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Abstract 

 

Multiple Sclerosis (MS) is associated with autonomic nervous system damaged. Reported 

cardiovascular autonomic dysfunction (CAD) prevalence in MS varies between studies. As 

CAD lowers quality of life and may contribute to sudden death in MS, early CAD detection 

may assist in treatment and in risk identification. A comprehensive suite of cardiovascular 

autonomic tests was applied to 53 MS patients and results associated with clinical markers of  

MS severity. CAD was identified through analysis of continuous electrocardiogram and non-

invasive finger blood pressure recording during 5-minutes supine rest, short-term deep 

breathing, Valsalva manoeuvre, orthostatic challenge and isometric exercise. There was 

greater prevalence of sympathetic (58%) than parasympathetic impairment (34%).  Total 

brain and spine lesions was correlated with dampened sympathetic response in Valsalva 

manoeuvre and orthostatic challenge. Age corrected score for sympathetic control showed 

deterioration with longer disease duration and/or treatment delay>10 years. Comparison of a 

subset of MS patients (n=23) with age and gender-matched controls showed diminished 

baroreceptor reflex in MS and impaired sympathetic function using frequency domain systolic 

blood pressure variability analysis, techniques novel to MS investigations. Findings presented 

in this thesis demonstrate high prevalence of CAD in MS that can be evaluated using a 

combination of standard and more novel analysis techniques.  
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Chapter 1 

Introduction 

and 

literature review 

Over the last 3 decades there has been widespread interest in the study of autonomic 

dysfunction in Multiple Scleroses (MS) patients.  However, while the abnormalities of 

bladder, bowel and sexual dysfunctions have been well documented, the cardiac autonomic 

dysfunction is often overlooked. Although impact of cardiac autonomic dysfunction on 

quality of life is substantial, the contradictory results have left clinical researchers sceptical 

about the frequency of cardiovascular autonomic dysfunctions in MS, as well as its relation to 

progress and severity of disease. Therefore, this thesis explores a comprehensive study of 

non-invasive cardiovascular autonomic test applied to MS patients. In Chapter 1, the relevant 

physiology of cardiac autonomic nervous system and MS as well as an overview of previous 

studies are described. Chapter 2 contains a thorough review of cardiac autonomic nervous 

system testing. Chapter 3 contains methods of this study and the applied statistics. Chapter 4 

reports the results which are discussed in Chapter 5, including conclusions made from the 

findings of this study and suggested future work.  
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1.1 Autonomic nervous system 

The nervous system is categorized into two major parts comprising the central nervous system 

(CNS) and the peripheral nervous system (PNS). While the CNS consists mainly of the brain 

and spinal cord, the PNS contains nerves and branches connected to the CNS, and 

communicates with the rest of body. The PNS itself is divided into two groups of afferent 

division that transmits sensory information from body to the CNS, and efferent division that 

transmits signals from the CNS to the body. The efferent division has three parts that mediate 

voluntary movements (somatic), control gastrointestinal system (enteric) or regulate 

involuntary body functions (autonomic). Among those, the autonomic nervous system is an 

involuntary control system that acts unconsciously, but can work in conjunction with the 

somatic system and is regulated mainly by the hypothalamus in the brain. The ANS regulates 

body functions such as heart rate, vasomotor activity, cardiac function, digestion, respiratory 

rate, pupillary response, urination, sexual arousal and reflexes such as coughing, sneezing, 

swallowing and vomiting1,2. 

The ANS divides into two divisions of sympathetic and parasympathetic nervous systems. 

The sympathetic nervous system is also sometimes named “flight or fight” system and is 

responsible for quick responses and stressful situations. The sympathetic nerves start from 

middle of the spinal cord and usually stimulate organs. For instance, it increases heart rate and 

blood pressure when necessary. On the other hand the parasympathetic nervous system, 

designated as a “rest and digest” or “feed and breed” system, functions as a dampening 

system and usually slows down bodily processes, such as reducing heart rate and blood 

pressure when necessary. It is associated with conserving energy and restoring tissues for 

ordinary functions. The parasympathetic nerves usually start from the brainstem or bottom of 

spinal cord1,2. The schematic illustration of sympathetic and parasympathetic nerves and their 

target organs is shown in Figure 1.1. However, there are certainly some exceptions such as 
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stimulation of digestion and urination by the parasympathetic nervous system and slowing 

down by the sympathetic nervous system. Most organs contain nerves from both the 

sympathetic and parasympathetic systems1–3. 

1.2 Autonomic dysfunction (AD) 

When the autonomic nervous system (ANS) does not function properly, it is called autonomic 

dysfunction (AD) or dysautonomia. The term AD refers to either the failure of the 

sympathetic or parasympathetic nervous system, or excessive or overactive ANS activity4. It 

often involves organ failure, or the failure of the nerves. Problems with the ANS can range 

from mild to life threatening and affect only one part (local) or the entire ANS (generalized). 

Some conditions are temporary and can be reversed, while others are chronic and progressive. 

AD also may be classified into primary and secondary AD. The primary type of 

dysautonomia is either when it results from a chronic disease of nervous system degeneration, 

or without known common pathology1. Multiple system atrophy, orthostatic hypotension, 

pure dysautonomia and Parkinson’s disease are all types of primary AD. On the other hand 

secondary dysautonomia may occur due to injury of the ANS from a disorder such as 

diabetes, alcoholism or multiple sclerosis1,4.  
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Figure 1.1 Schematic illustration showing the sympathetic and parasympathetic nervous system with 

their target organs5.  

1.3 Symptoms of autonomic dysfunction 

Most forms of autonomic failure start with mild symptoms at their onset and are concealed for 

years because of autonomic or other compensatory mechanisms. The general symptoms of 

AD may include the following problems and their affects may vary from mild to severe: 

a) Orthostatic hypotension (orthostatic intolerance) is a consequence of blood pressure 

drop at standing. This symptom is usually accompanied by Postural Orthostatic 

Tachycardia Syndrome (POTS) that is associated with excessive tachycardia and 

heart palpitation and may result in fainting or light headedness.  

b) Exercise intolerance is a term used for inability to alter heart rate with exercise. 

c) Sweating abnormalities that could be excessive or insufficient sweat. 
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d) Slow digestion leading to problems of losing appetite, bloating, diarrhoea or 

constipation, and difficulty swallowing. 

e) Urinary problems include difficulty starting urination, and incomplete emptying of 

the bladder. 

f) Sexual problems in men, identified by difficulty with ejaculation and/or maintaining 

an erection. In women, it is associated with vaginal dryness and/or difficulty with 

orgasm. 

g) Vision problems include blurry vision, or inability of the pupils to react to changes in 

light appropriately1,6. 

 

1.4 Assessment of autonomic dysfunction 

The major reasons to assess autonomic function in an individual with a suspected condition 

are:  

a) To identify whether autonomic function is normal or abnormal.  

b) To determine the degree of dysfunction and the site of the lesion. 

c) To classify the type of AD whether it is of primary or secondary disorders as the 

prognosis and treatment will depend on the diagnostic category. 

d) To investigate the underlying pathophysiological processes (in order to develop 

novel treatment), and effect of stimuli in daily life on autonomic responses to ensure 

comprehensive management for AD1.  

 

In order to assess the autonomic nervous system, usually a set of simple, non-invasive tests 

are designed to provide reproducible and sensitive information relevant to known 

physiological functions. The autonomic nervous system is usually tested by evaluating a 
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reflex arc that involves a stimulus, a receptor, an afferent nerve, central processing, an 

efferent nerve and an end-organ response. When a standard stimulus is applied, and the 

normal end-organ function is demonstrated, then by considering all confounding variables and 

innervations, the autonomic nervous system can be tested. Since in one simple test many 

organs are dually innervated (such as balance system of sympathetic and parasympathetic 

pathways), the autonomic nervous system needs to be evaluated recognizing that the result 

may reflect a decrease in one pathway or an increase in another7.  

1.5 Treatment of autonomic dysfunction 

There is no treatment for the primary type of AD, but for the secondary type usually treatment 

involves curing related symptoms and the underlying condition. However, the damage that 

had already being affected is difficult to cure. For a symptom such as orthostatic hypotension, 

for instance, the patients are told to change their lifestyle including taking enough fluid in the 

daily diet, wearing compression stockings, and elevating the head position in bed. 

Medications can also be advised. In addition, if the underlying conditions such as alcoholism, 

diabetes or Parkinson’s could be treated, it helps to decrease the AD problem or prevent its 

progress. For the other major problems caused by AD, physical therapy, walking aides, 

feeding tubes or other methods are advised7–9.  

1.6 Cardiovascular autonomic nervous system 

The cardiovascular autonomic nervous system (CANS), as one of the most important parts of 

the autonomic system, has a major role in homeostasis, which is largely achieved by adjusting 

blood flow to different vascular beds in proportion to the level of their metabolic activities. To 

maintain arterial pressure within relatively fine limits, cardiac output and arterial vascular 

resistance in different conditions are controlled according to the organs’ feedback; such as 
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arterial pressure and blood gas level1–3.For instance, in digestion or exercise time, the blood 

flow to the gastrointestinal tract or to skeletal muscles increase relatively1. 

The cardiovascular control centre (CCC) located in the medulla oblongata (in brainstem), is 

responsible for autonomic control of heart rate, blood pressure and breathing. The control 

operation is performed by means of sympathetic and parasympathetic pathways. Sympathetic 

neurons that influence cardiac activity are localized in the upper thoracic segment of the 

spinal cord (T1-T4) and the parasympathetic neurons are located in the ventrolateral 

medulla10. The map of cardiac sympathetic and parasympathetic neurons is shown in Figure 

1.2. 

 

Figure 1.2 Cardiac sympathetic and parasympathetic systemsmap11 
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1.7 Control of heart rate and blood pressure 

Depending on the body’s demand, heart rate is mainly controlled by either direct control or 

neural innervations (neural control). In direct control of heart rate, when a certain change in 

body activity or body condition occurs, the change is detected by related receptors, and the 

Sino Atrial node (SA node) is directly stimulated to increase or decrease heart rate.  

Hormonal control and thermal control are two kinds of direct control of heart rate. One 

example of hormonal control is in situations of fear or stress that the hormone adrenaline is 

secreted by the adrenal glands, which are above the kidneys, and released into the blood 

stream. This causes changes in the conductance of pacemaker cells in the SA node, 

accelerates the action potential occurrence, and consequently heart rate increases. The 

opposite of the above condition happens by releasing acetylcholine to decelerate the action 

potential in the SA node, and so decrease heart rate. Furthermore, by doing exercise, muscle 

movements raise body heat and heart temperature. This augmentation in temperature is sensed 

by thermoreceptors and then heart rate increases. The reverse process also occurs in case of 

reduction in body temperature1,12,13.  

On the other hand, the control methods by chemoreceptors, proprioceptors and 

“baroreceptors” are named as neural innervations for controlling heart rate. The 

chemoreceptors located in the aorta and central chemoreceptor centre (with direct connection 

to CCC), are able to sense the state of chemical balance in blood. In exercise for example, rise 

in the level of CO2 and fall in the level of O2 is followed by reduction in blood pH level.  This 

is detected by chemoreceptors and followed by increase in heart rate. Also, tension in muscles 

is detected by proprioceptors, fibres in muscles with the ability of sensing muscle contraction. 
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The feedback signal is then sent to CCC to increase SA activation and accelerate heart rate, or 

to decrease heart rate if tension is removed1,13,14.  

1.7.1 Baroreceptor and baroreflex sensitivity 

The arterial baroreflex system is one of the important neural mechanisms for blood pressure 

control by means of baroreceptors. They play a major role in preventing short term wide 

fluctuations of arterial blood pressure by providing a continuous stream of information about 

BP changes to the CNS15,16. Baroreceptors are mechanoreceptors located mainly in the walls 

of aortic arch and internal carotid artery; they are sensitive to stretch and are able to detect 

blood pressure changes and thus initiate baroreflex. When there is an increase in blood 

pressure, it is followed by increase in diameter of arteries (stretch). This leads to deformation 

of baroreceptors and so detection of changes in blood pressure. The reflex signal (action 

potential) is then sent and the CCC, commands increase in parasympathetic stimulation and 

decrease in sympathetic stimulation of the heart. The command is transferred via 

parasympathetic fibres (vagus nerve) to release acetylcholine at the SA node. The 

permeability of the pacemaker cells to K+ ion then rises resulting in less frequent occurrence 

of action potential occurrence and in slower heart rate. Therefore, reduced sympathetic 

stimulation results in lower cardiac output and parasympathetic stimulation leads to lower 

peripheral resistance and blood pressure16,17. 

In case of detection of a fall in blood pressure, the correction signal from CCC is sent via the 

sympathetic nerve commanding sympathetic activation and parasympathetic inhibition. In this 

case, norepinephrine in the SA node is released to increase permeability to Ca2+ and Na+ ions. 

The flow of positive ions inside increase pacemaker cells potential and heart rate and cardiac 

output increases as a result (sympathetic activation). Also, parasympathetic inhibition is 

followed by increase in systemic vascular resistance (SVR) and blood pressure15–17. The 

feedback loop of baroreceptors is illustrated in Figure 1.3. 
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Figure 1.3 Baroreflex loop 18 

 

1.8 Cardiac autonomic dysfunction (CAD) 

Cardiac autonomic dysfunction (CAD) is any abnormality in autonomic control of heart rate 

and blood pressure. This type of dysautonomia is usually accompanied by the main clinical 

symptoms of fatigue, pathological responses to orthostatic challenge such as syncope, 

palpitation, dizziness, nausea, general weakness, hot flashes and sweating19. 

 

1.9 Assessment of autonomic nervous system 

CANS assessment usually involves a set of reflex hemodynamic tests and monitoring Heart 

Rate (HR) and Blood Pressure (BP) changes as response. The common tests include: 
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a) Short term deep breathing: deep breathing for 1 minute with the rate of 6 

breath/minute. 

b) Orthostatic challenge: active or passive standing from supine position. 

c)  Valsalva manoeuvre: short term increase in the thoracic pressure by blowing out 

through a blocked mouthpiece. 

d) Sustained hand grip: squeezing a hand grip for 3-5 minutes for 30% of maximum 

strength. 

 

Apart from the reflex tests above, spontaneous changes of HR and BP in 5-minute supine 

position are also calculated in both frequency and time domains. Tests for CANS assessments 

are explained in detail in Chapter 2. 

1.10 Nervous system disorders 

Different known and unknown factors can cause nervous system disorders. They can be 

categorised into vascular disorders, such as stroke; infections, such as meningitis; structural 

disorders, such as brain or spinal cord injury, brain or spinal cord tumours; functional 

disorders, such as headache, epilepsy, and dizziness; degeneration, such as Parkinson disease, 

multiple sclerosis, amyotrophic lateral sclerosis (ALS), and Alzheimer disease. 

1.11 Multiple Sclerosis disease 

Multiple sclerosis (MS) is a chronic autoimmune, inflammatory neurological disease of the 

CNS20.The word “sclerae” means scars or better known as plaques or lesions. In MS disease, 

the loss of oligodendrocytes, the cells responsible for creating and maintaining myelin sheaths 

in the CNS, results in thinning or complete loss of myelin, and as the disease advances, there 

is  breakdown of the axons of neurons 20,21. 
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Myelin as a fatty white layer around the axons has a critical role in providing support, 

nutrition and insulation for the neurons and it enables signal transmission through the nervous 

system20,21. A neuron is depicted in Figure 1.4. When a neuron receives a stimulus, the 

positive ions flow inside the neuron via voltage gated ion channels in dendrites. Then the 

highly concentrated positive ions repel and move along the axon till reaching equilibrium 

(electrotonic conduction). This method of signal transmission is fast, but as illustrated in 

Figure 1.5, it is dissipating in time and space. Thus, the Nodes of Ranvier as unmyelinated 

parts of axons with the activatable ion channels, in between myelinated parts, have the role of 

boosting the signal (by action potential) and transmit it through the next myelinated part3,22. 

However, the voltage of the attenuated signal should be still higher than a threshold to trigger 

channels in the Nodes of Ranvier. When the myelin which has high electrical resistance is lost 

or becomes thinner, the signal is dissipated and the neuron can no longer effectively conduct 

electrical signals (Figure. 1.6)3,21,22. 

 

Figure 1.4 Neuron schematic22. 
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 Figure1.5 Conduction of action potential in a myelinated axon23.  

 

 

Figure1.6 Signal transmission in myelinated and demyelinated axon 24. 
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In multiple sclerosis, a repair process, called remyelination, takes place in early phases of the 

disease, but the oligodendrocytes are unable to completely rebuild the cell's myelin sheath21. 

Apart from demyelination, inflammation is another sign of MS. The inflammatory process is 

caused by T cells which area type of lymphocyte for the body's defences. The T cells gain 

entry into the brain via disruptions in the blood–brain barrier (BBB) and recognize myelin as 

a foreign agent and attacks it. Inflammation causes tissue damage, named lesions. These 

lesions most commonly affect the white matter in the optic nerve, brain stem, basal ganglia, 

and spinal cord, or white matter tracts close to the lateral ventricles25. The peripheral nervous 

system is rarely involved. These lesions are hardened by scar tissue as a result of repeated 

attacks, named plaques. When these plaques are built up around the damaged axons, the 

ability of parts of the nervous system to communicate is disrupted, resulting in a wide range 

of symptoms21.  

1.11.1 Epidemiology of Multiple Sclerosis 

Multiple Sclerosis (MS), as the most common demyelinating disease of the central nervous 

system (CNS), is the primary cause of neurological disability in young adults (20-45 years 

old)26. In 2010, the number of people with MS was about 2.5 million globally. About twice as 

many women are affected as men with the age distribution of 7 females(6 patients in20-30, 1 

patient in 40 years old) and3 males (1 patient in 20-30, 2 patients in 35-45 years old) out of 10 

patients20. Also MS is distinctly more common in white and Hispanic people compared to 

Asians and African people. In Figure.1.7 the distribution of MS around the world is 

illustrated27.  

 

 

https://en.wikipedia.org/wiki/White_matter
https://en.wikipedia.org/wiki/Optic_nerve
https://en.wikipedia.org/wiki/Basal_ganglia
https://en.wikipedia.org/wiki/Spinal_cord
https://en.wikipedia.org/wiki/Peripheral_nervous_system
https://en.wikipedia.org/wiki/Peripheral_nervous_system
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1.11.2 Causes and risk factors of Multiple Sclerosis 

Although the underlying mechanism of MS is thought to be either destruction by the immune 

system or failure of the myelin-producer cells, the exact cause of MS is not clear but a number 

of risk factors are shown to contribute to MS such as viral (e.g. Epstein - Barr virus), 

autoimmune diseases (thyroid, Type 1 diabetes, inflammatory bowel disease), genetic /family 

history, race, low level of vitamin D, smoking and cold climate26. 

Figure 1.7 Distribution of Multiple Sclerosis disease28. 

 

1.11.3 Types and severity of Multiple Sclerosis 

Neurologists describe 4 distinct categories of MS based on the course of disease: 

1. Relapsing Remitting MS (RRMS) is the most common type, as about 85% of MS 

patients start from RRMS in their late 20s. It is described by a number of attacks 

(relapses or exacerbations) of symptoms followed by periods of remission (recovery), 

when symptoms recover or disappear26.  
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2. Secondary Progressive MS (SPMS) is a type of MS in which the disease course 

continues to worsen with or without periods of remission or levelling off of symptom 

severity (plateaus). This type may develop in many patients with relapsing–remitting 

disease that is illustrated in Figure 1.8. However, treatment with disease-modifying 

agents helps to delay such progression.  

3. Primary Progressive MS (PPMS) affects approximately only 10% of MS patients and 

is more resistant to the MS drugs. In this type symptoms continue to worsen gradually 

and there is no spontaneous recovery from the initial phase of the disease 26. There are 

no relapses or remissions, but there may be occasional plateaus. It can also be a 

second stage of relapsing remitting type.  

4. Progressive Relapsing MS (PRMS) is a rare form of MS, affecting fewer than 5% of 

patients. It is progressive from the start, with intermittent flare-ups of worsening 

symptoms and there are no periods of remission20.All four types of disease are 

displayed in Figure 1.9. 

Also MS may be categorised based on the localization of lesions or topography of lesions 

such as dwMS (deep white matter MS), gMS (generalized MS), bcMS (brain stem/cerebellar 

MS) and sMS (spinal predominant MS)29.  

 

Figure1.8 Progression of disease type from RRMS to SPMS26.  
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Figure1.9 Four types of MS based on the course of disease 30. 

 

1.11.4 Symptoms of Multiple Sclerosis 

Depending on the location and severity of lesions, a person with MS can have almost any 

neurological symptoms or signs, with autonomic, visual, motor, and sensory problems. In 

most patients, the disease is characterized initially by episodes of reversible neurological 

deficits, which is often followed by progressive neurological deterioration over time. Usually 

the first symptoms are recovered quickly, thus the initial symptoms are usually overlooked. 

The condition begins in 85% of cases as a clinically isolated syndrome over a number of days 

with 45% having motor or sensory problems, 20% having optic neuritis, and 10% having 

symptoms related to brainstem dysfunction, while the remaining 25% have more than one of 

the previous difficulties20.  

https://en.wikipedia.org/wiki/Brainstem
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The specific symptoms are determined by the locations of the lesions within the nervous 

system, thus many of them are not unique to MS and can happen in other neurological 

diseases. These symptoms include: (i) vision problem (gaze difficulty, double or blurred 

vision); (ii) weak, stiff or painful spasm of muscles; (iii) loss of sensitivity or changes in 

sensation such as tremor, tingling or numbness; (iv) dizziness, (v) bladder control problem or 

bowel difficulties, (vi) gate or balance problem, (vii) slurred speech or swallowing problem, 

(viii)later symptoms (mental or physical fatigue, depression or euphoria, inability to multitask 

or concentrate effectively, difficulty making decisions and planning)26,30.   

Relapses are usually not predictable, occurring without warning. Exacerbations rarely occur 

more frequently than twice per year. Some relapses, however, are preceded by common 

triggers and they occur more frequently during spring and summer. Similarly, viral infections 

such as the common cold, influenza, or gastroenteritis increase their risk. Stress may also 

trigger an attack. Symptoms may develop in several days or in some people takes longer, may 

be recovered quickly or last for months20,26,30.   

1.11.5 Diagnosis of Multiple Sclerosis 

Usually no single test is used for definite diagnosis of MS, especially when the patient is 

seeking diagnosis after experiencing the initial symptom24. Tests include:  

a) Blood test is usually required for identification of infectious or inflammatory diseases. 

b) Magnetic resonance imaging (MRI) of the brain and spinal cord is the best initial test 

and most accurate one. MRI scans of brain or spinal cord images are taken before and 

after injection of a contrast agent (such as Gadolinium). In lesions or plaques with 

active inflammation of MS, blood brain barrier (BBB) disruption exists and thus 

contrast agent would leak into these lesions. So by comparing to injection free MRI 

scans, areas of demyelination may be distinguished. An example of comparison 

between 2 brain MRI images of a healthy individual and MS subject with brain lesions 

is displayed in Figure 1.10. 
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c) Evoked potential test is done by sending electrical signals and measure the accuracy 

and speed of the nervous system in responding to the stimulation. Since the nervous 

system in MS may responds less actively to stimulation of the optic nerve and sensory 

nerves due to demyelination of such pathways, the brain responses can be examined 

using visual- and sensory-evoked potentials. 

d) Lumbar puncture or spinal tap is another test to obtain samples of cerebral spinal fluid 

(CSF). The CSF is tested to find oligoclonal bands of IgG (Immunoglobulin G) 

antibodies on electrophorese which is found in CSF of 75-85% of MS patients.   

However, the international panel on the diagnosis of MS is based on evidence of (1) at least 

two separate lesions (plaques or scars) in the white matter of the CNS (perform MRI and 

spinal tap); (2) at least two different episodes in the disease course that the damage areas 

developed at least one month apart; (3) chronic inflammation of the CNS, as determined by 

analysis of the CSF. The presence of one or more of these criteria allows a general diagnosis 

of MS, which may be refined according to the subsequent course of the disease20. 

 

Figure 1.10 MRI scans of Healthy Brain and MS brain with lesions31 

 

https://en.wikipedia.org/wiki/Optic_nerve
https://en.wikipedia.org/wiki/Sensory_neuron
https://en.wikipedia.org/wiki/Sensory_neuron
https://en.wikipedia.org/wiki/Visual_evoked_potential
https://en.wikipedia.org/wiki/Evoked_potential
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1.11.6 Treatment of Multiple Sclerosis 

There is no curative, FDA-approved therapy known for MS. However, a number of 

medications can be used to treat the disease symptomatically. Generally, MS drugs try to treat 

symptoms, treat attacks, and reduce the number of attacks, slow disease progression and 

improve function after an attack. However, research show that over 50% of people with MS 

may use complementary and alternative medicine such as yoga, vitamin D, herbal medicine, 

diet change, oxygen therapy and relaxation. The evidence for the effectiveness for such 

treatments in most cases is weak or absent. MS medications are listed in Table 1.1 20. 

 

Table1.1 Drugs categories for treating MS20 

 

 

1.11.7 Prognosis of Multiple Sclerosis 

The main measure of disability in MS patients is the Kurtzke Expanded Disability Status 

Scale (EDSS). The EDSS quantifies disability in eight Functional Systems (FS) and allows 

neurologists to assign a Functional System Score (FSS) in each of these. The FS include 

pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, cerebral and other. The 

EDSS scale which can be from 0 (normal neurological exam) to 10 (death due to MS) with 
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steps of 0.5 score, allows worldwide standardisation of neurostatus scoring. EDSS steps 1.0 to 

4.5 refer to people with MS who are fully ambulatory. EDSS steps 5.0 to 9.5 are defined by 

the impairment to ambulation. The expected future course of the disease depends on the 

subtype of the disease, the individual's sex, age, initial symptoms and the degree 

of disability.32.  

Another informative score is Multiple Sclerosis Severity Score (MSSS) simply 

mathematically calculated from EDSS, and shows the progress of disease disability based on 

disease duration. MSSS corrects EDSS for duration of disease by comparing an individual’s 

disability with the distribution of scores in subjects having equivalent disease duration. The 

reference database is from research done on 9892 MS patients33. 

1.12 Autonomic dysfunction in Multiple Sclerosis 

One of the neurological problems in MS patients is autonomic dysfunction (AD). In fact, 

since the pathophysiology of MS is characterized by dissemination in space, as well as in 

time, the autonomic nervous system is inevitably damaged in the course of the disease. Also 

the proportion of affected patients is reported to increase with disease duration34.  AD can be 

represented in different types. The most common type of AD in MS patients is fatigue which 

is reported in up to 90% of MS patients. However, it is arguable whether this symptom is 

linked to sympathetic vasomotor dysfunction with normal cardiovagal activity or impairment 

of sympathovagal balance with decreased parasympathetic function and a normal to low 

sympathetic activity 35,36.  

Another common AD in MS is bladder dysfunction infecting approximately 75% of patients. 

The symptoms of this dysautonomia include urinary urgency and increased frequency, and 

emptying problems. Those symptoms represent the first manifestation of MS in the 5–9% of 

patients8.Bowel dysfunction is also common with more than 70% presence in MS patients. 

https://en.wikipedia.org/wiki/Disability
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Bowel discontinuous, diarrhoea and constipation are the general symptoms of this type of 

AD. From those, constipation is a result of both decreased mobility and disease exacerbation. 

Also medications taken may alter bowel movement and result is constipation34,37,38.Sexual 

dysfunction also affects 50-80% of MS patients. This type of AD often happens to be 

overlooked or underestimated as a symptom and therefore denied the possibility of treatment. 

The most common symptoms are erectile dysfunction in men and diminished lubrication and 

reduced ability to experience an orgasm in women8,34. 

Sleeping related difficulties are present in more than 50% of MS patients. This type of AD 

which can vary from moderate to severe sleep problems, may lead to increased fatigue, 

respiratory dysfunction, aggravation and deteriorate patients’ perception of well-being. The 

most common symptoms include difficulty initiating and maintaining sleep and frequent 

awakenings because of leg muscle spasm, pain, and breathing disturbance. Treatment of sleep 

disorder is by short-term use of medications with education on sleep hygiene, relaxation 

techniques and behavioural therapy.  

MS disease is sometimes accompanied with impairment of sweat gland function. This type of 

dysautonomia which is named sudumotor dysfunction is an under-investigated area in MS. 

Heat is known to worsen MS symptoms; this may be due to the impairments in autonomic 

control of sudomotor function and a consequence of abnormal sympathetic activity. Since the 

symptoms of dysfunction in thermoregulation can be long-lasting, avoiding of prolonged 

exposure to heat is strictly recommended to all MS patients8,34. 

1.12.1 CAD in Multiple Sclerosis 

Cardiovascular autonomic dysfunction (CAD) in MS is one of the important types of AD in 

MS but has been studied less than the other types of dysfunctions. A meta-analysis surveyed 

3125 studies of cardiac dysfunction in MS, published from 1984 to 201339. Reviewing of 16 



23 

 

eligible studies from those with 611 patients, reported varying range of 0-76% prevalence of 

CAD in MS with the sample size ranges of 10-65 patients. Thus, while the abnormalities of 

bladder, bowel and sexual dysfunction have been well documented, the frequency of CAD in 

MS is not well known34,39,40. 

One reason of CAD prevalence uncertainty in MS is the definition of abnormality based on 

the minimum number of abnormal tests in CANS assessment. If at least two pathological 

cardiac autonomic tests are considered as abnormal, the prevalence is as low as 19%, however 

with the definition of at least one abnormal test, the prevalence of CAD in MS is 42%. The 

symptoms of CAD in MS also include orthostatic intolerance, POTS and vasovagal syncope. 

Cardiac arrhythmias also may appear as a consequence of CANS dysfunction caused by 

MS39.  

Another reason could be unclear definition of CAD in MS. Although POTS, orthostatic 

intolerance and fatigue are linked to CAD, because this type of dysfunction is mostly 

asymptomatic, CAD could be hidden for years if not assessed very well41. 

Finally, studies include a wide spectrum of MS patients (in terms of different severity and 

progress scores, type of disease, and location of lesions). Therefore, cardiovascular autonomic 

function is not assumed to be consistent. 

1.12.2 Overview of previous CANS studies for Multiple Sclerosis 

In the studies done for assessment of CANS in MS, the main clinical symptoms and 

complaints are found to be fatigue, orthostatic intolerance (palpitation, nausea, syncope, 

dizziness), weakness, hot flashes and sweating19. However, test results were not consistent in 

different studies. For example, abnormal blood pressure in standing test found with varying 

range of 0-25% compared to controls8,42–44. Abnormal heart rate changes in standing was 

present from 15% to 28% of subjects40,43. Deep breathing test also showed abnormalities in 
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range of 17%-36% of subjects38,44,45. The highest range of abnormalities was found for hand 

grip test with almost consistent range of 40%-43% of subjects8,38. On the other hand, Valsalva 

test showed hardly any significant abnormality in comparison with controls, however, it was 

reported to be significantly different in active and inactive MS disease37.Other parameters 

such as supine Heart Rate Variability (HRV) in time domain and supine and standing HRV 

and Systolic Blood Pressure (SBP) variability in frequency domain were calculated in both 

MS and control groups. Nevertheless, opposite results were reported in previous studies as 

significantly different or similar results in comparison with controls36,44,45. Furthermore, 

baroreceptor sensitivity calculation with neck suction stimulation and frequency technique 

differed significantly between MS and control, while sequence technique and backward tilt 

table test for BRS showed varying significant or no significant differences40,46,47. However, 

CAD in MS is usually identified by the number of abnormal results in patients. 

Other studies attempted to link cardiac autonomic dysregulation with the location of lesions. 

Some simply explained each type of autonomic dysfunction by presence of lesions in regions 

responsible for autonomic regulation, such as nuclei in the periventricular region of fourth 

ventricle in the brainstem as well as medullar lesions34,39. For instance, brainstem lesions are 

identified as the feasible morphological substrates of CAD. In contrary other groups showed 

association of total midbrain lesion volume and total parietal lesion volume with CAD39.  

However, the majority of studies surveyed the trend of sympathovagal abnormalities for MS 

patients. Previous studies agreed on the fact that both sympathetic and parasympathetic parts, 

albeit not always simultaneously, were compromised in MS34,39. It has been suggested that 

parasympathetic dysfunction correlates with disease progression (restless worsening) and 

EDSS score, and its impairment could be the consequence of MS39. Sympathetic dysfunction, 

on the other hand is shown to be associated with clinical activity of MS and may even have a 

pathogenetic role in the development of MS19,34,37,39. 



25 

 

For assessment of predominantly parasympathetic function the most common tests include 

heart rate responses to the Valsalva manoeuvre, deep breathing, orthostatic challenge and 

cutaneous axon reflex test. On the other hand, blood pressure alterations in orthostatic 

challenge and sustained hand grip estimate predominantly sympathetic function. Other 

assessment of CANS include heart rate variability in both time and frequency domain, 

baroreflex estimation and muscle sympathetic nerve activity that are suggested to provide 

evaluation of more subtle deterioration of cardiovascular autonomic function35,40,46,48–50. 

1.12.3 Importance of CANS assessment 

Since CANS evaluation studies do not always lead to the consistent results (in terms of rate of 

CAD and abnormal variables), and because of the critical importance of CANS assessment in 

MS, there is still need for further research in this field. Some of the main important reasons 

for CANS study include the following: 

a) CAD caused by the lesions in cardio-respiratory control centre may be the reason for 

sudden death in MS patients. A study done on 50 unexpected deaths in MS, found 9 

cases with only MS-related cause of death (other causes were suicide, accidents). 

Among those, although the mechanism of death was uncertain, demyelisation lesions 

of neural structures that control cardiovascular and/or respiratory functions 

(hypothalamus and brainstem) were reported to be the reason for death51. Also, the 

cause of sudden death for another case with RRMS was clearly linked to the sudden 

onset of cardiac arrhythmias attributed to active MS lesions in medulla52. In addition, 

active inflammation of the medulla in progressive MS accounted for sudden death in a 

patient, due to respiratory failure as a consequence of active inflammation in the 

medulla53. 

b) Cardiac dysfunction is usually asymptomatic and hidden at the first stages. Therefore, 

if it is not thoroughly assessed, CAD is not detected in MS until there is significant 
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impairment of the autonomic system. The symptoms of CAD usually become evident 

when the disease progresses, thus it will add to the patient’s disability level and 

treatment complications. 

c) Early detection of CAD, on the other hand, has the benefit of identifying the risk of 

cardiovascular events for a patient, and in performing multimodal and individualized 

treatment strategies. 

d) The investigation on the nature of sympathovagal imbalance is of great importance in 

terms of treatment decisions. For instance, for impaired parasympathetic function in 

MS patients, reduced fat intake and mild to moderate intensity aerobic exercise can 

enhance parasympathetic function. Also, adequate hydration, short bursts of high 

intensity aerobic and head-up tilt sleeping position are suggested for patients for 

decreased sympathetic function19,54. Medication also varies in relation to the 

symptoms of CAD. 

e) CANS investigation in MS can provide useful benchmark information about MS 

disease and treatment planning. For instance, identification of CAD was shown to be 

correlated with land-mark pathophysiological processes of MS (e.g. underlying 

inflammation and neurodegeneration)40. 

 

1.13 Justification and purpose of this thesis 

Motivation of study: The impact of CAD on quality of life is substantial, but unfortunately, 

often overlooked. For instance, the Kurtzke expanded disability status scale (EDSS) only 

contains bowel and bladder dysfunction32. The reason might be that the CAD is not very well 

clearly described in MS due to either inconsistent results in different studies, or partial 

investigation of CANS assessment.  
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Aim of study: The study presented in this thesis aimed to use a comprehensive set of non-

invasive cardiac autonomic tests, and investigate any distinctions between MS and control 

variables, and any relations between multiple sclerosis CANS test variables and clinical 

variables. The clinical variables include MS disease severity scores (EDSS, MSSS), disease 

duration, treatment delay, type of disease based on progress (RRMS, PRMS, SPMS, PPMS), 

disease classification based on localization of lesions (dwMS, gMS, bcMS, sMS) and finally 

number of lesions. The comprehensive CANS test in this study includes 4 common reflex 

tests of deep breathing, orthostatic challenge, Valsalva manoeuvre and isometric exercise. In 

addition, detailed analysis of spontaneous changes of heart rate and blood pressure for 

multiple sclerosis patients are performed.  

Focus of study: The focus of this research is on calculation and interpretation of heart rate 

variability in both time and frequency domains, systolic blood pressure variability in both 

time and frequency domains and baroreceptor sensitivity with sequence technique and 

frequency technique. Performing short-term analysis of HRV and BRS (5 minute) might be 

advantageous especially for two groups of MS patients: (i) Patients in early stages of MS with 

no symptoms of CAD that reflex test does not show any abnormalities (early CAD diagnosis), 

and (ii) MS patients with special conditions or higher severity scores where it may not be 

possible to perform some of the reflex tests such as  orthostatic challenge (due to immobility), 

sustained hand grip (due to muscle weakness) and Valsalva Manoeuvre (in case of 

pregnancy). This is beneficial, especially if simple and potentially widely applicable 

techniques are discovered and tailored to individual patients.  

Novelty of study: The novelty of this study is in it being comprehensive. The suite of tests 

proposed in this project has not been done before in such a comprehensive manner and in a 

large group of MS subjects. Specifically, baroreceptor sensitivity with both frequency and 

sequence techniques (two criteria) and from spontaneous variation in BP and HR has never 
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been tested for MS subjects to this extent. This is of a great importance since baroreceptor 

sensitivity of MS subjects may provide valuable information regarding the interaction of 

sympathetic and parasympathetic activity in assessing the overall autonomic function related 

to extent and severity of the disease. 
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Chapter 2 

Review of cardiovascular 

autonomic testing 

For assessment of cardiovascular autonomic function, several direct/invasive or non-invasive 

methods exist. The methods that more directly assess autonomic function include the analysis 

of catecholamine and catecholamine metabolite levels (extremely high catecholamine level in 

blood can be attributed to high sympathetic activity caused by stimulation or damage of 

brainstem), cardiovascular autonomic imaging, and sympathetic microneurography (directly 

measurement of muscle sympathetic nerve activity from sympathetic nerve fibers in a 

peripheral nerve)55. Although these tests provide valuable information on the understanding of 

pathophysiological changes of CANS, they are less common due to complications, difficulty 

for participants and operators, invasiveness and unsuitability for longitudinal evaluations. 

Accordingly, a series of non-invasive CANS tests is usually preferred both in clinical and 

research platforms. In these methods, CANS is evaluated via a reflex arc, involves a stimulus 

received by a receptor and an afferent nerve, processed by CNS, the response sent back 

through an efferent nerve and made apparent by an end-organ reflex7. However, in most 

reflexes both sympathetic and parasympathetic pathways have innervations. Synapses and 

neurotransmitters are the other factors involved in each arch reflex. Another difficulty of 
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CANS assessment with reflex tests, relates to the anatomic location of CANS that prevent 

their direct physiological testing. For these reasons, stimulus should be standardized, and 

normal response should be determined scientifically. Furthermore, a group of clinical tests 

should be performed and CANS should be assessed by interpretation of all results together7,55–

57. 

In this section, the conditions needed to participate in CANS test in order to obtain universally 

approved and reproducible results are explained. Then, collected data is described, and 

finally, the most common tests for CANS assessment are explained in details. In addition, the 

expected output and interpretation of out of range results are demonstrated. 

2.1 Subject Condition 

To obtain reliable results from CANS experiments, it is vital to eliminate any other factors 

that might affect autonomic responses. Therefore, since it is known that excessive eating, 

drinking coffee or alcohol, smoking, medicines and excessive exercise may affect the 

cardiovascular autonomic nervous system, the subjects should not take any of those for about 

8 hours prior to test.  Also, the subjects with any other diseases affecting autonomic function 

should be excluded from the study, including cardiac disease, alcohol dependency, collagen 

disease, diabetes mellitus, renal failure, liver failure, and peripheral neuropathys1,55. 

2.2 Required Data 

Continuous and non-invasive measurement and recording of beat-to-beat HR and BP is 

required for this test. The ECG (electrocardiogram) electrodes are also needed for extracting 

morphological information of the ECG. Signal. The data should be recorded for offline 

analysis.  
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2.3 Control Subjects 

Assessment of the cardiovascular autonomic nervous system has become an essential tool in 

both clinical autonomic laboratories and the research setting. For interrelating the results of 

autonomic testing, the results should be compared to universally applied “normal control” 

values 1. However, there are some stimuli that affect the ranges of responses such as specific 

laboratory condition (room temperature), testing equipment, the protocol and the quality of 

testing by staff. Therefore, it is suggested that each study, have their own control subjects.  

2.4 Cardiovascular Autonomic Nervous System testing 

2.4.1 Supine-Rest Test 

2.4.1.1 Data Collection and Preparation 

Evaluation of CANS usually only includes reflex tests. However, studies suggested that 

spontaneous changes of HR and BP either in time or frequency domain, or studying the 

correlation of their synchronic changes, have the potential to provide important information 

on the autonomic cardiovascular system. In fact, HRV is the variation in length of consecutive 

RR intervals determined by dynamic interaction between the spontaneous cardiac impulses of 

SA node. The SA node itself, receives several different inputs including sympathetic and 

parasympathetic nervous system and humoral factors. The factors that affect these inputs 

include baroreflex, thermoregulation, hormones, sleep-wake cycle, meals, physical activity, 

breathing and stress58. Therefore, short term (around 5 minutes) recording of beat-to-beat BP 

and HR is suggested. 

Various parameters are derived from normal to normal (NN) RR tachogram. The term "NN" 

means that all of the beats are normal and ectopic beats are excluded. The necessity of 

removing non sinus (ectopic) beats is because of two reasons. First, ectopic beats are not 
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generated by the mechanism that is responsible for the variability in the RR intervals. Second, 

ectopic beats often occur substantially earlier or later than when it is expected, and a 

prolonged pause is followed or preceded by them. Therefore, they deviate measurements and 

add high frequency components to variations and should be removed59. For a typical RR 

tachogram, the relative deviations of RR intervals from the mean value usually do not exceed 

20–30%60. One method to automatically find ectopic beats is to check if the new RR interval 

deviates by more than 10% from the median of the last nine NN intervals61. About 5 minutes 

normal to normal RR-tachogram is needed for spectral analysis. The measurements can be 

calculated of this test explained in the following order: 

2.4.1.2 Morphological Values of ECG and Average Values of HR and BP 

ECG morphological normal values are described and illustrated in Table 2.1 and Figure 2.1.  

The morphological parameters of ECG (including PQ, QRS, QT and RR interval) are usually 

calculated automatically by ECG monitors and averaged from 5 non-consecutive cardiac 

beats57.  

Interpretation: For the reason that QT is HR (frequency) dependent, the corrected format 

(QTc) based on Bazett’s formula (Table 2.1) is used to adjust QT based on RR interval. The 

QTc parameter evaluates the function of the left afferent sympathetic cardiac fiber. This test is 

rarely abnormal. However, prolonged QTc is attributed to cardiac autonomic nervous 

dysfunction and studies show it is a predictor of cardiac arrhythmias and sudden death 

7,57,62,63. 

  



33 

 

 

Figure 2.1Main morphological features contained within ECG 64 

 

Table 2.1 ECG morphological variables and normal ranges65,66 

Parameter Normal ranges 

PQ interval 120ms<PQ <200ms 

QRS interval 60ms<QRS<120ms 

QTc ( by Bazett’s correction formula) = 
𝑄𝑇

√𝑅𝑅𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙(sec)
⁄  

 

350<QTc<460 for women 

<450 for men 

 

2.4.1.3 Average HR and BP Values 

Average values of HR, SBP, DBP and MBP are usually calculated from 1-2 minute normal to 

normal beat-to-beat information. Normal values are displayed in Table 2.2. 

Interpretation: The basic parameter of average HR is calculated to identify tachycardia and 

bradycardia, and the average values of BP are measured to identify high BP and low BP. 

These abnormalities, affect the other autonomic variables. For instance, BRS (baroreceptor 
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sensitivity) is impaired in hypertensive patients 16,67, or LF of HRV tends to be higher in the 

presence of hypertension 68. 

Table 2.2Normal values for  HR and BP 69 

Parameters Ranges 

Heart rate (beat/min) Bradycardia Normal HR Tachycardia 

HR<60 60-100 HR>100 

Systolic blood pressure (SBP) 

mmHg 

Low BP Normal BP Pre-Hypertension Hypertension 

<90 90-120 120-139 >140 

Diastolic blood pressure 

(DBP) mmHg 

<60 60-80 80-89 >90 

 

2.4.1.4 Heart Rate Variability (HRV) in time domain 

The parameters of short-term HRV in time domain proposed by the task force of the 

European Society of Cardiology and the North American Society of Pacing Electrophysiology 

(the task force on HRV), are described in Table 2.368. Normal range values that are based on a 

review study of 44 publications; each including more than 30 healthy adult participants is also 

displayed. Data length was 5 minutes of NN RR-interval68,70. 

Interpretation: Time-domain indexes provide comprehensive information about distribution 

around the mean. However, time domain indexes offer no information about the variability of 

the signal with respect to the length of time 1,68. Among these factors, rMSSD and PNN50 

mainly reflect the fastest components of heart rate variability, which are largely due to 

parasympathetic control. Studies suggest that a low SDNN value is predictor of high mortality 

in cardiovascular diseases. However, it is dependent on the length of data. The rMSSD value 

is an indicator of parasympathetic activity and low values are attributed to poor 

parasympathetic mediation of HRV. The value of PNN50 also is an indicator of 

parasympathetic activity 1,68,71. 
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Table 2.3Time domain variables of short-term RR interval68,70,72 

(N is the number of NN RR intervals) 

Parameters Description Formula Mean ± std 

Range 

Mean RR Average of R-R interval 

beats  

𝑅𝑅̅̅ ̅̅  926±90 

785-1160 

SDNN Standard Deviation of all 

Normal to Normal  R-R 

intervals 

√
∑ (𝑅𝑅𝑗 − 𝑅𝑅̅̅ ̅̅ )2𝑁

𝑗=1

𝑁 − 1
 

 50±51 

32-93 

rMSSD square root of the Mean 

of Squared Successive 

Differences in R-R 

intervals  

√
∑ (𝑅𝑅𝑗+1 − 𝑅𝑅𝑗)2𝑁−1

𝑗=1

𝑁 − 1
 

 

 

42±42 

19-75 

pNN50 percentage of NN R-R 

intervals that are at least 

50 msec different from 

the previous interval 

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓(𝑅𝑅𝑗+1 − 𝑅𝑅𝑗) > 50𝑚𝑠

𝑁 − 1

∗ 100 

 

8.9±7.2 49 

 

2.4.1.5 HRV and BP variability in Frequency Domain 

Calculation of RR interval variability in the frequency domain provides more detailed 

information about CANS. Numerous studies on humans show that the regular oscillations 

with frequency greater than 0.025 Hz (i.e. relatively fast oscillation with period shorter than 

30s) appear to reflect sympathetic and parasympathetic modulation of the heart and vascular 

tone in different bands1,55,60.  

The identified features of this spectrum are a low frequency (LF) component centered around 

0.1 Hz (band: 0.04-0.15 Hz), a high frequency (HF) component with a peak found in a 

frequency range greater than 0.15 Hz (band: 0.15-0.5Hz) and a very low frequency (VLF) 

band between 0.0033 and 0.04 Hz49,55,68. Integration of the power spectrum density in each 



36 

 

frequency band provides the so-called parameters of LF, HF, VLF and total power (TP) which 

is the total area under the power spectrum density (PSD) curve (TP=VLF+LF+HF)73.  

The most popular methods of HRV analysis in the frequency domain are based on fast Fourier 

transform (FFT) and is the method suggested by the taskforce for HRV as well 68. For this, the 

following method measures HRV and also SBPV (Systolic Blood Pressure Variability). 

Investigation of SBPV is not conventional in CANS tests. However, it is necessary to be 

calculated for baroreceptor sensitivity evaluation by the frequency technique.  

Fast Fourier Transform by the Welch method: The conventional method for frequency 

analysis of the RR tachogram proposed by the task force on HRV, is based on the discrete fast 

Fourier transform (DFFT). DFFT is applicable to uniformly-spaced samples of a continuous 

function, and decompose the signal into its frequency spectrum components68. However, RR 

interval is sampled at the timing of the cardiac cycle and inherently irregularly spaced in time. 

Thus, interpolation (for example, linear or cubic spline) is necessary or some modifications 

and should be done to apply FFT on unevenly sampled time series 74. In Figure 2.2, ECG 

tracing for 12 seconds, RR tachogram and its linear and cubic spline interpolation are 

displayed.  
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Figure 2.2 ECG tracing (12 sec) and linear and spline interpolation of RR intervals to produce RR 

tachogram with even sampling. 

Interpolation by the rate of 1sample/1ms provides evenly sampled data tracing the RR interval 

with 300,000 data points for a 5 minute ECG recording (5 min x 60 sec x 1000ms =300,000). 

To obtain the PSD, the Welch periodogram can be calculated using the “pwelch” command in 

MATLAB. The Welch periodogram is a modified version of DFFT, in which the signal is 

divided to defined overlapped segments by a defined window. Then DFFT is performed on 

each window and the output spectrums are averaged in order to reduce spectral leakage 

commonly associated with non-stationary input (RR interval). The window size, overlapping 

size, and down sampling rate should be optimized so as to obtain the highest frequency 

resolution, and more reliable results. In Figure 2.3, the Welch periodogram method is 

illustrated. Parameter L is the window size input for DFFT with the overlap size of L-D. The 

input data for MATLAB command of “pwelch” is below: 

[Pxx,F] = pwelch(X,WINDOW,NOVERLAP,NFFT,Fs)                                         Eq. 2.1 
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The window type selected was the default window (Hamming window) of the pwelch 

function. The term Pxx is the output frequency spectrum with the size of 
𝑁𝐹𝐹𝑇

2
+ 1, as NFFT 

is the number of FFT points to calculate PSD (NFFT is equal to L in Figure 2.3). In this study, 

the term NOVERLAP (size of overlaps in windows), is selected to be the maximum possible 

overlap (NFFT-1) to obtain more reliable results. So the optimization question is reduced as 

below: 

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑜𝑓𝑃𝑆𝐷 = 
𝑃𝑆𝐷𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑟𝑎𝑛𝑔𝑒

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑃𝑥𝑥
= 

𝑖𝑛𝑝𝑢𝑡𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑟𝑎𝑛𝑔𝑒

1+
𝑁𝐹𝐹𝑇

2

 , Eq. 2.2 

 

𝑁𝐹𝐹𝑇 = {256,512,1024, … } , NFFT> number of input data points   Eq. 2.3 

 

Regardless of the input’s frequency range, the maximum detectable frequency in input is 1000 

Hz, due to interpolation with the rate 1sample/msec. However, the maximum desired 

frequency of this study for HRV is 0.5 Hz. Therefore, down sampling can provide lower 

resolution in the time domain, lower range of detectable frequency in frequency domain and 

thus higher resolution in frequency domain.  

 

Down sampling rate (DS rate) =
1000

𝑖𝑛𝑝𝑢𝑡𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑟𝑎𝑛𝑔𝑒𝑛𝑒𝑤 (>0.5 𝐻𝑧)
⟹DS rate < 2000 Eq. 2.4 

 

New number of input data points=
 number of input data points  

DS rate
 =

300,000

𝐷𝑆𝑟𝑎𝑡𝑒
  Eq. 2.5 

The optimization problem is selection of NFFT and DS rate to obtain maximum frequency 

resolution. Considering equations 2.2 to 2.5, the final optimized parameters are: 
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NFFT= 256, DR rate=1000, Fs=
1000

𝐷𝑠𝑟𝑎𝑡𝑒
= 1𝐻𝑧 

𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑜𝑓𝑃𝑆𝐷 =
Fs

2
=0.5

129
= 0.0039 𝐻𝑧    Eq. 2.6 

 

By applying the optimized parameters in the Welch periodogram method, the HRV spectrum 

of a normal RR tachogram is as illustrated in Figure 2.4. Also, an example of HRV PSD in 

supine position, published by the task force on HRV is shown in Figure 2.5.  The ranges of 

HRV parameters calculated for healthy controls in previous studies are displayed in Table 2.4. 

 

Figure 2.3 Welch periodogram for overlapped windowing DFF 75 



40 

 

 

Figure 2.4 Spectral analysis of HRV in supine position (pwelch) 

 

 

Figure 2.5 Spectral analysis of RR interval in supine position(Auto regressive)68 
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Table 2.4 Spectral analysis of stationary supine 5-min recording 68 

Parameter Formula Range in control 

TP (total power) (ms2)              VLF+LF+HF 3466±1018 

LF  (ms2)                                  1170±416 

HF (ms2)                                        975±203 

VLF (ms2)                                       2524±931 49 

LF (normalizes unit) LF/(TP-VLF) x 100 54±4 

HF   (normalizes unit)                                            HF/(TP-VLF) x 100 29±3 

LF/HF  1.5-2 

 

Interpretation: A large body of literature suggests that the HF spectrum reflects oscillations 

of heart rate occurring with respiration and it may be a reliable marker of the parasympathetic 

function at unstressed conditions. Furthermore, the LF component is thought to be a marker of 

sympathetic activity, or both sympathetic and parasympathetic influence if the setting is 

relatively stressful. In addition, for those that hold the opinion that the LF component of HRV 

contains information on both the sympathetic and parasympathetic activity, the LF/HF ratio is 

thought to represent the influence of the cardiac sympathetic nervous system alone1,55,60. 

Limitations: Cubic spline or linear interpolation methods have the advantage of being fast 

and non-parametric. However, all interpolation methods rely on the assumption of the form of 

underlying changes in the RR tachogram. For example, linear interpolation is a poor 

approximation and cubic spline usually provide wrong interpolation when one RR interval is 

unusually longer that its previous one 74.  Also, there are debated concerns about specificity 

and reproducibility of the information provided by the FFT1,76.This is mainly because of the 

over simplifying assumption of HRV stationarity, and the incorrect assumption of linearity of 

cardiovascular responses. Spectral analysis of HRV may be a better marker for tracking 

changes of cardiovascular autonomic function than the mean neural autonomic activity 1,60. 

However, FFT-based methods for HRV are the methods employed in the great majority of 
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studies to date and is the technique for HRV analysis recommended by the task force of the 

European Society of Cardiology and The North American Society of Pacing and 

Electrophysiology68.  

2.4.1.6 Baroreflex Sensitivity (BRS) 

Several techniques exist to measure baroreflex gain. The main concept of all non-invasive 

methods is finding the relative changes in lengthening/shortening of RR intervals to 

increasing/decreasing of SBP in consecutive beats. Considering the mechanism of the 

baroreflex feedback loop, this measurement evaluates the sensitivity of baroreceptors in the 

maintenance of circulatory homeostasis16. Altogether, the techniques of BRS measurement 

include: injection of vasodilator/vasoconstrictor drugs, applying positive or negative neck 

chamber pressure, natural challenge of Valsalva in phase II and IV, backward tilt table test, 

and measuring BRS from spontaneous changes of HR and BP analyzing consecutive pulse 

sequences of BP and HR change or using spectral methods15,16,67,77,78.In this study, BRS was 

calculated from spontaneous changes of SBP and HR.  

a) Baroreceptor Sensitivity by the Sequence Technique 

The sequence technique is based on the identification of sequences with three or more 

consecutive beats in which, progressive increase/decrease in SBP is followed by progressive 

lengthening/shortening of RR interval. A minimum threshold for changes in SBP (1mmHg) 

and RR interval (6 ms) was used for classification as a sequence15,16,78. For each sequence a 

line is interpolated (linear regression) and then the average slope of eligible sequences is 

calculated and used as the value of BRS78. Figure 2.6 illustrates one sequence for baroreflex 

measurement and related regression line (increase of SBP for 4 consecutive beats). 
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Figure 2.6 Four consecutive beats with progressive increase in SBP for at least 1mmHg and 

progressive lengthening of RR interval for at least 6 mmHg, and fitted line for slope calculation. 

Further parameters are extracted from the sequence technique, as well. For instance, BRS for 

different lags are calculated, i.e.changes in SBP result in changes of RR of the same beat (Lag 

0),next beat (Lag1), after 2 beats (Lag2) and after 3 beats (Lag3)79. Also, positive and 

negative sequences are considered individually, and their BRS and number of sequences are 

calculated separately77,80. In Figure 2.6, one positive sequence of BRS in Lag 0 is displayed. 
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Table 2.5 displays the BRS parameters of sequence technique calculated from 1134 healthy 

subjects and their average values and ranges for a zero lag80. Studies show that spontaneous 

BRS significantly declines with age16,67,80 . 

Table 2.5 BRS lag 0 (L0) parameters from 10 minute signal , 1134 healthy subjects16,80 

 18-29 year 30-39 40-49 50-59 

Total BRS L0 

 

14 (13.1:14.9) 10.3(9.7:11) 7.8(7.4:8.2) 6.8(6.2:7.3) 

No. of Slopes BRS L0 

 

 

26.9(23.3:30.5) 19(16.8:21.2) 19.1(17.5:20.8) 17(14.4:19.7) 

BRS -PI/-SBP 

 

 

13.9(12.3:15.3) 10.8(10.1:12.2) 8.2(7.6: 8.6) 7(6.9 :8.3) 

No. of Slopes -PI/-SBP 

 

 

14.5(12.8:16.8) 10.1(8.8 : 11.5) 11.1(10.1 :12.2) 10.1(8.5 :11.6) 

BRS  +PI/+SBP 

 

 

13.7(12.7:14.7 ) 9.8(9.1 :10.4 ) 7.1(6.8: 7.5) 6.2(5.6 :6.7) 

No. of Slopes +PI/+SBP 12.8(11:14.6) 9.6(5.6:10.7) 9(8.2 :9.8) 7.9(6.6: 9.3) 

 

b) Baroreceptor Sensitivity by Frequency Technique 

BRS can be calculated by spectral methods as well. It implies that each spontaneous 

oscillation of SBP induces an oscillation in RR interval at the same frequency which is the 

result of baroreflex activity 16. To this aim, HRV and SBP variability in the frequency domain 

calculated in part 2.4.1.5 are normalized so that the total area under each curve equals the 

variance of the spectrum divided by the square of the mean of spectrum (equation 2.7). Then 

the normalized spectra are used to provide a modulus, or gain function (equation 2.8) 15,16,77,81: 

 

SBP_Vnorm= 𝑆𝐵𝑃_𝑉 ∗ ( 
𝑣𝑎𝑟 (𝑃𝑆𝐷𝑆𝐵𝑃)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝑃𝑆𝐷𝑆𝐵𝑃)2 ∗
1

𝑇𝑃𝑆𝐵𝑃_𝑉
)                             Eq. 2.7 
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HRVnorm= 𝐻𝑅𝑉 ∗ ( 
𝑣𝑎𝑟 (𝑃𝑆𝐷𝐻𝑅𝑉)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝑃𝑆𝐷𝐻𝑅𝑉)2 ∗
1

𝑇𝑃𝐻𝑅𝑉
) 

 

𝑇𝑃𝑛𝑜𝑟𝑚 = ∑ 𝐻𝑅𝑉𝑛𝑜𝑟𝑚[𝑓] = ∑ 𝐻𝑅𝑉 ∗ (
𝑣𝑎𝑟 (𝑃𝑆𝐷𝐻𝑅𝑉)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝑃𝑆𝐷𝐻𝑅𝑉)2
∗

1

𝑇𝑃𝐻𝑅𝑉
) 

               = 𝑇𝑃𝐻𝑅𝑉 ∗ ( 
𝑣𝑎𝑟 (𝑃𝑆𝐷𝐻𝑅𝑉)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝑃𝑆𝐷𝐻𝑅𝑉)2
∗

1

𝑇𝑃𝐻𝑅𝑉
) 

                =
𝑣𝑎𝑟 (𝑃𝑆𝐷𝐻𝑅𝑉)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝑃𝑆𝐷𝐻𝑅𝑉)2
 

 

 

Modulus function [f] =√
HRV[𝑓]

SBP_V[𝑓]
                                                                    Eq. 2.8 

In Figure 2.7 normalized spectrums of HRV and SBPV and Modulus function are displayed 

(parts a&b).  

However, calculation of BRS from Modulus differs in different studies and in this thesis 

results using two alternative approaches are reported: 

(i) Modulus in each band of LF and HF is averaged only if the coherence between RR and 

SBP time series is not low. It is equivalent to the regression coefficients in regression 

analysis. So the modulus values become unreliable if the coherence is low. The threshold of 

accepting or rejecting is the modulus of frequencies where the coherence is greater than or 

equal to 0.516,81. This threshold is chosen to guarantee reliable BRS estimates. The coherence 

function and the modulus segment with coherence >0.5 in the LF band are illustrated in 

Figure 2.7 (parts c & d). The BRS for each frequency bands of LF and HF (usually referred as 

α index in LF and HF)are calculated as below: 

𝛼_𝐿𝐹 = 𝐴𝑣𝑒𝑟𝑒𝑟𝑎𝑔𝑒(𝑀𝑜𝑑𝑢𝑙𝑢𝑠(0.04 < 𝑓𝑛 < 0.15)|𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒𝑖𝑛𝑓𝑛 > 0.5 )             Eq.2.9 

𝛼_𝐻𝐹 = 𝐴𝑣𝑒𝑟𝑒𝑟𝑎𝑔𝑒(𝑀𝑜𝑑𝑢𝑙𝑢𝑠(0.15 < 𝑓𝑛 < 0.4)|𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒𝑖𝑛𝑓𝑛 > 0.5 ) 
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Table 2.6 shows the parameters of BRS measured by frequency technique with coherence 

acceptance criteria as well as their ranges calculated for healthy controls in two studies15,67. 

(ii) The use of coherence threshold is being criticized in some studies mentioning this 

criterion does not guarantee reliable BRS measurements82. First, the coherence is shown to 

tend to zero when baroreceptor sensitivity is depressed in pathological subjects. Second, the 

number of points included in the modulus averaging, alters between subjects, thus affecting 

the reliability of measurement. Therefore new criterion is used based on the average of the 

transfer function over the whole LF band, and HF band, regardless of coherence values. This 

method has been shown to provide the best trade-off between measurability and accuracy16,82. 

The average criterion of BRS calculation is illustrated in Figure 2.7 (part e). 

 

Table 2.6 LF and HF 𝛼𝑖𝑛𝑑𝑒𝑥calculated from healthy subject15,67 

Parameters BRS by spectral technique 

(18 subjects, average age of 32) 

BRS by spectral technique 

(10 subjects, average age of 42) 

𝛼_𝐿𝐹 (Coherence>0.5) 15.4±567 7±415 

𝛼_𝐻𝐹 (coherence>0.5) 25.1±8.367 11±415 
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Figure 2.7 (a) Normalized PSD of HRV and SBP by Welch periodogram method and normalization by 

Eq.2.7, (b) Modulus function calculated by Eq.2.8, (c) Coherence function, (d) Modulus function in LF 

band with the Coherence>0.5, and (e) Modulus function in LF band where Modulus> average of 

modulus in LF band. 

Interpretation: BRS is an important factor in the homeostatic regulation of the cardiovascular 

system that can provide information about both sympathetic and parasympathetic function83. 

Rise in BP activates baroreceptors and increases parasympathetic and decreases sympathetic 

activity, which is followed by bradycardia. Conversely, decrease in BP deactivates 

baroreceptors and cause enhancement of sympathetic activity and parasympathetic inhibition, 

which is followed by tachycardia 16. One of the advantages of the sequence technique is the 

separate identification of baroreceptor activation and deactivation81. However, since the time 

delay of parasympathetic response is significantly shorter than sympathetic response (200-
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600ms vs. 2-3 seconds), therefore it seems lower lags of BRS mostly represent 

parasympathetic function 16.  BRS has a significant correlation with age, HR, body mass 

index, SBP, DBP and gender61,80. 

Limitation: There are debated concerns about reproducibility of BRS 67, but BRS calculated 

by α-index in the LF and HF bands showed similar results with BRS calculated through 

induced blood pressure changes with intravenous phenylephrine injection. Thus the BRS α-

index is a good substitute for invasive methods of baroreflex evaluation. However, measuring 

intrinsic BRS is based on the assumption that relative changes of BP and HR (conditional) 

represents only baroreflex function. However, progressive changes in BP and HR are not 

always accompanied by baroreflex, and secondly, the relative changes of BP and HR are used 

to provide single slope estimation, regardless of the blood pressure value72,77. 

2.4.2 Deep Breathing 

2.4.2.1 Data Collection 

Deep breathing test is one of the common CANS reflex tests. For this test, the subject in 

supine position is instructed to perform a few consecutive deep breaths at the rate 6 

breaths/min. As is shown in Figure 2.8, each cycle of deep breathing should last 10 seconds 

with 5 seconds inspiration and 5 seconds expiration. Breathing should be performed through 

the nostrils with a closed mouth. Usually 6 cycles of deep breathing in the supine position is 

performed, however, in some studies, three, five or eight cycles are evaluated, or the test is 

performed in the sitting position 44,56,84. A normal HR in deep breathing test should resemble a 

wave form as it is displayed in Figure 2.8. 

Two parameters measured from deep breathing are as follows: 

Respiratory sinus Arrhythmia (RSA, E-I difference) = 
∑(𝑚𝑎𝑥𝐻𝑅𝑖𝑛𝑠𝑝−𝑚𝑖𝑛𝐻𝑅𝑒𝑥𝑝)

𝟔
 Eq. 2.10 
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Average HR variation INS/EXP (E:I ratio) =∑(
𝐻𝑅𝐼𝑁𝑆

𝐻𝑅𝐸𝑋𝑃
) /6   Eq. 2.11 

RSA is defined as the average of maximum heart rate variations in inspiration and expiration, 

and E:I ratio is the average of the ratio of max heart rate in inspiration to min HR of 

expiration.44,56 

 

Figure 2.8 HR changes with deep breathing resemble a wave form. The square wave shows breathing 

pattern. The upper line of square wave is inspiration and lower line show expiration. The red square 

markers on the HR wave form are the beginning and end points of each cycle. 

This test is based on the fact that changes in respiration results in rapid responses in heart rate 

and normally, the heart rate rises during inspiration and falls during expiration. To standardize 

the test, sudden inhalation/exhalation, holding the breath, breathing through the mouth and 

hyperventilation should be avoided. To avoid hyperventilation monitoring of CO2 is 

recommended85,86.  
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2.4.2.2 Normal Values 

Deep breathing measurements are age-dependent, with both parameters (RSA and E:I ratio) 

decreasing with age. The normal values in some studies are provided in Table 2.7 

 

Table 2.7 Normal age dependent ranges for deep breathing measurements71,87 

Age 

range 

(years) 

Minimim for Normal E:I 

ratio 

Minimum for normal RSA 

(beat/min) 

20-24 1.17 14 

25-29 1.15 

30-34 1.13 12 

35-40 1.12 

40-44 1.10 10 

45-49 1.08 

50-54 1.07 9 

55-59 1.06 

60-64 1.04 7 

65-69 1.03 

70-75 1.02 NA 

 

However, in some studies one threshold is considered for all ages. For example, E:I ratio <1.2 

is considered as abnormal, RSA >15 is interpreted as normal, and RSA<10 is classified as 

abnormal for all ages 41,71,85. 
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2.4.2.3 Data Interpretation 

This test is the most widely used index of cardiac parasympathetic function because heart rate 

response to deep breathing is mediated by the vagal system55,87,88. With the normal 

parasympathetic function, inspiration causes increase in HR and expiration causes decrease in 

HR57. However, the result of this test also depends on the following factors: 

1- Subject position and rate of breathing: the vagal tone is greatest in the supine position 

and the variation of instant heart rate is maximally provoked by the rate of 6 

breaths/min (or between 5 and 10 breaths/min as suggested in some studies). So 

supine positions and 6 breaths/min is standard-setting for this study1,7,55,71. 

2- Tidal volume which is the volume difference after a normal inhalation-exhalation 

affect the magnitude of RSA and E:I89.  

3- Hyperventilation: in case of hyperventilation, the carbon dioxide reduces in blood, 

leading to rise of blood Ph and initiating constriction of the blood vessels which 

supply the brain in order to increase brain perfusion. So, HR and sympathetic activity 

will increase, and may reduce heart rate variability55. 

4- Age: as age increases, HR variation in deep breathing declines linearly (3–5 beats/min 

decrease per decade in control subjects)88.If a single normative value for all ages 

applied, the interpretation may results in false negative error in younger patients and 

false positive error in older patients55. 

Altogether, the result of this test is usually interpreted along with the results of Valsalva ratio 

and 30:15 ratio (both described in subsequent sections) for assessment of parasympathetic 

activity1. 
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2.4.2.4 Limitations 

Although this test is simple, standardizing the test to prevent hyperventilation needs CO2 

monitoring, which hasn’t been monitored in many previous studies. However, the breathing 

pattern and chest movement in deep breathing should be monitored by the investigator to 

avoid hyperventilation.  

2.4.3 Valsalva Maneuver 

2.4.3.1 Data Collection 

The Valsalva maneuver is a common CANS reflex test. For performing the Valsalva 

maneuver the subject takes a deep breath and exhales into the mouthpiece of a manometer to 

keep the pressure at 40 mmHg for 15 seconds. The tube or the mouthpiece should have a 

small air leak to avoid closing of the glottis1,55,87,90.The position of the subject is supine with 

30° head-up tilt. 

Usually, the Valsalva maneuver is repeated 2-3 times (with 3 minutes rest between each 

maneuver), and the best maneuver is selected for evaluation 87. 

Prior to the test, subjects practice the Valsalva maneuver to know how create a seal with the 

mouthpiece and how to perform the test. During the test, subjects should be able to see the 

expiratory pressure to adjust the strain, while the feedback about how many seconds left and 

when to stop the test is given to them.  

In some studies Valsalva maneuver is performed in the sitting position42,56or with the tilt table 

elevated to an angle of 20°. Also it has been reported that a rubber clip is attached over the 

nose to help limit airflow to the mouthpiece40. 
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2.4.3.2 Normal Values 

A normal Valsalva response is illustrated in Figure 2.9. This maneuver includes two main 

phases: a strain phase (15 seconds of exhalation into mouthpiece) and a post-strain phase 

(normal breathing following strain phase). In the strain phase tachycardia and reduction in 

arterial pressure is observed. In the post-strain phase, a reflex bradycardia and rise in arterial 

blood pressure is observed 57.  

 

Figure 2.9Schematic changes of HR and BP in 4 sub-phases of Valsalva maneuver91 

 

Also 4 distinct sub-phases are usually specified for further analysis 1,55: 

Phase I: Initial pressure rise 

At the beginning of the strain phase the intra-thoracic pressure is transmitted to the intra-

thoracic and abdominal blood vessels forcing blood out of the pulmonary circulation to the 

left atrium and cause a mild rise in stroke volume. Therefore, a transient rise in BP and a fall 

in HR are observed in the first few seconds of strain. However, the changes in this sub-phase 

is mostly due to mechanical reasons rather than sympathetic activity 1,59.   

Phase II: Fall in BP and compensation tachycardia 

Due to the elevation of intrathoracic pressure, and propulsion of the blood into peripheral 

circulation, the return of blood into the right atrium is also reduced in the strain phase. Then 
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the cardiac output also decreases and stroke volume falls. This happens after about 5-14 

seconds of strain. As a result, the baroreceptor activity increases HR (compensatory 

tachycardia) and vascular resistance. Again, at the end of strain phase, mean arterial pressure 

is restored57,59. 

Phase III: Pressure release 

The third sub-phase is releasing the pressure on the chest at the beginning of the post-strain 

phase. Initially venous return is increased causing an overshoot BP and reduction in HR due 

to the baroreflex response. Then a small drop in BP and increase in HR is observed, because 

the expiration is still paused (unintentionally) and the pulmonary vessels and the aorta are 

able to re-expand57,59.   

Phase IV: Return of cardiac output to baseline 

Finally, the venous return returns to normal, and because of residual vasoconstriction and 

persistence of sympathetic activity, blood pressure overshoots above the baseline before 

returning to normal value. Also a reflex baroreceptor activity bradycardia is observed before 

returning to normal values.  With return of blood pressure, the pulse rate returns towards 

baseline1,55,87.  

The parameter extracted from this test are the following: 

(a) Valsalva ratio (VR) : VR presents maximum changes in heart rate in the 

Valsalvamanouver which is calculated by (equation 2.12) the ratio of the longest R-R interval 

in post-strain phase (within 40 beats after strain, bradycardia in phase IV), to the shortest R-R 

interval in strain phase (tachycardia in phase II)1,38,56,57. VR decreases with aging. Table 2.8 

shows the normal VR values published from 2 studies1,55,65,87. 

https://en.wikipedia.org/wiki/Aorta
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Valsalva Ratio=
max 𝐻𝑒𝑎𝑟𝑡𝑅𝑎𝑡𝑒𝑖𝑛𝑆𝑡𝑟𝑎𝑖𝑛

min 𝐻𝑒𝑎𝑟𝑡𝑅𝑎𝑡𝑒𝑖𝑛𝑝𝑜𝑠𝑡−𝑠𝑡𝑟𝑎𝑖𝑛
=

𝑙𝑜𝑛𝑔𝑒𝑠𝑡𝑅−𝑅𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑖𝑛𝑝𝑜𝑠𝑡−𝑠𝑡𝑟𝑎𝑖𝑛

𝑠ℎ𝑜𝑟𝑡𝑒𝑑𝑅−𝑅𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑖𝑛𝑠𝑡𝑟𝑎𝑖𝑛
 Eq. 2.12 

 

Table 2.8 Normative values for Valsalva ratio 

Age range 

(years) 

Minimum for normal VR87 Minimum for normal VR1 

Women Men  

10-29  1.46 1.59 1.5 

30-39 1.50 1.52  

40-49 1.51 1.44 1.45 

50-59 1.47 1.36 

60-69 1.39 1.29 1.35 

 

However, in some studies VR> 1.21 is considered to be normal for all ages. The range 

between 1.11-1.20 is considered as borderline, and any VR<1.10 is interpreted as an abnormal 

Valsalva ratio 57,88. 

(b) BP changes in 4 sub-phases: For a normal Valsalva response, all 4 sub-phases should 

be observed.  

1- In phase I and phase II, initial rise and drop of BP, provides the parameter of maximal 

drop of MBP in early phase II.  

2- At the end of phase II and beginning of phase III, BP has a small rise. MBP in the 

recovery is also measured. 

3- In phase IV, an overshoot in BP is observed that is followed by gradually decrease in 

BP until reaching the normal level. The rise of BP over baseline value is measured in 

phase IV. 
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The normative values for BP changes in Valsalva are not well established. However, the 

values in Table 2.9 provided by a standard autonomic clinic are used in this study55,87. 

 

 

Table 2.9 Normative values for Valsalva maneuver in blood pressure.87 

Parameters Normal values 

Maximal drop of the MBP during the early phase II 

 

Normal value< 20 mmHg 

MBP at late phase II (recovery) 

 

≥ baseline (mmHg) 

MBP at phase IV (overshoot) 

 

> baseline (mmHg) 

 

(c) BRS: BRS also, can be measured from Valsalva maneuver by calculating the relative 

changes of SBP and RR interval in phase II and Phase IV. In phase II, tachycardia and 

vasoconstriction reflex and fall of BP are mediated by baroreceptor deactivation. On the other 

hand, in phase IV, the overshoot of blood pressure resulted by activating on sinoaortic 

baroreceptors, leads to bradycardia. Mostly, BRS values are measured from phase IV only. 

For this, a linear regression is performed for changes of SBP and RR interval. However, most 

studies showed limited clinical applicability in patients with advanced heart diseases. Also the 

correlation between the BRS value measures from Valsalva and phenylephrine challenge test 

varied by the range of 0.21-0.91 and raise the question of  the reliability of this technique16. 

2.4.3.3 Data Interpretation 

The Valsalva maneuver as a respiratory procedure is thought to provide a guide to the 

integrity of the autonomic neural pathways involved by the cardiovascular reflex to changes 

in intra thoracic pressure. Deviation from the normal response implies either abnormal heart 

function or abnormal autonomic nervous control of the heart7.  
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The blood pressure response to the Valsalva maneuver is a means to evaluate sympathetic 

functions (sympathetic pathways to the heart and to the vascular tree), HR response evaluates 

parasympathetic functions (parasympathetic pathways to the heart), and considering both 

variation, baroreceptor function is evaluated 7,55,87. 

Among Valsalva measurements, VR is a widely used indirect, sensitive, and reproducible 

measure of parasympathetic function along with the result of deep breathing test. On the other 

hand, the sympathetic dysfunction is suspected if overshoot in phase IV is absent 40. For 

Baroreflex sensitivity, however, the simultaneous rise in heart rate and drop of blood pressure 

is required to show the extent of the sympathovagal activity.  

2.4.3.4 Limitations 

The result of this test may be affected by the following confounders: the disability of the 

subject to attain and keep a 40mmHg expiratory pressure (ex. due to muscle impairment), 

subject’s cooperation and strength, drug therapy that might affect heart rate, and the position 

of subject (lying or sitting)1.  

2.4.4 Postural change 

2.4.4.1 Data collection 

An orthostatic challenge (postural change) can be induced by using a manual or electrically 

operated tilt table, or by making the subject initially sit and then stand or stand as quickly as 

possible 1. Prior to the challenge, the subject is kept supine for at least 5-10 minutes and the 

stability of BP and HR is determined. A tilt table is advantageous, especially in subjects who 

have neurological disabilities or severe postural hypotension. Also it enables the operator to 

rapidly and safely return the subject to the horizontal level if symptoms occur 1,37. On the 

other hand, in tilt-table testing, the fall of blood pressure may be exaggerated. In active 
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standing, the BP will not drop dramatically, as it is compensated by a slight increase in HR 

and constriction of blood vessels in the legs55.  

2.4.4.2 Normal Values 

After postural change, normally tachycardia is followed by reflex bradycardia. Maximum 

heart rate approximately 15 beats after standing represent tachycardia peak and the relative 

bradycardia occurs at approximately 30 beats after standing. The maximum and minimum 

heart rate, or longest R-R interval of beats 20-40 and the shortest R-R interval of beats 5-25 

are used to calculate 30:15 ratio as it is shown in equation 2.13 71.  

 

30:15 ratio=
max 𝐻𝑅 𝑎𝑟𝑜𝑢𝑛𝑑15 𝑠𝑒𝑐

min 𝐻𝑅 𝑎𝑟𝑜𝑢𝑛𝑑 30 𝑠𝑒𝑐
=

max 𝑅𝑅 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑎𝑟𝑜𝑢𝑛𝑑 30 𝑠𝑒𝑐

min 𝑅𝑅 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑎𝑟𝑜𝑢𝑛𝑑 15 𝑠𝑒𝑐
        Eq. 2.13 

 

A typical normal value for the 30:15 ratio is generally greater than 1.03. Table 2.10 displays 

age-dependent normal ranges for the 30:15 ratio published in one study71.Apart from changes 

in HR, a drop in BP with a rapid correction is observed. In healthy controls, the SBP falls 

minimally after 1-2 min of standing. So, the fall of systolic blood pressure measured 2 

minutes after standing should be less than 10mmHg. The borderline response is when fall of 

SBP is 10-29 mmHg, and abnormal is a SBP fall of > 30 mmHg with symptoms87. One 

typical normal response of HR and BP after standing is shown in Figure 2.10. 

 

Table 2.10 normal age dependent range of 30:15 ratio 71 

Age 21–30 31–40 41–50 51–60 

Normal range of 

30:15 ratio 

1.15–1.12 1.12–1.10 1.10–1.08 1.08– 1.07 
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Figure 2.10Normal responses of BP and HR after standing 

 

Finally, HRV in the frequency domain is also calculated as described in part 2.4.1.5. The 

spectral frequency analysis is performed on RR intervals from a 5 minute ECG recording, and 

parameters of VLF, LF, HF, total power and their normalized units are calculated. The 

expected measurements are the dominancy of normalized LF power component in 

comparison with normalized HF power. However, reduced total power is expected compared 

to HRV in the supine position. HRV measured by the Welch periodogram for a healthy 

control and the schematic HRV components for 5 min 90° tilt test is displayed in Figure 

2.1168. 
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Figure 2.11 Spectral analysis of HRV by Welch periodogram method  and active standing (left),and 

by autoregressive method and 90° tilt (right)68. The dominancy of LF shows higher sympathetic 

activity than parasympathetic activity in standing.  

2.4.4.3 Data Interpretation 

Orthostatic challenge is the most commonly performed measure of autonomic function and is 

used as a separate measurement for some particular dysfunctions55.Itprovides information 

about short-term cardiovascular regulation. This test is a commonly performed CANS test and 

able to evaluate baroreflex function and the sympathetic and parasympathetic nervous 

system55,92. Standing results in translocation of 300-800 cm3 of blood from the central 

intravascular section to lower extremities (such as legs, buttocks, pelvis and splanchnic 

circulation). Then, cardiac stroke volume, arterial blood pressure and blood flow to the brain 

will decrease. This leads to discharge the baroreceptors in the carotid and aortic walls and as a 

consequence, sympathetic activation and parasympathetic withdrawal occurs through 

baroreflex mediated autonomic regulation. Peripheral vasoconstriction recovers BP by 

decrease in peripheral blood flow. 92,93 
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The increase of HR in 1-2 cardiac cycles (3 s) into the standing position is due to 

parasympathetic withdrawal. Then a further slow increase in HR occurs in 6-8 cardiac cycles 

(12 s) because of increase in vascular resistance, vascular tone, and cardiac contractility as a 

result of sympathetic activation in addition to further parasympathetic inhibition. The 

explained tachycardia in addition to the peripheral vasoconstriction prevents a significant fall 

in arterial pressure. In normal subjects, SBP falls minimally after 1-2 minutes, DBP increases 

by approximately 10 mmHg and HR increases by about 10 beats/minutes1,55,94,95. 

Any excessive change or lack of change in BP or HR should be suspected for autonomic 

disorders1. For instance, orthostatic hypotension is defined as a drop in systolic blood pressure 

of at least 20 mmHg or diastolic blood pressure of at least 10 mmHg within 3 min of standing 

96, or postural orthostatic tachycardia syndrome (POTS) is characterized by an exaggerated 

increase in heart rate of greater than 30 beats per minutes which occurs during 10 minutes of 

tilt or standing, without orthostatic hypotension in a patient with a history of specific 

symptoms97.More severely affected POTS patients may have an increase of HR greater or 

equal to 120 beats/minutes55. On the other hand, if HR does not change in standing in the 

presence of substantial fall of SBP, it indicates baroreflex abnormality due to afferent 

baroreceptor lesions or both sympathetic and parasympatheticfailure1. A rapid fall in BP is 

observed sometimes, due to inability to activate sympathetic vasoconstrictor pathways in 

response to postural change which is usually followed by partial recovery of BP1. 

Altogether, the 30:15 ratio provides a measure of cardiac vagal function and abnormal 

changes in BP is mainly indicative of sympathetic failure1,55,98. HRV at standing, on the other 

hand may provide valuable information, as the failure to increase LF may be a reflection of 

impaired sympathetic response or depressed baroreceptor sensitivity68. 
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2.4.4.4 Limitations 

It is difficult to compare active standing results with tilt table results due to different 

responses. In passive tilting, the procedure of postural change is slow (5-10 sec) thus 

regulatory response is activated before the subject is fully tilted. Also, limited muscle activity 

is required and tilt angle is not 90° (gravity force differs). In active standing, on the other 

hand, the process is fast (1-5 sec) and requires active muscle contraction. As a result, an 

immediate increase in HR is observed due to muscle contraction in initiate standing. This 

increase in HR occurs before the initial drop in blood pressure and is possibly activated by 

combined effects of vestibular and central command stimulation of muscle sympathetic nerve 

activity1,92. 

Another limitation is that, the postural change test should be terminated in the presence of any 

discomfort, chest pain, shortness of breath, dizziness, orsyncope44. 

Finally, there are some doubts about sensitivity and correlation of postural change with other 

autonomic reflexes. For instance the30:15 ratio and deep breathing which should resemble the 

parasympathetic activity, have low correlation which suggest involvement of different 

physiological mechanism in two tests1,71,94.  

2.4.5 Isometric Exercise 

2.4.5.1 Data Collection 

An isometric exercise test is performed by using either a dynamometer or a partially inflated 

brachial cuff (conventionally used for blood pressure measurement) attached to a pressure 

gauge. For this test the subject (in sitting position) squeezes the handgrip with the dominant 

hand for a few seconds to establish a maximum effort. After at least three minutes rest to 
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obtain baseline values of BP, the subject is asked to sustain the handgrip constantly to 30% of 

the maximum effort for 3-5 minutes or until exhaustion.  

2.4.5.2 Normal Values 

The normal response for diastolic blood pressure is a rise of greater than 16 mmHg in the 

other arm 1,55, while the range between 10-15 mmHg is usually considered as borderline and 

less than 10 mmHg increase is assumed to be abnormal57. Table 2.11 provides the ranges and 

average values of changes in DBP for 122 healthy control in different age bands1.  

 

Table 2.11 Normative values of changes of DBP, SBP and HR in isometric exercise test studied on 

122 control subjects in different age bands 1. 

Age 20-29 30-39 40-49 50-59 60-69 >70 

∆ DBP (mean ± STD) 

Range 

13±2 

(9:17) 

11±2 

(7:15) 

12±2 

(8:14) 

11±3 

(5:17) 

11±2 

(7:15) 

11±1 

(9:13) 

∆SBP (mean ± STD) 

Range 

15±3 

(9:21) 

13±2 

(9:17) 

15±3 

(9:21) 

19±3 

(13:25) 

17±3 

(11:23) 

2±4 

(14:30) 

∆HR (mean ± STD) 

Range 

7±1 

(5:9) 

7±2 

(3:11) 

9±2 

(5:13) 

7±2 

(3:11) 

4±1 

(2:6) 

6±1 

(4:8) 

 

2.4.5.3 Data Interpretation 

In this test, blood pressure, heart rate and sympathetic nerve activity increase. Two 

responsible mechanisms for this include:  pressor reflex (neurological reflex) that constricts 

small blood vessels during muscular contraction and thereby increases the blood pressure and 

central command (CNS) which increases efferent sympathetic activity due to activation of 

cardiovascular centers involved in initiation of somatomotor activity55,99. Usually the rise in 

DBP is used as a measure of sympathetic evaluation in isometric exercise test. 
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2.4.5.4 Limitations 

Although these changes in blood pressure and heart rate have been used as a clinical test of 

sympathetic function7,55,65, some factors independent of the autonomic nervous system may 

affect the responses. First, the response may be variable due to difficulty in standardizing the 

muscular effort 99. In addition, in trained muscles, lower increase in BP will be obtained 

because of reduced sensitivity of muscle afferents to accumulated metabolites. Finally, 

decrease in metabolite accumulation also may reduce the muscle chemoreceptor afferent 

activity and decrease BP enhancement. Altogether, since the sensitivity and specificity of this 

test is low, its results usually evaluated along with changes of BP in postural change and 

Valsalva maneuver55. 

2.5 Other Common CANS tests 

The other tests for evaluation of cardiac autonomic nervous system include sweat test, tilt 

table, pressor stimuli group (such as isometric exercise), and Coetaneous cold (immersing the 

hand for up to 2 minutes in ice slush, usually just below 4°C)68. 
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Chapter 3 

Methods 

In this section, information about subject recruitment protocol, the conditions needed to 

participate in CANS test in order to obtain universally approved and reproducible results, 

capture data, data collection instrument and processing software are described. The most 

common tests for CANS assessment (including those used in the study presented in this 

thesis) are explained in detail. Also, the expected output and interpretation of out of range 

results are described. 

3.1 Data Collection 

3.1.1 Patient recruitment protocol 

The patients who participated in this study were diagnosed with definite multiple sclerosis 

according to Poster’s classification and they were regularly attending the MS clinic at Royal 

North Shore Hospital (RNSH), Sydney, NSW100,101. Patients were recruited at the MS clinic 

after the MS neurologist informed the patients about this test. If the patient was interested in 

participating, a one-hour study time was arranged, at the same day of their. Participation in 

this study was entirely voluntary, and subjects were informed that their decision to participate 

would not affect their treatment and their relationship with the staff. Subjects were given a 
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written information sheet about the study, and written, informed consent was obtained from 

all participants. This study had the ethics approval of the Northern Sydney Local Health 

District (Ethics Committee reference number: HREC/12/HAWKE/397). The project was also 

approved by the Macquarie University Human Ethics Committee, (reference number 

5201600002) acknowledging the approval of the Northern Sydney Local Health District 

ethics committee.  

3.1.2 Control data collection 

Control (healthy normal) subjects were recruited from the Macquarie University staff and 

student base. Written informed consent was obtained from all participants. The data collection 

in control subjects was approved by Macquarie University Human Ethics Committee 

(reference number 5201300055).  

The collected data for the control group included only supine-rest test. Although in Section 

2.3, it is suggested that each study, should have their own control subjects, in this study the 

results of reflex tests in MS subjects were compared to normal ranges for healthy controls 

published in previous studies (Appendix A).  Control subjects with matched age and sex with 

each MS subject were collected from the control dataset. 

3.1.3 Demographic information collection 

Demographic information was collected including age, sex, height, weight, dominant hand, 

date of birth and BMI as calculated by the relation of  
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

ℎ𝑒𝑖𝑔ℎ𝑡2 (𝑚2)  
. 

3.1.4 Clinical Information Collection 

All clinical data were collected and provided by Dr. John Parratt and Dr. Yi-ching Lee, the 

neurologists of MS clinic at RNSH. The Clinical information includes the following: 
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1- Disease duration: Calculated from date of test and onset of disease.Onset of disease 

is set as the first symptom of MS patients experienced. For most patients, they seek 

treatment after the first symptom and so the onset is recorded in their medical history. 

For some patients with long disease duration, usually their MS was not diagnosed after 

the first symptom or either it was overlooked. So, patient’s own recall of the first 

symptom is considered as onset 

2- Number of lesions: The number of lesions as imaged in MRI scans of brain and 

spine, counted by Dr Yi-ching Lee. The number of lesions was updated based on the 

most recent MRI scans with the date of scans. 

3- EDSS & MSSS scores: The EDSS and MSSS scores were updated with the most 

recent MRI scans. The EDSS quantifies disability in eight functional systems (FS). 

The FS include pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, 

cerebral and other. The EDSS scale is from 0 (normal neurological exam) to 10 (death 

due to MS) with steps of 0.5 score. The MSSS score is calculated from the EDSS and 

corrects it for disease duration by compare patient’s disability score with the 

distribution of scores in a database for same disease durations32,33. 

4- Topography: The number of lesions in each of deep white matter, brainstem, spine 

and cortical are counted. Then if the lesions are localized in one section of CNS, the 

topography is named after that section as dwMS, bcMS, sMS and cMS respectively. If 

the lesions were spread in the whole CNS, the topography type is considered as 

general MS (gMS). 

5- Progress of disease: This is defined by the neurologists, based on identification of 

remitting or progressive relapses, and primary or secondary mode of progressive MS.  

6- Treatment delay: The treatment for a patient indicate the relative time that treatment 

is postponed after onset of disease. Four groups available in this clinical variable are: 

- (N) Never treated. 
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-  (E) Treatment started early, within 2 years after onset and still 

continuing till now (based on the investigation showed that number of 

relapse in the first two years correlates with severity of disease)102,103. 

-  (L) Treatment late, postponed more than 10 years after onset. 

- (M) Any kind of treatment delay except that E and L. (i.e. treatment 

starts after 2 years but before 10 years of onset, or started within 2 

years after onset and stopped) 

3.2 Cardiovascular autonomic nervous system evaluation 

3.2.1 Test Requirements 

Subject’s condition for CANS test as explained in Section 2.1 was followed for both MS and 

control subjects. 

A continuous and noninvasive measurement of finger arterial pressure was obtained using a 

Nexfin monitor by Finapres methodology (Edwards Nexfin®, Amsterdam, The Netherlands). 

The non-invasive Finapres method is an established substitute for invasive intra-arterial BP 

measurements in both clinical and research settings101,104–109. The Finapres system measures 

beat-to-beat BP using a finger cuff50,96. The cuffs were available in three sizes and were 

wrapped around the middle finger of the non-dominant hand as shown in Figure 3.1. An 

electrocardiogram (ECG) was acquired simultaneously using 4 standard ECG limb electrodes 

attached to the patient’s upper body, the signal acquired using the Nexfin device. The ECG 

and arterial finger blood pressure were continuously measured. The test was performed in a 

sound/noise proof room to minimize any arousal stimuli, and the temperature was kept at 

22°C with central air conditioning.  

In addition to online monitoring of HR and BP changes in different reflex tests, the data was 

stored for off-line analysis. During the test, start and stop points of each test were marked 
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manually on the monitor. The data was extracted and converted to files readable in MATLAB 

and Excel using the program FrameInspector.exe (provided by the Edwards Lifescience 

company). The data generated from FrameInspector comes in two parts. The first part (Excel) 

contains beat-to-beat information of HR, RR interval, SBP, DBP, MBP, cardiac output, and 

stroke volume in which the index of marked points are also provided. This format is used for 

generating CANS values and figures. The second part provides the continuous ECG 

waveform (at 1000Hz sampling rate) and the BP waveform (at 200Hz sampling rate) in binary 

format, which is readable by MATLAB for further morphological illustrations. 

 

Figure 3.1 Finger cuff system used by Nexfin 110. 

3.2.2 Data Collection 

With the subject in the supine position, 4 ECG electrodes were attached to the upper body in 

the standard positions, and the BP cuff and height correction transducer cuff (that adjusts for 

the hydrostatic pressure difference between the position of the finger relative to the position 

of the heart) were wrapped around middle and index fingers of non-dominant hand. All tests 

were done in the following order: 

3.2.2.1 Supine Rest Test 

The first test in this study was supine rest. The subject lay down with closed eyes for 8-10 

minutes, in the quiet, dark test room. The subject’s breathing should be normal, and the body 

should be kept as still as possible, especially his/her non-dominant hand (on which cuff are 
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attached). From the recorded data, the latest 5 minutes NN RR tachogram was extracted for 

analysis, and the first few minutes was discarded (adequate time needed for BP and HR to 

adapt to supine position)49,68,80,81,111,112. The calculated measurements of this test are explained 

in Section 2.4.1 and listed in the Table 3.1 (variables 1 to 64). 

3.2.2.2 Deep Breathing Test 

After 8-10 minutes of rest, the subject was still kept in the supine position. The lights were 

turned on and kept on for the rest of tests.  A few practice deep breaths were completed by the 

subject, as lead by the investigator. Then after 2-3 minutes rest, the subject was instructed to 

perform 8 consecutive deep breaths as explained in section 2.4.2. Monitoring of CO2 to avoid 

hyperventilation was not feasible with this study’s equipment. However, the chest movement 

was controlled. The data was labelled at the beginning and end of each cycle for offline 

analysis. The two variables extracted from this test calculated by equation 2.10 and 2.11 in 

section 2.4.2 and listed as variables 65 and 66 in Table 3.1. 

3.2.2.3 Valsalva maneuver 

After the deep breathing test, the subject was asked to perform one or two Valsalva 

maneuvers as practice. After 2-3 minutes rest after practice, the subject was instructed to 

perform a Valsalva maneuver in the supine position for 15 seconds as explained in section 

2.4.3. A disposable syringe (5-10 ml) connected to the mercury column of a 

sphygmomanometer was used as the mouthpiece in this study. This test was repeated 2 times 

and 2-3 minute rest was given to the subjects in between tests. Increasing and keeping the 

pressure to 40 mmHg was difficult for some subjects. For those, any pressure between 

20mmHg and 40mmHg was considered sufficient, as it is reported to result in necessary 

changes in previous studies1. Four variables were measured from the Valsalva maneuver as 

explained in section 2.4.3 and listed in Table 3.1 (variables 67 to 70).  



71 

 

3.2.2.4 Postural change 

The subject was given 3-4 minutes to rest after the Valsalva manoeuvre. The subject was then 

asked to perform active standing. This test could not be performed by disabled participants (2 

subjects). In this, subjects stood up as quickly as possible. In addition to monitoring BP to 

identify any risk of symptoms, the subjects were informed that in case of dizziness they 

should lean to the bed or sit down. Any discomfort, chest pain, shortness of breath or 

dizziness did not present in the subjects studied. Therefore, orthostatic intolerance was not 

expected, and participants continued standing quietly and as still as possible for 5-6 minutes. 

The 16 variables extracted from this test explained in section 2.4.4 are listed in the Table 3.1 

(variables 71 - 86). 

3.2.2.5 Hand Grip Test 

The last test in this study was isometric exercise.  In this test the subject was kept in the sitting 

position for 2-3 minutes after the postural change before performing isometric exercise as 

described in section 2.4.5. As a hand grip, a partially inflated brachial cuff (conventionally 

used for blood pressure measurement) attached to a pressure gauge was used. One variable 

was extracted from this test which is explained in section 2.4.5 and listed as the 87th variable 

in the Table 3.1. 
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Table 3.1 The variables extracted from CANS tests (Explained in Section 2.4). 

Parameter number Test Parameter 

1 supine rest SBP 

2 supine rest DBP 

3 supine rest MBP 

4 supine rest HR 

5 supine rest Mean RR 

6 supine rest SDNN 

7 supine rest rMSSD 

8 supine rest PNN50% 

9, 10 supine rest TP of HRVsupine&SBPVsupine 

11, 12 supine rest VLF of HRVsupine&SBPVsupine 

13, 14 supine rest LF of HRVsupine&SBPVsupine 

15, 16 supine rest HF of HRVsupine&SBPVsupine 

17, 18 supine rest LFnu of HRVsupine&SBPVsupine 

19, 20 supine rest HFnu of HRVsupine&SBPVsupine 

21, 22 supine rest LF/HF of HRVsupine&SBPVsupine 

23 supine rest αLF 

24 supine rest Number of data points included in αLF 

25 supine rest αHF 

26 supine rest Number of data points included in αHF 

27 supine rest BRSLF  by mean value 

28 supine rest Number of data points included in BRSLF 

29 supine rest BRSHF  by mean value 

30 supine rest Number of data points included in BRSHF 

31 supine rest Mean value of BRS Modulus LF 

32 supine rest Mean value of BRS Modulus HF 

33 supine rest Mean value of BRS Modulud 
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Table 3.1 continued. The variables extracted from CANS tests (Explained in Section 2.4). 

Parameter number Test Parameter 

34, 35, 36, 37 supine rest BRS lag 0,1, 2 and 3 

38,39,40,41 supine rest Number of BRS sequences lag 0, 1, 2, 3 

42,43,44,45 supine rest BRS lag 0,1, 2, 3 positive slopes 

46, 47, 48, 49 supine rest No. of BRS lag 0,1, 2,3 positive slopes 

50, 51, 52, 53 supine rest BRS lag 0,1,2,3 negative slopes 

54,55,56,57 supine rest No. of BRS lag 0,1,2, 3 negative slopes 

58 supine rest Total BRS gain 

59 supine rest Total BRS positive slope sequences 

60 supine rest Total BRS negative slope sequences 

61 supine rest PQ interval 

62 supine rest QRS interval 

63 supine rest QT interval 

64 supine rest QTc interval 

65, 66 Valsalva maneuver RSA & E:I ratio 

67 Valsalva maneuver VR ratio 

68 Valsalva maneuver Maximal drop of MBP in early phase II 

69 Valsalva maneuver MBP at late phase II 

70 Valsalva maneuver MBP at late phase IV 

71 Postural change 30:15 ratio in postural change test 

72 Postural change SBP change 2 minutes post postural change 

73, 74 Postural change TP of HRVsupine&SBPVsupine 

75, 76 Postural change VLF of HRVsupine&SBPVsupine 

77, 78 Postural change LF of HRVsupine&SBPVsupine 

79, 80 Postural change HF of HRVsupine&SBPVsupine 

81, 82 Postural change LFnu of HRVsupine&SBPVsupine 
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Table 3.1 continued. The variables extracted from CANS tests (Explained in Section 2.4). 

Parameter number Test Parameter 

83, 84 Postural change HFnu of HRVsupine&SBPVsupine 

85, 86 Postural change LF/HF of HRVsupine&SBPVsupine 

87 Hand grip test Changes in DBP in hand grip test 

 

3.3 Data analysis 

Three types of analysis were done in this study. For all analyses, MATLAB software (version 

R2016a) was used. The threshold for significant results was considered as p<0.05. The 

analyses are explained in the following with the relative statistics used for each test. 

3.3.1 Comparing MS to controls 

As only 5-minute supine rest was available for controls (and not the reflex tests), the first 60 

features of Table 3.1 were extracted from controls. Also, 5 demographic parameters of control 

and MS patients were included in the study. Except gender, which is categorical and matched 

for controls and patients, each feature was compared between MS and control groups. The 

normality of distribution of each feature was tested and rejected by Kolmogorov-Smirnov test 

(‘kstest’ function in MATLAB). The Mann Whitney U test (‘ranksum’ function in MATLAB) 

was applied as it does not require the assumption of normal distribution. The features with 

significant p-values (p-value<0.05) were selected as the input of multi logistic regression. The 

dependent variable of the multi logistic regression method however is a column with the 

values of 0 and 1 representing MS and control class. The function ‘mnrfit’ in MATLAB was 

used for multi logistic regression and the reported result are the independent features 

significantly different between MS and controls. 
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3.3.2 Comparing Autonomic Variables with Clinical Variables 

All of the 87 variables listed in Table 3.1, as well as demographic information of patients, 

provide a data set of 92 features for MS subjects. Among those, 3 features of sex, changes of 

MBP at late Phase II and changes of MBP at phase IV of Valsalva maneuver are categorical 

and the rest are numeric variables. All 92 features were compared within 7 clinical variables.  

These comparisons are provided with the two following methods for continuous and 

categorical clinical variables respectively: 

3.3.2.1 Comparing Autonomic Variables with Continuous Clinical Variables 

The continuous clinical variables included disease duration, EDSS, MSSS and number of 

lesions, the groups within each were compared for all autonomic variables. Linear regression 

analysis (‘regress’ function in MATLAB) was performed between each MS feature 

continuous clinical variables. The variables with significant p-values of regression lines were 

collected as the input to step wise regression analysis (‘stepwisefit’ function in MATLAB). 

The independent significant variables from the stepwise linear regression are reported for 

linear regression modelling of the clinical variable. 

3.3.2.2 Comparing Autonomic Variables with Categorical Clinical variables 

The categorical clinical variables include topography, progress type and treatment delay. The 

variable treatment delay can be assumed as hierarchical categorical variable while the other 

two are nominal. An ANOVA test was performed to identify the features that were 

significantly different among categories. Then the features with significant p-values were 

assigned as the input of post-hoc comparison method to find the corrected p-values and 

distinct independent variables.   
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3.3.3 Comparing MS subjects with normal and abnormal cardiac 

autonomic reflexes 

The features from 4 challenge studies of autonomic test were checked with the normal ranges 

of these variables, as described in Appendix A. These four tests and their features include:  

 Deep breathing (RSA (Respiratory sinus Arrhythmia), E:I ratio (Average HR variation 

inspiration/expiration)) 

 Valsalva maneuver (VR (Valsalva ratio: HRmax/HRmin), changes of MBP in Valsalva, 

MBP in late phase II, MBP at phase IV) 

 Postural challenge (30:15 ratio (max RR around 30 sec/min RR around 15 sec), 

changes of SBP 2 minutes after standing), and  

 Isometric exercise (change of DBP in hand grip test). 

 

Almost all of these features are age dependent and their normal ranges are available for 

different age bands. So if subjects are classified as normal (1) or abnormal (0) in each test, the 

age factor is already being considered. Based on the standard autonomic testing, RSA, VR 

and 30:15 ratio are used for parasympathetic scoring. However for sympathetic scoring, only 

ΔSBP 2 min after standing and ΔDBP in hand grip test were used 55,93. The total scores of 5 

tests were calculated that could vary from 0 to 5. If 2 or more tests were found as abnormal, 

the CAD was diagnosed23. However, since the measurements of sympathetic activity by 

Valsalva maneuver parameters were also available, the scoring in this study was expanded. 

Therefore, 3 tests were included for sympathetic scoring.  The parameters included in 

sympathetic and parasympathetic scoring are illustrated in Table 3.2. As suggested in 

previous studies the sympathovagal score is calculated by accumulation the sympathetic and 

parasympathetic score86,87,93. This measurement can vary from 0 to 6 with equal share of 

sympathetic and parasympathetic parameters.  The sympathovagal score below 4 (more than 2 
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abnormal test) was considered as abnormal. This score was compared to clinical variables by 

chi-square test.    

Also, to investigate the sympathetic and parasympathetic activity individually, the two scores 

were also compared to clinical variables. The scores vary from 0 to 3, and based on 

interpreting sympathovagal score, the individual scores <2 (more than 1 abnormal results) 

was considered as sympathetic or parasympathetic dysfunction, respectively.  

 

Table 3.2 Parasympathetic and Sympathetic scores can vary from 0-3. 

Parasympathetic 

features 

Coefficients of 

parasympathetic 

scoring 

Sympathetic features Coefficients of sympathetic 

scoring 

RSA 1 ΔBP in Valsalva 1: ΔMBP  Valslava 0.5 

MPB in late phase II 0.5 

VR  1 ΔSBP 2 min after standing 1 

30:15 ratio 1 ΔDBP in hand grip test 1 
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Chapter 4 

Results 

By following the protocol explained in Chapter 3, 53 patients with clinically diagnosed 

Multiple Sclerosis (MS) were studied. The demographic information of MS subjects in this 

study is illustrated in Table 4.1 and Figure 4.1.  

Table 4.1 Demographic information of MS participants in this study. 

 Females Males all subjects range 

Number 34 (64%) 19 (36%) 53  

Age (year) 47.7±13.8 47.2±13.6 47.5±13.5 19-69 

Age at Onset (year) 35.6±11.4 31±11 33.9± 11.5 11-59 

Disease duration (years) 13.4±11.5 13.3±8.2 13.4±10.4 1-47 

EDSS 2.1±1.8 2.1±1.7 2.1±1.7 0-7 

MSSS 2.3±1.8 2.4±2.2 2.3±2 0.01-7.33 

Total Number of lesions 36±20 35±16 36±20 4-83 

Data represented as mean ± standard deviation. EDSS: Expanded Disability Status Scale. MSSS: 

Multiple Sclerosis Severity Score 
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Figure 4.1 Prevalence of MS types in this study.(a) Progress-based classification: RRMS (Relapsing 

Remitting MS), PRMS (Progressive Relapsing MS), SPMS (Secondary Progressive MS), Others (1 

subject: not available, 1 subject: CIS (Clinically Isolated Syndrome) that one episode of symptoms is 

detected), (b) Lesion’s topography-based classification: dwMS (deep white matter MS), gMS 

(generalized MS), sMS (spinal MS), cMS (cortical MS),bcMS (brain stem/cerebellar), and Not 

available. 

 

4.1 Multiple Sclerosis differences from control subjects 

23 control subjects with the same age and sex as 23 MS subjects were selected. Among all 92 

cardiac autonomic features, 65 features extracted from 5-minute supine rest were compared 

between these 2 groups. Demographic information of 23 MS subjects and their matched 

controls are shown in Table 4.2. Of all the measured parameters, there were 11 that were 

significantly different between MS and control subjects (Table 4.3). Entering these variables 

(with the exception of HF SBPV in normalized units, supine position, which is equal to 1 

minus LF SBPV in normal units, supine position and therefore removed) into the multinomial 

logistic regression resulted in three of the variables remaining significant predictors. The 

features with significant p-values in the model and yet independent from each other include 

BRS by frequency technique (coherence criteria) in HF band (αHF) (p=0.0391) and mean of 
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BRS Modulus in HF band (0.0412). These two features have lower values in MS comparing 

to control group. Also height was higher in MS, though with p=0.0500. Figure 4.2 illustrates 

the distribution of three mentioned features in two groups of MS and control. 

The Mann Whitney U test (function ‘ranksum’ in MATLAB) was used to compare each 

variable between the two independent groups of MS and control with significance set for p-

value<0.05. The variables that were significantly different between the groups were entered in 

a multinomial logistic regression (‘mnrfit’ function in MATLAB) and the significant predictor 

variables noted. 

 

Table 4.2 Demographic information of 23 MS subjects and matched controls. 

Demographic features 23 MS subjects 23 controls 

Age (year) 37.5±11.8 (19-65) 37.7±11.9(20-66) 

Female/Male 15/8  15/8  

Height (cm) 171±10.7 164±9.3 

Weight (kg) 71±17 60-10 

BMI (kg/m2) 24±4.5 22.2±2.8 

Data represented and mean ± standard deviation (range). 
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Table 4.3 Variables those were significantly different between MS and control. 

Variable MS Control P 

Lower in MS    

LF/HF ratio SBPV, supine position(unit less) 3.9±3.17 8.9±6.8 0.006 

LF SBPV in normalised unit, supine position(unit less) 69.5±18.8 82.1±14.3 0.006 

BRS (coherence criteria) in HF band(αHF)(ms/mmHg) 15.5±9 28.7±16.7 0.003 

BRS (mean criteria) in HF band(ms/mmHg) 21.7±12.5 39.2±25 0.007 

Mean of BRS Modulus, HF band(ms/mmHg) 16.1±9.3 28.6±17 0.006 

Mean of BRS Modulus(ms/mmHg) 14.8±8 24.8±15.4 0.003 

Higher in MS    

Height(cm) 171.4±10.8 164.4±9.3 0.035 

Weight(kg) 

HF SBPV, supine position(mmHg2) 

71.2±17.3 

5.8±16.7 

60.1±9.6 

1.3±0.81 

0.026 

0.004 

HF SBPV in normalised units, supine position(unit less) 30.5±18.8 17.9±14.3 0.006 

BRS negative sequences of at Lag 3(ms/mmHg) 16.2±7.4 11.6±9.5 0.045 

BRS: baroreceptor sensitivity. LF: low frequency. HF: high frequency. SBP: systolic blood pressure 

 

 

Figure 4.2 Three features with significant differences between MS and control. The upper adjacent 

and the lower adjacent show the maximum and minimum data, after excluding outliers in each group. 

The outliers are the data points outside the rage of +-2.7 sigma for a normal distribution (this rage 

cover 99.3% of data in a normal distribution) 
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Multinomial logistic regression finds independent predictor variables, and it is therefore 

supposed that BRS by frequency technique (coherence criteria) in HF band (αHF) and mean of 

BRS Modulus in HF band are not predicted by height. However, to show their independency, 

their scatter plots together with height are demonstrated in Figure 4.3. Since the regression 

lines for control and MS are not parallel, the linear regression was not significant (p>0.05) 

and R2 values were all small, it shows that height was independent of both BRS measures in 

this data set. 

 

Figure 4.3 The regression lines had low goodness of fit (R2) reject the hypostasis that height was a 

predictor of BRS by frequency technique (coherence criteria) in HF band or mean of BRS Modulus in 

HF band. 
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4.2 Sub-group analysis within Multiple Sclerosis patients 

4.2.1 Disease duration 

The parameter of disease duration was available in all but one patient, who was eliminated in 

this component of the analysis. There was a significant linear relationship between disease 

duration and eighteen individual variables (Table 4.4).Among these 18 features, variables 

calculated from BRS by sequence technique (features 9 to 18) are strongly inter-dependent 

and largely measure the same thing. Therefore, to reduce the error of too many input variables 

for stepwise regression, only variable number 9 (BRS at lag 0) was selected from the last 10 

features and placed into the stepwise linear regression with the first 9 variables. The resultant 

model remained with age (years) and LF/HF ratio of SBPV in the supine position (ratio, unit 

less) as predictors of disease duration (years) (R2=0.40, p<0.001, equation 4.1).Scatter plots 

and linear regression lines between the individual output and input variables resulting from 

the stepwise linear regression are shown in Figure 4.4. Also, the two resulting independent 

features are plotted against each other in Figure 4.5 to show their relationship. 

Disease duration = 10.2 + 0.43 × age + 0.74 × LF/HF SBPV Eq. 4.1 
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Table 4.4 The features that had a significant linear regression with disease duration. 

Variable slope intercept R2 P 

positive slope     

age (years) 0.43 -7.16 0.32 0.000 

SBP (mmHg) 0.21 -13.34 0.14 0.006 

DBP (mmHg) 0.46 -16.25 0.14 0.007 

LF/HF SBPV, supine position (unit less) 0.86 9.88 0.09 0.029 

PQ interval (ms) 0.09 -2.61 0.08 0.056 

negative slope     

BRS (coherence criteria) LF band (αLF) (ms/mmHg) -0.07 19.47 0.10 0.021 

BRS (mean criteria) LF band (ms/mmHg) -0.52 19.24 0.10 0.021 

Mean BRS modulus LF band (ms/mmHg) -0.75 19.83 0.11 0.017 

BRS at Lag 0 (ms/mmHg) -0.43 18.69 0.10 0.025 

BRS negative sequences Lag 0 (ms/mmHg) -0.41 18.66 0.10 0.019 

BRS at Lag 1 (ms/mmHg) -0.47 18.82 0.09 0.028 

BRS positive sequences Lag 1 (ms/mmHg) -0.44 18.40 0.09 0.030 

BRS negative sequences Lag 1 (ms/mmHg) -0.47 18.71 0.12 0.010 

BRS at Lag 3 (ms/mmHg) -0.38 18.75 0.07 0.049 

BRS negative sequences Lag 3 (ms/mmHg) -0.49 19.62 0.13 0.010 

BRS number of Lag 3 negative sequences -0.48 16.28 0.09 0.032 

BRS total gain, sequence technique (ms/mmHg) 

BRS gain in negative lags, sequence technique (ms/mmHg) 

-0.48 

-0.55 

19.34 

20.33 

0.10 

0.13 

0.024 

0.009 
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Figure 4.4 Age showed a high positive correlation with disease duration (p=0.000).LF/HF ratio of 

SBP variability in the supine position showed a lower goodness of fit (R2=0.09), buy was positively 

correlated with disease duration (p=0.035). 

 

 

Figure 4.5 Age and LF/HF ratio of SBP variability in the supine position were not correlated 

(p=0.63). 
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The linear regression between age and LF/HF ratio of SBP variability in the supine position 

was weak but significant (Figure 4.4). However, the regression between age and disease 

duration was also significant (Figure 4.4).That age is a dominant confounder of disease 

duration is not entirely surprising. The analysis presented here is a post-hoc application to the 

data and this study was not designed to find the consequences of disease duration on 

autonomic features. For that aim, as study design should control for age by selecting subjects 

of the same age and different disease durations. 

4.2.2 Total number of lesions 

The total number of lesions in the CNS was not available for 7 subjects. Linear regression 

showed two variables were significantly related to number of lesions: changes of MBP in the 

Valsalva maneuver and change of SBP 2 minutes after standing. These two features were both 

negatively correlated with total number of lesions, multiple linear regression giving the model 

in Equation 3.2 (R2=0.22, p=0.010). 

total lesions = 35.0 + 0.46 × ΔMBP Valsalva+ 0.44 × ΔSBP2 minutes standing Eq. 4.2 

 

The two independent features are representing changes of BP compared to the baseline value 

in response to a cardiovascular challenge. Therefore, the meaning of negative coefficients is 

that as the number of lesions increases, the BP drop is greater in response to the 

cardiovascular challenge. The scatter plot of these two predictor variables against each other 

is illustrated in Figure 4.6, with a significant relationship between the variables. As a 

consequence, for the subjects who are unable to perform either Valsalva maneuver or postural 

change, one parameter may be estimated from the other one, and both give some information 

as to the total number of lesions in MS patients, as shown in the linear regressions presented 

in Figure 4.7. 
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Figure 4.6 The change of MBP in the Valsalva maneuver and the changes of SBP 2 minutes after 

standing are strongly correlated with each other(p=0.014).  

 

 

Figure 4.7 Negative slope of the linear regression between the total number of lesions and the 

predictor variables, change in mean blood pressure (MBP) in response to a Valsalva maneuver 

(p=0.007), and change in systolic blood pressure (SBP) at 2 minutes standing after being seated 

(p=0.023). 
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4.2.3 Expanded Disability Status Score (EDSS) 

EDSS for one subject was undefined and this subject was excluded from the analysis. The 

features with significant p-values of regression lines are as listed in Table 4.5.Applying 

stepwise method to find the true independent significant variables results in only 3 significant 

features with the model presented in Equation 4.3 (R2=0.36, p<0.001).The linear regression 

between each selected feature and EDSS score are illustrated in Figure 4.8. 

EDSS = -5.0 + 0.33 × age + 0.07 × DBP + 0.06 × BRS number positive sequences lag 3 Eq. 4.3 

Table 4.5 Variables with significant linear regression with EDSS. 

variable slope intercept R2 p 

age (years) 0.05 -0.09 0.13 0.008 

SBP (mmHg) 0.04 -2.86 0.18 0.002 

DBP (mmHg) 0.08 -4.06 0.21 0.001 

BRS number of lag 3 positive sequences  0.05 1.56 0.07 0.045 

 

Figure 4.8 Expanded Disability Severity Score (EDSS) relationship with age (p=0.008), diastolic 

blood pressure (DBP, p=0.0006) and BRS positive sequences at lag 3 (p=0.044). 
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4.2.4 Multiple Sclerosis Severity Score (MSSS) 

The value of MSSS was not available for two of the 53 subjects. Excluding those two 

subjects, the features with a significant regression with the MSSS are described in Table 4.6. 

Entering these three variables into a stepwise linear regression resulted in all variables being 

retained (R2=0.21, p=0.009, Equation 4.4).However, the individual scatter plots between these 

three features and MSSS (Figure 4.9) showed low R2 values. 

MSSS = 0.22 - 0.08 × BMI + 0.05 × DBP + 0.19 × BRS number negative sequences Lag 2 Eq. 4.4 

 

Table 4.6 Variables with significant linear regression with MSSS. 

variable slope intercept R2 p 

positive slope     

DBP (mmHg) 0.06 -2.01 0.08 0.043 

BRS number of lag 2 negative sequences 0.20 1.82 0.085 0.038 

negative slope     

BMI (kg/m2) -0.10 4.99 0.08 0.042 
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Figure 4.9The goodness of fit (R2) are low for the regression between MSSS and the predictor 

variables body mass index (BMI, p=0.042), diastolic blood pressure (DBP, p=0.043) and number of 

BRS negative sequences of lag 2 in BRS (p=0.038). 

4.2.5 Type of MS-localization (Topography) 

There was missing data for type of MS based on localization of lesions (Topography) in 6 

subjects. The type of MS-localization for the remaining 47 subjects is provided in Table 4.7. 

As 3 of the categories include only 1 or 2 subjects, and there is no meaningful similarity to 

merge them as one category, the 3 categories of bcMS, cMS and sMS were excluded. Thus in 

the 43 remaining subjects, the differences between two categories of dwMS and gMS were 

studied. 

Student’s t-tests on each variable between the two groups (gMS and dwMS) showed no 

significant differences. Only the feature LF of SBP variability in the standing position was 

borderline with the p-value of 0.050. This variable’s distribution in the two groups is 

displayed in Figure 4.10. 

Table 4.7The major proportion of subjects are classified as dwMS (deep white matter MS) and gMS 

(generalized MS). 

Topographical groups bcMS cMS dwMS gMS sMS total 

Number 1 2 22 21 1 47 
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Figure 4.10No significant differences between dwMS and gMS were found. The lowest p value 

amongst all variables was for low frequency (LF) of systolic blood pressure (SBP) variability in the 

standing position (p=0.050). 

4.2.6 Type of MS-progress 

The type of MS based on the progress of disease was not available for one subject. The 

distribution of the remaining subjects amongst the MS progress type is given in Table 4.8.  

After excluding CIS from the analysis due to the small sample size (n=1), ANOVA across the 

three remaining MS-progress types was significant forage, PQ interval and QTc interval. The 

scatter plots in Figure 4.11 shows the distribution of subjects across the three predictor 

variables in the three MS-progress type categories. The distribution of three variables between 

the three MS-type categories and their corrected p-values are illustrated in Figure 4.12.  

Table 4.8Major proportion of subjects was in the early stable phase of disease (RRMS) with the 

remaining subjects being distributed amongst the other disease progression types. 

Type of MS-Progress CIS PRMS RRMS SPMS Total 

Number 1 4 39 8 52 
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Figure 4.11R2 of PQ interval vs. Age: RRMS=0.13, SPMS=0.33, RPMS=0.18. R2 of QTcinterval vs. 

Age: RRMS=0.06, SPMS=0.003, RPMS=0.3, R2 of QTc interval vs. PQ interval: RRMS=0.02, SPMS= 

0.002, RPMS=0.0006.  

 

Figure 4.12Corrected p-values of each pair of groups in 3 different features, shows significant 

difference of RRMS and RPMS with longer QTc in RPMS. 
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4.2.7 Treatment delay 

Treatment delay category was unavailable for one subject. Table 4.9 displays the number of 

subjects in each group for the remaining subjects. 

ANOVA showed that age, height, SBP and changes of DBP in the hand grip test were 

significantly different between the four categories (Figure 4.13). The four variables were 

assigned as hierarchical inputs in a multinomial logistic regression (in order: none, late, 

middle and early). The multiple comparison corrected p-values are provided in Table 4.10. 

Age was the only significant distinction between the subjects who were never treated (N) and 

those under any treatment (L, M, E) as subjects never treated were older. The subjects who 

started treatment late differed significantly in height and changes of DBP in the hand grip test 

compared to subjects treated before that (M and E). The late treated subjects were taller and 

had a smaller change in DBP during the hand grip test. The middle treated group had a higher 

SBP than the early treated group.  

Table 4.9Number of subjects in the four different categories of treatment delay. 

Treatment groups Early Middle Late Never 

number 18 18 9 7 

 

Table 4.10Hierarchical multinomial logistic regression p values for the treatment delay categories 

none (N), late (L), middle (M) and early (E)for the variables found significant by ANOVA (age, height, 

systolic blood pressure (SBP) and change in diastolic blood pressure (ΔDBP) in the handgrip test). 

 N vs L,M,E L vs M,E M vs E 

age 0.042 0.839 0.394 

height 0.073 0.017 0.380 

SBP 0.635 0.839 0.036 

ΔDBP hand grip test 0.375 0.015 0.061 
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Analysis was also conducted considering the treatment onset as independent groups instead of 

a hierarchical variable. The resulting significant differences between groups are displayed in 

Figure 4.13. Post-hoc analysis using non-hierarchical methods showed no significant 

differences between none and early treated groups. No treatment and middle-onset treatment 

only differed in age. Early and middle onset treatment differed in systolic blood pressure. Late 

onset treatment differed all other groups in height and ΔDBP in the hand grip test. Results are 

shown in Figure 4.13 and multiple comparison adjusted p-values given in Table 4.11. 

Table 4.11Multiple comparison adjusted p-values for none (N), late (L), middle (M) and early (E) 

treatment treated as non-hierarchical variables for the variables found significant by ANOVA (age, 

height, systolic blood pressure (SBP) and change in diastolic blood pressure (ΔDBP) in the handgrip 

test). 

 L vs N L vs E L vs M M vs N M vs E N vs E 

Age 0.075 0.949 0.631 0.029 0.429 0.052 

Height 0.004 0.011 0.028 0.081 0.290 0.240 

SBP 0.854 0.225 0.709 0.541 0.032 0.292 

ΔDBP hand grip test 0.014 0.005 0.038 0.234 0.053 0.840 
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Figure 4.13Variables that were significantly different between treatment onset categories were age, 

height, systolic blood pressure (SBP) and change in diastolic blood pressure (DBP) in the hand grip 

test. Age was significantly different only between no (N) and middle-onset (M) treatment. Height was 

greater in late-onset (L) treatment than in all other groups. SBP only differed between M and early-

onset (E) treatment. Changes of DBP in the hand grip test were significantly lower in L group 

compared to all other groups. 

 

4.3 Multiple Sclerosis clinically abnormal autonomic reflex test 

results 

The autonomic function reflex tests for each MS patient were rated as either in the normal or 

abnormal range, as described in the Methods (Section 3.2). The rates of abnormalities for 

each feature are shown in Table 4.12.Among the 9 autonomic reflex test parameters, 

parasympathetic activity was predominantly evaluated by RSA, VR and the 30:15 ratio. The 

sympathetic activity was predominantly represented by changes of MBP in Valslava, MBP at 

late phase II Valsalva, MBP at phase IV Valsalva, changes of SBP 2 minutes after standing 

and changes of DBP in hand grip test.  
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Table 4.12The 9 features from 4 reflex cardiac autonomic tests giving total numbers in the normal 

and abnormal range and not available (NA) values. Whether the parameter reflects predominantly 

sympathetic or parasympathetic response is given in the right hand column. 

Variables Normal Abnormal Number of 

NA values Predominantly parasympathetic-response variables 

RSA (beats/min) 34 (64%) 19 (36%) 0 

E:I 50 (94%) 3(6%) 0 

VR  29 (58%) 21 (42%) 3 

30:15 ratio 30 (59%) 21(41%) 2 

Predominantly sympathetic-response variables 

changes of MBP in Valslava (mmHg) 23 (46%) 27 (54%) 3 

MPB in late phase II(mmHg) 30 (60%) 20 (40%) 3 

MBP in Phase IV (mmHg) 49 (98%) 1 (2%) 3 

ΔSBP 2 min after standing (mmHg) 37 (72%) 14 (28%) 2 

ΔDBP in hand grip test (mmHg) 26 (49%) 27 (51%) 0 

RSA, respiratory sinus arrhythmia. E:I, inspiration: expiration average heart rate variation. VR, 

Valsalva Ratio. MBP, mean blood pressure. SBP, systolic blood pressure. DBP, diastolic blood 

pressure. 

 

The E:I ratio and the MBP in Phase IV of Valsalva produced normal results in a large 

majority of patients. In addition, in standard autonomic tests, between two parameters of deep 

breathing tests, RSA ratio is mostly used for CANS scoring93. Also, . Since the aim in this 

part is to compare the MS subjects together and the two variables of E:I ratio and MPB in 

Phase IV does not produce informative information (normal for all subjects) they are 

excluded from scoring the autonomic test as they do not produce informative information. 

4.3.1 Parasympathetic score and sympathetic score 

The total parasympathetic scores and sympathetic scores (Methods Section 3.2) were 

individually studied in order to find any relation between them and the clinical variables of 
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EDSS, MSSS, disease duration, total number of lesions, topography, progress type and 

treatment delay. No significant differences were found except that sympathetic score was 

significantly lower in late onset treatment compared to not late treatment (either N+M+E or 

M+E). Figure 4.14 shows the distribution of sympathetic scores in the two groups of Late and 

Not late treatment.  

 

Figure 4.14Distributions of sympathetic score in Late and Not Late treatment onset. Considering or 

excluding group ‘N’ (no treatment) from Not Late group did not change the result 

4.3.2 Combined parasympathetic score and sympathetic score 

The combination of the scores of both sympathetic and parasympathetic scores 

(sympathovagal score) (Methods Section 3.2) was studied to find any relation between this 

parameter and clinical variables. To this aim, the new feature was calculated by accumulation 

of sympathetic score and parasympathetic score. The results showed significant difference of 

this parameter between late-onset treatment and not late treatment. Figure 4.15 shows the 

result of significantly lower values of this score in late treatment. Also, this variable was 

inversely correlated with disease duration with borderline p-value of 0.05 (Figure 4.16). 
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However, if the sympathovagal score is divided in to two groups of scores <4 and scores>=4, 

as it is shown in Figure 4.17, disease duration is significantly different between two groups. 

 

Figure 4.15Significant lower mean values of sympathovagal scores in two treatment groups of late 

and not late-onset treatment. 

 

Figure 4.16Disease duration and sympathovagal score had a borderline significant linear regression 

with p-value of 0.05. 
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Figure 4.17Distribution of disease duration in groups of sympathovagal score≥4 or <4. 
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Chapter 5 

Discussion 

CAD is frequent in MS patients and its impact on quality of life is substantial. It might be the 

reason of sudden death in MS patients, while being hidden for years until progressive 

impairment of cardiac autonomic balance41,49. Characterization of CAD can lead to 

identification of cardiovascular risk and treatment planning. However CAD is not very well 

described in MS patients and it is usually overlooked in calculating disease severity and 

progress scores8,86.  

In this thesis a comprehensive cardiac autonomic test was performed on 53 MS patients. All 

distinctions between MS and control and all relations between CANS results and MS clinical 

variables were investigated.   

The standardized cardiovascular reflex measurements were used in studying CANS in MS. 

The reflex tests included deep breathing, Valsalva manoeuvre, postural change and isometric 

exercise. In addition, a rarely used comprehensive analysis of short term (5minutes) 

spontaneous changes of HR and BP was performed. The analysis included HRV in time and 

frequency domains, SBPV in the frequency domain and BRS by both sequence and frequency 

techniques.  



102 

 

Both reflex tests and analysis of spontaneous variability of HR and BP proved to be 

informative about distinction of CAD in MS, as well as being descriptive of MS type, severity 

and progress. 

5.1 Subject selection 

The selection of MS subjects in this study was completely random, and they were not 

collected based on their age, sex or type of MS. As a result, the proportion of female subjects 

to male subjects and their disease progress types was similar to demographic make-up of the 

MS population worldwide. In Table 5.1, the demographic information of  MS patients in this 

study and MS population in the world (published in MS Atlas 2008 & 2013113,114) illustrate 

this similarity.  

Table 5.1Demographic information of MS subjects in this study and MS patients in the world113,114 

Subjects’ demographic information MS group in this study MS population in the world 

Women/men 64% / 36% 67% / 34% 

Average age at onset (year) 34 29 

RRMS 74% 69% 

PRMS 15% 19% 

SPMS 7% 5% 

PPMS 0 7% 

 

Selection of controls was first based on finding control subjects with matched age and sex 

with each MS subject. Among the list of 68 healthy controls, only 23 were found to be 

matched with 23 MS subjects of this study. For a few cases, there was more than one option 

to choose. Therefore, the matched controls were selected based on the similar BMI. As shown 

in Appendix B and Table 4.2, the BMI of two groups were similar, but the heights and 

weights of MS subjects were significantly higher than controls. The reason could be the race 

difference between the two groups, as the MS subjects were all Caucasian and controls were 
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from a mix of races. It should be taken into consideration that different races can result in 

significant different HF, LF and LF/HF ratio of HRV. In a study performed on 1984 healthy 

persons, the parameters LF and LF/HF ratio of HRV were reported to be significantly higher, 

and HF of HRV to be significantly lower in Caucasians compared to age and sex matched 

African-Americans115. 

 

5.2 MS and Controls Comparison 

Comparing autonomic features of MS with controls in this study was only feasible for 65 first 

features extracted from 5 minutes supine rest, which can be discussed in the four following 

categories: 

HRV in the Time Domain: This study found no significant differences of short term (5 

minutes) analysis of RR interval in the time domain between MS and control. The mean 

values and ranges of these 3 parameters are shown in Appendix B for both MS and control 

groups. Although the ranges of these three variables are wider in controls compared to MS, 

the difference between them is not significant.  

In previous studies, however, long term (24 hour) calculation of SDNN, rMSSD and 

PNN50% in MS subjects were reported to be significantly lower comparing to controls49,116. 

No other studies to date have performed short term analyses of spontaneous HRV in the time 

domain in MS patients, the study presented in this thesis being the first to investigate HRV in 

this manner. 

HRV in the Frequency Domain: For comparison of short term HRV in the frequency 

domain between MS and control subjects, results between studies are not consistent.  For 

instance in one study on 10 MS subjects and matched controls, no differences were observed 
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in VLF, LF and HF of HRV, and only LF/HF ratio and LF of HRV in normalised units were 

found significantly lower in MS36.In another study (on 16 MS and matched controls), only 

TP, VLF and LF of HRV were reported significantly lower in MS47. Also, in a study on 39 

MS subjects and matched controls, all HRV parameters calculated from 24 hour ECG was 

reported to be significantly lower in MS, except LF/HF ratio of HRV with no significant 

difference49; while the exact opposite results (significantly higher results in MS ) were 

reported in another 24 hour study on MS117. Another study of 13 MS subjects and controls, 

found no significant differences between short term HRV parameters46.  

In this study however, the parameters of HRV in frequency domain were not significantly 

different from controls. As can be seen in Appendix B and Table 5.2, the average of these 

variables in MS group are higher than control group and the ranges are wider, but not 

significantly different and the p-values indicate that that the two groups are not close to being 

significantly different. 

Variability between studies may be for several reasons. Firstly, the method of measuring 

HRV is different between studies, some using short term (minutes) measurement of heart rate 

and others using longer term (24 hour) measurement of heart rate. Secondly, the sample sizes 

vary between studies, with some having quite small sample sizes. Another reason for non-

consistent results could be different statistical methods applied. In this study, Mann Whitney 

U test is applied (as in one of previous studies46). However, if the independent t-test is applied 

(as in two of previous studies36,47, requiring a normal distribution unlike the Mann Whitney U 

test) the p-values will be still insignificant but close to significant. Table 5.2 shows the p-

values calculated with two different tests indicating the importance of choosing the correct 

statistic test in data interpretation. 
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Table 5.2 The p-values calculated from Mann Whitney U test and student t-test for parameters of HRV 

in frequency domain. 

HRV in frequency domain 

parameters 

p-value of Mann Whitney U 

test 

(distribution free) 

p-value of Independent t-test 

(normal distribution 

assumption) 
TP (ms2) 0.4 0.08 

VLF (ms2) 0.1 0.09 

LF (ms2) 0.9 0.08 

HF (ms2) 0.4 0.2 

 

In addition, race differences, as previously mentioned in Section 5.1 may affect the results. 

Another reason for different results could be due to large variation in control values in this 

study. This problem was reported in some previous studies as well, and considered as a 

limitation in clinical application of spectral methods50. 

SBPV in Frequency Domain: In this study, LF power in normal units and LF/HF of SBPV 

variability were found to be significantly lower in MS subjects compared to the control group. 

Also, HF power in normalised units and HF of SBPV were significantly higher in MS. In two 

similar previous studies, no significant differences of SBPV parameters were reported 

between MS and control36,50. 

The interpretation of SBPV differs from HRV. The underlying cause of BPV in the HF band 

is due to respiration that often occurs around 0.25 Hz, and in the LF band is due to oscillations 

in baroreceptor and chemoreceptor reflex control systems (Mayer waves) at around 0.1 Hz50.  

The power in the LF band (0.077-0.15Hz) of SBPV is interpreted to be related to both 

sympathetic function and the function of smooth muscles in blood vessels to keep the blood 

flow constant (myogenic vascular function).For this, the smooth muscles react to stretching or 

contraction in vessels which is caused by increase and decrease of blood pressure in order to 
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maintain blood flow. However, in most studies lower values of SBPV in the LF band is 

interpreted as reduced sympathetic vasomotor outflow50. 

The mechanism underlying in the HF band (0.15–0.40Hz) of BPV relates to smooth muscle 

relaxation (via endothelial-derived nitric oxide release) and the hormone system for regulating 

BP and fluid balance (renin-angiotensin system). However it has not been adequately 

explained despite several studies indicating that it is a mechanical consequence of respiration 

and thus originated from parasympathetic functiononly50.The large variation of SBPV values 

of controls is also considered as a limitation in clinical application of spectral methods as 

well50. However as can be seen in Appendix B, in the current study only the values of VLF 

and TP of SBPV in the control group had large variation. 

Altogether, in this study significantly lower values of LF power of SBPV in normalised units 

is considered as an indication of lower sympathetic function as well as lower baroreceptor 

reflex control system in MS compared to control subjects118,119. 

a) BRS by Sequence and Frequency Techniques: 

 

- Sequence Technique 

In this study BRS calculated by the sequence technique didn’t show any significant 

differences compared to the control group. This result was consistent with one previous study 

which suggested that BRS for MS subjects with low EDSS (2.1 ± 0.5) does not differ from 

controls111. In the current study the average EDSS score for 23 MS subjects was 1.7±1.24.   

- Frequency Technique 

This study showed significantly diminished BRS in the HF band by both mean and coherence 

criteria in the MS group compared to controls. These results are consistent with one previous 

study of BRS calculated by the frequency technique for MS patinets50.  
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In previous studies, calculating BRS by the frequency technique and coherence criteria was 

shown to have similar results compared to measurement of BRS measurement by 

phenylephrine injection (vasoconstrictor agent)16,46. However, since non-invasive methods 

(frequency and sequence techniques) measure spontaneous function of BRS and the invasive 

method measures the strength of BRS reflex to an blood pressure stimulation requiring 

invasive methods, the non-invasive techniques cannot substitute the invasive method for 

diagnosis purposes16. Diminished BRS in the LF band is usually interpreted as baroreflex 

impairment.  But abnormal BRS in the HF band is doubted to have only a BRS origin. In 

animal experiments, after baroreceptor denervation, the measure in the HF band is persevered, 

its impairment is thought to be related to central impairment rather than vagal dysfunction of 

BRS16. This could be due to brainstem alteration with disturbed cardiorespiratory coupling in 

MS patients50.  

5.3 Rate of Abnormal Results in Reflex Tests 

Most cardiac autonomic studies done on MS patients compared the CANS reflex tests in MS 

and control groups. In previously published studies, the abnormalities of reflex tests in MS 

groups were reported to be significantly higher than in the control groups39,41. However, in 

this study CANS reflex tests were only performed on MS subjects and the results were 

compared to age-dependant normal ranges of each test published in previous 

investigations8,55,71,87 (Appendix A).  

In this study, the rate of abnormalities in deep breathing (RSA parameter) was 36%, and two 

other predominantly parasympathetic variables (Valsalva ratio and the 30:15 ratio of 

standing) produced the abnormality rate of 42% and 41%. The range of deep breathing 

abnormalities published in a meta-analysis study of CANS on MS is reported to be from 

13.2%–40.4% abnormality with the average of 25.6%. It is suggested that since among 

parasympathetic evaluation variables this test has the most consistent ranges of abnormalities, 
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this is a good marker of parasympathetic function39,120,121.In previous studies results of 

abnormal VR and 30:15 ratio were reported to vary between 0to 31% of MS 

patients37,38,40,43,47,56,85,86,120. However it is still suggested that the Valsalva ratio and the 30:15 

ratio are of great importance to be included in parasympathetic assessment49. For instance, the 

30:15 ratio was reported to be the only reflex index that showed a reduction with disease 

progression in longitudinal studies of MS56,122. In the study presented in this thesis, among the 

53 subjects out of 3 parameters of reflex tests for assessment of parasympathetic function, 18 

had more than 1 (34%) abnormal results. Among those with more than1 abnormal result, only 

3 had normal RSA while in the other 35 subjects, 33 had normal RSA. The chi-square p-value 

is equal to 0.0006, showing the ability of the deep breathing test to be a good representative of 

parasympathetic function. 

Among predominant sympathetic reflex tests assessed for MS patients, the hand grip test 

showed the most consistent abnormal results in previous studies with the abnormality range 

up to 44%38,47,120,121. In the current study, the hand grip test presented 51% rate of abnormality 

in MS subjects. Changes of MBP in Valsalva are less frequently used because of the difficulty 

in identification of the 4 phases in Valsalva, as well as normal response validation. However, 

in this study, only overshoot in late Phase II and the adequate fall in MBP in early Phase II (4 

Phase Valsalva response)were considered as normal. Assessment of changes of SBP in 

postural challenge however, is of great importance to detect systolic orthostatic hypotension 

or hyper tension. Orthostatic intolerance is reported to occur in up to 49% of MS subjects39. In 

this study 28% of subjects had abnormal changes in SBP 2 min after standing, including 

either more than 20 mmHg decreases or increase in SBP. Altogether, in this study the subjects 

with more than 1 abnormal sympathetic test were 31 (58%). Among those 31 subjects, 6 had 

normal hand grip result, and among 22 with 1 or no abnormal tests 20 had normal hand grip 

result. The p-value of chi-square test is equal to 0.003, showing the efficiency of handgrip test 

to be representative of sympathetic function. 
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Motor deficit may be the reason of impaired respiration force in deep breathing test and 

weakened hand grip and may be a dominant confounder of abnormal results in these two 

tests120,121. However, by including 3 tests for sympathetic and parasympathetic function 

assessment, the final scores are reliable. 

In previous investigations, sympathetic function was reported to be more damaged than 

parasympathetic function123. The current study, showed 34% abnormal results in 

parasympathetic and 58% sympathetic that complies with the previous studies. 

5.4 Comparing Autonomic Results with Clinical Variables 

5.4.1 Disease duration 

Many investigations aimed to find the relation between disease duration and CANS tests 

parameters. In previous studies, decreased HRV parameters in the frequency domain49, and 

higher rate of abnormal reflex tests were reported to be significantly correlated with disease 

duration but not with severity score34,49,86.  

In this study, age is shown to be a confounder for disease duration. However, the 

sympathovagal score calculated from reflex tests was shown to be negatively correlated with 

disease duration. Since this score is calculated based on age-dependent normal values thus 

normalising for age, this correlation is independent of age. The linear regression between 

disease duration and sympathovagal score (Figure 4.16 in Results chapter) has a borderline 

significant p-value (0.050).  

Also the subjects with more than two abnormal variables (sympathovagal score<4) had 

significantly longer disease duration (Figure 4.17 in Results chapter). This implies that the 

whole sympathovagal function is significantly diminished with longer disease duration and 

this reduction is not related to age.  
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However, this study was not designed for studying the effect of disease duration on CANS 

parameters. For that aim, subjects with the same age and different disease durations should be 

studied. 

5.4.2 Number and Localization of Lesions 

With the improvement of imaging techniques many studies aim to relate the location, load 

and number of lesions to CAD and clinical variables of MS. While some studies found no 

relation between CANS results and localisation of lesions and MS lesions load44,47,90, in other 

studies midbrain and brainstem124, or brainstem and spinal cord were suggested to be related 

to CAD43. Most investigations, including longitudinal studies, failed to find any relation 

between disease severity scores and number of lesions56. 

In the current study, the topography of lesions in two groups of dwMS and gMS were 

compared and no relation was found with CANS parameters. However, the total number of 

lesions is concluded to be significantly correlated with the results of two sympathetic 

parameters of reflex tests. In this study, the changes of MBP in the Valsalva manoeuvre and 

changes of SBP2 minutes after postural change were found to be significantly correlated with 

total number of lesions. The higher the change in BP in these two challenges indicated more 

impairment of sympathetic function, and less control of sympathetic system to recover BP in 

challenges such as standing. Therefore, higher numbers of lesions is accompanied with more 

sympathetic dysfunction. 

Usually CANS tests are solely labelled as normal or abnormal. However, the findings in this 

study showed the advantage of evaluating the relation of raw values with clinical variables. 

This part has the potential for future further investigation. Comparing the number of lesions in 

different locations with CANS parameters, for instance brain vs. spine lesions or cortical vs. 

deep white matter lesions is one avenue that could be explored further.  
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5.4.3 Progress Type 

In previous investigations, the frequency of AD is reported to be more in PPMS than SPMS 

and RRMS42.In this study, only 3 types of RRMS, SPMS and RPMS were included. Among 

these 3 types the only significant difference was longer QTc in RPMS vs. RRMS. However, it 

is reported by the U.S Food and Drug Administration (FDA) that Fingolimod (Gilenya), taken 

by some MS subjects including a subset in this study, is associated with a lengthening of the 

QTc125. This medication is predominantly used by patients in RPMS progress. Future studies 

of a larger sample size could consider excluding patients with this type of medication or 

compare patients using Fingolimod with those not on the medication. 

5.4.4 EDSS and MSSS 

Most studies didn’t find any relationship between CAD and EDSS42,63,86. EDSS is only found 

to be worsened by disease duration in longitudinal studies56.  

In this study EDSS was correlated with age but not correlated with any of the CANS reflex 

parameters or spectral results. MSSS also was not correlated with any of CANS parameters. 

However, there was a negative linear relation between MSSS and BMI. As can be seen in 

Figure 4.9, there is a significant negative linear regression between MSSS and BMI but the 

regression is not strong (R2=0.08). However, if subjects are categorised to 4 groups of 

underweight (BMI<18.5), normal (18.5<BMI<24.9), overweight (25<BMI<30) and obese 

(BMI>30), patients in obese group had borderline significant lower MSSS (p=0.053) as 

shown in Figure 5.1.But4 categories are not significantly different in MSSS values as shown 

in Figure 5.2. In addition, if subjects are classified based on the average value of MSSS 

(average MSSS= 2.33), the subjects in higher MSSS group have significantly lower BMI 

(p=0.01) as shown in Figure 5.3. However, there are no studies currently in the same field for 

comparison of this finding and this investigation has the potential for future studies designed 
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specifically to investigate this phenomenon. However, both weight loss and weight gain is 

reported as a consequence of MS, originated from fatigue, swallowing problem, medications 

or immobility. Therefore, for further investigations, the history of weight loss or weight gain 

also should be considered.    

 

Figure 5.1 Obese patients (BMI>30) and not obese patients (BMI<30) had borderline significant 

differences in MSSS. 

 

Figure 5.2 Four categories of BMI are not significantly different in their MSSS values. 
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Figure 5.3 36 subjects with MSSS<2.33 (Average MSSS) have significantly higher BMI comparing to 

15 subjects with MSSS>2.33 

5.4.5 Treatment delay 

The effect of treatment delay on different CANS parameters was studied and the main 

distinction was related to the subjects who started medication after 10 years of disease onset 

compared to the other patients. This late treatment group had significantly lower changes of 

DBP in the hand grip test indicating damaged sympathetic function. Also, the sympathetic 

and sympathovagal scores calculated based on age-dependent normal values in reflex tests 

were significantly lower in the late treatment group compared to others. This implies 

impairment of sympathetic function and overall sympathovagal balance with majorly delayed 

treatment.  
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5.5 General limitations 

The main limitations of this study include the following: 

1. The number of age and sex matched controls was low.  

2. The racial makeup of control subjects was different to that of MS subjects and is a 

likely confounder in the HRV parameters. 

3. Spontaneous BP and HR tests were conducted but reflex tests were not done for 

controls. Therefore, the normal ranges for reflex tests had to be considered using 

normal values from other studies. Ideally, normal values measured from controls in 

the same clinic, by the same investigators, would be used and this is a possible 

expansion of the current project for a more detailed comparison of the current MS 

cohort with control subjects.  

4. The diversity of MS patients in terms of topography, progress type and severity levels, 

combined with some missing values in the clinical data made investigation impossible 

for some categories due to insufficient sample size. Inclusion of these categories 

would require a study of much larger sample size due to the lower prevalence of these 

categories in MS. 
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5.6 Future work 

1- The control group study could be expanded and the complete autonomic test 

performed. 

2- The number and load of lesions in different locations of CNS could be 

investigated. 

3- The MS group study could be expanded to include sufficient number of subjects 

in each topographical, or progress type categories. 

4- The exaggerated responses of parasympathetic tests (vasovagal syndrome) seen in 

some patients can be studied. Since in CANS tests usually there is only a lower 

normal limit (and not upper normal limit), those exaggerated responses are not 

necessarily considered as abnormal. 

5- In this study the whole statistics were based on the criteria of significant p-value. 

However, feature selection methods such as principle component analysis (PCA) 

also could be used in addition to the criteria based on p-value. 

6- The changes of some parameters within MS group and within control group could 

be measured and the new variables could be compared between MS and control. 

For example, the changes of spectral parameters of HRV in supine and standing 

for each group could be calculated and then compared between groups  

7- Many factors such as medication and the antibody levels in blood tests could also 

be included in the investigation.  
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5.7 Conclusions 

The main conclusions of the current study are: 

1- The LF of SBPV in normalised units significantly was lower in MS compared to 

control, indicating impaired sympathetic function and diminished baroreceptor reflex 

control system in MS patients. 

2- BRS in the HF band (αHF) was significantly lower in MS compared to the control 

group. The same result in previous studies is interpreted as brainstem alteration with 

disturbed cardiorespiratory coupling in MS patients50. 

3- Deep breathing and isometric exercise tests were found to be the most representative 

parameters of parasympathetic and sympathetic dysfunction in MS patients. 

4- Age corrected sympathetic score and sympathovagal score of reflex tests significantly 

decreased with longer disease duration. 

5- MS patients had a higher rate of sympathetic impairment compared to 

parasympathetic damage based on reflex tests. 

6- Total number of lesions was significantly correlated with more damaged sympathetic 

system based on abnormal changes of BP in Valsalva manoeuvre and orthostatic 

challenge. 

7- MS patient with late treatment (more than 10 years after onset) had significantly less 

sympathetic control derived from isometric exercise test.  
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Appendix A 

Variables’ normal range for 

healthy controls   

Feature Normal Value / range for healthy population 

Heart Rate(bpm) 60-100           

PQ int (ms) <200 ms 

QRS int (ms) 60-120 

QT int (ms) <440ms 

QTc (Bazett’s)  350-460 for women, 350-450 for men 

mean RR (ms) 926±90 

SDNN (ms) 50±51 

rMSSD (ms) 42±42 

PNN50%  8.9±7.2 

TP (ms2) 3466±1018 

VLF (ms2) 2524 ±  931 

LF  (ms2) 1170±416 

HF  (ms2) 975±203 

LF  (nu) 54±4 
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HF  (nu) 29±3 

mean SBP (mmHg) 90-120 

mean DBP (mmHg)  60-80 

Total BRS L0 

 

18-29 year 30-39 year 40-49 year 50-59 year 

14 (13.1:14.9) 10.3(9.7:11) 7.8(7.4:8.2) 6.8(6.2:7.3) 

No. of Slopes BRS L0 26.9(23.3:30.5) 19(16.8:21.2) 19.1(17.5:20.8) 17(14.4:19.7) 

BRS -PI/-SBP 13.9(12.3:15.3) 10.8(10.1:12.2) 8.2(7.6: 8.6) 7(6.9 :8.3) 

No. of Slopes -PI/-SBP 14.5(12.8:16.8) 10.1(8.8 : 11.5) 11.1(10.1 :12.2) 10.1(8.5:11.6) 

BRS  +PI/+SBP 13.7(12.7:14.7 ) 9.8(9.1:10.4 ) 7.1(6.8:7.5) 6.2(5.6 :6.7) 

No. of Slopes +PI/+SBP 12.8(11:14.6) 9.6(5.6:10.7) 9(8.2 :9.8) 7.9(6.6: 9.3) 

𝛼_𝐿𝐹 (ms/mmHg) 15.4±5 

𝛼_𝐻𝐹 (ms/mmHg) 25.1±8.3 

E:I  20-29 years 1.16 

30-39 years 1.125 

40-49 years 1.09 

50-54 years 1.065 

60-64 years 1.035 

70-75 1.02 

Minimum for normal RSA 

(beat/min) 

20-29 years 14 

30-39 years 12 

40-49 years 10 

50-54 years 9 

60-64 years 7 

1.125 years 12 

Maximal drop of the MBP during 

the early phase II(mmHg) 

 

Normal value< 20 mmHg 



129 

 

MBP at late phase II (recovery) 

 

≥ baseline (mmHg) 

MBP at phase IV (overshoot) 

 

> baseline (mmHg) 

Rise of DBP in hand grip test 

(mmHg) 

>16  Normal  , <10 Abnormal 
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Appendix B 

Variables’ Distributions 

Control vs MS 

 MS  Control  

 mean std min max mean std min Max p-value 

Gender 

(F0M1) 

0.35 0.48 0.00 1.00 0.35 0.48 0.00 1.00 1.000 

AGE 37.52 11.81 19.00 65.00 37.70 11.87 20.00 66.00 0.956 

Height 

(cm) 

171.43 10.78 150.00 188.00 164.43 9.35 145.00 185.00 0.035 

Weight(kg) 71.17 17.28 44.00 103.00 60.13 9.62 46.00 76.00 0.026 

BMI 24.00 4.53 18.31 34.60 22.21 2.78 17.24 27.25 0.219 

SBP 118.78 12.16 100.00 155.00 119.52 15.02 96.00 155.00 0.939 

Heat Rate 

(60-100) 

70.78 10.52 58.00 98.00 67.52 9.16 50.00 84.00 0.575 

mean RR 

(ms) 

871.61 103.44 615.70 1020.63 906.95 123.01 725.47 1186.38 0.553 

SDNN 

(ms) 

47.25 15.50 15.93 67.73 60.23 31.89 14.82 142.59 0.263 

rMSSD 

(ms) 

41.28 22.74 11.39 89.39 49.79 37.81 12.11 160.20 0.660 

PNN50% 16.23 17.27 0.00 48.68 15.97 15.33 0.00 55.04 0.843 

TP (ms2) 1888 1134 222 4675 4615 7128 191 32315 0.368 

VLF (ms2) 685 480 35 1816 1981 3445 108 16428 0.109 

LF  (ms2) 629 530 48 2002 1692 2727 54 9688 0.598 

HF  (ms2) 574 536 49 2106 942 1388 29 6200 0.568 

LF/HF 1.96 2.26 0.35 10.02 2.08 2.59 0.13 10.62 0.660 

LF (nu) 53.10 20.69 25.69 90.92 55.29 19.17 11.87 91.40 0.660 

HF (nu) 46.90 20.69 9.08 74.31 44.71 19.17 8.60 88.13 0.660 

TP SBP 34.63 48.51 3.11 208.98 44.81 60.44 6.85 298.92 0.253 

VLF SBP 20.08 31.33 1.00 147.43 35.49 56.26 2.71 276.99 0.141 

LF SBP 8.74 9.55 0.87 47.89 8.06 5.83 0.74 22.26 0.792 

HF SBP 5.81 16.69 0.42 83.79 1.26 0.81 0.17 3.31 0.004 

SBPLF/HF 3.90 3.17 0.48 12.85 8.92 6.85 0.98 23.15 0.006 

SBPHFnu 30.49 18.78 7.22 67.59 17.87 14.29 4.14 50.44 0.006 

SBPLFnu 

 

69.51 18.78 32.41 92.78 82.13 14.29 49.56 95.86 0.006 

α LF Coh 10.44 4.39 3.62 21.17 16.37 12.47 4.06 53.47 0.147 

n LF Coh 20.04 8.81 2.00 28.00 22.65 5.84 6.00 28.00 0.679 
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α HF Coh 15.54 9.00 4.12 35.80 28.74 16.77 9.80 73.28 0.003 

n HF Coh 47.48 14.34 14.00 64.00 54.13 11.42 22.00 64.00 0.121 

α LF Mean 14.04 6.34 4.90 29.10 22.99 18.77 5.20 85.37 0.124 

n LF Mean 12.91 2.59 8.00 18.00 12.74 2.62 8.00 17.00 0.765 

mean value 

Modulus 

LF 

10.73 4.30 3.62 21.17 16.23 11.68 4.07 47.84 0.253 

α HF Mean 21.73 12.53 5.26 50.72 39.24 25.05 12.76 115.22 0.007 

n HF Mean 27.48 3.99 20.00 34.00 27.78 3.96 21.00 37.00 1.000 

mean value 

Modulus 

HF 

16.15 9.26 3.89 36.61 28.58 17.02 9.43 76.02 0.006 

mean 

modulus 

14.77 7.94 4.33 35.00 24.82 15.39 9.33 67.02 0.013 

BRS0 15.87 8.03 5.46 39.29 13.25 5.63 0.00 23.94 0.538 

NUM0 60.74 26.55 12.00 114.00 56.09 45.32 0.00 169.00 0.292 

BRS+0 14.87 7.38 5.42 34.57 13.70 6.34 0.00 32.68 0.947 

NUM+0 30.22 14.18 4.00 61.00 30.35 25.64 0.00 88.00 0.435 

BRS-0 16.79 8.88 3.43 41.65 13.26 7.10 0.00 29.59 0.235 

NUM-0 30.52 13.50 6.00 57.00 25.74 22.42 0.00 83.00 0.127 

BRS1 14.05 7.29 3.97 32.73 12.49 5.69 0.00 25.06 0.775 

NUM1 28.78 17.89 4.00 58.00 29.61 17.59 0.00 66.00 1.000 

BRS+1 14.03 7.36 4.64 32.74 12.63 6.47 0.00 27.14 0.676 

NUM+1 20.70 14.02 3.00 49.00 19.13 13.04 0.00 47.00 0.775 

BRS-1 13.66 8.82 0.00 37.50 12.60 8.84 0.00 35.89 0.645 

NUM-1 8.09 5.77 0.00 23.00 10.48 8.63 0.00 33.00 0.488 

BRS2 14.14 9.61 0.00 41.91 13.74 6.81 0.00 24.76 0.801 

NUM2 12.30 10.91 0.00 37.00 14.35 12.95 0.00 61.00 0.553 

BRS+2 14.66 12.15 0.00 43.04 13.37 7.03 0.00 24.51 0.792 

NUM+2 9.26 8.91 0.00 28.00 9.04 7.80 0.00 31.00 0.660 

BRS-2 12.55 9.73 0.00 35.60 10.90 9.68 0.00 40.85 0.581 

NUM-2 3.04 2.88 0.00 10.00 5.30 7.24 0.00 30.00 0.756 

BRS3 16.84 6.17 7.91 28.21 13.57 6.61 0.00 30.93 0.124 

NUM3 18.70 10.45 2.00 44.00 17.96 19.56 0.00 85.00 0.180 

BRS+3 17.44 8.73 7.90 47.07 13.57 6.44 0.00 28.19 0.219 

NUM+3 11.87 7.99 1.00 29.00 12.61 16.07 0.00 75.00 0.367 

BRS-3 16.23 7.38 0.00 28.03 11.60 9.48 0.00 37.63 0.045 

NUM -3 6.83 4.90 0.00 19.00 5.35 6.03 0.00 24.00 0.158 

Total BRS 

gain 

15.23 6.72 5.66 30.45 13.81 5.08 5.59 23.87 0.708 

Total BRS 

plus 

14.71 6.59 6.49 29.18 13.76 5.30 5.58 24.77 0.829 

Total BRS 

minus 

16.06 7.37 3.64 33.18 14.23 6.43 4.43 31.10 0.447 
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Disease duration 

 Intercept Slope R2 P-value 

Gender 13.455 -0.139 0.000 0.964 

AGE -7.157 0.435 0.323 0.000 

Height (cm) -14.000 0.160 0.023 0.279 

Weight(kg) 5.934 0.100 0.034 0.191 

BMI 6.084 0.289 0.022 0.293 

SBP -13.347 0.213 0.140 0.006 

DBP -16.247 0.406 0.137 0.007 

MBP -16.768 0.321 0.137 0.007 

Heat Rate (60-100) 16.310 -0.042 0.004 0.651 

mean RR (ms) 8.476 0.006 0.006 0.592 

SDNN (ms) 17.383 -0.100 0.034 0.188 

rMSSD (ms) 15.896 -0.078 0.031 0.209 

PNN50% 14.957 -0.159 0.050 0.110 

TP (ms2) 15.506 -0.001 0.055 0.096 

VLF (ms2) 14.936 -0.003 0.022 0.294 

LF  (ms2) 14.824 -0.002 0.043 0.140 

HF  (ms2) 15.249 -0.004 0.065 0.067 

LF/HF 12.409 0.495 0.011 0.462 

LF (nu) 9.733 0.067 0.017 0.350 

HF (nu) 16.409 -0.067 0.017 0.350 

TP SBP 13.767 -0.009 0.007 0.563 

VLF SBP 13.753 -0.012 0.011 0.464 

LF SBP 12.890 0.057 0.003 0.684 

HF SBP 13.288 0.024 0.001 0.849 

SBPLF/HF 9.880 0.865 0.092 0.029 

SBPHFnu 17.548 -0.134 0.069 0.061 

SBPLFnu 4.197 0.134 0.069 0.061 

α LF Coh 19.468 -0.729 0.102 0.021 

n LF Coh 9.349 0.187 0.019 0.324 

α HF Coh 15.899 -0.196 0.026 0.256 

n HF Coh 7.872 0.107 0.017 0.359 

α LF Mean 19.245 -0.524 0.103 0.021 

n LF Mean 7.086 0.473 0.016 0.372 

mean value Modulus LF 19.830 -0.753 0.109 0.017 

α HF Mean 16.009 -0.149 0.028 0.237 

n HF Mean 26.286 -0.467 0.044 0.137 

mean val Modulus HF 16.160 -0.211 0.032 0.207 

mean modulus 15.628 -0.185 0.018 0.343 

BRS0 18.687 -0.429 0.096 0.025 

NUM0 16.750 -0.066 0.036 0.181 

BRS+0 18.104 -0.397 0.074 0.051 

NUM+0 16.380 -0.117 0.030 0.223 

BRS-0 18.658 -0.414 0.104 0.019 

NUM-0 16.664 -0.128 0.037 0.173 

BRS1 18.824 -0.472 0.093 0.028 
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NUM1 14.091 -0.025 0.003 0.720 

BRS+1 18.396 -0.438 0.090 0.030 

NUM+1 14.248 -0.042 0.004 0.655 

BRS-1 18.709 -0.471 0.125 0.010 

NUM-1 13.514 -0.015 0.000 0.944 

BRS2 16.616 -0.266 0.045 0.130 

NUM2 13.225 0.013 0.000 0.900 

BRS+2 15.041 -0.139 0.020 0.322 

NUM+2 12.951 0.043 0.002 0.734 

BRS-2 15.559 -0.216 0.032 0.202 

NUM-2 14.443 -0.397 0.012 0.433 

BRS3 18.754 -0.384 0.075 0.049 

NUM3 15.906 -0.154 0.028 0.232 

BRS+3 17.568 -0.294 0.068 0.061 

NUM+3 13.433 -0.003 0.000 0.986 

BRS-3 19.629 -0.493 0.127 0.010 

NUM -3 16.282 -0.483 0.088 0.032 

Total BRS gain 19.345 -0.484 0.098 0.024 

Total BRS plus 18.311 -0.406 0.073 0.053 

Total BRS minus 20.334 -0.550 0.130 0.009 
Avg RSA DB 18.409 -0.376 0.073 0.053 
Avg HRV DB 32.503 -15.423 0.068 0.061 
Vals Ratio 19.860 -4.132 0.020 0.338 
MBP fall Vals(>20) 13.935 -0.058 0.006 0.595 
MBP PH2 Vals 13.552 -0.448 0.002 0.774 
MBP PH4 Vals 14.708 -1.292 0.001 0.812 
RR30:15 24.763 -10.035 0.034 0.197 
Fall SBP standing 12.884 0.042 0.002 0.758 
HG 17.339 -0.236 0.024 0.272 
aTP_STND 12.925 0.000 0.002 0.787 
aVLF_STND 13.791 -0.001 0.014 0.408 
aLF_STND 14.033 -0.001 0.025 0.269 
aHF_STND 12.538 0.000 0.002 0.767 
lfhf_STND 13.592 -0.306 0.007 0.558 
LFnu_STND 16.492 -0.059 0.013 0.439 
HFnu_STND 10.586 0.059 0.013 0.439 
aSBPTP_STND 11.339 0.025 0.011 0.478 
aSBPVLF_STND 11.343 0.065 0.013 0.436 
aSBPLF_STND 11.920 0.031 0.003 0.705 
aSBPHF_STND 12.331 0.036 0.005 0.630 
SBPLF/HF_STND 12.113 0.135 0.002 0.757 
SBPHFnu_STND 13.893 -0.046 0.005 0.639 
SBPLFnu_STND 9.321 0.046 0.005 0.639 
PQ int(<200) -2.609 0.098 0.081 0.046 
QRS int(<120) 14.632 -0.012 0.001 0.850 
QT int -7.483 0.051 0.035 0.193 
QTcint -14.442 0.063 0.032 0.214 
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Number of lesions 

 slope Intercept R2 P-value 

Gender 36.379 -1.615 0.002 0.795 

AGE 22.197 0.289 0.038 0.193 

Height (cm) -

23.383 

0.345 0.030 0.250 

Weight(kg) 34.979 0.011 0.000 0.946 

BMI 41.262 -0.216 0.003 0.701 

SBP 9.264 0.212 0.033 0.228 

DBP 8.201 0.378 0.032 0.232 

MBP -1.022 0.394 0.052 0.127 

Heat Rate (60-100) 43.942 -0.119 0.009 0.521 

mean RR (ms) 48.830 -0.015 0.011 0.493 

SDNN (ms) 43.412 -0.187 0.031 0.242 

rMSSD (ms) 39.169 -0.108 0.014 0.429 

PNN50% 37.024 -0.134 0.009 0.541 

TP (ms2) 38.467 -0.002 0.024 0.307 

VLF (ms2) 35.459 0.001 0.000 0.917 

LF  (ms2) 39.076 -0.005 0.063 0.094 

HF  (ms2) 37.261 -0.004 0.012 0.473 

LF/HF 40.784 -2.349 0.072 0.071 

LF (nu) 43.029 -0.129 0.018 0.370 

HF (nu) 30.107 0.129 0.018 0.370 

TP SBP 36.366 -0.014 0.005 0.633 

VLF SBP 36.187 -0.014 0.004 0.673 

LF SBP 38.947 -0.374 0.030 0.247 

HF SBP 35.142 0.192 0.002 0.793 

SBPLF/HF 39.709 -0.906 0.029 0.261 

SBPHFnu 31.802 0.136 0.018 0.375 

SBPLFnu 

 

45.364 -0.136 0.018 0.375 

α LF Coh 42.074 -0.745 0.028 0.265 

n LF Coh 30.870 0.223 0.007 0.571 

α HF Coh 37.310 -0.117 0.002 0.747 

n HF Coh 23.441 0.234 0.020 0.355 

α LF Mean 43.038 -0.651 0.041 0.179 

n LF Mean 49.391 -1.003 0.019 0.367 

mean value Modulus LF 42.731 -0.807 0.033 0.230 

α HF Mean 38.893 -0.174 0.010 0.514 

n HF Mean 45.587 -0.359 0.008 0.566 

mean val Modulus HF 38.062 -0.171 0.005 0.633 

mean modulus 37.601 -0.148 0.003 0.718 

BRS0 40.956 -0.415 0.025 0.299 

NUM0 32.153 0.069 0.011 0.498 

BRS+0 40.544 -0.400 0.020 0.349 

NUM+0 31.991 0.143 0.012 0.471 

BRS-0 40.572 -0.369 0.023 0.314 

NUM-0 32.759 0.115 0.008 0.554 

BRS1 40.636 -0.412 0.020 0.348 

NUM1 34.212 0.055 0.003 0.697 
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BRS+1 38.947 -0.273 0.010 0.509 

NUM+1 33.976 0.084 0.005 0.653 

BRS-1 35.535 0.021 0.000 0.957 

NUM-1 35.237 0.075 0.001 0.865 

BRS2 32.330 0.281 0.014 0.429 

NUM2 36.776 -0.070 0.003 0.739 

BRS+2 33.228 0.217 0.011 0.480 

NUM+2 36.118 -0.029 0.000 0.907 

BRS-2 36.255 -0.045 0.000 0.894 

NUM-2 38.752 -1.148 0.029 0.256 

BRS3 39.396 -0.261 0.010 0.512 

NUM3 36.009 -0.013 0.000 0.960 

BRS+3 35.553 0.016 0.000 0.959 

NUM+3 37.371 -0.141 0.005 0.654 

BRS-3 43.338 -0.614 0.053 0.122 

NUM -3 34.193 0.267 0.008 0.566 

Total BRS gain 40.616 -0.389 0.017 0.385 

Total BRS plus 40.219 -0.364 0.016 0.408 

Total BRS minus 40.814 -0.390 0.018 0.375 
Avg RSA DB 39.419 -0.283 0.010 0.518 
Avg HRV DB 66.793 -25.064 0.050 0.135 
Vals Ratio 40.641 -2.386 0.002 0.777 
MBP fall Vals(>20) 33.049 0.492 0.128 0.018 
MBP PH2 Vals 37.747 -3.900 0.037 0.216 
MBP PH4 Vals 34.036 3.036 0.002 0.768 
RR30:15 63.274 -22.898 0.047 0.157 
Fall SBP standing 38.896 0.702 0.137 0.013 
HG 24.989 0.633 0.044 0.160 
aTP_STND 30.887 0.002 0.051 0.142 
aVLF_STND 30.618 0.005 0.060 0.109 
aLF_STND 32.392 0.003 0.026 0.294 
aHF_STND 33.683 0.004 0.025 0.309 
lfhf_STND 34.897 0.197 0.001 0.863 
LFnu_STND 24.648 0.160 0.017 0.399 
HFnu_STND 40.681 -0.160 0.017 0.399 
aSBPTP_STND 28.835 0.132 0.037 0.211 
aSBPVLF_STND 35.111 0.021 0.000 0.906 
aSBPLF_STND 26.734 0.383 0.087 0.052 
aSBPHF_STND 32.540 0.408 0.015 0.426 
SBPLF/HF_STND 32.512 0.715 0.014 0.438 
SBPHFnu_STND 38.176 -0.099 0.005 0.657 
SBPLFnu_STND 28.269 0.099 0.005 0.657 
PQ int(<200) 8.648 0.171 0.070 0.082 
QRS int(<120) 48.743 -0.108 0.016 0.407 
QT int(<440) 13.436 0.056 0.013 0.466 
QTcint(350-440,460)) -

44.154 

0.184 0.078 0.066 
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EDSS 

 slope Intercept R2 P-value 

Gender 2.106 -0.027 0.000 0.957 

AGE -0.086 0.046 0.132 0.008 

Height (cm) -0.017 0.012 0.005 0.626 

Weight(kg) 2.471 -0.005 0.003 0.700 

BMI 2.913 -0.032 0.010 0.484 

SBP -2.858 0.039 0.176 0.002 

DBP -4.065 0.085 0.209 0.001 

MBP -4.115 0.066 0.205 0.001 

Heat Rate (60-100) 2.459 -0.005 0.002 0.733 

mean RR (ms) 1.122 0.001 0.008 0.525 

SDNN (ms) 2.115 0.000 0.000 0.970 

rMSSD (ms) 2.267 -0.005 0.005 0.607 

PNN50% 2.363 -0.027 0.054 0.099 

TP (ms2) 2.188 0.000 0.004 0.669 

VLF (ms2) 2.084 0.000 0.000 0.962 

LF  (ms2) 2.147 0.000 0.002 0.756 

HF  (ms2) 2.243 0.000 0.015 0.389 

LF/HF 1.945 0.074 0.009 0.507 

LF (nu) 1.480 0.011 0.018 0.345 

HF (nu) 2.596 -0.011 0.018 0.345 

TP SBP 2.095 0.000 0.000 0.992 

VLF SBP 2.094 0.000 0.000 0.983 

LF SBP 1.964 0.015 0.008 0.535 

HF SBP 2.158 -0.013 0.008 0.538 

SBPLF/HF 1.625 0.113 0.056 0.091 

SBPHFnu 2.558 -0.015 0.033 0.194 

SBPLFnu 1.170 0.013 0.024 0.270 

α LF Coh 2.639 -0.065 0.030 0.221 

n LF Coh 0.912 0.054 0.059 0.081 

α HF Coh 2.289 -0.015 0.005 0.604 

n HF Coh 0.799 0.025 0.034 0.193 

α LF Mean 2.782 -0.062 0.052 0.104 

n LF Mean 1.134 0.071 0.013 0.424 

mean value Modulus LF 2.771 -0.079 0.043 0.138 

α HF Mean 2.247 -0.009 0.003 0.685 

n HF Mean 2.998 -0.033 0.008 0.530 

mean val Modulus HF 2.302 -0.016 0.006 0.577 

mean modulus 2.306 -0.017 0.006 0.595 

BRS0 2.560 -0.037 0.026 0.251 

NUM0 2.295 -0.004 0.005 0.634 

BRS+0 2.441 -0.029 0.014 0.402 

NUM+0 2.177 -0.003 0.001 0.843 

BRS-0 2.616 -0.041 0.036 0.177 

NUM-0 2.380 -0.011 0.010 0.474 

BRS1 2.420 -0.028 0.012 0.446 

NUM1 1.906 0.007 0.007 0.563 
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BRS+1 2.486 -0.034 0.019 0.325 

NUM+1 1.923 0.008 0.006 0.591 

BRS-1 2.417 -0.029 0.017 0.363 

NUM-1 1.964 0.019 0.005 0.603 

BRS2 2.216 -0.010 0.002 0.734 

NUM2 1.737 0.026 0.044 0.134 

BRS+2 2.342 -0.021 0.015 0.383 

NUM+2 1.742 0.031 0.049 0.113 

BRS-2 2.227 -0.014 0.005 0.630 

NUM-2 1.972 0.048 0.007 0.564 

BRS3 2.554 -0.033 0.019 0.324 

NUM3 1.695 0.024 0.026 0.251 

BRS+3 2.406 -0.022 0.013 0.414 

NUM+3 1.567 0.051 0.078 0.045 

BRS-3 2.827 -0.057 0.061 0.077 

NUM -3 2.300 -0.034 0.016 0.366 

Total BRS gain 2.560 -0.038 0.021 0.303 

Total BRS plus 2.400 -0.025 0.010 0.484 

Total BRS minus 2.787 -0.055 0.046 0.128 
Avg RSA DB 2.579 -0.036 0.025 0.265 
Avg HRV DB 3.121 -0.828 0.007 0.551 
Vals Ratio 2.443 -0.232 0.002 0.748 
MBP fall Vals(>20) 2.148 -0.009 0.005 0.636 
MBP PH2 Vals 2.038 0.196 0.012 0.452 
MBP PH4 Vals 1.552 0.552 0.008 0.538 
RR30:15 4.281 -1.967 0.057 0.095 
Fall SBP standing 1.944 0.007 0.002 0.743 
HG 1.629 0.028 0.013 0.416 
aTP_STND 2.046 0.000 0.020 0.323 
aVLF_STND 2.152 0.000 0.030 0.233 
aLF_STND 2.134 0.000 0.030 0.228 
aHF_STND 1.959 0.000 0.010 0.500 
lfhf_STND 2.030 -0.041 0.006 0.607 
LFnu_STND 2.354 -0.007 0.008 0.546 
HFnu_STND 1.662 0.007 0.008 0.546 
aSBPTP_STND 1.761 0.003 0.006 0.598 
aSBPVLF_STND 1.543 0.018 0.043 0.148 
aSBPLF_STND 1.782 0.005 0.004 0.674 
aSBPHF_STND 1.966 -0.006 0.005 0.610 
SBPLF/HF_STND 1.741 0.040 0.008 0.546 
SBPHFnu_STND 2.110 -0.008 0.005 0.615 
SBPLFnu_STND 1.349 0.008 0.005 0.615 
PQ int(<200) 1.470 0.003 0.003 0.691 
QRS int(<120) 2.703 -0.006 0.009 0.507 
QT int(<440) -1.332 0.008 0.039 0.169 
QTcint(350-440,460)) -2.328 0.010 0.034 0.201 
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MSSS 

 slope Intercept R2 P-value 

Gender 2.274 0.158 0.002 0.786 

AGE 2.177 0.003 0.001 0.873 

Height (cm) 0.641 0.010 0.002 0.735 

Weight(kg) 4.009 -0.022 0.046 0.129 

BMI 4.998 -0.105 0.081 0.042 

SBP 0.188 0.017 0.024 0.273 

DBP -2.011 0.060 0.081 0.043 

MBP -1.185 0.038 0.050 0.114 

Heat Rate (60-100) 2.428 -0.001 0.000 0.938 

mean RR (ms) 1.335 0.001 0.007 0.571 

SDNN (ms) 1.641 0.017 0.028 0.238 

rMSSD (ms) 2.057 0.009 0.011 0.474 

PNN50% 2.450 -0.012 0.008 0.545 

TP (ms2) 1.973 0.000 0.043 0.142 

VLF (ms2) 1.938 0.001 0.040 0.159 

LF  (ms2) 2.053 0.000 0.045 0.133 

HF  (ms2) 2.158 0.000 0.016 0.379 

LF/HF 2.193 0.069 0.006 0.590 

LF (nu) 1.941 0.007 0.006 0.602 

HF (nu) 2.656 -0.007 0.006 0.602 

TP SBP 2.150 0.004 0.047 0.126 

VLF SBP 2.178 0.005 0.059 0.087 

LF SBP 2.047 0.032 0.028 0.239 

HF SBP 2.428 -0.019 0.013 0.418 

SBPLF/HF 2.098 0.057 0.011 0.464 

SBPHFnu 2.567 -0.008 0.006 0.585 

SBPLFnu 

 

1.803 0.008 0.006 0.585 

α LF Coh 2.285 0.006 0.000 0.925 

n LF Coh 1.411 0.042 0.028 0.241 

α HF Coh 2.453 -0.009 0.002 0.779 

n HF Coh 1.888 0.009 0.003 0.700 

α LF Mean 2.537 -0.018 0.003 0.681 

n LF Mean 1.789 0.040 0.003 0.698 

mean value Modulus LF 2.452 -0.014 0.001 0.824 

α HF Mean 2.336 0.000 0.000 0.996 

n HF Mean 1.710 0.023 0.003 0.709 

mean val Modulus HF 2.394 -0.005 0.000 0.885 

mean modulus 2.534 -0.017 0.004 0.659 

BRS0 2.018 0.025 0.009 0.501 

NUM0 2.489 -0.003 0.002 0.746 

BRS+0 1.990 0.029 0.011 0.470 

NUM+0 2.504 -0.007 0.003 0.715 

BRS-0 2.085 0.019 0.006 0.580 

NUM-0 2.455 -0.005 0.001 0.793 

BRS1 1.807 0.045 0.024 0.283 

NUM1 2.240 0.003 0.001 0.804 
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BRS+1 2.017 0.027 0.010 0.491 

NUM+1 2.395 -0.003 0.001 0.867 

BRS-1 1.719 0.054 0.046 0.133 

NUM-1 1.990 0.047 0.027 0.249 

BRS2 2.027 0.026 0.012 0.451 

NUM2 2.117 0.016 0.013 0.434 

BRS+2 2.390 -0.005 0.001 0.862 

NUM+2 2.226 0.010 0.003 0.682 

BRS-2 2.036 0.030 0.017 0.355 

NUM-2 1.817 0.197 0.085 0.038 

BRS3 2.218 0.008 0.001 0.832 

NUM3 1.706 0.038 0.050 0.114 

BRS+3 2.198 0.009 0.002 0.760 

NUM+3 1.836 0.048 0.054 0.100 

BRS-3 2.605 -0.021 0.007 0.571 

NUM -3 2.234 0.017 0.003 0.706 

Total BRS gain 1.984 0.028 0.009 0.505 

Total BRS plus 1.955 0.031 0.012 0.451 

Total BRS minus 2.090 0.019 0.004 0.646 
Avg RSA DB 2.287 0.003 0.000 0.928 
Avg HRV DB 1.638 0.561 0.003 0.726 
Vals Ratio 3.006 -0.468 0.007 0.560 
MBP fall Vals(>20) 2.397 -0.015 0.013 0.447 
MBP PH2 Vals 2.216 0.300 0.023 0.301 
MBP PH4 Vals 1.384 0.934 0.019 0.348 
RR30:15 3.718 -1.289 0.016 0.380 
Fall SBP standing 2.238 0.016 0.008 0.547 
HG 1.617 0.043 0.022 0.295 
aTP_STND 2.310 0.000 0.015 0.399 
aVLF_STND 2.386 0.000 0.016 0.385 
aLF_STND 2.226 0.000 0.001 0.796 
aHF_STND 2.249 0.000 0.018 0.352 
lfhf_STND 2.153 0.004 0.000 0.970 
LFnu_STND 1.896 0.004 0.002 0.772 
HFnu_STND 2.312 -0.004 0.002 0.772 
aSBPTP_STND 1.980 0.003 0.006 0.605 
aSBPVLF_STND 1.794 0.018 0.029 0.245 
aSBPLF_STND 1.750 0.017 0.025 0.282 
aSBPHF_STND 2.282 -0.012 0.016 0.390 
SBPLF/HF_STND 1.810 0.083 0.022 0.312 
SBPHFnu_STND 2.667 -0.019 0.023 0.304 
SBPLFnu_STND 0.735 0.019 0.023 0.304 
PQ int(<200) 3.558 -0.008 0.019 0.343 
QRS int(<120) 3.894 -0.015 0.036 0.193 
QT int(<440) 1.977 0.001 0.000 0.940 
QTcint(350-440,460)) 3.195 -0.002 0.001 0.800 
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Calssification_localization(dwMS,gMS) 

 dwMS gMS  

mean std min max mean std min Max P-value 

Gender 0.364 0.481 0.000 1.000 0.333 0.471 0.000 1.000 0.840 

AGE 44.682 11.663 28.00

0 

68.000 50.714 14.55

1 

19.00

0 

69.00

0 

0.150 

Height (cm) 169.95

5 

9.484 155.0

00 

188.00

0 

171.28

6 

9.958 150.0

00 

188.0

00 

0.663 

Weight(kg) 76.591 22.323 42.00

0 

128.00

0 

73.667 15.35

1 

47.00

0 

100.0

00 

0.629 

BMI 26.183 6.090 17.48

2 

39.071 25.050 4.520 17.30

1 

34.60

2 

0.504 

SBP 121.68

2 

14.642 100.0

00 

154.00

0 

128.38

1 

18.38

6 

97.00

0 

172.0

00 

0.203 

DBP 70.545 7.297 58.00

0 

89.000 75.905 10.50

6 

59.00

0 

101.0

00 

0.064 

MBP 90.727 9.776 75.00

0 

116.00

0 

96.952 12.43

8 

75.00

0 

129.0

00 

0.081 

Heat Rate 

(60-100) 

68.227 19.477 1.000 116.00

0 

68.381 12.91

5 

49.00

0 

98.00

0 

0.977 

mean RR 

(ms) 

864.33

5 

127.33

3 

514.0

77 

1128.0

15 

911.94

6 

155.5

89 

615.6

97 

1249.

564 

0.289 

SDNN (ms) 38.349 17.569 8.328 67.730 39.783 20.15

3 

9.030 89.49

3 

0.809 

rMSSD 

(ms) 

30.697 21.935 9.179 80.443 31.412 23.66

2 

7.514 110.6

91 

0.921 

PNN50% 8.667 14.615 0.000 48.684 9.769 13.55

5 

0.000 44.16

4 

0.804 

TP (ms2) 1287.5

19 

1263.3

77 

32.79

5 

4675.0

39 

1786.0

95 

2345.

208 

86.85

5 

1128

7.456 

0.399 

VLF (ms2) 437.27

0 

399.89

0 

7.371 1628.9

78 

740.04

5 

731.6

59 

31.90

9 

2646.

486 

0.106 

LF  (ms2) 509.95

4 

633.50

3 

2.636 2622.6

68 

539.60

9 

1082.

276 

17.72

6 

5256.

170 

0.915 

HF  (ms2) 340.29

4 

493.50

0 

22.78

8 

2106.2

02 

506.44

1 

740.9

81 

14.06

9 

3384.

800 

0.401 

LF/HF 2.227 2.420 0.116 10.378 1.622 1.270 0.148 4.784 0.325 

LF (nu) 56.028 21.302 10.36

8 

91.211 53.504 19.34

3 

12.88

4 

82.71

2 

0.694 

HF (nu) 43.972 21.302 8.789 89.632 46.496 19.34

3 

17.28

8 

87.11

6 

0.694 

TP SBP 20.318 11.391 3.106 48.300 61.681 144.5

78 

6.284 688.7

83 

0.199 

VLF SBP 10.853 6.819 1.001 24.411 48.398 131.2

33 

1.174 618.9

03 

0.198 

LF SBP 6.091 3.946 0.870 18.690 9.848 12.39

9 

1.143 54.37

1 

0.194 

HF SBP 3.375 4.928 0.548 19.999 3.436 3.289 0.391 15.50

8 

0.963 

SBPLF/HF 4.153 3.557 0.215 12.850 3.910 3.853 0.468 15.95

9 

0.835 

SBPHFnu 31.608 22.126 7.220 82.303 31.228 17.57

1 

5.897 68.11

2 

0.952 

SBPLFnu 68.392 22.126 17.69

7 

92.780 68.772 17.57

1 

31.88

8 

94.10

3 

0.952 

α LF Coh 8.956 5.103 0.965 21.174 7.738 3.954 1.954 16.83

7 

0.400 

n LF Coh 21.773 7.440 2.000 28.000 21.619 8.062 5.000 28.00

0 

0.950 

α HF Coh 13.955 9.874 1.191 35.799 11.607 6.448 3.914 26.07

1 

0.375 

n HF Coh 54.318 8.615 36.00

0 

64.000 49.429 14.71

8 

14.00

0 

64.00

0 

0.199 

α LF Mean 12.326 7.440 1.285 29.097 9.875 4.797 2.630 23.17

6 

0.219 

n LF Mean 12.727 3.003 6.000 18.000 13.857 2.396 9.000 19.00

0 

0.192 

mean value 

Modulus LF 

9.270 5.223 0.971 21.174 7.781 3.665 1.961 15.53

2 

0.299 

α HF Mean 18.515 12.973 1.552 50.721 16.815 9.721 5.259 39.03

4 

0.639 

n HF Mean 27.864 4.288 18.00

0 

36.000 26.857 5.339 17.00

0 

39.00

0 

0.509 

mean val 

Modulus 

HF 

13.962 9.835 1.252 36.606 12.281 7.009 3.945 29.36

5 

0.534 

mean 

modulus 

13.178 8.814 1.449 35.001 11.087 5.582 3.998 24.71

9 

0.372 

BRS0 11.694 6.797 1.346 28.399 13.009 8.430 4.230 39.29

0 

0.585 

NUM0 50.318 26.168 1.000 114.00

0 

53.333 34.09

7 

7.000 120.0

00 

0.752 

BRS+0 11.131 6.452 1.346 29.190 12.348 7.773 4.204 34.56

7 

0.588 

NUM+0 25.727 14.004 1.000 57.000 26.714 17.05

5 

3.000 61.00

0 

0.840 

BRS-0 12.241 7.647 0.000 34.806 13.496 8.964 4.375 41.65

2 

0.632 

NUM-0 24.591 13.016 0.000 57.000 26.619 18.10

9 

2.000 66.00

0 

0.682 

BRS1 11.192 7.500 1.164 29.694 11.744 6.269 5.921 32.72

8 

0.800 
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NUM1 28.545 21.458 1.000 81.000 25.714 21.93

7 

3.000 74.00

0 

0.678 

BRS+1 11.277 8.027 1.164 32.743 11.292 6.618 0.000 31.15

1 

0.995 

NUM+1 22.136 16.529 1.000 55.000 18.714 16.31

3 

0.000 60.00

0 

0.509 

BRS-1 11.687 8.497 0.000 37.500 11.417 7.208 0.000 33.78

0 

0.913 

NUM-1 6.409 6.372 0.000 26.000 7.000 6.422 0.000 24.00

0 

0.769 

BRS2 12.504 9.303 0.000 41.909 11.428 7.805 0.000 35.11

9 

0.691 

NUM2 15.364 14.971 0.000 61.000 10.952 12.99

3 

0.000 51.00

0 

0.320 

BRS+2 11.561 10.114 0.000 41.909 11.274 9.815 0.000 41.78

6 

0.927 

NUM+2 12.773 12.442 0.000 52.000 8.952 11.69

6 

0.000 44.00

0 

0.318 

BRS-2 10.302 9.900 0.000 35.595 9.492 7.190 0.000 22.47

2 

0.767 

NUM-2 2.591 3.085 0.000 11.000 2.000 2.160 0.000 7.000 0.483 

BRS3 13.282 7.822 0.000 35.487 14.129 7.524 1.705 28.20

7 

0.726 

NUM3 18.364 13.819 0.000 46.000 14.952 8.904 1.000 33.00

0 

0.355 

BRS+3 13.419 8.817 0.000 42.575 14.400 10.52

0 

1.705 47.06

7 

0.748 

NUM+3 11.773 10.698 0.000 44.000 9.952 8.392 1.000 31.00

0 

0.549 

BRS-3 12.365 7.692 0.000 28.034 12.285 7.781 0.000 26.43

4 

0.974 

NUM -3 6.591 8.026 0.000 37.000 5.000 4.650 0.000 18.00

0 

0.445 

Total BRS 

gain 

11.694 6.667 1.255 27.262 12.732 6.951 4.813 30.45

0 

0.628 

Total BRS 

plus 

11.446 6.843 1.255 30.607 12.358 6.981 4.359 29.17

8 

0.675 

TotalBRSm

inus 

12.144 6.974 0.000 33.175 13.331 6.847 6.108 31.19

5 

0.586 
Avg RSA DB 12.878 5.276 2.700 27.690 11.607 7.686 2.040 31.00

0 

0.539 
Avg HRV DB 1.274 0.208 1.020 1.920 1.182 0.129 1.030 1.540 0.100 
Vals Ratio 1.551 0.373 1.040 2.780 1.597 0.387 1.130 3.000 0.708 
MBP fall Vals 10.150 10.859 -

11.00

0 

29.000 9.000 14.18

8 

-

20.00

0 

31.00

0 

0.781 
MBP PH2 

Vals 

0.000 1.000 -1.000 1.000 0.200 0.980 -

1.000 

1.000 0.537 
MBP PH4 

Vals 

0.900 0.436 -1.000 1.000 1.000 0.000 1.000 1.000 0.324 
RR30:15 1.209 0.172 0.990 1.620 1.170 0.180 0.910 1.630 0.490 
Fall SBP 

stand 

-3.955 8.710 -

23.00

0 

14.000 -5.105 11.88

1 

-

32.00

0 

15.00

0 

0.730 
HG 17.318 6.086 7.000 33.000 16.476 7.156 8.000 29.00

0 

0.686 
aTP_STND 2466.2

34 

2333.8

33 

60.75

0 

8513.4

22 

2022.9

94 

1607.

233 

131.0

62 

7093.

189 

0.500 
aVLF_STND 1069.4

03 

1039.3

89 

17.94

6 

3467.3

65 

891.56

1 

985.5

19 

32.90

1 

4643.

924 

0.588 
aLF_STND 889.52

4 

917.39

8 

14.85

2 

3688.9

68 

770.83

9 

590.4

30 

26.16

8 

1924.

488 

0.640 
aHF_STND 507.30

7 

757.20

4 

27.95

2 

3151.4

84 

360.59

5 

400.1

94 

12.10

6 

1637.

648 

0.464 
lfhf_STND 2.658 2.132 0.531 7.483 3.774 3.169 0.540 12.99

0 

0.199 
LFnu_STND 64.209 16.244 34.69

8 

88.211 70.086 16.27

4 

35.08

1 

92.85

2 

0.267 
HFnu_STND 35.791 16.244 11.78

9 

65.302 29.914 16.27

4 

7.148 64.91

9 

0.267 
aSBPTP_STN

D 

44.545 24.010 11.88

9 

108.54

5 

55.606 32.15

8 

14.39

9 

150.3

67 

0.227 
aSBPVLF_ST

ND 

19.687 13.875 3.804 53.618 21.546 20.83

9 

3.079 87.02

1 

0.742 
aSBPLF_STN

D 

17.647 11.987 3.341 53.995 27.085 17.03

5 

3.674 64.17

3 

0.050 
aSBPHF_STN

D 

7.211 6.619 1.071 28.148 6.975 4.598 1.469 20.69

3 

0.899 
SBPLF/HF_ST

ND 

3.933 3.542 0.727 12.535 4.481 3.055 1.263 13.54

7 

0.610 
SBPHFnu_ST

ND 

29.974 15.616 7.388 57.914 23.046 10.30

2 

6.874 44.19

6 

0.116 
SBPLFnu_ST

ND 

70.026 15.616 42.08

6 

92.612 76.954 10.30

2 

55.80

4 

93.12

6 

0.116 
PQ int(<200) 162.42

9 

21.867 133.0

00 

207.00

0 

163.55

0 

39.39

0 

93.00

0 

277.0

00 

0.912 
QRS 

int(<120) 

115.66

7 

25.876 88.00

0 

193.00

0 

114.15

0 

22.33

7 

91.00

0 

186.0

00 

0.846 
QT int 402.47

6 

38.239 294.0

00 

453.00

0 

418.20

0 

41.91

1 

345.0

00 

503.0

00 

0.228 
QTcint 433.95

2 

24.267 399.0

00 

485.00

0 

439.75

0 

34.73

6 

402.0

00 

532.0

00 

0.548 
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Type of ms-progress 

 RPMS RRMS SPMS  

mea

n 

std min max mea

n 

std min max mea

n 

std min max P-

val

ue 

Gender 0.50 0.50 0.00 1.00 0.33 0.47 0.00 1.00 0.38 0.48 0.00 1.00 0.80 

AGE 56.00 3.74 50.0

0 

60.00 44.74 13.65 19.0

0 

68.00 56.75 10.67 33.0

0 

69.00 0.03 

Height (cm) 174.2

5 

8.17 165.

00 

187.0

0 

171.0

8 

10.09 150.

00 

188.00 169.7

5 

9.74 156.

00 

188.0

0 

0.77 

Weight(kg) 82.25 24.26 50.0

0 

115.0

0 

74.44 19.73 42.0

0 

128.00 74.75 9.69 60.0

0 

92.00 0.75 

BMI 26.88 6.97 17.3

0 

34.16 25.21 5.52 17.4

8 

39.07 25.93 2.49 22.2

3 

30.47 0.81 

SBP 123.0

0 

18.17 97.0

0 

141.0

0 

123.8

2 

17.88 100.

00 

172.00 139.2

5 

17.48 110.

00 

172.0

0 

0.10 

DBP 71.75 12.87 59.0

0 

93.00 72.10 8.75 58.0

0 

101.00 78.50 8.96 71.0

0 

100.0

0 

0.22 

MBP 92.25 14.75 75.0

0 

115.0

0 

92.79 11.26 75.0

0 

124.00 102.1

3 

11.34 88.0

0 

129.0

0 

0.14 

Heat Rate 

(60-100) 

59.00 33.93 1.00 87.00 71.56 12.89 49.0

0 

116.00 64.50 9.31 52.0

0 

83.00 0.20 

mean RR 

(ms) 

792.9

3 

55.88 702.

97 

856.4

5 

866.2

2 

137.5

0 

514.

08 

1249.5

6 

938.5

9 

122.2

9 

723.

98 

1123.

54 

0.19 

SDNN (ms) 29.75 15.11 16.8

9 

55.35 40.60 18.83 8.33 89.49 36.85 20.07 11.3

8 

67.34 0.53 

rMSSD 

(ms) 

20.69 15.54 10.7

9 

47.54 33.33 24.49 7.51 110.69 27.78 19.94 7.81 71.45 0.54 

PNN50% 3.04 5.27 0.00 12.18 11.09 16.04 0.00 48.68 5.22 7.41 0.00 22.85 0.40 

TP (ms2) 769.4

2 

752.7

7 

230.

95 

2068.

40 

1720.

81 

1991.

99 

32.7

9 

11287.

46 

1135.

31 

946.7

1 

86.8

6 

2914.

57 

0.49 

VLF (ms2) 282.6

4 

127.8

8 

147.

39 

488.9

3 

568.7

6 

564.4

2 

7.37 2646.4

9 

574.6

1 

596.7

9 

55.0

6 

1922.

84 

0.62 

LF  (ms2) 193.2

1 

211.0

9 

56.0

5 

558.3

8 

651.8

6 

963.3

8 

2.64 5256.1

7 

371.1

4 

447.8

7 

17.7

3 

1465.

97 

0.49 

HF  (ms2) 293.5

7 

420.8

1 

27.5

1 

1021.

09 

500.1

8 

682.6

1 

22.3

6 

3384.8

0 

189.5

6 

143.1

7 

14.0

7 

395.7

5 

0.41 

LF/HF 1.49 0.85 0.55 2.60 2.02 2.37 0.12 10.38 1.92 1.06 0.66 3.98 0.90 

LF (nu) 54.63 15.42 35.3

5 

72.21 53.36 21.52 10.3

7 

91.21 61.02 13.76 39.7

9 

79.92 0.64 

HF (nu) 45.37 15.42 27.7

9 

64.65 46.64 21.52 8.79 89.63 38.98 13.76 20.0

8 

60.21 0.64 

TP SBP 30.49 11.28 18.7

6 

48.30 48.21 111.3

1 

6.28 688.78 18.52 10.72 3.11 41.01 0.73 

VLF SBP 18.31 4.22 13.3

3 

22.63 33.00 98.39 1.17 618.90 9.77 8.16 1.00 28.04 0.78 

LF SBP 5.03 1.17 3.06 5.95 9.80 11.68 1.14 54.37 7.03 3.54 0.87 11.55 0.59 

HF SBP 7.15 7.55 0.78 20.00 5.41 13.19 0.39 83.79 1.72 0.96 0.85 4.11 0.69 

SBPLF/HF 1.81 1.35 0.30 3.94 3.87 3.46 0.22 15.96 5.34 3.78 0.70 12.85 0.26 

SBPHFnu 44.85 20.91 20.2

6 

77.07 31.34 19.60 5.90 82.30 23.69 20.51 0.14 58.69 0.25 

SBPLFnu 55.15 20.91 22.9

3 

79.74 68.66 19.60 17.7

0 

94.10 74.60 18.99 41.3

1 

92.78 0.30 

α LF Coh 5.91 2.96 2.90 10.75 8.45 4.59 0.96 21.17 8.06 4.43 1.95 14.73 0.58 

n LF Coh 24.00 3.08 19.0

0 

27.00 20.87 8.35 2.00 28.00 25.88 2.62 20.0

0 

28.00 0.22 

α HF Coh 9.98 9.32 3.14 25.93 12.94 8.67 1.19 35.80 11.75 4.70 4.60 21.04 0.77 

n HF Coh 60.50 1.50 59.0

0 

63.00 50.46 13.42 14.0

0 

64.00 52.38 8.73 38.0

0 

62.00 0.32 

α LF Mean 7.38 3.49 3.29 12.83 11.38 6.50 1.28 29.10 10.32 5.68 2.63 19.65 0.48 

n LF Mean 13.75 2.68 11.0

0 

18.00 13.28 2.74 6.00 18.00 13.63 3.08 8.00 19.00 0.92 

mean value 

Modulus LF 

5.84 2.71 2.95 10.23 8.67 4.58 0.97 21.17 8.12 4.41 1.96 14.73 0.50 

α HF Mean 14.32 13.42 5.40 37.50 17.86 12.01 1.55 50.72 15.73 5.51 6.32 26.18 0.78 

n HF Mean 26.50 5.17 18.0

0 

32.00 27.51 4.40 19.0

0 

39.00 27.50 5.55 17.0

0 

36.00 0.92 

mean val 

Modulus 

HF 

10.22 9.68 3.18 26.81 13.34 8.95 1.25 36.61 11.71 4.76 4.49 20.61 0.74 

mean 

modulus 

9.35 8.18 3.44 23.40 12.10 7.77 1.45 35.00 11.56 3.83 4.97 19.24 0.78 

BRS0 8.66 5.09 2.46 16.07 12.75 8.04 1.35 39.29 10.75 3.93 5.38 19.13 0.51 

NUM0 39.75 34.16 6.00 96.00 54.92 29.43 1.00 120.00 39.25 20.99 7.00 69.00 0.29 

BRS+0 9.74 6.73 2.11 20.34 12.09 7.56 1.35 34.57 10.69 3.61 5.15 17.25 0.76 

NUM+0 18.75 15.80 1.00 44.00 27.54 14.95 1.00 61.00 20.88 12.57 3.00 39.00 0.34 

BRS-0 7.69 3.99 2.53 12.46 13.31 8.68 0.00 41.65 10.73 4.28 5.56 20.24 0.34 

NUM-0 21.00 18.51 5.00 52.00 27.38 15.63 0.00 66.00 18.38 10.09 4.00 32.00 0.29 

BRS1 10.55 5.73 2.86 18.94 11.64 7.22 1.16 32.73 10.15 3.23 6.42 17.49 0.83 
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NUM1 36.50 24.74 10.0

0 

73.00 28.72 21.16 1.00 81.00 19.75 14.13 5.00 45.00 0.39 

BRS+1 11.16 6.72 2.52 21.31 11.61 7.53 1.16 32.74 9.42 4.45 0.00 16.43 0.74 

NUM+1 28.25 18.05 7.00 49.00 21.15 15.78 1.00 60.00 15.50 13.53 0.00 44.00 0.43 

BRS-1 10.92 1.95 8.84 14.11 11.35 8.45 0.00 37.50 9.59 5.39 4.44 22.79 0.85 

NUM-1 8.25 9.12 2.00 24.00 7.56 6.95 0.00 26.00 4.25 3.27 1.00 9.00 0.45 

BRS2 10.49 9.22 3.25 26.32 12.02 8.76 0.00 41.91 10.77 2.84 6.05 15.90 0.89 

NUM2 24.25 17.88 7.00 51.00 12.77 13.22 0.00 61.00 12.75 14.80 1.00 39.00 0.31 

BRS+2 10.66 9.81 2.95 27.50 11.81 11.14 0.00 43.04 9.73 4.59 0.00 14.89 0.87 

NUM+2 21.25 15.16 7.00 44.00 10.10 11.36 0.00 52.00 10.88 13.49 0.00 39.00 0.24 

BRS-2 8.07 6.90 0.00 18.88 10.39 9.14 0.00 35.60 7.00 6.35 0.00 18.93 0.58 

NUM-2 3.00 2.74 0.00 7.00 2.67 2.94 0.00 11.00 1.88 2.85 0.00 9.00 0.76 

BRS3 11.42 9.61 2.88 27.64 13.97 6.84 0.00 28.21 11.37 3.66 4.46 15.54 0.53 

NUM3 25.50 11.01 10.0

0 

39.00 16.03 10.87 0.00 46.00 15.63 11.38 2.00 34.00 0.28 

BRS+3 12.53 9.41 6.06 28.74 14.24 8.75 0.00 47.07 9.93 3.09 4.46 14.64 0.42 

NUM+3 14.00 10.49 2.00 30.00 10.33 9.43 0.00 44.00 10.63 8.94 1.00 26.00 0.77 

BRS-3 7.50 3.21 2.68 11.14 13.79 7.32 0.00 28.03 10.69 6.79 0.00 20.00 0.18 

NUM -3 11.50 14.77 2.00 37.00 5.69 4.52 0.00 19.00 5.00 5.63 0.00 18.00 0.20 

Total BRS 

gain 

9.80 6.53 2.94 20.45 12.53 7.02 1.26 30.45 10.50 3.29 6.85 17.68 0.59 

Total BRS 

plus 

10.67 8.02 2.78 24.02 12.14 7.15 1.26 30.61 10.52 2.68 6.81 15.70 0.79 

TotalBRSm

inus 

8.14 3.86 3.19 13.43 13.23 7.21 0.00 33.18 10.58 3.69 6.40 19.06 0.26 

Avg RSA DB 11.34 5.13 6.12 17.89 13.90 7.96 2.04 38.00 10.50 4.57 4.15 17.30 0.45 

Avg HRV DB 1.16 0.07 1.09 1.23 1.26 0.19 1.02 1.92 1.17 0.07 1.06 1.27 0.30 

Vals Ratio 1.38 0.21 1.18 1.68 1.56 0.39 1.04 3.00 1.59 0.18 1.33 1.82 0.61 

MBP fall Vals 9.50 7.02 1.00 20.00 8.92 14.97 -

30.0

0 

31.00 7.00 10.34 -

13.0

0 

19.00 0.94 

MBP PH2 

Vals 

0.00 1.00 -1.00 1.00 0.17 0.99 -1.00 1.00 0.25 0.97 -1.00 1.00 0.92 

MBP PH4 

Vals 

1.00 0.00 1.00 1.00 0.94 0.33 -1.00 1.00 1.00 0.00 1.00 1.00 0.85 

RR30:15 1.09 0.10 0.97 1.25 1.22 0.19 0.91 1.63 1.13 0.06 1.05 1.23 0.23 

Fall SBP 

stand 

1.50 7.70 -

10.0

0 

11.00 -5.44 10.43 -

32.0

0 

15.00 -5.33 11.23 -

27.0

0 

7.00 0.47 

HG 19.75 7.22 8.00 27.00 16.51 6.96 3.00 33.00 18.63 7.86 8.00 34.00 0.58 

aTP_STND 1595.

84 

1748.

44 

319.

06 

4599.

67 

3462.

31 

5523.

32 

60.7

5 

33689.

44 

2309.

39 

2284.

83 

131.

06 

7126.

94 

0.72 

aVLF_STND 507.2

6 

411.2

3 

120.

85 

1198.

29 

1096.

37 

1145.

90 

17.9

5 

5125.5

3 

1107.

18 

1144.

60 

92.7

9 

3467.

37 

0.61 

aLF_STND 612.4

4 

673.5

8 

128.

03 

1763.

74 

1140.

62 

1332.

12 

14.8

5 

6782.0

8 

603.2

5 

512.8

8 

26.1

7 

1547.

29 

0.49 

aHF_STND 476.1

4 

671.2

1 

61.1

3 

1637.

65 

1225.

31 

3523.

01 

27.9

5 

21781.

83 

598.9

7 

735.2

9 

12.1

1 

2112.

28 

0.84 

lfhf_STND 2.10 0.72 1.08 3.00 3.02 2.83 0.31 12.99 1.92 1.55 0.54 5.03 0.55 

LFnu_STND 65.68 8.81 51.8

5 

74.97 64.02 18.77 23.7

4 

92.85 57.18 17.42 35.0

8 

83.42 0.68 

HFnu_STND 34.32 8.81 25.0

3 

48.15 35.98 18.77 7.15 76.26 42.82 17.42 16.5

8 

64.92 0.68 

aSBPTP_STN

D 

57.07 29.25 22.7

9 

103.6

5 

54.06 40.88 11.8

9 

257.83 57.92 44.70 15.1

3 

150.3

7 

0.97 

aSBPVLF_ST

ND 

15.28 11.91 3.08 33.74 19.95 14.54 3.14 57.31 31.07 26.11 10.1

1 

87.02 0.26 

aSBPLF_STN

D 

31.56 16.93 10.8

0 

57.91 23.58 17.04 3.34 75.52 22.03 16.47 2.99 49.28 0.66 

aSBPHF_STN

D 

10.23 6.89 3.00 20.69 10.52 21.09 1.07 135.46 4.82 4.53 1.47 14.06 0.80 

SBPLF/HF_ST

ND 

4.58 3.45 1.31 10.11 4.01 3.23 0.56 13.55 5.29 2.97 1.48 11.17 0.66 

SBPHFnu_ST

ND 

25.51 13.29 9.00 43.21 28.03 15.01 6.87 64.21 19.90 10.03 8.22 40.34 0.46 

SBPLFnu_ST

ND 

74.49 13.29 56.7

9 

91.00 71.97 15.01 35.7

9 

93.13 80.10 10.03 59.6

6 

91.78 0.46 

PQ int(<200) 168.2

5 

24.30 140.

00 

207.0

0 

155.3

9 

24.36 93.0

0 

220.00 186.1

4 

44.34 132.

00 

277.0

0 

0.04 

QRS 

int(<120) 

98.00 4.30 92.0

0 

104.0

0 

113.8

4 

22.72 88.0

0 

193.00 120.0

0 

22.05 88.0

0 

149.0

0 

0.29 

QT int 427.5

0 

36.98 385.

00 

486.0

0 

403.9

2 

37.42 294.

00 

469.00 426.5

7 

39.51 380.

00 

503.0

0 

0.24 

QTcint 476.2

5 

43.81 420.

00 

532.0

0 

436.6

6 

24.30 399.

00 

486.00 442.1

4 

29.83 405.

00 

505.0

0 

0.04 
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Appendix C 

Ethics Approval Letters 

 

The study of control (healthy normal) participants was approved by the Macquarie University 

Human Ethics Committee (reference number 5201300055). Written informed consent was 

obtained from all Multiple Sclerosis and healthy normal participants. 

 

 

 

 

 

 

  

     Mark  Butlin <mark.butlin@mq.edu.au> 

Ethics application ref: 5201300055 – Approved 

1 message 

Ethics Secretariat <ethics.secretariat@mq.edu.au> 10 April 2013 13:02 To:  Mark  Butlin <mark.butlin@mq.edu.au> 
 
 

Dear Dr Butlin 
 
 

 
RE: “Blood pressure variability: its association with aortic pressure, aortic stiffness, 

baroreceptor function, and dietary intake of sodium and potassium.” (REF:  5201300055) 

 
Thank you for submitting the above application to the Macquarie University Human Research 

Ethics Committee (Medical    Sciences) (HREC (Medical Sciences)) for ethical and scientific 

review. Your application has been reviewed by the HREC (Medical Sciences) and the Scientific 

Sub-Committee.  

mailto:mark.butlin@mq.edu.au
mailto:mark.butlin@mq.edu.au
mailto:ethics.secretariat@mq.edu.au
mailto:mark.butlin@mq.edu.au


145 

 

  The HREC (Medical Sciences) is fully constituted and operates in accordance with the National 

Health and Medical Research Council’s National Statement on Ethical Conduct in Human Research 

(2007) (the National Statement) and the CPMP/ICH Note for Guidance on Good Clinical  Practice. 
 

I am pleased to advise you that the HREC (Medical Sciences) has granted ethical approval of the above 

project to be conducted at Macquarie  University/Macquarie University  Hospital (MQ/MUH). 
 
 
 

This research meets the requirements of the National Statement which is available at the following 

website: http://www.nhmrc.gov.au/_files_nhmrc/publications/attachments/e72.pdf. 

 

 
This letter constitutes ethical and scientific approval only. Please ensure that your research 

conforms to any governance or institutional requirements set out by  MQ/MUH. 
 
 
 

The following documentation has been reviewed and approved by the HREC (Medical Sciences): 
 

1. Macquarie University ethics application  form. 
 

2. Participant information and consent form (Version 1, 20 March   2013. 
 

The following personnel are authorised to conduct this research at   MQ/MUH: 
 

1. Dr Mark Butlin 
 

2. Professor Albert Aviolio 
 

3. Dr Martin Turner 
 

4. Dr Edward Barin 
 

5. Abhishek Madras 
 

Please note the following standard requirements of   approval: 
1. The approval of this project is conditional upon your continuing compliance with the National 

Statement. It is the responsibility of the Principal Investigator to ensure that the protocol 

complies with the HREC-approval and that a copy of this letter is forwarded to   all project 

personnel. 

2. The National Statement sets out that researchers have a “significant responsibility in 

monitoring, as they are in the best position   to observe any adverse events or unexpected 

outcomes. They should report such events or outcomes promptly to the relevant institution/s 

and ethical review body/ies, and take prompt steps to deal with any unexpected risks” (5.5.3). 

Please notify the Committee within 72 hours of any serious adverse events or Suspected 

Unexpected Serious Adverse Reactions or of any  unforeseen events that affect the continued 

ethical acceptability of the   project. 
 
 
 

3. Approval will be for a period of five (5) years subject to the provision of annual reports. 
Your first progress report will be due on: 10 April   2014. 

 

 
NB. If you complete the work earlier than you had planned you must submit a Final Report as soon as the 

work is completed. If the project has been discontinued or not commenced for any reason, you are also 

required to submit a Final Report for the project.  
 

 
4. At all times you are responsible for the ethical conduct of your research in accordance with the 

guidelines established by the Hospital and University. This information is available at the 

following   websites: 
 

http://www.mq.edu.au/policy/ 

http://www.nhmrc.gov.au/_files_nhmrc/publications/attachments/e72.pdf
http://www.mq.edu.au/policy/
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  Progress reports and Final Reports are available at the following website: 

http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethi

cs/forms 

 
1. If the project has run for more than five (5) years you cannot renew approval for the project. You 

will need to complete and   submit a Final Report and submit a new application for the project. (The 

five year limit on renewal of approvals allows the  Committee to fully re-review research in an 

environment where legislation, guidelines and requirements are continually changing,  for example, 

new child protection and privacy  laws). 
 
 
2. All amendments to the project must be reviewed and approved by the Committee before 

implementation. Please complete and submit a Request for Amendment Form available at the 

following   website: 
 

http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethi
cs/forms 

 

 
3. At all times you are responsible for the ethical conduct of your research in accordance with the 

guidelines established by the Hospital and University. This information is available at the following   

websites: 
 

http://www.mq.edu.au/policy/ 

http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethi

cs/policy 

 
If you will be applying for or have applied for internal or external funding for the above project it is your 

responsibility to provide the Macquarie University's Research Grants Management Assistant with a copy 

of this email as soon as possible. Internal and       External funding agencies will not be informed that you 

have ethics approval for your project and funds will not be released until the Research Grants 

Management Assistant has received a copy of this   email. 

If you need to provide a hard copy letter of ethics approval to an external organisation as evidence 

that you have approval please  do not hesitate to contact the Ethics Secretariat at the address   

below. 

 

 

Please retain a copy of this email as this is your official notification of ethics    approval. 
 
 

Yours sincerely  

Dr Karolyn White 
Director of Research  Ethics 

 

Chair, Human Research Ethics Committee (Medical   Sciences) 

-- 

Office of the Deputy Vice Chancellor 

(Research) Ethics Secretariat 

Research Office 

Level 3, Research HUB, 

Building C5C Macquarie 

University 

NSW 2109 

 

http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethics/forms
http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethics/forms
http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethics/forms
http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethics/forms
http://www.mq.edu.au/policy/
http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethics/policy
http://www.research.mq.edu.au/for/researchers/how_to_obtain_ethics_approval/human_research_ethics/policy
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The request for adding Fatemeh Shirbani to the above ethics application and project was 

approved by: 

  

 

Ethics approval of study of Multiple Sclerosis patients was approved by the Northern Sydney 

Local Health District (Ethics Committee reference number: HREC/12/HAWKE/397) with 

acceptance of this external ethics approval by the Macquarie University Human Ethics 

Committee (Reference number 5201600002). 

 

  

5/3/2016 Macquarie University Student Email and Calendar Mail  Re: 5201600002_ Phenotypic Analysis of 

Multiple Sclerosis EEA Approved 

FATEMEH SHIRBANI <fatemeh.shirbani@students.mq.edu.au> 

Re: 5201600002_ Phenotypic Analysis of Multiple Sclerosis EEA Approved 

2 messages 

From: Nitya Phillipson on 
behalf of Ethics Secretariat 
Sent: 13 January 2016  15:35 

To: Alberto Avolio 

Subject: 5201600002_ Phenotypic Analysis of Multiple Sclerosis‐ EEA   Approved 

Dear Alberto 

 

 

 

mailto:fatemeh.shirbani@students.mq.edu.au
mailto:fatemeh.shirbani@students.mq.edu.au
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5/3/2016 Macquarie University Student Email and Calendar Mail  Re: 5201600002_ Phenotypic Analysis of 

Multiple Sclerosis EEA Approved 

Re: Phenotypic Analysis of Multiple Sclerosis (MQ ethics 

ref. no. 5201600002) Thanks for sending these 

documents through. 

Please take this email as confirmation that the project has been noted 

by the Macquarie University Research Office. 

 

This project has received ethics approval from the Northern Sydney 

Local Health District 

 

Many thanks for providing this information for our records. No 

further action is required. Any amendments must be submitted to 

the approving HREC. 

 

Please do not hesitate to contact the Ethics Secretariat if you have any 

questions. 

 

 

Ethics Secretariat 

Research Office|Level , C5C Building  

Macquarie University, NSW 2109, Australia  

T: +61 2 9850 7850  | mq.edu.au 

From: Alberto Avolio 

Sent: Wednesday, 13 January 2016 1:32 AM 
To: Ethics Secretariat 

Subject: Re: Human Research Ethics _ externally Approved  Application 

 
 

Hi Nitya, 

I can confirm that no procedures will take place at Macquarie 
University. All data will be collected at Royal North Shore Hospital 
and only data analysis will take place at Macquarie Univerity. 

 

http://mq.edu.au/
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Regards, 

Alberto Avolio 

Professor 

Faculty of Medicine and Health Sciences | Ground Floor, F10A 

Building 2 Technology Place 

Macquarie 

University, 

Sydney, NSW 

2109, Australia 

T:    +61 2 9850 2747  |  F: +61 2 9812 3600 

M: + 61 408 657616  |  mq.edu.au 

 

         alberto.avolio@mq.edu.au Google Scholar Citations 

http://mq.edu.au/
mailto:alberto.avolio@mq.edu.au
http://scholar.google.com.au/citations?user=llRPPpoAAAAJ&amp;hl=en
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