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Abstract 

Our recent study showed that obstructive sleep apnea-hypopnea (OSAH) was the most 

common sleep abnormality in the group of multiple sclerosis (MS) patients studied.  Both 

MS patients and OSAH subjects from the general population show signs of 

neurodegeneration on magnetic resonance imaging (MRI) and magnetic resonance 

spectroscopy (MRS).  However, the extent to which OSAH affects neurodegeneration in 

MS patients is unknown.  The objective of this thesis was to examine the potential 

interaction effect between OSAH and MS on MRI and MRS markers of 

neurodegeneration.  Our primary outcome measures were the metabolite ratios of N-

acetyl groups/creatine (NA/Cr) in central and posterior brain, and normalized 

hippocampal volume.  Reduced brain NA/Cr indicates neuronal injury or loss.  Our 

secondary outcome measures were normalized brain volume, normalized cerebellar 

volume, normalized lateral ventricular volume, and cortical thickness.  As previously 

reported, we found lower NA/Cr and reduced hippocampal volume in MS patients 

compared with subjects without MS, consistent with MS-associated neurodegeneration.  

We found a significant interaction effect of OSAH and MS treatment for posterior brain 

NA/Cr (p = 0.0196, 95% CI (0.023, 0.226)), suggesting an effect due to an interaction of 

immunomodulating treatment in MS and the pathology of OSAH.  We did not find a 

significant interaction effect of MS and OSAH for central brain NA/Cr and normalized 

hippocampal volume, although we found that OSAH tended to be associated with 

reduced NA/Cr in subjects without MS (p = 0.09).  In conclusion, we confirmed the 

presence of neurodegeneration in MS, but did not find a significant additional effect of 

OSAH on neurodegeneration in the group of MS patients studied.  However, OSAH may 

be associated with central brain neurodegeneration in non-MS subjects.  This potential 

finding would require confirmation in future studies. 
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Résumé 

Notre étude récente démontre que le syndrome d’apnée-hypopnée obstructive du sommeil 

(SAHOS) est l’anomalie du sommeil la plus fréquente dans le groupe de patients atteints 

de la sclérose en plaques (SEP) étudié.  Les patients atteints de la SEP et les populations 

souffrantes du SAHOS présentent des signes de neuro-dégénérescence détectable en 

imagerie et en spectroscopie par résonance magnétique (IRM et SRM).  Cependant, 

l’influence du SAHOS sur la dégénérescence neuronale observée en SEP, s’il y en a une, 

n’est pas connue.   L’objectif de cette thèse est d’examiner les effets de l’interaction 

potentielle entre le SAHOS et la SEP sur les marqueurs de neuro-dégénérescence IRM et 

SRM.  Nos principales mesures de neuro-dégénérescence sont le ratio métabolique de N-

acetylaspartate et de créatine (NA/Cr) dans les régions centrales et postérieures du 

cerveau ainsi que le volume de l’hippocampe normalisé.  Un ratio NA/Cr diminué 

indique des pertes ou lésions neuronales.  Nous avons choisi comme mesures 

exploratoires les volumes normalisés du cerveau, du cervelet et des ventricules, ainsi que 

l’épaisseur corticale.  Tout comme des études précédentes l'ont démontré, nous avons 

également observé la diminution du ratio NA/Cr ainsi qu’une réduction du volume de 

l’hippocampe chez les patients SEP, ce qui correspond à une neuro-dégénérescence liée à 

la SEP.  Nous avons observé un effet d’interaction significatif entre le SAHOS et le 

traitement contre la SEP, tel qu’indiqué par le ratio NA/Cr en région postérieure du 

cerveau, (p = 0.0196, 95% IC (0.023, 0.226)) et qui pourrait être dû à une interaction de 

traitement immunomodulateur dans la SEP et la pathologie du SAHOS.  Nous n'avons 

pas trouvé un effet d'interaction significatif de la SEP et SOHAS pour le NA/Cr et 

volume de l’hippocampe dans la région centrale du cerveau, même si nous avons constaté 

que le SAHOS a tendance à être associé à une diminution NA/Cr chez des sujets sans 

SEP (p = 0,09).  En conclusion, bien que nous ayons confirmé la présence de neuro-

dégénérescence chez les patients atteints de SEP, nous n’avons pas trouvé un effet 

significatif supplémentaire du SAHOS sur la neuro-dégénérescence dans le groupe des 

patients atteints de SEP étudiés.  Toutefois, le SAHOS pourrait être liée à la neuro-

dégénérescence du cerveau central chez les sujets non atteints de la SEP. Cette hypothèse 

reste à être confirmée par de futures études. 
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Introduction 

In prior work from our group, obstructive sleep apnea-hypopnea (OSAH) is common in a 

group of patients with multiple sclerosis (MS).  Both OSAH and MS can lead to 

neurodegeneration.  The presence of both conditions may exacerbate the 

neurodegenerative process of MS.  However, We do not know whether OSAH impacts 

neurodegeneration in MS.  In this cross-sectional study, we used magnetic resonance 

imaging (MRI) and magnetic resonance spectroscopy (MRS) to examine the potential 

interaction effect of MS and OSAH on markers of neurodegeneration.  Our primary 

outcome measures were the metabolite ratios of N-acetyl groups/creatine (NA/Cr) in 

central and posterior brain, and normalized hippocampal volume.  Reduced brain NA/Cr 

indicates neuronal injury or loss, and reduced regional and/or global volumes indicate 

neurodegeneration.  Our secondary outcome measures were normalized brain volume, 

normalized cerebellar volume, normalized lateral ventricular volume, and cortical 

thickness. 

Chapter 1 presents the background information on MS and OSAH, principles of MRI and 

MRS, the use of MR technology to measure neurodegeneration in MS, and a literature 

review of brain imaging studies in OSAH.  Chapter 2 provides detailed experimental 

design, imaging protocol, MRI/MRS post processing, and statistical methods used.  

Chapter 3 summarizes primary and secondary results.  Chapter 4 includes discussions of 

the results, limitations, future work, and conclusions of the study. 
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Chapter 1 Background and Literature Review 

1.1 Introduction to MS 

1.1.1 Epidemiology and clinical types of MS 

In 1868, French neurologist Jean-Martin Charcot first identified and described a 

mysterious disease known today as multiple sclerosis (MS) (1).  Almost 150 years later, 

the Multiple Sclerosis Trust estimates that there are 2.5 million people with MS in the 

world (2).  The MS prevalence in Canada is among the highest in the world with an 

overall frequency of 240 per 100,000 people (3).  MS is also one of the major disabling 

neurological diseases in young adults in North America, and is associated with an 

increased unemployment rate and depression (4, 5).  Approximately 80-85% of patients 

are diagnosed with relapsing-remitting (RR) MS.  RRMS onset occurs most typically in 

the second or third decade of life, and females are twice as likely to be diagnosed as 

males (6).  Patients with RRMS experience recurrent but unpredictable attacks (relapses) 

with acute symptoms that usually recover partially or completely (remission) after each 

attack.  Approximately 50% of patients with RRMS will progress into the secondary-

progressive (SP) stage within 10 years.  Patients with SPMS normally have less apparent 

remissions, and the disease produces a progressive clinical deterioration.  There are also 

approximately 10% of patients diagnosed with primary-progressive (PP) MS.  Patients 

with PPMS do not have attacks, but their disease course progresses with accumulation of 

disability from onset (7).  In addition, an estimated 5% of patients are diagnosed with a 

very rare course of MS called progressive-relapsing (PR) MS.  Patients with PRMS 

experience apparent attacks from onset, and the disease worsens steadily without 

remission (8). 
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1.1.2 Pathophysiology of MS 

MS is an immune-mediated, chronic inflammatory disease of the central nervous system 

(CNS).  The hallmark of MS is demyelinating plaques in the brain and spinal cord.  

Although the exact etiology of MS is unclear, researchers believe that MS is triggered by 

the combination of both genetic and environmental factors (9).  In the initial stage of MS, 

auto-reactive T cells and demyelinating antibodies enter the central nervous system 

(CNS) by disrupting the blood-brain barrier.  Consequently, the T cell-mediated 

inflammation induces acute swelling, and a cascade of signaling events that lead to 

immune-mediated attack on myelin and/or oligodendrocytes (6).  In addition to 

demyelination, axonal injury also occurs due to the attack from a variety of reactive 

substances such as cytokines, proteolytic enzymes, and free radicals.  Axonal injury 

eventually leads to axonal transection and degeneration, which provides an explanation 

for the irreversible neurological impairment in patients with progressive MS (10). 

 

1.1.3 Clinical assessment of disabilities in MS 

Neurologists commonly use the Kurtzke Expanded Disability Status Scale (EDSS) to 

quantify clinical disability in MS (11).  Clinical disability in the EDSS is measured in 

eight functional systems, including pyramidal, cerebellar, brainstem, sensory, bowel and 

bladder, visual, cerebral, and other systems.  The EDSS ranges from 0 to 10, with 

increments of 0.5 units.  EDSS 0 indicates normal neurological function; 1.0 to 4.5 refers 

to patients with MS who are fully ambulatory while having minimal disability in some of 

the functional systems; 5.0 to 9.5 describes the level of impairment of ambulation, or the 

ability to transfer to/from a wheelchair or bed; 10 indicates death due to MS (11).  
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Although widely used, caution should also be taken when using the EDSS as a measure 

of neurological disability in MS.  Beyond EDSS 4.5, the EDSS only assesses the level of 

ambulation, which does not reflect the wide variety of neurological impairments in 

patients with MS.  The more recently developed MS functional composite measure 

(MSFC) may overcome some of the weaknesses of the EDSS (12, 13). 

 

1.1.4 Treatment 

Current clinically approved therapeutic strategies for treating RRMS patients are mainly 

disease-modifying immunomodulating treatments, including glatiramer acetate and 

interferon-β variants (14).  Although immunomodulating treatments have been relatively 

non-effective in treating progressive MS (15), they have shown to reduce the frequency 

of acute, inflammatory lesions, and rate of accumulation of lesions compared with 

placebo controls in RRMS (16-19).  In this study, we take into account 

immunomodulating treatments because they were used by a majority of patients with MS. 

 

1.1.5 Sleep disorders in MS and OSAH 

Patients with MS often experience more frequent sleep disturbances than the general 

population or patients with other chronic diseases (20).  Patients with multiple sclerosis 

have significantly poorer sleep quality than normal controls, and poor sleep quality has 

been associated with fatigue in MS (21, 22).  A recent study found a significant 

association of fatigue with sleep disorders in MS (23).  Sleep disorders in MS include 

sleep disordered breathing, insomnia, narcolepsy, rapid eye movement (REM) sleep 

behaviour disorder, and restless legs syndrome (24, 25).  Our group found that 
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obstructive sleep apnea-hypopnea (OSAH), the most prevalent form of sleep disordered 

breathing in the general population, is the most common sleep disorder in the population 

of MS patients studied (24). 

 

1.2 Introduction to OSAH 

1.2.1 OSAH 

OSAH affects approximately 1-2% of women and 4% of men in the general middle-aged 

population in the US (26, 27).  OSAH is characterized by repeated discrete episodes of 

upper airway narrowing (hypopnea) or complete collapse (apnea), which results clinically 

in repeated pauses in breathing or shallow breaths during sleep in the general population 

(28).  The disrupted respiratory events are normally ended by a brief arousal, which 

increases the muscle tone of the upper airway to resume breathing.  The consequences of 

OSAH include intermittent hypoxia (general lack of oxygen), hypoxemia (lack of oxygen 

in the arterial blood), and sleep fragmentation (28).  OSAH is associated with obesity, 

excessive daytime sleepiness and may lead to chronic fatigue (28). 

 

1.2.2 Pathogenesis and diagnosis of OSAH 

The modulation of upper airway reflex is thought to be the key factor in the neurological 

pathogenesis of OSAH (29).  During normal inspiration, the diaphragm creates a negative 

pressure in the upper airway.  The pharyngeal dilator muscles (the genioglossus, the 

palatal muscles, and the pharyngeal constrictor muscles) are activated via respiratory 

centers to counter balance this force, in order to prevent collapse of the upper airway.  

This is called the upper airway reflex (30).  When this mechanism fails, the upper airway 
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is at risk of collapsing.  Both patients with OSAH and healthy controls have reduced 

upper airway dilator muscle activity at sleep onset (31).  However, in patients with 

OSAH, the upper airway resistance drastically increases due to the reduced dilator 

muscle activity, which eventually leads to the complete collapse of the upper airway.  In 

response, a combination of increased negative upper airway pressure, CO2 pressure, and 

respiratory drive continue to rise until an arousal from sleep takes place.  Consequently, 

all the dilator muscles are activated again and re-open the upper airway (32). 

The exact mechanism of how the upper airway reflex becomes ineffective is complex.  

Three components of the upper airway reflex are considered important to the 

pathogenesis of OSAH (29).  The first is the sensory component.  Mechanoreceptors in 

the sensory component give feedback to the brain about sensory inputs such as muscle 

tone, airflow, pressure, and temperature.  Dysfunction in mechanoreceptors result in 

decreased sensitivity to the input information from the upper airway and lungs.  The 

impairments may preexist in patients with OSAH, or exist as a consequence of local 

damage to peripheral sensors, snoring, or OSAH itself (29).  The second component is 

cortical arousability.  As mentioned before, arousal during apnea is essential in restoring 

muscle tone and regaining breathing.  The cortical arousability is reduced in OSAH, 

which means that in order to reach an arousal during apnea and/or hypopnea, one requires 

higher inspiratory input.  Consequently it extends the duration and frequency of apneas 

and hypopneas.  The exact reason for reduced arousability in OSAH is unclear, although 

it is thought to be associated with the sensitivities of chemoreceptors and 

mechanoreceptors (29).  The third is the motor component.  In OSAH, upper airway 

dilator muscles, particularly the genioglossus and the palatal muscles cannot provide 
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enough muscle tone to counter the negative pressure.  The neural mechanisms of airway 

pressure regulation are complex.  Some recent studies have proposed regulation pathways 

through nerve projections from the locus coeruleus, raphe nucleus, hypoglossal nucleus, 

nucleus tractus solitarius, and periobex (33, 34).  Similar to the sensory components, 

impairment in the motor component could be due to a preexisting reduction in the muscle 

strength, or dysfunction due to snoring (29). 

In-laboratory overnight polysomnography (PSG) is the gold standard to diagnose OSAH 

(35, 36).  PSG allows measurement of the apnea-hypopnea index (AHI), calculated as the 

total number of apnea and hypopnea episodes per hour of sleep during PSG.  An AHI of 

≥ 15 is the standard threshold for the diagnosis of OSAH (37).  Our group found a strong 

association specifically with OSAH and fatigue in MS (24). 

 

1.2.3 Treatment 

Continuous positive airway pressure (CPAP) is considered to be the most effective 

method in treating OSAH (38).  The CPAP machine uses continuous air pressure to keep 

the airway open, therefore reducing respiratory disturbances during sleep (38).  As a 

result, CPAP ultimately improves daytime sleepiness and performance associated with 

somnolence (39).  However, patient compliance to the CPAP treatment remains a 

challenge for CPAP to reach its full therapeutic potential (40, 41). 

 

1.2.4 Neural injury in OSAH 

Patients with OSAH often exhibit neurobehavioural impairments, including fatigue, 

daytime sleepiness, depression, decreased vigilance, etc. (42).  Oxidative stress as a 
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consequence of intermittent hypoxia provides a model for assessing the mechanism of 

neural injury in OSAH (43-45).  Animal studies have shown that hypoxic insult to 

neurons induce modulations of ion channels (46), damage to the cerebellar cortex (47), 

brain stem and basal forebrain (48), and CA1 region of the hippocampus (49-51).  

However, it is rather difficult to demonstrate a direct association between the 

neurobehavioural impairments and OSAH in humans.  Patients often have comorbidities 

such as cerebrovascular disease, hypertension, and diabetes that are also associated with 

neural injury (38). 

Neuroimaging in humans provides a great potential to investigate non-invasively possible 

neuronal injury related to OSAH.  The chapters below will introduce two neuroimaging 

techniques used in measuring neurodegeneration for this study.  Following this, a review 

of published neuroimaging studies in MS and OSAH will be presented. 

 

1.3 Introduction to MRI and MRS 

1.3.1 Principles of MRI 

Magnetic resonance imaging is a powerful non-invasive tool for examining the pathology 

of neurological diseases.  It is based on the principles of nuclear magnetic resonance 

(NMR).  Nuclei with an odd number of protons and/or neutrons have an angular 

momentum, which gives rise to a magnetic moment, or spin.  A proton (1H) in a water 

molecule is a good example of such nuclei.  MRI primarily uses protons to generate 

images due to the abundance of water in the brain.  When placed in a strong external 

magnetic field B0, protons precess around the direction of B0
 at a specific frequency 

(Larmor Frequency), and exhibit a net magnetization in the direction of B0.  When we 
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apply a transient second magnetic field (a pulse) perpendicular to B0 at specific 

radiofrequencies (RF), it interacts with the net magnetization and takes it out of its 

previous alignment with B0.  After the RF pulse is turned off, the net magnetization 

slowly returns to its original state.  This process is called relaxation.  The change in 

magnitude of the net magnetization vector can be measured by the signal detection coil in 

the MR scanner, and described in terms of current according to Faraday’s law.  The 

strength of the signal can then be represented as the intensity of that location in the 

image.  Water in different chemical environments (tissues) has different physical 

properties in terms of proton density, T1 (longitudinal relaxation time), and T2 

(transverse relaxation time).  By carefully choosing the RF pulses, the repetition time 

(TR), and the echo time (TE), we can obtain images with optimized contrasts between 

specific tissues.  This is important in MS because damaged tissues due to pathology may 

change the signal intensity and appear different from healthy tissues.  Therefore, we can 

use MRI to assess MS disease activity and burden (52). 

 

1.3.2 MR image modalities 

As mentioned earlier, a combination of T1, proton density, and T2 parameters determines 

tissue intensities in MR images.  Modalities are usually designed in a way that one of the 

three parameters is heavily weighted over the other two.  A T1-weighted (T1w) image 

has maximized T1 difference between grey matter (GM), weight matter (WM), and 

cerebrospinal fluid (CSF).  It gives good contrasts between tissues, and therefore is used 

as the input modality for a number of image-processing algorithms.  A T1w image has 

bright WM, intermediate GM, and dark CSF.  A T2-weighted (T2w) image emphasizes 
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on the T2 difference between tissues, which is sensitive to pathologies that affects T2 

relaxation rates of tissues, e.g. inflammation, edema, etc.  A T2w image has bright CSF 

and MS lesions, less bright GM, and dark WM.  Conventionally, clinicians use total 

volume of lesions quantified on a T2w MR image to measure the accumulated MS 

disease burden (53).  However, cross-sectional and longitudinal studies have not shown a 

strong correlation between T2w lesion volume and clinical disability (54-56).  A proton 

density-weighted (PDw) image minimizes both the T1 and T2 effects, and the result is 

between T1w and T2w images.  A PDw image has bright GM and lesions, less bright 

WM, and dark CSF.  Fluid attenuated inversion recovery (FLAIR) is an inversion 

recovery pulse sequence designed to suppress the signal from liquid in the brain.  By 

selecting an appropriate TI, FLAIR can produce images with better MS lesion contrast, 

particularly between CSF and periventricular MS lesions, than T2w and PDw images 

(57). 

Figure 1-1 shows 4 types of MRI modalities of the same brain region of a patient with 

MS: T1-weighted (T1w), T2-weighted (T2w), proton density-weighted (PDw), and fluid 

attenuated inversion recovery (FLAIR) images.  We can easily identify the hyperintense 

periventricular lesions using the FLAIR sequence. 
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template, and estimation of the volume of the brain structure based on the volume in the 

standard brain template and the transformation matrix from registration (63).  The raw 

volumes of hippocampi, cerebellum, and lateral ventricles are calculated first, and then 

normalized using the same volumetric scaling factor as in normalized total brain volume 

mentioned before. 

 

1.3.4 Principles of MRS 

Proton magnetic resonance spectroscopy is a technique for detecting the chemical profile 

in a given sample.  When used on biological tissues, MRS reveals the metabolic products 

of biological reactions, which can be very useful in probing normal and dysfunctional 

metabolism.  MRS is advantageous to conventional MRI in the sense that it can detect 

subtle changes of the chemical profile in normal appearing brain tissues, where 

pathological features are not detectable in conventional MRI.  Based on the same 

principles as proton NMR, when we apply an external magnetic field, protons in different 

chemical environments experience different effective magnetic fields due to the chemical 

shielding effect from surrounding electrons.  The strength of chemical shielding depends 

on the electron density around the proton, which can be affected by adjacent atoms.  

Therefore, protons with different neighbouring atoms resonate at slightly different 

frequencies.  The difference of resonant frequencies between the proton of interest and 

the proton in a standard reference molecule (normally tetra-methylsilane, TMS) is called 

chemical shift.  For convenience, chemical shift is expressed in parts-per-million (ppm), 

and is independent of the static magnetic field B0.  Using chemical shift, we can identify 
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the chemical environment of protons on an MR spectrum, and hence reveal the metabolic 

profile of the region of interest. 

There are two basic types of spectroscopy commonly used in clinical applications, multi-

voxel spectroscopy and single-voxel spectroscopy (SVS).  Multi-voxel spectroscopy can 

provide single or multiple slices of regions in the brain based on one, two, and three-

dimensional acquisition of multiple voxels.  Multi-voxel spectroscopy is also known as 

MRS imaging (MRSI), for its ability to incorporate chemical information from each 

voxel with anatomical information in the brain from conventional MRI.  MRSI can 

provide a wide coverage of the brain to illustrate the overall brain metabolic profile.  In 

contrast, SVS usually provides higher signal to noise ratios for much more specific 

regions in the brain. Both localization techniques use three intersecting orthogonal 

excited slices to create a region of interest, a voxel. 

Two commonly used localization techniques are STimulated Echo Acquisition Mode 

(STEAM) and Point RESolved Spectroscopy (PRESS) (64, 65).  Both localization 

techniques use three intersecting orthogonal excited slices to create a region of interest, a 

voxel. STEAM offers voxels with sharper localization, whereas PRESS provides almost 

twice as much signal to noise ratio as STEAM, and is less sensitive to subject motion in 

the scanner than STEAM (64, 65).  In order to measure concentrations of metabolites in 

the brain, one needs to suppress water signals first.  Water concentration is normally in 

the 70 M range, whereas brain metabolites are usually in the range of 1 – 10 mM (66).  A 

commonly used method to suppress water signal is called CHEmically Selective 

Saturation (CHESS) (67). 
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1.3.5 MRS and neuroaxonal injury in MS 

MRSI allows the in-vivo monitoring of a number of brain metabolites.  Of particular 

interest is the total signal from the resonance of N-acetyl groups (NA) at 2.0 ppm, which 

is composed primarily of the signal from N-acetylaspartate (NAA), with a small 

contribution from N-acetylaspartyl-glutamate (NAAG).  NA can be used as an in-vivo 

marker of neuroaxonal integrity because both NAA and NAAG are synthesized in 

neuronal mitochondria, and are found primarily in neurons and axons in the adult human 

brain (69-71). 

Another important brain metabolite assessed by MRS is creatine (Cr).  Cr usually appears 

as a composite peak at 3.0 ppm, consisting of Cr and phosphocreatine (PCr).  Cr and PCr 

are important reserves of high-energy biochemicals in neurons and glia (72).  Since the 

total concentration of Cr and PCr is relatively stable and unaffected by MS, it is often 

used as an internal standard with which to normalize other metabolites (73).  The ratio of 

NA/Cr is decreased in MS, generally interpreted as neuroaxonal injury and loss (74-76). 

Other metabolites that can be assessed by MRS are choline (Cho), myo-inositol (mI), and 

glutamate.  The Cho peak at 3.2 ppm consists of compounds that are associated with 

membrane phospholipids (72).  In acute MS plaques, the ratio of Cho/Cr is increased, 

which is believed to indicate active demyelination and inflammation (74, 77).  The mI 

peak appears at around 3.5 ppm.  Elevated mI could possibly indicate glial cell 

proliferation or gliosis in MS (78-80).  The glutamate peak is found at 2.35 ppm, and may 

indicate inflammation (81). 
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1.4 MRI/MRS studies on neuronal injury in OSAH 

1.4.1 Introduction 

There have been an increasing number of studies showing that untreated OSAH is 

associated with adverse health outcomes (82).  The mechanisms of how OSAH increases 

medical morbidity remain unclear.  However, neuroimaging studies in OSAH have 

significantly improved our understanding of brain structure and metabolism in patients 

with this condition (83).  Researchers have applied techniques such as MRI and MRS to 

elucidate the central nervous system consequences of OSAH in the general population. 

 

1.4.2 Brain atrophy and OSAH 

MRI allows us to non-invasively examine the neuroanatomical abnormalities in patients 

with OSAH.  In an early case-control study, Davies et al (84) quantitatively compared 

white matter hyperintensities in 45 patients with moderate to severe OSAH with 45 

controls without OSAH.  Although patients with OSAH had increased arterial blood 

pressure compared to controls, both groups had a similar prevalence of subclinical 

cerebrovascular disease on MRI.  Another study conducted by Gale and Hopkins (85) 

examined memory performance and hippocampal volume in patients with severe OSAH.  

On comparison with a previously established normative sample of quantitative brain 

volumes, 36% of patients with OSAH had hippocampal atrophy (85).  Hippocampal 

volumes were associated with oxygen saturation, and only with selected tests in memory 

performance in patients with OSAH (85). 

Other than manual volumetric methods, a frequently used technique in brain MRI 

volumetric analysis is voxel-based morphometry (VBM) (86).  VBM is an automated 
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method that compares the volume of grey matter between two groups of subjects on a 

voxel-by-voxel basis (86).  Several VBM studies showed differences of grey matter 

volume in various brain regions between patients with OSAH and controls.  However, 

results were often inconsistent.  Researchers reported grey matter volume loss in the 

frontal, parietal, and temporal cortices, anterior cingulate, hippocampus, and cerebellum 

(87), and bilateral prefrontal cortex, bilateral inferior parietal gyri, right temporal cortex, 

occipital cortex, right thalamus, left putamen, caudate nucleus and pallidum, right 

hippocampus, parahippocampal gyrus, and cerebellum (right cerebellar hemisphere and 

vermis) (88).  Both studies used a relatively liberal threshold for statistical significance 

without correcting for multiple comparisons (87, 88).  Using the same technique, Morrell 

and colleagues found that patients with moderate OSAH had grey matter volume loss 

only in the left hippocampus (n=7) (89).  They used a level of significance selected on the 

basis of an a priori hypothesis (p<0.01) (89).  In a larger study, researchers found a 

reduction of grey matter volume in the right middle temporal gyrus, and the left 

cerebellum in patients with OSAH (90).  Nonetheless, a more stringent statistical analysis 

(p<0.05, corrected for multiple comparisons using false discovery rate) found no 

difference in grey matter change in any region of the brain (91).  In addition, reduced 

grey matter concentration was found in patients with moderate-severe OSAH in the left 

gyrus rectus, bilateral superior frontal gyri, left precentral gyrus, bilateral frontomarginal 

gyri, bilateral anterior cingulate gyri, right insular gyrus, bilateral caudate nuclei, bilateral 

thalami, bilateral amygdalo-hippocampi, bilateral inferior temporal gyri, and bilateral 

quadrangular and biventer lobules in the cerebellum (92).  Interestingly, the same study 

also found no significant difference in grey matter volume between patients and controls, 
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suggesting that grey matter volume and concentration reflect different pathologies of 

OSAH (92).  Torelli et al (93) showed decreased grey matter volume in left and right 

hippocampi and within more lateral temporal areas in patients with moderate-severe 

OSAH using VBM, and lower volumes of cortical grey matter, smaller right 

hippocampus, and right and left caudate in patients using Freesurfer (93-96).  The factors 

that may account for the inconsistencies in these VBM studies are sample size and 

homogeneity, MRI scanner field strength, and statistical correction for both multiple 

comparisons and age (83). 

In addition to grey matter, two studies also examined white matter integrity in OSAH.  In 

an MRI population-based study, white matter disease in the brainstem was not associated 

with the AHI, with or without adjusting for potential confounders (97).  In contrast, the 

arousal index (number of arousals per hour of sleep) was inversely associated with 

brainstem white matter disease, and the authors mentioned that its clinical significance 

should be further investigated (97).  In a diffusion tensor imaging study, Macey and 

collegues (98) reported lower white matter integrity in the anterior corpus callosum, 

anterior and posterior cingulate cortex and cingulum bundle, right column of the fornix, 

portions of the frontal, ventral prefrontal, parietal and insular cortices, bilateral internal 

capsule, left cerebral peduncle, middle cerebellar peduncle and corticospinal tract, and 

deep cerebellar nuclei.  This study suggested that axons linking major structures within 

the limbic system, pons, frontal, temporal and parietal cortices, and projections to and 

from the cerebellum were affected in patients with OSAH (98). 
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1.4.3 Neuronal injury and brain metabolites in OSAH 

Compared with MRI, MRS can detect subtle metabolic impairment in the normal-

appearing brain tissues in OSAH.  Kamba et al. used MRSI to examine NA/Cr, Cho/Cr, 

and NA/Cho in mild and moderate to severe OSAH patients, as well as controls without 

neurological disease (99).  They found that moderate to severe OSAH patients had 

significantly lower NA/Cho in the posterior periventricular white matter compared to 

both mild OSAH patients and controls.  The authors concluded that these metabolite 

differences were due to cerebral damage caused by repeated apneic episodes (99).  

Although this study was the first to evaluate cerebral metabolism in OSAH using MRS, it 

was potentially confounded by the uncontrolled co-morbidities in patients with OSAH. 

A later study by the same group was conducted to determine the relationship between 

NA/Cho in cerebral white matter and the severity of OSAH measured by AHI (100).  55 

patients with severe OSAH were examined by MRSI and standard overnight PSG, after 

excluding the presence of hypertension, cardiac disease, diabetes mellitus, and 

hyperlipidemia (100).  Results from this study showed that NA/Cho in the cerebral cortex 

was negatively associated with age, but not significantly associated with OSAH severity.  

However, NA/Cho in the posterior periventricular white matter was negatively associated 

with OSAH severity, after adjusting for age and cardiac disease (100).  The authors’ 

findings supported their previous study, and the hypothesis that cerebral hypoxia was 

responsible for the metabolic impairment in the deep white matter.  In addition, the 

authors suggested an effect of cerebrovascular risk factors on cerebral metabolism in 

OSAH (100).  Halbower et al. reported increased Cho/Cr in the left hippocampus, and 

decreased NA/Cho in both the left hippocampus and right frontal cortex in children with 
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severe OSAH, compared with age and sex-matched healthy children (101).  The authors 

also found that children with severe OSAH had significant deficits in IQ and executive 

functions.  However, there was no evaluation of the association between the cognitive 

performance and metabolic dysfunction.  The authors speculated that untreated childhood 

OSAH could permanently limit the child’s cognitive function (101).  Although the results 

from the 3 studies were in general consistent, the interpretation of results was limited due 

to the non-specificity of NA/Cho. 

Compared to NA/Cho, NA/Cr assesses neuroaxonal damage more specifically.  

Therefore, NA/Cr was examined in a few other studies.  Bartlett et al. reported increased 

NA/Cr in the left hippocampus, and a significant association of NA/Cr and performance 

on a cognitive test in OSAH patients compared to age and occupation-matched controls 

(102).  The authors also suggested that decreased Cr due to changes in brain 

bioenergetics caused by hypoxic damage was responsible for the increased NA/Cr (102). 

In contrast, decreased NA/Cr was found in different areas in two studies.  Achanatis et al. 

reported decreased NA/Cr in the frontal periventricular white matter in patients with 

untreated severe OSAH compared with age and sex-matched controls (103).  They also 

found decreased Cho/Cr, decreased absolute NA and Cho in the frontal periventricular 

white matter.  A subgroup analysis of patients without co-morbid medical conditions also 

agreed with the main results of the study (103).  This study also suggested a link between 

neuroaxonal dysfunction in the frontal periventricular white matter and cognitive 

executive deficits in patients with OSAH (104, 105). 

Sarchielli et al. also found lowered NA/Cr in frontal and temporal regions bilaterally in 

patients with moderate OSAH compared with controls (106).  In addition, elevated 
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Cho/Cr in bilateral temporal regions, and elevated mI/Cr in both frontal and temporal 

regions were seen in the same group comparison.  The authors suggested that repeated 

episodes of hypoxia were the possible origin of these metabolic dysfunctions in OSAH 

(106). 

Tonon et al. conducted an interesting study to evaluate metabolic changes before and 

after continuous positive airway pressure (CPAP) treatment (107).  They found that the 

absolute concentration of NA was lower in the parietal-occipital cortex in severe OSAH 

patients than in age and sex-matched controls at baseline.  The reduction of NA persisted 

after 6 months of CPAP treatment, despite improved sleep quality and better cognitive 

performance (107).  The results also showed significant correlations of minimum 

oxyhemoglobin saturation during sleep and the level of NA, as well as objective 

sleepiness measured by Multiple Sleep Latency Test and NA (107).  This study supported 

the hypothesis that intermittent hypoxia, rather than arousals or sleep fragmentation, may 

be responsible for irreversible neuroaxonal damage (107). 

In summary, the MRI/MRS results on OSAH were mostly inconsistent due to different 

experimental protocols and patient populations.  Therefore, new studies with good 

experimental designs would be helpful to explain some of the inconsistent results of 

previous studies. 

 

1.5 Hypothesis 

We hypothesize that OSAH exacerbates neurodegeneration in patients with MS.  The 

main outcome measures of neurodegeneration to be evaluated are NA/Cr and normalized 

hippocampal volumes.  We expect a significant interaction effect of OSAH and MS to 
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reduce NA/Cr (indicating neuroaxonal injury) in the central brain and posterior cingulate 

medial cortex, as well as the size of hippocampus, after adjusting for potential 

confounders.  Our secondary outcomes will be normalized brain volume, cerebellar 

volume, lateral ventricular volume and cortical thickness. 
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Chapter 2 Methodology 

2.1 Ethical issues 

The study was approved by the Research Ethics Board at the Montreal Neurological 

Institute and Hospital.  All study subjects provided written informed consent for 

participation in the study. 

 

2.2 Study design and subjects 

The study design was cross-sectional.  We used established clinical and laboratory 

criteria to diagnose MS (108).  Based on a type 1 error rate of 5% and 80% power, we 

planned to recruit 40-60 patients with MS in order to be able to detect a clinically 

important difference of a 6% - 8% reduction in the NA/Cr ratio (109).  Most MS patients 

for this study (n=42) were recruited from a population of patients who participated in a 

previous study on sleep abnormalities in MS (110), and had  been recruited from the 

Montreal Neurological Hospital MS Clinic.  These patients already underwent blood 

tests, pulmonary function testing, clinical evaluation, and polysomnography (PSG).  If 

the PSG was performed > 6 months before the MRI/MRS examination, the subject was 

asked to undergo another PSG within 6 months of the MRI.  Repeat PSG was mandatory 

if there had been a major change in clinical status (e. g. 10% change in body weight). 

We also recruited 9 new MS patients from the Montreal Neurological Hospital MS 

Clinic.  New patients with MS underwent the same evaluations as our previous patients, 

utilizing the same inclusion/exclusion criteria. 

Controls without neurological disorders were recruited from a population of controls who 

participated in our previous study (n=16).  Additional new controls without neurological 
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disease were recruited for this study as necessary (n=13).  Controls were recruited from 

dermatology and preoperative clinics (patients and companions), local volunteers (friends 

of research team members), and from posted library advertisements.  Overall, we 

recruited 49 patients with MS and 29 controls without neurological disorders for the 

study. 

 

2.2.1 Inclusion criteria 

For MS patients: 1) those recommended by the International Panel on the Diagnosis of 

MS (108), 2) relapse free for at least 30 days prior to study appointment. 

 

2.2.2 Exclusion criteria 

1) age <18 years, 2) pregnancy, 3) cognitive or psychiatric impairments which could 

preclude compliance with informed consent, study procedures, or study requirements, 4) 

presence of other significant neurological difficulties (other than MS), 5) presence of 

other significant pulmonary, otorhinological disorders, and medical disorders, 6) 

Expanded Disability Status Scale (EDSS) > 7.0, 7) forced vital capacity of < 60% on 

pulmonary function testing, 8) any value of > 1.5 times the upper limit or <0.75 times the 

lower limit (where applicable) of the reference range for any of the baseline/screening 

laboratory evaluations (with the exception of iron profile, vitamin B12 and folate levels) 

which is clinically significant, and 9) presence of metallic objects or other devices which 

could interfere with MRI.  Exclusion criteria for normal controls were similar to those for 

MS subjects, except that controls did not undergo blood test or pulmonary function 

testing. 
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2.3 Study procedures 

All subjects in this study underwent complete overnight in-laboratory PSG at the MUHC 

Sleep Laboratory.  All subjects were evaluated by a physician researcher at the time of 

the MRI. 

 

2.4 Polysomnography 

PSG was performed using the Harmonie System (Stellate, Montreal, QC), with recording 

of standard electroencephalographic leads (C4/C3/F3/F4/O1/O2/M1/M2), bilateral 

electrooculogram, chin, anterior tibialis & extensor digitorum electromyograms, airflow 

via nasal pressure cannula, thoracoabdominal movements via inductive plethysmography 

(Respitrace Systems, Ardsley, NY), single lead EKG, pulse oximetry, snoring, digital 

video recording, and body position. 

A single certified PSG technologist with expert physician review scored all 

polysomnographic records, according to American Academy of Sleep Medicine Task 

Force (AASM) criteria (111) except that respiratory analysis was based on standard 

AASM research criteria (112), where an apnea was defined as airflow cessation for ≥ 10 

sec and a hypopnea as airflow reduction for ≥ 10 sec by ≥ 50%, or associated with 

arousal or desaturation ≥ 4%.  The number of apneas and hypopneas per hour of sleep 

were used to calculate the AHI. 

 

2.5 MRI/MRS data acquisition 

A combination of 1H MR imaging and spectroscopic examinations of the brain were 

conducted for each subject on a SIEMENS TIM TRIO scanner at 3.0 T (Siemens AG, 
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normalized brain, cerebellar, and lateral ventricular volumes, as well as cortical 

thickness. 

 
2.8 MRI post-processing 

Six processing pipelines were applied to each subject to generate T2 lesion masks and all 

MRI outcome measures.  The automated T2 lesion masks were first generated by the 

Classify Quick Pipeline (Simon Francis, Magnetic Resonance Spectroscopy Unit, MNI) 

(119).  The lesion masks were then manually corrected by myself (I received specialized 

training to do so) after visual quality control of the results.  An example of a lesion mask 

before and after correction is shown in Figure 2-3.  For the MRI outcome measures, 

normalized hippocampal, lateral ventricular and cerebellar volumes were calculated from 

an automated segmentation tool (Prof. Louis Collins, Image Processing Lab, MNI) (120). 

Segmentation images for quality control are shown in Figure 2-4 (hippocampi), Figure 

2-5 (lateral ventricles), and Figure 2-6 (cerebellum).  Normalized brain volumes (NBV) 

were generated using SienaX (FSL, Oxford) (59).  Brain segmentation images for quality 

control are shown in Figure 2-7.  Cortical thickness was calculated using Freesurfer 

(Freesurfer, Harvard) (121).  The cortical thickness segmentation image for quality 

control is shown in Figure 2-8.  I also visually checked all automated results. 
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normalized brain, hippocampal, cerebellar, and lateral ventricular volumes are listed in 

Table 2-2. 

The average NA/Cr ratio percent differences were 1.25% for MRSI, and 5.01% for SVS.  

The average percent differences ranged from 1.20 % to 3.75 % for brain volumes in all 

brain regions of interest.  These results indicated good reliability of our MRI/MRS 

protocol. 

Table 2-1. Reliability Assessment of Brain Metabolites: Average Percent Differences 

 MRSI (%) SVS (%) 
NA/Cr 1.25 5.01

Legend: MRSI =  Magnetic Resonance Spectroscopic Imaging; SVS = Single Voxel 
Spectroscopy; NA/Cr = concentration ratio of N-acetyl groups/ creatine. 
 
Table 2-2. Reliability Assessment of Brain Volumes: Average Percent Differences 
 

Outcomes % 
Normalized Brain Volume 1.52 
Normalized Hippocampal Volume 3.75 
Normalized Lateral Ventricular Volume 3.07 
Normalized Cerebellar Volume 2.65 
Cortical Thickness 1.20 

 

2.11 Statistical analysis 

All statistical analyses were done in the statistical package R 2.13.0 (www.r-project.org).  

We calculated a multiple linear regression model for each outcome measure using a step-

wise selection procedure.  We started the procedure with a full model including all 

independent (exposure) variables. 

Y = β0 + β1 MS + β2 OSAH + β3 MS x OSAH + β4 MS treated + β5 OSAH treated + β6 

BMI + β7 age + β8 sex 
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Each outcome measure Y was the dependent (outcome) variable for every model tested.  

ß0 was the intercept, which stood for the predicted value of Y when all the independent 

variables were set to zero.  Each ß in front of an independent variable was the partial 

regression coefficient for the corresponding variable, which could be interpreted as the 

effect size of the corresponding variable on the outcome while holding all other 

independent variables constant.  OSAH and MS status, and the interaction between 

OSAH and MS were all included in the model as independent categorical variables.  

Other independent variables were chosen based on the results of univariate analyses, 

previous empirical findings, and clinical experience.  They included age, sex, BMI, 

OSAH treatment (CPAP), and MS treatment (treated with immunomodulating treatment).  

OSAH status, MS status, OSAH treated, MS treated, and sex were all categorical 

variables, where no OSAH, no MS, no treatment, and male were used as reference levels.  

All other variables were continuous variables. 

After the full model was established, we started removing independent variables one by 

one, starting from the interaction variable of MS and OSAH.  We removed the interaction 

variable when 1) it was not significant, and 2) removing it did not decrease the overall 

model fit, indicated by the adjusted R2 value.  In other words, if the interaction variable 

was significant, or removing an insignificant interaction variable decreased the overall 

model fit, we chose not to remove it from the model.  Following the interaction variable, 

we then moved on to the least significant variable from the model.  If removing the 

variable decreased overall model fit, we then put the removed variable back into the 

model, and continued to remove the second least significant variable instead.  We 



 36

repeated this process until the adjusted R2 value reached its maximum.  MS and OSAH 

status were included in all models regardless of their significance. 

For primary outcomes, a Bonferroni correction was applied on each regression model’s 

overall p value.  For the secondary outcomes, no correction was performed due to the 

exploratory nature of these analyses.  Sub-group exploratory analyses were also 

performed in MS and Non-MS patients using OSAH as the independent variable, 

accounting for confounders such as age and sex.  All levels of significance was set at p < 

0.05. 
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Chapter 3 Results 

3.1 Clinical and demographic characteristics 

The clinical and demographic characteristics of 29 controls and 49 patients with MS are 

shown in Table 3-1.  Age, sex, BMI, immunomodulatory treatment, and CPAP treatment 

were all included in multiple regression models as independent variables.  We have three 

categories of AHI.  The AHI Now indicates most recent AHI from each subject.  The 

AHI 1st variable indicates the first AHI measured from all subjects.  We generated the 

AHI combined variable to estimate the clinical severity of OSAH in all subjects.  The 

reason for doing so is that the AHI of patients who were treated by CPAP was calculated 

while on treatment, which essentially reduced the natural episodes of apnea and 

hypopnea.  Therefore, we combined the first AHI of subjects who are currently treated by 

CPAP, and the most recent AHI of subjects who are not currently treated by CPAP to 

generate the AHI combined variable.  It is based on the assumption that AHI does not 

change significantly over time when the BMI of patients does not change.  MS and 

control subjects were of similar mean age, but subjects with OSAH were older than those 

without OSAH.  There were more females in the MS group.  Mean BMI was somewhat 

higher in MS patients with OSAH, but mean values for all groups were in the non-obese 

range.  Most MS patients had the RR form of the disease, and most (approximately 60%) 

were on immunomodulating treatment.  Mean AHI indices were similar in MS and 

control subjects. 
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Table 3-1. Clinical and demographic characteristics of study subjects. 

 
Control (n = 29) MS (n = 49) 

Without OSAH With OSAH Without OSAH With OSAH 

n 16 13 17 32 

Age (years)1 43.17 ± 12.27 52.48 ± 15.21 47.36 ± 10.10 53.04 ± 9.83 

sex (% of female) 56.25% 38.46% 64.71% 59.38% 

BMI1 24.3 ± 3.0 25.3 ± 6.1 23.9 ± 5.4 28.6 ± 5.3 

# of subjects treated by 
CPAP - 3 (23%) - 12 (38%) 

EDSS (range, median) - - 1 - 6.5 (2.5) 1 - 6.5 (3.75) 

MS disease duration 
(years)1 - - 15.1 ± 9.1 17.6 ± 8.1 

MS disease type 
n (%) 

RR - - 15 (88.2%) 22 (68.8%) 

SP - - 2 (11.8%) 9 (28.1%) 

PR - - 0 1 (3.1%) 

T2 lesion volume (cc)1 - - 13.85 ± 12.26 15.00 ± 14.8 

Immunomodulatory 
treatment or chemotherapy 

at evaluation n (%) 
- - 10 (58.8%) 22 (68.8%) 

Apnea-Hypopnea Index 
Now1, a 8.9 ± 4.1 25.1 ± 14.9 9.8 ± 3.8 22.4 ± 17.4 

Apnea-Hypopnea Index 
1st1, b 9.1 ± 4.5 32.1 ± 10.5 10.0 ± 4.1 28.3 ± 13.6 

Apnea-Hypopnea Index 
combined1, c 8.9 ± 4.1 31.0 ± 10.8 9.8 ± 3.8 30.3 ± 14.1 

1 mean ± SD, a most recent apnea-hypopnea index, b first apnea-hypopnea index, c if the 

patient was treated by CPAP at the time of PSG, the first apnea-hypopnea index was 

used. MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea; BMI = 

Body Mass Index; CPAP = Continuous Positive Airway Pressure; EDSS = Kurtzke 

Expanded Disability Status Scale; RR = Relapsing-Remitting; SP = Secondary-

Progressive; PR = Progressive-Relapsing 
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The summary of MRI and MRS outcome measures are shown in Table 3-2. All multiple 

regression models are shown and analyzed in chapters 3.2 and 3.3. 

 

Table 3-2. Summary of MRI and MRS outcome measures. 

 
Control (n = 29) MS (n = 49) 

Without OSAH With OSAH Without OSAH With OSAH 

n 16 13 17 32 

Primary 
Outcome 
Measures 

Central Brain 
NA/Cr 1.715 ± 0.093 1.634 ± 0.074 1.526 ± 0.107 1.524 ± 0.127 

Posterior Brain 
NA/Cr 1.440 ± 0.092 1.387 ± 0.107 1.304 ± 0.077 1.399 ± 0.230 

Normalized 
Hippocampal 
Volume (cc) 

7.27 ± 0.60 7.39 ± 0.71 6.79 ± 0.86 6.81 ± 0.78 

Secondary 
Outcome 
Measures 

Normalized Brain 
Volume (cc) 1578.21 ± 94.84 1552.46 ± 71.08 1473.24 ± 149.61 1462.72 ± 137.44 

Normalized 
Cerebellar 

Volume (cc) 
161.18 ± 11.31 155.32 ± 5.72 151.57 ± 15.31 148.47 ± 16.70 

Normalized 
Lateral 

Ventricular 
Volume (cc) 

18.97 ± 7.77 29.81 ± 16.01 42.99 ± 21.49 39.08 ± 19.15 

Cortical 
Thickness (mm) 2.58 ± 0.06 2.54 ± 0.08 2.50 ± 0.13 2.50 ± 0.11 

Values shown are mean ± SD. MS = Multiple Sclerosis; OSAH = Obstructive Sleep 

Apnea-Hypopnea; NA/Cr = the ratio of N-acetylaspartate/creatine 
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3.2 Primary outcome measures 

3.2.1 NA/Cr in central brain 

The parameters of the model for central brain NA/Cr are shown in Table 3-3.  The model 

was highly significant with a Bonferroni-corrected overall p = 1.11E-08.  The final 

multiple linear regression model was: 

Central Brain NA/Cr = 1.879 - 0.172 x MS - 0.046 x OSAH + 0.0631 x MS x 

OSAH - 0.0038 x Age 

After controlling for age (p = 3.65E-04), the MS effect remained significant (p = 6.64E-

06, 95% CI (-0.242, -0.101)) reducing central brain NA/Cr by -10.03%, whereas OSAH 

did not have a significant effect (p = 0.2405).  We did not observe a significant 

interaction effect between OSAH and MS on central brain NA/Cr (p = 0.196).  The 

magnitude of the OSAH effect was much smaller than the MS effect (2.68% vs 10.03%). 

Table 3-3. The multiple regression model parameters for central brain NA/Cr. 

Central Brain NA/Cr (n=78) 

Adjusted R2 of the 
model 0.4272 

p of the model*1 1.11E-08 

Intercept 1.879 

Variables ß (%)a 95% CI of ß  p  

MS* -0.172 (-10.03) (-0.242, -0.101) 6.64E-06 

OSAH -0.046 (-2.68) (-0.123, 0.0313) 0.2405 

Age* -0.0038 (-0.22) (-0.0058, -0.0018) 3.65E-04 

MS x OSAH 0.0631 (3.68) (-0.0333,0.160) 0.196 

1Bonferroni corrected; * p < 0.05; a The % change of ß was calculated by dividing β by 

the mean central brain NA/Cr in normal controls. e.g. MS: -0.172/1.715 = -10.03% 
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MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea; NA/Cr = the 

ratio of total N-acetylaspartate groups/creatine. 

3.2.2 NA/Cr in posterior brain 

The parameters of the model for posterior brain NA/Cr are shown in Table 3-4.  The 

overall model was significant after Bonferroni correction (p = 0.0139).  The final 

multiple linear regression model was: 

Posterior Brain NA/Cr = 1.440 - 0.166 x MS - 0.042 x OSAH + 0.116 x MS x 

OSAH + 0.0514 x MS treatment - 0.0449 x OSAH treatment 

After controlling for treatment effects, MS remained significant (p = 1.30E-04, 95% CI (-

0.248, -0.0843)) and reduced posterior brain NA/Cr by 11.53% on average.  We did not 

observe a significant OSAH effect (p = 0.296).  However, there was a significant positive 

interaction effect (p = 0.0252, 95% CI (0.0148, 0.217)), which increased posterior brain 

NA/Cr by 8.06%. 

Table 3-4. The multiple regression model parameters for posterior brain NA/Cr. 

Posterior Brain NA/Cr (n=78) 

Adjusted R2 of the 
model 0.1526 

p of the model*1 0.0139 

Intercept 1.44 

Variables ß (%)a 95% CI of ß  p  

MS* -0.166 (-11.53) (-0.248, -0.0843) 1.30E-04 

OSAH -0.042 (-2.92) (-0.122, 0.0376) 0.296 

MS treatment 0.0514 (3.57) (-0.0120, 0.115) 0.111 

OSAH treatment -0.0449 (-3.12) (-0.112, 0.0224) 0.188 

MS x OSAH* 0.116 (8.06) (0.0148, 0.217) 0.0252 
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1Bonferroni corrected, * p < 0.05, a The % effect size of ß on the mean posterior brain 

NA/Cr in normal controls. e.g. MS: -0.166/1.440 = -11.53% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea; NA/Cr = the 

ratio of N-acetylaspartate and creatine 

 

After examining the clinical and demographic information in Table 3-1, we decided to 

replace the interaction of MS and OSAH in the original regression model by the 

interaction of MS treatment status and OSAH.  The reason was that the MS with OSAH 

group had many more subjects being treated with immunomodulating treatment than the 

MS without OSAH group.  The treatment effect may be a more appropriate explanation 

for the interaction effect between MS and OSAH on NA/Cr.  Therefore, the revised 

multiple regression model (in Table 3-5) was: 

Posterior Brain NA/Cr = 1.429 - 0.166 x MS - 0.0198 x OSAH + 0.124 x MS 

treatment x OSAH - 0.0246 x MS treatment - 0.0416 x OSAH treatment 

After replacing the old interaction variable, the new model overall fit was improved with 

a Bonferroni-corrected p = 0.0103.  The MS effect remained significant (p = 2.47E-03, 

95% CI (-0.166, -0.037)) and the new interaction of MS treatment and OSAH became 

more significant (p = 0.0169, 95% CI (0.023, 0.226)), and had a larger effect size 

(8.61%).  The effect size of interaction (8.61%) was even higher than the negative MS 

effect (-7.01%).  OSAH remained insignificant in this model (p = 0.545). 
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Table 3-5. The revised multiple regression model parameters for posterior brain NA/Cr. 

Posterior Brain NA/Cr (n=77) 

Adjusted R2 of the 
model 0.161 

p of the model*1 0.0103 

Intercept 1.429 

Variables ß (%)a 95% CI of ß  p  

MS* -0.101 (-7.01) (-0.166, -0.037) 2.47E-03 

OSAH -0.0198 (-1.38) (-0.085, 0.045) 0.545 

MS treatment -0.0246 (-1.71) (-0.115, 0.066) 0.591 

OSAH treatment -0.0416 (-2.89) (-0.108, 0.025) 0.218 

MS treatment x 
OSAH* 0.124 (8.61) (0.023, 0.226) 0.0169 

1Bonferroni corrected, * p < 0.05, a The % effect size of ß on the mean posterior brain 

NA/Cr in normal controls. e.g. MS: -0.101/1.440 = -7.01% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea; NA/Cr = the 

ratio of N-acetylaspartate and creatine 

 
3.2.3 Normalized hippocampal volume 

The parameters of the model for normalized total hippocampal volume are shown in 

Table 3-6.  The overall model was significant after Bonferroni correction (p = 0.025). 

The final multiple linear regression model was: 

Normalized Total Hippocampal Volume = 7150.5 - 573.5 x MS + 47.3 x OSAH + 

316.8 x Sex (female) 

 MS had a significant effect of -7.89% (p = 1.90E-03, 95% CI (-928.3, -218.8)) on 

normalized hippocampal volume after correcting for sex as a confounder.  We did not 
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observe a significant interaction effect.  In addition, we did not observe a significant 

OSAH effect on normalized hippocampal volume (p = 0.786).  The OSAH effect 

remained much smaller than the MS effect (0.65% vs -7.89%). 

 

Table 3-6. The multiple regression model parameters for total normalized hippocampal 

volume 

Normalized Total Hippocampal Volume (mm3) (n=78) 

Adjusted R2 of the 
model 0.111 

p of the model*1 0.025 

Intercept 7150.5 

Variables ß (%)a 95% CI of ß  p  

MS* -573.5 (-7.89) (-928.3, -218.8) 1.90E-03 

OSAH 47.3 (0.65) (-297.9, 392.5) 0.786 

Sex (female) 316.8 (4.26) (-22.9, 656.4) 0.067 

1Bonferroni corrected, * p < 0.05, a The % effect size of ß on the mean normalized total 

hippocampal volume in normal controls. e.g. MS: -573.5/7270 = -7.89% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea 

 
3.3 Secondary outcome measures 

3.3.1 Normalized brain volume 

The parameters of the model are shown in Table 3-7.  The overall model was significant 

(p = 9.96E-06).  The final multiple linear regression model was: 

Normalized Brain Volume = 1778.3 – 44.3 x MS + 24.3 x OSAH – 5.2 x Age 

+44.9 x Sex (female) – 72.8 x MS Treatment 
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After correcting for sex and age (p = 2.92E-05), we did not observe a significant effect of 

MS (p = 0.205), OSAH (p = 0.377), or the interaction of MS and OSAH (not included in 

the final model) on normalized brain volume.  However, the treatment of MS had a 

significant effect of -4.61% (p = 0.0352, 95% CI (-140.5, -5.2)), indicating a reduced 

brain volume in those on MS treatment. 

 
Table 3-7. The revised multiple regression model parameters for normalized brain 

volume. 

Normalized Brain Volume (cc) (n=78) 

Adjusted R2 of the 
model 0.298 

p of the model* 9.96E-06 

Intercept 1778.3 

Variables ß (%)a 95% CI of ß  p  
MS -44.3 (-2.81) (-113.2, 24.6) 0.205 

OSAH 24.3 (1.54) (-30.2, 78.7) 0.377 
Age* -5.2 (0.33) (-7.5, -2.9) 2.92E-05 

Sex (female) 44.9 (2.84) (-7.1, 96.8) 0.0894 
MS treatment* -72.8 (-4.61) (-140.5, -5.2) 0.0352 

* p < 0.05, a The % effect size of ß on the mean normalized brain volume in normal 

controls. e.g. MS: -44.3/1578.2 = -2.81% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea 

 

3.3.2 Normalized cerebellar volume 

The parameters of the model for normalized cerebellar volume are shown in Table 3-8.  

The overall model was significant (p = 3.713E-04).  The final multiple linear regression 

model was: 
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Normalized Cerebellar Volume = 155.03 – 6.02 x MS – 2.9 x OSAH + 44.9 x Sex 

(female) 

After correcting for the significant sex effect (p = 0.0017), MS remained significant (p = 

0.003, 95% CI (-16.0, -3.4)) in the model with an effect of -6.72%.  We did not observe 

any significant effect of OSAH (p = 0.377), or the interaction of MS and OSAH (not 

included in the final model) on normalized cerebellar volume. 

 

Table 3-8. The multiple regression model parameters for normalized cerebellar volume. 

Normalized Cerebellar Volume (cc) (n=78) 

Adjusted R2 of the 
model 0.1867 

p of the model* 3.713E-04 

Intercept 155.0 

Variables ß (%)a 95% CI of ß  p  

MS* -9.7 (-6.02) (-16.0, -3.4) 0.003 

OSAH -2.9 (-1.80) (-9.1, 3.3) 0.377 

Sex (female)* 10 (6.20) (3.9, 16.1) 0.0017 

* p < 0.05, a The % effect size of ß on the mean normalized cerebellar volume in normal 

controls. e.g. MS: -9.7/161.2 = -6.02% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea 

 
3.3.3 Normalized lateral ventricular volume 

The parameters of the model for normalized lateral ventricular volume are shown in 

Table 3-9.  The overall model was significant (p = 7.204E-04).  The final multiple linear 

regression model was: 
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Normalized Lateral Ventricular Volume = 7580.4 + 21204.2 x MS +8379.0 x 

OSAH +263.9 x Age – 11181.0 x MS x OSAH 

After correcting for age (p = 0.139), MS remained significant (p = 9.16E-04, 95% CI 

(8977.7, 33430.6)) in the model with an effect of 111.8%, indicating increased lateral 

ventricular size with MS.  We did not observe a significant effect of OSAH (p = 0.216), 

or the interaction of MS and OSAH (0.187) on normalized lateral ventricular volume. 

 
Table 3-9. The multiple regression model parameters for normalized lateral ventricular 

volume. 

Normalized Lateral Ventricular Volume (mm3) (n=78) 

Adjusted R2 of the 
model 0.1863 

p of the model* 7.204E-04 

Intercept 7580.4 

Variables ß (%)a 95% CI of ß  p  
MS* 21204.2 (111.8) (8977.7, 33430.6) 9.16E-04 

OSAH 8379.0 (44.2) (-5002.6, 21760.5) 0.216 
Age 263.9 (13.9) (-87.3, 615.1) 0.139 

MS x OSAH -11181.0 (-58.9) (27911.2, 5549.2) 0.187 

* p < 0.05, a The % effect size of ß on the mean normalized lateral ventricular volume in 

normal controls. e.g. MS: 21.20/18.97 = 111.8% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea 

 
3.3.4 Cortical thickness 

The parameters of the model for cortical thickness are shown in Table 3-10.  The overall 

model was significant (p = 2.910E-03).  The final multiple linear regression model was: 

Cortical Thickness = 2.686 – 0.053 x MS – 0.0080 x OSAH – 0.003 x Age 
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After correcting for the age effect (p = 0.0121), MS remained significant (p = 0.0296, 

95% CI (-0.100, -0.005)) in the model with an effect of -2.05%, indicating reduced 

cortical thickness in MS subjects.  We did not observe any significant effect of OSAH (p 

= 0.748), or the interaction of MS and OSAH (not included in the model) on cortical 

thickness. 

 

Table 3-10. The multiple regression model parameters for cortical thickness. 

Cortical Thickness (mm) (n=78) 

Adjusted R2 of the 
model 0.1377 

p of the model* 2.910E-03 

Intercept 2.686 

Variables ß (%)a 95% CI of ß  p  
MS* -0.053 (-2.05) (-0.100, -0.005) 0.0296 

OSAH -0.0080 (-0.31) (-0.055, 0.040) 0.748 
Age* -0.003 (-0.12) (-0.005, -0.001) 0.0121 

* p < 0.05, a The % effect size of ß on the mean cortical thickness in normal controls. e.g. 

MS: -0.053/2.58 = -2.05% 

MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-Hypopnea 

 
3.3.5 Subgroup exploratory analyses 

We performed exploratory analyses on MS and non-MS control subjects separately.  The 

goal was to investigate the potential effect of OSAH in patients with and without MS. 
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MS subgroup analysis 

Results in the MS group revealed a significant effect of age on central brain NA/Cr (p = 

0.0075, 95% CI (-0.0080, -0.0012)).  OSAH had a trend effect of increasing NA/Cr in 

posterior brain (p = 0.073, 95% CI (-0.006, 0.128)), for the same reason of MS treatment 

explained in Chapter 3.2.2.  We did not observe a significant OSAH effect on central 

brain NA/Cr (p = 0.489) after correcting for the age effect.  In addition, we did not find a 

significant OSAH effect on normalized hippocampal volume (p = 0.961). 

 

Table 3-11. The multiple regression model parameters for the three primary outcomes in 

the subgroup of MS subjects. 

 
Adjusted 
R2 of the 

model 
Variables ß 95% CI of ß p1 

Central Brain 
NA/Cr (n=49) 0.3491 

OSAH 0.024 (-0.046, 0.095) 0.489 

Age* -0.0046 (-0.0080, -0.0012) 0.0075 
Posterior Brain 
NA/Cr (n=49) 0.035 OSAH 0.061 (-0.006, 0.128) 0.073 

Normalized 
Hippocampal 

Volume (mm3) 
(n=49) 

-0.03 OSAH 11.98 (-473.7, 497.6) 0.961 

1uncorrected, *p < 0.05 MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-

Hypopnea; NA/Cr = the ratio of N-acetylaspartate and creatine 

 

Non-MS subgroup analysis 

Results in the non-MS group showed a trend of reduced NA/Cr in central brain NA/Cr (p 

= 0.09, 95% CI (-0.113, 0.009)), after correcting for the significant age effect (p = 
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0.0069, 95% CI (-0.005, -0.001)).  We did not find a significant OSAH effect on either 

posterior brain NA/Cr (p = 0.166) or normalized hippocampal volume (p = 0.637). 

 

Table 3-12. The multiple regression model parameters for the three primary outcomes in 

the subgroup of non-MS subjects. 

 
Adjusted 
R2 of the 

model 
Variables ß 95% CI of ß p1 

Central Brain 
NA/Cr (n=29) 0.3491 

OSAH -0.052 (-0.113, 0.009) 0.090 

Age* -0.003 (-0.005, -0.001) 0.0069 
Posterior Brain 
NA/Cr (n=29) 0.035 OSAH -0.0524 (-0.128, 0.023) 0.166 

Normalized 
Hippocampal 

Volume (mm3) 
(n=29) 

-0.03 OSAH 116.6 (-384.29, 617.53) 0.637 

1uncorrected, * p < 0.05, MS = Multiple Sclerosis; OSAH = Obstructive Sleep Apnea-

Hypopnea; NA/Cr = the ratio of N-acetylaspartate and creatine 
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Chapter 4 Discussion and Conclusions 

4.1 Discussion of results 

This is the first study to examine the potential impact of OSAH on neurodegeneration in 

patients with MS.  In our study population, we confirmed previous reports of 

degeneration in MS.  Even though we did not find a significant additive effect of OSAH 

on neurodegeneration in MS, we found a suggestion of an OSAH effect on central brain 

neurodegeneration in non-MS subjects.  In this Discussion we will summarize our main 

findings, followed by our study limitations, future work, and study conclusions.   

In our study, MS has a significant effect on all three primary outcome measures.  After 

correcting for the significant age effect, MS reduced NA/Cr in the central brain by 

10.03%, and in the posterior brain by 11.53% compared with normal controls.  MS also 

decreased the size of bilateral hippocampi by 7.89%.  Our results are consistent with 

previously reported findings that MS is associated with neuroaxonal damage. 

In the original posterior brain NA/Cr regression model, the positive significant interaction 

of MS and OSAH with an effect size of 6.76% is unexpected.  From all the MRS studies 

presented earlier, one would expect a cumulative effect of MS and OSAH on neuroaxonal 

integrity, leading to more severe neuroaxonal injury than the effect of each disease alone, 

and perhaps even more than the simple addition of the two effects.  When looking at the 

boxplot in the appendix Figure 3-5, one notes the unusually high NA/Cr in the group 

with MS and OSAH, in contrast to the value of central brain NA/Cr of the same group.  

In addition, the clinical and demographic characteristics of subjects in Table 3-1 show 

that the MS with OSAH group has a few clinical features that are different from other 

groups.  For example, compared with the MS without OSAH group, the MS with OSAH 
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group has a higher percentage of SPMS patients (28% vs 11%), and a higher percentage 

of patients receiving immunomodulatory treatment or chemotherapy (69% vs 59%). In 

addition, MS patients with OSAH had higher percentage of subjects treated by CPAP, 

compared to controls with OSAH (38% vs 23% ). 

Compared with MS disease types and CPAP treatment in OSAH, there appears to be 

more evidence to support the association between immunomodulatory treatment in MS 

and increased NA/Cr.  There has been one study on the effect of CPAP on cortical NAA 

over a period of 6 months.  However, the authors did not find a significant change after a 

6-month period of CPAP treatment on patients with OSAH (107).  SPMS is a more 

severe form of MS and usually exhibits more severe neuroaxonal loss in terms of 

decreased NA/Cr (123).  Therefore, the treatment information may be able to provide a 

more sensible explanation to the elevated NA/Cr.  Indeed, Narayanan et al. found that 

when treated with interferon ß-1b, patients with MS had a mean increase of NA/Cr of 

5.5% over a 12-month period in central brain, whereas the untreated group had a decrease 

in NA/Cr (124).  Another study found that NA/Cr increased by 10.7% after two years of 

treatment with glatiramer acetate, in contrast to a 8.9% decrease in the untreated group 

(125).  Since these two medications are used in the MS patients in our study, we decided 

to test the interaction term again by replacing the MS status in the original interaction 

with MS treatment.  This change slightly improved the overall model fit and significance, 

as well as the significance of the interaction variable.  Nonetheless, the MS treatment 

main effect is not significant itself in both the new and old model.  Considering the 

significant interaction effect of MS treatment and OSAH, and the insignificant MS 

treatment effect alone, we suspect a potential neuro-protective effect from the MS 
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disease-modifying therapies that alter the complex mechanism of neural injury in OSAH.  

Inflammation and reactive oxygen species resulted from chronic intermittent hypoxia 

may be suppressed by the anti-inflammatory treatments, which enhance the natural 

recovery mechanism in neuronal mitochondria.  One may speculate where this 

enhancement takes place.  By visually examining the acquisition image of MRSI and 

SVS in Figure 2-2, we also note that posterior and central brain regions could have 

different grey/white matter ratios.  Since we only observe a significant interaction effect 

in posterior brain NA/Cr, it may suggest that the enhanced recovery mechanism occurs 

more likely in grey matter than white matter.  Although we have not quantitatively 

compared the GM/WM ratios in these two regions, this hypothesis is worth being tested, 

because grey matter contains a greater number of neuronal cell bodies, where NA is 

produced. 

We did not find a significant interaction effect of MS and OSAH on central brain NA/Cr 

or on normalized hippocampal volume.  Nonetheless, this observation does not rule out 

the possibility that such an effect may still exist in patients not on immunomodulatory 

treatments.  We did not find a significant OSAH main effect on any primary outcome 

either.  However, we can see that in both central and posterior brain, OSAH has a mean 

negative effect on NA/Cr, ranging from 1.38% to 2.92%.  The 95% confidence intervals 

also suggest that OSAH could decrease NA/Cr in central brain by up to 7.1%, and in 

posterior brain by up to 5%.  This is consistent with findings from Tonon et al. that 

OSAH decreased NA/Cr in the posterior brain by a mean of 7.8% (107).  The different 

results could be due to different OSAH severity in the two studies.  Tonon et al. studied 

severe OSAH patients with a mean AHI of 58 events/hr, in contrast to approximately 30 
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events/hr in our study population with OSAH.  The insignificant effect of OSAH on 

hippocampal volume does not agree with previous studies.  This could also be due to the 

fact that subjects in our cohort did not have severe OSAH.  However, this is the first 

study that examined hippocampal volumes in OSAH using a specific segmentation tool 

for the hippocampus.  Previous findings regarding decreased hippocampal volumes were 

reported using the non-hypothesis driven VBM technique.  Furthermore, a proportion of 

our OSAH subjects in both groups were treated with CPAP. The effect of CPAP was not 

examined on hippocampal volume.  In summary, the discrepancies between our findings 

and the literature could be due to a combination of factors, such as disease severity, 

CPAP/MS treatment, and different image processing techniques used. 

The regression models for all three primary outcomes measures of neurodegeneration are 

significant after Bonferroni correction.  This indicates that each model selection is valid 

and includes exposure variables that can account for the variance in the outcome 

measure.  The adjusted R2 values show how well each regression model fits the data.  The 

regression model for central brain NA/Cr explains as much as 42.7% of the variance of 

the NA/Cr data, whereas the regression model for normalized hippocampal volume only 

explains 11.1% of the variance of the data.  There are clearly unknown factors that 

contribute to the variance in the data.  Moreover, in contrast to using continuous 

variables, using categorical variables in linear models usually provide a poorer fit of the 

model.  We did not use AHI as a continuous measure of disease severity because the use 

of CPAP treatment decreased the actual AHI in patients, making it an unreliable marker 

of disease severity.  We should be careful with our interpretation on the effects of 

independent variables from these models, even though the models are all significant. 
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In our secondary analyses, all regression models are significant.  The MS effect is 

significant on normalized cerebellar and lateral ventricular volumes, and cortical 

thickness, indicating MS-associated neurodegeneration.  While these findings agree with 

the literature, we did not find the expected MS effect on normalized brain volume in our 

study population.  In fact, MS treatment had a significant and negative effect on 

normalized brain volume, with a mean decrease of 4.6%.  However, one should be 

careful with the interpretation of such results in a cross sectional study.  Our patients with 

MS who were treated with immunomodulating agents were more likely to have a more 

severe disease course, where continuous and irreversible neurodegeneration can occur.  

The treatment effect on brain size in this case should be interpreted to be a consequence 

of group bias instead of the actual effect of the treatment.  The non-significant OSAH 

effect is generally smaller than the MS effect on our secondary outcome measures.  This 

also makes it more difficult to detect significant changes in an inhomogeneous 

population. 

Our subgroup exploratory analyses suggest a potential trend for an OSAH effect on 

central brain NA/Cr in non-MS subjects after correcting for the age effect, indicating that 

OSAH may be associated with diffuse, central brain neuronal injury in the general 

population.  This finding is novel, although it requires further investigation with more 

untreated OSAH subjects in an a priori study design. 

 

4.2 Limitations 

There are several limiting factors in this study. Its cross sectional design does not allow 

us to fully investigate the evolution of neurodegeneration with respect to the progression 
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of MS and OSAH over time.  Even though MS and control subjects were similar in age, 

the unmatched MS and OSAH treatment groups add extra difficulty in elucidating the 

impact of OSAH on neurodegeneration in MS.  Because a proportion of subjects with 

OSAH were treated, we were unable to use AHI as a continuous variable in the linear 

regression models.  The MS treatment effect likely also has an impact on our primary 

outcome measures, adding complexity to our interpretation of the results.   

 

4.3 Future work 

We plan to classify different tissues in the MRSI and SVS volumes of interest in our 

study subjects.  Using this information, we plan to evaluate the potential grey 

matter/white matter effect on NA/Cr in central and posterior brain, using multiple 

regression analysis.  We also plan to perform a multi-voxel analysis in MRSI.  Currently 

we are using the mean values of all voxels, which is likely to reduce the statistical power 

and miss the regional changes in NA/Cr. 

 

4.4 Conclusions 

We used MRI and MRS to measure the potential impact of OSAH on neurodegeneration 

in patients with MS, compared to controls subjects without MS.  We found reduced 

regional brain size and lower NA/Cr in MS patients compared to subjects without MS, 

consistent with MS-associated neurodegeneration.  We also found a novel significant 

interaction effect of MS treatment and OSAH on posterior brain NA/Cr which may 

indicate that MS immunomodulating treatment has a protective effect on posterior brain 

neuronal injury in MS subjects with OSAH.  We did not find an additional significant 
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impact of obstructive sleep apnea-hypopnea on neurodegeneration in MS patients in our 

study, although obstructive sleep apnea-hypopnea tended to be associated with reduced 

central brain NA/Cr in subjects without MS.  This finding suggests that obstructive sleep 

apnea-hypopnea may have a diffuse effect on neuroaxonal integrity in the brain in 

subjects without MS, however future studies would need to confirm this finding. 
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Study Consent Forms 
 
A. Research Ethics Board approved consent form for controls 
 

McGill University Health Center, Montreal Neurological Hospital 
 

Sleep Abnormalities in Multiple Sclerosis: Potential Benefits of Treatment and 
Effect on Neurodegeneration: Brain Imaging 

 
Informed Consent - Controls 
 (Revised September, 2009) 

 
Principal Investigator: D. A. Trojan, MD 

Co-Investigators: J. Kimoff, MD, D. Arnold, MD, S. Narayanan, PhD, A. Bar-Or, MD,  
Y. Lapierre, MD, D. Da Costa, PhD, A. Benedetti, PhD, K. Schwartzman, MD 

 
1. Purpose of study: 
 
In a previous study, we found a high frequency of sleep abnormalities in multiple 
sclerosis (MS) patients. The purpose of this study is to examine the effect of sleep 
abnormalities detected in MS patients on the brain, as well as possible causes of sleep 
abnormalities in MS patients. To do this, we will study the brain of both multiple 
sclerosis patients and normal controls who do and do not have sleep abnormalities with 
special radiological techniques. You are being recruited for the study as a healthy control 
who does not have multiple sclerosis, and other neurological and inflammatory disorders.    
 
2. Procedures: 
 
To participate in this part of the study, you will be asked to come to the Montreal 
Neurological Hospital for one visit, requiring approximately three hours. You may also 
be requested to undergo an overnight sleep study at the Sleep Laboratory of the Royal 
Victoria Hospital if you have not undergone such a study in the last six months. During 
the visit at the Montreal Neurological Hospital, a medical history and sleep history, and 
vital signs will be obtained (30 minutes). You will be asked to complete eight 
questionnaires to assess fatigue, sleepiness, sleep quality, pain, depression, stress, and 
quality of life (one hour). You will have blood samples drawn to measure immunologic 
and hormonal factors, and molecules implicated in neurodegeneration. You will then 
undergo a magnetic resonance scan of your brain at the McConnell Brain Imaging Centre 
at the Montreal Neurological Institute and Hospital, which will take approximately one 
hour. Magnetic resonance makes it possible to visualize the brain using a magnetic field 
and radiowaves. For the magnetic resonance examination, you have to lie still on a bed 
inside a ventilated magnet. This is a confined space. If you feel uncomfortable you can 
talk to the technician and come out of the magnet at any time. You will hear knocking 
sounds while the scanner takes a picture of your brain. Because of the strong magnetic 
fields it is necessary to take certain precautions. You will be asked to fill in and sign a 
questionnaire before undergoing the magnetic resonance examination to make sure that 
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there are no contraindications to the exam, such as a heart pacemaker. If you require a 
sleep study, the test will be conducted in the same way that it is done for routine clinical 
sleep tests. You will be asked come to the Sleep Laboratory in the evening 
(approximately 9 PM), sleep through the night, and be free to leave in the morning. The 
test records your heart beat, breathing movements, brain waves, oxygen levels, and 
movements of your eyes, chin, and legs. This is done with tiny wires attached to your 
skin with a special cream and tape, a little plastic tube close to your nose openings, elastic 
bands around your waist and chest, and a oxygen sensor on your finger. You will be 
monitored by an infra-red (invisible light) video camera. The recording will last the entire 
night.  
  
It is possible that study data will be used for future research for projects directly related to 
the disease process of multiple sclerosis and other related disorders, and sleep 
abnormalities, and will be reviewed by a duly constituted Research Ethics Board.        
  
3. Advantages of proposed study: 
 
There are no direct advantages for participation in this part of the study for you. 
However, if you are found to have a sleep disorder, you will be offered a consultation 
with a sleep specialist at the end of the study. This study may provide information on the 
possible effects and causes of sleep abnormalities on the brain of multiple sclerosis 
patients.  
 
4. Disadvantages of the proposed study:  
 
The only known disadvantage of the study is the time commitment required to undergo 
the evaluations. Magnetic resonance examination is a safe procedure. If you have any 
contraindications to having a magnetic resonance scan, such as a heart pacemaker, you 
will not be asked to participate in the study. The main side effect with the examination is 
the intermittent noise during the scan. You will be provided with earplugs for comfort. To 
date no harmful effects have been demonstrated. The sleep testing is not painful or 
dangerous. There may be some minor inconvenience associated with sleeping with wires 
attached. A technologist will be present throughout the night to monitor your sleep and to 
assist you in any way, such as to help you to the washroom, or deal with any wires or 
sensors which become detached. Blood tests require needle insertion. Possible side 
effects from needle insertion are minimal, and include pain at the site of insertion of the 
needle during and possibly for several days after the test. There is also a small risk of 
bleeding or infection at the site.    
 
5. Withdrawal from the study: 
 
Your participation in this part of the study is voluntary, and you may withdraw at any 
time, including during the study procedures themselves, without prejudice to yourself or 
your treatment. The data obtained prior to your withdrawal will be treated in the same 
way as for subjects who complete the entire study. To the extent possible, the available 
data will be analyzed for any reports or communications resulting from the study. 
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6. Other information: 
 
Research scans are not routinely examined for abnormalities. However, any incidental 
findings found during the study will be communicated to you, and upon your request, to 
your physicians.  
 
You will be reimbursed for parking expenses or travel expenses, and meals for the study 
visits (up to $100 for the entire study).  
 
Confidentiality: Your confidentiality will be preserved during the study. Data will not be 
released to anyone other than the study investigators and research personnel. Identifiable 
data will be kept in a locked filing cabinet in a locked office. Research information will 
be identified with a confidential code. Study data will be entered into a computer file 
without including patient names. The computers used are password protected, and 128 bit 
encryption will be used. Your name and identifiable information will not be revealed in 
any communications or reports resulting from the study. Identifiable data will be kept for 
five years. 
 
Please note that the Research Ethics Board or Quality Assurance Officers duly authorized 
by it may access study data for quality assurance purposes.     
 
CONTACT INFORMATION 
You may address any questions regarding the study now and in the future, to the 
Principal Investigator, Dr. Daria Trojan (Room 138 at the Montreal Neurological 
Hospital, tel. 514-398-8911). If you have any questions regarding your rights as a 
research subject and you wish to discuss them with someone not conducting the study, 
you may wish to contact the Montreal Neurological Hospital, Patient Ombudsman at 514-
934-1934, ext. 48306. If you have any other kind of comments or concerns, or need 
assistance regarding your participation as a research subject in this project, please contact 
the MNH Patient’s Committee, room 354, tel. 514-398-5358). 
 
Declaration of Consent: 
 
I agree to be to be contacted by a member of the Research Ethics Board, at the discretion 
of the Research Ethics Board.  
 
I, (name of participant) _________________________________, have read the above 
description of the protocol entitled “Sleep abnormalities in multiple sclerosis: potential 
benefits of treatment and effect on neurodegeneration: brain imaging” with one of the 
investigators (name of investigator) _________________________. The investigator has 
explained all aspects of the protocol to me. I fully understand the procedures, advantages, 
disadvantages of the study, which have been explained to me. I freely and voluntarily 
consent to participate in this study.  
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Further, I understand that I may seek information about each test either before or after it 
is given, that I am free to withdraw from the testing at any time if I desire, and that any 
personal information will be kept confidential.     
 
Signature: ______________________________________________________________ 
  Subject    Date  Contact Number 
 
Signature: _______________________________________________________________ 
  Investigator    Date  Contact Number 
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B. Research Ethics Board approved consent form for patients with MS 
 

McGill University Health Center, Montreal Neurological Hospital 
 

Sleep Abnormalities in Multiple Sclerosis: Potential Benefits of Treatment and 
Effect on Neurodegeneration: Brain Imaging 

 
Informed Consent - Patients 

 (Revised October, 2010) 
 

Principal Investigator: D. A. Trojan, MD 
Co-Investigators: J. Kimoff, MD, D. Arnold, MD, S. Narayanan, PhD, A. Bar-Or, MD,  

Y. Lapierre, MD, D. Da Costa, PhD, A. Benedetti, PhD, K. Schwartzman, MD 
 
1. Purpose of study: 
 
In a previous study, we found a high frequency of sleep abnormalities in multiple 
sclerosis (MS) patients. We are now conducting a study to examine the effect of sleep 
abnormalities detected in MS patients on the brain, as well as possible causes of sleep 
abnormalities in MS patients. To do this, we will study the brain of multiple sclerosis 
patients and normal control subjects who do and do not have sleep abnormalities with 
special radiological techniques.   
 
2. Procedures: 
 
To participate in this study, you will be asked to come to the Montreal Neurological 
Hospital for one visit, requiring approximately three hours. You may be requested to 
undergo an overnight sleep study at the Sleep Laboratory of the Royal Victoria Hospital 
if you have not undergone such a study in the last six months (if your were not part of our 
previous research projects, the sleep study will be necessary). During the visit at the 
Montreal Neurological Hospital, a medical history or interval medical history will be 
obtained (10 minutes), a history of sleep difficulties will be obtained (10 minutes), and a 
neurological exam will be performed (20 minutes). You will be asked to complete 
questionnaires to assess fatigue, sleepiness, sleep quality, pain, depression, stress, and 
quality of life (one hour). You will have blood samples drawn to measure immunologic 
and hormonal factors, and molecules implicated in neurodegeneration. If you have not 
participated in our previous research projects, blood tests will also be done on these 
samples to ensure that you do not have medical difficulties that can cause fatigue or 
disturb your sleep. Pulmonary function tests will be done at the Royal Victoria Hospital 
(20 minutes) if not done previously as part of our previous research studies, or if there 
has been a significant change in your respiratory symptoms. You will be accompanied for 
this. If you meet the study inclusion criteria, you will then undergo a magnetic resonance 
scan of your brain at the McConnell Brain Imaging Centre at the Montreal Neurological 
Institute and Hospital, which will take approximately one hour. Magnetic resonance 
makes it possible to visualize the brain using a magnetic field and radiowaves. For the 
magnetic resonance examination, you have to lie still on a bed inside a ventilated magnet. 
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This is a confined space. If you feel uncomfortable you can talk to the technician and 
come out of the magnet at any time. You will hear knocking sounds while the scanner 
takes a picture of your brain. Because of the strong magnetic fields it is necessary to take 
certain precautions. You will be asked to fill in and sign a questionnaire before 
undergoing the magnetic resonance examination to make sure that there are no 
contraindications to the exam, such as a heart pacemaker. 
 
 If you require a sleep study, the test will be conducted in the same way that it is done for 
routine clinical sleep tests. You will be asked come to the Sleep Laboratory in the 
evening (approximately 9 PM), sleep through the night, and be free to leave in the 
morning. The test records your heart beat, breathing movements, brain waves, oxygen 
levels, and movements of your eyes, chin, and legs. This is done with tiny wires attached 
to your skin with a special cream and tape, a little plastic tube close to your nose 
openings, elastic bands around your waist and chest, and an oxygen sensor on your 
finger. You will be monitored by an infra-red (invisible light) video camera. The 
recording will last the entire night.  
  
It is possible that study data will be used for future research for projects directly related to 
the disease process of multiple sclerosis and other related disorders, and sleep 
abnormalities, and will be reviewed by a duly constituted Research Ethics Board.        
  
3. Advantages of proposed study: 
 
There are no direct advantages for participation in this part of the study for you. 
However, if you are found to have a sleep disorder, you will be offered a consultation 
with a sleep specialist at the end of the study. This study may provide information on the 
possible effects and causes of sleep abnormalities on the brain of multiple sclerosis 
patients.  
 
4. Disadvantages of the proposed study:  
 
The only known disadvantage of the study is the time commitment required to undergo 
the evaluations. Magnetic resonance examination is a safe procedure. If you have any 
contraindications to having a magnetic resonance scan, such as a heart pacemaker, you 
will not be asked to participate in the study. The main side effect with the examination is 
the intermittent noise during the scan. You will be provided with earplugs for comfort. To 
date no harmful effects have been demonstrated. The sleep testing is not painful or 
dangerous. There may be some minor inconvenience associated with sleeping with wires 
attached. A technologist will be present throughout the night to monitor your sleep and to 
assist you in any way, such as to help you to the washroom, or deal with any wires or 
sensors which become detached. Blood tests require needle insertion. Possible side 
effects from needle insertion are minimal, and include pain at the site of insertion of the 
needle during and possibly for several days after the test. There is also a small risk of 
bleeding or infection at the site.    
 
5. Withdrawal from the study: 
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Your participation in this part of the study is voluntary, and you may withdraw at any 
time, including during the study procedures themselves, without prejudice to yourself or 
your treatment. The data obtained prior to your withdrawal will be treated in the same 
way as for subjects who complete the entire study. To the extent possible, the available 
data will be analyzed for any reports or communications resulting from the study. 
 
6. Other information: 
 
Research scans are not routinely examined for abnormalities. However, any incidental 
findings found during the study will be communicated to you, and upon your request, to 
your physicians.  
 
You will be reimbursed for parking expenses or travel expenses, and meals for the study 
visits (up to $100 for the entire study).  
 
Confidentiality: Your confidentiality will be preserved during the study. Data will not be 
released to anyone other than the study investigators and research personnel. Identifiable 
data will be kept in a locked filing cabinet in a locked office. Research information will 
be identified with a confidential code. Study data will be entered into a computer file 
without including patient names. The computers used are password protected, and 128 bit 
encryption will be used. Your name and identifiable information will not be revealed in 
any communications or reports resulting from the study. Identifiable data will be kept for 
five years. 
 
Please note that the Research Ethics Board or Quality Assurance Officers duly authorized 
by it may access study data for quality assurance purposes.     
 
CONTACT INFORMATION 
You may address any questions regarding the study now and in the future, to the 
Principal Investigator, Dr. Daria Trojan (Room 138 at the Montreal Neurological 
Hospital, tel. 514-398-8911). If you have any questions regarding your rights as a 
research subject and you wish to discuss them with someone not conducting the study, 
you may wish to contact the Montreal Neurological Hospital, Patient Ombudsman at 514-
934-1934, ext. 48306. If you have any other kind of comments or concerns, or need 
assistance regarding your participation as a research subject in this project, please contact 
the MNH Patient’s Committee, room 354, tel. 514-398-5358). 
 
 
 
Declaration of Consent: 
I agree to be to be contacted by a member of the Research Ethics Board, at the discretion 
of the Research Ethics Board.  
 
I, (name of participant) _________________________________, have read the above 
description of the protocol entitled “Sleep abnormalities in multiple sclerosis: potential 
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benefits of treatment and effect on neurodegeneration: brain imaging” with one of the 
investigators (name of investigator) _________________________. The investigator has 
explained all aspects of the protocol to me. I fully understand the procedures, advantages, 
disadvantages of the study, which have been explained to me. I freely and voluntarily 
consent to participate in this study.  
 
Further, I understand that I may seek information about each test either before or after it 
is given, that I am free to withdraw from the testing at any time if I desire, and that any 
personal information will be kept confidential.  
 
Signature:_______________________________________________________________ 
  Subject    Date  Contact Number 
 
Signature:____________________________________________________________ 
  Investigator    Date  Contact Number 
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