improved
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verbal episodic memory in patients with OSA. Therefore even short treatment periods can lead to

partial neural recovery and this information can be used to encourage patients to use CPAP therapy.

Contributions: The study was designed by myself, Prof Morrell and Dr Rosenzweig. | carried out all the
data collection and analysis except the operation of the MRI scanner, and the manipulation of the
FreeSurfer MRI. Statistical analysis was carried out with the help of Drs Rosenzweig and Milosevic.

Interpretation of data was carried out by Glasser, Rosenzweig and Morrell.
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4.2 INTRODUCTION

OSA is a chronic sleep disorder that arises from recurrent partial or complete pharyngeal obstruction
during sleep (see Chapter 1, Section 1.2.1). The close association of OSA with early onset of cognitive
decline, by as much as a decade, has been reviewed in Chapter 1, whilst a growing body of clinical and
animal work advocates that OSA should be recognized as one of the rare modifiable risks for
accelerated cognitive decline is discussed in Chapter 1, and illustrated by the findings of Chapter 3. In
addition, treatment with CPAP, the main treatment for OSA, has also been shown to halt the onset,
decelerate the progression, or offer a better prognosis in patients with co-morbid dementia, epilepsy
and stroke (Campos-Rodriguez et al., 2014; Pornsriniyom et al., 2014; Yaffe et al., 2014; McMillan et
al., 2015; Osorio et al., 2015).

The additive impact of progressive changes in sleep quality and structure, changes in cerebral blood
flow, neurovascular and neurotransmitters, plus the cellular redox status are all likely to contribute to
the cognitive deficits reported in up to one in four newly diagnosed OSA patients (Lavie, 2015;

Rosenzweig et al., 2015), Despite concerted efforts, OSA remains widely underdiagnosed in the
general population, with its prevalence predicted to increase sharply over the coming years due to
ageing and the epidemic of obesity (Heinzer et al., 2015; Lévy et al., 2015). The important questions
of what, who and when to treat, are far from clear (Djonlagic et al., 2015; Rosenzweig et al., 2015).
Persistent deficits, even after prolonged treatment with CPAP in some patients, suggest that early
detection of the central nervous system (CNS) sequelae in OSA could be crucial (Castronovo et al.,
2014; Rosenzweig et al., 2015).

In a recent study of patients with OSA, augmentation of subjective experience, attention and vigilance
has been demonstrated after only one night of CPAP (Djonlagic et al., 2015). However, no appreciable
impact on procedural memory consolidation was noted, suggesting differential impact on brain
structures underlying these processes (Djonlagic et al., 2015). On the other hand, in a seminal study,
three months of CPAP treatment led to a significant recovery of cognitive and morphometric deficits
(Canessaetal., 2011). Taken together, empirical clinical experience and early research findings suggest
that subjective memory improvements are reported as early as one month following the

commencement of CPAP treatment (McMillan et al., 2015).

In the present study, | aimed to investigate the timeframe over which CPAP treatment could produce
changes in neurocognitive function and brain morphology. | tested the hypothesis that one month of
CPAP treatment would lead to cognitive improvements, and that any changes would be associated

with neuroplastic changes in patients with OSA.
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4.3 METHODS

4.3.1 Participants and Design

Patients with newly diagnosed OSA (18-65 years old) were recruited from Royal Brompton and
Harefield Hospitals sleep clinics. Inclusion criterion was an AHI >10 events/h. Exclusion criteria were a
history of respiratory, cerebrovascular and/or ischaemic heart disease, diabetes mellitus,

neuropsychiatric or neurological disorder, alcohol or drug abuse, or psychoactive medications.

The same exclusion criteria were used for healthy controls (age- and education-matched) recruited
from a database of healthy volunteers. Those with a history of sleep problems on questionnaires, or

evidence of OSA on pulse-oximetry (ODI >5 events/h) were excluded.

The study was approved by the UK central research ethics committee (10/H0706/51). All patients gave

written informed consent.
4.3.2 Measurements and Analysis

All enrolled patients were randomly allocated [stratified by age, OSA severity (ODI & AHI) and years of
education], by an independent study coordinator, to receive CPAP with BSC, or BSC alone, for one

month and then re-assessed (Fig 4.1).

CPAP treatment was initiated using standard clinical practice at each centre (ResMed S9; with
humidification as required). BSC consisted of advice on minimising daytime sleepiness through sleep
hygiene, naps, caffeine, exercise and weight loss as appropriate to each patient. Both groups were

provided with BSC and asked to continue with their usual medical care during the trial.

Structured assessments were performed at baseline (patients and controls) and at follow-up after one
month (patients only). In addition, all patients received a telephone call at 1 week to record symptoms,
side-effects, and to optimise CPAP adherence. All OSA patients completed an inpatient
polysomnography (SOMNOscreen PSG, S-Med, UK — see Chapter 2, Section 2.2.3 for full details) prior
to CPAP initiation. Domiciliary overnight pulse-oximetry (Konica-Minolta Inc,) was performed at one
month. Treatment compliance was measured objectively by download of the CPAP smart card at the

one-month visit.
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519 patients were assessed for eligibility

Excluded N=451

+ L
= Other reasons (N=5)

¥

= Not meeting inclusion criteria (N=417)
Declined to participate (N=29)

68 OSA patients randomized 35 Healthy
Volunteers
¥ ¥

Cognitive tests, MRI brain scan and NPSG

pJ

|

c
% 34 were allocated to BSC 34 were allocated to CPAP plus BSC
8 All patients received intervention All patients received intervention
: ] l
1 month Follow-up

Cognitive tests, MRI brain scan and oximetry
£ g 7 did not undergo full battery of tests & did not undergo full battery of tests
C []
g é Follow-up complete (N=27) Follow-up complete (N=28)
Tw

Figure 4.1: CONSORT diagram

Cognitive Tests Battery: A full description of the cognitive tests used in this chapter is given in Chapter
2, Section 2.4. In brief, the cognitive function of all participants was assessed using a battery of tests
comprising the Addenbrooke’s Cognitive Examination-Revised (ACE-R) (Graham et al., 2004; Mioshi et
al., 2006), Trail Making Test A and B (Reitan, 1979) (TMA, TMB), Logical Memory (LM) Test: immediate
and delayed LM with alternate stories used at baseline and follow up, subtests from the Wechsler
Memory Scales (D, 1987), Digit Span Test: forward (DSF) and backward (DSB) (D, 1987), Spatial Span
subtest forward (SSF) and backward (SSB) (the visual-spatial version of Digit Span) (Wechsler, 1997).
The tests used were chosen to target cognitive domains that have been previously shown to be
affected by OSA from results of the Brompton Sleep group and other (Twigg et al., 2010; Rosenzweig
etal., 2015).

Magnetic Resonance Imaging: All participants underwent MR imaging at the Royal Brompton

Hospital, and T1-weighted MR-images were acquired using a 1.5T scanner (Magnetom Vision, Siemens
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Healthcare, Camberley, Surrey, UK) and a 3D MP-RAGE sequence (Tl 300ms, TE 4ms, in-plane
resolution 1:0x1-:0mm) with contiguous 2mm coronal slices. The T1-weighted images were processed,
and volumetry was performed using the automated method FreeSurfer, as previously described in

Chapter 2, Section 2.5.2.
4.3.3. Statistical Analyses

The Kolmogorov-Smirnov test was used to test the normality of distributions. To analyse differences
in a variety of demographic parameters between healthy controls and OSA patients, Student’s t-test
was applied (Table 4.1). All statistical analyses had a 2-tailed a level of <0.05 for defining significance
and were performed with the help of a biostatistician on the statistical software “STATISTICA 10-0”

(http://www.statsoft.com).

Investigation of a priori hypotheses was focused on group differences for several neuroanatomical
structures that had been previously highlighted by my data (see Chapter 3) and that of other groups,
to present network hubs of OSA-affected neurocircuitry: the hippocampus, amygdala, basal ganglia,
thalamus, brainstem, corpus callosum (and its subdivisions) and cerebellum.(Gozal, 20133;
Rosenzweig et al., 2015) In addition, several previously reported affected cognitive domains were

assessed.(Twigg et al., 2010)

The intracranial volume (ICV) calculated by FreeSurfer did not differ significantly between groups (t-
test, P=-514) and student’s t-test was done on the ICV normalised data (i.e. volume/ICV) to assess
between-group differences. Hierarchical cluster analysis was further undertaken to identify
homogeneous groups of variables amongst differential (diff A) changes in brain volumes following the

two interventions.

During post-hoc analyses interregional connectivity and inter-domain relationships between the right
thalami, somnolence (ESS test scores) and verbal episodic memory (delayed LM test scores) were
explored with Pearson correlations; controlled for ICV and normalised for differential changes (diffA%)
from the baseline (diffA=[V/domaingre-V/domaingest]/V/domain e x100). All results were Bonferroni

corrected for multiple comparisons.
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4.4 RESULTS

Fifty five OSA patients (81%) completed the study, in addition to 35 age- and education- matched
healthy volunteers (Fig 4.1). Attrition was due to incomplete investigations in 10% (7/68) of the BSC
group, and 9% (6/68) of the CPAP group. Mean (SD) age of OSA patients was 47-6(11-1) years, ODI
36-6 (25-2) events/hour, and ESS 12-8 (4-9). Baseline demographic characteristics of participants are
shown in Table 4.1. Baseline sleep characteristics are shown in Table 4.2. The baseline characteristics
were similar between the CPAP with BSC group and BSC only group. Median CPAP use over one month

was 5-0 (range 1:9-6-9) hours/night (Table 4.1).

Table 4.1: Baseline characteristics of participants.

Controls BSChaseline CPAPpascline
Age (years) 43-5(2-1) 46-8 (2-3) 49.9 (2-0)
BMI (kg/m?) n/a 34-4 (5-1) 35-2 (29)
Education (years) 15-0 (0-4) 14-6 (0-5) 14-7 (0-5)
AHI (events/h) n/a 36-4 (4-0) 366 (5-0)
ODI (events /h) 2:31(0-2) 37-8 (4'5) 35:4 (5-2)
ESS 6-18 (0-49) 12-44 (0-88) 13-14 (1.0
Median CPAP use (hours/night) n/a n/a 5(1:9-6:9)
Dexterity (right-handed) (%) 100 100 100

Data presented as mean (SEM), median (25"-75™ percentiles) or number of patients N (%).
Abbreviations: Controls: healthy volunteers (N=35); BSC: baseline values for patients treated with best
supportive care (BSC) (N=27); CPAP: baseline values for patients treated with continuous positive
airway pressure (CPAP) with BSC (N=28); BMI: Body mass index, AHI: apopnea/hypopnea index. ODI:
oxygen desaturation index;
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Table 4.2: Sleep baseline characteristics of two groups of OSA patients

Additional Baseline N Mean SD p?

Characteristics

TST BSC 27 369-39 71-86 0-042
CPAP 28 419-31 102-18

Total Deep sleep BSC 27 52-32 31-69 0-684
CPAP 28 56-17 37-64

total REM BSC 27 64-10 3791 0-611
CPAP 28 69-38 38-58

% deep sleep BSC 27 13-27 7-23 0-937
CPAP 28 13-11 7-78

% REM BSC 27 17-49 9-84 0-537
CPAP 28 15-99 7-98

Desats (events) BSC 27 235:19 140-77 0-786
CPAP 28 248-11 203-96

ODI (events/hour) BSC 27 37-83 2324 0-726
CPAP 28 35-42 27-41

apnoeas/hypopnoeas BSC 27 227-78 134-42 0-802

(events) cPAP | 28 23975 | 20890

AHI (events/hour) BSC 27 36-40 20-91 0-979
CPAP 28 36-58 27-15

Al (events/hour) BSC 27 15-00 16-61 0-418
CPAP 28 19-73 25-31

Time Sa02 <90% BSC 27 55-65 56-37 0-503
CPAP 28 69-28 89-10

2Bonferroni corrected P values.
broadly similar between the two groups.

Apart from the total sleep time, the baseline characteristics were

Abbreviations: TST: total sleep time; REM: rapid eye movement sleep; desats: deaturations; ODI:
oxygen desaturation index; AHI: apnoea hyponea index; Al: arousal index; SD: standard deviation; C:
BSC: best supportive care at baseline; CPAP: patients to be treated with continuous positive airway

pressure (CPAP) at baseline.
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4.4.1. Changes in brain morphology

At baseline, hypotrophic changes were recorded in the left hippocampus, in the bilateral pallidus and
the mid-posterior part of the corpus callosum of OSA patients (n=55) in comparison to those recorded
in healthy controls (n=35) (Fig 4.2: pre-CPAP). Following one month of interventions, the between-
group comparison (patient groups vs healthy controls) no longer showed statistically significant
hypotrophic changes in either of these structures, suggesting that adaptive neuroplastic changes have
occurred (Table 4.3). The hierarchical cluster analysis further demonstrated the distinct alteration
pattern for each intervention during this period (Fig 4.3), with the thalamic alterations in the CPAP
group closely linked to wider core neurocircuitry adaptations, compared to the BSC group. Of
particular interest is the close clustering of the left and right hippocampi in the CPAP group, but not
in the OSA group. The left and right cerebellum also form a cluster with the right and left thalamus,

and right and left hippocampus in the CPAP group but not the BSC group.

Table 4.3: The effect of one month of interventions on normalised volumes of structures that were
registered hypotrophic at baseline.

Structures Control OSA BSC CPAP P P°BSC P°CPAP

L Pallidum 0-1094 0-1026 0-1045 | 0-1067 0-039* | 0-177 0-504
(0-015) (0-015) | (0-024) | (0-017)

L Hippocampus 0-2355 0-2244 0-2290 | 0-2381 0-071* | 0-334 0-697
(0-025) (0-03) (0-051) | (0-027)

R Pallidum 0-1028 0-0960 | 0-0974 0-0980 0-031* | 0-177 0-172

(0-015) (0-014) | (0-020) | (0-013)

CC_Mid_Posterior | 0-0296 00269 | 00279 | 0-0283 0-033* | 0270 | 0-400
(0-006) (0-005) | (0-006) | (0-006)

Data presented mean (SD), number of patients N. Mean values: percentage ratios of subcortical volumes
to the ICV as determined by FreeSurfer. P columns: P= OSA at baseline vs controls; P BSC= BSC vs controls;
P CPAP= CPAP with BSC group vs controls. 2Bonferroni corrected P values. Abbreviations: R: right; L: left;
CC: corpus callosum; ICV: intracranial volume; ODI: oxygen desaturation index; SD: standard deviation; C:
Controls: healthy volunteers (N=35). OSA: baseline values for all obstructive sleep apnoea (OSA) patients
before any intervention (N=55); BSC: patients treated with best supportive care (BSC) for one month
(N=27); CPAP: patients treated with continuous positive airway pressure (CPAP) with BSC for one month
(N=28).
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structural change in OSA patients Pre and Post CPAP treatment. The first row shows neuroanatomical structures that were noted as hypotrophic in OSA

patients (N= 55) before any intervention, by comparison to matched healthy volunteers (N=35); bilateral globus pallidi, left hippocampi and mid posterior

section of corpus callosum. The second row depicts hypertrophic changes noted in bilateral thalami following one month of treatment with CPAP; the
longitudinal structural changes were calculated by normalization to the individual baseline volumes (refer to the equation).
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Figure 4.3:
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Dendrograms depict relationships between structural changes in brain volumes following one month of intervention with the Continuous Positive Airway
Pressure or Best Supportive Care treatment. Dendrograms were constructed using the results of Hierarchical Cluster Analysis (HCA) of the diff A structural
changes, using Average Linkage with squared Euclidean distance as a measure of distance (x-axis values). HCA resulted in the formation of clusters that were
iteratively joined in a descending order of similarity. Resulting dendrograms show different patterns of neuroanatomical changes in patients with OSA
following interventions with BSC alone (N=27) from those resulting post CPAP with BSC (N=28) treatment. The HCA findings also suggest that the thalamic
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alterations (arrows) in the CPAP group are closely linked to a wider core of neurocircuitry adaptations and particularly that there is increased linkage between
the left and right brain, including hippocampi (pink boxes).
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The differential neuroanatomical structural changes at one month between the CPAP group and the
BSC group were subsequently explored. In the CPAP group, a significant hypertrophic trend (Fig 4.2)
for the right thalamus was recorded [mean diffA% (SD): CPAP,4-:04 (13:61) vs BSC,-2:29 (10-66);

P=0-06]. No other statistically significant differences between groups were found (Table 4.4).

Table 4.4: The effect of the Continuous Positive Airway Pressure or Best Supportive Care regimes at
one month on changes in volumes of structures.

Structure BSC N=27 | SEM CPAP N=28 | SEM p?

L CerebellumWhiteMatter 2-:87% (2:44%) | 4-27% 2:93% 0-716
L CerebellumCortex -1-13% 1-65% 1-37% 2:62% 0-428
L Thalamus -0-76% 2:30% 3-04% 2:55% 0-274
L Caudate 5-08% 2:82% 1-26% 2:12% 0-281
L Putamen 1-20% 2:65% 7-90% 3-23% 0-116
L Pallidum 3-10% 3-10% 7-52% 5-49% 0-490
BrainStem 0-49% 2:10% -0-11% 2:07% 0-840
L Hippocampus 6:73% 3:97% 4-84% 2:91% 0-701
L Amygdala -0-42% 3-70% 6:62% 3-79% 0-190
R CerebellumWhiteMatter 3-36% 2:42% 3-48% 3-41% 0-977
R CerebellumCortex -0-09% 2:13% 2:59% 2:71% 0-443
RThalamus -2:29% 2:05% 4-04% 2:57% 0-061*
R Caudate 2:92% 2-86% 0-98% 2:73% 0-626
R Putamen 2:47% 2:83% 8:53% 3-35% 0-174
R Pallidum 1-10% 3-02% 8:69% 6:92% 0-325
R Hippocampus 2-60% 2-66% 3-51% 3-25% 0-831
R Amygdala 0-33% 3-27% 8:83% 5-25% 0-179
CC_Posterior 3-77% 3-44% -0-16% 3-18% 0-404
CC_Mid_Posterior 7-38% 4-81% 5-07% 3-75% 0-705
CC_Central 7-86% 3-90% 3-72% 2:80% 0-390
CC_Mid_Anterior 7-50% 3-52% 3-27% 3-35% 0-388
CC_Anterior 5-52% 3-04% 0-41% 3-45% 0-273

Data presented mean (SEM), controlled for ICV and normalised for differential changes (diff%) from
the baseline (diff=[V/domainpre-V/domainpost]/V/domain pre x100)- ?Bonferroni corrected P values:
Significant difference between changes in two groups of patients after one month of CPAP (with BSC)
or BSC alone -

Abbreviations: R: right; L: left; CC: corpus callosum; ICV: intracranial volume; SEM: standard error of
mean; C: BSC: best supportive care; CPAP: patients treated with continuous positive airway pressure
(CPAP) for one month-
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4.4.2. Changes in cognitive function

At baseline, OSA patients showed significantly impaired cognitive processing in several domains in
comparison to healthy controls (Table 4.5). Initially | used the analysis technique employed by Canessa
(Canessa et al., 2011) and was able to reproduce after one month of interventions the
improvementthat she recorded in the majority of tested domains after three months, compared to
performance at baseline (Table 4.5). However, using more stringent analysis by compariing differential
cognitive changes between interventions, only changes in sleepiness [ESS mean diffA% (SD): CPAP,
2.46 (39-97) vs BSC,-27-97 (46-46); P=0-012] and verbal episodic memory test scores [delayed LM
mean diffA% (SD): 23-41 (32-45) vs 57-20 (75-46); P=0-037] were statistically significant (Table 4.6).

The NICE/HTA assessment of CPAP (McDaid 2009) found that CPAP therapy led to a mean reduction
in ESS of 1.07 points in middle aged OSA patients. This was found to be clinically significant and CPAP
therapy was found to be cost effective. In my study of young and middle aged patients the mean

reduction in ESS after CPAP was 4.62 points.

A recent analysis of the results of delayed LM testing in the American National Alzheimer’s
Coordinating Centre database of over 20,000 subjects found that there was a mean difference of 5.2
points between subjects diagnosed with mild cognitive impairment and those with normal cognition.
The difference between patients diagnosed with mild cognitive impairment and those with
Alzheimer’s dementia was 5.1 points (Chapman et al., 2016). In my study, the CPAP group showed an

8.1 point increase after one month of CPAP.
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Table 4.5: Changes in neurocognitive function using the analysis employed by Canessa (Canessa et al., 2011)

Cognitive Tests Controls OSAbascline BSCimonth CPAP1month p? P?BSC P2CPAP
immediate LM 47-06 (1-84) 3636 (1-32) 41-70 ( 2-28) 44-43 (1-99) <0-001* 0-070 0-338
delayed LM 29-79 (1-37) 22-25(0-97) 27-33 (1-55) 29-93 (1-42) <0-001* 0-238 0-946
ACE-R 94-91 (0-99) 90-55 (1-11) 90-70 (1-85) 91-86 (2-44) 0-008* 0-038 0-220
Memory 24-18 (0-41) 22-05 (0-57) 2307 (0-65) 23-79 (0-37) 0-009* 0-143 0-493
Fluency 12-50 (0-3) 11-25 (0-3) 11-41 (0-49) 11-89 (0-45) 0-006* 0-050* 0-248
Language 2412 (0-71) 24-18 (0-37) 2363 (0-68) 25-11 (0-24) 0-930 0-628 0-230
SSF 9-00 (0-31) 8-33 (0-23) 7-93 (0-38) 818 (0-4) 0-079 0-032* 0-104
SSB 8:65 (0-26) 7-65 (0-24) 7-37 (0-39) 8-18 (0-31) 0-009* 0-007* 0-250
DSF 12-06 (0-33) 10-22 (0-31) 10-7 (0-4) 10-32 (0-51) <0-001* 0-011* 0-005*
DSB 8:18 (0-39) 6-73 (0-31) 7-41 (0-47) 7-26 (0-52) 0-005* 0-21 0-157
TMA 24-12 (1-18) 27-34 (1-04) 2802 (1-56) 24-26 (1-28) 0-049* 0-047* 0-937
TMB 41-23 (2-0) 62-:02 (3-65) 61-53 (4-81) 51-05 (3-68) <0-001* <0-001* 0-017*
ESS 6-18 (0-49) 12-80 (0-67) 12-11 (0-93) 8-18 (0-85) <0-001* <0-001* 0-038*

Data presented as mean (SEM). Memory, fluency and language test scores were calculated from respective subtest scores of the Addenbrooke’s Cognitive
Examination-Revised (ACE-R) test. Normality was checked using the Kolmogorov-Smirnov test. The plots were normally distributed so independent sample t-
test statistics were used to compare patient groups and controls. P columns: P= baseline OSA scores vs controls; P BSC= BSC vs controls; P CPAP= CPAP with
BSC group vs controls. ?Bonferroni corrected P values. Abbreviations: Controls: baseline values for healthy volunteers (N=35). OSA: baseline values for all
obstructive sleep apnoea (OSA) patients before any intervention (N=55); BSC: patients treated with best supportive care (BSC) for one month (N=27); CPAP:
patients treated with continuous positive airway pressure (CPAP) with BSC for one month (N=28). ESS: Epworth sleepiness scale. TMB: Trail Making Test B;
TMA: Trail Making Test A; DSF: Digit-span Forward Task; DSB: Digit-Span Backward Task; SSF: Spatial-span Forward Test; SSB: Spatial-span Backward Test;
ACE-R: Addenbrookes Cognitive Examination- Revised ; LM: logical memory test.
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Table 4.6: The effect of the Continuous Positive Airway Pressure or Best Supportive Care regimes at one
month on changes in cognitive domains-

Cognitive test BSC N=27 CPAP N=28 p?
Mean SD Mean SD

Immediate LM 14-28% 39-00% 34-78% 48-43% 0-090
Delayed LM 23-41% 32-45% 57-20% 75-46% 0-037*
ACE-R 2:63% 3-67% -0-34% 14-52% 0-306
Memory (ACE) 11-93% 16-49% 5:63% 14-79% 0-141
Fluency (ACE) 1-17% 10-81% 8-14% 25-49% 0-195
Language (ACE) 0-45% 6:71% 1-45% 4-75% 0-523
SSF -1-87% 21-75% 0-46% 30-66% 0-748
SSB 1-03% 26-62% 8:46% 27-94% 0-317
DSF 7-40% 23-88% 5-50% 33-34% 0-810
DSB 12-43% 37-78% 16-22% 53-19% 0-762
TMA -3-11% 18-97% -1-35% 24-89% 0-771
TMB -6:99% 21-13% 3-17% 53-42% 0-361
ESS 2-46% 39-97% -27-97% 46-46% 0-012*

Data presented mean (SD), normalised for differential changes [diffA(%)] from the baseline
(diff=[score/domainpre-score/domainpost]/score/domainpre x100). °Bonferroni corrected P values.
Significant difference between changes in two groups of patients after one month of CPAP (with BSC) or
BSC alone. Abbreviations: ESS: Epworth sleepiness scale- TMB: Trail Making Test B ;TMA: Trail Making Test
A; DSF: Digit-span Forward Task; DSB: Digit-Span Backward Task; SSF: Spatial-span Forward Test; SSB:
Spatial-span Backward Test; ACE-R: Addenbrookes Cognitive Examination- Revised ; LM: logical memory
test;-SD: standard deviation; C: BSC: best supportive care; CPAP: patients treated with continuous positive
airway pressure (with BSC) for one month-

In summary: the findings of a priori analyses between-interventions (CPAP vs BSC) demonstrated the
differential neuroplastic cognitive and morphometric adaptations already after only one month of

treatment (Figs 4.2 & 4.3; Tables: 4.4 & 4.6).

4.4.3. Post hoc (Secondary) Analyses

Secondary correlational analyses were dictated by the three significant findings of a priori investigations. |
explored the pathomechanisms behind improvements in episodic memory, somnolence and the
hypertrophic trend for the thalamus in the CPAP group (Figs 4.2 & 4.4). Significant correlation between
improvement in sleepiness and volumetric changes in the brainstem (r=-0-37; P=0-05) was found (Fig 4.4),

whilst improvements in verbal episodic memory were not obviously correlated to any singular
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morphometric change. Similarly, hypertrophic changes in the right thalamus appeared strongly correlated
to changes in bilateral cortical cerebellar (CC) and hippocampal (H) structures (left CC r= 0-77; P=1-96x10°;
right CC r= 0-75; P=3:78x10°5; left H r= 0-49;P<0-01; right H r= 0-51; P<0-01), which was not the case for OSA
patients who received only BSC intervention. In the CPAP group, thalamic changes were also found to be
correlated with changes in overall cognitive functioning (ACE-R) scores (r=-0-554; P=0-002), attentional span

changes (DSF, r=-0-499; P=0-007) and with changes in visuospatial working memory (SSB, r=-0-370; P=0-05).

Right thalamus

0-40

ESS

P(r) < -05

Figure 4.4 : Neuroplastic structural changes following one month of intervention with the Continuous
Positive Airway Pressure or Best Supportive Care treatment. Potential strengthening in interregional
connectivity between the non-dominant thalamus with hippocampus and (or) cerebellar cortex in OSA
patients was noted only in the CPAP treated group (first row). In addition, in the same group of patients,
improvement in sleepiness (as shown by the ESS), was strongly positively correlated to changes occurring
in brainstem during this period (second row).

Positive correlations between improvements in scores of verbal episodic memory and semantic subdomain
of verbal fluency (fluency ACE-R) (r=0-406;P=0-032) that were otherwise negatively correlated in the BSC
group (r=-0-190,P=0-343), were also shown.
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Episodic memory showed significant positive correlation with span changes in the CPAP (r=0-451, P=0-02)
vs BSC group (r=-0-081, P=0-69). ESS scores were not significantly correlated to changes in working memory
in the CPAP (r=0-295, P=0-127), although were significant in the BSC group (r=0-591, P=0:001). The results
of other neuroplastic adaptations and corresponding changes in cognitive domains are summarised in Table

4.7.

Table 4.7: Post Hoc targeted Interregional and Cognitive Domains Differential Correlations:

CPAP N=28 r (P value)

R Thalamus ESS Delayed LM
Brainstem 741 (-000) -0-37 (-05) -052(-791)
L Cerebellum Cortex 0-77 (1-96 10°©) -010(-961) --023(-909)
R Cerebellum Cortex 0-75(3-78 10°©) -027(-89) -026(-897)
L Hippocampus 0-49 (-01) --224(-25) -096(-628)
R Hippocampus 0-51(-01) --233(-234) -123(-53)
ACE-R --554(-002) -062(-76) -134(-496)
DSB --230(-24) 0-295 (-127) 0-451(-02)
DSF -0-499(-007) -224(-253) -230(-239)
SSB -0-370(-05) --279(-150) -289(-136)
fluency ACE-R -0-554(-002) -002(-992) 0-:406 (-032)
BSC N=27 r (P value)
Interregional and  Cognitive | R Thalamus ESS Delayed LM
Domains Differential Correlations
Brainstem -387 (-05) -100(-618) -105(-60)
L Cerebellum Cortex -384 (-05) -320(-104) --059(-77)
R Cerebellum Cortex -339 (-08) -119(-55) --192(-34)
L Hippocampus -366 (-06) -188(-349) --242(-22)
R Hippocampus -402 (-04) -107(-59) --120(-55)
ACE-R --022(-91) -260(-19) -370 (-06)
DSF -113(-57) -499(-008) -280(-16)
DSB -275(-16) 0-591(-001) -0-081(-69)
SSB --096(-63) -245(-22) -301(-13)
fluency ACE-R -181(-37) -031(-88) -0-19 (-34)

2Bonferroni corrected P values. Significant difference between changes in two groups of patients after one
month of CPAP (with BSC) or BSC use. Abbreviations: ESS: Epworth sleepiness scale: TMB: Trail Making Test
B ;TMA: Trail Making Test A; DSF: Digit-span Forward Task; DSB: Digit-Span Backward Task; SSF: Spatial-
span Forward Test; SSB: Spatial-span Backward Test; ACE-R: Addenbrookes Cognitive Examination- Revised
; LM: logical memory test;-SD: standard deviation; C: BSC: best supportive care; CPAP: patients treated with
continuous positive airway pressure (with BSC) for one month.

4.5 DISCUSSION

The main findings of this study were that just one month of CPAP treatment, combined with lifestyle

modifications, can redress several cognitive and morphometric deficits in patients with moderate-severe
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OSA. These data are consistent with the recovery of grey matter regions and cognition in patients with OSA
reported by Canessa and colleagues (2011) to occur following three months of CPAP treatment (Canessa et
al., 2011). Moreover, the same group has recently shown that appreciable recovery of cognition and white
matter, including that in corpus callosum, occurs over the course of 12-month treatment with CPAP
(Castronovo et al., 2014). My study is, to the best of my knowledge, the first time these findings have been

replicated in much shorter timeframe (Gozal, 2013a).

The baseline neuroanatomical and neurocognitive impairments recorded in OSA patients were comparable
to previously reported neurocognitive deficits (Yaffe et al., 2007) and involved the neurocircuitry hubs
formerly shown as specifically vulnerable to chronic sleep fragmentation and associated nocturnal cycles
of intermittent hypoxia in clinical and preclinical studies (Gozal, 2013a; Rosenzweig et al., 2013a;
Rosenzweig et al., 2013c; Yaffe et al., 2014; Rosenzweig et al., 2015). Specifically, hypotrophic changes in
regions corresponding to hippocampal formation, basal ganglia and parts of the corpus callosum were
suggested by neuroimaging investigations. Similarly, excessive daytime somnolence and significant
impairments in cognitive domains of attention, working memory, verbal episodic memory and semantic

memory were recorded in the OSA patients at baseline (Table 4.5).

Of note is that a minimal improvement, both in cognitive and neuroanatomical measures, was
demonstrated in the OSA patients randomized to BSC over one month (Table 4.4 & 4.5). Similar
improvement in patients with OSA has been previously associated with the improved sleep quality and
argues for the beneficial impact of diet, exercise and lifestyle modifications (Araghi et al., 2013). In addition
to any intervention effects or natural neuro-homeostatic fluctuations, it is also possible that some of the

cognitive changes may have represented practice effects.

In order to distinguish the beneficial impact of CPAP from that of any other interventional modality, the
between-groups comparison of normalized changes was performed. Consequently, three major constructs
were highlighted. Specifically, neuroplastic hypertrophic changes in thalamus, decreased daytime
somnolence and improvements in verbal episodic memory were shown as more likely to result from

adaptive processes driven by treatment with CPAP, and as such merit further discussion.
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4.5.1. Excessive Daytime Somnolence

Somnolence is a major complaint in OSA, and whilst its exact neurological substrate is incompletely
understood (Guilleminault & Brooks, 2001), it is likely that chronic low-level neuro-inflammation affects
brain structures that participate in the initiation and maintenance of sleep and alertness (Rosenzweig et al.,
2015). In agreement with this notion, improvement in daytime somnolence following one month of
treatment with CPAP was significantly correlated with neuroplastic alterations in brainstem (Fig 4.4) in my
study. In addition, brainstem alterations were associated with hypertrophic thalamic changes, which were
in turn closely correlated with alterations in bilateral cerebellar cortices and hippocampi (Fig 4.3). The
neuroplastic stream of these associations correlated closely with changes in scores of tests of attentional

regulation and working memory capacity (Fig 4.5).

Somnolence (ESS) ﬂ

Cognitive Domain

Attention

Memory

Working
memory

Maintenance

Digit span
Backwards

Episodic
memory

verbal fluency
tests

P(r) < -05

Figure 4.5: Schematic presentation of the neuroarchitecture behind working memory maintenance processes that
might be implicated in improved daytime somnolence and verbal episodic memory by the CPAP treatment. Distributed
nature of processes and representations involved to solve working-memory tasks is shown, with thalamus (central
structure) acting as a functional interface between arousal and attentional regulation. The hippocampus (elongated
green), structure most frequently reported affected by neuroimaging in OSA, is here proposed to bind aspects of
working and episodic memory. The list of cognitive tests used in my study to investigate the impact of CPAP treatment
on associated cognitive domains is also depicted. CPAP treatment leads to improvement in verbal episodic memory
(green box), which may be due to the interplay of a cascade of subtle gradual changes in the semantic and verbal
working memory. In addition, CPAP regime leads to the improvement of excessive daytime somnolence (yellow box),
which in turn appears to be significantly correlated to ensuing brainstem alterations. The results of this study also
suggest that comparable subjective tiredness has significantly less impact on the attention and maintenance of
working memory capacity in patients treated with CPAP. Abbreviations: CPAP: continuous positive airway pressure;
BSC: best supportive care; LTM: long term memory; ESS: Epworth Sleepiness Scale.
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It is possible that the findings of the study reported in this Chapter represent changes in consciousness and
arousal regulation that can occur within one month, perhaps primarily driven by increased activity/plasticity
of brainstem pathways. Many of these pathways are known to underlie rapidly generated brief shifts of
arousal at times of increased cognitive and cortico-thalamic demand (Schiff, 2008). It follows that the
findings of the present study might also suggest specific vulnerability of a thalamo-cortical oscillator to sleep
fragmentation and nocturnal cycles of intermittent hypoxia, something that has been long suggested by
neurophysiological and neuroimaging data in OSA (Rosenzweig et al., 2013a; Rosenzweig et al., 2013c). In
cases of a faulty oscillator, distributed network activity and associated memory may suffer across long-
range cortico—cortical pathways, and within cortico—striatopallidal-thalamo-cortical loop volleys (Schiff,

2008).

It is notable that the findings also show that, whilst in untreated OSA patients changes in scores of tests of
attention and working memory capacity were strongly affected by severity of their sleepiness, this
significant association was all but negated by the effects of treatment with CPAP over one month (Fig 4.5).
As patients with OSA have been shown to be more likely to experience a driving-related traffic accident,
and given that such accidents have been shown as more likely in those who manifest greater daytime
sleepiness, it can be argued that this finding implies strong clinical rationale for CPAP treatment even for a

short duration (Gozal, 2013a; Malhotra et al., 2015; Rosenzweig et al., 2015).
4.5.2. Thalamo-cortical Circuitry in OSA

As already suggested, recruitment of central thalamic neurons via the brainstem occurs in response to
increasing cognitive demand, stress and fatigue that reduce behavioral performance (Schiff, 2008). Through
thalamic activation, neurons across the cerebral cortex and striatum can be depolarized, and their activity
selectively gated by descending or ascending signals related to premotor attention and alerting stimuli

(Schiff, 2008).

In Chapter 1 | outlined how OSA could directly injure the thalamo-cortical neurons, or their prominent
deafferentation as a result of multifocal, neuro-inflammatory brain processes, could lead to severe
impairment of prefrontal functional integration and arousal regulation (Portas et al., 1998; McNab &
Klingberg, 2008; Schiff, 2008; Rosenzweig et al., 2013c). In keeping with this suggestion, | now speculate
that these findings show neuroplastic compensatory thalamic changes, instigated by one month of CPAP
treatment, leading to a wider circuitry reorganization involving brainstem, cerebellum and hippocampal
connectivity. This connectivity is seen both between these structures and between the left and right sides
of the brain in the CPAP group but not the BSC group (Figs 4.2 & 4.4). | also propose that CPAP-driven

adaptive processes further optimize activation of the thalamic system that acts as functional interface
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between arousal and attentional regulation (Portas et al., 1998; Eriksson et al., 2015). This might then
underlie positive subjective experience of decreased mental effort required in order to solve tasks following

the CPAP treatment.
4.5.3. Neurocognitive Architecture of Working and Episodic Memory in OSA

One month of CPAP treatment resulted in a partial recovery of episodic- and working-memory capacity. A
crucial role for working-memory in temporary information processing and guidance of complex behavior,
as well as its impairment in OSA (Twigg et al., 2010), has been recognized (Eriksson et al., 2015). There is
emerging consensus that working-memory maintenance results from the interactions among associative
memory representations and basic processes, including attention, that are instantiated as reentrant loops
between frontal and posterior cortical areas, as well as subcortical structures (McNab & Klingberg, 2008;
Eriksson et al., 2015). In the present study, over one month, wider reorganization in a distributed memory
system for associative learning occurred, e.g. thalamo-cortical changes were associated with changes in

bilateral hippocampi and cerebellar cortices. None of these alterations were observed in the BSC group.

It is of further interest that the hippocampus, the structure most frequently reported as affected by
neuroimaging in OSA (Rosenzweig et al., 2013a; Rosenzweig et al., 2015) has recently been proposed to act
as a major shared substrate for working and episodic memory (Eriksson et al., 2015). Axmacher and
colleagues have suggested that the hippocampus plays a role in working-memory maintenance of multiple
items by neural assemblies synchronized in the gamma frequency range, locked to consecutive phase
ranges of oscillatory activity in the hippocampal theta range (Axmacher et al., 2010). Of note, a decrease in
theta band has been shown to occur after apnoea and hypopnoea events in some patients with OSA, and

CPAP has been shown to normalise EEG changes (Rosenzweig et al., 2014).
4.5.4. Limitations

Several limitations should be considered when interpreting the findings of this study; the cross-sectional
design and strict exclusion criteria used disallow conclusions to be made regarding causality or interactions
between OSA, its treatment, and various comorbidities such as hypertension and diabetes. Also, one cannot
infer which, if any, interventional aspects of the lifestyle modifications might have contributed to observed
changes. Furthermore, correlations between changes in regional volumes and neuropsychological scores
were exploratory and hypothesis-generating. Their interpretation of presumed complex and diverse
causalities remains a challenging issue for the future. Nonetheless, these findings indicate an important

clinical message about the benefits of CPAP treatment.
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4.5.5. Conclusions

The results of this study show that one month of CPAP treatment provides a sufficient timeframe for
rudimentary neuroplastic changes to occur within targeted brain structures of patients with moderate to
severe OSA. These data lead to speculation that these structural changes provide a basic neurocognitive
architectural scaffold for further reorganization, which underlies some of the observed functional recovery

in working and episodic memory.

This work is important and will impact on clinical practice. Currently there exists a cohort of people who
have OSA but are not sleepy. NICE guidelines do not recommend offering these patients CPAP therapy as
there is no evidence that it improves outcomes. However, these subjects are exposed to the same
intermittent hypoxia and sleep fragmentation as sleepy OSA patients. If changes in brain structure and
cognitive function are sequelae of IH and/or sleep fragmentation, and these changes are at least partially

reversible with CPAP therapy, then the guidelines will need to be updated.
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Chapter 5

CHANGES IN BRAIN MORPHOLOGY IN OLDER PEOPLE
WITH OSA FOLLOWING CPAP TREATMENT
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5.1 SUMMARY

Published studies of brain structure in OSA have involved only young and middle-aged patients. However
the population is aging and OSA is at least twice as common in older adults than the in the general
population. Cognitive dysfunction and changes in brain structure are recognised phenomena in older
people independent of sleep apnoea status. My previous studies had shown brain hypertrophy that |
hypothesised was a result of dendritic sprouting and increased connectivity induced by ischaemic
preconditioning. Animal models of neuroplasticity show that neurogenesis cannot take place beyond a
certain age. Prior to the study presented in this chapter it was not known whether ischaemic

preconditioning would lead to dendritic sprouting and brain hypertrophy in older patients with OSA.

The objective of this study was to investigate whether the change in brain structure seen in young and

middle aged patients after CPAP treatment would be seen in older OSA patients.

MRI scans from 17 older people with OSA randomised to CPAP (mean [SD]: AHI, 34.1[20.2] events/h; 1
woman; age 70.8 [4.1] years) and 17 randomised to BSC (mean [SD]: AHI, 19.3[15.4] events/h; 5 women;
age 70.8 [3.3] years) were analysed to determine hippocampal subfield volume at baseline and at 6 months.
A significant decrease in left fimbria volume was seen in the CPAP group (p=0.01). A significant increase in
the left presubiculum volume was seen in the BSC group (p=0.028). No hippocampal hypertrophy was seen

in the CPAP group.

The findings presented in this study suggest that ischaemic preconditioning does not result in increased
connectivity in older OSA patients in the same way as it does in young and middle-aged patients in Chapters
3 and 4. This may be because dendritic sprouting has been switched off due to age, or because of prolonged

exposure to IH. Alternatively it may be the result of poor CPAP compliance.

Contributions: The study was designed by Glasser, McMillan, Rosenzweig and Kempton. The data were
acquired by McMillan and Glasser. Analysis of the data wascarried out Glasser, Rosenzweig, Chih Cheng

Tsai and Williams. Statistical analysis was carried out by Chih Cheng Tsai, Glasser and Rosenzweig.
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5.2 INTRODUCTION

As has been discussed in Chapters 1, 3 and 4, cognitive impairment is a well-recognised and important
sequela of OSA. Chapters 3 and 4 focused exclusively on younger and middle aged people with OSA;
however the role of aging in cognitive decline is well recognised. Therefore in the last experimental chapter
presented in this thesis | have taken the opportunity to investigate the possible changes in brain

morphology associated with OSA in older people aged > 65 years.
5.2.1 The aging population

The world’s population is ageing and by 2045 the number of older people (>60 years) will be more than the
number of children (<15 years) (United Nations, 2007). In Europe this historical crossover occurred in 1995
due to long term reductions in fertility and mortality, and by 2050 the ratio of older people to children will
be 2:1 (Fig 5.1). This situation poses major social and economic challenges across Europe. For example in
the UK, by 2040 the predicted requirement for long-term care will increase by 60%, at an additional cost of
approximately £4 billion per annum (Karlsson et al., 2006). Therefore strategies to reduce age-related
health care costs are vital. One approach could be to promote health care that maintains the independence

of older people and OSA is a potential therapeutic target (Tarasiuk et al., 2008).
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Figure 5.1: The European population from the 2006 revision of the world population prospectors. The older
population is expected to increase in the future, whereas the population under age 60 is expected to
decrease. (United Nations, Department of Economic and Social Affairs, Population Division, Population
Estimates and Projections Section. Fact Sheet, Series A, 7 March 2007)
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5.2.2 The prevalence of obstructive sleep apnoea in older people

The prevalence of OSA in younger people has been discussed in Chapter 1, section 1.2.2. In older people
the prevalence of OSA is at least two fold greater, with estimates ranging between 13 and 32% (Hoch &
Reynolds, 1990; Ancoli-Israel et al., 1995; Bixler et al., 1998; Young et al., 2002a; Hader et al., 2005a; Hass
et al., 2005). The wide variation in these estimates is likely to reflect the different health status of the older
populations studied and the definitions of the disease. A detailed review of the prevalence of OSA in older

people is shown in Table 5.1.

Table 5.1: Prevalence of obstructive sleep apnoea in older people

Prevalence of OSA (%)
Reference n Fe(r:/:z;\le Age (yrs) Population AHI 210 /
AHI 25 215

Carskadon et al 1981 40 55 62-86 Community 36
Coleman et al 1981 83 28 6615 Sleep Clinic 39
McGinty et al 1982 26 0 64.414.4 Community 62
Roehrs et al 1983 97 - 61-81 Sleep Clinic 27
Smallwood et al 1983 30 20 50-80 Community 37
Yesavage et al 1985 41 0 69.516.5 Both 73
Hoch et al 1986 56 52 69.315.4 Community 5 4
Knight et al 1987 27 NG 75.845.9 Primary Care | 37
Mosko et al 1988 46 65 68.76.7 Community 28 16
Ancoli-Israel et al 1989 233 65 65-101 Nursing Home| 70
Hoch et al 1990 105 53 60-91 Community 26 13
Philips et al1992 92 52 64.2+8.6 Community 15

346 53 72.816.1 Community 30
Ancoli-Israel et al 1995

54 57 70.816.2 Community 32
Bixler et al 1998 75 0 65-100 Community 31 24
Young et al 2002 3448 | - 60-99 Community 54 20
Endeshaw et al 2004 58 76 77.76.7 Community 56 19
Haas et al 2005 3643 | 52 70.216.9 Community 46 20
Hader et al 2005 80 50 74.1+6.3 General Clinic | 43 19

OSA: obstructive sleep apnoea, AHI: apnoea-hypopnoea index. Table adapted from Glasser et al 2011.
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5.2.3 Aetiology of sleep apnoea in older people

The high prevalence of OSA in older people has led to debate regarding its causes and consequences in the
elderly (Lévy et al., 1996; Lavie et al., 2005). Although the prevalence of CSA is increased in older people
the majority of sleep disordered events are obstructive. The increase in OSA may be due to a generalised
decrease in the size of the upper airway lumen in older people, specifically in males (Martin et al., 1997).
Structural changes to the dimensions of the upper airway include a lengthening of the pharyngeal airway
in both men (Shigeta et al., 2008) and women (Malhotra et al., 2006) and the descent of the hyoid bone
(Kollias & Krogstad, 1999), particularly in individuals with long faces (Pae et al., 2008); leading to an increase
in pharyngeal resistance. Even in healthy elderly people pharyngeal resistance is increased, compared to

that in younger people; indicating a predisposition to airway collapse (Browne et al., 2001).

The collapsibility of the pharyngeal airway is determined by the transmural pressure across the airway,
which is in turn influenced by the extraluminal pressure (Chapter 1; Section 1.2.1). Fat tissue around the
airway is a key factor in the development of OSA in middle aged people (Horner et al., 1989; Schwab et al.,
2003) and neck circumference has been shown to be a significant risk factor (Davies et al., 1992). Although,
older people with OSA typically have a lower body mass index and neck circumference compared to younger

patients with similar disease severity (Chung et al., 2009).

Functionally, the response of the genioglossus muscle to negative pressure applied during wakefulness
(Malhotra et al., 2006) and sleep (Eikermann et al., 2007) is reduced in older people, compared to younger
people (Erskine et al., 1993). The response to hypoxia is also reduced (Klawe & Tafil-Klawe, 2003). Overall
these changes result in reduced respiratory pump and upper airway muscle function at sleep onset
(Worsnop et al., 2000a), and a more collapsible upper airway (Kirkness et al., 2008a) with the critical closing
pressure being -8.3 (2.3) cmH,0 in older people, compared to -16.0 (6.9) cmH,O younger people,
independent of body mass index (Eikermann et al., 2007). This increased collapsibility of the pharyngeal
airway in older people, may be the explanation for the reduced CPAP requirements in older people. The
therapeutic level of CPAP being on average 2.5 cmH,0 less than younger OSA patients with matched disease
severity - mean (sd) CPAP level: Older patients 6.9 (1.9) cmH,0; Younger patients 9.4 (3.5) cmH,0) (Kostikas
et al., 2006).

5.2.4 Cognitive function in older people with OSA

A decline in cognitive function is considered part of the aging process, and the ability to encode new
memories is particularly impaired (Hedden & Gabrieli, 2004). OSA has also been shown to be associated

with cognitive dysfunction (Redline et al., 1997; Adams et al., 2001; Ferini-Strambi et al., 2003; Naegele et
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al., 2006; Quan et al., 2006; Twigg et al., 2010) —see Chapter 1, Section 1.3; however few of these studies
have included older OSA patients. Mathieu et al found cognitive dysfunction was independently related to
both OSA severity and increasing age, but the coexistence of both factors did not result in increased
cognitive dysfunction (Mathieu et al., 2008). Ayalon et al showed cognitive dysfunction, on performance of
the Go-No-Go cognitive task, in older OSA people, but no significant impairment when OSA and increasing
age were considered separately (Ayalon et al., 2010). Finally, Cohen-Zion et al used the mini-mental state
examination to study the effects of OSA on cognitive function in older patients and found a significant
association between the severity of OSA and the self-reported severity of daytime somnolence. Again,
however, once other variables (including total sleep time) were included in the model, only the relationship
between cognitive impairment and excessive somnolence remained significant (Cohen-Zion et al., 2001;

Cohen-Zion et al., 2004).

When cognitive function is preserved in OSA patients, functional brain imaging has revealed that brain
activation is increased, compared to the activation that occurs in healthy controls performing the same
task. The association between preserved cognitive function, and greater activation in OSA patients suggests
that increased cerebral recruitment is required to maintain cognitive performance (Ayalon et al., 2006).
Similar preservation of cognitive function, with compensatory increased cerebral activation has been found
in older people; however older patients with coexistent OSA show decreased cerebral activation and
cognitive dysfunction (Ayalon et al., 2010). This suggests that age and OSA could have synergistic effects on

cerebral activation and consequently cognitive function.
5.2.5 Sleepiness in older people with OSA

Sleep becomes more fragmented with age, independent of sleep apnoea (Mathur & Douglas, 1995; Boselli
et al., 1998; Browne et al., 2003a), and there is a well documented age-related reduction in sleep quality
(Bixler et al., 1984; Redline et al., 2004). These features of sleep in older people have led to the suggestion
that older OSA patients may be habituated to the added disease-related sleep disruption of OSA, and
therefore do not suffer symptoms of daytime sleepiness in the same way as younger patients. The large
epidemiological study (Sleep Heart Health Study; n=5,407) of community dwelling adults (mean age 63,
range 45-99 years) showed that age was associated with a reduction in subjective sleepiness, measured
using the Epworth Sleepiness Scale (ESS) in females, but not in males (ESS, young (39-40) years vs older >
80 yrs. Females 7.4 (4.4) vs 6.5 (4.0); Males 7.3 (4.3) vs 7.7 (4.7) (Unruh et al., 2008)]). Assuming age was
associated with an increased prevalence of OSA, these data could be interpreted as support for the notion
that older OSA patients are less sleepy than younger patients. Although in another study comparing older

people with and without OSA (defined as an apnoea / hypopnoea index (AHI) >10 to 15 events per hour)
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patients with OSA were more sleepy than those without OSA (Endeshaw, 2006). In older OSA patients,
recruited from sleep clinics; subjective daytime sleepiness was found to be similar to that experienced by
younger patients matched for disease severity and body mass index in one study (Browne et al., 2003b) and
less in another (Chung et al., 2009). Thus the current information on the symptoms of sleepiness in older

people with OSA is unclear.
5.2.6 Changes in brain morphology in older people with OSA

As discussed in Chapter 1, section x the majority of studies of brain structure in OSA patients show
hippocampal changes (see Table 3.1), likely due to intermittent hypoxia. This is supported by animal models
of intermittent hypoxia which have resulted in cognitive impairment and hippocampal hypotrophy (Chapter
3, Section 3.2.1). However, there is increasing evidence that ischemic preconditioning may protect against
some of the effects of hypoxaemia as discussed in Chapters 3 and 4. Again, this is supported by animal
models. Rats with spatial memory deficits caused by intermittent hypoxia, demonstrated improvement
cognitive performance associated with increased cell proliferation in the dentate gyrus (DG) of the
hippocampus (Gozal et al., 2003a; Gozal et al., 2003b). Furthermore, it has been shown that mild
intermittent hypoxia is neuroprotective. The results presented in Chapter 3 of the Brain MRl in middle-aged
people with OSA, compared to healthy people appear to support this suggestion. Likewise the results in
Chapter 4, where young and middle-aged patients with OSA have been compared to healthy people, before
and after CPAP treatment also support the notion that OSA can cause both hyper and hypotrophy in
different brain structures. The effects of OSA in older patients, who may have had undiagnosed OSA for a
long period of time, and who have the normal changes in cognitive function associated with aging are not

known.
5.3 AIMS

The aim of the study presented in this Chapter was to investigate the impact of CPAP treatment on
hippocampal structure and cognitive function in older people with OSA, testing the hypothesis that treating
intermittent hypoxia secondary to OSA with CPAP would be associated with changes in hippocampus
morphology. To address this aim a pre-defined hippocampal sub-fields analysis was carried out on the brain

MRI scans of older patients with OSA, before and after 6 months of CPAP treatment.
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5.4 METHODS

5.4.1. Trial design

This study was a single-blinded (investigator blinded), parallel group, single centre, randomised controlled
trial (RCT) of 6 months duration. Patients were randomised to receive either CPAP and Best Supportive Care

or Best Supportive Care only. The trial design and recruitment is shown in Fig 5.2..
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Assessed for eligibility n=144

Lt

Excluded n=108
- Not meeting inclusion criteria n=51

- Declined to participate n=57

Randomized n=36

Y

Allocated to CPAP plus BSC n=17

Received allocated intervention n=17

Lost to follow-up n=0
Discontinued intervention n=8

(Unable to use CPAP)

Analysed n=17

Excluded from analysis n=0

Allocation

6 month

Follow-Up

Included
in

Analysis

A

Allocated to BSC n=19

Received allocated intervention n=19

Y

Lost to follow-up n=0
Discontinued intervention n=1

(Medically withdrawn)

Analysed n=17
Excluded from analysis n=1

(Did not have OSA)

Figure 5.2 CONSORT diagram of patient recruitment, and progression through the study
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5.4.2. Recruitment and Screening

Patients were recruited from those referred to the Royal Brompton Hospital sleep clinics with possible OSA.
Patients who had completed the control arm of a large multicentre randomised study to investigate the
treatment of OSA in older people (The PREDICT study - (McMillan et al., 2014)), were also approached to
take part in the study. Cognitive testing and sleep studies were performed in the Royal Brompton Hospital
Clinical Research Facility. The brain MRI scans were completed in the Radiological Sciences Unit at Charing
Cross Hospital, Imperial College Healthcare NHS trust. The study was approved by the National Research
Ethics Committee (ref: 10/H0711/101) and patients gave written informed consent at the enrolment visit.

The sponsor insurance and indemnity was provided by Imperial College London.

Patients were eligible to participate if they were aged 65 years or older at the enrolment visit, with a
diagnosis of OSA (defined as = 4% SpO,; ODI > 7.5 events/hour). Patients were not eligible for the study if
had any of the following: arterial awake oxygen saturation <90% on room air, FEV; / FVC ratio <60%,
substantial problems with sleepiness driving (in those who are still driving), currently using heavy good
vehicle or professional service vehicle driving license, shift work, any very severe complication of OSA such
that CPAP therapy was mandatory, inability to give informed consent or comply with the protocol, previous
or current psychiatric disorders (including alcohol or drug abuse), psychotropic medications (including all
sedating medications, anxiolytics, major tranquilizers, antipsychotics, hypnotics, anticonvulsants),
neurological disorders, and a previous head injury resulting in loss of consciousness or notable cognitive

deficit.

Contraindication to undergoing the MRI scan, in particular metal within the body was also an exclusion
criteria. The exclusion criteria for MRl were: pacemaker or pacing wires, aneurysm clips in the head, artificial
heart valves or coronary stents, metal implants, cochlear implants, programmable shunts, deep brain

stimulator or neurostimulator, and shrapnel or metal fragments in the body or eyes

All patients potentially eligible to participate in the study were identified from sleep and respiratory clinics
by myself or Dr McMillan. Once the diagnosis of OSA was confirmed they were contacted and offered an
opportunity to take part in the study. Screening logs were kept documenting the number of patients

assessed for eligibility and, if applicable, the reason(s) for non-inclusion.
5.4.3. Data Collection

Patients were randomized to receive either CPAP plus Best Supportive Care (see Chapter 4 for a full

description) or Best Supportive Care alone. As discussed earlier in Chapter 4, Section 4.8.1 this was a
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physical device trial, and hence the treatment allocation for the individual patients could not be concealed.
Randomised occurred after patients had completed their enrolment visit, the morning after the sleep study.
Patients were allocated on a one to one basis, using block randomisation stratified by disease severity

(enrolment ESS > 9 v £9) and ODI (ODI >15 v <15).

Both groups had identical schedules (see Table 5.2). Structured clinical assessments were performed at
baseline and 6 months. All patients received a telephone call at 1 week to optimize CPAP adherence and
offer additional support. Domiciliary overnight, pulse-oximetry was completed at 6 months. Table 5.3
summarizes the assessment completed at each time point. Assessment visits were carried out in the Royal
Brompton Hospital research laboratory and clinical research facility. Occasionally, research staff agreed to

see a patient in their own home when the patient was unable to attend the hospital.

The brain MRI scans were completed on a 3T scanner (Siemens, Germany) in the Radiological Sciences Unit
at Charing Cross Hospital, Imperial College Healthcare NHS trust. The brain scan sequence was
approximately 60 minutes and included T1 and T2 weighted and diffusion tension imaging. All MRI scans
were done on the afternoon prior to the NPSG and randomization. The cognitive test panel was conducted
in a quiet laboratory at 19.00 before their NPSG. Patients were asked to abstain from caffeinated beverages

for the duration of their stay.

Table 5.2 Visit schedule

Time Event
Day 1
13.00 | Patient arrival Royal Brompton Hospital: Consent and enrolment
14.00 | The Oxford Sleep Resistance Test

15.00 | Taxito Charing Cross Hospital

16.00 Brain MRI scan

18.00 | Patient returns to Royal Brompton Hospital

Enrolment completed

18.30 | Evening meal

19.00 | Cognitive tests

20.00 | Set up for Nocturnal Polysomnogram
Day 2
08.00 | Fasting bloods
08.30 | Breakfast

09.00 Randomised and intervention delivered

95



Table 5.3 Summary of assessments by time point

Assessments and Measurements

Screening

Baseline

Week

Month

Eligibility and exclusions

Informed consent and enrolment

Nocturnal polysomnogram

Overnight pulse oximetry

Overnight respiratory polygraphy

Clinical assessment visit including sleep history

Demographics

Caffeine and alcohol intake

Exercise history

Anthropometry

Blood pressure and resting pulse

Fasting bloods

Subjective sleepiness (Epworth Sleepiness Scale)

Objective sleepiness (Oxford Sleep Resistance test)

Disease specific quality of life (SAQLI)

Mood (Hospital Anxiety and Depression Scale)

Cognitive function

Telephone call

Continuous positive airway pressure adherence

Continuous positive airway pressure side effects

Adverse events
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5.4.3. Brain MRI analysis

The change from baseline in brain morphology was measured in older OSA patients treated with CPAP and
those treated with Best Supportive Care only. Images were processed using the FreeSurfer software

package (version 5.3.0, available at http://surfer.nmr.mgh.harvard.edu/), which is fully automated (See

Chapter 2, Section 2.5.2 for a full description).

A hybrid watershed algorithm was used to segement the image, removing non-brain tissue and
transforming the images into Talairach space. GM and WM were segmented. Once the hippocampus had
been identified, it was segmented using Bayesian inference and a probabilistic atlas of hippocampal
formation. This was based on manual segmentation of ultra-high resolution T1-weighted images of several
participants (Van Leemput et al., 2009). Volumes from 7 subfields were generated; CA1, CA2-3, CA4-DG,
subiculum, presubiculum (GM), fimbria (WM) and hippocampal fissure (CSF).

5.4.4. Additional analysis

The change in cognitive function from baseline to 6 months as measured in older OSA patients treated with
CPAP and Best Supportive Care. The cognitive test panel is described in Chapter 2, Section 2.4. Changes in
subjective sleepiness, measured by the ESS score (Chapter 2, Section 2.3.1) were also analysed. Treatment
compliance was measured objectively by downloading a smart card in the CPAP machine at the 6 month

visits.
5.4.5. Sample Size

The sample size calculations for this study were based on the cognitive data previously collected in our
group (Twigg et al 2010). As well as the most recently published data at the time the protocol was devised
(Canessa et al., 2011). These data (Table 5.4) indicated that between group differences could be calculated,
atanalpha error level of 5% (corresponding to a 95% confidence interval) and a beta error level or Statistical
Power [1 - Beta] of 80%, assuming CPAP treatment reverses any reduction in cognitive function in older
patients with OSA to levels comparable to those seen in these healthy people. Therefore, 20 Patients in

each group would demonstrate a difference in spatial span forwards and backwards test.

The Stroop data had shown that the mean time to complete the test is 39 seconds in OSA patients, and 23
seconds in healthy controls (SD 8.1). Assuming a more conservative difference of 8 seconds after CPAP,
using an alpha error levels of 5% and a Beta error or 80%, it was calculated that 17 patients were required

in each group to detect this difference.
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Table 5.4 Cognitive tests with sample sizes

Sample Sample Sample
Test 1 2 St',z:t;‘n
Mean Sd Mean Sd
groups
Spatial Span Forwards 8 2 6 1 10
Spatial Span Backwards 8 2 5 1 5
Logical Memory (immediate) 43 10 36 22 94
Logical Memory (delayed) 27 7 22 7 31

Previous MRI brain studies in OSA had shown a differences in brain structure between OSA patients and
controls using sample size 7-21 (see Table 3.1) and changes in hippocampal structure had been found after
3 months CPAP in a study of 17 patients (Canessa et al., 2011). Therefore a sample size of 44 (22 in each
group) was assumed to be needed for the brain MRI analysis. This allowed for a 10% drop out (e.g. loss to

follow-up, claustrophobia preventing MRI acquisition, inability to sleep in the laboratory).

5.5 STATISTICAL METHODS

Hippocampal sub-field volume produced by FreeSurfer were dividing by total intracranial volume to
normalise the data. A student’s t-test was used to compare BSC and CPAP groups both at baseline and at 6
months. Within group differences were analysed using paired t-tests. The 4 predefined groups (Best
Supportive Care:baseline, BSC:6 months, CPAP:baseline, CPAP:6 months) were compared using ANOVA.
Tukey’s Honest Significan Difference was employed for post-hoc analysis which compared CPAP:6 months
with the other 3 groups independently. ANCOVA was used when an additional covariate (OSA severity) was
added. All statistical analysis was performed using SPSS statistical software (version 21.0, SPSS Inc., Chicago,

Illinois, USA).
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5.6 RESULTS

The screening and recruitment for this study were completed between January and December 2012. During
this time there were 150 new patients with a potential diagnosis of OSA who were aged over 65. The
CONSORT diagram shows recruitment (Fig 5.2). 144 individuals were screened, of whom 93 (65%) met the
inclusion criteria. 57 eligible patients did not consent to entering the study and 36 (39%) patients were
randomised. This was fewer than the 44 patients | had intended to study. One patient withdrew from the
study for medical reasons and 1 patients was excluded from the analysis as he was found not to have OSA

(AHI <5 events/h).

The 6 month visits occurred between July 2012 and August 2013 with 34 patients completing the protocol.
The main reasons for non inclusion were: not wishing to enter the study n=57 (53%), inability to have MRI
n=18 (17%), unable to make contact after initial contact and providing a patient information sheets n=14

(13%) and an inability to complete cognitive battery due to limited English n=8 (7%).

5.6.1 Baseline data

Seventeen patients were randomised to CPAP plus BEST SUPPORTIVE CARE; 19 to BEST SUPPORTIVE CARE
alone. 28 (83%) were male with a mean age of 71 ranging from 65 to 77 years. 28 (82%) were white. Patients
had a mean BMI of 30.8 (S.D. 4.9) Kgm?. No significant difference was found between the groups for age,
years of education, BMI, neck circumference or BP. Baseline demographic and clinical data are shown in

Table 5.5 and 5.6 respectively.

By chance the CPAP group had more severe OSA: Arousal Index (events/TST) (p=0.01), 4% Apnoea
/hypopnoea Index (p=0.02), Obstructive events/h (p=0.04) and 4% ODI (p=0.01) although subjective
sleepiness, objective sleepiness and symptoms were similar between groups. The sleep data are shown in

Table 5.7.
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Table 5.5: Baselines demographics

Best Supportive Continuous positive Independent T test
Care airway pressure p value
N=17 N=17
Age (years) 70.8(3.3) 70.8 (4.1) 0.96
Male sex N (%) 12 (71%) 16 (94%) Not tested
Education (years) 15 (6) 14 (4) 0.36
White N 15 14 Not tested
Asian N 1 1 Not tested
Other N 1 2 Not tested
Body mass index (kg/m?) 31.4 (3.8) 30.1(6.0) 0.46
Neck circumference (cm) 42 (4) 43 (4) 0.63
Caffeinated drinks /day 4 (3) 5(3) Not tested
Alcoholic drinks/week 4 (0-12) 3 (0-6) Not tested
Never 6 10 Not tested
Smoking status
Ex 11 5 Not tested
N
Current 0 2 Not tested

Data are mean (SD), median (25™-75™ percentiles) or N number (%) as appropriate. As patients were
randomised any differences that occurred between groups at baseline will be the result of chance.
Statistical analysis by group was only completed after data collection was completed in parameters that
may influence cognitive function. Parameters with small numbers were not tested.
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Table 5.6 Baseline clinical characteristics

Best Supportive Continuous positive Independent

Care airway pressure T test

N=17 N=17 p value
Asthma/COPD N 4 1 Not tested
Ischaemic Heart Disease N 7 7 Not tested
Hypertension N 11 13 Not tested
Diabetes N 4 5 Not tested
Cerebral vascular Disease N 1 2 Not tested
Systolic blood pressure (mmHg) 140.9 (22.4) 134.1 (17.5) 0.33
Diastolic blood pressure (mmHg) 81.7 (11.6) 81.5(15.1) 0.97

COPD: Chronic Obstructive Pulmonary Disease. Data are mean (SD), median (25™-75" percentiles) or N
number (%) as appropriate. As patients were randomised any differences that occurred between groups at
baseline will be the result of chance. Statistical analysis by group was only completed after data collection
was completed in parameters that may influence cognitive function. Parameters with small numbers were

not tested.

101




Table 5.7 Baseline sleep measurements

N |Best Supportive| N Continuous |Independent
Care positive airway T test
pressure
p value
Epworth sleepiness score 17 9.4 (4.8) 17 9.4 (3.9) 1.0
f I Resist Test
Oxford Sleep Resistance Tes 16 | 26.6(145) | 16 | 26.6(15.8) 0.99
(minutes)
Sleep Apnoea Quality of Life Index 17 4.8 (1.5) 17 5.2 (0.9) 0.30
Total sleep time (TST) (minutes) 14 291.5(99.5) 15 352.7 (91.8) 0.097
Sleep efficiency (%) 14 55.8 (16.6) 15 66.8 (13.1) 0.06
Arousal index (events/TST) 15 17.1(9.4) 15 30.9 (16.8) 0.01
4% Apnoea /hypopnoea index
(events/TST) 17 19.3 (15.4) 17 34.1(20.2) 0.02
Apnoea index 17 | 6.6 (2.3-12.9) | 17 23.9(8.3-44) 0.06
Obstructive events/h 17 4.7 (1.2-9.3) 17 14'391(2')8 - 0.04
Central events/h 17 [ 0.5(0.05-1.7) | 17 1.1(0.2-6.4) 0.5
4% Oxygen Desaturation index 17 18.3 (14.6) 17 35.1(21.5) 0.01
73. 4-

SpO, Time < 90% (minutes) 17 |62.6(12.7-87.7)| 17 3128(6;) 0.72

Data are mean (SD), median (25™-75™ percentiles) or N number (%) as appropriate. As patients were
randomised any differences that occurred between groups at baseline will be the result of chance.
Statistical analysis by group was only completed after data collection was completed in parameters that

may influence cognitive function.

102



5.6.2. Brain MRI: Hippocampal volume analysis

Hippocampal volumes as absolute values and percentage of whole brain are shown in Table 5.8 along with
hippocampal sub-fields volumes. There was a significant reduction in left fimbria volume after 6 months in
the CPAP group (p=0.01), A significant increase in left presubiculum volume was seen after 6 months in the
Best Supportive Care group (p=0.028) (Table 5.9). No other significant differences were seen between or
among groups either before or after treatment, whether using OSA severity as a covariate or not (Table

5.9).
5.6.3. CPAP Adherence

The overall CPAP adherence was measured at 6 months and results are shown in Table 5.10. Of the 17
patients randomised to CPAP 7 patients had stopped using CPAP or had low CPAP adherence, although at
the end of the trial 12 patients (including 2 with low use) requested they continue using CPAP. Only 5

patients had over 4 hours a night of CPAP use. The median daily use was 3.4 (2.2) hours.

The oxygen desaturation index was statistically different between groups at 6 months in favour of CPAP 3.0
(10.7) vs. Best Supportive Care 20 (18.3) events/hour p<0.01. This is likely to be because pulse oximetry was
only performed on one night at the end of the study, when the subjects knew their oxygen saturations were
being measured, whereas compliance data was recorded by the device every night and downloaded at the
end of the trial. Subjects were likely to be more compliant with CPAP on the night that they knew oximetry

was being recorded than on other nights.
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Table 5.8 Normalised mean hippocampal volume (mm3) and percentage of whole brain and
hippocampal sub-fields volume (mm?3) and percentage of hippocampus.

BEST SUPPORTIVE CARE

Pre-treatment

Post-treatment

Pre-treatment

(Left)

Whole hippocampus 3822.0 (0.254%) 3878.8 (0.259%) 3785.8 (0.24
Fimbria 55.8 (1.463%) 55.7 (1.432%) 67.0 (1.77
CA1 338.3 (8.876%) 340.9 (8.811%) 326.3 (8.70
CA2-3 950.2 (24.881%) 962.3 (24.861%) 916.5 (24.3C
CA4-DG 537.5 (14.057%) 550.0 (14.210%) 508.7 (13.4¢
Subiculum 606.9 (15.922%) 611.0 (15.784%) 583.1 (15.41
Presubiculum 419.6 (10.971%) 448.6 (11.576%) 416.3 (10.97
Hippocampal fissure 40.5 (1.044%) 43.2 (1.104%) 45.4 (1.16
(Right)

Whole hippocampus 3973.3 (0.264%) 3904.5 (0.261%) 3877.0 (0.24
Fimbria 34.7 (0.875%) 37.2 (0.975%) 42.4 (1.09
CAl 339.8 (8.551%) 345.1 (8.864%) 338.9 (8.81
CA2-3 993.7 (25.029%) 996.0 (25.604%) 964.78 (24.9¢
CA4-DG 563.2 (14.162%) 568.5 (14.589%) 534.3 (13.82
Subiculum 624.4 (15.700%) 632.4 (16.285%) 601.9 (15.5€
Presubiculum 414.7 (10.449%) 427.7 (11.048%) 410.1 (10.6¢€
Hippocampal fissure 49.9 (1.256%) 49.2 (1.254%) 41.8 (1.08
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Table 5.9 Student and paired t-tests.

Student t-test
Pre-CPAP vs. Pre-BEST Post-CPAP vs. Post-BEST Pre- vs. Post-BEST
SUPPORTIVE CARE SUPPORTIVE CARE SUPPORTIVE CARE
(Left)
Whole hippocampus 0.437 0.429 0.094
Fimbria 0.207 0.432 0.785
CA1 0.659 0.662 0.674
CA2-3 0.404 0.647 0.956
CA4-DG 0.148 0.271 0.394
Subiculum 0.332 0.780 0.496
Presubiculum 0.991 0.233 0.028*
Hippocampal fissure 0.362 0.593 0.282
(Right)
Whole hippocampus 0.257 0.552 0.427
Fimbria 0.256 0.571 0.323
CAl 0.485 0.464 0.219
CA2-3 0.894 0.551 0.145
CA4-DG 0.332 0.140 0.079
Subiculum 0.771 0.487 0.180
Presubiculum 0.639 0.381 0.054
Hippocampal fissure 0.338 0.299 0.975

(* = P-value < 0.05)
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Table 5.10 CPAP Adherence

Over 6 months

Number randomised 17
Number (%) analysed 17 (100%)
Number of patient who used CPAP less than 7 (41%)
1 months or stopped

Number of patients who requested to o
continue using CPAP 12 (71%)
Number using CPAP >4 hours/night N (%) 5 (29%)
Median daily use (mean hours/night) 3.4(2.2)

5.7 DISCUSSION

The main findings of this study were a decrease in left fimbrial volume after CPAP, and an increase in
the left presubiculum volume. There was no demonstrate the increase in the hippocampal sub-field
volumes in older patients with OSA, this was somewhat surprising as previous studies in younger and
middle-aged patients with OSA have seen these differences (Chapters 3 and 4). Possible reasons
including the poor adherence with CPAP treatment, loss of plasticity in brain tissue and limitations of
the scans and their analysis are discussed in this Section of the Thesis. | will also try to explain these
findings in the context of the improvements in attention and executive function. The cognitive data

has previously presented by Dr McMillan in her PhD Thesis.

5.7.1. Left fimbria volume decrease

After 6 months of CPAP treatment, the only change in hippocampal sub-field volume seen was a
decrease in the left fimbria. The fimbria is a collection of white matter that extends from the
ventricular surface of the hippocampus into the fornix, which forms the largest efferent projection of
subiculum into the hypothalamus (0'Mara et al., 2001). In animal models the fimbria is involved in
working memory. If the fimbria are surgically damaged rats will perform poorly at tasks of working

memory (Walker & Olton, 1984), (Sutherland & Rodriguez, 1989). It is of note that the patients in the
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present study showed improvements in tasks of attention and executive function but not in tasks of

working memory.
5.7.2. Left presubiculum volume increase

The presubiculum volume increased after 6 months of Best Supportive Care. The presubiculum lies
between the hippocampus and the cortex and as such is an important site for both afferent and
efferent pathways. It receives cortical input from the cingulate gyrus, and projects indirectly into the
hippocampus via the entorhinal cortex (Cragg, 1965; Shipley, 1975; Vanhoesen & Pandya, 1975;
Pandya et al., 1979 cited from Seltzer, 1979). It receives afferent projections from the hippocampus
that ultimately lead to the cortex (Meibach & Siegel, 1975; Swanson & Cowan, 1975; Meibach & Siegel,
1977; Rosene & Van Hoesen, 1977). It is known to be involved in spatial memory (Simonnet et al.,

2013).

The volume increase does was not matched by an improvement in spatial memory or any other
cognitive domain in patients in the BEST SUPPORTIVE CARE group but it could still represent real brain
hypertrophy. Alternatively it could represent oedema as a result of changes in intracellular sodium
and potassium concentrations induced by ischaemia (Kreisman & LaManna, 1999). Finally it could be

a statistical quirk and not represent a real change.
5.7.3. Absence of brain hypertrophy after CPAP

There are several possible reasons for the absence of brain hypertrophy found this study in older
people, compared to those in younger and middle-aged people presented in Chapters 3 and 4. These

include:

Poor adherence to CPAP treatment: CPAP only prevents apnoeas when it is actually being worn. Thus
if the patient sleeps with CPAP for some of the night and without it for some of the night, he/she will
still be exposed to intermittent hypoxia for the period CPAP is not worn. Although there is no formal
definition of CPAP adherence, most studies use a cut-off of 4 hours/night. Using this definition
between 29 and 83% of patients were not adhering with CPAP (Weaver & Grunstein, 2008). Factors
that are associated with poor adherence include depression, increased nasal resistance, mild or severe
OSA, mild symptomatology of OSA and poor education (Sawyer et al., 2011). Older men with nocturia
as a result of prostate disease also use CPAP less, as they need to reapply the mask several times
during the night (Wolkove et al., 2008). Additionally older people may be able to nap during the day,
therefore poor nightime adherence may not present such a problem compared to younger people

who have more demanding schedules.
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After 3 months of CPAP, adherent patients (mean CPAP use 8.5 hours/night) showed significantly
more improvement in multiple cognitive domains than non- adherent patients (mean CPAP use 3.9
hours/night) (Aloia et al., 2003). A subsequent study showed that 21% of poor users (<2 hous/night),
44% of moderate users (2-6 hours/night), and 68% of optimal users (>6 hours/night) exhibited
memory performance in the clinically normal range following 3 months of CPAP (Zimmerman et al.,
2006). In the present study only 5 patients (29%) achieved good adherent and 7 (41%) used CPAP for
less than a month in total over the 6 months. If CPAP leads to improved cognitive function because
the removal of intermittent hypoxia leads to hippocampal hypertrophy, then this level of adherent
may be ineffective. However although my patients did not show improved memory, they did

demonstrate improvements in attention and executive function.

Loss of neuroplasticity: Rodent studies suggest that neuroplasticity is maximal in the first 2 weeks of
life and had significantly reduced after 6-12 months (Kuhn et al., 1996). Expression of highly
polysialyted neural cell adhesion molecule, expressed by new neural cells, falls steadily from 2 months
of age until it is virtually undetectable at 18 months (Seki & Arai, 1995). | do not think there is
corresponding data for human brains, but it is plausible that the neuroplasticity seen in younger

individuals may not be present in those aged 65 years and older.

Daytime sleepiness: The older patients who took part in this study did not report being excessively
sleepy (mean ESS 9.4). It is therefore possible that the relatively low burden of symptoms may mean
that they had had undiagnosed OSA for many years. If this was the case they may also have had
prolonged exposure to intermittent hypoxia and sleep fragmentation. There is some evidence that the
effects of these insults are cumulative and that may mean that my older patients’ prolonged exposure
has resulted in irreversible damage. In animal models, prolonged exposure to sleep deprivation
suppresses hippocampal neuronal proliferation, differentiation, maturation and survival (Roman et

al., 2005).

The CA1 hippocampal sub-field has been shown to be especially sensitive to hypoxia (H.M. & P., 1998;
Harrison & Eastwood, 2001). Irreversible CA1 injury can be the result of even short periods of induced
ischaemia (Nitatori et al., 1995; Csernansky et al., 1998). Although other sub-fields may be more
resilient, prolonged exposure to intermittent hypoxia may result in irreversible damage in these
regions. This explanation would be particularly interesting with regards to the results presented in this
Chapter. Memory impairment, which did show some resolution in younger patients in Chapter 4, did
not improve in older patients in this study because memory is mediated by the hippocampus, and the
hippocampal damage in older OSA patients was irreversible, either because of prolonged exposure to

intermittent hypoxia and sleep fragmentation or because of age-related loss of neuroplasticity. The
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improvements in attention and executive function seen in older patients in this study could have to
be mediated by a different mechanism, perhaps sleepiness: Although ESS reduction in the CPAP group
(baseline mean 9.4, post-CPAP mean 7.3) was not statistically significant; it may have been clinically

significant.
5.7.4. Limitations of the analysis

| have discussed the limitations of FreeSurfer in Chapters 3 and 4. The same limitations mentioned
previously would apply to this study also. Furthermore, in this study | limited our analysis to the
hippocampus and its sub-fields. This was based on the observation that almost all studies of brain
structure in OSA patients have shown hippocampal hypotrophy (Morrell & Glasser, 2011).
Additionally, the first study to show an increase in grey matter volume after CPAP treatment showed
this in the hippocampus. | was therefore surprised by the results found in the study presented here.
However, in Chapter 4 is should be noted that thalamic hypertrophy and hippocampal hypotrophy
was found. Therefore, it is possible that by only studying hippocampal sub-fields | have missed

hypertrophy in the thalamus or other brain regions. Further analysis will help to clarify this point.
5.7.5. Conclusion

The results of this study have shown that after 6 months of BEST SUPPORTIVE CARE there was an
increase in left presubiculum volume, and that after 6 months of CPAP there was a decrease in left

fimbria volume. There was no evidence of CPAP induced hippocampal hypertrophy.
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CHAPTER 6: GENERAL DISCUSSION
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6.1. SUMMARY OF FINDINGS

OSA leads to changes in brain structure that are associated with cognitive dysfunction. However it
was unclear if these changes were reversible and whether any resolution of brain hypotrophy would

result in resolution of cognitive dysfunction.

Study 1 (Chapter 3) was a cross-sectional study of brain structure in young and middle-aged patients
with OSA. A new automated technique, FreeSurfer, was used to analyse MRI brain images of patients
newly diagnosed with OSA compared to healthy controls. It is the first study to show that, as well as
hypotrophy of brain tissue, OSA patients also have regions of hypertrophy within the hippocampus,
an area of brain associated with memory. | propose that this hypertrophy was the result of ischaemic
preconditioning, with IH leading to dendritic sprouting and increased connectivity and protection of

brain function.

Study 2 (Chapter 4) was a randomised controlled trial of CPAP’s effects on brain structure and
cognitive function in young and middle-aged OSA patients. FreeSurfer was used to analyse MRI brain
images of newly diagnosed OSA patients and healthy controls. In this study | also investigated a link
between brain structure and brain function by analysing subjects’ performance in a battery of
cognitive tests. In order to assess the effects of CPAP, OSA patients were then randomised to receive
either CPAP or best supportive care for one month following which brain MRI and cognitive testing
were repeated. | found hippocampal hypotrophy in OSA patients compared to healthy controls at
baseline. However after one month of CPAP treatment this was no longer significant. Furthermore
there was significant thalamic hypertrophy in the CPAP group compared to the BSC group.
Hypertrophic changes in the right thalamus were strongly correlated to changes in bilateral cortical
cerebellar and hippocampal structures. CPAP was also shown to significantly improve performance in
tests of working memory. The association of improvement in working memory with wider
reorganization in a distributed memory system for associative learning (thalamocortical changes
associated with changes in bilateral hippocampi and cerebellar cortices) suggests that ischaemic
preconditioning may be neuroprotective in young and middle-aged OSA patients. This leads to
resolution of brain hypotrophy following treatment with CPAP. This resolution of brain structure in a
system known to be involved in working memory may be the cause of the improvements in working

memory following CPAP treatment that | found.

Study 3 (Chapter 5) was a randomised controlled trial of CPAP’s effect on brain structure in older
people with OSA. This is the first time the combined effects of OSA and aging on brain structure have

been reported. MRI brain images were collected at baseline and 6 months after randomisation to
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either CPAP or BSC. These were analysed using FreeSurfer, this time focusing specifically on
hippocampal subfields, as | had already shown hippocampal hypertrophy in younger patients in study
1 and the hippocampus is known to be a site of neurogeneration in ischaemic preconditioning in
animal models. | found fimbial hypotrophy after 6 months of CPAP in older patients with OSA but no
hippocampal hypertrophy. This may be because aging leads to a reduction in neurogenerative
capabilities inhibiting the protective effects of ischaemic preconditioning. Alternatively older OSA
patients, who are less sleepy than younger patients, have actually had undiagnosed OSA for a long
period, and prolonged exposure to IH has resulted in cessation of neurogeneration, as it has been

shown to do in animal models.

6.2. FUTURE RESEARCH

Further work is needed to investigate the effects of intermittent hypoxia on brain structure and
function in humans, as well as the protective role of ischaemic preconditioning. There is a subset of
patients with moderate and severe OSA who are not symptomatically sleepy. Current guidelines state
that these patients do not need to be offered CPAP. However these patients are still exposed to IH
and sleep fragmentation. If either of these stimuli cause neural hypotrophy and cognitive dysfunction
then these guidelines may have to be reviewed. This would be especially important if, as my thesis
suggest, the hypotrophy and memory impairment are reversible in younger people, but not in older

people, who may have been exposed to the stimuli for a prolonged period.

We have shown an association between cognitive function and brain structure in OSA. It would be
very difficult to prove a cause and effect mechanism, but more studies investigating both brain
structure and cognitive function in large numbers of patients would provide strong circumstantial
evidence. In order to achieve the required sample size, collaboration among multiple research teams
would be required. This might lead to the development of a standard battery of cognitive tests,
sensitive to the deficits seen in OSA patients, which would aid the comparison of results between

groups and allow meta-analyses to be carried out.

Driving ability is one of the most important complex cognitive tasks known to be impaired in OSA. This
has a high cost, both economic and in terms of mortality. Current guidelines suggest that OSA patients
can continue to drive if they are not excessively sleepy. IH may be linked to brain hypotrophy and
impaired driving ability in non-sleepy OSA patients. | have shown that some patients do not develop
brain hypertrophy after CPAP treatment but in fact develop further hypotrophy. Further research is
required to investigate if brain hypotrophy in these patients is associated with impaired driving

performance. If it is then the guidelines would need to be reviewed.
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In order to further explore the relative roles of intermittent hypoxia and sleep fragmentation on brain
structure, cognitive function and driving ability in OSA patients, | would propose a three armed
randomised controlled trial. The first arm would be allocated to best supportive care and would
therefore be exposed to both IH and sleep fragmentation. The second arm would be allocated to CPAP
therapy and would therefore be exposed to neither IH nor sleep fragmentation. The third arm would
be allocated to nocturnal oxygen therapy. This would not prevent airway obstruction and sleep
fragmentation, but would remove the intermittent hypoxia. | would obtain MR brain images and
measure cognitive function and driving simulator performance at baseline and again after 3 months

of treatment. | would also study matched healthy controls at baseline and at three months.

It would be intriguing to study brain structure and cognitive function in subjects with restless leg
syndrome, whose sleep is fragmented but who are not exposed to intermittent hypoxia. However it
would not be possible to determine whether any changes in brain structure in these subjects were the
result of sleep fragmentation or whether they were caused by frequent leg movements, or were even
the cause of the restless leg syndrome The effects of pure sleep fragmentation could also be studied
by using external interruptions to provoke frequent arousals from sleep in healthy controls over a

prolonged period. However this approach would be difficult both practically and ethically.

The effects of intermittent hypoxia during sleep could be studied by manipulating the atmospheric
oxygen concentration while healthy controls slept. Again, to mimic OSA, this would need to be done
over prolonged period and this would be difficult practically and ethically. However this approach

could be used in animal models to determine at what point IH stops being beneficial.

New automated techniques for the analysis of brain imaging are being developed constantly. Studies
are needed to ensure that these techniques are validated in human brains, perhaps in post-mortem
studies. Once they are proven to be valid they should be used to analyse as much data as possible.
Automated analysis allows for rapid and relatively inexpensive analysis of large volumes of data. It is

imperative that it used effectively and to its full potential.

Poor CPAP compliance means that this treatment, which is highly efficacious at preventing apnoeic
events if worn, cannot be considered the panacea of OSA treatment. Potential new techniques for
preventing apnoeas may include nerve stimulation or less invasive devices to maintain airway patency.
If the sequelae of OSA are mediated by IH then enriching inspired air with oxygen may be beneficial.
Pharmacological cures must continue to be explored. Above all, preventative measures in the field of

public health must succeed to prevent an epidemic of OSA and all the health problems it causes.

6.3 CONCLUSION
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The overall conclusion of the studied presented in this Thesis is that OSA leads to brain hypotrophy
and cognitive impairment. However ischaemic preconditioning by IH may also be protective and lead
to increased connectivity through dendritic sprouting. In younger patients ongoing dendritic sprouting
leads to restoration of functional cognitive neural pathways after treatment. Future work should focus
on preventing brain hypotrophy and ensuring effective treatment of OSA before neurogeneration

switches off.

114



References

115



Abel T, Havekes R, Saletin JM & Walker MP. (2013). Sleep, plasticity and memory from molecules to
whole-brain networks. Current biology : CB 23, R774-788.

Adams N, Strauss M, Schluchter M & Redline S. (2001). Relation of measures of sleep-disordered
breathing to neuropsychological functioning. Am J Respir Crit Care Med 163, 1626-1631.

Adriaanse SM, Koene R. A. van Dijk, Rik Ossenkoppele, Martin Reuter, Nelleke Tolboom, Marissa D.
Zwan, Magsood Yaqub, Ronald Boellaard, Albert D. Windhorst, Wiesje M. van der Flier, Philip
Scheltens, Adriaan A. Lammertsma, Frederik Barkhof, Bart N. M. van Berckel. (2014). The
effect of amyloid pathology and glucose metabolism on cortical volume loss over time in
Alzheimer’s disease. European Journal of Nuclear Medicine and Molecular Imaging 41, 1190-
1198

Aggleton JP, O'Mara SM, Vann SD, Wright NF, Tsanov M & Erichsen JT. (2010). Hippocampal-anterior
thalamic pathways for memory: uncovering a network of direct and indirect actions. The
European journal of neuroscience 31, 2292-2307.

Almendros |, Wang Y & Gozal D. (2014). The polymorphic and contradictory aspects of intermittent
hypoxia. American journal of physiology Lung cellular and molecular physiology 307, L129-
140.

Aloia MS, lIniczky N, Di Dio P, Perlis ML, Greenblatt DW & Giles DE. (2003). Neuropsychological changes
and treatment compliance in older adults with sleep apnea. J Psychosom Res 54, 71-76.

Ancoli-Israel S, Klauber M, Stepnowsky C, Estline E, Chinn A & Fell R. (1995). Sleep-disordered
breathing in African-American elderly. Am J Respir Crit Care Med 152, 1946-1949.

Ancoli-Israel S, Klauber MR, Kripke DF, Parker L & Cobarrubias M. (1989). Sleep apnea in female
patients in a nursing home. Increased risk of mortality. Chest 96, 1054-1058.

Andreou G, Vlachos F & Makanikas K. (2014). Effects of chronic obstructive pulmonary disease and
obstructive sleep apnea on cognitive functions: evidence for a common nature. Sleep
disorders 2014, 768210.

Araghi MH, Chen YF, Jagielski A, Choudhury S, Banerjee D, Hussain S, Thomas GN & Taheri S. (2013).
Effectiveness of lifestyle interventions on obstructive sleep apnea (OSA): systematic review
and meta-analysis. Sleep 36, 1553-1562, 1562A-1562E.

Aviles-Reyes RX, Angelo MF, Villarreal A, Rios H, Lazarowski A & Ramos AJ. (2010). Intermittent hypoxia
during sleep induces reactive gliosis and limited neuronal death in rats: implications for sleep
apnea. Journal of neurochemistry 112, 854-869.

Axmacher N, Henseler MM, Jensen O, Weinreich I, Elger CE & Fell J. (2010). Cross-frequency coupling
supports multi-item working memory in the human hippocampus. Proceedings of the National

Academy of Sciences of the United States of America 107, 3228-3233.

Ayalon L, Ancoli-Israel S & Drummond SP. (2010). Obstructive sleep apnea and age: a double insult to
brain function? Am J Respir Crit Care Med 182, 413-419.

Ayalon L, Ancoli-Israel S, Klemfuss Z, Shalauta MD & Drummond SP. (2006). Increased brain activation
during verbal learning in obstructive sleep apnea. Neuroimage 31, 1817-1825.

116



Bedard MA, Montplaisir J, Malo J, Richer F & Rouleau I. (1993). Persistent neuropsychological deficits
and vigilance impairment in sleep apnea syndrome after treatment with continuous positive
airways pressure (CPAP). J Clin Exp Neuropsychol 15, 330-341.

Bedard MA, Montplaisir J, Richer F & Malo J. (1991). Nocturnal hypoxemia as a determinant of
vigilance impairment in sleep apnea syndrome. Chest 100, 367-370.

Bellesi M, Pfister-Genskow M, Maret S, Keles S, Tononi G & Cirelli C. (2013). Effects of sleep and wake
on oligodendrocytes and their precursors. The Journal of neuroscience : the official journal of
the Society for Neuroscience 33, 14288-14300.

Biggs SN, Vlahandonis A, Anderson V, Bourke R, Nixon GM, Davey MJ & Horne RS. (2014). Long-term
changes in neurocognition and behavior following treatment of sleep disordered breathing in
school-aged children. Sleep 37, 77-84.

Biggs SN, Walter LM, Nisbet LC, Jackman AR, Anderson V, Nixon GM, Davey MJ, Trinder J, Hoffmann
R, Armitage R & Horne RS. (2012). Time course of EEG slow-wave activity in pre-school children
with sleep disordered breathing: a possible mechanism for daytime deficits? Sleep medicine
13, 999-1005.

Bixler EQ, Kales A, Jacoby JA, Soldatos CR & Vela-Bueno A. (1984). Nocturnal sleep and wakefulness:
effects of age and sex in normal sleepers. Int J Neurosci 23, 33-42.

Bixler EO, Vgontzas AN, Lin HM, Ten Have T, Leiby BE, Vela-Bueno A & Kales A. (2000). Association of
hypertension and sleep-disordered breathing. Archives of internal medicine 160, 2289-2295.

Bixler EQ, Vgontzas AN, Ten Have T, Tyson K & A. K. (1998). Effects of age on sleep apnea in men: I.
Prevalence and severity. Am J Respir Crit Care Med 157, 144-148.

Bonnici HM, Chadwick MJ, Kumaran D, Hassabis D, Weiskopf N & Maguire EA. (2012). Multi-voxel
pattern analysis in human hippocampal subfields. Frontiers in human neuroscience 6, 290.

Boselli M, Parrino L, Smerieri A & Terzano MG. (1998). Effect of age on EEG arousals in normal sleep.
Sleep 21, 351-357.

Browne HA, Adams L, Simonds AK & Morrell MJ. (2003a). Sleep apnoea and daytime function in the
elderly--what is the impact of arousal frequency? Respir Med 97, 1102-1108.

Browne HAK, Adams L, Simonds AK & Morrell MJ. (2001). Impact of age on breathing and resistive
pressure in people with and without sleep apnea. J Appl Physiol 90, 1074 - 1082.

Browne HAK, Adams L, Simonds AK & Morrell MJ. (2003b). Sleep apnoea and daytime function in the
elderly-what is the impact of arousal frequency? Respiratory Medicine 97, 1102-1108.

Brzecka A. (2005). Brain preconditioning and obstructive sleep apnea syndrome. Acta neurobiologiae
experimentalis 65, 213-220.

Bucks RS, Olaithe M & Eastwood P. (2013). Neurocognitive function in obstructive sleep apnoea: a
meta-review. Respirology 18, 61-70.

117



Campos-Rodriguez F, Martinez-Garcia MA, Reyes-Nunez N, Caballero-Martinez |, Catalan-Serra P &
Almeida-Gonzalez CV. (2014). Role of sleep apnea and continuous positive airway pressure
therapy in the incidence of stroke or coronary heart disease in women. American journal of
respiratory and critical care medicine 189, 1544-1550.

Canessa N, Castronovo V, Cappa SF, Aloia MS, Marelli S, Falini A, Alemanno F & Ferini-Strambi L.
(2011). Obstructive sleep apnea: brain structural changes and neurocognitive function before
and after treatment. Am J Respir Crit Care Med 183, 1419-1426.

Carlisle T, Carthy ER, Glasser M, Drivas P, McMillan A, Cowie MR, Simonds AK & Morrell MJ. (2014).
Upper airway factors that protect against obstructive sleep apnoea in healthy older males. Eur
Respir J 44, 685-693.

Castronovo V, Scifo P, Castellano A, Aloia MS, ladanza A, Marelli S, Cappa SF, Strambi LF & Falini A.
(2014). White matter integrity in obstructive sleep apnea before and after treatment. Sleep
37, 1465-1475.

Cattell RB. (1967). The theory of fluid and crystallized general intelligence checked at the 5-6 year-old
level. The British journal of educational psychology 37, 209-224.

Cerasa A, Messina D, Nicoletti G, Novellino F, Lanza P, Condino F, Arabia G, Salsone M & Quattrone A.
(2009). Cerebellar atrophy in essential tremor using an automated segmentation method.
AJNR American journal of neuroradiology 30, 1240-1243.

Chapman KR, Bing-Carter H, Alosco ML. Steinberg EG, Martin B, Chaisson C, Kowall N, Yorghos T, &
Stern RA (2016). Mini Mental State Examination and Logical Memory Scores for entry into
Alzheimer's disease trials. Alzheimer's research and therapy 8:9

Chung S, Yoon 1Y, Lee CH & Kim JW. (2009). Effects of age on the clinical features of men with
obstructive sleep apnea syndrome. Respiration 78, 23-29.

Cohen-Zion M, Stepnowsky C, Johnson S, Marler M, Dimsdale JE & Ancoli-Israel S. (2004). Cognitive
changes and sleep disordered breathing in elderly: differences in race. J Psychosom Res 56,
549-553.

Cohen-Zion M, Stepnowsky C, Marler., Shochat T, Kripke D & Ancoli-Israel S. (2001). Changes in
cognitive function associated with sleep disordered breathing in older people. J Am Geriatr
Soc 49, 1622-1627.

Comi AM. (2003). Pathophysiology of Sturge-Weber syndrome. Journal of child neurology 18, 509-516.

Cragg BG. (1965). Afferent Connexions of the Allocortex. J Anat 99, 339-357.

Craig SE, Kohler M, Nicoll D, Bratton DJ, Nunn A, Davies R & Stradling J. (2012). Continuous positive
airway pressure improves sleepiness but not calculated vascular risk in patients with minimally
symptomatic obstructive sleep apnoea: the MOSAIC randomised controlled trial. Thorax 67,
1090-1096.

Csernansky JG, Csernansky CA, Kogelman L, Montgomery EM & Bardgett ME. (1998). Progressive

neurodegeneration after intracerebroventricular kainic acid administration in rats:
implications for schizophrenia? Biol Psychiatry 44, 1143-1150.

118



D W. (1987). Wechsler Memory Scale Revised Manual. The Psychological Corporation, San Antonio,
TX.

Dale EA, Ben Mabrouk F & Mitchell GS. (2014). Unexpected benefits of intermittent hypoxia: enhanced
respiratory and nonrespiratory motor function. Physiology 29, 39-48.

Daulatzai MA. (2013). Death by a thousand cuts in Alzheimer's disease: hypoxia--the prodrome.
Neurotoxicity research 24, 216-243.

Daurat A, Foret J, Bret-Dibat JL, Fureix C & Tiberge M. (2008). Spatial and temporal memories are
affected by sleep fragmentation in obstructive sleep apnea syndrome. J Clin Exp Neuropsychol
30, 91-101.

Davies RJ, Ali NJ & Stradling JR. (1992). Neck circumference and other clinical features in the diagnosis
of the obstructive sleep apnoea syndrome. Thorax 47, 101-105.

Dempsey JA. (2010). Cardiorespiratory responses to exercise in CHF: a conspiracy of maladaptation. J
Physiol 588, 2683.

Dempsey JA & Skatrud JB. (1986). A sleep-induced apneic threshold and its consequences. Am Rev
Respir Dis 133, 1163-1170.

Dempsey JA, Veasey SC, Morgan BJ & O'Donnell CP. (2010). Pathophysiology of sleep apnea. Physiol
Rev 90, 47-112.

Devisser A, Yang C, Herring A, Martinez JA, Rosales-Hernandez A, Poliakov |, Ayer A, Garven A, Zaver
S, Rincon N, Xu K, Tuor Ul, Schmidt AM & Toth C. (2011). Differential impact of diabetes and
hypertension in the brain: adverse effects in grey matter. Neurobiology of disease 44, 161-
173.

Dirnagl U, Becker K & Meisel A. (2009). Preconditioning and tolerance against cerebral ischaemia: from
experimental strategies to clinical use. Lancet neurology 8, 398-412.

Djonlagic |, Guo M, Matteis P, Carusona A, Stickgold R & Malhotra A. (2015). First night of CPAP: impact
on memory consolidation attention and subjective experience. Sleep medicine 16, 697-702.

Doring TM, Kubo TT, Cruz LC, Jr., Juruena MF, Fainberg J, Domingues RC & Gasparetto EL. (2011).
Evaluation of hippocampal volume based on MR imaging in patients with bipolar affective
disorder applying manual and automatic segmentation techniques. Journal of magnetic
resonance imaging : JMRI 33, 565-572.

Douglas NJ, White DP, Pickett CK, Weil JV & Zwillich CW. (1982). Respiration during sleep in normal
man. Thorax 37, 840-844.

Drager LF, Polotsky VY & Lorenzi-Filho G. (2011). Obstructive sleep apnea: an emerging risk factor for
atherosclerosis. Chest 140, 534-542.

Drakatos P, Ghiassi R, Jarrold I, Harris J, Abidi A, Douiri A, Hart N, Kosky C, Williams AJ, Partridge MR &

Steier J. (2015). The use of an online pictorial Epworth Sleepiness Scale in the assessment of
age and gender specific differences in excessive daytime sleepiness. J Thorac Dis 7, 897-902.

119



Durgan DJ & Bryan RM, Jr. (2012). Cerebrovascular consequences of obstructive sleep apnea. Journal
of the American Heart Association 1, e000091.

Eikermann M, Jordan A, Chamberlin N, Gautam S, Wellman A, Lo Y, White D & Malhotra A. (2007). The
influence of aging on pharyngeal collapsibility during sleep. Chest Epub ahead of print.

Eleore L, Lopez-Ramos JC, Guerra-Narbona R & Delgado-Garcia JM. (2011). Role of reuniens nucleus
projections to the medial prefrontal cortex and to the hippocampal pyramidal CA1 area in
associative learning. PloS one 6, e23538.

Endeshaw Y. (2006). Clinical characteristics of obstructive sleep apnea in community-dwelling older
adults. J Am Geriatr Soc 54, 1740-1744.

Eriksson J, Vogel EK, Lansner A, Bergstrom F & Nyberg L. (2015). Neurocognitive Architecture of
Working Memory. Neuron 88, 33-46.

Erskine RJ, Murphy PJ, Langton JA & Smith G. (1993). Effect of age on the sensitivity of upper airway
reflexes. Br J Anaesth 70, 574-575.

Ferini-Strambi L, Baietto C, Di Gioia MR, Castaldi P, Castronovo C, Zucconi M & Cappa SF. (2003).
Cognitive dysfunction in patients with obstructive sleep apnea (OSA): partial reversibility after
continuous positive airway pressure (CPAP). Brain Res Bull 61, 87-92.

Ferini-Strambi L, Marelli S, Galbiati A & Castronovo C. (2013). Effects of continuous positive airway
pressure on cognitition and neuroimaging data in sleep apnea. International journal of
psychophysiology : official journal of the International Organization of Psychophysiology 89,
203-212.

Ferriero DM. (2005). Protecting neurons. Epilepsia 46 Suppl 7, 45-51.

Fink BR. (1961). Influence of cerebral activity in wakefulness on regulation of breathing. Journal of
applied physiology 16, 15-20.

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, Killiany R, Kennedy
D, Klaveness S, Montillo A, Makris N, Rosen B & Dale AM. (2002). Whole brain segmentation:
automated labeling of neuroanatomical structures in the human brain. Neuron 33, 341-355.

Fletcher EC, DeBehnke RD, Lovoi MS & Gorin AB. (1985). Undiagnosed sleep apnea in patients with
essential hypertension. Annals of internal medicine 103, 190-195.

Folstein MF, Robins LN & Helzer JE. (1983). The Mini-Mental State Examination. Archives of general
psychiatry 40, 812.

Fotuhi M, Hachinski V & Whitehouse PJ. (2009). Changing perspectives regarding late-life dementia.
Nature reviews Neurology 5, 649-658.

Furuta H, Kaneda R, Kosaka K, Arai H, Sano J & Koshino Y. (1999). Epworth Sleepiness Scale and sleep

studies in patients with obstructive sleep apnea syndrome. Psychiatry Clin Neurosci 53, 301-
302.

120



Gelber RP, Redline S, Ross GW, Petrovitch H, Sonnen JA, Zarow C, Uyehara-Lock JH, Masaki KH, Launer
LJ & White LR. (2014). Associations of brain lesions at autopsy with polysomnography features
before death. Neurology.

Ghiassi R, Murphy K, Cummin AR & Partridge MR. (2011). Developing a pictorial Epworth Sleepiness
Scale. Thorax 66, 97-100.

Giles TL, Lasserson TJ, Smith BH, White J, Wright J & Cates CJ. (2006). Continuous positive airways
pressure for obstructive sleep apnoea in adults. The Cochrane database of systematic reviews,
CD001106.

Goldbart AD, Row BW, Kheirandish-Gozal L, Cheng Y, Brittian KR & Gozal D. (2006). High fat/refined
carbohydrate diet enhances the susceptibility to spatial learning deficits in rats exposed to
intermittent hypoxia. Brain research 1090, 190-196.

Gozal D. (1998). Sleep-disordered breathing and school performance in children. Pediatrics 102, 616-
620.

Gozal D. (2013a). CrossTalk proposal: the intermittent hypoxia attending severe obstructive sleep
apnoea does lead to alterations in brain structure and function. The Journal of physiology 591,
379-381.

Gozal D. (2013b). Rebuttal from david gozal. The Journal of physiology 591, 387.

Gozal D, Daniel JM & Dohanich GP. (2001). Behavioral and anatomical correlates of chronic episodic
hypoxia during sleep in the rat. J Neurosci 21, 2442-2450.

Gozal D, Reeves SR, Row BW, Neville JJ, Guo SZ & Lipton AJ. (2003a). Respiratory effects of gestational
intermittent hypoxia in the developing rat. Am J Respir Crit Care Med 167, 1540-1547.

Gozal D, Row BW, Gozal E, Kheirandish L, Neville JJ, Brittian KR, Sachleben LR, Jr. & Guo SZ. (2003b).
Temporal aspects of spatial task performance during intermittent hypoxia in the rat: evidence
for neurogenesis. Eur J Neurosci 18, 2335-2342.

Gozal D, Row BW, Kheirandish L, Liu R, Guo SZ, Qiang F & Brittian KR. (2003c). Increased susceptibility
to intermittent hypoxia in aging rats: changes in proteasomal activity, neuronal apoptosis and
spatial function. Journal of neurochemistry 86, 1545-1552.

Graham NL, Emery T & Hodges JR. (2004). Distinctive cognitive profiles in Alzheimer's disease and
subcortical vascular dementia. Journal of neurology, neurosurgery, and psychiatry 75, 61-71.

Gronenschild EH, Habets P, Jacobs HI, Mengelers R, Rozendaal N, van Os J & Marcelis M. (2012). The
effects of FreeSurfer version, workstation type, and Macintosh operating system version on

anatomical volume and cortical thickness measurements. PloS one 7, e38234.

Guilleminault C & Brooks SN. (2001). Excessive daytime sleepiness: a challenge for the practising
neurologist. Brain : a journal of neurology 124, 1482-1491.

H.M. D & P. B. (1998). The Human Hippocampus: Functional Anatomy, Vascularization and Serial
Sections with MRI. 2nd completely rev. and expanded edition. Springer, Berlin, New York.

121



Haddad GG & Yu SP. (2009). Brain hypoxia and ischemia : with special emphasis on development.
Humana Press, New York.

Hader C, Schroeder A, Hinz M, Micklefield G & Rasche K. (2005a). Sleep disordered breathing in the
elderly: comparison of women and men. J Physiol Pharmacol 56, 85-91.

Hader C, Schroeder A, Hinz M, Micklefield GH & Rasche K. (2005b). Sleep disordered breathing in the
elderly: comparison of women and men. J Physiol Pharmacol 56 Suppl 4, 85-91.

Harrison PJ & Eastwood SL. (2001). Neuropathological studies of synaptic connectivity in the
hippocampal formation in schizophrenia. Hippocampus 11, 508-519.

Harsch |A, Schahin SP, Radespiel-Troger M, Weintz O, Jahreiss H, Fuchs FS, Wiest GH, Hahn EG,
Lohmann T, Konturek PC & Ficker JH. (2004). Continuous positive airway pressure treatment
rapidly improves insulin sensitivity in patients with obstructive sleep apnea syndrome.
American journal of respiratory and critical care medicine 169, 156-162.

Hass D, Foster G, Nieto J, Redline S, Resnick H, Robbins J, Young T & Pickering T. (2005). Age-dependent
associations between sleep disordered breathing and hypertension. Circulation 111, 614-621.

Hedden T & Gabrieli JD. (2004). Insights into the ageing mind: a view from cognitive neuroscience. Nat
Rev Neurosci 5, 87-96.

Heinzer R, Vat S, Marques-Vidal P, Marti-Soler H, Andries D, Tobback N, Mooser V, Preisig M, Malhotra
A, Waeber G, Vollenweider P, Tafti M & Haba-Rubio J. (2015). Prevalence of sleep-disordered
breathing in the general population: the Hypnolaus study. The Lancet Respiratory medicine 3,
310-318.

Hoch CC & Reynolds CF. (1990). Comparison of sleep-disordered breathing among healthy elderly in
the seventh, eighth, and ninth decades of life. Sleep 6, 502-511.

Horner RL, Shea SA, Mclvor J & Guz A. (1989). Pharyngeal size and shape during wakefulness and sleep
in patients with obstructive sleep apnoea. QJ Med 72, 719-735.

Hoth KF, Zimmerman ME, Meschede KA, Arnedt JT & Aloia MS. (2013). Obstructive sleep apnea:
impact of hypoxemia on memory. Sleep & breathing = Schlaf & Atmung 17, 811-817.

Hwang SH, Guilleminault C, Park CS, Kim TW & Hong SC. (2013). Usefulness of adenotonsillar size for
prediction of severity of obstructive sleep apnea and flow limitation. Otolaryngology--head
and neck surgery : official journal of American Academy of Otolaryngology-Head and Neck
Surgery 149, 326-334.

Johns MW. (1991). A new method for measuring daytime sleepiness: the Epworth sleepiness scale.
Sleep 14, 540-545.

Joo EY, Tae WS, Lee MJ, Kang JW, Park HS, Lee JY, Suh M & Hong SB. (2010). Reduced brain gray matter
concentration in patients with obstructive sleep apnea syndrome. Sleep 33, 235-241.

Jovicich J, Marizzoni M, Sala-Llonch R, Bosch B, Bartrés-Faz D, Arnold J, Benninghoff J, Wiltfang J,
Roccatagliata L, Nobili F,.Hensch T, Trankner A, Schonknecht P, Leroy M, Lopes R, Bordet R, Chanoine
V, Ranjeva J-P, Didic M, Gros-Dagnac H, Payoux P, Zoccatelli G, Alessandrini F, Beltramello A, Bargalld

122



N, Blin O &Frisoni GB, PharmaCog Consortium. (2013). Brain morphometry reproducibility in multi-
center 3 T MRI studies: a comparison of cross-sectional and longitudinal segmentations. Neurolmage
83,472-484

Jung ME, Simpkins JW, Wilson AM, Downey HF & Mallet RT. (2008). Intermittent hypoxia conditioning
prevents behavioral deficit and brain oxidative stress in ethanol-withdrawn rats. Journal of
applied physiology 105, 510-517.

Karlsson M, Mayhew L, Plumb R & Rickayzan B. (2006). Future costs for long-term care: cost
projections for long-term care for older people in the United Kingdom. Health Policy 75, 187-
213.

Killgore WD. (2010). Effects of sleep deprivation on cognition. Progress in brain research 185, 105-129.

Kirkness JP, Schwartz AR, Schneider H, Punjabi NM, Maly JJ, Laffan AM, McGinley BM, Magnuson T,
Schweitzer M, Smith PL & Patil SP. (2008a). Contribution of male sex, age, and obesity to
mechanical instability of the upper airway during sleep. J Appl Physiol 104, 1618-1624.

Kirkness JP, Schwartz AR, Schneider H, Punjabi NM, Maly JJ, Laffan AM, McGinley BM, Magnuson T,
Schweitzer M, Smith PL & Patil SP. (2008b). Contribution of male sex, age, and obesity to
mechanical instability of the upper airway during sleep. J Appl Physiol (1985) 104, 1618-1624.

Klawe JJ & Tafil-Klawe M. (2003). Age-related response of the genioglossus muscle EMG-activity to
hypoxia in humans. J Physiol Pharmacol 54 Suppl 1, 14-19.

Kohler M, Bloch KE & Stradling JR. (2009). Pharmacological approaches to the treatment of obstructive
sleep apnoea. Expert opinion on investigational drugs 18, 647-656.

Kollias | & Krogstad O. (1999). Adult craniocervical and pharyngeal changes--a longitudinal
cephalometric study between 22 and 42 years of age. Part I: Morphological craniocervical and
hyoid bone changes. Eur J Orthod 21, 333-344.

Kosseifi S, Bailey B, Price R, Roy TM, Byrd RP, Jr. & Peiris AN. (2010). The association between
obstructive sleep apnea syndrome and microvascular complications in well-controlled
diabetic patients. Military medicine 175, 913-916.

Kostikas K, Browne HA, Ghiassi R, Adams L, Simonds AK & Morrell MJ. (2006). The determinants of
therapeutic levels of continuous positive airway pressure in elderly sleep apnea patients.
Respir Med 100, 1216-1225.

Kreisman NR & LaManna JC. (1999). Rapid and slow swelling during hypoxia in the CA1 region of rat
hippocampal slices. Journal of Neurophysiology 82, 320-329.

Kumar R, Chavez AS, Macey PM, Woo MA, Yan-Go FL & Harper RM. (2012). Altered global and regional
brain mean diffusivity in patients with obstructive sleep apnea. Journal of neuroscience
research 90, 2043-2052.

Kushida CA, Nichols DA, Holmes TH, Quan SF, Walsh JK, Gottlieb DJ, Simon RD, Jr., Guilleminault C,

White DP, Goodwin JL, Schweitzer PK, Leary EB, Hyde PR, Hirshkowitz M, Green S, McEvoy LK,
Chan C, Gevins A, Kay GG, Bloch DA, Crabtree T & Dement WC. (2012). Effects of continuous

123



positive airway pressure on neurocognitive function in obstructive sleep apnea patients: The
Apnea Positive Pressure Long-term Efficacy Study (APPLES). Sleep 35, 1593-1602.

Kylstra WA, Aaronson JA, Hofman WF & Schmand BA. (2013). Neuropsychological functioning after
CPAP treatment in obstructive sleep apnea: a meta-analysis. Sleep medicine reviews 17, 341-
347.

Lavie L. (2014). Oxidative stress in obstructive sleep apnea and intermittent hypoxia - Revisited - The
bad ugly and good: Implications to the heart and brain. Sleep medicine reviews.

Lavie L. (2015). Oxidative stress in obstructive sleep apnea and intermittent hypoxia--revisited--the
bad ugly and good: implications to the heart and brain. Sleep medicine reviews 20, 27-45.

Lavie L & Lavie P. (2006). Ischemic preconditioning as a possible explanation for the age decline
relative mortality in sleep apnea. Medical hypotheses 66, 1069-1073.

Lavie P, Lavie L & Herer P. (2005). All-cause mortality in males with sleep apnoea syndrome: declining
mortality rates with age. Eur Respir J 25, 514-520.

Leevers AM, Simon PM & Dempsey JA. (1994). Apnea after normocapnic mechanical ventilation during
NREM sleep. Journal of applied physiology 77, 2079-2085.

Lévy P, Kohler M, McNicholas WT, Barbé F, McEvoy RD, Somers VK, Lavie L & Pépin J-L. (2015).
Obstructive sleep apnoea syndrome. Nature Reviews Disease Primers, 15015.

Lévy P, Pépin JL, Malauzat D, Emeriau JP & Léger JM. (1996). Is sleep apnea syndrome in the elderly a
specific entity? Sleep 19, 5S29-38.

Li Y & Veasey SC. (2012). Neurobiology and neuropathophysiology of obstructive sleep apnea.
Neuromolecular medicine 14, 168-179.

Lichtenwalner RJ & Parent JM. (2006). Adult neurogenesis and the ischemic forebrain. J Cereb Blood
Flow Metab 26, 1-20.

Lledo PM, Alonso M & Grubb MS. (2006). Adult neurogenesis and functional plasticity in neuronal
circuits. Nature reviews Neuroscience 7, 179-193.

Macey PM. (2012). Is brain injury in obstructive sleep apnea reversible? Sleep 35, 9-10.

Macey PM, Henderson LA, Macey KE, Alger JR, Frysinger RC, Woo MA, Harper RK, Yan-Go FL & Harper
RM. (2002). Brain morphology associated with obstructive sleep apnea. Am J Respir Crit Care
Med 166, 1382-1387.

Macey PM, Kumar R, Woo MA, Valladares EM, Yan-Go FL & Harper RM. (2008). Brain structural
changes in obstructive sleep apnea. Sleep 31, 967-977.

Malhotra A, Huang Y, Fogel R, Lazic S, Pillar G, Jakab M, Kikinis R & White D. (2006). Aging influences

on pharyngeal anatomy and physiology: the predisposition to pharyngeal collapse. Am J Med
119, 72.e79-14.

124



Malhotra A, Orr JE & Owens RL. (2015). On the cutting edge of obstructive sleep apnoea: where next?
The Lancet Respiratory medicine 3, 397-403.

Marshall NS, Barnes M, Travier N, Campbell AJ, Pierce RJ, McEvoy RD, Neill AM & Gander PH. (2006).
Continuous positive airway pressure reduces daytime sleepiness in mild to moderate
obstructive sleep apnoea: a meta-analysis. Thorax 61, 430-434.

Martin SE, Mathur R, Marshall | & Douglas NJ. (1997). The effect of age, sex, obesity and posture on
upper airway size. Eur Respir J 10, 2087-2090.

Mason M, Welsh EJ & Smith I. (2013). Drug therapy for obstructive sleep apnoea in adults. The
Cochrane database of systematic reviews 5, CD003002.

Mason RH, Kiire CA, Groves DC, Lipinski HJ, Jaycock A, Winter BC, Smith L, Bolton A, Rahman NM,
Swaminathan R, Chong VN & Stradling JR. (2012). Visual improvement following continuous
positive airway pressure therapy in diabetic subjects with clinically significant macular
oedema and obstructive sleep apnoea: proof of principle study. Respiration; international
review of thoracic diseases 84, 275-282.

Mathieu A, Mazza S, Decary A, Massicotte-Marquez J, Petit D, Gosselin N, Malo J & Montplaisir J.
(2008). Effects of obstructive sleep apnea on cognitive function: a comparison between
younger and older OSAS patients. Sleep Med 9, 112-120.

Mathur R & Douglas NJ. (1995). Frequency of EEG arousals from nocturnal sleep in normal subjects.
Sleep 18, 330-333.

McDaid C, Griffin S, Weatherly H, Duree K, van der Burgt M, van Hout S, Akers J, Davies RJ, Sculpher
M & Westwood M. (2009). Continuous positive airway pressure devices for the treatment of
obstructive sleep apnoea-hypopnoea syndrome: a systematic review and economic analysis.
Health Technol Assess 13, iii-iv, xi-xiv, 1-119, 143-274.

McDonald CR, Hagler DJ, Jr., Ahmadi ME, Tecoma E, Iragui V, Dale AM & Halgren E. (2008). Subcortical
and cerebellar atrophy in mesial temporal lobe epilepsy revealed by automatic segmentation.
Epilepsy research 79, 130-138.

McKenna JT & Vertes RP. (2004). Afferent projections to nucleus reuniens of the thalamus. The Journal
of comparative neurology 480, 115-142.

McMillan A, Bratton DJ, Faria R, Laskawiec-Szkonter M, Griffin S, Davies RJ, Nunn AJ, Stradling JR, Riha
RL & Morrell MJ. (2015). A multicentre randomised controlled trial and economic evaluation
of continuous positive airway pressure for the treatment of obstructive sleep apnoea
syndrome in older people: PREDICT. Health Technol Assess 19, 1-188.

McMillan A, Bratton DJ, Faria R, Laskawiec-Szkonter M, Griffin S, Davies RJ, Nunn AJ, Stradling JR, Riha
RL, Morrell MJ & Investigators P. (2014). Continuous positive airway pressure in older people
with obstructive sleep apnoea syndrome (PREDICT): a 12-month, multicentre, randomised
trial. The lancet Respiratory medicine 2, 804-812.

McNab F & Klingberg T. (2008). Prefrontal cortex and basal ganglia control access to working memory.
Nature neuroscience 11, 103-107.

125



Meibach RC & Siegel A. (1975). The origin of fornix fibers which project to the mammillary bodies in
the rat: a horseradish peroxidase study. Brain Res 88, 508-512.

Meibach RC & Siegel A. (1977). Efferent connections of the hippocampal formation in the rat. Brain
Res 124, 197-224.

Mioshi E, Dawson K, Mitchell J, Arnold R & Hodges JR. (2006). The Addenbrooke's Cognitive
Examination Revised (ACE-R): a brief cognitive test battery for dementia screening. Int J
Geriatr Psychiatry 21, 1078-1085.

Mixter RC, David DJ, Perloff WH, Green CG, Pauli RM & Popic PM. (1990). Obstructive sleep apnea in
Apert's and Pfeiffer's syndromes: more than a craniofacial abnormality. Plastic and
reconstructive surgery 86, 457-463.

Mokhlesi B, Finn LA, Hagen EW, Young T, Hla KM, Van Cauter E & Peppard PE. (2014). Obstructive
Sleep Apnea during REM Sleep and Hypertension. Results of the Wisconsin Sleep Cohort.
American journal of respiratory and critical care medicine 190, 1158-1167.

Mokhlesi B & Punjabi NM. (2012). "REM-related" obstructive sleep apnea: an epiphenomenon or a
clinically important entity? Sleep 35, 5-7.

Mooe T, Franklin KA, Holmstrom K, Rabben T & Wiklund U. (2001). Sleep-disordered breathing and
coronary artery disease: long-term prognosis. American journal of respiratory and critical care
medicine 164, 1910-1913.

Mooe T, Rabben T, Wiklund U, Franklin KA & Eriksson P. (1996). Sleep-disordered breathing in men
with coronary artery disease. Chest 109, 659-663.

Morrell MJ & Glasser M. (2011). The brain in sleep-disordered breathing: a vote for the chicken? Am J
Respir Crit Care Med 183, 1292-1294.

Morrell MJ, Jackson ML, Twigg GL, Ghiassi R, McRobbie DW, Quest RA, Pardoe H, Pell GS, Abbott DF,
Rochford PD, Jackson GD, Pierce RJ, O'Donoghue FJ & Corfield DR. (2010). Changes in brain
morphology in patients with obstructive sleep apnoea. Thorax 65, 908-914.

Morrell MJ, McRobbie DW, Quest RA, Cummin AR, Ghiassi R & Corfield DR. (2003). Changes in brain
morphology associated with obstructive sleep apnea. Sleep Med 4, 451-454.

Morrell MJ, Shea SA, Adams L & Guz A. (1993). Effects of inspiratory support upon breathing in humans
during wakefulness and sleep. Respiration physiology 93, 57-70.

Naegele B, Launois SH, Mazza S, Feuerstein C, Pepin JL & Levy P. (2006). Which memory processes are
affected in patients with obstructive sleep apnea? An evaluation of 3 types of memory. Sleep

29, 533-544.

Nanduri J, Yuan G, Kumar GK, Semenza GL & Prabhakar NR. (2008). Transcriptional responses to
intermittent hypoxia. Respiratory physiology & neurobiology 164, 277-281.

Neubauer AC & Fink A. (2009). Intelligence and neural efficiency. Neuroscience and biobehavioral
reviews 33, 1004-1023.

126



Nitatori T, Sato N, Waguri S, Karasawa Y, Araki H, Shibanai K, Kominami E & Uchiyama Y. (1995).
Delayed neuronal death in the CA1 pyramidal cell layer of the gerbil hippocampus following
transient ischemia is apoptosis. J Neurosci 15, 1001-1011.

O'Donoghue FJ, Briellmann RS, Rochford PD, Abbott DF, Pell GS, Chan CH, Tarquinio N, Jackson GD &
Pierce RJ. (2005). Cerebral structural changes in severe obstructive sleep apnea. Am J Respir
Crit Care Med 171, 1185-1190.

O'Donoghue FJ, Wellard RM, Rochford PD, Dawson A, Barnes M, Ruehland WR, Jackson ML, Howard
ME, Pierce RJ & Jackson GD. (2012). Magnetic resonance spectroscopy and neurocognitive
dysfunction in obstructive sleep apnea before and after CPAP treatment. Sleep 35, 41-48.

O'Mara SM, Commins S, Anderson M & Gigg J. (2001). The subiculum: a review of form, physiology
and function. Prog Neurobiol 64, 129-155.

Olaithe M, Skinner TC, Hillman D, Eastwood PE & Bucks RS. (2014). Cognition and nocturnal
disturbance in OSA: the importance of accounting for age and premorbid intelligence. Sleep &
breathing = Schlaf & Atmung.

Ondze B, Espa F, Dauvilliers Y, Billiard M & Besset A. (2003). Sleep architecture, slow wave activity and
sleep spindles in mild sleep disordered breathing. Clinical neurophysiology : official journal of
the International Federation of Clinical Neurophysiology 114, 867-874.

Orem J, Lovering AT, Dunin-Barkowski W & Vidruk EH. (2002). Tonic activity in the respiratory system
in wakefulness, NREM and REM sleep. Sleep 25, 488-496.

Osorio RS, Gumb T, Pirraglia E, Varga AW, Lu SE, Lim J, Wohlleber ME, Ducca EL, Koushyk V, Glodzik L,
Mosconi L, Ayappa |, Rapoport DM, de Leon MJ & Alzheimer's Disease Neuroimaging I. (2015).
Sleep-disordered breathing advances cognitive decline in the elderly. Neurology 84, 1964-
1971.

Pae EK, Quas C, Quas J & Garrett N. (2008). Can facial type be used to predict changes in hyoid bone
position with age? A perspective based on longitudinal data. Am J Orthod Dentofacial Orthop
134, 792-797.

Pahkala R, Seppa J, lkonen A, Smirnov G & Tuomilehto H. (2013). The impact of pharyngeal fat tissue
on the pathogenesis of obstructive sleep apnea. Sleep & breathing = Schlaf & Atmung.

Pan W & Kastin AJ. (2014). Can sleep apnea cause Alzheimer's disease? Neuroscience and
biobehavioral reviews 47C, 656-669.

Pandya DN, Vanhoesen GW & Mesulam MM. (1979). CORTICAL PROJECTIONS OF THE CINGULATE
GYRUS IN THE RHESUS-MONKEY. Anatomical Record 193, 643-644.

Papadakis M, Hadley G, Xilouri M, Hoyte LC, Nagel S, McMenamin MM, Tsaknakis G, Watt SM,
Drakesmith CW, Chen R, Wood MJ, Zhao Z, Kessler B, Vekrellis K & Buchan AM. (2013). Tscl
(hamartin) confers neuroprotection against ischemia by inducing autophagy. Nature medicine
19, 351-357.

Pengas G, Pereira JM, Williams GB & Nestor PJ. (2009). Comparative reliability of total intracranial
volume estimation methods and the influence of atrophy in a longitudinal semantic dementia

127



cohort. Journal of neuroimaging : official journal of the American Society of Neuroimaging 19,
37-46.

Peppard PE, Young T, Barnet JH, Palta M, Hagen EW & Hla KM. (2013). Increased Prevalence of Sleep-
Disordered Breathing in Adults. Am J Epidemiol.

Peppard PE, Young T, Palta M & Skatrud J. (2000). Prospective study of the association between sleep-
disordered breathing and hypertension. The New England journal of medicine 342,1378-1384.

Phillips CL, Yee BJ, Marshall NS, Liu PY, Sullivan DR & Grunstein RR. (2011). Continuous positive airway
pressure reduces postprandial lipidemia in obstructive sleep apnea: a randomized, placebo-
controlled crossover trial. Am J Respir Crit Care Med 184, 355-361.

Picchioni D, Reith RM, Nadel JL & Smith CB. (2014). Sleep, plasticity and the pathophysiology of
neurodevelopmental disorders: the potential roles of protein synthesis and other cellular
processes. Brain sciences 4, 150-201.

Pijpers M, Poels PJ, Vaandrager JM, de Hoog M, van den Berg S, Hoeve HJ & Joosten KF. (2004).
Undiagnosed obstructive sleep apnea syndrome in children with syndromal craniofacial
synostosis. The Journal of craniofacial surgery 15, 670-674.

Plessen KJ, Bansal R, Zhu H, Whiteman R, Amat J, Quackenbush GA, Martin L, Durkin K, Blair C, Royal
J, Hugdahl K & Peterson BS. (2006). Hippocampus and amygdala morphology in attention-
deficit/hyperactivity disorder. Archives of general psychiatry 63, 795-807.

Poe GR, Walsh CM & Bjorness TE. (2010). Cognitive neuroscience of sleep. Progress in brain research
185, 1-19.

Pornsriniyjom D, Shinlapawittayatorn K, Fong J, Andrews ND & Foldvary-Schaefer N. (2014).
Continuous positive airway pressure therapy for obstructive sleep apnea reduces interictal
epileptiform discharges in adults with epilepsy. Epilepsy & behavior : E&B 37, 171-174.

Portas CM, Rees G, Howseman AM, Josephs O, Turner R & Frith CD. (1998). A specific role for the
thalamus in mediating the interaction of attention and arousal in humans. The Journal of
neuroscience : the official journal of the Society for Neuroscience 18, 8979-8989.

Prilipko O, Huynh N, Schwartz S, Tantrakul V, Kushida C, Paiva T & Guilleminault C. (2012). The effects
of CPAP treatment on task positive and default mode networks in obstructive sleep apnea
patients: an fMRI study. PloS one 7, e47433.

Pullens MJ, De Vries J & Roukema JA. (2010). Subjective cognitive dysfunction in breast cancer
patients: a systematic review. Psycho-oncology 19, 1127-1138.

Punjabi NM, Shahar E, Redline S, Gottlieb DJ, Givelber R, Resnick HE & Sleep Heart Health Study I.
(2004). Sleep-disordered breathing, glucose intolerance, and insulin resistance: the Sleep
Heart Health Study. Am J Epidemiol 160, 521-530.

Punjabi NM, Sorkin JD, Katzel LI, Goldberg AP, Schwartz AR & Smith PL. (2002). Sleep-disordered

breathing and insulin resistance in middle-aged and overweight men. American journal of
respiratory and critical care medicine 165, 677-682.

128



Quan SF, Wright R, Baldwin CM, Kaemingk KL, Goodwin JL, Kuo TF, Kaszniak A, Boland LL, Caccappolo
E & Bootzin RR. (2006). Obstructive sleep apnea-hypopnea and neurocognitive functioning in
the Sleep Heart Health Study. Sleep Med 7, 498-507.

Redline S, Budhiraja R, Kapur V, Marcus CL, Mateika JH, Mehra R, Parthasarthy S, Somers VK, Strohl
KP, Sulit LG, Gozal D, Wise MS & Quan SF. (2007). The scoring of respiratory events in sleep:
reliability and validity. J Clin Sleep Med 3, 169-200.

Redline S, Kirchner HL, Quan SF, Gottleib DJ, Kapur V & Newman A. (2004). The effects of age, sex,
ethnicity and sleep disordered breathing on sleep architecture. Arch Intern Med 164, 406-418.

Redline S, Strauss ME, Adams N, Winters M, Roebuck T, Spry K, Rosenberg C & Adams K. (1997).
Neuropsychological function in mild sleep-disordered breathing. Sleep 20, 160-167.

Redolfi S, Yumino D, Ruttanaumpawan P, Yau B, Su MC, Lam J & Bradley TD. (2009). Relationship
between overnight rostral fluid shift and Obstructive Sleep Apnea in nonobese men. American
journal of respiratory and critical care medicine 179, 241-246.

Reis DJ, Golanov EV, Galea E & Feinstein DL. (1997). Central neurogenic neuroprotection: central
neural systems that protect the brain from hypoxia and ischemia. Annals of the New York
Academy of Sciences 835, 168-186.

Reitan R. (1979). Trail-making Test. Laboratory RN, Arizona.
Reschtschaffen A, Kales, A. . (1968). A manual of standardised terminology, techniques and scoring
system for sleep stages in human subjects. US Public Health Service, US Government Printing

Office, Washington D.C. .

Reuter M, Rosas HD & Fischl B. (2010). Highly accurate inverse consistent registration: a robust
approach. Neuroimage 53, 1181-1196.

Reuter M,.Fischl B. (2011). Avoiding Asymmetry-Induced Bias in Longitudinal Image Processing.
Neurolmage 57, 19-21

Reuter M, Schmansky NJ, Rosas HD & Fischl B. (2012). Within-subject template estimation for
unbiased longitudinal image analysis. Neuroimage 61, 1402-1418.

Roman V, Van der Borght K, Leemburg SA, Van der Zee EA & Meerlo P. (2005). Sleep restriction by
forced activity reduces hippocampal cell proliferation. Brain Res 1065, 53-59.

Rosene DL & Van Hoesen GW. (1977). Hippocampal efferents reach widespread areas of cerebral
cortex and amygdala in the rhesus monkey. Science 198, 315-317.

Rosenzweig |, Glasser M, Polsek D, Leschziner GD, Williams SC & Morrell MJ. (2015). Sleep apnoea and
the brain: a complex relationship. The Lancet Respiratory medicine 3, 404-414.

Rosenzweig |, Kempton MJ, Crum WR, Glasser M, Milosevic M, Beniczky S, Corfield DR, Williams SC &

Morrell MJ. (2013a). Hippocampal hypertrophy and sleep apnea: a role for the ischemic
preconditioning? PLoS One 8, e83173.

129



Rosenzweig |, Vukadinovic Z, Turner AJ & Catani M. (2012). Neuroconnectivity and valproic acid: the
myelin hypothesis. Neuroscience and biobehavioral reviews 36, 1848-1856.

Rosenzweig |, Williams SC & Morrell MJ. (2013b). CrossTalk opposing view: The intermittent hypoxia
attending severe obstructive sleep apnoea does not lead to alterations in brain structure and
function. The Journal of physiology 591, 383-385.

Rosenzweig |, Williams SC & Morrell MJ. (2013c). CrossTalk opposing view: the intermittent hypoxia
attending severe obstructive sleep apnoea does not lead to alterations in brain structure and
function. The Journal of physiology 591, 383-385; discussion 387,389.

Rosenzweig |, Williams SC & Morrell MJ. (2013d). Rebuttal from ivana rosenzweig, steven C. Williams
and Mary j. Morrell. The Journal of physiology 591, 389.

Rosenzweig |, Williams SC & Morrell MJ. (2014). The impact of sleep and hypoxia on the brain:
potential mechanisms for the effects of obstructive sleep apnea. Curr Opin Pulm Med 20, 565-
571.

Rudrappa S, Warren G & Idris |. (2012). Obstructive sleep apnoea is associated with the development
and progression of diabetic retinopathy, independent of conventional risk factors and novel
biomarkers for diabetic retinopathy. The British journal of ophthalmology 96, 1535.

Sawyer AM, Gooneratne NS, Marcus CL, Ofer D, Richards KC & Weaver TE. (2011). A systematic review
of CPAP adherence across age groups: clinical and empiric insights for developing CPAP
adherence interventions. Sleep Med Rev 15, 343-356.

Schiff ND. (2008). Central thalamic contributions to arousal regulation and neurological disorders of
consciousness. Annals of the New York Academy of Sciences 1129, 105-118.

Schmahmann JD & Sherman JC. (1998). The cerebellar cognitive affective syndrome. Brain : a journal
of neurology 121 ( Pt 4), 561-579.

Schonwald SV, Carvalho DZ, de Santa-Helena EL, Lemke N & Gerhardt GJ. (2012). Topography-specific
spindle frequency changes in obstructive sleep apnea. BMC neuroscience 13, 89.

Schwab RJ, Pasirstein M, Pierson R, Mackley A, Hachadoorian R, Arens R, Maislin G & Pack Al. (2003).
Identification of upper airway anatomic risk factors for obstructive sleep apnea with
volumetric magnetic resonance imaging. Am J Respir Crit Care Med 168, 522-530.

Seki T. (2011). Neurogenesis in the adult brain. Springer, Tokyo ; New York.

Seki T & Arai Y. (1995). Age-related production of new granule cells in the adult dentate gyrus.
Neuroreport 6, 2479-2482.

Sforza E & Roche F. (2012). Sleep apnea syndrome and cognition. Frontiers in neurology 3, 87.
Shahar E, Whitney CW, Redline S, Lee ET, Newman AB, Nieto FJ, O'Connor GT, Boland LL, Schwartz JE
& Samet JM. (2001). Sleep-disordered breathing and cardiovascular disease: cross-sectional

results of the Sleep Heart Health Study. American journal of respiratory and critical care
medicine 163, 19-25.

130



Shigeta Y, Enciso R, Ogawa T & Clark GT. (2008). Changes in three dimensional simulation models of
the airway which are due to increases in age or body mass index. Stud Health Technol Inform
132, 460-462.

Shipley MT. (1975). TOPOGRAPHICAL AND LAMINAR ORGANIZATION OF PRESUBICULUMS
PROJECTION TO IPSILATERAL AND CONTRALATERAL ENTORHINAL CORTEX IN GUINEA-PIG.
Journal of Comparative Neurology 160, 127-145.

Sica AL, Greenberg HE, Scharf SM & Ruggiero DA. (2000). Chronic-intermittent hypoxia induces
immediate early gene expression in the midline thalamus and epithalamus. Brain research
883, 224-228.

Silber MH, Ancoli-Israel S, Bonnet MH, Chokroverty S, Grigg-Damberger MM, Hirshkowitz M, Kapen S,
Keenan SA, Kryger MH, Penzel T, Pressman MR & lber C. (2007). The visual scoring of sleep in
adults. J Clin Sleep Med 3, 121-131.

Simonnet J, Eugene E, Cohen |, Miles R & Fricker D. (2013). Cellular neuroanatomy of rat presubiculum.
Eur J Neurosci 37, 583-597.

Skaper SD, Facci L & Giusti P. (2014). Neuroinflammation, Microglia and Mast Cells in the
Pathophysiology of Neurocognitive Disorders: A Review. CNS & neurological disorders drug
targets.

Somers VK, White DP, Amin R, Abraham WT, Costa F, Culebras A, Daniels S, Floras JS, Hunt CE, Olson
LJ, Pickering TG, Russell R, Woo M & Young T. (2008). Sleep apnea and cardiovascular disease:
an American Heart Association/american College Of Cardiology Foundation Scientific
Statement from the American Heart Association Council for High Blood Pressure Research
Professional Education Committee, Council on Clinical Cardiology, Stroke Council, and Council
On Cardiovascular Nursing. In collaboration with the National Heart, Lung, and Blood Institute
National Center on Sleep Disorders Research (National Institutes of Health). Circulation 118,
1080-1111.

Spiegel K, Tasali E, Leproult R & Van Cauter E. (2009). Effects of poor and short sleep on glucose
metabolism and obesity risk. Nat Rev Endocrinol 5, 253-261.

Strohl KP, Novak RD, Singer W, Cahan C, Boehm KD, Denko CW & Hoffstem VS. (1994). Insulin levels,
blood pressure and sleep apnea. Sleep 17, 614-618.

Sutherland RJ & Rodriguez AJ. (1989). The role of the fornix/fimbria and some related subcortical
structures in place learning and memory. Behav Brain Res 32, 265-277.

Svarer C, Madsen K, Hasselbalch SG, et al. (2005). MR-based automatic delineation of volumes of
interest in human brain PET images using probability maps. Neuroimage 24, 969-79

Swanson LW & Cowan WM. (1975). Hippocampo-hypothalamic connections: origin in subicular cortex,
not ammon's horn. Science 189, 303-304.

Tae WS, Kim SS, Lee KU, Nam EC & Kim KW. (2008). Validation of hippocampal volumes measured

using a manual method and two automated methods (FreeSurfer and IBASPM) in chronic
major depressive disorder. Neuroradiology 50, 569-581.

131



Tarasiuk A, Greenberg-Dotan S, Simon-Tuval T, Oksenberg A & Reuveni H. (2008). The effect of
obstructive sleep apnea on morbidity and health care utilization of middle-aged and older
adults. J Am Geriatr Soc 56, 247-254.

Thompson WK & Holland D. (2011). Bias in tensor based morphometry Stat-ROl measures may result
in unrealistic power estimates. Neuroimage 57, 1-4

Tombaugh TN. (2004). Trail Making Test A and B: normative data stratified by age and education. Arch
Clin Neuropsychol 19, 203-214.

Tononi G & Cirelli C. (2014). Sleep and the price of plasticity: from synaptic and cellular homeostasis
to memory consolidation and integration. Neuron 81, 12-34.

Torelli F, Moscufo N, Garreffa G, Placidi F, Romigi A, Zannino S, Bozzali M, Fasano F, Giulietti G,
Djonlagic I, Malhotra A, Marciani MG & Guttmann CR. (2011). Cognitive profile and brain
morphological changes in obstructive sleep apnea. Neuroimage 54, 787-793.

Tsai YW, Yang YR, Sun SH, Liang KC & Wang RY. (2013). Post ischemia intermittent hypoxia induces
hippocampal neurogenesis and synaptic alterations and alleviates long-term memory
impairment. Journal of cerebral blood flow and metabolism : official journal of the
International Society of Cerebral Blood Flow and Metabolism.

Tsai YW, Yang YR, Wang PS & Wang RY. (2011). Intermittent hypoxia after transient focal ischemia
induces hippocampal neurogenesis and c-Fos expression and reverses spatial memory deficits
in rats. PloS one 6, e24001.

Twigg GL, Papaioannou I, Jackson M, Ghiassi R, Shaikh Z, Jaye J, Graham KS, Simonds AK & Morrell MJ.
(2010). Obstructive sleep apnea syndrome is associated with deficits in verbal but not visual
memory. Am J Respir Crit Care Med 182, 98-103.

United Nations DoEaSA, Population Division, Population Estimates and Projections Section. (2007).
Fact Sheet, Series A, 7 March 2007.

Unnikrishnan D, Jun J & Polotsky V. (2014). Inflammation in sleep apnea: An update. Reviews in
endocrine & metabolic disorders.

Unruh ML, Redline S, An MW, Buysse DJ, Nieto FJ, Yeh JL & Newman AB. (2008). Subjective and
objective sleep quality and aging in the sleep heart health study. J Am Geriatr Soc 56, 1218-
1227.

Vaessen TJ, Overeem S & Sitskoorn MM. (2014). Cognitive complaints in obstructive sleep apnea. Sleep
medicine reviews.

Van Leemput K, Bakkour A, Benner T, Wiggins G, Wald LL, Augustinack J, Dickerson BC, Golland P &
Fischl B. (2009). Automated segmentation of hippocampal subfields from ultra-high resolution
in vivo MRI. Hippocampus 19, 549-557.

Vanhoesen GW & Pandya DN. (1975). SOME CONNECTIONS OF ENTORHINAL (AREA 28) AND

PERIRHINAL (AREA 35) CORTICES OF RHESUS-MONKEY .1. TEMPORAL-LOBE AFFERENTS. Brain
Research 95, 1-24.

132



Varga AW, Kishi A, Mantua J, Lim J, Koushyk V, Leibert DP, Osorio RS, Rapoport DM & Ayappa I. (2014).
Apnea-induced rapid eye movement sleep disruption impairs human spatial navigational
memory. J Neurosci 34, 14571-14577.

Vazir A, Hastings PC, Dayer M, Mcintyre HF, Henein MY, Poole-Wilson PA, Cowie MR, Morrell MJ &
Simonds AK. (2007). A high prevalence of sleep disordered breathing in men with mild
symptomatic chronic heart failure due to left ventricular systolic dysfunction. Eur J Heart Fail
9, 243-250.

Verstraeten E, Cluydts R, Pevernagie D & Hoffmann G. (2004). Executive function in sleep apnea:
controlling for attentional capacity in assessing executive attention. Sleep 27, 685-693.

Vyazovskiy VV & Delogu A. (2014). NREM and REM Sleep: Complementary Roles in Recovery after
Wakefulness. The Neuroscientist : a review journal bringing neurobiology, neurology and
psychiatry 20, 203-219.

Walhovd KB, Fjell AM, Reinvang |, Lundervold A, Dale AM, Eilertsen DE, Quinn BT, Salat D, Makris N &
Fischl B. (2005). Effects of age on volumes of cortex, white matter and subcortical structures.
Neurobiology of aging 26, 1261-1270; discussion 1275-1268.

Walker JA & Olton DS. (1984). Fimbria-fornix lesions impair spatial working memory but not cognitive
mapping. Behav Neurosci 98, 226-242.

Weaver TE & Grunstein RR. (2008). Adherence to continuous positive airway pressure therapy: the
challenge to effective treatment. Proc Am Thorac Soc 5, 173-178.

Webb EA, O'Reilly MA, Clayden ID, Seunarine KK, Chong WK, Dale N, Salt A, Clark CA & Dattani MT.
(2012). Effect of growth hormone deficiency on brain structure, motor function and cognition.
Brain : a journal of neurology 135, 216-227.

Wechsler D. (1997). Wechsler Adult Intelligance Scale - Third Ediction (WAIS-111).
Wellman A, Jordan AS, Malhotra A, Fogel RB, Katz ES, Schory K, Edwards JK & White DP. (2004).
Ventilatory control and airway anatomy in obstructive sleep apnea. American journal of

respiratory and critical care medicine 170, 1225-1232.

Wiechmann A, Hall JR & O'Bryant SE. (2011). The utility of the spatial span in a clinical geriatric
population. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn 18, 56-63.

Wolkove N, Baltzan M, Kamel H, Dabrusin R & Palayew M. (2008). Long-term compliance with
continuous positive airway pressure in patients with obstructive sleep apnea. Can Respir J 15,

365-369.

Worsnop C, Kay A, Kim Y, Trinder J & Pierce R. (2000a). Effect of age on sleep onset-related changes
in respiratory pump and upper airway muscle function. J Appl/ Physiol 88, 1831-1839.

Worsnop C, Kay A, Kim Y, Trinder J & Pierce R. (2000b). Effect of age on sleep onset-related changes
in respiratory pump and upper airway muscle function. J Appl Physiol (1985) 88, 1831-1839.

Yaffe K, Blackwell T, Barnes DE, Ancoli-Israel S & Stone KL. (2007). Preclinical cognitive decline and
subsequent sleep disturbance in older women. Neurology 69, 237-242.

133



Yaffe K, Falvey CM & Hoang T. (2014). Connections between sleep and cognition in older adults. Lancet
neurology 13, 1017-1028.

Yaouhi K, Bertran F, Clochon P, Mezenge F, Denise P, Foret J, Eustache F & Desgranges B. (2009). A
combined neuropsychological and brain imaging study of obstructive sleep apnea. J Sleep Res
18, 36-48.

Young T, Palta M, Dempsey J, Skatrud J, Weber S & Badr S. (1993). The occurrence of sleep-disordered
breathing among middle-aged adults. N Engl J Med 328, 1230-1235.

Young T, Shahar E, Nieto F, Redline S, Newman A, Gottlieb D, Walsleben J, Finn L, Enright P, Samet J &
Group. SHHSR. (2002a). Predictors of sleep-disordered breathing in community-dwelling
adults: the Sleep Heart Health Study. Arch Intern Med 162, 893-900.

Young T, Shahar E, Nieto FJ, Redline S, Newman AB, Gottlieb DJ, Walsleben JA, Finn L, Enright P, Samet
IJM & Sleep Heart Health Study Research G. (2002b). Predictors of sleep-disordered breathing
in community-dwelling adults: the Sleep Heart Health Study. Archives of internal medicine
162, 893-900.

Yushkevich PA, Avants BB, Das SR, Pluta J, Altinay M & Craige C (2010). Bias in estimation of
hippocampal atrophy using deformation-based morphometry arises from asymmetric global
normalization: An illustration in ADNI 3 T MRI data. Neuroimage 50, 434-445

Zhu XH, Yan HC, Zhang J, Qu HD, Qiu XS, Chen L, Li SJ, Cao X, Bean JC, Chen LH, Qin XH, Liu JH, Bai XC,
Mei L & Gao TM. (2010). Intermittent hypoxia promotes hippocampal neurogenesis and
produces antidepressant-like effects in adult rats. The Journal of neuroscience : the official
journal of the Society for Neuroscience 30, 12653-12663.

Zimmerman ME, Arnedt JT, Stanchina M, Millman RP & Aloia MS. (2006). Normalization of memory

performance and positive airway pressure adherence in memory-impaired patients with
obstructive sleep apnea. Chest 130, 1772-1778.

134



