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1 Introduction

1.1 Obstructive Sleep Apnoea

Sleep is very important in our lives and is crucial for our well-being, health, and daily
functioning.[1] Nothing proves the importance of sleep better than the fact that we spend
about a third of our lives in sleep. In Europe, the incidence of sleep disorders is between
16.6% and 31.2%, indicating that it is a very common disease in modern society.[2] Sleep
disorders are categorized by the International Classification of Sleep Disorders, Third

Revision (ICSD — 3), which lists diseases in 7 major categories [3]:

e Insomnia

e Sleep-related breathing disorders

e Central disorders of hypersomnolence
e Circadian rhythm sleep-wake disorders
e Parasomnias

e Sleep-related movement disorders

e Other sleep disorders

Obstructive Sleep Apnoea (OSA) is a common sleep-related breathing disorder,
characterised by a partial or total collapse of the upper airways (UA) leading to
intermittent oxygen desaturation and frequent awakening[4]. The prevalence of the
disease is between 3% and 7%, so it is one of the most common sleep disorders[5]. OSA
has day- and night-time symptoms, like excessive daytime sleepiness, loud snoring,
observed episodes of stopped breathing during sleep, morning headache, difficulty
concentrating during the day, mood changes such as depression or irritability etc., and
leads to several complications in the patient’s life: daytime fatigue and sleepiness at work

or home, cardiovascular problems, and complications with medication and surgery.[4]

1.1.1 The pathogenesis of OSA

The central element of the pathogenesis is the apnoea (the pause in breathing) or
hypopnea (decreased breathing) caused by impassable airways, and in parallel the failure
of the exchange of respiratory gases. Hypoxia and hypercapnia increase breathing effort
through the chemoreceptors, and at the same time cause sympathetic tone enhancement.
If the upper airway collapse is not resolved as a result of these changes, then sympathetic
activity further increases, leading to awakening (arousal) in the central nervous system.
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To correct the displaced blood gas parameters a hyperventilation period occurs, after
which the patient returns to the slow-wave stage of the sleep cycle.[6] As sleep deepens,
pathological processes are reinitiated and lead to re-hypoventilation and repeated
blockage of the upper respiratory tract. As a result of cyclical awakening, the normal sleep

cycle is interrupted, and the sleep is fragmented.[6]

The blockage of the upper respiratory tract, meaning the nasal cavity, the pharynx (naso-,
oro-, hypopharynx), and the larynx, is the key element in the development of the disease.
Any factor that promotes the blockage or obstruction of the upper respiratory tract is an
important etiological factor. We can define two main causes for this process: anatomical

abnormalities and non-anatomical (such as neurological or muscular) abnormalities .[7]

Anatomical abnormalities or variabilities are among the important factors in the
pathological mechanism of OSA. Lumen-narrowing lesions such as tonsillar
hypertrophy[8], retrognathia[9], or craniofacial malformation[10] promote the
development of OSA. Previous studies have shown that OSA patients’ upper airways
have smaller cross-sectional areas than those of the healthy control group.[11] Other
studies have revealed that the maxillary and mandibular size as well as body length can
increase the vulnerability to OSA[12]. Furthermore, parapharyngeal fatty tissue
accumulation and increased body weight also decrease the diameters of upper airways,

leading to collapse.[13]

The diameters of the upper respiratory tracts, especially the lumen of the pharynx, largely
depend on muscle tone, because the pharynx can be described as a fibromuscular
structure. At the beginning of sleep, muscle activity diminishes and later increases again
to maintain the penetrability of the upper airway. This is a neurocompensatory response
that keeps the upper airways open, but this response is often injured or missing in patients
with OSA.[14] Other studies have described higher muscle tone in patients with OSA,
which decreases with Continuous Positive Airway Pressure (CPAP) therapy.[15] The
higher muscle tone likely compensates a narrowing anatomical abnormality of the upper
airway; because CPAP therapy maintains the intraluminal pressure during sleep and
ensures that the upper airway is open, the muscle tone does not need to be high.

Consequently, without CPAP therapy, the normal global muscle tone decreases during
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sleep, and existing anatomical abnormalities increases the risk of upper airway collapse.
This mechanism is called the loss of wakefulness stimulus.[16]

When a disturbance occurs in the breathing system, the ventilatory drive increases to
maintain the airways. This response can be described in the terms of the “loop gain”,
which is the ratio of the response of the upper airway (UA) to a ventilatory disturbance,
and is comparable to a feedback loop. In OSA, the loop gain is usually higher than one,
meaning that the ventilatory drive increases more than the required reduction in
ventilation, so the ventilatory control system is unstable. This instability is also important
in the pathogenesis.[17]

Muscle tone is strongly influenced by the reflex of the pharynx mechanoreceptors, which
respond to decreasing intrapharyngeal pressure by increasing muscle tone. This reflex can
be considered as the pharynx's reflex because it also occurs if the brain stem connection
is interrupted, and its effectiveness is reduced when the mucosa is anaesthetised.[18] In
addition to the reflex described above, the central nervous system also has a direct
influence on the tone of the muscles responsible for keeping the pharynx open.
Experiments in rats have shown that direct cholinergic pathways run from the brainstem
to the musculus genioglossus, and these may be responsible for the differential tone in
wakefulness-sleep states.[19] Therefore, the muscle tone of the upper airways is the

summary of local factors and central nervous system influences.

Because other protective mechanisms fail, arousal—a brief awakening from sleep—
occurs at the end of OSA breathing events in an attempt to restore airflow and correct the
blood-gas disturbance. Accordingly, the arousal threshold can be defined as respiratory
drive or pressure that is present immediately prior to a clinically defined cortical arousal
which can be seen in an electroechephalogram (EEG). This is cardinal in OSA patients
because the lower arousal threshold level leads to more awakening, more sleep
fragmentation, and several symptoms. In conclusion, impaired neural control, muscle
activity, and anatomical abnormalities or variabilities all increase the risk of OSA.
(Figure 1)
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Figure 1: Pathogenetic factors and consequences of OSA.

OSA is a multifactorial, complex disease in which developmental, anatomical, and non-
anatomical factors are key elements. As a result of OSA, many other diseases like heart
and vascular, metabolic, psychological and neurological diseases are greatly promoted;
OSA also has a negative impact on patients' quality of life[4]. (author’s own illustration)

1.1.2 Inheritance of OSA

Previously, a family study conducted by Patel et al. described the heritability of OSA
[20], and later another family study proved that the smallest surface diameter of the
oropharynx is a heritable trait.[21] Luqi Chi et al. examined 55 apnetic probands and 55
siblings of probands as controls, and showed in a magnetic resonance imaging (MRI)
cephalometric measurement that many parameters like sella—nasion—subspinale angle,
saddle angle, mandibular length, lower facial height, mandibular width, maxillary width,
distance from the hyoid bone to the retropogonion, and size of the oropharyngeal space
are heritable.[22] Because of the common environment of the participants, the family
studies have limited ability to isolate the genetic and common environmental factors.
Twin studies have a better opportunity to distinguish these factors; they can also take

shared environmental factors into account, including the potentially deleterious and
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confounding effects. Only a few twin studies have been performed in connection with
OSA; one measured the hereditary factors in the background of sleeping[23], and the
other estimated the inheritance of OSA to be over 50%.[24] Both studies have restrictions:
they collected the data by questionnaire, and the OSA was not confirmed by clinical tests.

Furthermore, the severity of OSA was not evaluated by a diagnostic sleep study.

1.1.3 Diagnostic methods of OSA

In general clinical practise the first step in the diagnostic procedure is recording the
patient's medical history and symptoms. It is important to ask about the patient's life
behaviour, sleep habits, compliance with sleep hygiene rules, the presence of snoring,
choking, gasping, sweating, and the appearance of pathological movements during sleep,
like restless leg syndrome. It is also important to assess the next day's wakefulness
symptoms like drowsiness, fatigue, poor performance, and whether cataplexy may be
present in the patient's life.[25] Questionnaires are also a great help in diagnosing OSA
and assessing symptoms. Questionnaires such as the EPWORT sleepiness questionnaire
(Supplement 1) to assess daytime sleepiness[26] and the STOP-BANG questionnaire,
which helps to screen for suspected cases of OSA, are also widely used in daily clinical
practice.[27] Other tests like Sleep Apnoea Clinical Score, Berlin Questionnaire,
cricomental distance, OSA5L0, elbow sign questionnaire and American Society of
Anesthesiologists checklist are also available and useful test to diagnose OSA.[28] After
recording the clinical symptoms, polysomnography or home apnoea testing is necessary
to diagnose OSA. The polysomnography is the gold standard method, but it must be
performed in a hospital, needs an expensive device and a qualified person. Because of
these reasons, polysomnography is an expensive test method with limited availability.
Home apnoea testing such as ApnoeLink, which is a cardiorespiratory polygraphy, can
be an alternative option. This device measures nasal airflow, oxygen saturation and
respiratory effort. The cardiorespiratory polygraphy’s pooled sensitivity was 92% (95%
confidence interval 87.5-95%) and the pooled specificity was 54% (41-67.3%).[29] The
advantage of these devices is that the test can be performed at home and opposed to

polysomnography it is cheaper, making it more widely accessible.
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1.1.3.1 The polysomnography

The benchmark objective testing is polysomnography; this is conducted in hospital
conditions in a sleep laboratory. The examination aims to differentiate and determine
which sleep disorder the patient is suffering from. Polysomnography is performed with a
complex, multi-component device that includes an electroencephalogram,
electromyogram (EMG), electrooculogram (EOG), pulse-oximetry, airflow
measurement, microphone, and in many cases can be supplemented by an
electrocardiogram (ECG) and video recording.[25] The purpose of the study of brain
function is to isolate sleep cycles and to determine wakefulness. Typically, a 10 or 20
electrode EEG is made during the test. With the help of EOG, the REM phase can be
detected easily due to the appearance of rapid eye movements. Furthermore a typical pre-
sleep phenomenon—slow rolling eye movement—can also be detected, which helps to
determine the onset of sleep. The EMG helps in the determination of the REM period and
provides information on the degree of muscle tone in the body. To test the air flow, a
nasalis or oral thermistor is placed, which sets inhalation and exhalation with temperature
change measurements. It follows that it is unsuitable for measuring partial flow reduction,
so it is also necessary to also install a pressure sensor. With a pulse oximeter we can
measure blood oxygenation. In OSA, during periods of apnoea and hypopneas a decrease
in oxygen saturation can be observed, which is significant in assessing the severity of the
disease. In addition, it is recommended to install an ECG to monitor the status of
cardiology, to place a microphone for snoring monitoring, and to make a video recording
for detecting the patient's night movements. An EMG affixed to the affected muscles
(e.g., in restless leg syndrome) is also suitable for the examination of the patient's

movements.
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1.1.3.2 Calculated indexes in polysomnography

The variables measured during the procedure are represented on graphs on a time axis

below each other.

The Apnoea Hypopnea Index (AHI) is the number of apnoea and hypopnea in an
hour. Most studies show that the normal range is below 5 events per hour. By
definition, apnoea means the lack of airflow (90% decrease of the nasal airflow),
which persists for up to more than 10 seconds. Hypopnea is a more than 30%
decrease in airflow lasting for 10 seconds, which is related to > 3% oxygen
desaturation or arousal.[25] In clinical practice, AHI is used to diagnose and
determine the severity of OSA. If AHI is above then 5 events/hour, but below 15
events/hour mild OSA, if AHI is above 15 events/hour, but below 30 events/hour
moderate OSA and if AHI is above then 30 events/hour several OSA was
diagnosed.

The Oxygen Desaturation Index (ODI) is the number of desaturation events (3
percent reduction in blood oxygen saturation) in an hour. The ODI is not the same
as the AHI because the latter shows the number of events that cause the
desaturation, while the former shows its consequences. In addition, the ODI is
also affected by many other factors, such as the state of the respiration system and
congestive heart disease.[25]

The Respiratory Disturbance Index (RDI) can also be interpreted as an expanded
AHI, which includes RERA (Respiratory Effort Related Arousal) events. A
RERA is a respiratory event accompanied by desaturation and awakening that
cannot be described as hypopnea or apnoea. Therefore, the RDI also includes
other respiratory abnormalities in the number of events that occur within an hour,
so the abnormal population is larger than in the AHI since its normal value is also
an event-per-hour figure below 5.[25]

Arousal Index (Al) is defined as the number of awakenings per hour. Arousals
can be classified further by their origins: respiratory, limb movement,
spontaneous, and others like respiratory effort-related arousal (RERA) or arousal

caused by external stimuli.[30]
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1.1.4 Complications

1.1.4.1 Cardiovascular system

Patients with OSA have an increased risk of atrial fibrillation[31] and high blood
pressure[31], which increases their overall mortality.[32] Due to periods of hypoxia the
normal autonomous hemodynamic response to sleep is disrupted and the global
sympathetic activity increases, causing continuous vasoconstriction in peripheral veins.
As a result, blood pressure rises, which can be up to 240/130 Hgmm at the end of the
apnoea period. At the same time, elevated blood pressure, hypoxia, hypercapnia, and
sympathetic activation indicate inflammatory reactions; oxidative stress also increases
following the apnoea period. The combination of these factors leads to endothelial
dysfunction. These changes also cause platelet activation, which moves the clotting
system in the direction of hypercoagulability and promotes the formation of blood
clots.[33]

1.1.4.2 Diabetes mellitus (DM)

Increased sympathetic activity in apnoea indicates an increase in adrenergic hormone
levels, which reduces insulin sensitivity in organs, thereby contributing to the
development of Type Il diabetes. OSA has been shown to increase insulin resistance

regardless of other factors, which decreases as a result of CPAP treatment.[34]

1.1.4.3 Stroke

A cross-sectional study revealed that OSA has a strong relationship with stroke. As a
result of OSA, pathological changes occur in the cardiovascular system, such as spikes in
blood pressure, a decrease in blood flow to the brain, insufficiency of its autoregulation,
dysfunction of the endothelium, increased risk of thrombosis, and predisposition to
atherosclerosis.[33] OSA also plays a significant role in stroke survival, with premature
death being higher in OSA patients than in non-OSA patients.[35]

1.1.4.4 Other risk factors

Another study showed an elevation in depression, hypochondriasis, and hysteria in the
Multiphasic Personality Inventory scale.[26] More and more data indicate that OSA
patients have a poorer quality-of-life. D’Ambrosio et al. used a quality-of-life
questionnaire (Medical Outcomes Study Short Form)[6] before and after 8 weeks of

CPAP therapy and showed that the treatment increased vitality, social function, and
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mental health.[36] Several studies verified that car driving is complicated by OSA; the
number of accidents is higher than in the non-OSA group.[37]
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1.2 Low Back Pain (LBP)

1.2.1 Connection with Obstructive Sleep Apnoea

Chronic pain is a common symptom in patients with sleep disorders, and people with
chronic pain often have difficulties with their sleep.[38] If chronic pain, sleep
disturbances, and mood disorders are present at the same time, an umbrella term of
fibromyalgia is often used.[39] The link between sleep disorders and chronic pain is
related to genetic and neuroendocrine factors, altered sensitivity of pain, and systemic
inflammation.(38,40) The prevalence rate of OSA in patients with chronic pain is
32%[41], and the prevalence of excessively sleepy patients with OSA among those with
chronic pain is 14%.[42] Low back and neck pain is one of the most common causes of
chronic pain, but interestingly previous studies focusing on the cervical spine only
reported that OSA was associated with an increased number of cervical fusions and

osteophytes.[43]

More recently, cervical spondylosis was reported as a risk factor for OSA.[44] Yang et.
al. hypothesised that spondylosis leads to increased collapse potential of the upper
airways, as the posterior pharyngeal wall is displaced anteriorly.[44] Curiously, no studies
have assessed the lumbar spine region in OSA, although around one-third of patients with
chronic back pain had abnormalities in their lumbar regions.[45]. However, there is some
evidence that OSA could also lead to spinal deformities directly through chronic
intermittent hypoxia.[46] Experimental models show that chronic exposure of anoxia
stimulates osteoclast formation and downregulates osteogenic differentiations, promoting
bone resorptions.[47] Otherwise the intermitting hypoxia contributes to the early
mobilisations of mesenchymal stem cells to blood circulation; these cells are important
in the differentiation of osteoblast and endothelial progenitor cells. These changes suggest
a reparative mechanism for the hypoxia event. The majority of studies suggest that OSA
assists bone resorptions and osteoporosis, but interestingly Sforza et. al. found that bone
mineral density in their elderly participants was higher in OSA patients than in healthy
ones, which leads us to conclude that OSA is a protective factor.[46] However it is

important to note that, this has not been confirmed by any other study since.

Accordingly, there is a high probability that there is some link between the two diseases.
Another indirect connection is supposed to be through vitamin D deficiency. In OSA
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patients the vitamin D level is lower, and the parathormone (PTH) level is higher than in
the control group. After short-term (7 nights) CPAP therapy, a significant increase was
found in the level of vitamin D in male participants, but in the female subjects, this change
could not be detected. In conclusion, the relevant treatment of OSA may help the recovery
of vitamin D homeostasis.[48] Most importantly, intermittent hypoxia may lead to
oxidative stress and inflammation in the lumbar discs which could contribute to spinal

disc degeneration.[49]

1.2.2 The importance and background factors of low back pain

Low back pain is a very common chronic pain syndrome. The prevalence of the disease
Is between 15% and 45%, and most studies include the proportion of people who
experience this complaint between 70% and 80% during their lifetime.[50] In Hungary,
18,000 out of 100,000 people suffer from vertebral and disc disorders, making it the
second most common disease in the country.[51] According to a study conducted in 2013,
back pain was the leading cause of the number of years lived with disability (YLD).[52]
Low back pain is mostly caused by lumbar degeneration, but other abnormalities are also
possible in the background. The most common causes are lumbar intervertebral discs, the
apophyseal joints, and sacroiliac joint degeneration; other lumbar abnormalities like
intervertebral disc prolapse and endplate (EP) fractures and disc dehydration are also
associated.[53] Age, higher Body Mass Index (BMI >30) and female gender are the most
common risk factors of low back pain, but other factors like low education level, manual
work (manual handling, bending, twisting and whole-body vibration) and bad work
conditions (job dissatisfaction, monotonous tasks, poor work relations, lack of social
support in the workplace, demands, stress, and perceived ability) also negatively impact
the progression of low back pain.[54] Many psychological factors like anxiety,
depression, somatisation symptoms, stressful responsibility, job dissatisfaction, mental
stress at work, negative body image, weakness in ego functioning, and poor drive
satisfaction also promote low back pain.[50] Polatin and colleagues suggest that
substance abuse and anxiety disorders precede chronic low-back pain, whereas
depression may develop before or after the onset of this type of back pain.[55] In short,
low back pain is caused in most cases by lumbar degeneration, but other factors are also
important.
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1.2.3 Lumbar degeneration

Lumbar degeneration is a complex process that affects the bone, muscle, and joint systems
of the spine and appears at the biochemical, cellular, and tissue levels, causing changes
in the morphological and functional aspects of the spine. The progression of the
pathological process leads to a decreased stability of the spine, which generates back and
spinal pain. Structural changes in lumbar degeneration can be divided into 4 categories:
small joint degeneration, disc degeneration, bone changes, and ligament and

musculoskeletal abnormalities. (Figure 2).
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Figure 2: Influencing factors of lumbar degeneration

Lumbar degeneration is a complex, multifactorial process that affects all the structures
of the spine (disc, bone, joint, and muscle-ligament system). The degeneration of these
structures leads to spine instability, which further enhances the degeneration. (author’s

own illustration)
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1.2.3.1 Intervertebral disc

Disc degeneration is a complex process that is the result of changes in the extracellular
matrix (ECM) at the cell and tissue levels. The disc can be divided into two parts: an inner
nucleus pulposus (NP) and an external anulus fibrosus (AF) (Figure 3). The consistency
of the inner part is gelatinous because of the elastic matrix and high proteoglycan and
water content, while the outer part is made up of denser collagen with high tensile
strength. The right ratio of collagen-proteoglycan-water is essential for proper function.
The NP must resist the high hydrostatic pressure and distribute it to the AF, and the high
tensile strength collagens of the anulus fibrosus have to stand against the traction force in

the circumference caused by hydrostatic pressure; otherwise, rupture will occur.

Endplate (EP)

Subchondral vein Anulus Fibrosus (AF) external

Anulus Fibrosus (NF) vein Anulus Fibrosus (AF) inner zone

Nucleus pulposus (NP)

Figure 3: The anatomy and blood supply of the intervertebral disc (author’s own
illustration)

To repair matrix damage and injuries caused by everyday stress, weightlifting training
and heavy physical work, an adequate nutrition supply is required. This nutrition is
possible due to the subchondral and anulus fibrosus veins, but the latter veins disappear
completely by the age of 40. The only nutrient supply comes from the subchondral vein

by diffusion, but the external compression caused by increased load and atherosclerosis
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makes this blood supply ineffective.[56] Neovascularisation can be observed, but it is
rather a sign of degeneration than of the repair process.[57]

The number of cells also changes during degeneration. First, the initial phase shows a
continuous decrease, and then during an exacerbation, the number of cells begins to
increase.[57] The type of the cells also changes; at birth notochordal cells are present,
which produce a fluid-rich nucleus pulpous matrix, but the number of these cells begins
to decrease at an early age, becoming undetectable between 4 and 10 years of age.[58] In
place of the notochordal cells, chondritic-type cells appear from the direction of the
anulus fibrosus, but because of their different protein synthesis profile and lower matrix
production capacity, they cannot replace the function of the original cells. As a result of
the altered synthetic activity, the gelatinous consistency of the matrix becomes more
cartilage-like, which can also be detected in MRI scans as a decrease in intensity in the
T2-weighted images. The inflammatory cytokines such as Tumour Necrosis Factor a
(TNF-a), Interleukin 1 (IL1), Interleukin 6 (IL6), Interleukin 8 (IL8) and Interleukin 17
(IL17) increase as well, causing the cells’ higher level of catabolic activity (higher level
of matrix metalloproteases, MMP), while the synthesis of ECM-forming structural
proteins decreases. [57] Furthermore, these cytokines indicate a local immunology
response and, with elevated MMP activity, initiate the progress of structural and
functional changes. Senescence, which can be defined as a state of irreversible
proliferation arrest, is also higher in degenerated cells than in healthy ones.[59] In
addition, the reactive oxygen species (ROS) also cause DNA damage which also leads to
premature cell ageing. In the disc degeneration process, increased ROS like, nitric oxide
(NO) hydroxyl radicals (OH), hydrogen peroxide (H202), and superoxide anions (O2—)
can be detected. ROS enhance degeneration through different signalling pathways as well
(the mitogen-activated protein kinase (MAPK) pathway, nuclear factor-kB (NF-kB)
pathway and the lipid pathway (phospholipase, protein kinase C (PKC), and
phosphoinositide 3-kinase (PI3K)/Akt pathway)) in addition to their direct DNA
damaging effects. Due to the results of these effects, the cell of nucelus pulpusos lose
their ability to profilate, making large cell malformation and showing cell cycle
stagnation, but these cells also keep their normal function and the ability of protein
synthesis.[60]
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To summarise, discus degeneration is a complex and multifactorial process. The nutrient
supply and the qualitative and quantitative changes in cells are also important factors;
other changes such as atherosclerosis, inflammation, reactive oxygen species and
environmental factors also impact the degeneration process. According to the study by
Rajasekaran et al., there is a "point of no return™ from which the disc is unable to restore
its original structure and function, so the degeneration process cannot be reversed.[61]
Because nutrition is only available from the end plate, it is a crucial structure in the
degeneration process, so the EP’s mechanical injuries, calcification, and fatty

degeneration can also facilitate disc degeneration.

1.2.3.2 Bone

The balance between the resorption and synthesis in bone tissue is important in
maintaining proper function. Due to ageing, the balance shifts towards resorption, which
leads to osteoporosis. Fatty degeneration, which is the increasing amount of fatty-rich
tissue in the bone—especially in the endplate region—is relevant, due to the inhibition of
nutrient diffusion from the bone to the disc.[62] As a result of degeneration, the spine
becomes unstable and tries to compensate by forming osteophytes to increase the load-
bearing surface. The abnormal transformation of the bone structure also affects the small
joints and vertebral arches, leading to spinal canal narrowing, as well as the forward

slippage of the vertebrae, spondylolisthesis.[63]

1.2.3.3 Small joint

Small joint degeneration is a secondary deviation. Due to disc degeneration, the load on
the small joints increases, which leads to erosion of the joint surfaces and the appearance
of subchondral sclerosis, cysts, and osteophytes. The degeneration of the joint contributes
to the development of low back pain because it is a well-innervated structure.[64]
Degenerated small joints can also narrow the spinal canal and can cause spinal canal

stenosis.[65]

1.2.3.4 Muscle and ligament system
Any disease that impairs the strength or coordination of muscles contributes to spinal
instability and pain. Most commonly, age-related myopathy leads to the weakening of the

muscles around the spine, which play a key role in spine stabilization.[63] In addition,
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muscle diseases such as Parkinson's disease, inflammatory muscle diseases, and muscular

dystrophies also contribute to this process.[65]

The increase of elastin content in ligaments causes a decrease in resistance to tensile
forces, which also leads to spinal instability. A good example of this process is the
weakening of the anterior and posterior ligaments, increasing the risk of developing disc

herniation or bulging.[63]
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1.2.4 Examination of patients with low back pain

Generally, if a patient has pain in the lower back region the examination begins with the
recording of the patient history, in particular the circumstances, intensity, and frequency
of the pain and its nightly appearance. A thorough interrogation will help reveal the
pathological process behind the pain. Questionnaires are useful and widely used to record
the disability and pain of patients with low back pain. There are several questionnaires,
like the Oswestry Disability Questionnaire, the Quebec Back Pain Disability Scale, the
Roland-Morris Disability Questionnaire (RMDQ) (Supplement 2), the Waddell Disability
Index, and the physical health scales of the Medical Outcomes Study 36-ltem Short-Form
Health Survey (SF-36).[66]

In general clinical practise, this was followed by a physical examination, in which our
goal was to localise the pain and isolate the musculoskeletal, neurological, and other
internal organ causes. A complete neurological examination can additionally help
distinguish radical pain and spinal canal stenosis[67] and help to ensure that the imaging

test is carried out optimally.

Because low back pain is most often caused by lumbar degeneration third step is to
perform an imaging study, which can be a traditional X-ray examination, although its
diagnostic value is considerably limited compared to modern Computer Tomography and

Magnetic Resonance Imaging scans, which have consequently become more widespread.
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1.2.5 Imaging modalities

1251 X-ray

Conventional X-ray is an inexpensive and easily accessible imaging modality which is
mainly used to detect bone abnormalities like spondylolisthesis, fractures, the
spaciousness of the intervertebral foramen, the sclerosis of the endplate, and signs of
tumour infiltration. X-ray is a summation imaging method, so its diagnostic value is

limited and further examination is necessary. (Figure 4-5)
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Figure 4: Antero-posterior and lateral projection of the lumbar spine in radiograph.

The bone structure can be easily assessed. The 1% lumbar vertebra body is explicitly
wedge-shaped compressed (arrow), most of the endplates have sclerotically degenerated,
and the small joints have also degenerated. (Source: Semmelweis University, Medical
Imaging Centre)
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Figure 5: Antero-posterior and lateral projection of the lumbar spine in radiograph.

In these images, there are signs of spondylosis and spondyarthoris in the vertebral bone.
The 1%-2"Y lJumbar and 4™-5" lumbar disc spaces are narrowed (arrows), which can be
referred to as degeneration of the disc. Also, the spondylophytes (arrow heads) in the
anterior and lateral margins of the vertebral body can also be noticed. (Source:

Semmelweis University, Medical Imaging Centre)
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1.2.5.2 Computer Tomography

Computer Tomography (CT) gives a three-dimensional view of the spine, and the
morphology of bones can be assessed easily in the images. In addition to those
abnormalities which can be assessed on the radiograph, the spaciousness of the
intervertebral foramen and spinal canal, the internal bone structure of the vertebrae, the
presence of osteophytes and other bone structural changes like tumours or metastasis can
also be seen. Its limitation is the poor differentiation of soft tissues and the exposure of

high levels of ionizing radiation during the examination. (Figure 6-7)
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Figure 6: Sagittal view of the lumbar spine region with soft tissue window ( window
width: 250 HU window level: 50 HU) on CT

The lumbar intervertebral spaces 4-5 are narrowed (arrow)and the 2"-3 Jumbar, 3"-
4" Jumbar, and 5™ lumbar- 1% sacral discs seem to be bulged backward (arrow heads).
As seen, the soft tissue resolution is limited. (Source: Semmelweis University, Medical

Imaging Centre)
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Figure 7: Sagittal view of the lumbar spine region with bone window( window width:
1800 HU window level: 400 HU).

There is explicit spondylosis, the 4" and 5 lumbar vertebra bodies are flat (arrows), and
most of the endplate is degenerated (arrow heads). As can be seen, the bone structure can

be easily assessed. (Source: Semmelweis University, Medical Imaging Centre)
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1.2.5.3 Magnetic Resonance Imaging

MRI examination is the most suitable method for examining soft tissues and the spinal
cord. During the examination of the lumbar spine, it is recommended to take T1 and T2
weighted sagittal, and T2 weighted coronal and axial shots routinely. In the case of
processes associated with oedema, such as degeneration or tumour lesions, it is also worth
taking axial or coronal STIR (short tau inversion recovery) sequences, on which the water

content/oedema is easier to assess.

Coronal T2 weighted images clearly show root bags, root exits, oedemas, bleeding, and
ligament tears. T1 scans help to judge general anatomy, and bleeding and bone metastases
are also clearly depicted. STIR sequences allow superior visualisation of degeneration-
induced oedema and bone metastases. Depending on the clinical state in the case of low
back pain, gadolinium contrast is often used. With contrast enhancement, many
abnormalities like tumours, post-operative status (for example, distinguishing recurrent

disc herniation from epidural scarring) and inflammation can be easily assessed. [66]

32



1.2.6 MR abnormalities
Low back pain is associated with MRI changes, accordingly, the most common

abnormalities in lumbar spine MRI will be discussed in the following section.

1.2.6.1 Vertebral lesions
1.2.6.1.1 Fatty degeneration of the vertebrae
During the ageing process, adipose tissue accumulates in the bone marrow or replaces the

normal bone tissue which can be detected as an increase in signal intensity in T1 weighted

images. (Figure 8)

Figure 8: T1 weighted sagittal MRI scan of lumbar spine.

An increase in signal intensity observed in the stock of vertebrae is a sign of fatty

degeneration. (Source: Semmelweis University, Medical Imaging Centre)
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1.2.6.1.2 Spondylophytes

The vertebra responds to spine instability with abnormal bone growth. Osteophytes are
one of the most common pathological pointed bone growths; they appear on the surface
of the vertebral body in contact with the intervertebral discs. (Figure 9) Their appearance

is a sign of degeneration; in addition, if the osteophytes grow backwards near the spinal

canal, they can cause spinal canal stenosis.

Figure 9: Spondylophytes of the lumbar spine.

On this T2 weighted sagittal MR image of the lumbar spine region, spondylopyhtes
(arrows) beside the degenerated 2" and 4™ lumbar discs—can be observed. (Source:

Semmelweis University, Medical Imaging Centre)
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1.2.6.1.3 Spondylolisthesis

As a result of the degeneration of the intervertebral disc and small joints, the vertebrae
can slip out of their anatomical positions. (Figure 10) The position of the vertebra is
always relative to the vertebra located below, so in anterolisthesis the vertebrae move
forward, in the retro/posterolisthesis they move backwards, and in laterolisthesis the
vertebrae move right or left.[63] Other causes like traumatic events, tumours,
osteoporosis, or malformation can also be in the background of the pathological

localisation of the vertebra.

Figure 10 : Spondylolisthesis on MRI.

On the left is a T1-weighted sagittal image, and on the right, a T2-weighted sagittal image
of the lumbar spine region. In both images you can see that the 4" lumbar vertebra is
located 5 mm anteriorly to the 51" lumbar vertebra, indicating anterolisthesis. (Source:

Semmelweis University, Medical Imaging Centre)
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1.2.6.1.4 Spinal canal stenosis

Normally, the sagittal diameter of the spinal canal on the lumbar section is 16-18mm. If
this diameter decreases, spinal canal stenosis exists. In most cases, stenosis has symptoms
like low back pain, numbness, stiffness and loss of bowel and bladder control. It is most
often caused by arthritis, but herniated discs, injuries, tumours, Paget’s disease, and

thickened ligaments can also cause stenosis.[68] (Figure 11)
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Figure 11: Spinal canal stenosis:

a, T2 weighted sagittal MR image of the lumbal spine: the 1 lumbal discus forms an
impression on the dural sac and narrows the spinal canal (arrow); b, an T2 weighted
axial image of the 1" lumbal discus. In these images, you can observe the bulging disc
make a great impression, significantly narrow the spinal canal and compress the spinal

cord, (Source: Semmelweis University, Medical Imaging Centre)
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1.2.6.1.5 Intervertebral foramen stenosis

The intervertebral foramen is a bone aperture between two vertebrae where the spinal
nerve leaves the spinal canal. The lateral recess is the region of the lumbar canal that is
bordered anteriorly by the vertebral body, endplate margin, and disk margin; posteriorly
by the superior articular facet and ligamentum flavum; and laterally by the pedicle.[69]
In the majority of cases, the bone growth of the degeneration of small joints or protrusion
of the intervertebral disc is behind the narrowing where the exiting nerve is compressed,

causing radiculopathy. (Figure 12)

Figure 12: Intervertebral foramen stenosis.

On the left side: T2 weighted sagittal MR image of the lumbar spine, on the right axial
T2 weighted image of 5" lumbar disc. As you can notice the asymmetric bulging of the
5™ lJumbar disc narrows the spinal canal (arrow) and on the right side the intervertebral
foramen and lateral recess (arrow heads). (Source: Semmelweis University, Medical

Imaging Centre)
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1.2.6.2 Intervertebral disc abnormalities

1.2.6.2.1 Disc height reduction

One of the easiest abnormalities used in testing for disc degeneration is the examination
of intervertebral disc height. We cannot determine objectively the normal disc height
range, so we compare the measured heights to each other. In a physiological case, the
height increases in the direction of the craniocaudal, so if the height of a discus is the
same or less than the one located above it, it is considered narrowed and degenerate.[70]
(Figure 13)

Figure 13: Disc height reduction

T2 weighted sagittal MRI scan: The height value of each disc can be seen in the footage.
The 3"-4™ lumbar disc is only 6,8 mm, and the 4"-5" [umbar disc is only 2.8 mm, which
means its height is decreased. (Source: Semmelweis University, Medical Imaging Centre)
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1.2.6.2.2 Disc dehydration

The nucleus pulposus and the inner zone of anulus fibrosus have a higher water content
due to their proteoglycan content, so T2 weighted images show a higher signal intensity.
Liquor, which has a similar signal intensity, helps to assess the normal water content of
the disc. During ageing, the proteoglycan and water content of the disc decrease, so a
decrease in signal intensity is visible in T2 weighted images (Figure 14). In many cases,

this signal intensity decrease is also accompanied by a height reduction of the disc.[71]

Figure 14: Disc dehydration of the 45" lumbar disc.

On the left, the T2 weighted axial image of the 4"-5" lumbar disc and on the right, T2
weighted sagittal MR image of the lumbar region can we have seen. In both images the
415" lumbar disc shows lower signal intensity on T2 weighted images, indicating that
the disc is dehydrated (arrow). (Source: Semmelweis University, Medical Imaging
Centre)
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1.2.6.2.3 Disc bulging

During the degeneration process, the external part of the anulus fibrosus becomes weaker,
so the disc starts flattening. If this process affects more than a quadrant section (i.e., more
than 25% [90°] of the circumference), it is called asymmetric bulging; if it influences the
whole circumference, it is called symmetric or circumferential bulging. (Figures 15 and
16). The change in disc shape is caused by altered protein synthesis, which is not
necessarily accompanied by water content loss in the disc or a consequent signal intensity

reduction on T2-weighted images.[71]

Figure 15: Schematic drawing of discus bulging: A—normal discus, B—asymmetrical
bulging, C—symmetrical bulging (author’s own illustration)
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Figure 16: Disc buging

On the left, T2 weighted axial image of the 4" vertebra; on the right, T1 weighted axial
image of the 4'"-5" lumbar discus. The diameter of the discus is visibly larger than the
diameter of the vertebra, a sign of lumbar disc bulging. (Source: Semmelweis University,
Medical Imaging Centre)
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1.2.6.2.3.1 Disc herniation
Disc herniation means that the disc leaves the boundary of the edge of the vertebrae and
the lesion affects a quadrant section of the circumference (less than 25%). Different forms

of herniation are distinguished:

e The protrusion is when the disc spills out with a wide base and the protruded part
remains at the level of the disc.[72] (Figures 17 and 18) Protrusion does not affect
the outer part of the anulus fibrosus, which remains intact. Five different forms

are distinguished in terms of anatomical localisation: anterior, lateral, foraminal

(intervertebral foramen), subarticular, and central.

Figure 17: Schematic diagram of disc protrusion.

A—axial image of protrusion; B-sagittal image of the protrusion (author’s own
illustration)
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Figure 18: Disc protrusion

a, T2 weighted sagittal image of the lumbal spine; b, T2 weighted axial image 5" lumbar
disc. As you can notice in both images the 5" lumbar disc has a small central protrusion

(arrows) (Source: Semmelweis University, Medical Imaging Centre)
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e Extrusion is a type of disc herniation where the bulge has a tighter basis (like a
neck) and a broader dome. (Figure 19) In many cases, annular tear phenomena or

annular fissures can also be observed in the inner part of the anulus fibrosus where

the nucleus pulposus has herniated.

Figure 19: Schematic diagram of disc extrusion.

A-Axial view, B—sagittal view. The bulge has a narrow neck and broader dome. The bulge

has a connection with the disc. (author’s own illustration)
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e Sequestration herniation is when the protruding part can separate from the disc

and migrate like a free segment from the level of the disc. (Figure 20)

Figure 20: Schematic diagram of disc sequestration

A-Axial view, B—sagittal view: There is no connection between the discus part that
has protruded and then torn off and the discus that remains in its original place.

(author’s own illustration)
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e Schmorl hernia: The free segment can migrate toward the endplate, break it, and

become inserted in the vertebral bone tissue. This abnormality is called a Schmorl

hernia, which can also be defined as an endplate break with a depression of
subchondral bone.[72] (Figure 21)

Figure 21: Schmorl hernia

T2 weighted sagittal MR image: A Schmorl hernia (arrows) is depicted on the 1%t-2"

lumbar discus. (Source: Semmelweis University, Medical Imaging Centre)

A herniated discus can be classified into contained and uncontained groups. In the

contained type, the bulged part is covered by anulus fibrosus or ligaments.[73]
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1.2.6.2.4 High Intensity Zone (HIZ)

An HIZ appears in T2 weighted images as an area in the anulus fibrosus (usually at the
back side) that has higher signal intensity than the nucleus pulposus. In many cases, it can
correspond to the phenomenon of anulus fissure or an anulus fibrosus rupture of

degenerative origin.[72] In the background, vascularized granulation tissue appears in the

anulus fibrosus due to the inflammatory process, which has a higher signal intensity in
T2-weighted MRI images. (Figure 22)

Figure 22: High Intensity Zone

T2 weighted sagittal image of the lumbar spine region. There is a small, point-like high
signal intensity area in the outer part of the 2"9-3" lumbar disc, which is called the High
Intensity Zone. This lesion suggests that the anulus fibrosus is ruptured. (Source:

Semmelweis University, Medical Imaging Centre)
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1.2.6.2.5 Pfirrmann score

The Pfirrmann score characterises the condition of the disc, classifying the disc into one

of five types based on T2 weighted MRI images.(74,75) For a detailed description of the

points system, see Table 1.

Table 1: The criteria of the Pfirrmann score

Hyperintense

Bright  white, or isointense to
Normal Clear )
Homogenous cerebrospinal
fluid
Hyperintense
Inhomogeneous o
) ] or isointense to
Normal with or without | Clear )
) cerebrospinal
horizontal bands )
fluid
Intermediate
Normal or
] Inhomogeneous, to
slightly Unclear ]
grey cerebrospinal
decreased )
fluid
Intermediate to
Normal or ]
Inhomogeneous, hypointense to
moderately Lost ]
grey to black cerebrospinal
decreased )
fluid
] Hypointense to
Collapsed disc | Inhomogeneous, ]
Lost cerebrospinal
space black

fluid
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1.2.6.2.6 Total Endplate Score (TEPS)

Total Endplate Score is a scoring system used to assess the level of degeneration of the
end plate. The Total Endplate Score is the sum of score points of end plates located below
and above the disc. Six types of degeneration levels are determined, so endplate scores
range from 1 to 6; it follows that the TEPS is between 2 and 12 points, see Table 2. [76]

Table 2: The criteria of Total Endplate Score

Type | Description Point

No EP breaks or defects
Uniform hypointense band
Symmetrically concave

Not associated with Modic change

Focal thinning of EP
Il. No EP breaks 2
No Modic change

Focal disc marrow contacts
1. Normal contour of the EP maintained 3
No Modic change

Defect up to 25% of width of EP
IV. | Typical depression present 4

Modic change usually presented
Defect up to 50% of width of EP
V. Typical depression present 5

Modic change usually presented

Completed EP damage
VI. Irregularity and sclerosis of EP 6

Modic change usually presented

50



1.3 A common biomarker in OSA and lumbar degeneration: protein klotho

As previously mentioned, OSA may lead to spinal deformities due to vitamin D
deficiency and chronic intermitting hypoxia which stimulates osteoclast formation,
downregulates osteogenic differentiations, and causes early mobilisations of
mesenchymal stem cells, of which the last is an important factor in the differentiation of
osteoblast and endothelial progenitor cells.

Chronic intermitting hypoxia (CIH) is a frequently occurring phenomenon in OSA which
increases the reactive oxygen species and the pro-inflammatory mediators.[49] In OSA,
the elements of systematic inflammation are poorly described—especially the immune
regulators. A possible connection between the two diseases at the molecular level is the
klotho protein, which is described as an anti-ageing protein, as proven by klotho gene-
deficient mice having premature death, early ageing, and multiorgan damage. The klotho
family has three members (a, b, and ¢ klotho) and is synthesized by many organs like the
distal convoluted tubules of the kidney, parathyroid gland, ovary, testis, and placenta.[77]
The protein has soluble and membrane-bound forms.[78] The function of the klotho
proteins is an anti-inflammatory, anti-oxidative effect and promotes the expression of
endothelial nitric oxide synthase (eNOS). Systematic inflammation reduces the klotho
protein level[79] and, as previously mentioned, OSA decreases the level of vitamin
D[80], which is also a klotho protein activator. Morbid obesity is also associated with
lower klotho levels and is one of the main risk factors in OSA. Pako et al. have shown
that chronic intermitting hypoxia reduces the klotho protein level in OSA patients, and
the decreased level of klotho protein may play a role in enhanced systematic
inflammation.[77] Furthermore, in connection with lumbar degeneration the decreased
level of klotho protein is also associated with pathophysiological bone loss in ageing[81],
spinal disease,[82] osteocalcin levels,[81] and bone mineral density.[82] Inflammatory
factors like interleukin-1 (IL-1B), tumour necrosis factor a , and prostaglandin E2
(PGE2), promote the intervertebral disc’s degeneration, and in the degenerated disc a
lower klotho protein level was detected. The klotho protein inhibits the inflammatory
pathways, so it may have a role in the pathological process of lumbar degeneration as
well.[83]

In conclusion, a molecule which could be a potential link between OSA and discopathy
is the anti-inflammatory klotho protein, whose levels were found to decrease both in
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plasma samples of patients with OSA[77] and in the nucleus pulposus specimens in disc
degeneration.[83]
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2  Objectives

As shown in the introduction, OSA and LBP are conditions that affect a wide range of
people in society and have a major negative impact on patients’ quality of life. In many
cases, OSA is discovered late after the onset of more severe symptoms, so it is important
to research the factors involved in its development. Family[20] and twin studies(23,24)
performed on the heritability of OSA suggest that it is a hereditary disease, but these
studies were questionnaire-based and have limited ability to detect heritability. Our
research group aimed to investigate the factors influencing OSA in twins using an
objective polysomnography method. We aimed to confirm the heritability hypothesised
by previous studies and to investigate the significance of other influencing factors such
as body weight, hypertension, etc. We hypothesise that OSA shows a significant
heritability predisposing to the development of the disease, which calls for a screening of
relatives of patients with OSA. The suspected heritability of OSA is also a significant
factor in the prevention of the development of the disease, as it is particularly important
to raise awareness of the importance of avoiding environmental factors that play a role in

the pathogenesis of OSA, such as obesity, smoking, etc.

Patients with OSA include a high proportion of people with chronic low back pain as
well.[50] Previous studies have found a link between OSA and degenerative changes in
the cervical spine[43], but interestingly the lumbar region has not been previously
investigated. Low back pain is most often caused by degenerative processes of the lumbar
spine, but rarely other causes are also possible. Previous studies have suggested that OSA
promotes lumbar degeneration through chronic intermitting hypoxia[46] and impaired
vitamin D metabolism[48]; in addition, the role of the anti-inflammatory klotho protein
has been implicated as a common pathogenetic factor.[83] We hypothesized that OSA
promotes the development of lumbar degeneration, so our participants underwent a
lumbar MRI scan to look for abnormalities of degeneration and to assess the degree of
pain localised to the lumbar region. As long as there is some kind of association between

the two diseases, attention should be drawn to the low back pain of patients with OSA.
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3 Methods

3.1 The Sleep Study

Seventy-one Hungarian twin pairs (48 monozygotic, MZ and 23 dizygotic, DZ) from the
Hungarian Twin Registry attended the sleep study. Pregnant subjects, patients with
uncontrolled chronic cardiorespiratory disease (i.e., asthma exacerbation or acute heart
failure) and those with an acute respiratory infection within 4 weeks of measurement were
excluded. None of the participants was previously diagnosed with OSA or had received
any treatment, including positive airway pressure therapy, surgical treatment or a
mandibular advancement device. All applicants had Caucasian ethnicity and their
zygosity was measured with a standardised questionnaire.[84] Smoking habits were
recorded and sorted into three categories: never smoked, former smoker, or active smoker.
Pack-years were calculated as Number of pack years = (number of cigarettes smoked per
day x number of years smoked)/20. Weight was measured with the OMRON BF500
monitor (Omron Healthcare Ltd., Kyoto, Japan). Body mass index was determined by the
weight (kg)/height (m)2.

Sleep studies were performed in the Department of Pulmonology, Semmelweis
University. The twin pairs filled out an Epworth Sleepiness Scale (ESS) questionnaire
(Supplement 1). Their medical history was taken and blood pressure and heart rate were
recorded. Afterwards, either an overnight polysomnography (PSG) using the
Somnoscreen Plus Tele PSG (Somnomedics GmbH, Germany) or a cardiorespiratory
polygraphy using Somnoscreen RC devices (Somnomedics GmbH) was performed
according to the international recommendation.[85] Accordingly,
electroencephalography, electrooculography and electromyography, body position, chest
and abdominal movements, intranasal pressure, electrocardiography, and oxygen
saturation were recorded. On the recommendations of the American Academy of Sleep
Medicine (AASM) [86], sleep stages and arousals, movements, and cardiopulmonary
events were scored manually, and total sleep time (TST), percentage of sleep time spent
with oxygen saturation below 90% (TST90%), minimal oxygen saturation (MinSatO2),
arousal index, respiratory arousal index (RespAl), and sleep period time (SPT) were
registered, and the sleep efficiency was calculated as TST/SPT. In this study, apnoea was
defined as a 90% decrease in nasal airflow lasting for more than 10 s, and hypopnea was

defined as at least a 30% airflow decrease lasting for at least 10 s, which related to a>3%
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oxygen desaturation or an arousal. The presence and severity of OSA were determined
by calculating the apnoea-hypopnea index , the respiratory disturbance index, and the
oxygen desaturation index . Following the PSG or the cardiorespiratory polygraphy in the
morning, blood pressure and heart rate were recorded.[87] The following day fasting
blood was taken for klotho which was measured with a commercially available enzyme-
linked immunosorbent assay as described previously.[77]

The research was conducted in accordance with the Declaration of Helsinki. The local
ethical committee (Semmelweis University TUKEB 30/2014, amended on 10 October
2016 and 7 December 2018) approved the study, and all subjects gave informed consent

prior to study entry.

3.2 Study on the association of OSA with lumbar spine MR abnormalities

All subjects from the previous study were invited to a lumbar MRI at the Medical Imaging
Centre, Semmelweis University or Borsod-Abauj-Zemplén County Hospital. As
previously mentioned, none of the participants had been previously diagnosed with OSA,
and none of them had had clinically or MRI-confirmed lumbar spine disease, hence none
had received any treatment for these. From the previous sleep study, 56 participants
(inpatient polysomnography [n=39] or cardiorespiratory polygraphy [n=17]) were
further examined in connection with lumbar degeneration. Before the MRI scan the
participants filled Roland-Morris Disability Questionnaire (Supplement 2) to record a
patient’s self-rated physical disability caused by low back pain a self-made low back pain
questionnaire (Supplement 3) to determine the nature of the low back pain.[88] As
previously mentioned, we have taken the medical history from all participants and none
of them have been diagnosed with lumbar spine disease previously. Accordingly, we did
not make a specific, neurological physical examination for low back pain before the MRI

examination.

Exclusion criteria included acute heart failure, pregnancy, breastfeeding, those with a
positive pregnancy test, immunosuppressive/immunomodulatory therapy in the last 30
days including systemic steroid-containing medicines, chemotherapy in the last year,
major surgery in the last 2 months, transfusion, receiving other blood products in the last
2 months, pacemaker, Implantable Cardioverter-Defibrillators (ICD) other implanted
device, magnetisable metal object in the body, claustrophobia, and aphasia.
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Comorbidities were derived from subject reports and their medications. If both members
of the twin pair were eligible, only one of them was randomly selected using an online

platform (https://www.sealedenvelope.com/simple-randomiser/v1/lists).

3.2.1 Lumbar MRI

After the sleep examinations, patients underwent a lumbar spine MRI on a Siemens
Magnetom Verio 3T scanner at the Borsod-Abatj-Zemplén County Hospital (Miskolc,
Hungary) or on a Philips Ingenia 1.5T at the Medical Imaging Centre of Semmelweis

University (Budapest, Hungary).

We performed sagittal T1-weighted, T2-weighted, short tau inversion recovery and axial
T2-weighted imaging. Two experienced radiologists accomplished the grading on T2
weighted and STIR images retrospectively, and the axial sections were obtained at
selected levels to assess structural changes in individuals who had features suggesting

disc prolapse.

The presence or absence of disc dehydration, disc height narrowing, disc bulging, or disc
herniation were noted based on the standardised criteria.[89-91] Disc dehydration was
measured on sagittal T2 weighted images. If the disc signal intensity was lower compared
to that of the cerebrospinal fluid, disc dehydration was established, but we did not
differentiate the varying levels of dehydration. As previously mentioned, disc narrowing
was determined if the height of the disc proved to be equal or lower than the one directly
cranial to it on sagittal T1 weighted images. In the case of the 5" lumbar disc, narrowing
was ascertained if its height was lower than that of the 4" lumbar disc. Bulging or
herniation was recorded on axial T2 weighted images. Bulging was noted if the
intervertebral disc material extended beyond the space between the vertebral bodies and
this was more than 25% of the disc’s circumference; herniation was registered if less than
25% of disc circumference. These two abnormalities were counted and summarised as a
total value between the 12" thoracal and 1st sacral segments. Endplate degeneration was
measured on T1 weighted scans, and their status was categorised into six types according
to severity of damage (type 1 to type 6). Total endplate score was calculated by summing

the endplate defect scores of both rostral and caudal endplates of the disc.[61]

Pfirrmann’s grading (Pfirrmann score) was used to assess disc degeneration on T2

weighted images. If the discs were Grade I, 11 or 111, we considered them to be healthy; if
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discs were Grade IV or V, they were classified as degenerated.[92] The total score for the

entire lumbar spine also calculated by adding each disc’s Pfirrmann score.

In the process of disc and small joint degeneration, the vertebral position can change.
The position of a vertebra is relative to the one below, so in anterolisthesis the vertebra

slips forward, and in retrolisthesis its displacement is posterior.[63]

On T1 weighted scans the superior and inferior endplate disease were measured and
classified into 4 categories: having no abnormality (0), mild (1 to 5 mm), moderate (5 to
10 mm) and severe (over 10 mm) defects. The average score was then calculated for the

entire lumbar spine.

The presence of a Schmorl node was also recorded in the superior and inferior vertebra
on T1 or T2 weighted scans. The presence of anterior and posterior spondylophytes was
noted. On T1-weighted images vertebral fatty degeneration was evaluated and classified
as none (0), mild (1, up to 25% fatty infiltration), moderate (2, 25-50% fatty infiltration)
or severe (3, 50-100% fatty infiltration) and summed to create a total score for the lumbar
spine. High intensity zones - a high-intensity focal signal on T2 weighted sequences in

the posterior anulus fibrosus—were marked.[72]

To further clarify the association between OSA and lumbar degeneration, patients with
osteoporosis and those who were on analgesic treatment were excluded. A total of 13
participants had to be excluded based on the criteria detailed above. The statistical
analysis was performed on the full sample and the restricted sample (exclusion of people
with osteoporosis and people taking painkillers).
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3.3 Statistical analysis

3.3.1 Sleep Study

Descriptive statistics (mean + standard deviation for continuous Vvariables, percentage for
categorical variables) were computed. AHI, RDI, and ODI were log-transformed due to
non-normal distribution, and then linear and logistic regression analyses were used to

identify variables independently associated with them.

Structural equation modelling was performed to estimate the variance components of the
ACE model, which partitions whether variance is due to additive genetic effects (A or h2:
heritability estimates), common environmental effects (C or c2: proportion of variance
explained by common environments), or other residual effects (E or e2, including SE:
standard error) (Figure 23). The effects of genes at multiple loci or multiple alleles at one
locus were measured by A, the common family environment of both twins (diet, exposure
to high levels of air pollution, familiar socialisation, shared womb, etc.) was counted in
C, and other effects that apply to only individual twins including measurement error were
assessed in E. If A was 0, the CE model was used.[93] Heritability analyses were
conducted using the variance component models implemented in SOLAR Eclipse version
8.1.1 by the members of the Korean Twin Registry, which analyses the differences in
variances according to family structure.[93] Univariate heritability was estimated to
assess the heritability of each of the single traits. Heritability was estimated using the
proportion that is explained by additive genetic effects over the total phenotypic variance,
after adjusting for potential confounding factors such as age and sex as fixed effects. Post-

hoc adjustment for BMI has also been performed. C was modelled based on family IDs.
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Figure 23: Schematic diagram of the ACE model:

Monozygotic twins have the same genetic and common environmental background;
conversely, dizygotic twins share only 50% of their genetic material on average, so we

can use this difference to infer the genetic determinants of the factors under study

(author’s own figure).
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3.3.2  Study on the association of OSA with lumbar spine MR abnormalities

Statistica 12 (StatSoft, Inc., Tulsa, OK, US) software was used for analysis. The normality
of the data was assessed with the Kolmogorov—Smirnov test. T-test, Mann—-Whitney,
Fisher, and Chi-square tests were used to compare the OSA and control groups.
Comparisons of back pain and MRI results were adjusted for age, gender, BMI, smoking
history, cardiovascular and cerebrovascular diseases, and the type of sleep test. Sleep
parameters were correlated with outcomes of pain questionnaires and MRI parameters
using Spearman’s correlation (continuous variables), negative binomial model (count
variables), and logistic regression (dichotomous variables). The latter two analyses were
adjusted for gender, age, BMI, cardiovascular disease, smoking, and the type of sleep test.
The relationship between discopathy and chronic pain was assessed with Spearman’s
correlation, logistic regression analysis, or a negative binomial model following
adjustment for age, gender, BMI, and ODI. The relationship between klotho levels in
lumbar spine pathology was assessed with Spearman test, logistic regression, or a
negative binomial model adjusted for gender, age, BMI, and ODI. The analyses were
performed after excluding patients with osteoporosis and those taking painkillers (n = 13).
A p value<0.05 was considered significant. Data are presented as mean + standard

deviation or median/interquartile range/.

The primary aim of the study was to analyse the relationship between OSA and lumbar
spondylosis. As the results were obtained from a limited population, no formal power
analysis was performed. Post-hoc sensitivity analyses showed that we were able to detect

an effect size greater than 0.67 with a power of 0.80 and an alpha error of 0.05.
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4  Results

4.1 Sleep Study

4.1.1 Clinical characteristics and measures

As shown in Table 3, 68% of all twins were monozygotic and 32% were dizygotic, with
females representing 70% of the study sample. The subjects had in average normal BMI
(mean BMI: 24.1 kg/m?). Diabetes was detected in 14 participants, hypertension in 60
participants, and hypercholesterinaemia in 55 participants. OSA was diagnosed in 58
subjects (41%), of whom 44 had mild (AHI 5-15/h), 12 had moderate (AHI 15-30/h), and
2 had severe (AHI> 30/h) disease. Patients with moderate-to-severe disease were offered
continuous positive airway pressure therapy, however, their progress has not been

evaluated as part of this study.
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Table 3: Characteristics of the study population (n=142)

Characteristics Mean(SD)/N(%o)
Number of twins

MZ twins 48 pairs (67.6 %)
DZ twins 23 pairs (32.4%)
Sex

Male 40 (28,2 %)
Female 102 (71.8 %)
Age [years] 50.5 (15.5)
Body mass index (BMI) [kg/m?] 24.1 (3.6)
Diabetes mellitus (DM) 16 (11.30 %)
Hypertension 60 (42.3 %)
Hypercholesterinaemia 55 (39.3%)
Epworth sleepiness scale (ESS) 6.2 (3.6)
Apnoea hypopnoea index (AHI) [events/hour] 6.4 (7.0)
Arousal index (Al) [events/hour] 48.0 (21.3)
Respiratory arousal index [events/hour] 1.33 (1.77)
Minimal oxygen saturation (MinSatO,) 88.5 (4.6)
Oxygen desaturation index (ODI) [events/hour] 5.0 (6.8)
Respiratory disturbance index (RDI) [events/hour] 14.7 (8.7)
Total Sleep Time (TST) [day] 0.27 (0.03)
TST90% [%] 2.3(6.1)
Presence of obstructive sleep apnoea (OSA) based on AHI>5/h 58 (41.4 %)
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Tables 4 and 5 show the regression analysis with risk factors associated with obstructive
respiratory indices (logAHI, logRDI, logODI). There was a significant relationship
between BMI and RDI as well as ODI (both p<0.01) with a trend for a significant
association between BMI and AHI (p=0.07). Age was directly related to all of the indices
(all p<0.01). Only higher ODI was associated significantly with the male gender, while
AHI or RDI did not correlate with gender. There was no relationship between smoking

history and obstructive respiratory events (all p>0.05).

Table 4: Association of parameters related to sleep disturbance with metric risk

factors
logAHI logRDI logODI
R? p R? p R? p
age 0.096 <0.0001 0.070 0.002 0.290 <0.0001
BMI 0.086 0.074 0.210 0.003 0.277 0.001

This table shows the determination coefficient of regression, R2, and related p value
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Table 5: Association of parameters related to sleep disturbance to categorical risk

factors
logAHI logRDI logODI
Wilks’- Wilks’- Wilks’-
lambda P lambda g lambda P
Sex 0.984 0.206 0.984 0.162 0.963 0.032
Smoking 0.988 0.216 0.979 0.107 0.997 0.539

The calculated values are Wilks'-lambda and associated p-value

4.1.2 Univariate genetic modelling

The comparison of h2 with c2 proved genetic influence in all variables except for TST,
suggesting that genetic factors may be important contributors to these variables (Table
6). We fitted ACE models, in which variance of the observed total phenotypes was
partitioned into additive genetic, common environmental, and other random effects.
Heritability was estimated using proportion explainable by additive genetic effects over
the total phenotypic variance, after adjusting for potential confounding factors such as
age and sex as fixed effects. Univariate heritability was estimated to assess the heritability
of each of the single traits, and bivariate heritability estimations were conducted to assess

genetic and environmental correlations between two variables of interest.

For most parameters, the best fitting model was one including the A (h2) and E (e2)
components, because the C (c2) does not explain any proportion of the variance, except
the Epworth Sleepiness Scale where the ACE model was used. Heritability could not be
detected in cases of TST, so the CE model had a better fit. (Table 6) The heritability of
AHI is 73%, of ODI is 83%, and of RDI is 69%, showing that strong heritability is in the
range of 69% to 83%, while the OSA itself was 73% heritable. The unshared
environmental component explained the rest of the variance between 17% and 31%.
Shared environmental effects for these measures were not detected. The Epworth

Sleepiness Scale was mostly determined by the environment, and the variance was
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influenced by 34% by the additive genetic factors. Additional adjustment for BMI besides
sex and age in Model 2 did not influence the results.(Table 6)

Table 6: Heritability estimates of breathing-related sleep disorder indices in a case
of Model 1 and Model 2

h? (SE) ¢ (SE) e? (SE)
AHI 0.73 (0.08)*** 0 0.27
Al 0.55 (0.13)*** 0 0.45
ESS 0.34 (0.38)* 0.31 (0.36) 0.66
MinSatO; 0.96 (0.01)*** 0 0.04
oDl 0.83 (0.05)*** 0 0.17
OSA 0.73 (0.15)*** 0 0.27
RDI 0.69 (0.09)*** 0 0.31
RespAl 0.75 (0.16)* 0 0.25
TST 0 0.25 (0.14)* 0.75
TST90 0.97 (0.008)*** 0 0.03

*0<0.2, **p<0.05, ***p<0.001

Model 1 for age and sex, Model 2 for age, sex and BMI are adjusted
h?: heritability estimates; c?: proportion of variance explained by common environments; SE:

standard error, e%: proportion of variance explained by unigque environments

Model 2 results did not change after additional adjustment for BMI besides age and sex.
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4.2  Study on the association of OSA with lumbar spine MR abnormalities

4.2.1 Comparison of the OSA and control groups

Among participants who underwent a lumbar spine MR scan (56 participants), OSA was
diagnosed in 27 participants, and 21 had mild (AHI <15/h) disease. Patients with OSA
were older and had a higher prevalence of smoking history, hypertension, cardiovascular
or cerebrovascular disease, and osteoporosis (all p<0.05) and tended to have higher BMI
(p=0.05). As expected, AHI, ODI, and TST90% were higher in patients with OSA
(p<0.05, Table 7).
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Table 7: Comparison of demographics and clinical characteristics of patients with

OSA and controls

OSA (n=27) Controls (n=29) P
Age [years] 60 /53-68/ 41 /28-54/ <0.01
Gender [male %] 33 28 0.64
BMI [kg/m?] 26.6 /23.3-29.6/ 24.4 21.0-27.7/ 0.05
Smoker [ever %] 26 3 0.01
Hypertension [%] | 67 28 <0.01
Cardiovascular  or | 26 3 0.01
cerebrovascular
disease [%]
Depression [%] 7 3 0.51
Diabetes [%] 22 10 0.22
Dyslipidaemia [%] | 48 38 0.44
Asthma [%] 11 7 0.58
COPD [%] 7 3 0.51
Osteoporosis [%] 19 0 0.01
Aspirin use 7 22 0.03
Opioid use 4 0 0.30
ESS 6 /4.5-10.5/ 6 0.76
TST (min) 394 /378-430/ 416 /362-424/ 0.67
SPT (min) 435 /406-462/ 425 [407-437/ 0.41
Sleep % 95 /89-98/ 96 /92-99/ 0.32
AHI (1/h) 9.4 /6.5-14.2/ 2.3/1.0-2.8/ <0.01
ODI (1/h) 8.4 /4.9-11.2/ 0.9/0.2-1.7/ <0.01
TST90% [%] 1.3/0.2-2.9/ 0.0/0.0-0.0/ <0.01

Data are presented as median /interquartile range/.
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4.2.2 Lumbar spine spondylosis in patients with OSA and controls

Patients with OSA had an increased number of disc bulges (p<0.01, after exclusion
p<0.01) and a higher Pfirrmann score (p<0.01, after exclusion p=0.05). We detected an
increased number of anterior spondylophytes (p=0.01) and an increased magnitude of
vertebral fatty degeneration (p<0.01) in patients with OSA compared to the controls.
However, after excluding patients with osteoporosis and those who were taking
painkillers, these differences became insignificant (p=0.07 for the number of anterior
spondylophytes, p=0.06 for the magnitude of vertebral fatty degeneration). There was no

difference in any other degenerative parameter (Table 8).
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Table 8: Characteristics of lumbar spine spondylosis and discopathy in patients with
OSA and controls

OSA (n=27) Controls (n=29) P
Disc hernia (at least one, %) | 28 26 0.92
Number of all disc hernias (n) | 0.6=1.0 0.3+0.5 0.92
Total endplate score (n) 20.9+7.8 20.8+9.7 0.38
Disc bulging (at least one, | 85 52 <0.01
%)
Number of all disc bulgings | 4.6+3.7 1.7£2.5 <0.01
(n)
Total Pfirrmann score (n) 16.7+4.7 13.2+4.1 <0.01
Anterolisthesis (at least one, | 15 3 0.13
%)
Anterolisthesis (mm) 0.7+1.8 0.1+£0.7 0.13
Retrolisthesis (at least one, %) | 12 3 0.28
Retrolisthesis (mm) 0.3+1.0 0.2+1.1 0.28
Superior endplate disease (n) | 0.8+1.6 0.7+2.1 0.15
Inferior endplate disease (n) | 0.8+1.3 0.7+£2.0 0.44
Superior Schmorl nodes (n) 0.8+1.2 0.9+1.4 0.90
Inferior Schmorl nodes (n) 0.4+0.8 0.7+1.1 0.56
Vertebral fatty degeneration | 7.8+4.7 3.8+3.7 <0.01
(score between 0 and 18)
Anterior spondylophytes (n) | 2.7+4.2 0.8+2.1 0.01
Posterior spondylophytes (n) | 1.1+2.4 0.4+0.9 0.47
Disc height narrowing (mm) | 3.342.1 3.0+£3.2 0.15
Annular high intensity zone | 0.6£1.2 0.3£0.6 0.40
(n)
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Analysing all subjects together, there were significant correlations between the number
of disc bulges and markers of OSA severity, such as AHI, ODI, and TST90% (all p<0.05)
as well as the number of anterior spondylophytes and AHI, ODI, and TST90% (all
p<0.05). These associations were significant (all p<0.05) even when the 13 subjects were
excluded except for the relationship between AHI and anterior spondylophytes (p=0.07).
When only patients with OSA were analysed, significant relationships were present only
with markers of overnight hypoxaemia (Figures 24 and 25). Of note, a direct relationship
was observed between the number of disc bulges and the number of anterior
spondylophytes (p=0.54, p<0.01, after exclusion p=0.51, p<0.01). This relationship was
present even following further adjustment for the presence of OSA.

The number of posterior spondylophytes correlated only with ODI (p=0.32, p=0.01, after
exclusion p=0.38, p=0.01). The Pfirrmann score was significantly related to AHI (p=0.40,
p<0.01, after exclusion p=0.34, p=0.03), ODI (p=0.56, p<0.01, after exclusion p=0.49,
p<0.01) and TST90% (p=0.61, p<0.01, after exclusion p=0.59, p<0.01). There was a
significant relationship between the disc height narrowing and ODI (p=0.28, p<0.05).
However, after excluding patients with osteoporosis and those who were taking
painkillers, this became insignificant (p=0.21, p=0.18). Disc height narrowing
significantly correlated with TST90% (p=0.29, p<0.05, after exclusion p=0.31, p=0.05).
None of the other sleep parameters or ESS correlated with any characteristics of lumbar

spondylosis (all p>0.05).
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Figure 24: The relationship between the number of lumbar disc bulges and markers of

OSA severity
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Figure 25: The relationship between the number of anterior vertebral spondylophytes

and markers of OSA severity.

4.2.3 Chronic pain in patients with OSA and controls

There was no difference in the lifetime prevalence of lower back pain between the OSA
(85%) and control groups (72%, p=0.78, after exclusion p=0.85). Thirty-eight per cent of
the patients and 34% of controls reported lower back pain in the last 4 weeks (p=0.41,
after exclusion p=0.77). Fifty-five per cent of the patients and 28% of controls reported
that lower back pain limits their daily activities (p=0.56, after exclusion p=0.32).
However, there was no difference in the RMDQ score between the two groups (0 /0-3.5/
vs. 0 /0-1/; OSA vs. controls, respectively, p=0.29, after exclusion p=0.25). Similarly, no
significant differences were found regarding responses to other questions between the

two groups (all p>0.05).

None of the sleep parameters related to the lifetime prevalence of lower back pain or
lower back pain in the last 4 weeks (p>0.05, after exclusion p>0.05). There was a
tendency for a direct relationship between RMDQ and ESS (p=0.27, p=0.07). After

excluding the patients with osteoporosis and those who were taking painkillers, this
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relationship became significant (p=0.38, p=0.03). There was no relationship between

chronic pain and BMI (p>0.05, after exclusion p>0.05).

4.2.4 The relationship between lumbar spine spondylosis, discopathy, and chronic pain
Participants who had any disc bulging had a higher RMDQ score (1 /0-3/ vs. 0 /0-0/,
p=0.01, Figure 26) even after excluding the 13 subjects (p=0.03). Interestingly, there was
no relationship between the number of disc bulges and RMDQ (p=0.20) or the other pain

outcomes (p>0.05).

There was a significant relationship between the Pfirrmann and the RMDQ score (p=0.32,
p=0.02). After excluding the patients mentioned above, this relationship became
insignificant (p=0.09, p=0.56). There was also a significant relationship between the
RMDQ score and the incidence of superior endplate disease and inferior endplate disease
as well as the number of anterior spondylophytes (all p<0.05). After excluding patients,
only the relationship between RMDQ and the number of anterior spondylophytes
remained significant (p=0.46, p<0.01). None of the other characteristics of spondylosis

or discopathy were related to measures of chronic pain.
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Figure 26: The Roland-Morris Disability Questionnaire score in subjects with and

without lumbar disc bulges
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4.2.5 The role of klotho in lumbar spine spondylosis and discopathy associated with
OSA

Plasma klotho levels were inversely related to the number of disc bulges (p=-0.47,

p<0.01, after exclusion p=-0.49, p<0.01, Figure 27), and there was a tendency for an

inverse correlation with total endplate score (p=-0.26, p=0.07) as well as annular high

intensity zones (p=-0.27, p=0.06). These remained insignificant after excluding the

patients mentioned above (all p>0.05). However, there was no further relationship with

any other characteristics of spondylosis or discopathy (all p>0.05).

There was no relationship between plasma klotho and BMI (p=0.33) or age (p=0.09),
while it significantly related to AHI (p=-0.33, p=0.03), ODI (p=-0.33, p=0.02) and
TST90% (p=-0.44, p<0.01). Although klotho levels did not differ between the OSA and
control groups (p=0.15), OSA patients with at least one anterior spondylophyte had
significantly lower klotho levels compared to the controls with at least one anterior
spondylophyte (p<0.01). However, there was no difference in klotho levels between the

two groups in those patients who had at least one disc bulging (p=0.93).
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Figure 27: The relationship between plasma klotho levels and lumbar disc bulges.
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5 Discussion

This is the first study investigating the heritability of OSA using objective sleep
assessment. We reported that the sleep parameters and OSA show high heritability, and
unshared environmental factors explain the rest of the variance. Adjustment for BMI, age,
or gender implied that the influence of heritability is independent of any potential

influence of these variables.

Secondly, according to our knowledge, this is the first study examining the relationship
between obstructive sleep apnoea and lumbar spine abnormalities. We found that OSA
was significantly associated with the presence of certain abnormalities, most strongly
with disc bulges and anterior spondylophytes.

5.1 The inheritance of OSA

To begin, by comparing the twin correlations in the OSA twin study we could estimate
the variance explained by additive genetic, shared environmental (e.g., shared womb) and
non-shared environmental effects (e.g., lifestyle factors, measurement error). Our results
can be partially explained by the inheritance of the smallest surface diameter of the
oropharynx, one of the important determinants of OSA, which has been demonstrated in
a family study (30-40%), although the rate of heritability was less than that we have
reported.[21] The importance of anatomical variation in heritability is confirmed by
volumetric MRI in a family study, which detects a significant level of heritability of the
volume of the lateral pharyngeal wall, tongue, and total soft tissue.[94] The heritability
of these factors may increase the heredity level in addition to the aforementioned
anatomical situation. In another family study, the heredity of the AHI was 34-37%, but
our twin study found a much higher inheritance.[20] The reason for this is also to be found
in the different test methods because family studies are suitable for determining the
similarity or difference between generations and do not take into account external factors
such as family environment and culture, which in turn are taken into account in twin
studies by separating genetic and common environmental factors.[86] The only previous
twin study of OSA proved it to have an inheritance of around 50%. However, the OSA
diagnosis was based on a questionnaire survey, which might increase the measurement
error (E variance).[24] Therefore, our present study is the first to investigate the

inheritance of OSA with objective overnight PSG, and the first to show high inheritance.
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5.2 The consequences of high heritability and their clinical significance

High inheritance draws attention to the likelihood that the disease might occur in close
relatives and descendants of patients with sleep disorders. For this reason, prevention of
predisposing, controllable factors such as obesity (e.g., thick neck circumference),
smoking, high blood pressure, and diabetes is essential. Non-influenced factors include
male gender, ethnicity, and age. Treatment is further complicated by hereditary
predisposition to body composition, the incidence of smoking and blood pressure, in 79%
and 51%, according to the previous twin studies.[95-97] This means that the prevention
of these predisposing factors is also important since in genetically predisposed individuals
it can be associated with the formation of OSA. Most of these factors are influenced, apart
from the genetic predisposition, by epigenetic factors playing an important role in
transcriptional and post-transcriptional regulation, including deoxyribonucleic acid
(DNA ) methylation, histone acetylation, miRNA and transcriptome profiling, non-
coding RNA regulation, and RNA editing.[98,99] Due to the high public health
importance of OSA, close relatives of patients with OSA should be screened to prevent
OSA-related emergence of comorbidities and mortality.[100] Recent publications have
demonstrated the utility of OSA screening in Type 2 diabetes and obesity[101,102]. Our
study draws attention to the fact that screening programs may include family history.[87]

5.2.1 The importance of obesity in OSA

It is evident that obesity, which has a high heritability itself,[95,97] predisposes to OSA,
and the prevalence of OSA is increasing worldwide because of the ongoing obesity
epidemic [103]. The parapharyngeal fat pad which is connected with obesity may play an
important role in the development of OSA in overweight participants. Interestingly, a
weight reduction program reduces the size of parapharyngeal fat pads and makes
improvements in OSA.[104] Obesity-associated OSA has been independently associated
with the surrogate markers of cardiovascular risk, including sympathetic activation,
systemic inflammation, and endothelial dysfunction,[103] however, it was unclear
whether this association is genetically linked. Our findings show evidence that BMI has
associated with OSA through a non-genetic link which might have a clinical implication
that physical activity or any other measure of weight reduction can be more effective in
OSA management. A recent study has shown that a combined occurrence of obesity and

OSA may interact to reduce exercise capacity, highlighting the importance of obesity
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control programs among women.[105] This finding is supported by a recent study
demonstrating that OSA patients are less physically active than individuals without
OSA.[106] The high heritability of sleep parameters highlights the role of earlier
identification of OSA in genetically predisposed individuals, since treatment strategies to
improve sleep may contribute to overall health outcomes for patients with obesity.[107]
The non-genetic link can be the reason why recent studies showed that effective treatment
of OSA with CPAP significantly reduces visceral fat.[103,108]

5.2.2 Relationship between OSA and the cardiometabolic system

The cardiometabolic consequences of obesity are higher in patients with OSA, so the
diagnosis and treatment of OSA are very important, especially in patients with frequent
snoring and difficult-to-control hypertension, nocturnal blood pressure abnormalities,
atrial fibrillation, or left ventricular hypertrophy.[103] OSA is a poorly diagnosed disease.
In our study, no participant had a known breathing disorder, but after the examination 58
participants were diagnosed with OSA (44 had mild (AHI 5-15/h), 12 had moderate (AHI
15-30/h) and 2 had severe (AHI> 30/h) disease). CPAP therapy—the first-choice
treatment—significantly improves the cardiometabolic status. After CPAP therapy, the
blood flow in micro-and macrocirculation is improved, arterial elasticity is increased, and
arterial stiffness is decreased. Furthermore, endothelial disorder biomarkers like calcium-
activated potassium channels (Big Potassium, BK channels) are also lower after the
therapy.[109] Sharma et al. demonstrated that CPAP therapy alone can reduce visceral
adiposity and BMI, which can be explained as a consequence of partial metabolic
improvements.[110] In contrast, other studies could not detect any changes in these

metabolic parameters. [103]

5.2.3 Daytime sleepiness in OSA

The average daytime sleepiness reported by the study participants was not clinically
significant, and even in patients with moderate to severe OSA sleepiness was not
sufficiently alarming to make OSA diagnosis available prior to our study. This is in line
with a very recent German population-based study that the proportion of sleepy (ESS>10)
patients within the OSA group are relatively low (15%).[103][44] In line with this, unlike
OSA, sleepiness was determined by environmental factors. We did not intend to evaluate

these factors, but they may include poor sleep hygiene, work shifts, diet, and medications.
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5.3 The link between OSA and lumbar degeneration

As previously mentioned, chronic pain especially in the lumbar region is very common
in patients with OSA[38], but interestingly previous studies focusing on the cervical
spinal region reported an increased number of spondylophytes in OSA[44] and suggested
that these may contribute to the development of sleep apnoea.[44] Spondylophytes are
bony projections that form along joint margins. Usually, they are associated with the
degeneration of the lumbar disc which starts losing water content and leads to a decrease
in the intervertebral disc height. To compensate for the loss of flexibility of the anulus
fibrosus, the apophyseal joints start to grow a new bone.(43,111) In line with this, we
found a significant direct relationship between the number of spondylophytes and disc
bulges. However, the design of this study cannot answer the causality of the relationship
as both abnormalities may have been independently driven by OSA. Our study extends
the previous observations on the cervical spine region to the lumbar region, as the number

of disc bulges and spondylophytes were higher in OSA and related to disease severity.

5.3.1 Possible mechanisms explaining the relationship between the two diseases

The relationship between OSA and disc degeneration can be explained by multiple
mechanisms. Several genes of collagen biosynthesis and inflammation were found to be
associated with OSA [112] and disc degeneration[113], also suggesting a common
genetic origin. Age, male gender and obesity, and risk factors for OSA[114] are
associated with an increased likelihood for the development of disc
degeneration.[113][115] Of note, the relationship between OSA and discopathy in the
present study was present after adjustment for these factors. OSA is also associated with
abnormal bone formation, likely due to the accelerated remodelling induced by

intermittent hypoxia[46] and vitamin D deficiency in sleep apnoea.[48]

As previously mentioned, the apoptosis and senescence of disc cells (anulus fibrosus and
nucleus pulposus) and the structure of the matrix are both crucial in the development of
degeneration. Chronic intermittent hypoxia in OSA leads to oxidative stress and
inflammation[114], and as a result, ROS production has increased. ROS production has
proapoptotic effects in NP and AF cells in rabbits[116] and promotes premature
senescence of AP and AF cells.[113] Furthermore, the ROS cause oxidative modification

of the collagen structure which leads to its crosslink, aggregation and unfolding.[117]
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This modification of the collagens significantly impairs its anatomical integrity and
functional property.[118]

Furthermore, reactive oxygen species can induce the expression of extracellular matrix
proteases and proinflammatory markers in disc cells.[119] Supporting this, a direct
relationship was seen between markers of overnight hypoxaemia and markers of disc
degeneration in the current study. In addition, systemic inflammation generated in OSA

may also contribute to inflammation in lumbar discs.[120]

A potential molecule that is involved in the pathomechanism of both diseases is the klotho
protein.[77,83] This protein is synthesized predominantly in the kidneys, but other
organs, such as parathyroid gland, ovary, testis and placenta also express the klotho
gene.[121] Klotho is involved in phosphate homeostasis, regulates aldosterone synthesis,
and has anti-aging, anti-oxidative stress and anti-inflammatory role.[78] We have
reported low levels of klotho in OSA which were associated with markers of overnight
hypoxaemia.[77] Hypoxaemia[122] and oxidative stress[83] lead to decreased klotho
expression in nucleus pulposus cells. Klotho attenuates inflammation at the same site[83]
and it is hypothesized that lower klotho levels contribute to disc degeneration.[83]

Furthermore, klotho gene polymorphisms were associated with lumbar spondylosis.[82]

5.3.2 Chronic pain and OSA

As in previous studies, [123] we did not find a significant difference in reported back pain
between patients with OSA and controls. In contrast, back pain was associated with
increased daytime sleepiness. Chronic pain can disturb the normal sleep architecture[41]
with subsequent daytime effects. Although excessive daytime sleepiness is a common
symptom of OSA[123], our study highlights that other factors besides OSA can lead to
this symptom, and these should be explored in clinical practice. Most particularly,
clinicians should not accept chronic pain as a natural component of fibromyalgia
syndrome, but may instead investigate anatomic causes for pain and sleepiness. In
contrast to OSA, chronic pain was associated with lumbar spondylosis and discopathy.
This may highlight an indirect mechanism between spondylosis and OSA development,
as chronic pain may limit mobility, eventually leading to weight gain. Obesity is a leading
cause of OSA, and limited exercise could subsequently cause OSA development. A

previous meta-analysis concluded that obesity is significantly associated with low back
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pain[123]; our study however did not find any relationship between BMI and pain
outcomes. Notably, due to the subjective nature of the outcome and the limited number

of subjects, the results need to be interpreted carefully. [88]

5.4  Limitations

Limitations of our study should be considered. First, the relatively small sample size and
especially a low number of DZ pairs prohibited a more precise evaluation of each sleep-
associated variable (e.g., TST) and lumbar parameters. Increasing the number of patients
could allow more complex relationships between lumbar degeneration and sleep
parameters to be detected.

Second, the study population consisted of patients with relatively mild disease severity.
Further twin studies involving patients with morbid obesity or more severe OSA are
warranted to see if this high genetic association is present in these patients. Finally, the
heritability model based on twins has been criticized because the gene-environment
interplay is very difficult to assess.[43] However, large-population twin studies can take
into account gene—environment and gene—gene interactions in order to study complex
phenotypes. Furthermore, patients with more severe diseases could reveal more precisely
the relationship between OSA and lumbar spine degeneration. More importantly, the lack
of relationship between OSA and chronic pain could be due to the milder disease severity.
Interestingly, the relationship between OSA and disc bulges as well as spondylophytes

was evident even at this severity.

Third, two different MRI machines were used. and some patients had cardiorespiratory
polygraphy instead of polysomnography. Polygraphy may underestimate the severity of
OSA, as hypopnoeas associated with arousals but without desaturations are not counted,
and the total number of respiratory events is divided by the total time recorded rather than
the total sleep time. Acknowledging these biases, the results were adjusted for the type of

sleep test.

Fourth, the groups were not balanced in terms of age, gender, BMI, and comorbidities.
Although the analyses were adjusted for these factors, further studies in larger populations

are warranted to minimize this bias.
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Fifth, physical activity may influence the results, however, this has not been recorded in
this study.

Sixth, none of the patients were treated with continuous positive airway therapy. Follow-
up trials are warranted to see whether CPAP could be beneficial in preventing or slowing
down spondylosis in patients with OSA. Interventional trials may also reveal independent
associations between OSA and spondylosis not biased by confounders. Despite these
limitations, we believe that our pioneering study may serve as a potential basis for

designing large-scale studies.

Seventh, there was no physical examination before the lumbar spine MRI and the
compression, dislocation, and involvement of spine nerves were not examined in the MRI
images. None of our participants has been diagnosed with low back pain or lumbar
degeneration confirmed by MRI, therefore, the presence of lumbar spine root lesions was
not assumed. In a further study, these lesions should be examined to assess more

accurately the lumbar degeneration and chronic low back pain.

Eight, in our study the anterior spondylophytes were more common than the posterior
ones and anterior spondylophytes showed correlation with the sleep parameters. A
previous study also showed that the spondylophytes in the anterior surfaces are more
common than the posterior. This difference in the location of the spondylophytes can be
explained by biomechanical factors. For example, spondylophytes are located more

frequently at the concavity of scoliotic curves.
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6 Conclusions

According to our knowledge, this was the first study examining Obstructive Sleep
Apnoea with objective methods in twins in addition to the link between OSA and lumbar

degeneration in twins.

The present study showed objectively for the first time the strong genetic effects on
obstructive sleep apnoea variables in adult healthy twins, independently of age, gender,
and body mass index. Anatomical abnormalities and variabilities play a key role in this
with high probability, so our research group has conducted further studies to quantify the
heritability of cervical region anatomy. The relatively low unshared environmental
influence still highlights the role of the prevention of known environmental risk factors,
particularly through epigenetic effects. These observations provide important insights
into the pathogenesis and potential treatment of OSA and stimulate further epigenetic
studies to understand interconnections between the pathophysiology of sleep and
metabolic diseases, including obesity.

Our research has shown that the number of disc bulges and spondylophytes was higher in
OSA and was related to disease severity in patients with OSA. Our study cannot answer
the casualty of this connection, but in the background, several genes of collagen
biosynthesis and inflammation were found to be associated with OSA [112] and disc
degeneration.[113] In addition to common risk factors (age, male gender, obesity),
vitamin D deficiency and chronic intermitting hypoxia-caused by reactive oxygen species
and systematic inflammation may be involved in the common pathogenetic pathways.

The connection between OSA and spondylosis calls attention to chronic pain in the
lumbar region in patients with OSA. We cannot show a significant difference in the
reported back pain between patients with OSA and controls, but the chronic pain disturbs
the normal sleep architecture with subsequent daytime effects (daytime sleepiness) which
are the common symptoms in OSA. Because of the chronic pain associated with
spondylosis and discopathy, clinicians should not accept chronic pain as a natural
component of fibromyalgia syndrome but may investigate anatomic causes for pain and

sleepiness.
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Kloto protein is a potential molecule in both pathomechanisms, and we found that the
klotho protein level was associated with the number of disc bulges and markers of
overnight hypoxaemia.[77] We hypothesise that lower klotho levels contribute to disc
degeneration[83] because hypoxaemia[122] and oxidative stress lead to decreased klotho
expression in nucleus pulposus cells, and at the same site klotho attenuates
inflammation.[83] This also supports that klotho gene polymorphisms were associated

with lumbar spondylosis.[82]

82



7 Summary

OSA is one of the most common breathing-related sleep disorders with severe symptoms
that negatively affect patients’ quality of life. According to our knowledge, the
heritability of OSA has not previously been investigated using an objective method. Our
study showed that OSA is highly heritable, which may be due to heritable anatomical
factors and obesity. In contrast, daytime sleepiness is more influenced by environmental
factors. OSA is difficult to diagnose, and its heritability calls for the screening of close
relatives of patients and the reduction of controllable factors (e.g., obesity, smoking,
hypertension and diabetes). Appropriate management of OSA can reduce obesity and
treatment improves cardiometabolic status in obese OSA patients, so early detection and
treatment is a key factor.

Many patients with OSA suffer from chronic pain, yet lumbar degeneration, the most
common cause of chronic low back pain, has not been investigated. Our study has shown
that the hypoxic parameters of OSA and some features of lumbar degeneration are related.
The possible mechanisms: genes responsible for collagen synthesis and inflammatory
processes are both associated with OSA and lumbar degeneration, common aetiological
factors (age, male sex and obesity), reactive oxygen species and chronic inflammation
induced by chronic intermittent hypoxic episodes and impaired vitamin D metabolism.
At the molecular level, klotho protein may also explain this association, in our study, its
levels were low in OSA and associated with hypoxic parameters. We hypothesize that the
lower levels of klotho make its anti-inflammatory effect less pronounced, which promotes
lumbar degeneration. No significant difference was found between the OSA and healthy
groups in terms of LBP, but LBP and daytime sleepiness were associated. Therefore, it is
important to identify the cause of LPB in patients with OSA and to consider the possibility
of OSA in patients with poor sleep in LBP..

83



8  Osszefoglalas

Az OSA az egyik leggyakoribb 1égzéssel Osszefliggd alvasi rendellenesség, melynek
komoly, életmindséget negativ irdnyba befolyasolo tlinetei vannak. Szakirodalmi adatok
alapjan kordbban az OSA oOrokletességét eszkozds modszerrel nem vizsgaltak.
Vizsgalatunk soran kimutattuk, hogy az OSA nagyfoku ordkletességet mutat, melynek
hatterében az 6rokdlhetd anatomiai faktorok és az elhizas allhat. Ezzel szemben, a nappali
almossag inkdbb kornyezeti tényezOk altal befolyasolt. Az OSA nehezen
diagnosztizalhato eltérés, igy orokletessége felhivja a figyelmet a betegségben szenvedd
egyének kozeli rokonainak szlrésére, illetve a befolyasolhatd faktorok (pl. elhizas,
dohanyzas, magas vérnyomas ¢és cukorbetegség) csokkentésére. Az OSA megfeleld
kezelése képes mérsékelni az elhizast és az elhizott OSA-s betegek esetén a kezelés javitja
a kardiometabolikus allapotot, igy korai felismerése és kezelése kulcsfontossagu.

Szamos OSA-s beteg kiizd kronikus f4jdalommal, ennek ellenére a lumbalis degeneraciot,
mint a kronikus derékfajdalom leggyakoribb okat nem vizsgaltadk. Kutatasunk soran
lathattuk, hogy az OSA hypoxias paraméterei és a lumbalis degeneracio6 egyes jellemz6i
kapcsolatot mutatnak. Egyrészrdl, ennek hatterében a mindkét betegség kialakuldsaban
szerepet jatszo, kollagénszintézisért €s gyulladasos folyamatokért felelds gének, valamint
a kozos etiologia faktorok (€letkor, férfi nem és elhizas), az OSA-ban tapasztalhato
kronikus intermittalo hypoxias epizodok altal indukalt reaktiv oxigén gyok felszabadulas
¢és kronikus gyulladas, illetve a D vitamin homeosztdzis zavara is allhat. Molekularis
szinten a klotho fehérje is magyarazhatja ezt a kapcsolatot, vizsgalatunkban ennek értéke
OSA-ban alacsony volt és asszocialt az OSA hypoxias paramétereivel. Feltételezésiink
szerint, az alacsonyabb klotho szint miatt annak gyullad4sgatldé hatdsa kevésbé
érvényesiil, igy hozzéjarul a lumbalis degeneracidhoz. A gerincfajdalom tekintetében
nem talaltunk szignifikdns kiilonbséget az OSA-s és az egészséges csoport kozott,
azonban a gerincfajdalom és a nappali almossag Osszefliggést mutatott. Fontos tehat,
hogy az OSA-ban szenvedd betegek derékfajdalmanak okat felkutassuk, illetve a rosszul

alvo derékfijdalomban szenvedd betegeknél gondoljunk az OSA lehetdségére.
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12 Supplements

12.1 Supplement 1: Epworth Sleepiness Scale

The Epworth
Sleepiness Scale

The Epworth Sleepiness Scale is widely used in the field of sleep medicine as a subjective
measure of apatient's sleepiness. The test is a list of eight situations in which you rate your
tendency to become sleepy on a scale of 0, no chance of dozing, to 3, high chance of dozing.
When you finish the test, add up the values of your responses. Your total score is based on a
scale of 0 to 24. The scale estimates whether you are experiencing excessive sleepiness that
possibly requires medical attention.

How Sleepy Are You?

How likely are you to doze off or fall asleep in the following situations? You should rate
your chancesof dozing off, not just feeling tired. Even if you have not done some of
these things recently try to determine how they would have affected you. For each
situation, decide whether or not you would have:

e No chance of dozing =0
e Slight chance of dozing =1
e Moderate chance of dozing =2
e High chance of dozing =3

Write down the number corresponding to your choice in the right hand column. Total your
score below.
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Situation Chance of Dozing
Sitting and reading 0
Watching TV 0
Sitting inactive in a public place (e.g., a theater ora B
meeting)
As a passenger in a car for an hour without a U
break
Lying down to rest in the afternoon when 0
circumstances permit
Sitting and talking to someone ]
Sitting quietly after a lunch without alcohol B
In a car, while stopped for a few minutes in traffic 0

Total Score =

Analyze Your Score

Interpretation:

0-7:1tis unlikely that you are abnormally sleepy.

8-9:You have an average amount of daytime sleepiness.

10-15:You may be excessively sleepy depending on the situation. You may want to

considerseeking medical attention.

16-24:You are excessively sleepy and should consider seeking medical attention.

Reference: Johns MW. A new method for measuring daytime sleepiness: The Epworth Sleepiness Scale.

Sleep

1991; 14(6):540-5.

12.2 Supplement 2: 24-item Roland-Morris Disability Questionnaire

24-item Roland-Morris Disability Questionnaire

o | stay at home most of the time because of my back.

o | change position frequently to try and get my back comfortable.

o | walk more slowly than usual because of my back.
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o Because of my back I am not doing any of the jobs that I usually do around the
house.

o Because of my back, 1 use a handrail to get upstairs.

o Because of my back, I lie down to rest more often.

o Because of my back, I have to hold on to something to get out of an easy chair.

o Because of my back, I try to get other people to do things for me.

o | get dressed more slowly than usual because of my back.

o | only stand for short periods of time because of my back.

o Because of my back, I try not to bend or kneel down.

o | find it difficult to get out of a chair because of my back.

o My back is painful almost all the time.

o | find it difficult to turn over in bed because of my back.

o My appetite is not very good because of my back pain.

o | have trouble putting on my socks (or stockings) because of the pain in my
back.

o | only walk short distances because of my back.

o | sleep less well because of my back.

o Because of my back pain, | get dressed with help from someone else.

o | sit down for most of the day because of my back.

o | avoid heavy jobs around the house because of my back.

o Because of my back pain, | am more irritable and bad tempered with people than
usual.

o Because of my back, 1 go upstairs more slowly than usual.

o | stay in bed most of the time because of my back.

Score:

12.3 Suplement 3 : Low Back Pain Questionnaire

Questionnaire about lower back pain

a.1. Have you ever had lower back pain?

Yes O No O
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a.2. Does lower back pain limit your normal daily activities or change your daily routine
more than one day?

Yes O No O

a.3. When was the last time when you had lower back pain?

Inthe last2 years O  Lastyear O  Inthe last 6 months OO In the last 4 weeks
O

a.4. Did you have lower back pain in the last 4 weeks? (Except for lower back pain due
to infection with high temperature or menstruation)

Yes O No O

a.5. If yes, did this lower back pain limit your normal daily activities or change your
daily routine more than one day?

Yes O No O
a.6. How long did this pain take?
Less than 3 months O More than 3 months, but less than 7 months O

7 months or more, but less than 3 years 0 3 years or more [

a.7. Please sign (with X in the table below), how was the intensity of your pain on a 0-
10 scale, where 0 means “No pain” and 10 means “Worst possible pain”:

... the intensity of the last lower back pain:

0 1 2 3 4 5 6 7 8 9 10
No Worst
pain possible

pain

... the intensity of the worst lower back pain:
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0 1 2 3 4 5 6 7 8 9 10

No Worst
pain possible
pain

a.8. If you had lower back pain in the last 4 weeks, how often did you have this pain?

Just somedays 0  Most of the days O Everyday O

a.9. How many different lower back pain episodes did you have in your life that were
strong enough to pain limit your normal daily activities or change your daily routine
more than one day? (Different episode means that at least a month passed between the
two episodes when you had no pain.)

How many times?

a.10. Were you unable to work or did you reduce your normal daily activities due to
lower back pain in the last 12 months?
Yes O No O

a.11. If yes, please estimate the total number of days when you dropped out of your job:

0-30 days [0 30-60days O 60-90days 0 More than 90 days [1
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