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Abstract

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating and neurodegenerative

disease of the central nervous system. The majority (85–90%) of people with MS initially

have relapsing-remitting MS (RRMS), of whom a majority go on to develop secondary

progressive MS (SPMS), while 10‑15% of people with MS present with primary progressive

MS (PPMS). Despite dramatic progress in treatments and understanding in RRMS, the story

in progressive MS (SPMS & PPMS) remains comparatively disappointing, partly because of

a lack of sensitive progression measures and the comparatively small numbers of people with

PPMS. There is a need for new low-burden measures of MS progression, as well as large

epidemiological studies that can stratify by MS phenotype. Understanding the progression of

MS also requires an understanding of the interplay between genes and environmental factors.

This thesis aimed to improve the understanding of progressive MS and MS progression. It

included four original studies using two datasets. The first three studies used the Australian

Multiple Sclerosis Longitudinal Study which has roughly 3,000 active participants from

around Australia. The fourth study used the Ausimmune Longitudinal Study which is a

prospective cohort study that followed cases from the Ausimmune Study for up to 5 years at

the time of this analysis.

The first study examined the concurrent and predictive validity, stability and responsiveness

of single-item 0-10 numeric MS Symptom Scores (MSSymS) for six patient-reported MS

symptoms - walking difficulties, fatigue, pain, feelings of anxiety, feelings of depression, and

vision problems. With two years of symptom data, I found the MSSymS performed equally

well compared to validated comparison measures like Patient-Determined Disease steps,

Fatigue Severity Scale, and Hospital Anxiety and Depression Scale.
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The second study examined differences in outcomes between progressive-onset MS (PPMS)

and relapse-onset MS (RRMS & SPMS). I found that people with progressive-onset MS were

significantly worse off on nearly all patient-reported outcomes, including MS symptoms,

disability, disability progression over the preceding year, and quality of life, persisting after

accounting for confounding factors such as age and disease duration. The differences were

most pronounced early in the disease course. This work highlights the importance of early

intervention and a focus on specific symptomatic treatments of progressive-onset MS.

The third study examined the symptoms that had the largest impact on health-related quality

of life (HRQoL) measured using the Assessment of Quality of Life with eight dimensions

(AQoL-8D) and European Quality of Life with five dimensions and five levels for each

dimension (EQ-5D-5L) and how they differed by MS phenotype. I found that the strongest

single predictor for the AQoL-8D and EQ-5D-5L were feelings of depression, pain, and

walking difficulties, irrespective of MS phenotype. Reducing these symptoms may have the

largest impact on improving the HRQoL in all MS phenotypes of people with MS.

The fourth study examined the role of lipid- or body mass index (BMI)-related genetic

polymorphisms in MS progression. I found that five lipid polymorphisms and one BMI

polymorphism were nominally associated with disability progression. A cumulative genetic

risk score (CGRS) of the five lipid polymorphisms model explained 16% of the variance in

disability progression in this cohort, and the model of the combination of the CGRS and the

lipid variable explained more than 25% of the variance in disability progression. This

highlights the significant joint effect (gene-environment) of the lipid-genetic factor and lipids

profile on MS progression, and indicate that lipid-related polymorphisms and tagged genes as

potential points of intervention to moderate disability progression.
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In summary, this thesis presents a range of studies capturing validity, epidemiology as well as

genetics. The findings assist in guiding disease and symptom management among people

with progressive MS and is a step towards a better understanding of progressive MS.
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Chapter 1: Introduction

1.1 The rationale for studying progressive multiple sclerosis

Multiple sclerosis (MS) is a chronic, immune-mediated, neuroinflammatory and neuro-

degenerative disease of the central nervous system that typically strikes young adults1. There

are approximately 2.5 million people with MS worldwide2. Approximately 85-90% of MS

cases start as Relapse Remitting Multiple Sclerosis (RRMS) with episodes of neurological

dysfunctions followed by periods of remission where recovery is variable and can be

incomplete3. With time, an increasing proportion of these patients enter a progressive phase

of MS which is called secondary progressive MS (SPMS)3. SPMS is characterised by a

gradual increase in disability without relapses. The other 10-15% of MS cases have

progressive MS from the onset without relapses, and its disability steadily accumulates over

time. This is called primary progressive MS (PPMS)3. According to the onset type, MS can

be reclassified as relapse-onset MS (RRMS & SPMS) and progressive-onset MS (PPMS). At

the clinical level, SPMS and PPMS are grouped as progressive MS.

Over the past two decades, much progress has been made for people with RRMS in terms of

identifying risk factors and developing therapies4, 5. In contrast, the story in progressive MS

remains relatively disappointing and challenging. In 2012, the International Progressive MS

Alliance was established with the aim of expediting the discovery of therapies and symptom

management of progressive MS6.

In terms of treatments, most disease modifying therapies are anti-inflammatory and

historically many clinical trials only included people with RRMS. All previous drugs, which
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successfully modified the disease course of people with RRMS, have failed to modify the

disease course in people with progressive MS, except for ocrelizumab and siponimod which

have recently been shown to be effective in progressive MS7, 8. These trials were generally

successful in demonstrating a reduction in the rate of relapses and MRI-related measures, but

less often found associations with disability progression9-12. A typical clinical trial often

requires two to three years, which is insufficient to measure disability progression reliably,

particularly when the gold-standard Expanded Disability Status Scale (EDSS) lacks

sensitivity and specificity13. Moreover, change is minimal at higher disability levels, and

therefore depends on the baseline level 13. New measures of progression are needed for

people with progressive MS. Patient-reported outcome (PRO) measures are now increasingly

valued and accepted as primary endpoints of MS clinical trials14. However, current validated

PROs in MS often use multiple-item scales per symptom which will create a high burden for

participants because a range of symptoms are involved in MS. In the first part of this thesis,

we examine the use of a low burden symptom severity tool.

In terms of understanding the epidemiology, there is a consensus that PPMS is not a separate

disease entity from relapse-onset MS (RRMS & SPMS), with the observed differences in

imaging and pathology between it and SPMS seemingly more quantitative than qualitative15-

17. For example, there is a clear increase in cortical demyelination in progressive MS (SPMS

& PPMS) compared to RRMS with comparable lesion load between PPMS and SPMS17.

However, there are clear differences between PPMS and RRMS/SPMS. Gender ratio18, age at

onset19, symptom presentation and treatment response17 all differ, indicating there are parts of

the puzzle that we do not understand. Thus currently, we do not have a deep understanding of

the differences in epidemiology, because most research has focused on MS as a single group.

Stratifying epidemiological studies by MS phenotype or MS onset type is often not possible
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unless the sample size is sufficiently large, because people with PPMS are only 10-15% of

the total MS population. For example, few incident case-control studies or cohort studies

have been conducted that are sufficiently large to examine whether the established risk

factors of MS are the same in people with PPMS. Similarly, stratification in cross-sectional

and longitudinal studies that focus on MS progression, quality of life or symptom severity is

only possible in a small percentage of studies, which is limiting our knowledge on whether

associations differ between people with PPMS and RRMS or between people with PPMS and

SPMS. This thesis will use a large national dataset with a sufficiently large sample of people

with MS to examine associations by MS phenotype. In the second part of the thesis, we

examined the differences in patient-reported outcomes between relapse-onset MS and

progressive-onset MS. In the third part, we examined associations between symptoms and

quality of life and stratified this by MS phenotype. Both studies have the potential to guide

disease and symptom management.

Like the onset of the disease itself, both genetic and environmental factors affect MS

progression. Although a number of environmental/behavioural determinants of clinical course

have been identified, there has been less success with genetic determinants of the clinical

progression. Examining the genetic factors or the interplay between genetic and

environmental factors without prior hypotheses requires large sample sizes. One alternative is

to take a demonstrated association between an environmental factor and MS outcome as the

starting point and then choose genetic factors based on the knowledge of that association. The

Menzies MS team has used this approach successfully on a number of occasions20, 21. For

example, the group has shown in a prospective study that a higher 25-hydroxyvitamin D

(25(OH)D) level (a marker of vitamin D status) was associated with a lower relapse risk in

MS22. Subsequent studies demonstrated that some genes involved in the vitamin D pathway
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exert their effect in the association between 25(OH)D levels and relapse21. This thesis will

use a similar approach. In 2014, a prospective study from our Menzies MS team

demonstrated that a higher total cholesterol to high density lipoprotein ratio (TC: HDL ratio)

was associated with the faster accrual of disability in MS23. In 2017, another prospective

study showed that higher BMI, TC: HDL ratio and non-HDL at baseline were associated

with a faster accrual of disability24. In the fourth part of this thesis, we examine the role of

lipid- or body mass index (BMI)-related genes in MS progression.

1.2 Main objectives of this thesis

With the above rationale in mind, the aims of this thesis are:

1. To assess the concurrent and predictive validity, reliability and responsiveness of single-

item 0-10 numeric MS Symptom Scores (MSSymS) for six patient-reported MS symptoms -

walking difficulties, fatigue, pain, feelings of anxiety, feelings of depression and vision

problems (dataset: AMSLS).

2. To examine differences between progressive-onset MS and relapse-onset MS regarding

disability, disability progression, symptom severity and health-related quality of life (HRQoL)

(dataset: AMSLS).

3. To examine the associations between 13 common MS symptoms and quality of life in the

total sample, stratified by MS phenotype (RRMS, SPMS, PPMS) in order to assess which

symptoms have the largest impact on HRQoL and how that differs by MS phenotype (dataset:

AMSLS).
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4. To examine whether known lipid- or BMI-related genetic polymorphisms are associated

with disability progression, and/or whether they exerted their effects, in part by affecting the

association between serum lipid levels, BMI and disability progression (dataset: AusLong).

1.3 The projects central to this thesis

Two datasets were used in the thesis. The first three studies used the Australian Multiple

Sclerosis Longitudinal Study (AMSLS). The fourth study used the Ausimmune Longitudinal

Study (AusLong).

1.3.1 The AMSLS dataset

The AMSLS is an ongoing longitudinal cohort research project established in 2002. It has

around 3,000 active volunteers who have been shown to be representative of the Australian

MS population25. There is an estimate of more than 96% of the volunteers being diagnosed

with definite MS based on the McDonald diagnostic criteria, according to their neurologists26.

A number of surveys are sent to participants each year with some repeated annually,

biennially or less frequently, while others are once-off surveys. The surveys used in this

thesis are the 2015 Medication and Disease Course Survey, the 2016 Economic Impact

Survey, and the 2016 Medication and Disease Course Survey. Table 1 provides an overview

of the active participants and the measures of the survey assessment in these three surveys.
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Table 1- 1. Demographic characteristics of the active participants for the three surveys used in this thesis and an overview of the measures in the
survey assessment.

2015 Medication and
Disease Course Survey

2016 Economic Impact
Baseline Survey

2016 Medication and
Disease Course Survey

Total invitations/active participants 3,208 (1,985 respondents) 3,163 (1,577 respondents) 3,098 (1,699 respondents)
Female sex *, n (%) 2,519 (78.5%) 2,490 (78.7%) 2,434 (78.6%)
Age * (years), mean ± SD 54.5±11.8 54.2±11.7 53.6±11.6
MS duration (years) *, mean ± SD 15.7±8.7 15.6±8.6 15.5±8.4
Education level *, n (%)

Primary or secondary school 961 (32.7%) 955 (32.7%) 892 (31.2%)
Occupational certificate or diploma 964 (32.8%) 946 (32.4%) 947 (33.1%)
University bachelor’s degree 608 (20.7%) 616 (21.1%) 614 (21.5%)
University postgraduate degree 403 (13.7%) 404 (13.8%) 407 (14.2%）

Personal characteristics
Sex, date of birth,   
Socio-economic status,   
Ethnicity, marital status, 

Clinical characteristics
MS phenotype, year of diagnosis, disease modifying
treatment use

 

Disease outcomes
MS symptoms (13 common MS symptoms in a single-item
0-10 numeric rating scale, Fatigue Severity Scale, Hospital
Anxiety and Depression Scale)

 

Disability (Patient-Determined Disease Steps)   
Disability progression over the last year (a single-item 0-10
numeric rating scale)

 

Quality of life
Assessment of Quality of Life with eight dimensions 
European Quality of Life with five dimensions   
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Employment outcomes
Labour force participation   
Working hours 
MS-related work productivity loss  

* Data obtained at baseline or a previous survey (2016 is set as the current year). Available sample sizes in the 2015 Medication Survey: 3,208 for sex, 2,176 for
age, 2,855 for MS duration, & 2,936 for education level; Available sample sizes in the 2016 Economic Survey: 3,163 for sex, 3,133 for age, 2,757 for MS duration,
& 2,921 for education level; Available sample sizes in the 2016 Medication Survey: 3,098 for sex, 3,071 for age, 2,596 for MS duration, & 2,860 for education
level;
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All the data in the AMSLS are patient-reported and the privacy of the AMSLS participants is

protected using unique identification numbers stored in a relational database. Only the

manager of the database had access to identifying material, with the researchers using only

coded data.

All the AMSLS participants have provided informed consent to participate in the studies

using the dataset. Ethical approval for the studies using AMSLS dataset was originally

granted by the Australian Capital Territory Human Research Ethics Committee. After the

study centre moved to Tasmania in 2014, approval was granted by the Tasmanian Health and

Medical Human Research Ethics Committee.

The AMSLS is a partnership between MS Research Australia and the Menzies Institute for

Medical Research, and the Menzies MS team have successfully provided practical knowledge

in improving the lives of people with MS living in Australia. For example, the data have been

used for publications on the prevalence of MS and MS-related comorbidities27, 28, the

economic burden of the disease29, employment issues30-32, air conditioning use33, the impact

of psychosocial factors on quality of life34, and on dental health35.

1.3.2 The AusLong dataset

The AusLong Study is a longitudinal clinical cohort study built upon the original Ausimmune

case-control study. The Ausimmune case-control study recruited 282 case participants with a

first clinical diagnosis of central nervous system demyelination indicating a high risk of

developing MS from four Australian states (Queensland, New South Wales, Victoria, and

Tasmania) between 1 November 2003 and 31 December 2006. These 282 case participants

have been followed up and constitute the cohort of the AusLong Study.
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During the follow-up for 5 years, three cases were excluded because they were found to have

Susac’s syndrome, neuromyelitis optica, and pineal germinoma. Within the remaining 279

participants, 21 participants were considered to have progressive-onset MS, and 258 were

relapse-onset MS of which 169 participants had their first demyelination episode just prior to

study entry and 89 had the initial event some time before. Of the 279 participants, 214

(76.7%) were females, and the mean age was 38.7±9.8 years. Table 2 provides an overview

of the measures at each review of the Auslong Study that are relevant for this thesis.

Table 1- 2. Overview of the measures at each review of the Ausimmune Longitudinal Study
that are relevant to this thesis.

Measures * Baseline 1st, 2nd, 3rd& 4th
year review

5th year
review

Personal characteristics
Sex, age   
Height  
Weight, hip circumstance, waist
circumstance

  

Smoking status   
Clinical characteristics

MS phenotype 
MS duration   
Relapse within preceding 30 days  
Immunomodulatory medications
use, statin use (since last review)

  

Disability levels
EDSS  
MSSS  

Blood sample data
Lipids (TC, HDL, Non-HDL,
LDL, & triglyceride)

 

Apolipoproteins   
Serum 25(OH)D  
Illumina Human Exome
BeadChip and additional MS-
related SNPs



TC: total cholesterol; HDL: high density lipoprotein; LDL: low density lipoprotein; EDSS:
Expanded Disability Status Scale; MSSS: Multiple Sclerosis Severity Score;
*Other measures include occupation, sun exposure, and pets, etc.

At baseline, age, sex, study site, height and disability level (for people with progressive-onset

MS) were recorded/measured/assessed. Also, blood samples were collected at baseline and
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analysed for serum 25(OH)D, lipids, apolipoprotein levels, and epigenetic parameters. This

helps to evaluate predictors of subsequent disease course, such as disability change,

independent of confounding factors. At the end of the study, the DNA samples were

genotyped using the Illumina Human Exome BeadChip (~244,000 exome single-nucleotide

polymorphisms (SNPs)) and additional MS-related SNPs (~87,000). At each annual phone

review, relapse (“yes” or “no”; numbers) was asked. Participants also had a face-to-face

interview at either two or three year and five-year follow-up where their weight, waist and

hip circumference were measured, and disability levels were assessed by a study neurologist

using the EDSS.

All Ausimmune and Auslong participants provided informed consent to participate in the

studies using the dataset. Ethical approval for using the AusLong dataset was granted by nine

regional human research ethics committees including Southern Tasmania, Barwon Health,

Hunter New England, University of Newcastle, Griffith University, Royal Brisbane and

Women’s Hospital, Queensland University of Technology, Australian National University

and Australian National University.

Since 2009, the AusLong dataset has followed the case participants from the Ausimmune

Study. This international unique dataset has been followed for more than 10 years (85%

retention) and has already resulted in many published papers, including publications on

offspring number and MS risk36, tobacco smoking and MS onset37, sun exposure and MS

clinical course38, lipid profile and progression23, 24, and genetic variation and relapse risk39.
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1.4 Outline of the thesis

This thesis aims to better understand progressive MS from multiple perspectives. In Chapter

2, a background on key topics in progressive MS is given. Chapter 3 discusses the first aim of

this thesis; validating the single-item 0-10 numeric rating scale for six MS common

symptoms. This chapter has been published in the Multiple Sclerosis and Related Disorders.

Chapter 4 discusses the second aim of this thesis; examining whether patient-reported

outcomes differ by MS onset type. This chapter has been published in the European Journal

of Neurology. Chapter 5 discusses the third aim of this thesis; examining the symptoms that

have the largest impact on HRQoL. This paper is currently under review with an international

journal (re-submitted with the reviewer comments addressed). Chapter 6 discusses the fourth

aim of this thesis- examining whether known lipid- or BMI-related genetic polymorphisms

modulate the association between serum lipid levels, BMI and disability progression in MS.

This chapter has been published in the Journal of Neurology, Neurosurgery & Psychiatry.

Chapter 7 presents a summary of the key findings and implications of the four studies in this

thesis. Some recommendations for future research are also provided.
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Chapter 2: Background on key topics in progressive multiple

sclerosis

2.1 Preface

This chapter provides a background on the topics that are central to this thesis, including the

definition of progressive multiple sclerosis (MS), its epidemiology and symptom

management, and quality of life issues. Factors associated with MS progression will also be

introduced.

2.2 General information for MS and MS progression

2.2.1 MS in general: MS aetiology, MS clinical phenotype, diagnosis of MS, and

current treatments for MS

2.2.1.1 MS aetiology

MS is a chronic immune-mediated disease characterized by multifocal and disseminated

demyelinating lesions in central nervous system1. The aetiology of MS is complex and

unpredictable. It is currently accepted that the pathogenesis of MS onset results from both

genetic and environmental factors. In relation to genetic factors, certain polymorphisms in the

HLA region show the strongest association with the risk of MS which explains about 12% of

the genetic susceptibility40, 41. Other genetic variation, especially in immune-related genes,

also play a critical role in the genetic susceptibility of MS42. For example, a number of genes

involved in the T-helper-cell differentiation pathway (e.g. CXCR5 & IL2RA) have shown

strong evidence for association with MS42. A recent genome-wide association study (GWAS)
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has identified 233 MS-related polymorphisms with 32 being in the HLA region and the

remainder being mainly related with immunological functions43. It is reported that the 233

genome-wide significant polymorphisms could explain up to up to 48% of the MS

heritability43. For the environmental factors, past sunlight exposure44, serum levels of 25-

hydroxyvitamin D (25(OH)D)45, Epstein-Barr Virus infection46 and geographical location,

particularly latitude47 have been shown to play a major role in determining MS onset.

Lifestyle factors like smoking48 and obesity49 have also been implicated in MS susceptibility.

Moreover, genetic and environmental factors have been shown to interact with each other.

For example, smokers had a 1.5 times higher risk of MS compared to non-smokers among

people without HLA-associated genetic risk, namely HLA-DRB1*15 positive and HLA-A*02

negative; people with HLA-associated genetic risk had 5 times higher risk of MS compared

to those without HLA associated genetic risk among non-smokers; while smokers with HLA-

associated genetic risk had a 14 times higher risk of MS compared to non-smokers without

HLA associated genetic risk50.

2.2.1.2 MS clinical phenotype

In 1996, Lublin and Reingold proposed four standardised MS phenotypes, namely, relapsing-

remitting MS (RRMS), secondary progressive MS (SPMS), primary progressive MS (PPMS)

and progressive relapsing MS (PRMS)51. A majority of people with MS present with RRMS

(~85%-90%) which features intermittent relapses followed by complete or incomplete

remission. Then, an increasing proportion of RRMS patients convert to SPMS, where their

disability continues to worsen but relapses cease. The remainder of people with MS (~10%-

15%) are classified as PPMS or PRMS, where they accumulate disability steadily at the onset

without relapses (PPMS) or with occasional superimposed relapses (PRMS). In 2013, the



Chapter 2: Background on key topics in progressive multiple sclerosis

14

category of PRMS was eliminated because the term overlapped with other MS phenotypes

and has been incorporated into PPMS3.

According to the onset type, MS can be reclassified as relapse-onset MS (RRMS & SPMS)

and progressive-onset MS (PPMS & PRMS). Figure 1 shows the pattern of the four MS

phenotypes.

Figure 2- 1. Classification of MS phenotypes.

2.2.1.3 Diagnosis of MS

The diagnosis of MS relies on the integration of clinical presentation, conventional laboratory

tests and magnetic resonance imaging (MRI). The McDonald criteria are the most commonly

used diagnostic criteria that combine clinical grounds of neurologic lesions disseminated in

both time and space52. Notably, the McDonald criteria were primarily developed for people

with a typical clinically isolated syndrome at onset which shows characteristics that could be
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RRMS but has yet to fulfil the whole criteria3. Therefore, to confidently diagnose MS, a

clinician needs to integrate the information of history and alternative diagnoses should be

considered and excluded. For people with progressive-onset MS, the McDonald criteria are

modified to use with one year of disability progression in the absence of a relapse and

fulfilling two of three MRI or laboratory findings52. For the diagnosis of SPMS, there are no

clear criteria defining the conversion point from RRMS to SPMS. However, it is currently

accepted that the best definition of SPMS includes an Expanded Disability Status Scale

(EDSS) score ≥4.0 and a pyramidal score ≥2, a disability progression by one EDSS score

among people with EDSS <6.0 or 0.5 EDSS steps among those with EDSS >7, confirmed at

three months, and in the absence of relapses53.

2.2.1.4 Current treatments for MS

In recent years, the number of treatments for people with MS have increased considerably.

However, most of these treatments are only designed and effective for people with RRMS.

First generation disease-modifying therapies for RRMS are “injectable”, like β-interferon and

glatiramer acetate12, 54, which can reduce relapse rates by around one-third. Despite their

modest effects on relapse rates, they are generally well tolerated with some side effects like

flu-like symptoms and increased spasticity55. More recently, infusion monoclonal antibody

therapies, like natalizumab56, alemtuzumab57, and ocrelizumab58 which are superior in

reducing relapse rate via preventing lymphocytes from entering the brain or depleting

lymphocytes have been approved. However, careful consideration is required as there is a

high risk of developing complications (e.g., autoimmune disorders in alemtuzumab therapies

& progressive multifocal leukoencephalopathy in natalizumab therapies)55. More recently,

three oral therapies: fingolimod59, dimethylfumarate60 and teriflunomide61 provided a further



Chapter 2: Background on key topics in progressive multiple sclerosis

16

class of disease-modifying therapies and were shown to have better efficacies in reducing

annualised relapse rates than early injectables. Regarding progressive MS, clinical trials have

focused mainly on the use of immunosuppressive and immunomodulating drugs (e.g.,

interferons, glatiramer acetate, and fingolimod); however, these have shown negative

results62-64. Several potential neuroprotective therapies (e.g., simvastatin and lamotrigine)

have also been tested in progressive MS and results have been mixed65, 66. Finally, in 2017,

ocrelizumab was shown to be effective in reducing clinical and MRI progression in people

with PPMS7; and in 2018, siponimod was shown to be effective in reducing disability

progression in people with SPMS8.

2.2.2 MS in Australia: the prevalence, incidence and treatment strategies

In 2017, there were an estimated 25,607 Australians (95% confidence interval (CI): 24,874–

26,478) with MS27. The 2017 prevalence of MS in Australia was 103.7/100,000 with

estimates highest in Tasmania (138.7/100,000) and lowest in Queensland (74.6/100,000)27. In

terms of the incidence of MS in Australia, the age-standardised incidence in Newcastle

(latitude 32º52’S, longitude 151º49’E) was 6.7 per 100,000 persons per year for the years

2001-201167. The approved MS-specific disease-modifying therapies (DMTs) included

alemtuzumab, daclizumab, dimethyl fumarate, fingolimod, glatiramer acetate, interferon β-

1A, interferon β-1B, natalizumab, peginterferon, and teriflunomide27. Based on data from the

Australian MS Longitudinal Study, 64% of people with MS used DMTs in 201727.

2.2.3 Disability scales monitoring MS progression

EDSS, a 20-point scale ranging from 0 to 10, is the most commonly used quantitative system

for measuring disability in MS68. It is scored based on a combination of the ability to walk
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and the grades of eight functional systems examined by a clinician covering pyramidal

system, visual function, cerebellar system, brainstem function, sensory function, bowel and

bladder function, cerebral function and “others”. EDSS 1.0 to 4.5 refer to people with MS

who do not have any walking difficulties but have some degrees of impairment in functional

systems. For example, EDSS 3.0 describes MS patients who are ambulatory with moderate

disability in one functional system or mild disability in three/four functional systems. EDSS

5.0 to 9.5 are largely defined by the impairment to walking. For example, EDSS 6.0 describes

MS patients who require a walking aid to walk about 100m with or without resting. Although

EDSS is used widely in MS studies, it has several limitations. Firstly, the scale is not linear

with progression in lower EDSS scores occurring much faster than those with higher EDSS

scores. Secondly, the scale is subjective in certain areas (e.g., the assessment of bladder and

bowel problems)69. Thirdly, the scale has limited inter-rater reliability70-72. Fourthly, the scale

overemphasizes ambulation and undervalues some other domains of disability, such as

cognitive function.

The Patient-Determined Disease Steps (PDDS) and the Multiple Sclerosis Impact Scale

(MSIS) are also used to assess disability in the MS field. PDDS is a single-item patient-

reported scale that specifically designed for assessing disability (mainly for walking

difficulties) in people with MS. It has nine ordinal levels ranging from 0 (normal) to 8

(bedridden) and has been shown to correlate strongly with the EDSS (r=0.78)73, 74. MSIS is a

29-item patient-reported scale examining the impact of MS on physical (20 items) and

psychological (nine items) functioning for people with MS during the past two weeks75. Each

item of the MSIS has five response categories ranging from “not at all” to “extremely”. The

MSIS has been shown to have good psychometric properties in people with MS76.
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2.2.4 Symptom scales monitoring MS progression

Apart from the disability level, the severity of MS symptoms also monitors MS progression.

At an individual level, the phenotype and severity of MS symptoms vary greatly. Common

symptoms include fatigue, walking difficulties, pain, vision problems, spasticity, constipation,

urinary incontinence/urgency, depression, and sexual dysfunction77.

There are some ‘objective’ scales/tests developed for assessing MS symptoms. For example,

the Timed 25-Foot Walk test, a quantitative mobility scale assessing gait speed based on the

time for completing a 25 feet length walk, is considered to be one of the gold standard

measures for clinical gait assessment in people with MS78. The Symbol Digit Modalities Test,

a quantitative scale assessing processing speed, is recognized as the best psychometric

measure for cognitive impairment assessment in MS patients79. However, due to the

subjective nature of MS symptoms, numerous symptom scales used in MS studies are patient-

reported. Current validated patient-reported symptom measurements of a single symptom are

often scaled with multiple items (Table 1). For example, the measurement tools that assess

walking difficulties include the Multiple Sclerosis Walking Scale with 12 items and the Falls

Efficacy Scale - International with 16 items. The measurement tools that assess fatigue

contain at least nine items. Thus, we can imagine that this will create a substantial burden for

participants if various MS symptoms need to be assessed.

Despite this, some single-item patient-reported symptom measurements have also been

developed. Performance Scales assess eleven MS-related symptoms on a single-item Likert

scale with six to seven response categories ranging from 0 (“normal”) to 6 or 7 (“total

disability”) for each symptom. The symptoms include mobility, hand function, vision, fatigue,

cognitive symptoms, bladder/bowel, sensory symptoms, spasticity symptoms, depression,

pain, tremor and coordination scale, and these sub-scales have been validated in MS
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populations80-85. The SymptoMScreen assesses twelve MS-related symptoms on a single-item

Likert scale with seven response categories ranging from 0 (“not affected at all”) to 6 (“total

limitation/I’m unable to do most daily activities”) for each symptom. The symptoms include

walking/mobility, spasticity/stiffness, sensory symptoms, fatigue, dizziness, hand

function/dexterity, bodily pain, bladder control, vision, cognitive function, depression, and

anxiety. However, the Performance Scale has a survey text of 5-6 pages which are still

burdensome86. Also, these scales were originally aggregated to an overall index of

“neurological disability”, and not all symptoms were included (i.e., sexual dysfunction).

Moreover, Likert scales require some degree of reading ability, making it a challenge for

those with cognitive issues87.

A single-item 0-10 numeric rating scale is often used in health outcome assessments. For

example, pain measured as a single-item numeric rating scale has exhibited excellent validity

in irritable bowel syndrome88 and a recent review has provided evidence that the 0-10

numeric rating scale is likely the optimal scale evaluating pain89. Furthermore, spasticity

measured as a single-item 0-10 numeric rating scale was found to have adequate validity and

reliability in MS clinical trials90, 91. Therefore, along with the fact that a single item for one

symptom is a low burden and a 0-10 numeric rating scale is straightforward and easy to

interpret, we speculate that a single-item 0-10 numeric rating scale might be a promising tool

for monitoring MS symptoms89.



Chapter 2: Background on key topics in progressive multiple sclerosis

20

Table 2- 1. Patient-reported symptom measurements used in multiple sclerosis studies.

Symptoms Patient-reported measure Number
of items

Description

Walking
difficulties

Multiple Sclerosis Walking Scale 12 Measures the impact of MS on the individual’s walking ability, and has been
validated in people with MS92.

Falls Efficacy Scale International 16 A measure of perceived risk of falls in daily lives93, and has been validated in people
with MS94.

Difficulty
with
balance

Activities-specific Balance
Confidence

16 Measures a self-perceived confidence during 16 daily living activities95 and has been
validated in people with MS96.

Dizziness Handicap Inventory 25 Quantify the handicapping effects in physical, emotional and functional
subscales97And is used in MS research98.

Fatigue Fatigue Severity Scale 9 Originally designed for measuring fatigue and differentiate fatigue from clinical
depression for people with MS or systemic lupus erythematosus and has been
validated among MS patients99, 100.

Modified Fatigue Impact Scale 21 A sub-scale of MSQLI, which is a shortened version of the Fatigue Impact Scale
assessing perspectives in physical, cognitive and psychosocial domains101, and has
been validated in people with MS across various countries102-104.

Fatigue Scale for Motor and Cognitive
Functions

20 Assesses MS-related cognitive and motor fatigue105.

Chalder Fatigue Questionnaire 11 Measures a composite of mental and physical fatigue severity106 and has been
validated in people with MS107.

Neurological Fatigue Index 10 Measures the physical and cognitive components of fatigue and has been validated
in people with MS108.

Bladder
problems

Bladder Control Scale 4 A sub-score of MSQLI, which assesses the influence of bladder problems on
everyday activities and is used in MS research109.

Short Form-Qualiveen 8 Measures the urinary-specific quality of life among people with neurological
conditions110 and has been validated in MS populations111.

Sexual
dysfunction

Multiple Sclerosis Intimacy and Sexuality
Questionnaire

15 Evaluates symptoms of sexual dysfunction among people with MS over the
preceding six months and has been validated in MS populations112.

Sexual Quality of Life Questionnaire 18 Designed to measure sexual quality of life113, and sometimes used in MS
populations114.

Female Sexual Function Index 19 Widely used to evaluate the sexual function of women and has been validated in
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general population and sometimes used in MS studies115, 116.
Sexual Dysfunction Management and
Expectations Assessment in Multiple
Sclerosis—Female

8 Intends to assess the expectation of women with MS in the context of sexual
dysfunction management and has been validated in MS populations117.

Female Sexual Function Questionnaire 28 Assesses female sexual response cycle and pain during sexual activity118, and
sometimes used in MS study114.

Spasticity Multiple Sclerosis Spasticity Scale 88 Assesses the impact of spasticity in eight clinically relevant areas and has been
validated in MS populations119.

Patient Reported Impact of Spasticity
Measure

44 Measures the impact of spasticity among people with spinal cord injury across seven
domains and has been validated in MS populations120.

Bowel
problems

Neurogenic Bowel Dysfunction Score 39 A validated and widely used questionnaire which evaluates the colorectal and anal
dysfunction among people with spinal cord injury121.

Bowel Control Scale 5 A sub-scale of MSQLI, which assesses the influence of bowel problems on everyday
activities and is used in MS research109.

Pain Pain Effects Scale 6 A sub-scale of MSQLI, which assesses the influences of pain on six areas of life and
is used in MS research122.

Self-report Pain Scale 5 A 0-10 numeric rating scale about current, worst, least, and average pain intensity
for past week and average intensity for past 3 months123, and used in MS research124.

Depression Hospital Anxiety and Depression Scale
(HADS)-Depression

7 Identify people with anxiety and depression disorders in an outpatient medical
setting125 and has been validated in people with MS126.

Beck Depression Inventory 21 Specifically assesses the intensity of depression in psychiatric and normal
populations127. The internal consistency is around 0.9 and the test-retest reliability
ranges from 0.73 to 0.96128. Also, it has been validated in people with MS129.

Chicago Multiscale Depression Inventory 42 A factorially derived inventory consisting of three distinct subscales measuring
mood, evaluative, and vegetative symptom130.

Patient-Reported Outcomes Measurement
Information System (PROMIS)-
Depression

8 The PROMIS-Anxiety & PROMIS-Depression assesses anxiety or depression over
the past 7 days and has been validated in MS populations131.

Cognitive
symptoms

Perceived Deficits Questionnaire 20 A sub-scale of MSQLI, which assesses perceived cognitive problems (e.g., “I lose
my train of thought when I am speaking”), such as loss of attention, memory
dysfunction, and planning ability132.

Anxiety Hospital Anxiety and Depression Scale
(HADS)-Anxiety

7 “See for HADS-Depression”
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Generalised Anxiety Disorder 7 Assesses symptoms of anxiety over the last two weeks133, and has been validated for
use in MS134.

Beck Anxiety Inventory 21 Measures general anxiety in children and adults and has been used in MS study135.
Patient-Reported Outcomes Measurement
Information System (PROMIS)-Anxiety

8 “See for PROMIS-Depression”

The Overall Anxiety and Severity
Impairment Scale

5 Assesses anxiety and fear over the past week and is used in MS research136.

Spielberger State-Trait Anxiety Inventory 20 Specifically developed to evaluate state and trait anxiety and has been validated in
MS populations137.

Vision
problems

Visual Functioning Questionnaire 25 Assesses quality of life among people with visual impairments and has been used
MS study138.

The Impact of Visual Impairment Scale 5 A sub-scale of MSQLI, which assesses the visual-related difficulties in people’s
daily lives139.

MSQLI: Multiple Sclerosis Quality of Life Inventory, a comprehensive battery comprising a general quality of life measurement and nine MS-specific symptoms scales
covering fatigue, bladder problems, sexual dysfunction, bowel problems, pain, cognitive symptoms, vision problems, emotional status and social functioning139, and has
been validated in MS populations140.
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2.3 Epidemiology of progressive MS

2.3.1 Primary progressive MS

The prevalence of PPMS in Caucasian populations ranges from 10% to 15%141-148. The

female to male ratio in PPMS patients ranges between 1:1141, 147 and 1.8:1143, which is more

balanced than in RRMS patients (around 3:1142, 143, 145, 148, 149). The mean age at onset of

PPMS is approximately 40 years141, 142, 145-147, 150, 151, which is about 10 years older than the

mean age of RRMS patients145, 149. Furthermore, compared to RRMS patients, motor deficits

are more commonly reported as onset symptoms in PPMS patients141, 152, whereas sensory

symptoms and vision problems are more common at onset in RRMS patients142, 145, 147, 153.

The median time from PPMS onset to EDSS 6.0 is approximately 10 years in most of the

longitudinal studies146, 147, 152. However, the time varies greatly with some 25% of PPMS

cases reaching EDSS 6.0 less than 7 years, and another 25% taking more than 18 years to

EDSS 6.0142, 146.

In comparison, people with relapse-onset MS have a significantly longer median time from

onset to disability milestones, for example about 10 years longer to EDSS 4.0 and 6.0145, 147 ,

16 years longer to EDSS 7.0101, and 20 years longer to EDSS 8.0147. However, when taking

the age into account, people with relapse-onset MS and PPMS share a similar median time

from onset to disability milestones147, 148, 154.

For the prognostic factors that affect the progression of people with PPMS, four factors have

been examined: sex, age at onset, time to disability milestone, and symptoms at onset. Firstly,

while among relapse-onset MS, male patients had a faster disability progression than female

counterparts, no difference by sex was found for PPMS151. Secondly, older age at onset was

shown to predict taking shorter time to EDSS 4.0, 6.0 and 8.0 in some studies141, 147, 155, but
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other studies did not find such associations146, 148, 152. Thirdly, the time to EDSS 6.0 was

associated with the time to EDSS 7.0146 and EDSS 8.0142. Fourthly, a higher number of onset

symptoms was found to be associated with a faster rate of reaching EDSS 6.0 and 6.5 in one

study156 but not in another147; sensory onset symptoms were reported to predict taking longer

time to EDSS 6.0141; onset symptoms involving the pyramidal and sphincteric system had a

higher risk of reaching EDSS 4.0 in a short time157.

2.3.2 Secondary progressive MS

The median time from RRMS onset to transition to SPMS ranges from 9 to 21.4years158-160.

The factors that predict the conversion to SPMS include sex, age at onset, symptoms at onset

and the degree of recovery from previous relapses. Males with RRMS convert faster to SPMS

than females141, 161-164. Younger age at onset of MS on average takes a longer time to

conversion to SPMS141, 162, 164-168. Higher number of symptoms at onset generally takes a

shorter time to SPMS162, 167, 169, 170. Incomplete recovery also generally leads to shorter time to

SPMS162, 165, 167, 170.

As RRMS converts to SPMS over time, the female to male ratio and age at onset vary by the

duration of follow-up. A British Columbia cohort with 2,837 participants showed that the

female to male ratio in RRMS decreased with longer time between follow-up171. However,

even if all RRMS converted to SPMS eventually, the female to male ratio would still remain

higher compared to PPMS (1.6:1 for SPMS vs 1.1:1 for PPMS)171. The finding of higher

female to male ratio in SPMS compared to PPMS is also seen in other MS natural history

studies153, 169, 171. Regarding age at onset, the mean age at onset for people with SPMS is

around 40 years, similar to that in people with PPMS145, 153. In terms of symptom onset,
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sensory or vision problems rather than motor symptoms are likely to be a first presentation

for people with SPMS compared to PPMS153, 171.

The median time from SPMS onset, to progression to EDSS 6.0 is between 4161 and 8164 years,

and to EDSS 8.0 between 14169 and 17147 years. In terms of comparing the disability

progression between SPMS and PPMS, a French study showed that both people with SPMS

and PPMS took a similar time from EDSS 3.0 to 6.0148, although another large study showed

that the disability accumulation in people with MS was highly variable and substantially

depend on their inflammatory activities172. The prognostic factors that affect the progression

of people with SPMS include age, time to convert to SPMS, EDSS score at conversion to

SPMS and number of symptoms at onset. Younger age at SPMS onset was shown to predict

taking shorter time from SPMS onset to EDSS 8.0164, 170. A shorter time from RRMS onset to

SPMS predicted a faster disability progression in SPMS165. Lower EDSS score at conversion

to SPMS predicted slower progression of disability164. A higher number of involved

functional systems at SPMS onset was associated with a faster progression in SPMS165.

2.4 Symptom management and health-related quality of life for

progressive MS

2.4.1 Symptom management in progressive MS

At a population level, the widespread distribution of the disease and the increase in neuronal

loss results in a similarly wide variety of symptoms for progressive MS as in the total MS

population. Thus, symptom management in progressive MS is dedicated to treating the same

wide range of symptoms as in total MS.
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At present, an increasing number of pharmacological and non-pharmacological symptomatic

therapies have become available for people with MS (Table 2). Despite this, the use of these

therapies is limited by a poor evidence base, low clinical efficacy, side-effects, high prices,

and a requirement for careful treatment selection from a multidiscipline approach173. For

example, a recent systematic review indicated that exercise has been shown to be effective in

alleviating pain compared to passive controls; however, the quality of the evidence is low

because of the high risk of bias of the included studies174. Tizanidine is the first-line option

for general spasticity175, but can be associated with liver toxicity176. An injection of

botulinum toxin is useful for focal spasticity;177 however, it is expensive and is effective for

only a short duration178. Furthermore, MS symptoms may cluster to exacerbate one another179

which makes symptom management more complex and challenging. Therefore, further work

to research and develop optimal symptom management from multifactorial perspectives is

needed.
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Table 2- 2. Symptom management for people with MS.

Symptoms Pharmacological treatment Non-pharmacological treatment

Spasticity  Baclofen, tizanidine and dantrolene (first line options for
general spasticity)175;

 Botulinum toxin injections (for focal spasticity)177;
 Physiotherapy180;

Pain
 Amitriptyline, duloxetine, and pregabalin (first line

options for neuropathic pain)181;
 Carbamazepine and oxcarbazepine (for trigeminal

neuralgia)182;

 Exercise174;
 Transcutaneous electrical nerve stimulation,

psychotherapy, transcranial random noise
stimulation, transcranial direct stimulation,
hydrotherapy and reflexology183;

Bladder problems

 Botulin toxin184;
 Cannabinoids185;
 Oxybutynin186;
 Tolterodine and solifenacin187;
 Desmopressin spray188;
 Mirabegron

 Tibial nerve stimulation and sacral
neuromodulation189;

 Intermittent catheterization, indwelling and
suprapubic catheter (helps to empty);

 Surgical interventions (if conservative measures
fail);

Bowel problems  Laxatives, rectal stimulants and enemas (for
constipation)190

 Exercise, abdominal massage and biofeedback
retraining (for constipation);

 Surgery (for example sphincteroplasty and sacral
nerve stimulation for incontinence);

Sexual dysfunction  Phosphodiesterase-5 inhibitors (e.g., sildenafil) (for
erectile dysfunction)191, 192;

 Midodrine (for ejaculation failure)193;

 Pelvic floor physiotherapy (for female sexual
dysfunction)194;

Walking difficulties
 Dalfampridine/fampridine (increase walking speed)195,  Exercise197;
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196  Physiotherapy198;
 Gait training199;
 Using walking aids (e.g., canes, crutches and

walking frames);

Depression  Antidepressant (prominent side-effects)200
 Psychosocial therapy201;
 Exercise202;
 Improve diet quality203;

Cognitive symptoms
 None (Any effect on cognition are directly related to

their effects on overall inflammation and are non-
specific for MS-related cognitive decline)

 Cognitive rehabilitation204;
 Occupational therapy205;

Fatigue  Modafinil206;
 Amantadine207;

 Exercise and patient education208;
 Occupational therapy209;

Vision problems
 Gabapentin and memantine (for pendular nystagmus)210;
 4-aminopyridine (for downbeat nystagmus)211;
 Dalfampridine (for internuclear ophthalmoplegia)212;

 None

The information in this table comes from recent reviews, clinical trial data and clinical experience.
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2.4.2 Health-related quality of life for progressive MS

Health-related quality of life (HRQoL) is a concept that evaluates individuals’ perception of

their physical function, psychosocial state, and somatic sensation213. It is not surprising that,

overall, people with MS report a worse HRQoL than the general population214, 215.

Nevertheless, people with MS also reported a worse HRQoL compared with people with

other chronic diseases, such as diabetes, epilepsy and Parkinson’s disease216, 217. This might

be because MS involves a wide variety of symptoms which have shown to be associated with

a reduction in the HRQoL like mobility218, 219, fatigue219-221, depression219-221, pain221, 222,

sexual dysfunction223, 224, spasticity225-228, cognitive symptoms218, bladder and bowel

problems229, and vision problems230, 231.

Few studies have examined HRQoL by MS phenotype. Two studies found that those with

SPMS had the lowest physical HRQoL, followed by PPMS and RRMS, while those with

PPMS had the lowest mental HRQoL, followed by RRMS and SPMS232, 233. However, these

studies did not take confounding factors into account. Another study found that that those

with progressive MS (SPMS and PPMS) had a lower HRQoL compared to those with RRMS

after taking demographic variables (sex, age, employment status, and education level),

disability level and disease duration into account219.

Given the mere paucity of disease-modifying treatments for progressive MS, improving

HRQoL through symptom management should be a focus for this population. However, it is

unclear which symptoms have the largest impact on HRQoL and whether these symptoms

differ by MS phenotype. Understanding the differences by phenotype could focus the

research agenda on symptoms in progressive MS towards identifying successful management

strategies. It could also guide clinicians to optimise the care of people with progressive MS.
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2.5 Factors associated with MS disability progression

Like MS onset, the pathogenesis of MS disability progression is a complex process involving

genetic and environmental components.

2.5.1 Genetic factors associated with MS disability progression

Currently, there is no large-scale GWAS identifying the genetic factors that associated with

MS disability progression. Only a small number of studies have provided evidence that HLA

and non-HLA alleles might affect disability progression. In relation to HLA alleles, a French

study with 651 MS cases showed that relapse-onset MS patients with HLA-DRB*15 allele

reached EDSS 6.0 more quickly compared to those without, though there was no such

association among people with progressive-onset MS234. A Spanish study with 380 MS cases

showed that MS patients with HLA-DRB*01 or HLA-DRB*04 genotype took a shorter time to

reach EDSS 6.0 compared to those without235. A Swedish study showed that MS patients

having haplotypes DR17 and DQ2 tended to have a poorer prognosis of reaching EDSS 6.0

than those without236. For non-HLA variants, in our prospective Ausimmune Longitudinal

cohort study of 125 cases with first demyelination event followed for five years, seven non-

HLA SNPs (rs7588193, rs842639, rs35967351, rs2283792, rs3825568, rs2546890, and

rs8070345) were nominally associated with annualised change in EDSS, and people with the

cumulative genetic burden of the seven SNPs having more than 7 risk genotypes progressed

at 0.48 EDSS points faster compared to those carrying fewer than 3 risk genotypes per year237.

In the same cohort, we also found that those who carry the risk genotype (CT + TT) at

rs12959006 had an EDSS score of 0.9 points higher over five years compared to those with

the CC genotype238. In a Dutch cohort with 137 MS cases (SPMS=77; PPMS=34;

undetermined MS subtype=26) and 317 healthy controls, people with glucocorticoid receptor
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haplotypes conferring high glucocorticoid sensitivity took a shorter time to EDSS 6.0239.

Despite this, replications of these findings are needed. Identifying further risk genes or SNPs

associated with disability progression in large longitudinal studies are still required.

2.5.2 Environmental factors associated with MS disability progression

A number of modifiable factors have been shown to be associated with MS progression in

more than one study. Vitamin D levels (assessed by serum 25(OH)D) were shown to have a

weak but consistent negative correlation with EDSS scores across 11 concurrent studies (r=-

0.22; 95% CI: -0.32 to -0.12; I2=66%)240. However, these studies were cross-sectional in

design, so the association might have resulted from reverse causation where those with a

higher EDSS score are less physically active, spend less time outside and as a result have

lower vitamin D levels. In a prospective study with 465 participants, higher 25(OH)D levels

were associated with a slower rate of EDSS progression (p=0.004)241. However, another

prospective study did not find correlation between 25(OH)D and EDSS progression

(p=0.07)242. Several vitamin D supplementation trials have been conducted in MS patients but

the EDSS scores were not significantly different from placebo in the pooled results243.

Smoking was shown to have an increased risk of progression across seven retrospective

studies (hazard ratio=1.55, 95% CI: 1.10 to 2.19; I2=72%)240. However, there was evidence of

heterogeneity and publication bias240. To date, no smoking cessation intervention has been

conducted among MS patients due to the challenges of recruiting smokers244. One cohort

study with 1270 MS cases using retrospective reports has shown that smoking cessation

could significantly reduce the risk to reach EDSS 4.0 and 6.0245. Other modifiable factors,

like dietary factors and physical exercise were also studied, but these reported different

variables and results are conflicting240. For example, in a retrospective study, fish
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consumption was associated with a reduced risk of reaching EDSS 6.0 among participants

with relapse-onset MS, and type of fish consumption was associated with time to reach EDSS

6.0 among participants with progressive-onset MS246. In another retrospective study, fish

consumption at ages 6-15 did not show a significant faster progression rate among veterans

with progressive MS247. For the interventions on dietary and exercise, the pooled effect from

a systematic review did not show a significantly different effect on disability progression

compared to controls243.

Several studies, including our work, have shown associations between adverse lipids or BMI

and MS progression. Adverse lipids indicate lower high-density lipoprotein (HDL), and

higher low-density lipoprotein (LDL), total cholesterol (TC), TC: HDL ratio, non-HDL, and

triglycerides. In our prospective study with 279 participants who were followed for 5 years,

higher non-HDL level (β=0.04; 95% CI: 0.01 to 0.08), TC: HDL ratio (β=0.05; 95% CI:

0.001 to 0.10) and BMI (β=0.04; 95% CI: 0.01 to 0.07; per 5kg/m2) at baseline were

associated with a faster annual disability change24. In another prospective study of 178

participants with established MS who were followed for 2.2 years, higher TC: HDL ratio

(β=0.05; 95% CI: 0.00 to 0.09) at baseline was also associated with faster annual EDSS

change, and higher TC and BMI were associated with a higher EDSS23. In a prospective

study of 492 participants who were followed for around 2.2 years, higher TC, LDL,

triglycerides, and TC: HDL ratios at baseline were shown to be associated with a faster rate

of annual disability change248. However, BMI in this study was not associated with disability

change. Furthermore, vascular comorbidities which are obesity-related have been associated

with more rapid disability progression in MS249. Currently, interventions of weight loss on

MS progression are scarce and the effects of statin therapies on reducing the rate of disability
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progression are controversial250, 251. Therefore, the mechanism behind the association between

lipids or BMI and MS disability progression needs to be further investigated.

2.5.3 Combination of genetic and environmental factors associated with MS disability

progression

Identifying the interactions between genetic and environmental factors provides additional

knowledge on the biological mechanisms of the associations between these factors and the

outcome252. The only study investigating the combination of genetic and environmental

factors on MS disability progression is a Portuguese study examining the interaction of

smoking and apolipoprotein E (ApoE) polymorphism on disability progression of MS253.

Although cigarette smoking is often reported to be associated with faster MS disability

progression240, 254, in a study with 205 female MS patients, among people having the ApoE E4

isoform, smokers (n=11) had a lower EDSS (p=0.033) compared to the non-smokers

(n=15)253. However, it is a cross-sectional study with cross-sectional markers of MS disability

severity being the outcome. Thus, prospective studies are needed to confirm these results.

Given that the research on the combination of genetic and environmental factors in MS

progression is limited, the knowledge of gene-environment interactions has not been used to

its full extent for MS disability progression. One approach to identifying more combinations

of genetic and environmental factors in one outcome is to examine the genetic loci involved

in its environmental factors, then study the role of the genetic loci in the association between

the environmental factor and the outcome. Take MS onset, for example, where low past sun

exposure is associated with an increased MS risk44, 255. This observation is partly due to the

influence of ultraviolet ray exposure on the synthesis of vitamin D. In 2009, Dickinson and

colleagues observed a significant interaction between sun exposure and genetic loci involved
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in vitamin D hormonal pathway (rs11574010; a polymorphism in vitamin D receptor protein

gene) in MS risk20. In 2010, Simon and colleagues observed an interaction between vitamin

D intake and a vitamin D-related gene variant (rs10735810; a polymorphism in vitamin D

receptor protein gene) in MS risk256. Similarly, as a higher 25(OH)D level was reported to be

associated with a reduced relapse risk in MS22, in 2013, Lin and colleagues found that two

SNPs in vitamin D-related genes (rs908742 in gene PRKCZ & rs3783785 in gene PRKCH)

modified the association between serum 25(OH)D and relapse risk21. Therefore, maybe the

next generation of MS progression research on gene-environmental interaction could focus

on examining whether the association between known environmental factors (e.g., BMI and

lipids) and MS progression is modified by their corresponding genetic components.

2.6 Postscript

This chapter provided a background on key topics in this thesis. In relation to the assessment

of symptoms, we can see that a single-item 0-10 numeric rating scale is a promising way to

monitor MS progression. Therefore, the next chapter, Chapter 3 will validate the single-item

0-10 numeric rating scale: MS Symptom Scores.
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Chapter 3: Validation of 0-10 MS Symptom Scores in the

Australian Multiple Sclerosis Longitudinal Study

3.1 Preface

This chapter discusses the 1st aim of this thesis - validating the single-item 0-10 numeric

rating scale (MS Symptom Scores). This chapter has been published in the Multiple Sclerosis

and Related Disorders. The text of this chapter is the same as the published version which

has been attached in the appendix.

3.2 Abstract

Background: Multiple sclerosis (MS) symptom measurements often use multiple-item scales

per symptom, creating a high burden when multiple symptoms are assessed. We aimed to

examine the validity, stability and responsiveness of single-item 0-10 numeric rating MS

Symptom Scores (MSSymS).

Methods: The study included 1,985 participants from the Australian Multiple Sclerosis

Longitudinal Study. Thirteen MS symptoms were assessed using the MSSymS, of which we

were able to validate six (walking difficulties, fatigue, pain, feelings of anxiety, feelings of

depression and vision problems). Comparison measures included Patient-Determined Disease

Steps (PDDS), Fatigue Severity Scale (FSS), Hospital Anxiety and Depression Scale (HADS),

and Assessment of Quality of Life (AQoL). We used spearman rank correlation for

concurrent validity, linear regression for predictive validity, intra-class correlations for

stability, and percentage change for responsiveness.
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Results: We found high correlations between walking difficulties and PDDS (r=0.82), pain

and AQoL-pain (r=0.77), fatigue and FSS (r=0.72); moderate correlations between feelings

of anxiety and HADS-Anxiety (r=0.68), feelings of depression and HADS-Depression

(r=0.63); and low correlation between vision and AQoL-vision (r=0.43) For predictive

validity, the graphs with quality of life were largely overlapping and the R2 of the regression

lines were generally similar. The stability and responsiveness of the MSSymS were adequate.

Conclusion: The six assessed symptoms of the MSSymS performed equally well compared

to validated comparison measures in terms of concurrent and predictive validity, temporal

stability and responsiveness.

3.3 Introduction

For people with multiple sclerosis (MS), assessing the severity of symptoms is challenging

because many MS symptoms, such as fatigue and pain, are subjective experiences and

multidimensional constructs which cannot be objectively measured257, 258. Patient-reported

outcome measures are now increasingly being valued and accepted as primary endpoints of

MS clinical trials259. However, current validated PROs of a single symptom often use

multiple-item scales, creating a significant burden for patients when multiple symptoms are

being assessed. While the Performance Scale is a validated single-item PRO for eight

different symptoms, this scale is still lengthy with 5-6 pages of survey text260. A recent study

found that 79% of patients completed all eight Performance Scales and 12% declined to fill

out the questionnaire,86 suggesting that burden is an important issue. The issue has been

identified by others and the recently published SymptoMScreen assesses 12 symptoms on a

Likert scale from 0-6, showing excellent criterion and construct validity.86
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In 2015, we developed the MS Symptom Scores (MSSymS), where people with MS rated the

13 most common symptoms on a single-item 0-10 numeric rating scale (NRS). A 0-10 NRS

scale was chosen because it is easy to complete, is well-understood, and has good

psychometric properties for the assessment of pain89. We included the MSSymS in the

Australian Multiple Sclerosis Longitudinal Study (AMSLS) in our annual surveys since 2015.

The aim of this study was to assess the concurrent and predictive validity, stability, and

responsiveness of six out of the 13 symptoms in MSSymS for which we had appropriate

comparison measures to compare to: walking difficulties, fatigue, pain, feelings of anxiety,

feelings of depression and vision problems.

3.4 Methods

3.4.1 Study population

The AMSLS is an ongoing research project since 2002 and has roughly 3,000 active

participants. Multiple surveys are sent out each year, providing data of practical use for

improving the lives of Australians with MS30, 261. Participants have been shown to be

representative with an estimated 96% of participants diagnosed with definite MS according to

the McDonald criteria25. Written informed consent forms for the survey were provided by

each participant. Ethical approval for the study was granted by the Tasmanian Health and

Medical Human Research Ethics Committee.

We used symptom data from the 2015 and the 2016 Medication and Disease Course Survey,

and quality of life data (Assessment of Quality of Life with eight dimensions, AQoL-8D)

from the 2016 Economic Impact Survey. Figure 1 shows the survey participation rates and

the participants involved in each analysis.
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Figure 1. Overview of the survey completion: overlap in survey completion and the
participants involved in each analysis of this study.

3.4.2 MSSymS measures

The severities of 13 common MS symptoms were assessed on a NRS from 0 (no symptom) to

10 (worst possible symptom) using the following question: “With the following symptoms,

we would like you to rate your average severity in the last four weeks compared to before

you developed MS” (Appendix A). These symptoms included: walking difficulties; fatigue

(extreme tiredness); pain; feelings of anxiety; feelings of depression; vision problems,

including double vision and loss of vision; difficulty with balance; bladder problems,

including urinary incontinence and urgency; sexual dysfunction; spasticity (accentuated

muscle stiffness); sensory symptoms, including numbness and tingling; bowel problems

including constipation; and cognitive symptoms, including problems with concentration,

attention and memory. The first six symptoms were validated in this study.
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3.4.3 Comparison measures

We used several comparison measures, including multiple-item composite tools, and single-

item sub-scores of European Quality of Life with five dimensions (EQ-5D) (a standardised

measure of health-related quality of life262) and AQoL-8D (a health-related multi-attribute

utility quality of life instrument263).

Walking difficulties – Firstly, walking ability was assessed by the Patient-Determined

Disease Steps (PDDS). PDDS is specifically designed for people with MS and has been

shown to correlate strongly with the Expanded Disability Status Scale (r=0.78)73, 264. It has

nine ordinal levels ranging from 0-8. Secondly, mobility was recorded as a single-item of the

EQ-5D: EQ-5D-mobility. EQ-5D-mobility assesses mobility with five response categories

ranging from 1-5. Thirdly, mobility was assessed using a single-item of AQoL-8D: AQoL-

mobility. AQoL-mobility assesses mobility with six response categories ranging from 1-6.

Fatigue – Firstly, fatigue was assessed using the Fatigue Severity Scale (FSS)99. FSS was

originally designed for measuring functional outcomes of fatigue with MS and systemic lupus

erythematosus patients and has been shown to have high sensitivity and internal consistency

(Cronbach’s alpha=0.93)99, 100. It consists of nine items and assesses fatigue in the preceding

week in terms of how fatigue interferes with certain activities. Each item is rated from 1-7 on

a Likert scale from ‘strongly disagree’ to ‘strongly agree’, and the FSS score is the mean

value of the nine items. Secondly, fatigue was assessed as a single item of the AQoL-8D:

AQoL-fatigue. AQoL-fatigue assessed the amount of energy someone has with five response

categories ranging from 1-5.
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Pain – Firstly, pain was assessed by a three-item sub-score of the AQoL-8D: AQoL-pain,

including three perspectives of pain for the frequency of pain, amount of pain, and how often

the pain interferes with usual activities. AQoL-pain was calculated by a weighted score of the

three items and ranges from 0-1 where a higher score indicates a lower pain severity level263.

Secondly, pain was assessed by a single-item of the EQ-5D by measuring pain and

discomfort: EQ-5D-pain/discomfort. EQ-5D-pain/discomfort has five response categories

ranging from 1-5.

Feelings of anxiety & Feelings of depression – Firstly, anxiety (or depression) was assessed

by the subscale of the Hospital Anxiety and Depression Scale (HADS): HADS-Anxiety (or

HADS-Depression). The HADS is designed to identify cases of anxiety disorders and

depression among patients in non-psychiatric hospital clinics125 and is considered to have a

sensitivity and specificity of approximately 0.80 when using a cut-point of ≥8 from a total

score of 21265. Both subscales are comprised of seven items with four response categories

ranging from 0 to 3, and the final score is calculated by summating the seven items. Secondly,

anxiety (or depression) was assessed by a single-item sub-score of EQ-5D: EQ-5D-

depression/anxiety. EQ-5D-depression/anxiety has five response categories ranging from 1 to

5. Thirdly, anxiety (or depression) was assessed by a single-item sub-score of AQoL-8D:

AQoL-anxiety (or AQoL-depression). AQoL-anxiety (or AQoL-depression) assessed the

frequency of feeling worried (or depressed) in the last week. AQoL-anxiety has five response

categories ranging from 1-5 and AQoL-depression has six response categories ranging from

1-6.

Vision problems – Vision was assessed using a single-item sub-score of AQoL-8D with six

response categories ranging from 1-6.
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The PDDS, FSS, AQoL-pain, HADS-anxiety and HADS-depression were chosen as the

preferred comparison measures, because they have been validated or consist of comparatively

more items. For the responsiveness assessment, EQ-5D-pain/discomfort was chosen as the

preferred comparison measure where AQoL-pain was not available.

3.4.4 Other measures

Other demographic and clinical characteristics assessed included sex, age, age of diagnosis,

MS duration since diagnosis and education level (2015 Medication and Disease Course

Survey).

3.4.5 Statistical analysis

In this study, we assessed concurrent and predictive validity of which both refer to the ability

of one test to predict results obtained on an external criterion266. We assessed concurrent

validity by comparing the values of the MSSymS against comparison measures using

Spearman rank correlations. A correlation between 0.7-0.9 was considered high, 0.5-0.7 as

moderate and 0.3-0.5 as weak267. We assessed the predictive validity of the MSSymS by

comparing the graphs and the R2 of the linear regression lines with the preferred comparison

measures in predicting quality of life. We used AQoL-8D as the preferred measurement of

quality of life due to its high sensitivity268. However, when the comparison measure was a

sub-score of the AQoL-8D (AQoL-pain & AQoL-vision), EQ-5D was used as the

measurement of quality of life.

We also assessed temporal stability and responsiveness over a one-year period (the values

between 2015 and 2016). Temporal stability refers to the stability of the content of reports
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over time269. In this study, we estimated the temporal stability by the intra-class correlation

coefficient (ICC) from a two-way mixed effects model, in the terminology of Shrout and

Fleiss, this is ICC (3, 1)270, 271. One-year change variables were created for the MSSymS and

the preferred comparison measures, and the relationship was shown between the two one-

year changes. Responsiveness refers to the ability to detect minimal change when there is true

change272. We assessed responsiveness by calculating the average percentage change in the

MSSymS among those who had a tangible change over one year in the preferred comparison

measure as described previously81. A tangible change was defined as a change of ≥1 point in

either direction for PDDS (observed change ranged from -5 to +5), FSS (-7 to +7) and EQ-

5D-pain/discomfort (-3 to +3) and a change of ≥2 points in either direction for HADS-

Anxiety (-12 to 10) and HADS-Depression (-13 to +9). STATA (version 14; StataCorp LP,

College Station, TX) was used for all analyses.

3.5 Results

3.5.1 Participants

Table 1 shows the characteristics of the participants in each analysis. To assess the

representativeness of the participants, we compared the participants who were included in at

least one of the three surveys to those who were not included in any of the surveys. We found

that there were no differences by sex (p=0.884), though those who were included were

slightly older (+2.5 years, p<0.001), had a slightly longer MS duration (+0.9 years, p=0.028)

and a slightly higher education level (included were 36% with bachelor or postgraduate

degree vs non-included were 30%, p=0.008).
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Table 3- 1. Characteristics of participants in the different analyses.

Concurrent validity assessment
without AQoL-8D data

Concurrent validity
assessment with AQoL-8D
data & Predictive validity
assessment

Temporal stability & Responsiveness assessment

Participants and survey(s) n=1,985
Completed 2015
Medication and
Disease Course
Survey

n=1,699 Completed
2016 Medication
and Disease Course
Survey

n=1,328

Completed 2015 Medication
and Disease Course Survey

& 2016 Economic Impact
Survey

n=1,341

Completed 2015 & 2016 Medication and Disease
Course Survey

Data in 2015 Survey Data in 2016 Survey

Characteristics

Female sex (n (%)) 1,549 (78.1%) 1,331 (78.3%) 1,034 (77.9%) 1,041 (77.7%) 1,043 (77.8%)

Age (years) (mean (SD)) 55.3 (11.3) 55.2 (11.4) 55.6 (11.4) 55.1 (11.2) 56.2 (11.1)

Age of diagnosis (years) (Median
(IQR))

42 (33, 49) 41 (32, 48) 41 (33, 49) 41 (33, 49) 41 (33, 49)

MS duration (years) (Median (IQR)) 12 (8, 18) 13 (8, 19) 12 (8, 18) 12 (8, 18) 13 (9, 19)

Education level (n (%))

Primary school or secondary
school

577 (29.1%) 472 (28.2%) 390 (29.4%) 369 (27.6%) 374 (27.9%)

Occupational certificate or
diploma

696 (35.1%) 577 (34.4%) 436 (32.9%) 469 (35.0%) 463 (34.5%)

University bachelor’s degree 415 (20.9%) 375 (22.4%) 294 (22.2%) 291 (21.7%) 299 (22.3%)
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University postgraduate degree 294 (14.8%) 252 (15.0%) 206 (15.5%) 210 (15.7%) 205 (15.3%)

MSSymS (single-item, score range from 0-10) (Median (IQR))

Walking difficulties 4 (1, 7) 4 (1, 7) 4 (1, 7) 4 (1, 7) 4 (1, 7)

Fatigue 5 (3, 7) 5 (3, 7) 5 (3, 7) 5 (3, 7) 5 (3, 7)

Pain 2 (0, 6) 2 (0, 5) 2 (0, 5) 2 (0, 5) 2 (0, 5)

Feelings of anxiety 3 (1, 5) 2 (1, 5) 2 (1, 5) 2 (1, 5) 2 (1, 5)

Feelings of depression 3 (1, 5) 2 (1, 5) 2 (1, 5) 2 (1, 5) 2 (1, 5)

Vision problems 1 (0, 4) 1 (0, 4) 1 (0, 4) 1 (0, 4) 1 (0, 4)

Comparison measures (number of items: score range (Median (IQR))

Patient Determined Disease Steps
(1 item: 0-8)

3 (1, 5) 3 (0, 5) 3 (1, 5) 3 (1, 5) 3 (1, 5)

Fatigue severity scale (9 items: 0-
7)

4.6 (2.8, 5.9) 4.4 (2.7, 5.8) 4.4 (2.8, 5.8) 4.4 (2.8, 5.8) 4.4 (2.7, 5.8)

HADS-Anxiety (7 items: 0-21) 7 (4, 10) 6 (4, 10) 7 (3, 10) 6 (4, 9) 6 (3, 10)

HADS-Depression (7 items: 0-
21)

5 (2, 8) 5 (2, 8) 5 (2, 8) 5 (2, 8) 5 (2, 8)

EQ-5D (5 items: 0-1) 0.76 (0.60, 0.87) 0.77 (0.60, 0.89) 0.77 (0.60, 0.87) 0.77 (0.61, 0.89) 0.77 (0.60, 0.89)

EQ-5D-mobility (1 item: 1-5) 2 (1, 3) 2 (1, 3) 2 (1, 3) 2 (1, 3) 2 (1, 3)

EQ-5D-pain/discomfort (1 item:
1-5)

2 (1, 3) 2 (1, 3) 2 (1, 3) 2 (1, 3) 2 (1, 3)

EQ-5D-depression/anxiety (1 2 (1, 2) 2 (1, 2) 2 (1, 2) 2 (1, 2) 2 (1, 2)
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item: 1-5)

AQoL-8D (35 items: 0-1) NA NA 0.60 (0.44, 0.78) NA NA

AQoL-mobility (1 item: 1-6) NA NA 3 (1, 4) NA NA

AQoL-fatigue (1 item:1-5) NA NA 3 (3, 4) NA NA

AQoL-pain (3 items: 0-1) NA NA 0.71 (0.50, 0.95) NA NA

AQoL-anxiety (1 item: 1-5) NA NA 2 (2, 3) NA NA

AQoL-depression (1 item: 1-6) NA NA 3 (2, 3) NA NA

AQoL-vision (1 item: 1-6) NA NA 2 (2, 3) NA NA

MSSymS: MS Symptom Scores; HADS: Hospital Anxiety and Depression Scale; EQ-5D: European Quality of Life with 5 dimensions; AQoL-8D: Assessment of Quality of Life with
8 dimensions; NA: Not available.
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3.5.2 Concurrent validity between the MSSymS and their comparison measures

Table 2 shows the correlations between the 2015 MSSymS and their comparison measure(s).

High correlations (0.7≤r<0.9) were observed for walking difficulties, pain and fatigue

(compared to the FSS). Moderate correlations (0.5≤r<0.7) were observed for feelings of

anxiety (compared to the HADS-anxiety and EQ-5D-depression/anxiety) and feelings of

depression. A low correlation (r<0.5) was observed for vision and feelings of anxiety

(compared to AQol-anxiety). To further assess the magnitude of our correlations, we also

assessed the correlations between the comparison measures and found that these correlations

were of a similar magnitude. For example, high correlations were observed for walking-

related measures; moderate correlations were observed between HADS-Anxiety and AQoL-

anxiety; and low correlation was observed between AQoL-anxiety and EQ-5D-

depression/anxiety.

We repeated the analysis using 2016 data, and found similar results, with the largest

difference between the correlations being 0.04 units (Supplementary Table).
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Table 3- 2. Concurrent validity of the 2015 MS Symptom Scores: Spearman rank correlations between MS Symptom Scores and comparison
measures.

Comparison measures* (number of items: score
range)

Correlation with MSSymS Correlation between comparison measures

Walking difficulties (1 item: 0-10) AQoL-mobility EQ-5D-mobility

Patient Determined Disease Steps (1 item: 0-8) 0.82 0.73 0.85

EQ-5D-mobility (1 item: 1-5) 0.85 0.75

AQoL-mobility (1 item: 1-6) 0.72

Fatigue (1 item: 0-10) AQoL-fatigue

Fatigue Severity Scale (9 items: 0-7) 0.72 0.62

AQoL-fatigue (1 item:1-5) 0.57

Pain (1 item: 0-10) EQ-5D-pain/discomfort

AQoL-pain (3 items: 0-1) 0.77** 0.77**

EQ-5D-pain/discomfort (1 item: 1-5) 0.82

Feelings of anxiety (1 item: 0-10) AQoL-anxiety EQ-5D-depression/anxiety

HADS-Anxiety (7 items: 0-21) 0.68 0.56 0.72

EQ-5D-depression/anxiety (1 item: 1-5) 0.67 0.48

AQoL-anxiety (1 item: 1-5) 0.47

Feelings of depression (1 item: 0-10) AQoL-depression EQ-5D-depression/anxiety

HADS-Depression (7 items: 0-21) 0.63 0.55 0.60
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EQ-5D-depression/anxiety (1 item: 1-5) 0.68 0.63

AQoL-depression (1 item: 1-6) 0.65

Vision problems (1 item: 0-10)

AQoL-vision (1 item: 1-6) 0.43

MSSymS: MS Symptom Scores. HADS: Hospital Anxiety and Depression Scale; EQ-5D: European Quality of Life with 5 dimensions; AQoL-8D: Assessment of Quality of
Life with 8 dimensions;

*The bolded italic measures are the preferred comparison measures.

**As the scale of AQoL-8D-pain is less severe with higher score, we changed the negative correlation from -0.77 to 0.77.
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3.5.3 Predictive validity of the MSSymS

We examined the predictive validity of the MSSymS by comparing the graphs and the R2 of

the linear regression lines with their preferred comparison measures in predicting quality of

life using 2015 symptom data and 2016 quality of life data (Figure 2). For walking

difficulties, the graphs were overlapping and the R2 values were identical. For pain and

feelings of anxiety, the graphs were overlapping and the R2 values were 4% higher compared

to the comparison measures. For vision, the graphs were largely overlapping and R2 value 6%

higher. For fatigue, the graph of our measure was more linear although the R2 was 3% lower.

Lastly, for feelings of depression, the graphs were not overlapping and the R2 value was 10%

lower than the HADS-Depression.
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Figure 3- 1. Assessment of predictive validity by comparing the associations between
symptom severity and quality of life for six symptoms (single-item 0-10 MS Symptom
Scores (red) against the preferred comparison measure (blue)). The data points represent the
predicted values of the AQoL-8D or EQ-5D for each symptom severity level with the bars
representing the confidence intervals. R2 was calculated from linear regression lines.
*When the comparison measure was a sub-score of the AQoL-8D (AQoL-pain & AQoL-vision), the EQ-5D
was used because total AQoL-8D was the outcome measure.

AQoL-8D, Assessment of Quality of Life with eight Dimensions; EQ-5D, European Quality of Life with five
dimensions; PDDS, Patient-Determined Disease Steps; FSS, Fatigue Severity Scale; HADS, Hospital Anxiety
and Depression Scale.

3.5.4 Temporal stability of the MSSymS

The ICC of the MSSymS between the 2015 and 2016 values ranged from 0.68 to 0.85, and

these correlations ranged from 0.63 to 0.91 for the preferred comparison measures (Table 3).

Considering the different ranges of the scales (the higher scale range, the higher ICC), the
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stability was slightly lower for the MSSymS in walking difficulties and fatigue compared

with their comparison measures.
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Table 3- 3. Temporal stability of the MS Symptom Scores: Intra-class correlations between 2015 and 2016 MS Symptom Scores, and between
2015 and 2016 comparison measures.

MSSymS (number of items: score range) ICC (95% CI) Comparison measures* (number of items: score range) ICC (95% CI)

Walking difficulties (1 item: 0-10) 0.85 (0.83 - 0.86) Patient Determined Disease Steps (1 item: 0-8) 0.91 (0.90 - 0.92)

EQ-5D-mobility (1 item: 1-5) 0.89 (0.88 - 0.90)

Fatigue (1 item: 0-10) 0.68 (0.65 - 0.71) Fatigue Severity Scale (9 items: 0-7) 0.78 (0.75 - 0.80)

Pain (1 item: 0-10) 0.80 (0.79 - 0.82) EQ-5D-pain/discomfort (1 item: 1-5) 0.75 (0.72 - 0.77)

Feelings of anxiety (1 item: 0-10) 0.70 (0.67 - 0.72) HADS-Anxiety (7 items: 0-21) 0.79 (0.77 - 0.81)

EQ-5D-depression/anxiety (1 item: 1-5) 0.63 (0.60 - 0.67)

Feelings of depression (1 item: 0-10) 0.70 (0.67 - 0.73) HADS-Depression (7 items: 0-21) 0.80 (0.79 - 0.82)

EQ-5D-depression/anxiety (1 item: 1-5) 0.63 (0.60 - 0.67)

Vision problems (1 item: 0-10) 0.72 (0.69 - 0.74) -# -

MSSymS: MS Symptom Scores; ICC: intra-class correlation coefficient; HADS: Hospital Anxiety and Depression Scale; EQ-5D: European Quality of Life
with 5 dimensions;

*The bolded italic measures are the preferred comparison measures.

#The only comparison measure was AQoL-vision which was from the 2016 Economic Impact Survey, so there is no data for the ICC analysis.



Chapter 3: Validation of 0-10 MS Symptom Scores in the Australian Multiple Sclerosis
Longitudinal Study

53

3.5.5 Responsiveness of the MSSymS

Comparing the 2016 values to the 2015 values, we found 26% to 39% of participants had no

change in their MSSymS values and the median change was zero for all the MSSymS as well

as the preferred comparison measures. Figure 3 shows the relationship between the one-year

change in the MSSymS and the one-year change of the comparison measures. Despite low

changes in both measures, 61% to 72% of participants reported ≥1-point change in either

direction in MSSymS, compared to 35% to 50% reporting a tangible change in either

direction in the comparison measure, suggesting that people are reporting more change in the

MSSymS (Table 4). Among participants who had a tangible change in either direction in their

preferred comparison measure, the percentage with ≥1-point change in either direction in the

MSSymS was high, ranging from 68% to 77%.
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Figure 3- 2. Bubble plot between the one-year change in MS Symptom Scores and the one-
year change in the preferred comparison measures for five symptoms (larger bubble
represents a higher frequency of participants)
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Table 3- 4. Responsiveness of the MS Symptom Scores over a one-year interval (2015 – 2016).

MSSymS

Percentage with ≥1 change in
either direction in MSSymS
(%) (n/N)

Percentage with a tangible change
in either direction in the preferred
comparison measures (%) (n/N) *

Percentage with ≥1 change in either direction in
MSSymS among participants who had a tangible
change in either direction in the preferred comparison
measures (%) (n/N)

Walking difficulties 61% (802/1322) 36% (468/1297) 68% (316/468)

Fatigue 74% (973/1323) 35% (458/1302) 75% (344/458)

Pain 62% (819/1328) 36% (483/1326) 72% (346/483)

Feelings of anxiety 68% (897/1328) 50% (662/1324) 73% (481/662)

Feelings of depression 68% (899/1327) 43% (572/1323) 77% (440/572)

MSSymS: MS Symptom Scores.

* tangible change is defined as a ≥1-point change in either direction for the Patient Determined Disease Steps (for walking difficulties), Fatigue Severity Score (for
fatigue), and EQ-5D-pain/discomfort (for pain) and a ≥2-point change in either direction for the Hospital Anxiety and Depression Scale (for feelings of anxiety and
feelings of depression).
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3.6 Discussion

Using a large national representative sample of Australians with MS, we demonstrated that

the low burden MS symptom assessment tool ‘MSSymS’ had sufficient concurrent and

predictive validity, temporal stability and responsiveness in assessing walking difficulties,

fatigue, pain, feelings of anxiety, feelings of depression and vision problems.

The high or moderate correlations between the MSSymS and comparison measures were

similar to the correlations between the comparison measures, suggesting that the concurrent

validity of the MSSymS is equally well compared to the validated comparison measures.

Regarding predictive validity, graphs were largely overlapping and R2 values were similar to

that of the preferred comparison measures, again indicating that the MSSymS is performing

equally well compared to the validated comparison measures. However, we found a low

correlation between vision problems assessed with the MSSymS and another single-item

vision scale (AQoL-vision) (r=0.43). This might be because of the questions are different in

its focus. The AQoL-vision focuses on how well people see (with the use of glasses or

contact lenses if needed) while our assessment focuses on vision problems, which goes

beyond how well people see. Indeed, around a third of people who indicated in the AQoL-8D

that they could see normally indicated on our scale to have vision problems ranging from 2-

10. Better visual comparison measures which reflect vision problems experienced by people

with MS, such as Low Contrast Sloan Letter Chart Testing,273, 274 could be used to further

assess the concurrent validity of vision problems assessed with the MSSymS in the future.

We also found a lower predictive validity in feelings of depression compared to the HADS-

Depression. It is possible that the multi-dimensional nature of depression cannot be captured

well with a single item. For example, a single depression question does not capture insomnia
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which frequently presents alongside depression. However other studies have concluded that

the single-item 0-10 NRS assessing depression was as discriminative, specific and sensitive

as the HADS-Depression275.

A recent literature review showed that the empirical evidence on the selection of response

scales for PROs was inconsistent275. Compared to other shorter scale options, the 0-10 NRS

was more commonly used in health outcome assessments, was more normally distributed,

and particularly recommended for the assessment of pain88, 89, 275, 276. For the use of single-

item 0-10 NRS in assessing MS symptoms, there are a number of benefits which make the

MSSymS applicable for different settings. Firstly, it is a low burden tool, with each symptom

assessed with a single item. Secondly, NRS is straightforward and is easily understood by

most participants275. Thirdly, we showed that the tool has a good level of temporal stability

as well as responsiveness, making it useful for clinical trials and meeting the requirement of

the International Progressive MS Alliance of developing novel measures to assess MS

progression6. Lastly, all symptoms are assessed on the same scale in the MSSymS, allowing

direct comparisons between different symptoms in terms of effect sizes of associations. For

clinical practice, treatment decisions are rarely based on a single change in a single symptom

scale without further assessment. However, we believe that symptom change should be taken

as one aspect of a holistic approach to management of MS and can provide direct evidence

for a change in clinical state where other objective indicators may not have changed.

Moreover, the MSSymS could be beneficial for disease severity tracking over time, the

ranking of importance of health issues to the person with MS, and the identification of health

issues often not covered in consultations (e.g., sexual dysfunction) although such symptoms

still require validation.
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A key strength of this study is that the AMSLS is a large representative dataset including

people with various phenotypes of MS and a wide disability and symptom spectrum. We

assessed different aspects of validity and examined the temporal stability and responsiveness

to test their long-term usefulness and potential random measurement errors. These are

important qualities that are often overlooked but necessary if the MSSymS were to be used

as a PRO for intervention studies266. Moreover, we used multiple comparison measures that

varied in the number of items, providing more comprehensive comparisons and drawing

stronger conclusions. Several limitations should also be addressed. We did not include

objective measures. While objective clinical assessments provide useful information on some

measures (e.g., mobility assessment), the subjective and personal nature of symptoms and

their impacts on functioning means that these are best assessed by asking the patient

directly259. Also, some objective measures such as MRI parameters and biomarkers have low

correlations with symptom severity13. We asked for the symptom severity as compared to

before they developed MS to ensure that the symptom was the result of their MS rather than

another pre-existing condition. However, remembering this pre-MS state may become more

difficult with increasing disease duration. The response rate was modest where the

participants were slightly older and had longer MS duration; nevertheless, this is unlikely to

bias our results as we conducted within person comparisons. We were unable to validate the

other seven symptoms measured in MSSymS, and the responsiveness of vision problems

were unable to be assessed in this study. Further validation and responsiveness assessments

of these symptoms are needed.

In conclusion, we provide evidence that the six assessed symptoms of the MSSymS

performed equally well compared to validated comparison measures in terms of concurrent

and predictive validity, temporal stability and responsiveness. It highlights the promising role
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of the MSSymS in clinical care as well as symptom tracking in observational studies, patient

registries and clinical trials. Moreover, it extended our previous work, which demonstrated

the validity of data collected by the registry.
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3.7 Postscript

This chapter provided evidence that the MSSymS is a validated MS symptom assessment tool

for the symptoms that we examined. This highlights the promising role of the single item 0-

10 numeric rating scale (MSSymS) in clinical trials as well as symptom tracking in large

epidemiological studies. The next two chapters investigate the epidemiology of progressive

MS where the symptoms measured in the MSSymS play a key role.
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3.8 Supplementary Material

Supplementary Table 1. Concurrent validity of the 2016 MS Symptom Scores: Spearman rank correlations between MS Symptom
Scores and comparison measures.

Comparison measures* (number of items: score
range)

Correlation with MSSymS Correlation between comparison measures

Walking difficulties (1 item: 0-10) AQoL-mobility EQ-5D-mobility

Patient Determined Disease Steps (1 item: 0-8) 0.83 0.75 0.84

EQ-5D-mobility (1 item: 1-5) 0.86 0.75

AQoL-mobility (1 item: 1-6) 0.73

Fatigue (1 item: 0-10) AQoL-fatigue

Fatigue Severity Scale (9 items: 0-7) 0.73 0.58

AQoL-fatigue (1 item:1-5) 0.54

Pain (1 item: 0-10) EQ-5D-pain/discomfort

AQoL-pain (3 items: 0-1) 0.76** 0.74**

EQ-5D-pain/discomfort (1 item: 1-5) 0.82

Feelings of anxiety (1 item: 0-10) AQoL-anxiety EQ-5D-depression/anxiety

HADS-Anxiety (7 items: 0-21) 0.71 0.55 0.69

EQ-5D-depression/anxiety (1 item: 1-5) 0.66 0.50
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AQoL-anxiety (1 item: 1-5) 0.48

Feelings of depression (1 item: 0-10) AQoL-depression EQ-5D-depression/anxiety

HADS-Depression (7 items: 0-21) 0.65 0.55 0.58

EQ-5D-depression/anxiety (1 item: 1-5) 0.67 0.63

AQoL-depression (1 item: 1-6) 0.64

Vision problems (1 item: 0-10)

AQol-vision (1 item: 1-6) 0.42

MSSymS: MS Symptom Scores.

*The bolded italic measures are the preferred comparison measures.

** As the scale of AQoL-8D-pain is less severe with higher score, we changed the negative correlation from -0.76 to 0.76; -0.74 to 0.74.
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Appendix A. The questions of the Multiple Sclerosis Symptom Scores (MSSymS).

With the following symptoms, we would like you to rate your average severity in the last four weeks compared to before you developed MS.

Walking difficulties

Fatigue (extreme tiredness)

Pain

No walking
difficulties
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
walking
difficulties,
essentially
confined to a
wheelchair

          

No fatigue
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
fatigue,
preventing
many daily
activities

          

No pain
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible pain,
interfering
with many
activities and
enjoyment
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Feelings of anxiety

Feelings of depression

Vision problems, including double vision and loss of vision

No feelings
of anxiety
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
anxiety,
preventing
many daily
activities

          

No feelings
of depression
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
depression,
preventing
many daily
activities

          



Chapter 3: Validation of 0-10 MS Symptom Scores in the Australian Multiple Sclerosis Longitudinal Study

65

Difficulty with balance

Bladder problems including urinary incontinence and urgency

Sexual dysfunction

No vision
problems
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
vision
problems,
preventing
ability to
drive, watch
TV and read

          

No balance
problems
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
balance
problems          

No bladder
problems
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
bladder
problems
(urinary
incontinency
/urgency

          

No sexual 0 1 2 3 4 5 6 7 8 9 10 Worst
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Spasticity (accentuated muscle stiffness)

Sensory symptoms, including numbness and tingling

Bowel problems including constipation

dysfunction
compared to
before I
developed
MS

possible
sexual
dysfunction,
preventing
any sexual
activity

          

No spasticity
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
spasticity,
preventing
many daily
activities

          

No sensory
symptoms
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
sensory
symptoms          

No bowel
problems
compared to
before I
developed

0 1 2 3 4 5 6 7 8 9 10 Worst possible
bowel
problems
(constipation)          
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Cognitive symptoms, including problems with concentration, attention and memory

MS

No memory
difficulties
compared to
before I
developed
MS

0 1 2 3 4 5 6 7 8 9 10 Worst
possible
memory
difficulties,
preventing
many
activities
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3.9 Appendix of the Publication in Chapter 3
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Chapter 4: Differences in patient-reported outcomes between

progressive-onset multiple sclerosis and relapse-onset multiple

sclerosis

4.1 Preface

The previous chapter validated the single-item 0-10 numeric rating scale (MSSymS). This

chapter investigates the epidemiology of progressive MS – examining whether patient-

reported outcomes differ by MS onset type, which is the 2nd aim of this thesis. This chapter,

titled as “Patient-reported outcomes are worse for progressive-onset multiple sclerosis than

relapse-onset multiple sclerosis, particularly early in the disease process”, has been published

in the journal of European Journal of Neurology. The text of this chapter is the same as the

published version which has been attached in the appendix.

4.2 Abstract

Background

Treatments for progressive-onset multiple sclerosis (MS) are lacking. To improve the disease

management for progressive-onset MS, the differences between relapse-onset MS and

progressive-onset MS in patient-reported disability, progression and symptoms were

examined.

Methods
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A total of 1,985 participants of the Australian Multiple Sclerosis Longitudinal Study were

included. Associations between onset type and outcomes were assessed with negative

binomial regression.

Results

The severity of 17 of the 19 outcomes was significantly higher for progressive-onset MS

patients than relapse-onset MS patients, including perspectives from disability, progression

over the last year, fatigue, sensory, walking difficulties, pain, balance, spasticity, sexual

dysfunction, bladder, bowel, anxiety, depression and the European quality of life (EQ-5D)

(p<0.05, adjusted mean ratio ranged from 1.11 to 1.52). The differences between the two

onset types was most pronounced early in the disease process and reduced with increasing

MS duration, and the interaction was significant for disability, progression over the last year,

walking difficulties, bladder problems, bowel problems and spasticity.

Conclusion

Participants with progressive-onset MS were significantly worse off on nearly all patient-

reported outcomes than relapse-onset MS participants and the differences were most

pronounced early in the disease course, highlighting the importance of early intervention for

those with progressive-onset MS.

4.3 Introduction

Multiple sclerosis (MS) can be clinically divided into relapse-onset MS, which starts with

acute neurological impairment followed by complete or partial remission, and progressive-

onset MS, which starts with a progressive phase without relapses or remissions277. There are
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certain clinical differences between relapse-onset and progressive-onset. For example, the

female : male ratio is much closer to 1:1 in progressive-onset MS18, the latitudinal gradient is

absent278, 279 and the mean age at onset is around 9-10 years later19. Also, the pathophysiology

may be somewhat different, with more diffuse axonal degeneration in progressive-onset

rather than the inflammatory demyelinating lesions as seen in relapse-onset MS, although this

remains controversial280.

In recent years, dramatic progress has been made in understanding relapse-onset MS, in terms

of risk factors and therapies4, 281, but similar knowledge of progressive-onset MS is quite

sparse. Only one treatment, ocrelizumab, has recently been shown as being effective in

reducing disability progression and magnetic resonance imaging (MRI) changes in patients

with primary progressive MS (PPMS)282. The limitations in understanding progressive-onset

MS are partly due to the low numbers of people with this phenotype (~12% of MS)142,, which

has prevented separate sub-type analyses in most observational and clinical trial studies due

to insufficient power. In addition, the typical study duration of 2-3 years is probably

insufficient to reliably measure disability progression. Although the Expanded Disability

Status Scale (EDSS) is often used as a primary outcome measure in clinical trials, it is

strongly determined by ambulation and lacks sensitivity and specificity13. Whilst MRI

parameters and biomarkers are of great interest, their correlation with clinical disability or

symptoms is moderate13.

Defining differences between the two onset types may be the first step in clarifying the

underlying mechanisms of progressive-onset MS as compared to relapse-onset MS. As

reducing symptoms severity and enhancing quality of life are the ultimate goals of

progressive-onset MS management, patient-reported outcome measures have become an
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increasingly important field of research14. There are several large studies283, 284 that have

looked at those measures, but they examined them by disease phenotype277 rather than onset

type. Differences by disease phenotype may reflect the effects of disease duration, age, and

age-associated comorbidities instead of true differences between onset types. Therefore, it is

our aim to examine differences between progressive-onset MS and relapse-onset MS in

relation to disability, disability progression, symptom severity and quality of life based on

patient-reported outcomes.

4.4 Methods

4.4.1 Participants

The study sample was recruited from the Australian Multiple Sclerosis Longitudinal Study

(AMSLS) database. The AMSLS participants have been shown to be representative of the

Australian MS population and an estimated 96% of participants are diagnosed with definite

MS according to the McDonald criteria25. Recruitment to the AMSLS is ongoing to counter

the attrition rate and is being undertaken with the assistance of all Australian State and

Territory MS Societies. Written informed consent forms for the survey were provided by

each participant. Ethical approval for the study was originally granted by the Australian

Capital Territory Human Research Ethics Committee and in 2014 by the Tasmanian Health

and Medical Human Research Ethics Committee after the study centre was relocated to

Tasmania.
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4.4.2 Survey and respondents

All 3208 active AMSLS participants were invited to complete the 2015 Medication and

Disease Course Survey (2179 invitations for the online survey, 1,029 for the paper survey

determined by participant preference). Of those, 1,985 (62%) completed the survey (1459

online, 526 paper).

4.4.3 Outcome measures

In total, 19 patient-reported outcomes were recorded in the survey. The Patient-Determined

Disease Steps (PDDS) measures mobility across nine levels and correlates strongly with

EDSS (r=0.78)264. The Fatigue Severity Scale is a commonly used patient-reported

measurement to assess fatigue in the preceding week (mean of nine items (1-7 scale))99.

Anxiety and depression were assessed by the Hospital Anxiety and Depression Scale

(HADS)125 (total score of 14 items (1-4 scale). The European quality of life (EQ-5D) assessed

health-related quality of life (five items, 1-5 scale, converted to a utility score from 0 (death)

to 1 (perfect health))262.

The remaining 14 outcomes were assessed with one single numeric rating item from 0 (no

problems/progression) to 10 (worst possible symptoms/progression). Participants rated the

speed of progression by which their MS progressed over the previous 12 months. The

severity of 13 symptoms (walking difficulties, difficulty with balance, fatigue, bladder

problems, sexual dysfunction, spasticity, sensory symptoms, bowel problems, pain, feeling of

depression, cognitive symptoms, feeling of anxiety and vision problems) was rated by

comparing with before they developed MS.
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4.4.4 Other measures

Multiple sclerosis onset type was derived from their reported MS phenotype: PPMS,

relapsing-remitting MS (RRMS), secondary progressive MS (SPMS), progressive relapsing

MS (PRMS) and unsure. Progressive-onset type included PPMS and PRMS, whilst relapse-

onset type included RRMS and SPMS. MS onset type was also assessed by a physician

between 2002-2006 on a subset of participants (n=1089), and a further subset (n=370) had

two physician reports. The measures of agreement between patient-reported and physician-

reported onset phenotype (per cent agreement 89.7%; kappa 0.53) were similar to the

measures of agreement between physicians where two physician reports were completed

(percent agreement 90.0%; kappa 0.51). Other included patient-reported characteristics were

sex, date of birth, year of diagnosis and highest education level.

4.4.5 Data analysis

Association was evaluated using negative binomial regression. To confirm the robustness of

our conclusions to the choice of statistical model, associations using alternative regression

techniques were also estimated: linear regression with transformation of the outcomes scores

(severity of fatigue, sensory symptoms, Fatigue Severity Scale, HADS-Anxiety and HADS-

Depression), Cragg hurdle regression (zero-inflated pain and sexual dysfunction scores), or

Tobit regression (right-censored EQ-5D scores). The findings were not materially altered by

the use of these alternative statistical models.

For each outcome, potential confounders were identified using causal diagrams, and an

examination of whether the coefficient of the binary covariate for MS onset type was altered

by more than 10% when a covariate for the confounder was added to the model was made.
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Statistical interaction was assessed by a Wald test of the coefficient of a covariate formed as

the product of the binary covariate for MS onset type and the covariate for the putative

modifier. STATA (version 14; Stata Corp LP, College Station, TX, USA) was used for all

data analysis.

4.5 Results

Of all participants, 11.6% had progressive-onset MS (Table 1). Amongst those who were

unsure and had a physician MS phenotype diagnosis (n=145), 11.0% had progressive-onset

MS. The mean age of progressive-onset participants was 8 years greater than relapse-onset

participants. Comparing those who responded to this survey with those who did not, similar

distributions by sex (p=0.47) and disease duration (p=0.08) were found. However, responders

were older at participation (+2.2 years, p<0.001), and diagnosis (+1.6 years, p<0.001), and

had a higher education level (+0.1 unit (on a scale from 1-5), p=0.003
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Table 4- 1. Demographic characteristics of patients with distinct MS onset types.

Progressive-onset Relapse-onset Unsure

Total a, n (%) 1985 231 (11.6) 1514 (76.3) 233 (11.7)

Sex, n (%)

Male 435 (21.9) 85 (36.8) 279 (18.4) 68 (29.2)

Female 1549 (78.1) 146 (63.2) 1234 (81.6) 165 (70.8)

Male: Female ratio 1: 3.6 1: 1.7 1: 4.4 1: 2.4

Age (years), mean ± SD 55.3 ± 11.3 61.8 ± 9.6 53.5 ± 11.0 59.8 ± 11.2

Age of diagnosis (years), mean ± SD 41.3 ± 10.6 46.5 ± 11.1 40.2 ± 10.2 42.6 ± 11.3

Disease duration (years), mean ± SD 14.1 ± 8.8 15.3 ± 9.4 13.4 ± 8.1 17.3 ± 11.3

Education level, n (%)

Primary school or Secondary school 577 (29.1%) 93 (40.4%) 393 (26.0%) 86 (36.9%)

Occupational certificate or diploma 696 (35.1%) 79 (34.3%) 529 (35.0%) 87 (37.3%)

University bachelor's degree 415 (21.0%) 36 (15.7%) 342 (22.6%) 37 (15.9%)

University postgraduate degree 294 (14.8%) 22 (9.6%) 248 (16.4%) 23 (9.9%)

Employed b (n (%)) 807 (50.5%) 39 (28.3%) 700 (54.0%) 67 (41.9%)
a MS onset type was missing for 7 participants.
b Included respondents of working age (age of 65 years; n=1598).
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For all outcomes, mean values were worse for progressive-onset MS participants (Table 2).

Amongst progressive-onset cases, the symptom with the highest mean value was walking

difficulties (6.82), whilst amongst relapse-onset MS, the highest mean value was seen for

fatigue (4.94). For both onset types, vision problems had the lowest mean value. In

univariable analyses, the mean severity was significantly higher for those with progressive-

onset MS compared to those with relapse-onset MS for most outcomes. The strongest

association was for PDDS, where the mean level of walking difficulties for progressive-onset

MS patients was 1.86 times greater than that of relapse-onset MS. After adjusting for

confounders, magnitudes of the effect were reduced somewhat for most outcomes but

remained significant. The magnitudes of the effect for anxiety and depression increased

because of negative confounders (e.g. HADS-Depression, age; HADS-Anxiety, sex, age, age

at diagnosis and MS duration), which made the association significant for HADS-Anxiety.

No differences were seen for cognitive symptoms or vision problems.
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Table 4- 2. The mean severity and the mean ratio between the two MS onset types.

Mean values of different MS onset

types

Progressive-onset MS vs relapse-onset MS

± standard deviation Unadjusted

mean ratio (95%

CI) p-value

Adjusted mean

ratio* (95% CI) p value

Progressive-onset

MS

Relapse-onset

MS

Symptom severitya (0-10)

Walking difficulties 6.82 ± 2.97 3.89 ± 3.17 1.75 (1.56-1.97) <0.001 1.52b (1.36-1.70) <0.001

Difficulty with balance 6.45 ± 2.93 4.13 ± 3.01 1.56 (1.41-1.73) <0.001 1.37b (1.24-1.51) <0.001

Fatigue 5.83 ± 2.60 4.94 ± 2.72 1.18 (1.09-1.27) <0.001 1.12b (1.04-1.22) 0.003

Bladder problems 5.61 ± 3.29 3.92 ± 3.25 1.43 (1.26-1.62) <0.001 1.28b (1.13-1.45) <0.001

Sexual dysfunction 5.40 ± 3.75 3.38 ± 3.45 1.60 (1.35-1.88) <0.001 1.31c (1.11-1.54) 0.002

Spasticity 5.25 ± 3.09 3.32 ± 2.99 1.58 (1.38-1.81) <0.001 1.45 b (1.26-1.66) <0.001

Sensory symptoms 5.07 ± 2.94 4.36 ± 2.79 1.16 (1.06-1.27) 0.002 1.12b (1.02-1.23) 0.022

Bowel problems 4.41 ± 3.05 3.02 ± 3.07 1.46 (1.25-1.70) <0.001 1.31b (1.12-1.53) 0.001

Pain 3.98 ± 3.07 3.10 ± 2.97 1.28 (1.11-1.49) 0.001 1.18d (1.01-1.38) 0.037

Feelings of depression 3.93 ± 2.92 3.12 ± 2.78 1.26 (1.10-1.44) 0.001 1.32e (1.15-1.52) <0.001

Cognitive symptoms 3.84 ± 2.88 3.56 ± 2.65 1.08 (0.97-1.21) 0.180 1.08f (0.96-1.21) 0.205

Feelings of anxiety 3.70 ± 2.92 3.09 ± 2.73 1.20 (1.05-1.37) 0.008 1.23d (1.07-1.41) 0.004

Vision problems 2.67 ± 2.86 2.33 ± 2.51 1.14 (0.97-1.35) 0.110 1.12f (0.94-1.32) 0.205

Progression over the 12 months (0-10) 3.47 ± 2.71 2.09 ± 2.32 1.66 (1.44-1.92) <0.001 1.48b (1.28-1.72) <0.001

Patient Determined Steps Scale (0-8) 4.66 ± 2.28 2.50 ± 2.23 1.86 (1.66-2.09) <0.001 1.57b (1.40-1.76) <0.001
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Fatigue Severity Scale (0-7) 4.67 ± 2.04 4.14 ± 2.06 1.13 (1.06-1.20) <0.001 1.11b (1.04-1.18) 0.003

HADS-Anxiety (0-21) 7.30 ± 4.59 7.02 ± 4.17 1.04 (0.95-1.14) 0.375 1.11g (1.01-1.22) 0.029

HADS-Depression (0-21) 6.87 ± 3.74 5.35 ± 3.65 1.28 (1.17-1.41) <0.001 1.25b (1.13-1.38) <0.001

EQ-5Dh (0-1, from dead to perfect health) 0.54 ± 0.27 0.73 ± 0.22 0.74 (0.62-0.90) 0.002 0.79 b (0.65-0.95) 0.014

a: Symptoms are ordered from most severe to least severe according to the progressive-onset MS group;
b: adjusted for age;
c: adjusted for sex and age;
d: adjusted for age and age of diagnosis;
e: adjusted for age of diagnosis;
f: adjusted for age, age of diagnosis and MS duration;
g: adjusted for sex, age, age of diagnosis and MS duration;
h: 29 values of EQ-5D was negative, which means the quality of life of these patients was estimated to be worse than dead. To do the analysis, these values were
replaced with “0”.
Bold values indicate significance (p<0.05);
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Whether there were interactions by sex, age, age at diagnosis or MS duration was next

examined. A consistent pattern of interaction with MS duration was identified, where the

difference in outcomes between progressive-onset and relapse-onset was particularly

pronounced for those who were still early in the disease process and the difference was

attenuated for those who had had MS for longer at the survey time. This pattern was

statistically significant for walking difficulties, bladder problems, spasticity, bowel problems,

progression over the last year and disability level (Figure. 1). For those with progressive-

onset MS, the outcome severities were already high early in the disease course with relatively

little increase over time after that. For those with relapse-onset MS, the severity was low

early in the disease course and increased more strongly over time. In these significant

interactions between MS onset type and MS duration for the six outcomes (Figure. 1), age

was adjusted as a confounder. When the associations between MS onset type and the six

outcomes were stratified by age, differences in outcomes between progressive-onset and

relapse-onset were statistically significant seen for walking difficulties (p=0.015), bowel

problems (p=0.032) and PDDS (p<0.001) with MS duration not being taken into accounted

(Supplementary Figure 1).



Chapter 4: Differences in patient-reported outcomes between progressive-onset multiple
sclerosis and relapse-onset multiple sclerosis

88

Figure 4- 1. Associations between MS duration and severity of outcomes for those with
progressive-onset MS (orange bars) and relapse-onset MS (blue bars), showing that the
difference between the two onset types was particularly pronounced early in the disease
process and diminished over time (p-values for interaction provided between brackets).

There was some concern that people with progressive-onset MS had a delayed MS diagnosis

which could partly explain a higher outcome severity early in the disease process. On a

sample of 1628 AMSLS patients, data on both the year of first symptom and the year of

diagnosis were available. The gap between the year of first symptom and the year of

diagnosis was similar for both onset types (5.4±7.0 years for progressive onset, and 4.6±6.8

years for relapse onset; p=0.14 for test of difference).

As those with PRMS may be different from those with PPMS, the analysis was repeated

excluding PRMS participants (Supplementary Table 1). The symptom severity of those with
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PPMS was generally similar to those with PRMS, although the mean severity was somewhat

lower for PPMS in some symptoms, resulting in slightly lower effect sizes compared with

relapse-onset participants (e.g. sensory symptoms, pain, HADS-Anxiety). This supported the

inclusion of PRMS cases with PPMS cases in this analysis.
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4.6 Discussion

In this large national sample of Australians with MS, it was found that people with

progressive-onset MS were significantly worse-off for nearly all patient-reported outcomes

after accounting for confounding factors like age and disease duration, and the differences

were most pronounced early in the disease course, highlighting the importance of early

intervention for those with progressive-onset MS.

This is the first study focusing on the comparison of symptoms and disability between

progressive-onset MS and relapse-onset MS from the patients’ perspective. Studies showed

that people with progressive-onset MS were worse off in terms of disability as measured by

EDSS, Multiple Sclerosis Severity Score and PDDS, but they often compare MS phenotypes,

rather than onset types. Age and disease duration are important confounders in these

associations and need to be carefully taken into account in such cross-sectional

comparisons285. It was found that, even after taking confounding factors into account, the

severity of outcomes in those with progressive-onset MS was significantly worse than for

those with relapse-onset MS for all outcomes, except cognitive function and vision problems.

For example, compared to those with relapse-onset MS the mean severity for progressive-

onset MS was 1.52 times higher for walking difficulties.

Importantly, it was also found that the differences in outcome were most pronounced early in

the disease course, this interaction being significant for six of the outcomes. This is consistent

with some indirect evidence in the literature regarding disability. For example, PDDS-

measured disability in cases with PPMS was significantly higher than those with SPMS, and

the difference decreased with increasing disease duration285. The rate of disability
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accumulation was similar between relapse-onset MS and progressive-onset MS when using

higher EDSS milestones (such as from EDSS 6 to 8)145, 286. This has raised the argument that

progressive-onset and SPMS are the same or at least have the same rate of disease

progression17.

Our findings show that symptomatic management of MS is as important as preventing

disability progression. The assessment and management of specific symptoms in patients

with MS are complex and multifaceted, with different symptoms influencing each other. For

example, treatment of pain in MS often utilises central nervous system active drugs such as

pregabalin or carbamazepine287, 288, both of which can worsen cognition. Similarly, the

treatment of bladder hyperactivity with anticholinergics can worsen constipation and

cognition289.Our work also clearly demonstrates the need for early interventions. Clinical

trials in progressive MS patients should have a specific focus on early MS, as gain could be

made by earlier intervention to reduce the total burden of progressive MS. A recently

published successful trial in PPMS included patients where substantial disability had already

accrued (EDSS 3.5-6.5)282. Indeed, the mean disease duration since symptom onset was 6

years in this trial,282 suggesting that there is the potential to treat earlier in the disease course.

The focus on early interventions aligns with the use of immunotherapy treatments in those

with relapsing-onset MS, where it has been shown that early treatment seems to substantially

benefit outcomes compared to delayed treatment.

A key strength of this study is that the AMSLS is a large representative dataset with a

sufficient number of people with progressive-onset MS to obtain reliable estimates. One

limitation was that the response rate was moderate, which may result in selection bias. Those

who responded had a slightly higher age, age at diagnosis and higher education level, but the
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differences were not large relative to the total variation in the sample. Our cohort was

somewhat more female dominated, possibly reflecting a lower male engagement in studies

such as these. However, sex was not a major driver of most outcomes, and was adjusted for if

it were a confounder (e.g. sexual dysfunction, HADS-anxiety) and therefore did not bias our

reported outcomes.

The validity of the assessment of onset type was high (89.7% agreement). However, if it were

able to remove this measurement error, associations may have been even stronger. Despite

11.7% of participants selecting “unsure” for their disease phenotype, which reduced our

sample size, there is some confidence about the onset phenotype in the remaining sample,

therefore reducing measurement error. In addition, amongst those unsure cases (n=145) who

had physician reports done, 11.0% had progressive-onset MS, suggesting that this group had

a similar distribution in onset type compared to the rest of our dataset (11.6% progressive-

onset MS). There was some concern that patients with progressive-onset had a delayed

diagnosis, possibly contributing to a worse outcome severity in early MS, however the gap

between the year of first symptom and the year of first diagnosis was similar in both onset

types.

In conclusion, our study highlights the need to identify-disease modifying and symptomatic

treatments and to test treatments early in the disease process.

4.7 Postscript

This chapter demonstrated that people with progressive-onset MS were significantly worse

off on nearly all patient-reported outcomes than relapse-onset MS participants. This

highlights the importance of more research efforts for those with progressive-onset MS.
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However, given the absence of a cure in progressive MS at present, improving HRQoL for

people with progressive MS is important. Therefore, the next chapter will investigate the

symptoms that have the largest impact on the HRQoL for people with progressive MS which

may assist the goal setting in symptom management research and guide clinicians to optimise

the care of people with progressive MS.
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4.8 Supplementary Material

Supplementary Table 1. The mean severity and the mean ratio between the two MS onset types.

Mean values of different MS onset types

± standard deviation

PPMS vs relapse-onset MS

Unadjusted mean ratio

(95% CI) p-value

Adjusted mean

ratio* (95% CI) p value

PRMS

n=43

PPMS

n=188

Relapse-onset MS

n=1514

Symptom severity a (0-10)

Walking difficulties 6.49 ± 3.00 6.90 ± 2.96 3.89 ± 3.17 1.77 (1.56-2.02) <0.001 1.51b (1.33-1.71) <0.001

Difficulty with balance 6.16 ± 3.05 6.51 ± 2.91 4.13 ± 3.01 1.58 (1.41-1.76) <0.001 1.36b (1.22-1.52) <0.001

Fatigue 6.14 ± 2.64 5.75 ± 2.59 4.94 ± 2.72 1.16 (1.07-1.27) <0.001 1.11b (1.01-1.21) 0.024

Bladder problems 5.47 ± 3.36 5.65 ± 3.28 3.92 ± 3.25 1.44 (1.25-1.65) <0.001 1.27b (1.11-1.46) <0.001

Sexual dysfunction 5.57 ± 3.79 5.36 ± 3.75 3.38 ± 3.45 1.58 (1.32-1.90) <0.001 1.29d (1.07-1.55) 0.007

Spasticity 5.16 ± 3.08 5.27 ± 3.11 3.32 ± 2.99 1.59 (1.37-1.84) <0.001 1.44b (1.24-1.67) <0.001

Sensory symptoms 5.76 ± 3.03 4.91 ± 2.90 4.36 ± 2.79 1.12 (1.02-1.25) 0.024 1.08e (0.97-1.20) 0.150

Bowel problems 4.56 ± 3.05 4.37 ± 3.06 3.02 ± 3.07 1.45 (1.22-1.72) <0.001 1.28b (1.07-1.52) 0.006

Pain 5.28 ± 3.42 3.68 ± 2.92 3.10 ± 2.97 1.19 (1.01-1.40) 0.043 1.07e (0.90-1.27) 0.447

Feelings of depression 4.16 ± 2.76 3.87 ± 2.96 3.12 ± 2.78 1.24 (1.07-1.44) 0.004 1.31c (1.13-1.53) <0.001

Cognitive symptoms 4.02 ± 2.67 3.80 ± 2.93 3.56 ± 2.65 1.07 (0.94-1.21) 0.295 1.07f (0.94-1.22) 0.301

Feelings of anxiety 4.09 ± 3.04 3.61 ± 2.90 3.09 ± 2.73 1.17 (1.01-1.35) 0.038 1.20e (1.03-1.40) 0.020
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Vision problems 3.60 ± 2.83 2.45 ± 2.83 2.33 ± 2.51 1.05 (0.87-1.27) 0.590 1.03g (0.85-1.24) 0.800

Progression over the 12

months (0-10)

3.28 ± 2.81 3.51 ± 2.69 2.09 ± 2.32 1.68 (1.43-1.97) <0.001 1.48b (1.26-1.75) <0.001

Patient Determined Steps

Scale (0-8)

4.00 ± 2.56 4.81 ± 2.18 2.50 ± 2.23 1.92 (1.69-2.18) <0.001 1.60b (1.42-1.81) <0.001

Fatigue Severity Scale (0-7) 4.70 ± 1.74 4.66 ± 2.11 4.14 ± 2.06 1.13 (1.05-1.21) 0.001 1.10b (1.02-1.19) 0.009

HADS-Anxiety (0-21) 8.63 ± 4.68 7.00 ± 4.53 7.02 ± 4.17 1.00 (0.90-1.10) 0.964 1.06g (0.96-1.18) 0.243

HADS-Depression (0-21) 6.91 ± 3.93 6.86 ± 3.71 5.35 ± 3.65 1.28 (1.16-1.42) <0.001 1.24b (1.12-1.38) <0.001

EQ-5Dh (0-1, from dead to

perfect health)

0.55 ± 0.31 0.54 ± 0.26 0.73 ± 0.22 0.74 (0.60-0.91) 0.004 0.79b (0.64-0.97) 0.024

a: Symptoms are ordered according to table 2;
b: adjusted for age;
c: adjusted for age of diagnosis;
d: adjusted for sex, age & age of diagnosis
e: adjusted for age and age of diagnosis;
f: adjusted for age, age of diagnosis and MS duration;
g: adjusted for sex, age, age of diagnosis and MS duration;
h: 29 values of EQ-5D was negative, which means the quality of life in these patients was worse than dead. To do the analysis, these values were replaced with “0”
Bold values indicate significance (p<0.05);
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Supplementary Figure 1. Associations between age and severity of outcomes for those with progressive-onset MS (orange bars) and
relapse-onset MS (blue bars).
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Chapter 5: Symptoms that have the largest impacts on

health-related quality of life in people with different phenotypes

of multiple sclerosis

5.1 Preface

This chapter discusses the 3rd aim of this thesis - examining the symptoms that have the

largest impact on HRQoL. This chapter, titled as “Feelings of depression, pain and walking

difficulties have the largest impact on the quality of life of people with multiple sclerosis,

irrespective of clinical phenotype”, is currently under review with an international journal

(re-submitted with the reviewer comments addressed).

5.2 Abstract

Background: The symptoms that have the largest impact on health-related quality of life

(HRQoL) in people with multiple sclerosis (MS) may vary by MS phenotype (relapsing-

remitting MS, RRMS; secondary progressive MS, SPMS; primary progressive MS, PPMS).

Knowing these symptoms assists in symptom management.

Objective: To examine the associations between 13 common MS symptoms and HRQoL in

the total sample and stratified by MS phenotype.

Method: The study included 1,985 participants. HRQoL was measured with two multi-

attribute utility instruments: AQoL-8D and EQ-5D-5L. Multivariable linear regression was

used to identify the symptoms that had the largest impact on the HRQoLs.
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Results: Feelings of depression, pain, fatigue, and feelings of anxiety were most strongly

associated with AQoL-8D and EQ-5D-5L. Walking difficulties additionally contributed to

reduced EQ-5D-5L. The strongest single predictors were feelings of depression or pain for

AQoL-8D and walking difficulties for EQ-5D-5L, irrespective of MS phenotype.

Conclusion: The strongest single predictors for the AQoL-8D and EQ-5D-5L were feelings

of depression, pain, and walking difficulties, irrespective of MS phenotype. Reducing these

symptoms may have the largest impact on improving HRQoL in all MS phenotypes of people

with MS.

5.3 Introduction

Given the absence of a cure for multiple sclerosis (MS) at this time, improving health-related

quality of life (HRQoL) is important. MS symptoms have been shown to be associated with

HRQoL219, 221. While pharmacological and non-pharmacological symptomatic therapies are

available, their use is limited due to a poor evidence base, relatively low clinical efficacy,

and/or occurrence of side-effects173.

Understanding the symptoms that have the largest impact on HRQoL for people with MS

assists in goal setting in symptom management research and provides guidance on symptom

management prioritisation clinically. Several studies have examined the impact of multiple

symptoms on HRQoL, but they were generally limited to 3-4 symptoms (e.g., depression,

fatigue and disability)215, 219, 290-292 thus omitting other important symptoms such as pain and

sexual dysfunction222, 224. In these studies, depression generally had the largest impact on

HRQoL, followed by fatigue or disability215, 219, 290, 291.
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MS phenotype is thought to independently impact on HRQoL, with studies identifying that

people with progressive MS (secondary progressive MS (SPMS) and primary progressive MS

(PPMS)) generally have lower HRQoL compared to people with relapsing-remitting MS

(RRMS)219, 221. This raises the question as to whether the symptoms that have the largest

impact on HRQoL differs by MS phenotype. To the best of our knowledge, only one study

has examined this, indeed showing differences by phenotype293.

In order to assess which MS-specific symptoms have the largest impacts on HRQoL and how

these differ by MS phenotype, we examined the associations between 13 common MS

symptoms and HRQoL in the total sample and stratified by MS phenotype (RRMS, SPMS,

PPMS) in a large representative Australian sample of people with MS.

5.4 Methods

5.4.1 Participants

Study participants were from the Australian Multiple Sclerosis Longitudinal Study (AMSLS)

database. The AMSLS participants have been shown to be representative of the Australian

MS population, and has 96% of participants diagnosed with definite MS according to the

McDonald criteria25. Written informed consent forms for the survey were provided by each

participant. Ethical approval for the study was granted by the Tasmanian Health and Medical

Human Research Ethics Committee.

All the data was obtained from the 2015 Medication and Disease Course Survey (3,208

invitations and 1,985 (62%) responded; Oct. 2015-Jan. 2016) except for the Assessment of

Quality of Life with eight dimensions (AQoL-8D), which was obtained from the 2016
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Economic Impact Survey (3,163 invitations and 1,577 (50%) responded; Mar. 2016–May

2016). Of these, 1,328 participants completed both surveys.

5.4.2 Measures

5.4.2.1 HRQoL measurement

We used two multi-attribute health state utility (HSU) instruments, AQoL-8D and European

Quality of Life with five dimensions and five levels for each dimension (EQ-5D-5L) as

HRQoL measurements derived from the patient-reported responses to the instruments’

questionnaires. In turn, the instruments’ respective algorithms generate an HSU that can be

used as an input measure for quality-adjusted life years in cost-utility analyses. An HSU

ranges from ‘0’ to ‘1’ where ‘0’ is the algorithmic anchor point for death and ‘1’ is equal to

perfect health. Some multi-attribute utility instruments’ value sets (including the EQ-5D-5L

from the English value set adopted for this study294) generate utilities for some health states at

less than ‘0’ (a health state considered to be worse than death).

Compared to the EQ-5D-5L, which assesses only 3,125 health states in five items including

mobility, self-care, usual activities, pain/discomfort and anxiety/depression262, the AQoL-8D

is a more comprehensive HRQoL instrument that describes billions of health states (2.4 x

1023) with 35 items. The AQoL-8D has been validated for use in a wide range of people with

complex and chronic diseases, including people with MS263. In addition to generating an

overall AQoL-8D, the AQoL-8D generates two super dimensions of physical and

psychosocial health and eight individual dimensions of health that load to the super

dimensions namely: independent living, senses, pain (loads to AQoL-8D’s physical super

dimension), mental health, happiness, self-worth, coping, and relationships (loads to AQoL-
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8D’s psychosocial super dimension)263. Overall, the AQoL-8D generates an HSU (overall

AQoL-8D) and two super dimensional scores for analyses. The EQ-5D-5L generates an HSU

only.

5.4.2.2 Symptom measures

The severity of 13 common MS symptoms was assessed using the Multiple Sclerosis

Symptom Scores (MSSymS), a tool validated for six symptoms and demonstrating good

concurrent and predictive validity, temporal stability and responsiveness295. MSSymS uses a

0 (no problem) to 10 (worst possible symptom) single-item numeric rating scale where

participants rate their average symptom severities in the previous four weeks compared to

before they developed MS.

The symptoms assessed included fatigue, cognitive symptoms (including problems with

concentration, attention, and memory), walking difficulties, difficulty with balance, pain,

vision problems, bladder problems, bowel problems, sexual dysfunction, feelings of

depression, feelings of anxiety, sensory symptoms, and spasticity. Total symptom load was

assessed by summating the MSSymS scores of the 13 symptoms giving a maximum score of

130 and a range of 0-130.

5.4.2.3 Other measures

Participants reported their MS phenotype (PPMS, RRMS, SPMS, Progressive Relapsing MS

(PRMS) or unsure). Because the classification of PRMS is less certain for patients296, we

limited the sub-type to people with RRMS, SPMS and PPMS. MS phenotypes were assessed

by a physician between 2002 and 2006 on a subset of participants (n=731), and a further
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subset (n=252) had two physician reports. Considering people with RRMS convert to SPMS

over time, we compared the agreement among those who reported SPMS or PPMS. The

results showed that the measures of agreement between patient-reported and physician-

reported (percent agreement 76.7%; kappa=0.53) were similar to the measures of agreement

between physicians (percent agreement 78.9%; kappa=0.55). Other included patient-reported

demographic characteristics were sex, date of birth, year of diagnosis and education level.

5.4.3 Data analysis

In this study, linear regression was used to assess the association between individual

symptoms or symptom load and overall AQoL-8D score in the total sample and by MS

phenotypes. We adjusted for sex, age, MS duration and education level as potential

confounders. Statistical interaction between symptom load and MS phenotypes in predicting

overall AQoL-8D score was assessed using the Wald test. To identify the symptoms that had

the largest impact on overall AQoL-8D score, we fitted a single multivariable model that, at

the outset, included covariates for all those symptoms and potential confounders for which a

Wald test of their estimated coefficient yielded p<0.1 in the univariable analyses. The final

model was selected by successively removing covariates from the model, commencing with

the covariate with greatest p-value from a Wald test of its estimated coefficient, until all

remaining covariates were statistically significant (p<0.05) in the multivariable analysis.

We repeated the multivariable model for AQoL-8D’s super dimensions and EQ-5D-5L. Box-

Cox transformation was used for AQoL-8D psychosocial super dimension and EQ-5D-5L

due to the appreciable heteroskedasticity. The results are reported in the units of the HRQoL

measurement. The stability with which the covariates were selected for inclusion in each final
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multivariable regression model, including the reliability of their coefficient estimates, were

assessed following the approach recommended by Heinze et al297. The simulations involved

random sampling with replacement from the dataset used in each analysis to produce a re-

sample of identical size, fitting the model to the re-sample data using exactly the same

procedures that were used to produce the estimates reported in the tables, and repeating this

process 10,000 times. The stability and reliability indices are reported in the supplementary

materials. The potential for multicollinearity was assessed from the variance inflation factor

(VIF) for each variable in each regression model. Using VIF>10 as a threshold value

indicative of multicollinearity, the results indicated that multicollinearity did not cause

problems in this study. The scaling of each covariate was examined. As there is no evidence

of non-linearity, we report the associations as coefficients per unit increase in symptom

severity. All statistical analyses were performed using STATA 14 (StataCorp, College

Station, USA).

5.5 Results

5.5.1 Sample characteristics

For the associations with AQoL-8D, we included the 1,319 participants who completed both

surveys, and for the associations with EQ-5D-5L we included the 1,985 participants who

completed the 2015 Disease Course and Medication Survey. To assess the representativeness

of the participants, for the AQoL-8D analyses, we compared those who were included in the

AQoL-8D analyses with those who completed one survey or none and found no difference in

sex (p=0.60), while the included participants were slightly older (+2.1 years, p<0.01) and had

a longer MS duration since diagnosis (+0.81 years, p=0.01) and a slightly higher education
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level (p<0.01). For the EQ-5D analyses, we compared those responded to 2015 survey with

those who did not and found no difference in sex (p=0.47) and MS duration (p=0.22), while

the respondents were slightly older (+2.2 years, p<0.01) and had a slightly higher education

level (p<0.01).

The characteristics of the participants included in the AQoL-8D analyses and the participants

included in the EQ-5D analyses are similar, with 78% on average being female and the mean

age being 55 years (Table 1). In the AQoL-8D sample, there were 62.9% participants with

RRMS, 13.8% with SPMS and 10.0% with PPMS (EQ-5D-5L sample: 62.6%, 13.7%, 9.5%,

respectively). The mean overall AQoL-8D was 0.61 in the total sample. People with SPMS

had the lowest overall AQoL-8D and highest severity of symptoms, while people with RRMS

had the highest AQoL-8D and the lowest severity of symptoms.
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Table 5- 1. Characteristics of participants in the total sample and by MS phenotype.

Characteristics Participants in analyses where AQoL-8D was used as the
HRQoL measurement

Participants in analyses where EQ-5D-5L was used as the
HRQoL measurement

Total sample * Relapsing-
remitting MS

Secondary
progressive MS

Primary
progressive MS

Total sample ** Relapsing-
remitting MS

Secondary
progressive MS

Primary
progressive MS

Female, n/N (%) 1,034/1,327
(77.9%)

701/834
(84.1%)

127/183
(69.4%)

69/123 (56.1%) 1,549/1,984
(78.1%)

1,042/1,241
（84.0%）

192/272 (70.6%) 113/188
(60.1%)

Education level, n/N (%)

Primary school or
Secondary school

390/1,326
(29.4%)

204/833
(24.5%)

56/183 (30.6 %)51/123 (41.5%) 577/1,982
（29.1%）

313/1,240
(25.2%)

80/272
（29.4%）

72/187
（38.5%）

Occupational certificate
or diploma

436/1,326
(32.9%)

281/833
(33.7%)

53/183 (29.0%) 39/123 (31.7%) 696/1,982
(35.1%)

434/1,240
(35.0%)

95/272
（34.9%）

67/187
（35.8%）

University bachelor’s
degree

294/1,326
(22.2%)

206/833
(24.7%)

39/183 (21.3%) 22/123 (17.9%) 415/1,982
(20.9%)

291/1,240
（23.5%）

51/272
（18.8%）

30/187
（16.0%）

University postgraduate
degree

206/1,326
(15.5%)

142/833
(17.0%)

35/183 (19.1%) 11/123 (8.9%) 294/1,982
(14.8%)

202/1,240
（16.3%）

46/272
（16.9%）

18/187 (9.6%)

Age (years), mean (SD) 55.6 (11.4) 52.4 (11.0) 60.1 (9.1) 63.3 (8.4) 55.3 (11.3) 52.1 (10.9) 59.9 (9.4) 62.3 (9.3)

MS duration (years), mean
(SD)

14.4 (9.0) 12.6 (7.6) 18.0 (8.9) 14.8 (9.0) 14.1 (8.8) 12.3 (7.4) 18.4 (9.5) 14.2 (8.7)

Overall AQoL-8D (scale:
0-1), mean (SD)

0.61 (0.21) 0.65 (0.21) 0.51 (0.18) 0.54 (0.20) - - - -

AQoL-8D’s physical super
dimension (scale: 0-1),

0.57 (0.22) 0.62 (0.22) 0.44 (0.15) 0.47 (0.17) - - - -
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mean (SD)

AQoL-8D’s psychosocial
super dimension (scale: 0-
1), median (IQR)

0.29 (0.18, 0.44) 0.32 (0.20,
0.48)

0.22 (0.15,
0.32)

0.25 (0.15,
0.36)

- - - -

EQ-5D-5L, median (IQR) - - - - 0.76 (0.60，
0.87）

0.82 (0.73,0.92) 0.50 (0.31,0.68) 0.55 (0.39,0.74)

Individual MS symptoms
(scale: 0-10), mean (SD)

Fatigue 5.01 (2.74) 4.72 (2.69) 6.10 (2.32) 5.64 (2.62) 5.02 (2.76) 4.66 (2.72) 6.24 (2.33) 5.75 (2.59)

Difficulty with balance 4.49 (3.08) 3.59 (2.75) 6.86 (2.49) 6.74 (2.67) 4.45 (3.11) 3.50 (2.74) 7.06 (2.44) 6.51 (2.91)

Sensory symptoms 4.38 (2.80) 4.09 (2.73) 5.44 (2.61) 5.03 (2.89) 4.39 (2.83) 4.13 (2.78) 5.45 (2.57) 4.91 (2.90)

Walking difficulties 4.32 (3.29) 3.16 (2.80) 7.11 (2.54) 7.02 (2.69) 4.31 (3.31) 3.14 (2.79) 7.34 (2.43) 6.90 (2.96)

Bladder problems 4.12 (3.25) 3.39 (3.04) 6.42 (2.80) 5.54 (3.09) 4.13 (3.31) 3.34 (3.05) 6.57 (2.81) 5.65 (3.28)

Sexual dysfunction 3.57 (3.51) 2.87 (3.17) 5.33 (3.63) 5.35 (3.70) 3.67 (3.57) 2.93 (3.23) 5.53 (3.61) 5.36 (3.75)

Spasticity 3.53 (3.05) 2.76 (2.73) 5.66 (2.77) 5.24 (3.13) 3.56 (3.07) 2.77 (2.75) 5.85 (2.70) 5.27 (3.10)

Cognitive symptoms 3.52 (2.67) 3.41 (2.64) 3.84 (2.65) 4.02 (3.98) 3.58 (2.68) 3.46 (2.63) 4.04 (2.66) 3.80 (2.93)

Pain 3.16 (3.00) 2.89 (2.92) 3.90 (3.03) 3.72 (2.89) 3.17 (3.01) 2.86 (2.90) 4.21 (3.05) 3.68 (2.92)

Bowel problems 3.15 (3.07) 2.62 (2.86) 4.85 (3.20) 4.39 (3.08) 3.19 (3.11) 2.59 (2.87) 5.01 (3.14) 4.36 (3.06)

Feelings of depression 3.10 (2.79) 2.90 (2.79) 3.69 (2.73) 3.73 (2.99) 3.20 (2.80) 2.95 (2.77) 3.90 (2.72) 3.87 (2.96)

Feelings of anxiety 3.02 (2.72) 2.90 (2.72) 3.41 (2.66) 3.36 (2.85) 3.14 (2.75) 2.98 (2.73) 3.61 (2.66) 3.61 (2.90)
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Vision problems 2.29 (2.47) 2.19 (2.45) 2.77 (2.53) 2.29 (2.62) 2.37 (2.54) 2.16 (2.43) 3.12 (2.71) 2.45 (2.83)

* There were 1,328 participants included in the data analysis with a few missing data in each of the variables (AQoL-8D data: n=1,319). Total sample included participants with
relapsing-remitting MS (n=835), secondary progressive MS (n=183), primary progressive MS (n=123), progressive relapsing MS (n=32), unsure cases (n=149) and missing data on
MS phenotype (n=6).

** There were 1,985 participants included in the data analysis with a few missing data in each of the variables (EQ-5D-5L data: n=1975). Total sample included participants with
relapsing-remitting MS (n=1242), secondary progressive MS (n=272), primary progressive MS (n=188), progressive relapsing MS (n=43), unsure cases (n=233) and missing data on
MS phenotype (n=7).

SD: standard deviation; IQR: interquartile range; AQoL-8D: Assessment of Quality of Life with eight dimensions; EQ-5D-5L: European Quality of Life with five dimensions and five
levels for each dimension.
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5.5.2 Association between total symptom load and the overall AQoL-8D

In the total sample, the mean overall AQoL-8D decreased by 7.5% (95% CI: -7.9% to -7.1%)

for each 13 unit (10%) increase in total symptom load after adjustment for sex, age, MS

duration and education level. Figure 1 shows this association by MS phenotype, indicating

that these graphs are largely overlapping. However, for people with RRMS having slightly

higher overall AQoL-8D when the total symptom load was low, the association was slightly

stronger for those with RRMS (-7.7% (95% CI: -8.2% to -7.2%)), compared to those with

PPMS (-6.0% (95% CI: -7.5% to -4.6%)) and SPMS (-6.7% (95% CI: -8.6% to -4.8%)), with

the interaction reaching statistical significance between RRMS and SPMS

(pinteraction=0.018) (Figure 1). In this analysis, we excluded four influential points (see

Supplementary Figure for the figure including the influential points). Using the EQ-5D-5L,

the interactions were not significant (pinteraction (RRMS & SPMS) =0.40; pinteraction

(RRMS & PPMS) =0.29; pinteraction (SPMS & PPMS) =0.18).

linear trend β=-7.7% for RRMS;

linear trend β=-6.0% for SPMS;

linear trend β=-6.7% for PPMS;
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Figure 5- 1. Association between total symptom load (sum of 13 symptoms) and overall
AQoL-8D by MS phenotype after adjustment for sex, age, MS duration and education level.

5.5.3 Association between MS symptoms and the overall AQoL-8D

We next examined the association between individual MS symptoms and the overall AQoL-

8D for the total sample and by MS phenotype, adjusted for sex, age, MS duration and

education level (Table 2). Each symptom was significantly associated with the overall AQoL-

8D (p<0.05) in the total sample and by MS phenotype except for walking difficulties, which

was not significantly associated in people with RRMS. In all groups, the three symptoms that

were most strongly associated with the overall AQoL-8D were feelings of depression,

feelings of anxiety, and fatigue.
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Table 5- 2. Associations between individual MS symptoms and overall AQoL-8D for the total sample and by MS phenotype.

Individual MS symptom # Total sample * Relapsing-remitting MS Secondary progressive MS Primary progressive MS

β (%) (95% CI) ** β (%) (95% CI) ** β (%) (95% CI) ** β (%) (95% CI) **

Feelings of depression -4.98 (-5.29 to -4.66) -5.00 (-5.40 to -4.61) -3.94 (-4.72 to -3.16) -4.33 (-5.32 to -3.33)

Feelings of anxiety -4.71 (-5.05 to -4.37) -4.86 (-5.27 to -4.44) -3.64 (-4.50 to -2.78) -3.45 (-4.63 to -2.28)

Fatigue -4.42 (-4.77 to -4.06) -4.61 (-5.04 to -4.17) -3.17 (-4.25 to -2.08) -3.50 (-4.81 to -2.19)

Cognitive symptoms -4.01 (-4.38 to -3.63) -4.40 (-4.85 to -3.95) -2.01 (-3.99 to -1.02) -1.94 (-3.15 to -0.73)

Pain -3.91 (-4.24 to -3.59) -3.96 (-4.37 to -3.55) -2.59 (-3.41 to -1.78) -3.33 (-4.52 to -2.15)

Sensory symptoms -3.68 (-4.04 to -3.32) -3.78 (-4.23 to -3.32) -1.42 (-2.44 to -0.40) -2.67 (-3.88 to -1.46)

Spasticity -3.66 (-3.99 to -3.32) -3.93 (-4.38 to -3.48) -1.55 (-2.51 to -0.60) -2.64 (-3.74 to -1.54)

Difficulty with balance -3.55 (-3.90 to -3.20) -3.67 (-4.15 to -3.19) -1.59 (-2.69 to -0.48) -3.58 (-5.95 to -2.22)

Walking difficulties -3.44 (-3.77 to -3.10) -3.84 (-4.31 to -3.38) -0.83 (-1.92 to 0.26) -2.83 (-4.42 to -1.42)

Vision problems -3.10 (-3.54 to -2.66) -3.23 (-3.78 to -2.68) -2.17 (-3.19 to -1.15) -1.87 (-3.26 to -0.48)

Bowel problems -3.01 (-3.36 to -2.66) -3.04 (-3.50 to -2.58) -1.43 (-2.25 to -0.60) -2.04 (-3.21 to -0.88)

Bladder problems -2.97 (-3.30 to -2.64) -3.08 (-3.51 to -2.64) -1.19 (-2.14 to -0.24) -2.40 (-3.56 to -1.24)

Sexual dysfunction -2.82 (-3.14 to -2.50) -3.11 (-3.52 to -2.69) -1.06 (-1.84 to -0.29) -1.85 (-2.88 to -0.82)

# Symptoms are ordered from the highest coefficient to the lowest one according to the total sample.

* There were 1,328 participants included in the data analysis with a few missing data in each of the variables (AQoL-8D data: n=1,319). Total sample included participants with
relapsing-remitting MS (n=835), secondary progressive MS (n=183), primary progressive MS (n=123), progressive relapsing MS (n=32), unsure cases (n=149) and missing data on
MS phenotype (n=6). Excluding the latter three groups did not result in any material differences and did not alter the order of the symptoms (ranked from highest to lowest
coefficient for the total sample).
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** Coefficients were adjusted for sex, age, MS duration and education level.

AQoL-8D: Assessment of Quality of Life with eight dimensions.
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We next combined all the 13 individual symptoms and demographic factors (sex, age, MS

duration and education level) into a single model to examine which symptoms remained

independently associated with the overall AQoL-8D (Table 3). Feelings of depression, pain,

fatigue and feelings of anxiety contributed most strongly to overall AQoL-8D. When we

separated the MS phenotypes, the leading four symptoms were again identified but only for

RRMS which is the largest sub-group. The strongest single predictor was feelings of

depression

which explained 42% of the variation in the overall AQoL-8D for the total sample, 43% for

people with RRMS, 35% for SPMS and 41% for PPMS.
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Table 5- 3. Multivariable model of factors associated with overall AQoL-8D.

Individual MS
symptom

Total sample Relapsing-remitting MS Secondary progressive MS Primary progressive MS

β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value

Feelings of depression -2.36 (-2.82 to -1.90) <0.001 -2.06 (-2.64 to -1.47) <0.001 -3.07 (-3.97 to -2.17) <0.001 -3.61 (-4.60 to -2.62) <0.001

Pain -1.33 (-1.67 to -1.00) <0.001 -1.48 (-1.88 to -1.09) <0.001 -1.18 (-1.95 to -0.41) 0.003 -1.88 (-2.91 to -0.85) <0.001

Fatigue -1.03 (-1.42 to -0.64) <0.001 -1.29 (-1.77 to -0.82) <0.001 -1.17 (-2.17 to -0.18) 0.021 - -

Feelings of anxiety -0.88 (-1.35 to -0.41) <0.001 -1.04 (-1.63 to -0.44) <0.001 - - - -

Bladder problems -0.54 (-0.85 to -0.24) <0.001 -0.50 (-0.88 to -0.13) 0.008 - - - -

Walking difficulties -0.51 (-0.88 to -0.14) 0.007 - - - - - -

Cognitive symptoms -0.44 (-0.81 to -0.07) 0.019 -0.61 (-1.08 to -0.13) 0.013 - - - -

Spasticity -0.43 (-0.82 to -0.04) 0.031 - - - - - -

Sexual dysfunction - - -0.56 (-0.92 to -0.20) 0.002 - - - -

R2 total model 58% # R2 total model 60% # R2 total model 42% # R2 total model 47%#

* Sample sizes: 1,295 for total sample; 814 for relapsing-remitting MS; 177 for secondary progressive MS & 121 for primary progressive MS.

# The R2 explained by the strongest predictor (feelings of depression) is 42% for the total sample, 43% for the relapsing-remitting MS, 35% for the secondary progressive MS and 41% for the
primary progressive MS.

AQoL-8D: Assessment of Quality of Life with eight dimensions.
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5.5.4 Association between MS symptoms and the AQoL-8D’s physical and

psychosocial super dimensions

When we repeated the multivariable analysis separately for the AQoL-8D’s physical and

psychosocial super dimensions (Table 4 & Table 5), as would be expected, pain was most

strongly associated with the AQoL-8D’s physical super dimension and feelings of depression

was most strongly associated with the AQoL-8D’s psychosocial super dimension for all

phenotypes.
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Table 5- 4. Multivariable model of factors associated with AQoL-8D’s physical super dimension.

Individual MS symptom Total sample Relapsing-remitting MS Secondary progressive MS Primary progressive MS

β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value

Pain -3.02 (-3.33 to -2.71) <0.001 -3.02 (-3.43 to -2.62) <0.001 -2.78 (-3.38 to -2.18) <0.001 -3.48 (-4.32 to -2.64) <0.001

Walking difficulties -1.32 (-1.65 to -0.99) <0.001 -1.37 (-1.83 to -0.91) <0.001 - - - -

Feelings of depression -0.73 (-1.03 to -0.43) <0.001 -0.45 (-0.84 to -0.07) 0.022 -1.01 (-1.67 to -0.34) 0.003 -1.19 (-2.00 to -0.39) 0.004

Fatigue -0.73 (-1.08 to -0.38) <0.001 -1.06 (-1.50 to -0.62) <0.001 - - -

Spasticity -0.68 (-1.03 to -0.32) <0.001 -0.69 (-1.16 to -0.22) 0.004 - - - -

Vision problems -0.65 (-0.96 to -0.34) <0.001 -0.62 (1.02 to 0.22) 0.002 - - - -

Sexual dysfunction - - -0.54 (-0.87 to -0.21) 0.002 - - - -

Age -0.24 (-0.31 to -0.18) <0.001 -0.21 (-0.30 to -0.13) <0.001 - - - -

Education level 1.04 (0.34 to 1.73) 0.004 - - 2.50 (1.04 to 3.97) <0.001 - -

R2 total model 65% # R2 total model 67% # R2 total model 48% # R2 total model 49% #

* Sample sizes: 1,301 for total sample; 810 for relapsing-remitting MS; 178 for secondary progressive MS & 121 for primary progressive MS.

# The R2 explained by the strongest predictor (pain) is 50% for the total sample, 52% for the relapsing-remitting MS, 42% for the secondary progressive MS and 42% for the primary progressive
MS.

AQoL-8D: Assessment of Quality of Life with eight dimensions.
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Table 5- 5. Multivariable model of factors associated with AQoL-8D’s psychosocial super dimension.

Individual MS
symptom

Total sample Relapsing-remitting MS Secondary progressive MS Primary progressive MS

β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value

Feelings of depression -2.23 (-2.62 to -1.84) <0.001 -2.07 (-2.59 to -1.55) <0.001 -2.38 (-3.00 to -1.76) <0.001 -3.12 (-3.89 to -2.34) <0.001

Fatigue -1.07 (-1.40 to -0.75) <0.001 -1.17 (-1.59 to -0.76) <0.001 -0.92 (-1.71 to -0.13) 0.023 - -

Feelings of anxiety -0.92 (-1.33 to -0.52) <0.001 -1.12 (-1.66 to -0.58) <0.001 - - - -

Bladder problems -0.60 (-0.84 to -0.37) <0.001 -0.35 (-0.69 to -0.01) 0.047 - - - -

Cognitive symptoms -0.35 (-0.67 to -0.03) 0.033 -0.62 (-1.06 to -0.19) 0.005 - - - -

Sensory symptoms -0.38 (-0.68 to -0.08) 0.012 - - - - - -

Sexual dysfunction - - -0.36 (-0.69 to -0.03) 0.033 - - - -

Difficulty with balance - - - - - - -1.29 (-2.26 to -0.32) 0.009

R2 total model 51% # R2 total model 52% # R2 total model 33% # R2 total model 44% #

* Sample sizes: 1,300 for total sample; 814 for relapsing-remitting MS; 178 for secondary progressive MS & 120 for primary progressive MS.

# The R2 explained by the strongest predictor (feelings of depression) is 43% for the total sample, 44% for the relapsing-remitting MS, 31% for the secondary progressive MS and 40% for the
primary progressive MS.

AQoL-8D: Assessment of Quality of Life with eight dimensions.
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5.5.5 Association between MS symptoms and EQ-5D-5L

The four symptoms (feelings of depression, pain, fatigue and feelings of anxiety) most

strongly associated with AQoL-8D were also associated with EQ-5D-5L (Table 6). The

single symptom most strongly associated with EQ-5D-5L was walking difficulties which

explained 57% of the variation in the EQ-5D-5L for the total sample, 47% for RRMS, 29%

for SPMS, and 48% for PPMS.

When we conducted a sensitivity analysis of the EQ-5D-5L models using the same sample of

the AQoL-8D model (1,328 samples), we found no material differences (data not shown).
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Table 6. Multivariable model of factors associated with EQ-5D-5L.

Individual MS symptom Total sample Relapsing-remitting MS Secondary progressive MS Primary progressive MS

β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value β (%) (95% CI) * P value

Walking difficulties -2.59 (-2.84 to -2.34) <0.001 -1.64 (-1.93 to -1.36) <0.001 -3.87 (-4.69 to -3.05) <0.001 -3.76 (-4.54 to -2.98) <0.001

Pain -1.13 (-1.35 to -0.92) <0.001 -1.39 (-1.64 to -1.14) <0.001 -1.34 (-2.18 to -1.08) <0.001 -1.20 (-2.01 to -0.38) 0.004

Feelings of depression -0.72 (- 1.02 to -0.53) <0.001 -0.68 (-1.00 to -0.35) <0.001 - - -1.58 (-2.35 to -0.82) <0.001

Feelings of anxiety -0.58 (-0.88 to -0.28) <0.001 -0.73 (-1.06 to -0.40) <0.001 -1.16 (-1.97 to -0.35) 0.005 - -

Fatigue -0.31 (-0.56 to -0.07) 0.012 -0.68 (-0.95 to -0.41) <0.001 - - - -

Spasticity -0.40 (-0.65 to -0.15) 0.002 -0.33 (-0.61 to -0.05) 0.019 - - - -

Sexual dysfunction -0.32 (-0.49 to -0.14) 0.001 - - -0.97 (-1.56 to -0.39) 0.001 -1.14 (-1.76 to -0.51) <0.001

Bladder problems -0.28 (-0.49 to -0.08) 0.007 - - - - - -

Vision problems - - - - - - -0.76 (-1.52 to -0.00) 0.048

Age -0.10 (-0.15 to -0.06) <0.001 -0.08 (-0.13 to -0.03) 0.002 - - - -

R2 total model 68% # R2 total model 63% # R2 total model 45% # R2 total model 64% #

* Sample sizes: 1,891 for total sample; 1,221 for relapsing-remitting MS; 255 for secondary progressive MS & 180 for primary progressive MS.

# The R2 explained by the strongest predictor (walking difficulties) is 57% for the total sample, 47% for the relapsing-remitting MS, 29% for the secondary progressive MS and 48% for the
primary progressive MS.

EQ-5D-5L: European Quality of Life with five dimensions and five levels for each dimension.
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5.5.6 Assessment of stability and reliability of model selection

The stability assessments reported in the supplementary materials show that, in most cases,

the four symptoms with the strongest associations with AQoL-8D and EQ-5D-5L – feelings

of depression, pain, fatigue and feelings of anxiety – were selected in more than 90% of the

models fitted to re-sampled data, and the relative bias of their coefficient estimates was less

than 10%. The stability assessments for RRMS patients, who constituted most of the total

sample, were similar to those for the total sample but stability for the small sub-groups of

SPMS and PPMS patients was limited to the very strongest symptoms: feelings of depression

for AQoL-8D and the AQoL-8D psychosocial super dimension, pain for the AQoL-8D

physical super dimension, and walking difficulties for EQ-5D-5L.

5.6 Discussion

Using a large national sample of Australians with MS, we found that four symptoms –

feelings of depression, pain, fatigue and feelings of anxiety were most strongly associated

with AQoL-8D and EQ-5D-5L. The strongest single predictor was feelings of depression or

pain for AQoL-8D and walking difficulties for EQ-5D-5L, irrespective of MS phenotype. We

found that feelings of depression were most strongly associated with the AQoL-8D for all

three MS phenotypes after taking other symptoms into account, which aligns with other

studies where depression frequently emerged as one of the most important predictors of

HRQoL215, 290. Importantly, it was also significantly associated with the AQoL-8D’s

psychosocial and physical super dimensions, albeit at a reduced magnitude. In our study, a

one unit increase in feelings of depression on our symptom score was associated with a

decrease in the overall AQoL-8D of 3.6% for people with PPMS, 3.1% for SPMS and 2.1%
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for RRMS. As a difference of 8% in AQoL-8D has been established as clinical meaningful298,

reducing the feelings of depression by two to four symptom units would theoretically result in

a clinically meaningful improvement in HRQoL.

Pain had the second largest impact on the overall AQoL-8D as well as the EQ-5D-5L for all

three MS phenotypes. It was strongly associated with the AQoL-8D’s physical super

dimension but not with the AQoL-8D’s psychosocial super dimension as the pain individual

dimension loads to the physical super dimension. Although pain has been reported to be

associated with HRQoL in several studies221, 222, it is not as frequently studied as fatigue or

physical disability level. Because MS-related pain is heterogeneous, we acknowledge that it

would be interesting to disentangle the different types of pain and examine how these types

differentially impact HRQoL.

Mobility has been reported as MS patients’ most valued bodily function in the literature299, 300.

In our study, walking difficulties were not significantly associated with the AQoL-8D,

although they were associated with the AQoL-8D’s physical super dimension in RRMS only.

In contrast, walking difficulties were most strongly associated with the EQ-5D-5L in all three

MS phenotypes. Differential results by measurement tool are not ideal. Nevertheless, this has

been acknowledged in the quality of life literature that different measurements will be

superior to the use of a single measurement because of its preferentially sensitivity301. In the

EQ-5D-5L, mobility is assessed as one of the only five EQ-5D-5L health domains, while

mobility is assessed across the broader depth of the AQoL-8D, where independent living (one

of the eight individual dimensions) assesses mobility directly with one item, while three other

items are indirectly influenced by mobility issues (household tasks; getting around; self-care).

The only other study that assessed the effect of symptoms of HRQoL by MS phenotype used
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the EQ-5D-5L and found that the presence of gait and balance problems were associated with

the largest reduction in EQ-5D-5L in people with RRMS, while the presence of spasticity,

paralysis and bowel problems were associated with the largest EQ-5D-5L reductions in

people with progressive MS (including both PPMS and SPMS)293.

In terms of impact on clinical practice, our findings show that there was little difference by

MS phenotype, suggesting that symptom management does not need to differ by MS

phenotype. Our study also shows that reducing feelings of depression and pain may result in

the largest impact on the AQoL-8D while improving walking difficulties may have the

biggest impact on the EQ-5D-5L. Although antidepressant medication for MS-related

depression could lead to considerable improvements, they also result in prominent side-

effects200. For the nonpharmacologic approaches, psychosocial interventions, diet

improvement and exercise have been shown to be effective for reducing feelings of

depression, although the efficacy is low201-203, 302. For pain management, although

antiepileptic drugs or exercise may help alleviate pain in people with MS, patients’

satisfaction is generally low174, 303. This might be partly because of the heterogeneous nature

of pain in MS. Depression and pain also tend to cluster together in MS with some evidence

suggesting that depression can predict pain. When both pain and depression are present, a

longitudinal study showed that treatment of either symptom alone might be less effective than

targeting both304, and tricyclic antidepressants305, mindfulness-based meditation306, 307, and

telephone-delivered self-management intervention308 have been shown beneficial for both

pain and depression in people with MS. Fatigue and feelings of anxiety also had a significant

impact on the HRQoL, thus addressing these two symptoms in people with MS may also

improve HRQoL to some extent.
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A major strength of this study is that we have a large dataset with sufficient SPMS and PPMS

cases for analyses by MS phenotype. Our analysis also covered symptoms that were less

frequently considered by previous studies, such as sexual dysfunction, bowel problems and

spasticity. Using the same scales of symptom measures, we could do head-to-head

comparisons of the effect size of each individual symptom on HRQoL. We used two well-

validated generic multi-attribute utility instruments to assess HRQoL and revealed some

differences in results depending on the instrument used. One limitation for the AQoL-8D

analysis was that there was a median time of five months spans between the completion of

the survey that assessed the symptoms and MS phenotype, and the survey that assessed the

AQoL-8D which would have resulted in some measurement error; however, the MSSymS

has been shown to have an adequate temporal stability over a one-year period295. Some

selection bias may have occurred with participants who were included having higher

education level, longer MS duration (or older age); however, the differences were not large

relative to the total variation in the sample and we assessed both variables as potential

confounders in each analysis. In this study, we did not include disability as a potential

confounder, because an overall index of disability often includes most of the MS-specific

symptoms which would eliminate the effect of symptoms. The validity of the assessment of

patient-reported MS phenotype might be another concern. However, the agreement between

patient-reported and physician-reported SPMS or PPMS was similar to the agreement

between physicians (agreement 76.7% vs 78.9%), indicating that the assessment of patients is

equally valid as that of physicians.

In conclusion, our study shows that feelings of depression, pain, and walking difficulties had

the largest impact on the AQoL-8D and EQ-5D-5L. Reducing these symptoms may have the

largest impact on improving HRQoL of people with MS irrespective of MS phenotype.
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5.7 Postscript

Chapter 4 and 5 discussed the epidemiology of progressive MS. The next chapter will

investigate the MS progression from the genetic perspective.

5.8 Supplementary Material

5.8.1 Supplementary figure

Supplementary Figure. Association between total symptom load (sum of 13 symptoms) and
overall AQoL-8D by MS phenotype including four influential points after adjustment for sex,
age, MS duration and education level.
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5.8.2 Supplementary tables

5.8.2.1 Supplementary table 1. Global model for factors associated with overall AQoL-8D in the total sample, the model selected and

reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Feelings of depression -2.262 0.245 100.0 -2.361 0.236 1.16 2.8 -2.318 -2.903 -1.800
Pain -1.167 0.186 100.0 -1.334 0.171 1.33 12.4 -1.313 -1.708 -0.913
Fatigue -1.044 0.209 99.9 -1.031 0.199 1.04 2.0 -1.061 -1.494 -0.637
Feelings of anxiety -0.910 0.244 96.2 -0.879 0.238 0.98 9.1 -0.948 -1.452 -0.537
Walking difficulties -0.743 0.258 78.0 -0.507 0.188 0.76 12.2 -0.631 -1.026 -0.386
Bladder problems -0.421 0.188 77.3 -0.544 0.157 1.12 75.5 -0.555 -0.896 -0.340
Cognitive symptoms -0.467 0.201 55.4 -0.439 0.187 0.80 115.3 -0.531 -0.872 -0.380
Spasticity -0.374 0.213 51.8 -0.429 0.199 1.27 211.1 -0.578 -0.940 -0.398
Sexual dysfunction -0.230 0.154 35.1 - - 1.19 384.5 -0.372 -0.607 -0.279
Vision problems -0.240 0.186 33.5 - - 1.45 506.5 -0.467 -0.747 -0.352
Sensory symptoms -0.126 0.197 12.8 - - 1.85 2867.5 -0.462 -0.684 -0.364
Bowel problems 0.004 0.187 7.8 - - 2.55 -45094.6 -0.441 -0.702 -0.325
Education level 0.106 0.393 7.6 - - 2.15 8920.7 0.854 -0.886 1.333
Age -0.006 0.042 6.6 - - 2.12 15872.9 -0.084 -0.132 0.092
MS duration 0.018 0.052 5.2 - - 2.11 4612.6 0.100 -0.142 0.152
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Gender 0.784 1.004 1.3 - - 2.71 -8635.5 -2.040 -3.013 2.856
Difficulty with balance 0.317 0.262 1.0 - - 3.36 -18271.1 -0.518 -0.890 -0.386

The selected model was replicated in 5.5% of the models fitted to the 10,000 re-samples of the data

5.8.2.2 Supplementary table 2. Global model for factors associated with overall AQoL-8D in people with relapsing-remitting MS, the

model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Feelings of depression -2.058 0.301 100.0 -2.057 0.298 1.22 2.7 -2.089 -2.910 -1.458
Pain -1.305 0.233 100.0 -1.484 0.202 1.14 4.6 -1.370 -1.862 -0.853
Fatigue -1.178 0.258 99.9 -1.294 0.241 1.08 7.8 -1.267 -1.786 -0.746
Feelings of anxiety -0.971 0.305 89.9 -1.036 0.302 0.97 24.3 -1.066 -1.670 -0.634
Sexual dysfunction -0.570 0.197 80.2 -0.564 0.183 0.84 34.3 -0.592 -0.964 -0.375
Cognitive symptoms -0.670 0.255 67.2 -0.607 0.243 0.79 66.2 -0.718 -1.181 -0.489
Bladder problems -0.475 0.235 55.0 -0.504 0.190 0.84 131.1 -0.578 -0.962 -0.393
Spasticity -0.290 0.272 31.1 - - 1.56 658.6 -0.654 -1.053 -0.474
Vision problems -0.322 0.225 25.1 - - 1.28 620.2 -0.553 -0.900 -0.428
Walking difficulties -0.583 0.324 22.3 - - 0.49 401.6 -0.627 -0.992 -0.460
Sensory symptoms -0.034 0.246 9.3 - - 2.32 18851.2 -0.568 -0.853 -0.451
Education level -0.163 0.483 5.1 - - 2.08 7218.1 -0.991 -1.479 1.240
age -0.021 0.051 2.5 - - 1.92 18111.3 -0.105 -0.167 0.112
MS duration 0.082 0.072 2.3 - - 1.46 6874.5 0.149 -0.153 0.232
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Bowel problems 0.131 0.234 2.2 - - 2.92 -18998.5 -0.519 -0.825 -0.388
Gender 1.649 1.328 0.9 - - 1.90 23286.5 3.600 -2.767 6.014
Difficulty with balance 0.599 0.315 0.2 - - 3.83 -63229.5 -0.588 -0.769 -0.485

The selected model was replicated in 10.8% of the models fitted to the 10,000 re-samples of the data

5.8.2.3 Supplementary table 3. Global model for factors associated with overall AQoL-8D in people with secondary progressive MS, the

model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Feelings of depression -2.650 0.780 94.8 -3.068 0.457 0.94 16.5 -2.993 -4.140 -1.497
Pain -0.906 0.496 74.4 -1.180 0.388 0.94 85.6 -1.209 -1.951 -0.789
Fatigue -1.543 0.587 59.1 -1.175 0.502 0.64 65.4 -1.451 -2.369 -0.973
Education level 2.064 1.061 30.7 - - 0.94 347.4 2.766 1.824 4.274
Feelings of anxiety -0.760 0.721 24.8 - - 1.69 878.0 -1.661 -3.272 -1.167
Vision problems -0.257 0.546 14.3 - - 1.81 3194.5 -1.147 -1.944 -0.842
Gender 2.768 2.744 9.3 - - 1.49 2422.3 6.324 4.376 9.993
MS duration 0.052 0.137 6.7 - - 2.03 9119.0 0.308 0.224 0.494
Age 0.046 0.141 4.6 - - 1.72 13127.6 0.27 0.206 0.413
Cognitive symptoms 0.007 0.535 3.8 - - 1.99 -385595.0 -1.011 -1.514 -0.773
Bowel problems -0.223 0.484 3.5 - - 1.44 11447.7 -0.868 -1.319 -0.66
Bladder problems -0.118 0.555 3.4 - - 1.63 25135.3 -0.961 -1.461 -0.724
Spasticity -0.370 0.585 1.8 - - 1.13 14836.5 -0.984 -1.456 -0.719
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Difficulty with balance -0.431 0.933 0.7 - - 0.84 37554.0 -1.154 -1.724 -0.874
Sensory symptoms 0.669 0.595 0.1 - - 2.93 -228077.0 -1.062 -1.190 -0.966
Walking difficulties 0.925 0.868 0.1 - - 2.37 -86701.4 -1.128 -1.414 -0.822
Sexual dysfunction 0.322 0.430 0.0 - - 3.04 -1006553.0 -0.961 -1.176 -0.783

The selected model was replicated in 16.9% of the models fitted to the 10,000 re-samples of the data

5.8.2.4 Supplementary table 4. Global model for factors associated with overall AQoL-8D in people with primary progressive MS, the

model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Feelings of depression -3.292 0.771 99.0 -3.608 0.499 0.75 2.3 -3.375 -4.352 -2.096
Pain -1.445 0.717 65.9 -1.881 0.520 0.66 77.2 -1.630 -2.580 -1.068
Difficulty with balance -1.822 1.060 39.7 - - 0.40 129.8 -1.606 -2.553 -1.069
Bladder problems -0.899 0.610 31.4 - - 0.92 383.2 -1.310 -2.100 -0.909
Sensory symptoms -0.357 0.661 18.8 - - 1.74 2068.9 -1.393 -2.257 -0.965
Vision problems -0.167 0.621 13.7 - - 1.93 5691.8 -1.275 -2.005 -0.948
Sexual dysfunction -0.540 0.548 12.6 - - 0.95 1386.0 -0.975 -1.564 -0.715
Spasticity 0.068 0.714 6.7 - - 2.28 -33186.8 -1.465 -2.330 -0.981
Feelings of anxiety -0.338 0.814 6.1 - - 1.94 8755.7 -1.660 -3.357 -1.182
MS duration 0.153 0.188 5.0 - - 1.61 5678.1 0.425 0.290 0.680
Walking difficulties 0.709 1.063 4.8 - - 2.24 -4903.5 -1.557 -2.486 -1.073
Age 0.204 0.188 4.5 - - 1.61 4897.4 0.456 0.301 0.731
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Bowel problems 0.304 0.663 3.0 - - 2.50 -14514.8 -1.259 -2.120 -0.930
Fatigue 0.338 0.888 2.2 - - 2.36 -23160.2 -1.674 -2.535 -1.178
Gender -1.020 3.260 1.6 - - 2.36 -33289.9 6.314 -9.352 9.441
Education level -0.818 1.474 1.3 - - 2.70 -28323.7 3.006 2.227 4.488
Cognitive symptoms 0.568 0.631 0.2 - - 2.76 -93308.9 -1.094 -1.684 -0.831

The selected model was replicated in 8.5% of the models fitted to the 10,000 re-samples of the data

5.8.2.5 Supplementary table 5. Global model for factors associated with AQoL-8D’s physical super dimension in the total sample, the

model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Age -0.235 0.038 100.0 -0.245 0.034 0.96 2.4 -0.240 -0.313 -0.170
Pain -2.905 0.172 100.0 -3.022 0.158 1.15 3.5 -3.005 -3.345 -2.672
Walking difficulties -1.473 0.238 100.0 -1.317 0.168 1.33 -16.2 -1.228 -1.646 -0.833
Feelings of depression -0.716 0.225 95.9 -0.729 0.154 0.72 0.0 -0.681 -1.004 -0.389
Fatigue -0.745 0.192 95.8 -0.726 0.178 0.95 1.1 -0.713 -1.093 -0.406
Vision problems -0.626 0.171 94.8 -0.650 0.160 0.91 5.8 -0.621 -0.951 -0.358
Spasticity -0.557 0.196 88.5 -0.677 0.181 0.87 27.9 -0.616 -0.958 -0.386
Education level 1.002 0.362 82.8 1.036 0.354 0.86 37.8 1.112 0.723 1.755
Bladder problems -0.185 0.174 35.5 - - 1.55 562.9 -0.419 -0.664 -0.296
Bowel problems -0.173 0.173 34.4 - - 1.6 625.7 -0.420 -0.662 -0.292
Sexual dysfunction -0.115 0.142 18.1 - - 1.65 1527.6 -0.324 -0.497 -0.255
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Sensory symptoms -0.181 0.182 12.2 - - 1.49 1890.1 -0.421 -0.653 -0.341
MS duration 0.003 0.048 7.2 - - 2.35 14050.0 0.097 -0.144 0.156
Cognitive symptoms -0.120 0.186 6.4 - - 1.72 5535.9 -0.410 -0.621 -0.340
Gender 0.000 0.922 4.2 - - 2.27 -13900000.0 -1.862 -2.860 2.557
Feelings of anxiety 0.110 0.224 2.8 - - 2.97 -17940.4 -0.532 -0.841 -0.333
Difficulty with balance 0.402 0.242 0.1 - - 3.86 -132160.2 -0.531 -0.640 -0.457

The selected model was replicated in 11.2% of the models fitted to the 10,000 re-samples of the data

5.8.2.6 Supplementary table 6. Global model for factors associated with AQoL-8D’s physical super dimension in people with relapsing-

remitting MS, the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing

model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Pain -2.921 0.219 100.0 -3.024 0.207 1.18 3.8 -3.031 -3.497 -2.589
Walking difficulties -1.661 0.305 100.0 -1.374 0.235 1.34 -18.5 -1.353 -1.881 -0.830
Age -0.222 0.048 99.4 -0.213 0.042 1.07 -4.4 -0.210 -0.311 -0.117
Fatigue -0.996 0.242 98.8 -1.059 0.225 1.04 6.6 -1.043 -1.552 -0.578
Sexual dysfunction -0.486 0.185 80.9 -0.539 0.169 0.98 49.6 -0.572 -0.928 -0.357
Vision problems -0.632 0.212 79.6 -0.620 0.203 0.84 33.8 -0.652 -1.061 -0.418
Spasticity -0.618 0.256 74.9 -0.690 0.241 0.90 64.2 -0.735 -1.170 -0.494
Feelings of depression -0.511 0.283 54.0 -0.453 0.198 0.58 116.0 -0.573 -0.931 -0.401
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Education level 0.676 0.455 33.6 - - 1.22 415.4 1.117 0.874 1.757
Bladder problems -0.219 0.221 24.6 - - 1.52 891.1 -0.510 -0.814 -0.382
Cognitive symptoms -0.273 0.240 17.0 - - 1.40 1167.2 -0.565 -0.872 -0.444
Sensory symptoms -0.195 0.231 15.6 - - 1.73 1793.8 -0.557 -0.859 -0.433
MS duration 0.057 0.068 12.3 - - 1.69 2125.5 0.155 -0.129 0.231
Bowel problems -0.090 0.220 10.5 - - 1.98 5387.7 -0.499 -0.750 -0.379
Feelings of anxiety 0.163 0.287 5.4 - - 2.57 -6519.3 -0.542 -0.849 -0.393
Gender 0.714 1.244 0.6 - - 2.59 -11807.5 -2.461 -3.591 4.405
Difficulty with balance 0.635 0.297 0.0 - - 4.21 -484188.0 -0.615 -0.629 -0.602

The selected model was replicated in 9.3% of the models fitted to the 10,000 re-samples of the data

5.8.2.7 Supplementary table 7. Global model for factors associated with AQoL-8D’s physical super dimension in people with secondary

progressive MS, the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for

assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Pain -2.576 0.389 100 -2.782 0.303 0.95 3.8 -2.672 -3.388 -1.996
Education level 2.077 0.825 70.1 2.504 0.740 1.07 83.4 2.629 1.553 4.058
Feelings of depression -1.162 0.610 54.1 -1.006 0.338 0.44 66.7 -1.018 -1.596 -0.687
Vision problems -0.718 0.428 39.6 - - 0.78 242.9 -0.938 -1.472 -0.681
Fatigue -0.720 0.457 38.0 - - 0.98 296.6 -1.041 -1.685 -0.729
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Gender 1.917 2.153 16.6 - - 1.46 1422.7 4.619 3.453 7.417
Age -0.184 0.110 13.3 - - 0.85 955.4 -0.252 -0.400 -0.175
Bowel problems -0.403 0.380 11.9 - - 0.89 1379.6 -0.679 -1.073 -0.514
Feelings of anxiety 0.270 0.566 5.3 - - 2.15 -6631.4 -0.912 -1.335 -0.664
MS duration 0.063 0.107 2.7 - - 1.87 12716.4 0.231 -0.232 0.381
Difficulty with balance -0.091 0.732 2.6 - - 1.18 40000.9 -0.903 -1.405 -0.688
Cognitive symptoms 0.044 0.419 1.9 - - 2.23 -103616.4 -0.848 -1.251 -0.647
Walking difficulties -0.021 0.678 1.9 - - 1.27 213406.8 -0.831 -1.375 -0.640
Spasticity -0.030 0.459 1.4 - - 1.64 191997.8 -0.748 -1.107 -0.601
Sensory symptoms 0.221 0.466 0.3 - - 2.47 -125961.8 -0.877 -1.226 -0.699
Sexual dysfunction 0.298 0.337 0.2 - - 2.57 -82148.3 -0.533 -0.813 -0.433
Bladder problems 0.491 0.436 0.1 - - 2.69 -154031.3 -0.678 -0.739 -0.603

The selected model was replicated in 10.8% of the models fitted to the 10,000 re-samples of the data

5.8.2.8 Supplementary table 8. Global model for factors associated with AQoL-8D’s physical super dimension in people with primary

progressive MS, the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for

assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Pain -3.615 0.568 100.0 -3.481 0.426 0.98 -9.4 -3.284 -4.106 -2.374
Feelings of depression -1.745 0.611 61.9 -1.194 0.408 0.99 12.3 -1.171 -1.854 -0.781
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Vision problems -0.829 0.492 43.0 - - 1.16 262.9 -1.241 -2.049 -0.823
Difficulty with balance -1.272 0.840 27.8 - - 0.38 273.9 -1.266 -2.091 -0.861
Bladder problems -0.621 0.484 21.9 - - 0.90 638.2 -0.970 -1.496 -0.698
Education level 0.987 1.168 21.8 - - 1.61 1197.1 2.705 2.003 4.042
Age -0.118 0.149 14.0 - - 1.63 2004.6 -0.337 -0.512 -0.244
Walking difficulties 0.416 0.842 7.6 - - 2.05 -4153.3 -1.226 -2.026 -0.825
Feelings of anxiety 0.357 0.645 6.1 - - 2.42 -5481.3 -1.129 -1.814 -0.774
Bowel problems -0.065 0.525 4.0 - - 1.98 41243.8 -1.026 -1.635 -0.762
MS duration 0.117 0.149 2.5 - - 1.70 11894.3 0.336 0.233 0.556
Sexual dysfunction -0.102 0.434 2.5 - - 1.55 29857.6 -0.716 -1.195 -0.566
Gender -2.675 2.583 2.2 - - 1.47 9625.8 -5.782 -8.869 4.673
Spasticity 0.158 0.566 1.4 - - 2.18 -48261.4 -1.042 -1.498 -0.752
Sensory symptoms -0.009 0.524 0.8 - - 1.88 1351051.0 -0.969 -1.293 -0.732
Fatigue 0.961 0.703 0.1 - - 3.41 -185543.3 -1.416 -1.892 -1.085
Cognitive symptoms 0.909 0.500 0.0 - - 3.47 -225758.3 -0.781 -1.023 -0.697

The selected model was replicated in 8.9% of the models fitted to the 10,000 re-samples of the data

5.8.2.9 Supplementary table 9. Global model for factors associated with AQoL-8D’s psychosocial super dimension in the total sample,

the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model

stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile
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Feelings of depression -2.032 0.248 100.0 -2.105 0.238 1.19 9.0 -2.213 -2.672 -1.770
Fatigue -1.275 0.211 100.0 -1.411 0.192 1.46 -18.9 -1.032 -1.417 -0.653
Feelings of anxiety -1.034 0.247 99.1 -1.025 0.241 0.93 -3.9 -0.983 -1.429 -0.561
Bladder problems -0.557 0.190 87.0 -0.710 0.140 0.74 9.4 -0.521 -0.820 -0.300
Cognitive symptoms -0.512 0.203 55.8 -0.382 0.188 0.58 71.0 -0.465 -0.761 -0.333
Spasticity -0.222 0.216 35.9 - - 1.28 499.6 -0.464 -0.723 -0.317
Walking difficulties -0.498 0.261 32.3 - - 0.45 175.2 -0.422 -0.689 -0.301
Sensory symptoms -0.201 0.200 30.9 -0.426 0.173 1.35 627.2 -0.433 -0.680 -0.317
Sexual dysfunction -0.146 0.156 30.4 - - 1.35 676.2 -0.328 -0.521 -0.248
Pain -0.055 0.188 20.9 - - 1.93 3461.0 -0.392 -0.617 -0.291
Education level -0.396 0.397 9.6 - - 1.11 1933.5 -0.754 -1.111 -0.630
MS duration 0.023 0.053 7.7 - - 1.56 5664.8 0.098 0.080 0.150
Vision problems 0.172 0.188 1.5 - - 2.93 -15080.1 -0.365 -0.507 -0.304
Difficulty with balance 0.201 0.266 1.4 - - 2.39 -15300.1 -0.407 -0.623 -0.322
Bowel problems 0.093 0.190 1.3 - - 2.63 -33140.4 -0.384 -0.608 -0.302
Age 0.048 0.042 1.0 - - 1.42 20241.7 0.086 -0.064 0.163
Gender 0.721 1.016 0.5 - - 2.41 -5527.6 -1.680 -2.787 3.535

The selected model was replicated in 4.0% of the models fitted to the 10,000 re-samples of the data

5.8.2.10 Supplementary table 10. Global model for factors associated with AQoL-8D’s psychosocial super dimension in people

with relapsing-remitting MS, the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-

samples for assessing model stability.

Global model Selected model

Covariate Estimate Standard
Bootstrap
inclusion Estimate Standard

Root mean
squared

Relative
conditional Bootstrap

Bootstrap
2.5th

Bootstrap
97.5th
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error frequency
(%)

error difference
ratio

bias (%) median percentile percentile

Feelings of depression -2.029 0.324 100.0 -2.056 0.322 1.11 8.6 -2.196 -2.848 -1.596
Fatigue -1.470 0.277 99.9 -1.573 0.251 1.31 -17.8 -1.202 -1.700 -0.717
Feelings anxiety -1.083 0.328 96.8 -1.180 0.325 0.88 11.3 -1.158 -1.738 -0.664
Cognitive symptoms -0.643 0.274 74.0 -0.626 0.257 0.76 55.1 -0.709 -1.160 -0.468
Bladder problems -0.656 0.253 55.1 -0.459 0.205 0.68 51.0 -0.523 -0.846 -0.359
Sexual dysfunction -0.388 0.212 55.1 -0.345 0.196 0.85 143.6 -0.503 -0.803 -0.346
Pain -0.263 0.250 26.1 - - 1.17 679.4 -0.512 -0.812 -0.378
Age 0.029 0.054 17.8 - - 1.81 2298.2 0.119 0.086 0.187
Sensory symptoms -0.098 0.264 14.6 - - 1.78 3772.1 -0.532 -0.825 -0.406
spasticity -0.235 0.293 13.1 - - 1.24 1770.6 -0.559 -0.879 -0.414
Education level -0.302 0.520 6.2 - - 1.48 4995.3 -0.990 -1.367 0.950
MS duration 0.110 0.077 2.2 - - 1.56 8720.9 0.210 0.127 0.331
Gender 1.220 1.429 1.8 - - 2.29 18849.3 4.242 2.418 6.553
Vision problems 0.046 0.243 1.7 - - 2.31 -66292.1 -0.496 -0.708 -0.395
Walking difficulties 0.007 0.349 1.5 - - 1.55 -478370.9 -0.501 -0.745 -0.395
Bowel problems 0.213 0.252 1.4 - - 2.91 -17742.2 -0.497 -0.729 -0.374
Difficulty with balance 0.315 0.340 0.1 - - 2.56 -135073.0 -0.547 -0.672 -0.449

The selected model was replicated in 6.9% of the models fitted to the 10,000 re-samples of the data

5.8.2.11 Supplementary table 11. Global model for factors associated with AQoL-8D’s psychosocial super dimension in people

with secondary progressive MS, the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-

samples for assessing model stability.

Global model Selected model
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Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Feelings of depression -2.066 0.693 94.6 -2.491 0.371 0.69 2.9 -2.062 -2.836 -1.042
fatigue -1.425 0.521 60.9 -1.112 0.444 0.86 21.9 -1.018 -1.651 -0.685
Feelings of anxiety -0.868 0.641 30.9 - - 0.89 381.7 -1.187 -2.262 -0.823
MS duration 0.016 0.122 14.8 - - 1.93 10335.6 0.237 0.165 0.366
Age 0.078 0.125 13.1 - - 1.22 2081.0 0.215 0.156 0.329
Education level 0.741 0.942 8.8 - - 1.44 3008.3 1.948 1.376 2.971
Bladder problems -0.233 0.493 7.0 - - 1.01 4230.9 -0.679 -1.058 -0.514
Gender 2.420 2.438 3.9 - - 1.35 4658.0 4.842 -3.918 8.381
Vision problems 0.456 0.485 3.8 - - 2.69 -4945.4 -0.787 -1.242 -0.583
pain 0.114 0.440 3.7 - - 1.78 -15995.3 -0.650 -0.953 -0.497
spasticity -0.526 0.520 1.8 - - 0.48 7631.0 -0.714 -1.065 -0.543
Cognitive symptoms 0.053 0.475 1.7 - - 1.63 -79220.1 -0.688 -0.929 -0.547
Difficulty with balance -0.544 0.829 1.2 - - 0.49 13897.3 -0.831 -1.419 -0.641
Bowel problems -0.275 0.430 1.2 - - 0.88 19638.0 -0.621 -0.929 -0.487
Sexual dysfunction 0.297 0.382 0.2 - - 2.24 -101006.0 -0.530 -0.746 -0.393
Sensory symptoms 0.605 0.528 0.1 - - 2.82 -214303.0 -0.830 -1.176 -0.757
Walking difficulties 0.788 0.771 0.1 - - 2.16 -80519.1 -0.797 -1.608 -0.612

The selected model was replicated in 20.9% of the models fitted to the 10,000 re-samples of the data
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5.8.2.12 Supplementary table 12. Global model for factors associated with AQoL-8D’s psychosocial super dimension in people

with primary progressive MS, the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-

samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Feelings of depression -2.699 0.682 99.1 -2.835 0.408 0.70 -6.6 -2.520 -3.280 -1.559
Difficulty with balance -1.256 0.936 39.0 -1.555 0.464 0.30 143.3 -1.155 -1.809 -0.765
Bladder problems -0.649 0.539 34.7 - - 0.89 367.5 -1.016 -1.649 -0.658
Sensory symptoms -0.450 0.584 25.2 - - 1.04 792.8 -0.970 -1.558 -0.681
Sexual dysfunction -0.430 0.484 18.8 - - 0.75 835.9 -0.726 -1.143 -0.515
Walking difficulties -0.340 0.939 11.6 - - 1.07 3164.1 -1.262 -1.958 -0.779
Age 0.154 0.166 10.2 - - 1.37 2199.3 0.346 0.227 0.586
Feelings of anxiety -0.149 0.719 9.4 - - 1.68 9166.1 -1.209 -2.370 -0.838
Spasticity 0.276 0.631 5.9 - - 2.12 -6444.0 -1.015 -1.580 -0.685
Fatigue -0.084 0.784 3.2 - - 1.47 45028.2 -1.187 -1.703 -0.829
Gender 1.164 2.880 3.2 - - 1.47 13625.0 5.008 3.586 7.752
Vision problems 0.244 0.548 2.9 - - 2.11 -12637.7 -0.875 -1.314 -0.652
Pain -0.060 0.633 2.5 - - 1.53 66358.8 -0.979 -1.494 -0.694
Bowel problems 0.190 0.586 1.4 - - 2.01 -36498.1 -0.898 -1.660 -0.665
Education level -1.631 1.302 1.4 - - 1.27 12783.4 -3.058 -4.341 -1.955
MS duration 0.180 0.166 1.3 - - 0.98 11858.7 0.297 -0.255 0.435
Cognitive symptoms 0.331 0.558 0.5 - - 2.22 -50926.7 -0.863 -1.447 -0.652
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The selected model was replicated in 12.7% of the models fitted to the 10,000 re-samples of the data

5.8.2.13 Supplementary table 13. Global model for factors associated with EQ-5D-5L in the total sample, the model selected and

reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile
Pain -1.439 0.154 100.0 -1.441 0.149 2.03 -19.8 -1.156 -1.408 -0.902
Walking difficulties -3.091 0.223 100.0 -3.167 0.169 2.32 -15.8 -2.599 -2.963 -2.266
Feelings of depression -0.835 0.206 99.4 -0.885 0.204 0.98 -10.7 -0.730 -1.146 -0.411
Feelings of anxiety -0.727 0.206 97.1 -0.698 0.204 0.95 -14.9 -0.596 -0.934 -0.336
Age -0.093 0.036 96.8 -0.123 0.032 0.71 11.8 -0.100 -0.154 -0.057
Spasticity -0.398 0.176 86.4 -0.419 0.173 0.72 29.9 -0.436 -0.696 -0.264
Sexual dysfunction -0.480 0.131 86.3 -0.541 0.124 1.33 -20.2 -0.320 -0.529 -0.193
Bladder problems -0.282 0.164 73.3 -0.346 0.142 0.68 67.8 -0.336 -0.547 -0.214
Fatigue -0.046 0.175 69.5 -0.035 0.169 1.98 1075.3 -0.364 -0.592 -0.249
Gender -0.786 0.857 28.7 - - 1.08 626.6 -1.554 -2.506 -1.212
MS duration -0.064 0.046 15.5 - - 0.86 672.2 -0.079 -0.124 0.075
Education level -0.003 0.340 14.9 - - 1.84 119521.8 -0.582 -0.943 0.499
Bowel problems -0.119 0.161 10.1 - - 1.17 2353.2 -0.279 -0.466 -0.206
Difficulty with balance -0.079 0.227 6.1 - - 1.54 8648.0 -0.395 -0.634 -0.320
Vision problems -0.011 0.155 0.3 - - 1.47 744566.4 -0.227 -0.292 -0.222
The selected model was replicated in 15.4% of the models fitted to the 10,000 re-samples of the data
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5.8.2.14 Supplementary table 14. Global model for factors associated with EQ-5D-5L in people with relapsing-remitting MS, the

model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Pain -1.667 0.169 100.0 -1.632 0.159 2.28 -21.3 -1.314 -1.593 -1.026
Walking difficulties -1.846 0.233 100.0 -2.102 0.177 1.60 -17.8 -1.522 -1.858 -1.163
Fatigue -0.592 0.179 99.8 -0.558 0.174 0.79 7.6 -0.635 -0.900 -0.369
Feelings of anxiety -0.750 0.217 98.9 -0.686 0.215 0.85 -6.7 -0.683 -1.081 -0.382
Feelings of depression -0.729 0.214 95.6 -0.827 0.211 0.89 -10.5 -0.616 -0.946 -0.343
Age -0.052 0.037 71.7 -0.087 0.033 0.92 114.7 -0.077 -0.123 -0.050
Spasticity -0.320 0.189 52.0 -0.357 0.181 0.55 128.6 -0.365 -0.585 -0.265
Sexual dysfunction -0.421 0.140 50.6 - - 1.14 29.7 -0.262 -0.438 -0.187
Education level -0.498 0.348 37.6 - - 0.67 259.3 -0.645 -1.032 -0.492
MS duration -0.088 0.054 13.5 - - 1.25 527.5 -0.092 -0.144 0.097
Bladder problems -0.134 0.171 8.6 - - 0.88 2275.7 -0.264 -0.411 -0.200
Difficulty with balance -0.229 0.235 7.7 - - 0.90 2310.3 -0.406 -0.628 -0.333
Bowel problems 0.095 0.946 2.8 - - 1.93 -59824.6 -1.648 -2.550 1.633
Gender 0.126 0.169 2.7 - - 2.35 -7784.5 -0.251 -0.431 -0.199
Sensory symptoms 0.283 0.174 1.5 - - 3.30 -6938.6 -0.280 -0.377 -0.232
Vision problems 0.279 0.163 0.1 - - 3.34 -93769.2 -0.257 -0.321 -0.226
The selected model was replicated in 10.4% of the models fitted to the 10,000 re-samples of the data
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5.8.2.15 Supplementary table 15. Global model for factors associated with EQ-5D-5L in people with secondary progressive MS,

the model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model

stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Walking difficulties -3.643 0.833 99.6 -4.207 0.498 0.89 8.8 -3.966 -5.192 -2.509
Pain -1.657 0.496 98.2 -2.069 0.405 0.93 9.6 -1.749 -2.732 -1.010
Sexual dysfunction -0.784 0.411 74.7 -1.074 0.343 0.97 85.4 -1.058 -1.628 -0.685
Feelings of anxiety -1.054 0.653 62.8 -1.292 0.474 0.80 118.3 -1.402 -2.199 -0.910
Education level 2.045 1.136 43.0 - - 0.93 227.6 2.769 1.952 4.410
Vision problems -0.863 0.507 35.8 - - 0.97 307.0 -1.188 -1.974 -0.877
Age -0.155 0.128 20.0 - - 1.33 902.2 -0.295 -0.469 -0.211
Bladder problems -0.397 0.573 15.8 - - 1.45 1792.8 -1.144 -1.799 -0.836
Feelings of depression -0.168 0.675 14.8 - - 1.98 5769.4 -1.414 -2.210 -0.903
Spasticity -0.500 0.635 8.5 - - 1.43 3086.6 -1.276 -2.041 -0.988
Difficulty with balance -0.025 0.837 4.8 - - 2.37 160112.0 -1.891 -3.442 -1.368
Gender -0.189 2.772 3.9 - - 2.20 71126.5 -5.749 -9.826 6.573
Sensory symptoms 0.286 0.611 2.2 - - 2.54 -20361.3 -1.237 -1.664 -0.929
Bowel problems 0.295 0.492 1.9 - - 2.69 -18512.2 -0.998 -1.419 -0.703
The selected model was replicated in 11.9% of the models fitted to the 10,000 re-samples of the data
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5.8.2.16 Supplementary table 16. Global model for factors associated with EQ-5D-5L in people with primary progressive MS, the

model selected and reported in the study, and some bootstrap-derived quantities from 10,000 re-samples for assessing model stability.

Global model Selected model

Covariate Estimate
Standard
error

Bootstrap
inclusion
frequency

(%) Estimate
Standard
error

Root mean
squared
difference
ratio

Relative
conditional
bias (%)

Bootstrap
median

Bootstrap
2.5th

percentile

Bootstrap
97.5th

percentile

Walking difficulties -4.070 0.923 99.7 -4.066 0.482 0.76 -5.7 -3.883 -4.991 -2.355
Sexual dysfunction -1.332 0.460 86.7 -1.306 0.381 0.70 12.1 -1.275 -2.002 -0.763
Pain -1.873 0.571 76.9 -1.481 0.491 0.92 9.1 -1.507 -2.527 -0.935
Feelings with depression -1.390 0.716 73.3 -1.875 0.462 0.92 83.3 -1.832 -2.824 -1.054
Vision problems -0.968 0.501 52.7 -1.146 0.456 1.00 161.0 -1.268 -2.128 -0.855
Feelings with anxiety -0.863 0.726 27.1 - - 1.51 686.5 -1.806 -3.022 -1.030
Bladder problems -0.631 0.541 25.5 - - 1.14 643.4 -1.152 -1.781 -0.833
MS duration -0.217 0.169 18.4 - - 1.12 851.7 -0.361 -0.624 -0.253
Bowel problems 0.069 0.546 6.8 - - 2.33 -25003.5 -1.158 -1.662 -0.862
Age 0.215 0.154 5.7 - - 0.95 2497.7 0.311 0.218 0.520
Difficulty with balance 0.264 0.920 3.7 - - 2.54 -20767.2 -1.810 -3.733 -1.430
Spasticity 0.354 0.568 3.0 - - 2.80 -11470.6 -1.141 -1.968 -0.906
Fatigue 0.427 0.730 2.2 - - 2.89 -17711.8 -1.639 -2.358 -1.055
Gender 2.025 2.866 1.0 - - 2.07 27836.1 7.029 -5.719 9.690
Education level -0.715 1.351 0.9 - - 2.44 -5998.0 2.323 -4.371 3.379
The selected model was replicated in 15.5% of the models fitted to the 10,000 re-samples of the data
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Chapter 6: Lipid-related genetic polymorphisms significantly

modulate the association between lipids and disability progression

in multiple sclerosis

6.1 Preface

The previous two chapters investigated the epidemiology of progressive MS. This chapter

discusses the 4th aim of this thesis - examining whether known lipid- or BMI-related genetic

polymorphisms modulate the association between serum lipid levels, BMI and disability

progression in MS. This chapter has been published in the Journal of Neurology,

Neurosurgery & Psychiatry. The typeset version of the manuscript as it appeared in the

journal is in Appendix.

6.2 Abstract

Objective:

To investigate whether lipid- or body mass index (BMI)-related common genetic

polymorphisms modulate the associations between serum lipid levels, BMI and disability

progression in multiple sclerosis (MS).

Methods:

The association between disability progression (annualised Expanded Disability Status Scale

(EDSS) change over 5 years, ΔEDSS) and lipid-related or BMI-related genetic

polymorphisms was evaluated in a longitudinal cohort (n=184), diagnosed with MS. We

constructed a cumulative genetic risk score (CGRS) of associated polymorphisms (P<0.05)
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and examined the interactions between the CGRS and lipid levels (measured at baseline) in

predicting ΔEDSS. All analyses were conducted using linear regression.

Results:

Five lipid polymorphisms (rs2013208, rs9488822, rs17173637, rs10401969 and rs2277862)

and one BMI polymorphism (rs2033529) were nominally associated with ΔEDSS. The

constructed lipid CGRS showed a significant, dose-dependent association with ΔEDSS

(Ptrend=1.4×10-6), such that participants having ≥6 risk alleles progressed 0.38 EDSS points

per year faster compared with those having ≤3. This CGRS model explained 16% of the

variance in ΔEDSS. We also found significant interactions between the CGRS and lipid

levels in modulating ΔEDSS, including high-density lipoprotein (HDL; Pinteraction=0.005) and

total cholesterol:high-density lipoprotein ratio (TC: HDL; Pinteraction=0.030). The combined

model (combination of CGRS and the lipid parameter) explained 26% of the disability

variance for HDL and 27% for TC: HDL.

Interpretation:

In this prospective cohort study, both lipid levels and lipid-related polymorphisms

individually and jointly were associated with significantly increased disability progression in

MS. These results indicated that these polymorphisms and tagged genes might be potential

points of intervention to moderate disability progression.

Keywords: multiple sclerosis, genetic polymorphism, lipid profile
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6.3 Introduction

Multiple sclerosis (MS) is a clinically and pathologically heterogeneous disease of complex

aetiology. Like many other chronic debilitating diseases, there is no cure for MS. Hence, a

better understanding of the risk factors associated with clinical progression is vital. Compared

with the dramatic progress in identifying the genetic and environmental factors associated

with MS onset44, 309, there has been less success with the drivers of MS progression. Although

a number of environmental/behavioural determinants of clinical course have been identified23,

24, 248, there has been less success with genetic determinants of clinical progression310.

The approaches used in detecting genetic factors associated with MS onset-candidate-gene

studies, linkage studies or genome-wide association studies (GWASs) are often cross-

sectional or case-control in design, allowing large sample sizes but precluding robust

evaluation of clinical progression. Therefore, one method by which the genetic factors that

modulate MS clinical course could be elucidated is by studying the genetic loci identified in

GWAS that modulate environmental or personal factors associated with MS progression in

longitudinal MS clinical cohorts where these factors have been assessed prospectively.

Several studies, including our own work, have shown that serum lipid levels and body mass

index (BMI) have significant associations with disability level and disability progression

among people with MS. Serum lipids associated both positively and negatively with MS

progression include total cholesterol (TC), high-density lipoprotein (HDL), low-density

lipoprotein (LDL), and triglycerides. In a study of 8,983 participants, higher LDL and lower

HDL were associated with greater ambulatory disability249. In a study of 178 participants,

higher TC: HDL ratio was associated with higher Expanded Disability Status Scale (EDSS)

score311. Our own study with 178 participants showed that higher TC was independently
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associated with higher EDSS23. A case-control study also demonstrated that TC and LDL

were positively correlated with EDSS312. Results for BMI are mixed, however. In our own

study, higher BMI was independently associated with higher EDSS23, whereas two other

studies failed to find any associations313, 314.

For disability progression, a prospective study of 492 participants followed for an average of

2.2 years found that higher TC, LDL, triglycerides, and TC: HDL ratio were associated with

worsening in clinical disability248. Our own study of 279 participants showed that higher TC:

HDL ratio , non-HDL level, and BMI were associated with faster disability progresssion24.

In another of our studies, including 178 participants, higher TC: HDL ratio was associated

with a higher annual change in disability23.

However, the mechanisms by which serum lipid level or BMI may influence MS disability

are not yet established. A better understanding of the interplay by which related genetic

factors impact on disability progression could facilitate the identification of predictive

biomarkers of disability and indicate potential intervention targets. In this study, we

examined whether known lipid-related or BMI-related genetic polymorphisms were

associated with disability progression, and/or whether they exerted their effects, in part by

affecting the association between serum lipid levels, BMI and disability progression.
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6.4 Subjects and Methods

6.4.1 Study design

The Ausimmune Longitudinal (AusLong) Study is a clinical cohort study built on the original

Ausimmune case-control study, seeking to identify risk factors for the onset and early

progression of MS. Since 2009, 279 of the original first clinical demyelinating event case

participants have been followed prospectively in the AusLong study with 84.6% retention at

5 years. By the 5-year review time point, 207 participants had been diagnosed with relapse-

onset or progressive-onset MS, with 186 participants having both an EDSS recorded at

baseline and at the 5-year review. Among those 186 participants, 184 had genome-wide

genotyping undertaken, and constituted the cohort analysed here.

6.4.2 Literature review of lipid-related GWAS and BMI-related GWAS

To include as comprehensive a list of genetic loci that predicted lipids and BMI, we searched

for lipid-related and BMI-related GWAS systematically in three academic databases

(PubMed, Embase and ScienceDirect). We only included GWAS studies that specifically

identified genome-wide significant loci that impacted one or more aspects of the lipid profile

and BMI in human subjects and were written in English (for more detailed methods for

searching related GWAS, see supplemental methods). Flowcharts of the review process are

shown in supplementary figure 1 (for lipid-related GWAS search) and supplementary figure 2

(for BMI-related GWAS search).

The systematic search for lipid-related GWAS yielded 351 studies and for BMI, 199 studies.

After removing duplicates and studies that did not meet the inclusion criteria, three lipid-
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related GWASs315-317 and one BMI-related GWAS318 were included. For the three lipid-

related GWASs, we combined the significant single-nucleotide polymorphisms (SNPs)

together, yielding 162 lipid SNPs (see supplementary table 1). Seventy-four SNPs were

HDL-related, 61 were LDL related, 74 were TC related and 40 were triglycerides related. Of

these, 151 were genotyped in our study, while for the remaining 11 SNPs, a nearest proxy

SNP was identified (supplementary table 3). For the meta-analysis of BMI-related GWAS, 60

out of the 97 SNPs (supplementary Table 2) were directly genotyped in our study, while for

the remaining 37 SNPs, a nearest proxy SNP was identified (supplementary table 3).

6.4.3 Measures

6.4.3.1 Serum and BMI measurements

Non-fasting serum samples, which are representative of the usual metabolic state319, were

collected at baseline and stored at -80°C until use. TC and triglycerides were measured using

enzymatic colorimetry (Wako Chemicals, Richmond, Virginia, USA). HDL was measured

using precipitation and enzymatic assay (Wako Chemicals). LDL was measured by direct

assay using enzymatic colorimetry (Wako Chemicals). Non-HDL levels were calculated by

subtracting HDL cholesterol from the total cholesterol. Baseline serum 25-OH-D was

measured with a commercially available radioimmunoassay (DiaSorin, Stillwater, Minnesota,

USA). Lipid profiles were measured again at the 5-year review using the same methods as

baseline.

BMI was calculated by the ratio of weight (kg) over the square of height (m) measured at

baseline and 5-year review.
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6.4.3.2 Genotyping

DNA samples were genotyped using the Illumina Human Exome BeadChip (Illumina Human

Exome-12v.1.2 array). The BeadChip includes ~244,000 exomeSNPs with an additional

~87,000 MS-relevant variants added as a customised component. Quality control of the data

was conducted as described previously39.

6.4.3.3 Disability progression measurement

Disability level was assessed by a study neurologist using the EDSS for which they were

certified by Neurostatus. For relapse-onset MS, the baseline EDSS was assumed to be zero on

the day before demyelinating symptom onset. For progressive-onset MS, the baseline EDSS

measured when they entered the study was used. Thus, annualised disability progression was

calculated as the 5-year EDSS change divided by the duration between the day prior to the

episode that brought the participants into the study and the 5-year review for relapse-onset

MS (or the duration between the baseline and 5-year reviews for progressive-onset MS). This

was then expressed as an annualised change in EDSS (ΔEDSS).

6.4.4 Statistical analysis

Linear regression was used to assess associations between lipid-related or BMI-related SNPs

and ΔEDSS. Multivariable models were adjusted for age, sex, study site and whether

participants were having a relapse at the 5-year EDSS assessment. Further adjustment of all

models for BMI, 25-OH-D and immunotherapy use did not significantly alter outcomes (data

not shown). Bonferroni correction was used to adjust for multiple comparisons320. To assess

potential type-I error, 50,000-permutation analyses were conducted as described previously237
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by randomly reallocating the genotypes in the samples in proportion to that of the original

sample’s genotype frequencies, and re-running the analyses. The proportion of the 50,000

simulated estimates that were significantly greater than that found in the as-measured

analyses denoted the significance.

We constructed a cumulative genetic risk score (CGRS)237, 321 to examine joint genetic effects.

Briefly, the CGRS is the total number of risk alleles from the SNPs which are nominally

associated with ΔEDSS (p<0.05). Assuming that ‘a’ is the risk allele of a nominally

associated SNP, the number of risk alleles carried by individuals with genotype ‘AA’, ‘Aa’

and ‘aa’ is 0, 1 and 2, respectively. Then, the CGRS is the aggregate number added up all the

0, 1, or 2s of each nominally associated SNP. For consistency, the minor allele of rs2013208,

rs17173637 and rs10401969 was set as the reference allele so that the directional effects of

the five lipid-related SNPs on ΔEDSS were consistent.

The interactions between lipid variables (including HDL, LDL, TC, triglycerides, TC: HDL

ratio and non-HDL) and the CGRS generated from the five lipid-related SNPs for predicting

ΔEDSS were assessed using a test of the coefficient of a product term formed from the

covariates involved. The interaction analyses were adjusted for the same factors and further

adjusted for 25-OH-D. The serum 25-OH-D at baseline did not alter the association between

the lipid CGRS and ΔEDSS nor the association between the lipid CGRS and lipid levels in

predicting ΔEDSS.

We then calculated R2 values for the fraction of the variance in disability explained by the

regression model for the lipid variable only (environment), the CGRS only (genes) and the

combination of the lipid variable and the CGRS (gene plus environment). The changes in

lipid variables and BMI during the 5 years were also tested. We then assessed the association
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between changes in lipid variables and ΔEDSS, and the interactions between changes in lipid

variables and the CGRS in predicting ΔEDSS. Statistical analyses were conducted in

Stata/SE v.14.0 (StataCorp LP, College Station, Texas, USA).

6.5 Results

6.5.1 Participant characteristics

The 184 participants were 81.0% female, 6.5% progressive-onset, of mean age of 38.46±9.56

years. The mean EDSS of the participants at 5-year review was 2.09±1.66 and mean

annualised disability progression was +0.29±0.24 EDSS points. The median BMI was 26.23

kg/m2 and the median TC was 5.23 mmol/L. Other cohort characteristics are displayed in

table 1.

Table 6- 1. Demographic and clinical characteristics of the study.

Characteristics n/N (%)
Female sex 149/184 (81.0%)
Progressive-onset MS 12/184 (6.5%)
Relapse within preceding 30 days at 5-year review 20/184 (10.9%)
Statin use at baseline 3/184 (1.6%)
MS specific immunomodulatory therapy use during
study

136/184 (73.9%)

Mean (SD; range)
Age (years) 38.46 (9.56; 18-58)
EDSS at 5th- year review 2.09 (1.66; 0-)
Annualised change in EDSS 0.29 (0.24; -0.31 to 1.17)

Median (IQR)
MS duration from symptom onset at baseline (years) 0.75 (0.39-1.73)
TC (mmol/L) 5.23 (4.56-6.06)
HDL (mmol/L) 1.61 (1.40-1.86)
LDL (mmol/L) 2.85 (2.38-3.42)
Triglyceride (mmol/L) 1.39 (1.01-2.00)
TC: HDL ratio 3.24 (2.77-3.85)
Non-HDL (mmol/L) 3.52 (2.93-4.48)
Body mass index (kg/m2) 26.23 (23.11-30.35)
EDSS: Expanded Disability Status Scale; HDL: high-density lipoprotein; LDL: low-density lipoprotein;
MS, multiple sclerosis; TC: total cholesterol;
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6.5.2 Association between lipid-related SNPs and ΔEDSS

Five of the 162 lipid-related SNPs were nominally (p<0.05) associated with ΔEDSS, though

none remained significant after multiple testing correction (Table 2). Of these five SNPs,

three (rs2013208, rs9488822 and rs2277862) showed a clear dose-dependency, while for the

two others (rs17173637 and rs10401969) small cell size precluded evaluation of dose-

dependency. The permutation simulation analysis for the five significant SNPs showed that

the permutation p values were still nominally significant after simulating 50,000 times

(supplementary table 4).

When we examined the combined effect on disability level of these five lipid-related SNPs by

creating a CGRS, a strong and highly significant dose-dependency was seen (ptrend=1.4×10-6).

The annualised disability progression in the 73 participants who carried ≤3 risk alleles was

0.21 EDSS points per year, while for those who carried ≥6 risk genotypes annual ΔEDSS was

0.38 points higher. The CGRS model explained 16% of the variance in ΔEDSS, after

adjustment for age, sex, study site, and relapse at the 5-year EDSS assessment. There were

some inconsistencies of the ΔEDSS-associated SNPs in predicting the direction of effect of

the corresponding lipid profiles, with only three of the five SNPs acting in the putative

biologically expected direction. For example, SNP rs9488822 increased TC levels and

increased EDSS progression which is consistent in direction, whereas SNP rs2277862

decreased TC and increased EDSS progression which is inconsistent in direction. We

therefore undertook a sensitivity analysis where we included only the three biologically

consistent SNPs rs2013208, rs9488822 and rs10401969 genotypes in an abbreviated CGRS.

In the sensitivity analysis where we included only SNPs rs2013208, rs9488822 and
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rs10401969 genotypes in the abbreviated CGRS, this model predicted 9% of the variance in

disability (ptrend=6.5×10-5).
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Table 6- 2. Five lipid-related SNPs nominally associated with annualised change in EDSS and their cumulative effect on annualised change in
EDSS.

SNP Nearest gene Related lipid profile(s) in GWAS
(directional effect with corresponding
lipid profile) €

Genotype ΔEDSS

Number β (95% CI) **
rs2013208 * RBM5 HDL (-) TT 39 0.22 (0 to 0.73)

TC 89 +0.06 (-0.03 to 0.15)

CC 56 +0.11 (0.02 to 0.21)

Ptrend =0.022

rs9488822 FRK TC (+) AA 77 0.24 (-0.31 to 0.89)

LDL (+) AT 77 +0.08 (0.00 to 0.15)

TT 30 +0.13 (0.03 to 0.23)

Ptrend = 0.006

rs17173637 * TMEM176A HDL (+) TC 23 0.19 (-0.31 to 0.57)

TT 161 +0.12 (0.01 to 0.22)

Ptrend =0.032

rs10401969 * CILP2 TC (+) TC 26 0.19 (-0.31 to 0.44)

Triglycerides (+) TT 158 +0.11 (0.01 to 0.21)

LDL (+) Ptrend =0.032

rs2277862 ERGIC3 TC (-) CC 140 0.27 (-0.31 to 1.04)
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TC 36 +0.05 (-0.04 to 0.14)

TT 8 +0.17 (-0.00 to 0.34)

Ptrend =0.039

Cumulative effects of the five SNPs associated with annualised change in EDSS

≤3 risk alleles 73 0.21 (-0.32 to 0.89)

4 risk alleles 47 +0.08 (-0.00 to 0.16)

5 risk alleles 50 +0.10 (0.02 to 0.18)

≥6 risk alleles 14 +0.38 (0.25 to 0.51)

Ptrend=1.4×10-6

Disability was presented as mean ΔEDSS for the reference group, and the coefficients relative to reference (β (95%)) are presented for subsequent levels.
EDSS, Expanded Disability Status Scale; GWAS, genome-wide association study; HDL: high-density lipoprotein; LDL: low-density lipoprotein; SNP: single-nucleotide
polymorphism; TC: total cholesterol;
€ (-) decrease the level of corresponding lipid profile(s); + increase the level of corresponding lipid profile(s);
*For consistency of the directional effect in annualised change in EDSS, the minor allele was set as reference, and the major allele is the risk allele.
**Adjusted for age, sex, study site and relapse at the 5th year EDSS assessment.
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6.5.3 Interactions between lipid CGRS and lipid variables in predicting ΔEDSS

We found a significant interaction between the level of HDL and the TC: HDL ratio and the

lipid CGRS in predicting ΔEDSS that persisted after adjusting for age, sex, study site, relapse

at the 5-year EDSS assessment (pinteraction for HDL=0.005, pinteraction for TC: HDL=0.030).

there was no association between the level of HDL and the TC: HDL ratio and the lipid

CGRS (β=0.15, 95% CI -0.24 to 0.53, p=0.449 for HDL; β=-0.09, 95% CI -0.47 to 0.29,

p=0.641 for TC: HDL ratio). The ΔEDSS was not significantly different among participants

who had ≤4 risk alleles, regardless of the level of HDL and TC: HDL ratio (Figure 1).

However, for participants having more than four risk alleles, a significantly higher ΔEDSS

was observed when they had lower level of HDL or a higher TC: HDL ratio.

The R2 of the model for HDL and EDSS progression, adjusting for age, sex, study site, and

relapse at the 5-year review, was 0.04, but including the lipid CGRS variables increased this

to 0.26. For TC: HDL ratio, the R2 of the model for TC: HDL ratio was 0.01, increasing to

0.27 on including the lipid CGRS. These results demonstrate the significant gene-

environment interaction between lipid levels and CGRS in predicting disability progression.

There were small but significant changes in the level of HDL, LDL, non-HDL and TC: HDL

ratio over the 5 years with a worsening trend of the lipid variables (data not shown). However,

there was no association between the changes in these lipid variables and ΔEDSS, no

interaction was seen between the changes in these lipid variables and the lipid CGRS in

predicting ΔEDSS.
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Figure 6- 1. Predicted mean values of annualised change in Expanded Disability Status Scale
(EDSS) with 95% CI for different levels of high-density lipoprotein (HDL) (A) and total
cholesterol (TC): HDL ratio (B) among participants having ≤4 risk alleles (red line) and those
having >4 risk alleles (blue line).

6.5.4 Association between BMI-related SNPs and ΔEDSS

One of the 97 BMI-related SNPs, rs2033529, was nominally associated with ΔEDSS (β=-

0.07; 95% CI: -0.13 to -0.02; p=0.012). The permutation simulation analysis for rs2033529

showed that the permutation p value was still nominally significant (p=0.014, supplementary

table 4).

In our dataset, there was no significant change in BMI level over the 5 years. The minor

allele of rs2033529 (G) was associated with a lower BMI, although it did not reach

significance (p=0.073). Moreover, no significant interaction between rs2033529 and BMI in

predicting ΔEDSS was found (pinteraction=0.701).

6.6 Discussion

Using a large prospective study of clinical disease progression in early MS, we showed that

five lipid-related SNPs nominally predicted disability progression alone and when combined
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into a CGRS. The significant interaction between the CGRS generated from the five lipid-

related SNPs and HDL and TC: HDL ratio in predicting ΔEDSS indicated that disability

progression in MS was significantly driven by both lipids and lipid-related polymorphisms,

with the association between serum lipid levels and ΔEDSS being stronger for those having

more lipid-related risk alleles. No such associations were seen for BMI-related

polymorphisms, however.

To our knowledge, this is the first study demonstrating the effect of lipid-related genetic

polymorphisms on disability change in MS after controlling for appropriate confounders. Due

to the limited sample size and the minimal contribution of each individual susceptibility

variant, none of these nominally significant SNP individually remained significant after

stringent correction for multiple testing. However, we used other epidemiological supports

such as allele dose dependency, strong magnitude of effect, and dose dependency of the

CGRS analysis to support the validity of the observed associations. The CGRS generated

from the five lipid-related SNPs explained 16% of the variance in MS disability progression,

suggesting that these common risk variants in combination significantly contribute to

disability progression in early MS. Participants having more risk alleles had a significant

positive association with higher ΔEDSS compared with those having less: for example, the

annual change in EDSS for those who had ≥6 risk alleles was 0.38 EDSS points greater per

year than those who had ≤ 3 alleles.

When examining the interaction between lipid levels and the CGRS, we found that the

combination of the CGRS and the lipid variable explained 26% and 27% of the variance in

MS disability progression for HDL and TC: HDL ratio, respectively. This is significantly

more than would be expected from the individual effects, suggesting a strong gene-
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environment interaction. This, along with the observation that the lipid CGRS modulated the

association between serum lipid profile and ∆EDSS, supports the joint role of genetic and

lifestyle factors in MS progression and also strongly supports the validity of this

methodology.

As noted in the results, among the five lipid-related SNPs, rs17173637 and rs2277862 had

conflicting effects on ΔEDSS where their effects on the corresponding lipid profiles would

predict the opposite effect on ΔEDSS. There are three possible explanations for this. First, no

SNP reached significance based on the strict multiple testing criteria, therefore, it may

represent type I error and, therefore, these conflicting associations with EDSS are simply

spurious. Second, considering the large effect of the CGRS on disability change, it may

reflect the complex interaction between SNPs in predicting outcomes322, where the

combination of the five lipid-related SNPs synergistically affects the risk of disability

progression. Third, the effect of the SNPs may be pleiotropic and thus not just reliant on their

effects on specific lipid parameters323. That is, the five lipid-related SNPs along with

environmental factors produced a synergistic effect on ΔEDSS, rather than a simple linear

pathway. Regardless, when restricting to the three SNPs with a consistent direction of effect

on lipid profiles and ΔEDSS the CGRS was still strongly significant and still explained 9% of

the variance in ΔEDSS.

A major strength of this study is the long follow-up time, allowing for clinically meaningful

disability change. Stable disability progression and measurement has been documented at 4

years’ disease duration, so our five-year longitudinal assessment of EDSS should allow

reliable measurement of disability change324. Furthermore, potential environmental

confounding factors were measured before disability change, and along with the inherited
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nature of genetic variation, reverse causality should not be an issue. The major limitation of

our study is the sample size. Although a sample size of 184 participants is reasonable when

considering the long follow-up and restriction to only those who had definite MS, it is

difficult to reach stringent measures of statistical significance, the fairly conservative multiple

testing approach, Bonferroni correction, may increase type II error (false negatives)325.

Therefore, we used other methods to overcome this shortcoming, including allele dose-

response, cumulative genetic risk score analyses, permutation analyses and interaction

analyses. However, there still remains a risk of both type I and type II error in this analysis

and replication in other similar cohorts would significantly strengthen these findings.

These results may have implications for the controversial results of randomised controlled

trials investigating statin therapy – either alone or in combination with standard

diseasemodifying treatment – on clinical outcomes in MS, where statin therapy reduced the

rate of disability progression in some studies250, 326-328, but showed no evidence of a protective

effect in others251, 329. It may be that these therapies are efficacious only in those with a

genetic risk profile disposing them to have negative impacts of dyslipidaemia on MS

progression, along the lines of that seen for breast cancer and other conditions330. Therefore,

people having these risk polymorphisms may obtain benefit in reducing or modulating the

rate of disability accumulation through interventions that modulate an adverse lipid profile,

including statin therapy.

Many studies have shown that lipids play a crucial role in MS disability progression as noted

in the introduction. Moreover, people with MS with vascular comorbidities (where an adverse

lipid profile is a significant risk factor), showed more rapid disability progression249. In

addition to these effects of lipids on MS progression, lipid profile may play a crucial role in
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the development of early MS lesions; indeed, one study has argued that MS is a disease

resulting from a disorder of lipids331-333. Our results suggest that the nominally ΔEDSS-

associated SNPs may be near or within genes that have significant effects on MS disability

progression. For example, the SNP rs2013208 showed a strong association with coronary

artery disease334(same with reference 12), and a correlation between disability progression in

MS and increased risk of coronary artery disease has been shown in a case-control study335.

Also, rs2013208 is located within an intron of the gene RBM5, which encodes a long non-

coding RNA binding protein whose aberrant expression has been implicated as an underlying

driver of MS causation336. The SNP rs17173637, located within an intron of TMEM176A, is

significantly upregulated in whole blood samples of people with MS337. The SNP rs2033529

may exert its function through its nearest gene, LRFN2, which is one of the most important

genes involved in regeneration of neuronal processes in MS338. However, whether these SNPs

influence disability progression through lipids/BMI levels, or by interacting with other

established MS genetic risk loci similar to their interactions in MS onset339 need to be further

investigated in functional studies.

In conclusion, our study supports a role for genetic variants that modulate lipid profiles in MS

disability progression. By using the aggregation of multiple lipid-related SNPs into a CGRS,

we found that the CGRS was significantly associated with increased disability progression in

early MS, and the model of the combination of the lipid variable and the CGRS explained

more than one quarter of the variation in disability progression in this cohort. The interaction

between the CGRS and lipids in predicting disability progression provides further genetic

evidence for a link between lipids and MS disability progression where both environmental

and genetic factors influence the rate of change in disability. Validation in other cohorts and
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investigations into the molecular mechanisms and thus potential therapeutic targets would be

the appropriate next step.

6.7 Postscript

This chapter demonstrated the role of the genetics of lipids and BMI in MS progression. The

next chapter will draw the conclusions of the four studies and present some future directions

in MS research based on what we have found in the four studies.

6.8 Supplementary Material

6.8.1 Supplemental methods

6.8.1.1 Method for searching BMI-related GWAS systematically

Following search strategies:

1) Pubmed (n=127)
Search (body mass index[Title/Abstract]) AND genome-wide association
study[Title/Abstract] Filters: Publication date from 2013/01/01 to 2018/01/01; Humans;
English; Meta-Analysis or Observational Study; Most recent

2) Embase (n=142)
Search (body mass index and genome-wide association study).ab.; human and English
language and yr="2013 - 2017")

3) ScienceDirect (n=29)
Search (Title, abstract, keywords: "body mass index" AND "genome-wide association study"
Research article; Year: 2013-2017)

Selection criteria

1) Outcome should be body mass index;
2) The study should be genome-wide association study;
3) The study population should be Caucasian.

Exclusion criteria
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Papers describing low frequency and rare variants, or microRNA or mitochondrial genome-
wide association studies or studies in animals or papers written not in English were excluded.

6.8.1.2 Method for searching lipid-related GWAS systematically

Following search strategies:

1) Pubmed (n=244)
Search ((((total cholesterol[Title/Abstract]) OR low-density lipoprotein
cholesterol[Title/Abstract]) OR high-density lipoprotein cholesterol[Title/Abstract]) OR
triglycerides[Title/Abstract]) AND genome-wide association study[MeSH Terms] Filters:
Publication date from 2013/01/01 to 2018/01/01; Humans; English; Meta-Analysis or
Observational Study; Best match

2) Embase (n=58)
Search ((total cholesterol or low-density lipoprotein cholesterol or high-density lipoprotein
cholesterol or triglycerides) and genome-wide association study).ab.; (human and English
language and yr="2013 - 2017")

3) ScienceDirect (n=108)
Search (Title, abstract, keywords: "total cholesterol" OR "low-density lipoprotein
cholesterol" OR "high-density lipoprotein cholesterol" OR "triglycerides" AND "genome-
wide association study"; Find articles with these words "genome-wide association study";
Research article; Year: 2013-2017)

Selection criteria

1) Outcome should be lipid profile(s), including total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol and triglycerides;

2) The study show be genome-wide association study;
3) The study population should be Caucasian.

Exclusion criteria

Papers describing low frequency and rare variants, or microRNA or mitochondrial genome-
wide association studies or studies in animals or papers written not in English were excluded.
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6.8.2 Supplementary tables

6.8.2.1 Supplementary table 1. 162 Lipid-related genetic polymorphisms from three GWAS studies.

Nearest Gene SNP Chromosome Associated
lipid profile(s)

Minor/major
allele

Effect of minor allele in
GWAS

P value

157 SNPs from the paper entitled “Discovery and refinement of loci associated with lipid levels” by Willer et al.

PIGV-NR0B2 rs12748152 1 HDL, LDL,
Triglycerides

T/C -0.051, 0.050, 0.037 1 × 10-15, 3 × 10-
12, 1 × 10-9

HDGF-PMVK rs12145743 1 HDL G/T 0.020 2 × 10-8

ANGPTL1 rs4650994 1 HDL G/A 0.021 7 × 10-9

CPS1 rs1047891 2 HDL A/C -0.027 9 × 10-10

ATG7 rs2606736 3 HDL C/T 0.025 5 × 10-8

SETD2 rs2290547 3 HDL A/G -0.030 4 × 10-9

RBM5 rs2013208 3 HDL T/C 0.025 9 × 10-12

STAB1 rs13326165 3 HDL A/G 0.029 9 × 10-11

GSK3B rs6805251 3 HDL T/C 0.02 1 × 10-8

C4orf52 rs10019888 4 HDL G/A -0.027 5 × 10-8

FAM13A rs3822072 4 HDL A/G -0.025 4 × 10-12
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ADH5 rs2602836 4 HDL A/G 0.019 5 × 10-8

RSPO3 rs1936800 6 HDL,
Triglycerides

C/T 0.020, -0.020 3 × 10-10, 3 × 10-8

DAGLB rs702485 7 HDL G/A 0.024 6 × 10-12

SNX13 rs4142995 7 HDL T/G -0.026 9 × 10-12

IKZF1 rs4917014 7 HDL G/T 0.022 1 × 10-8

TMEM176A rs17173637 7 HDL C/T -0.036 2 × 10-8

MARCH8-ALOX5 rs970548 10 HDL, TC C/A 0.026, 0.025 2 × 10-10, 8 × 10-9

OR4C46 rs11246602 11 HDL C/T 0.034 2 × 10-10

KAT5 rs12801636 11 HDL A/G 0.024 3 × 10-8

MOGAT2-DGAT2 rs499974 11 HDL A/C -0.026 1 × 10-8

ZBTB42-AKT1 rs4983559 14 HDL G/A 0.020 1 × 10-8

FTO rs1121980 16 HDL,
Triglycerides

A/G -0.020, 0.021 7 × 10-9, 3 × 10-8

HAS1 rs17695224 19 HDL A/G -0.029 2 × 10-13

ANXA9-CERS2 rs267733 1 LDL G/A -0.033 5 × 10-9

EHBP1 rs2710642 2 LDL G/A -0.024 6 × 10-9

INSIG2 rs10490626 2 LDL, TC A/G -0.051, -0.042 2 × 10-12, 6 × 10-9

LOC84931 rs2030746 2 LDL, TC T/C 0.021, 0.020 9 × 10-9, 4 × 10-8
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FN1 rs1250229 2 LDL T/C -0.024 3 × 10-8

CMTM6 rs7640978 3 LDL, TC T/C -0.039, -0.038 1 × 10-8, 2 × 10-8

ACAD11 rs17404153 3 LDL, HDL T/G -0.034, -0.028 2 × 10-9, 5 × 10-9

CSNK1G3 rs4530754 5 LDL, TC G/A -0.028, -0.023 4 × 10-12, 2 × 10-9

MIR148A rs4722551 7 LDL,
Triglycerides,
TC

C/T 0.039, 0.023, 0.029 4 × 10-14, 9 × 10-
11, 7.0 × 10-9

SOX17 rs10102164 8 LDL, TC A/G 0.032, 0.030 4 × 10-11, 5 × 10-
11

BRCA2 rs4942486 13 LDL T/C 0.024 2 × 10-11

APOH-PRXCA rs1801689 17 LDL C/A 0.103 1 × 10-11

SPTLC3 rs364585 20 LDL A/G -0.025 4 × 10-10

SNX5 rs2328223 20 LDL C/A 0.03 6 × 10-9

MTMR3 rs5763662 22 LDL T/C 0.077 1 × 10-8

ASAP3 rs1077514 1 TC C/T -0.03 6 × 10-9

ABCB11 rs2287623 2 TC G/A 0.027 4 × 10-12

FAM117B rs11694172 2 TC G/A 0.028 2 × 10-9

UGT1A1 rs11563251 2 TC, LDL T/C 0.037, 0.034 1 × 10-9, 5 × 10-8

PXK rs13315871 3 TC A/G -0.036 4 × 10-8

KCNK17 rs2758886 6 TC A/G 0.023 3 × 10-8
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HBS1L rs9376090 6 TC C/T -0.025 3 × 10-9

GPR146 rs1997243 7 TC G/A 0.033 3 × 10-10

VLDLR rs3780181 9 TC, LDL G/A -0.044, -0.044 7 × 10-10, 2 × 10-9

VIM-CUBN rs10904908 10 TC G/A 0.025 3 × 10-11

PHLDB1 rs11603023 11 TC T/C 0.022 1 × 10-8

PHC1-A2ML1 rs4883201 12 TC G/A -0.035 2 × 10-9

DLG4 rs314253 17 TC, LDL C/T -0.023, -0.024 3 × 10-10, 3 × 10-
10

TOM1 rs138777 22 TC A/G 0.021 5 × 10-8

PPARA rs4253772 22 TC, LDL T/C 0.032, 0.031 1 × 10-8, 3 × 10-8

LRPAP1 rs6831256 4 Triglycerides,
TC, LDL

G/A 0.026, 0.025, 0.022 2 × 10-12, 1 × 10-
10, 2 × 10-8

VEGFA rs998584 6 Triglycerides,
HDL

A/C 0.029, -0.026 3 × 10-15, 2 × 10-
11

MET rs38855 7 Triglycerides G/A -0.019 2 × 10-8

AKR1C4 rs1832007 10 Triglycerides G/A -0.033 2 × 10-12

PDXDC1 rs3198697 16 Triglycerides T/C -0.020 2 × 10-8

MPP3 rs8077889 17 Triglycerides C/A 0.025 1 × 10-8

INSR rs7248104 19 Triglycerides A/G -0.022 5 × 10-10

PEPD rs731839 19 Triglycerides, G/A 0.022, -0.022 3 × 10-9, 3 × 10-9
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HDL

PABPC4 rs4660293 1 HDL G/A -0.035 3 × 10-18

ZNF648 rs1689800 1 HDL G/A -0.034 5 × 10-20

GALNT2 rs4846914 1 HDL,
Triglycerides

G/A -0.048, 0.040 4 × 10-41, 7 × 10-
31

COBLL1 rs12328675 2 HDL C/T 0.045 2 × 10-15

IRS1 rs2972146 2 HDL,
Triglycerides

G/T 0.032, -0.028 2 × 10-17, 3 × 10-
15

SLC39A8 rs13107325 4 HDL T/C -0.071 1 × 10-15

ARL15 rs6450176 5 HDL A/G -0.025 7 × 10-10

CITED2 rs605066 6 HDL C/T -0.028 3 × 10-8

KLF14 rs4731702 7 HDL T/C 0.029 5 × 10-17

PPP1R3B rs9987289 8 HDL, TC, LDL A/G -0.082, -0.084, -0.071 2 × 10-41, 2 × 10-
36, 9 × 10-24

TRPS1 rs2293889 8 HDL T/G -0.031 4 × 10-17

TTC39B rs581080 9 HDL, TC G/C -0.042, -0.038 1 × 10-19, 1 × 10-
13

ABCA1 rs1883025 9 HDL, TC T/C -0.07, -0.067 2 × 10-65, 6 × 10-
53

AMPD3 rs2923084 11 HDL G/A -0.026 5 × 10-8
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LRP4 rs3136441 11 HDL C/T 0.054 7 × 10-29

PDE3A rs7134375 12 HDL A/C 0.021 1 × 10-8

MVK rs7134594 12 HDL C/T -0.035 2 × 10-13

SBNO1 rs4759375 12 HDL T/C 0.056 3 × 10-8

ZNF664 rs4765127 12 HDL,
Triglycerides

T/G 0.032, -0.029 8 × 10-10, 2 × 10-8

SCARB1 rs838880 12 HDL C/T 0.048 6 × 10-32

LIPC rs1532085 15 HDL, TC,
Triglycerides

A/G 0.107, 0.054, 0.031 1 × 10-188, 7 × 10-
47, 2 × 10-18

LACTB rs2652834 15 HDL A/G -0.028 4 × 10-11

CETP rs3764261 16 HDL, LDL, TC,
Triglycerides

A/C 0.241, -0.053, 0.050, -
0.040

1 × 10-769, 2 × 10-
34, 4 × 10-31, 2 ×
10-25

LCAT rs16942887 16 HDL A/G 0.083 8 × 10-54

CMIP rs2925979 16 HDL T/C -0.035 1 × 10-19

STARD3 rs11869286 17 HDL G/C -0.032 3 × 10-17

ABCA8 rs4148008 17 HDL G/C -0.028 1 × 10-12

PGS1 rs4129767 17 HDL G/A -0.024 2 × 10-11

LIPG rs7241918 18 HDL, TC G/T -0.09, -0.058 1 × 10-44, 4 × 10-
18
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MC4R rs12967135 18 HDL A/G -0.026 4 × 10-8

ANGPTL4 rs7255436 19 HDL C/A -0.032 2 × 10-8

ANGPTL8 rs737337 19 HDL C/T -0.056 5 × 10-17

LILRA3 rs386000 19 HDL C/G 0.048 3 × 10-23

HNF4A rs1800961 20 HDL, TC T/C -0.127, -0.106 2 × 10-34, 1 × 10-
24

PLTP rs6065906 20 HDL,
Triglycerides

C/T -0.059, 0.053 5 × 10-40, 2 × 10-
34

UBE2L3 rs181362 22 HDL T/C -0.038 4 × 10-18

PCSK9 rs2479409 1 LDL, TC G/A 0.064, 0.054 3 × 10-50, 2 × 10-
39

SORT1 rs629301 1 LDL, TC G/T -0.167, -0.134 5 × 10-241, 2 × 10-
170

APOB rs1367117 2 LDL, TC A/G 0.119, 0.100 1 × 10-182, 3 × 10-
139

ABCG5/8 rs4299376 2 LDL, TC G/T 0.081, 0.079 4 × 10-72, 3 × 10-
73

MYLIP rs3757354 6 LDL, TC T/C -0.038, -0.035 2 × 10-17, 2 × 10-
15

HFE rs1800562 6 LDL, TC A/G -0.062, -0.056 8 × 10-14, 2 × 10-
12

LPA rs1564348 6 LDL, TC C/T 0.048, 0.049 3 × 10-21, 3 × 10-
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23

PLEC1 rs11136341 8 LDL, TC G/A 0.045, 0.038 7 × 10-12, 6 × 10-9

ABO rs9411489 9 LDL, TC T/C 0.077, 0.069 2 × 10-41, 3 × 10-
35

ST3GAL4 rs11220462 11 LDL, TC A/G 0.059, 0.047 7 × 10-21, 6 × 10-
15

NYNRIN rs8017377 14 LDL A/G 0.030 3 × 10-15

OSBPL7 rs7206971 17 LDL, TC A/G 0.029, 0.030 3 × 10-7, 1 × 10-7

LDLR rs6511720 19 LDL, TC T/G -0.221, -0.185 4 × 10-262, 5 × 10-
202

APOE rs4420638 19 LDL, TC, HDL G/A 0.225, 0.197, -0.067 2 × 10-178, 1 × 10-
149, 2 × 10-21

TOP1 rs6029526 20 LDL, TC A/T 0.044, 0.040 5 × 10-18, 1 × 10-
16

LDLRAP1 rs12027135 1 TC, LDL A/T -0.027, -0.030 5 × 10-12, 2 × 10-
14

EVI5 rs7515577 1 TC C/A -0.037 2 × 10-8

MOSC1 rs2642442 1 TC, LDL C/T -0.035, -0.036 3 × 10-11, 5 × 10-
11

IRF2BP2 rs514230 1 TC, LDL A/T -0.039, -0.036 5 × 10-14, 9 × 10-
12

RAB3GAP1 rs7570971 2 TC A/C 0.030 1 × 10-13
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RAF1 rs2290159 3 TC C/G -0.037 2 × 10-9

HMGCR rs12916 5 TC, LDL C/T 0.068, 0.073 5 × 10-74, 8 × 10-
78

TIMD4 rs6882076 5 TC,
Triglycerides,
LDL

T/C -0.051, -0.029, -0.046 5 × 10-41, 2 × 10-
15, 3 × 10-31

HLA rs3177928 6 TC, LDL A/G 0.048, 0.045 1 × 10-21, 3 × 10-
17

C6orf106 rs2814982 6 TC T/C -0.044 4 × 10-15

FRK rs9488822 6 TC, LDL T/A 0.034, 0.031 1 × 10-9, 2 × 10-7

DNAH11 rs12670798 7 TC, LDL C/T 0.036, 0.034 1 × 10-16, 5 × 10-
14

NPC1L1 rs2072183 7 TC, LDL C/G 0.036, 0.039 4 × 10-15, 7 × 10-
16

CYP7A1 rs2081687 8 TC, LDL T/C 0.038, 0.031 9 × 10-12, 1 × 10-7

GPAM rs2255141 10 TC, LDL A/G 0.031, 0.030 7 × 10-16, 1 × 10-
13

SPTY2D1 rs10128711 11 TC T/C -0.031 1 × 10-11

UBASH3B rs7941030 11 TC, HDL C/T 0.028, 0.027 2 × 10-14, 1 × 10-
14

BRAP rs11065987 12 TC, LDL G/A -0.031, -0.027 2 × 10-16, 1 × 10-
11
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HNF1A rs1169288 12 TC, LDL C/A 0.032, 0.038 4 × 10-17, 6 × 10-
21

HPR rs2000999 16 TC, LDL A/G 0.062, 0.065 7 × 10-41, 4 × 10-
41

CILP2 rs10401969 19 TC,
Triglycerides,
LDL

C/T -0.137, -0.121, -0.118 4 × 10-77, 1 × 10-
69, 3 × 10-54

FLJ36070 rs492602 19 TC G/A 0.031 1 × 10-16

ERGIC3 rs2277862 20 TC T/C -0.035 5 × 10-11

MAFB rs2902940 20 TC, LDL G/A -0.02, -0.027 9 × 10-10, 2 × 10-
11

ANGPTL3 rs2131925 1 Triglycerides,
LDL, TC

G/T -0.066, -0.049, -0.075 3 × 10-74, 3 × 10-
32, 4 × 10-80

GCKR rs1260326 2 Triglycerides,
TC

T/C 0.115, 0.051 2 × 10-239, 3 × 10-
42

MSL2L1 rs645040 3 Triglycerides G/T -0.029 2 × 10-12

KLHL8 rs442177 4 Triglycerides G/T -0.031 1 × 10-18

MAP3K1 rs9686661 5 Triglycerides T/C 0.038 3 × 10-16

TYW1B rs13238203 7 Triglycerides T/C -0.059 3 × 10-6

MLXIPL rs17145738 7 Triglycerides,
HDL

T/C -0.115, 0.041 9 × 10-99, 5 × 10-
13

PINX1 rs11776767 8 Triglycerides C/G 0.022 3 × 10-11
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NAT2 rs1495741 8 Triglycerides,
TC

G/A 0.040, 0.032 3 × 10-12, 3 × 10-8

LPL rs12678919 8 Triglycerides,
HDL

G/A -0.170, 0.155 2 × 10-199, 1 × 10-
149

TRIB1 rs2954029 8 Triglycerides,
TC, LDL, HDL

T/A -0.076, -0.062, -0.056,
0.040

1 × 10-107, 2 × 10-
65, 2 × 10-50, 3 ×
10-29

JMJD1C rs10761731 10 Triglycerides T/A -0.031 8 × 10-12

CYP26A1 rs2068888 10 Triglycerides A/G -0.024 2 × 10-11

FADS1-2-3 rs174546 11 Triglycerides,
LDL, TC, HDL

T/C 0.045, -0.051, -0.048, -
0.039

7 × 10-38, 2 × 10-
39, 3 × 10-37, 8 ×
10-28

APOA1 rs964184 11 Triglycerides,
TC, HDL, LDL

C/G -0.234, -0.121, 0.106, -
0.086

7 × 10-224, 3 × 10-
55, 6 × 10-48, 2 ×
10-26

LRP1 rs11613352 12 Triglycerides,
HDL

T/C -0.028, 0.028 9 × 10-14, 2 × 10-
13

CAPN3 rs2412710 15 Triglycerides A/G 0.099 2 × 10-11

FRMD5 rs2929282 15 Triglycerides T/A 0.072 2 × 10-9

CTF1 rs11649653 16 Triglycerides G/C -0.027 2 × 10-7

PLA2G6 rs5756931 22 Triglycerides C/T -0.020 3 × 10-8

4 SNPs from the paper entitled “Contribution of rare and common genetic variants to plasma lipid levels and
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carotid stiffness and geometry: a substudy of the Paris Prospective Study 3” by Proust et al*.

APOE rs7412 19 LDL A/G -0.139 3 × 10-40

PCSK9 rs11591147 1 LDL A/C -0.121 1 × 10-8

LIPC rs261334 15 HDL G/C 0.031 6 × 10-7

SNPC2 rs116635738 19 HDL, LDL A/G -0.057; 0.060 3 × 10-7, 5 × 10-7

1 SNP from the paper entitled “THOC5 : a novel gene involved in HDL-cholesterol Metabolism” by Keller et al.

THOC5 rs8135828 22 HDL A/G -0.050 2 × 10-7

TC: total cholesterol; HDL: high-density lipoprotein; LDL: low-density lipoprotein.

*the other SNPs in this study, including rs1260326, rs964184, rs12678919, rs2954029, rs247616 and rs1883025 were replicates in the previous 157 SNPs.

6.8.2.2 Supplementary table 2. 97 BMI-related genetic polymorphisms from the GWAS paper entitled “Genetic studies of body mass

index yield new insights for obesity biology”

Related Gene(s) SNP Chromosome Effect allele Effect of effect
allele in GWAS

P value

AGBL4 rs657452 1 A/G 0.023 5 × 10-13
CADM1 rs12286929 11 G/A 0.022 1 × 10-12
TCF7L2 rs7903146 10 C/T 0.023 1 × 10-11
STXBP6 rs10132280 14 C/A 0.023 1 × 10-11
HIF1AN rs17094222 10 C/T 0.025 6 × 10-11
ERBB4 rs7599312 2 G/A 0.022 1 × 10-10
FHIT rs2365389 3 C/T 0.020 2 × 10-10
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NAV1 rs2820292 1 C/A 0.020 2 × 10-10
PRKD1 rs12885454 14 C/A 0.021 2 × 10-10
RASA2 rs16851483 3 T/G 0.048 4 × 10-10
HIP1, PMS2L3, PMS2P5, WBSCR16 rs1167827 7 G/A 0.020 6 × 10-10
NLRC3 rs758747 16 T/C 0.023 7 × 10-10
TLR4 rs1928295 9 T/C 0.019 8 × 10-10
KAT8, ZNF646, VKORC1, ZNF668, STX1B,
FBXL19

rs9925964 16 A/G 0.019 8 × 10-10

KCNK3 rs11126666 2 A/G 0.021 1 × 10-9
SBK1, APOBR rs2650492 16 A/G 0.021 2 × 10-9
RARB rs6804842 3 G/A 0.019 2 × 10-9
C9orf93 rs4740619 9 T/C 0.018 5 × 10-9
PARK2, rs13191362 6 A/G 0.028 7 × 10-9
SCG3, DMXL2 rs3736485 15 A/G 0.018 7 × 10-9
NUP54, SCARB2 rs17001654 4 G/C 0.031 8 × 10-9
NT5C2, CYP17A1, SFXN2 rs11191560 10 C/T 0.031 8 × 10-9
UBE2E3 rs1528435 2 T/C 0.018 1 × 10-8
RABEP1 rs1000940 17 G/A 0.019 1 × 10-8
TDRG1, LRFN2 rs2033529 6 G/A 0.019 1 × 10-8
ELAVL4 rs11583200 1 C/T 0.018 1 × 10-8
FOXO3, HSS00296402 rs9400239 6 C/T 0.019 2 × 10-8
LMX1B rs10733682 9 A/G 0.017 2 × 10-8
EHBP1 rs11688816 2 G/A 0.017 2 × 10-8
CLIP1 rs11057405 12 G/A 0.031 2 × 10-8
HHIP rs11727676 4 T/C 0.036 3 × 10-8
GBE1 rs3849570 3 A/C 0.019 3 × 10-8
EPB41L4B, C9orf4 rs6477694 9 C/T 0.017 3 × 10-8
GRID1 rs7899106 10 G/A 0.040 3 × 10-8
HSD17B12 rs2176598 11 T/C 0.020 3 × 10-8
PMS2L11 rs2245368 7 C/T 0.032 3 × 10-8
GDF15, PGPEP1 rs17724992 19 A/G 0.019 3 × 10-8
GRP rs7243357 18 T/G 0.022 4 × 10-8
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RALYL rs2033732 8 C/T 0.019 5 × 10-8
CALCR, hsa-miR-653 rs9641123 7 C/G 0.029 2 × 10-10
LOC100287559, BBS4 rs7164727 15 T/C 0.019 4 × 10-9
PLCD4, CYP27A1, USP37, TTLL4, STK36,
ZNF142, RQCD1

rs492400 2 C/T 0.024 7 × 10-9

CBLN1 rs2080454 16 C/A 0.017 9 × 10-9
LOC284260, RIT2 rs7239883 18 G/A 0.023 2 × 10-8
ETS2 rs2836754 21 C/T 0.017 2 × 10-8
SMG6, N29617 rs9914578 17 G/C 0.020 2 × 10-8
TAL1 rs977747 1 T/G 0.017 2 × 10-8
LOC285762 rs9374842 6 T/C 0.023 3 × 10-8
MAPK3, KCTD13, INO80E, TAOK2, YPEL3,
DOC2A, FAM57B

rs4787491 16 G/A 0.022 3 × 10-8

MIR548A2 rs1441264 13 A/G 0.017 3 × 10-8
CREB1, KLF7 rs17203016 2 G/A 0.021 3 × 10-8
ZBTB10 rs16907751 8 C/T 0.047 4 × 10-8
IFNGR1, OLIG3 rs13201877 6 G/A 0.024 4 × 10-8
MIR548X2, PCDH9 rs9540493 13 A/G 0.021 5 × 10-8
FIGN rs1460676 2 C/T 0.021 5 × 10-8
ASB4 rs6465468 7 T/G 0.025 5 × 10-8
ZFP64 rs6091540 20 C/T 0.030 2 × 10-11
GALNT10 rs7715256 5 G/T 0.017 9 × 10-9
LOC646736, IRS1 rs2176040 2 A/G 0.024 1 × 10-8
FTO rs1558902 16 A/T 0.082 8 × 10-153
MC4R rs6567160 18 C/T 0.056 4 × 10-53
TMEM18 rs13021737 2 G/A 0.060 1 × 10-50
GNPDA2, GABRG1 rs10938397 4 G/A 0.040 3 × 10-38
SEC16B rs543874 1 G/A 0.048 3 × 10-35
TFAP2B rs2207139 6 G/A 0.045 4 × 10-29
BDNF rs11030104 11 A/G 0.041 6 × 10-28
NEGR1 rs3101336 1 C/T 0.033 3 × 10-26
BCDIN3D, FAIM2 rs7138803 12 A/G 0.032 8 × 10-24
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ADCY3, POMC, NCOA1, SH2B1, APOBR rs10182181 2 G/A 0.031 9 × 10-24
ATXN2L, SBK1, SULT1A2, TUFM rs3888190 16 A/C 0.031 3 × 10-23
ETV5 rs1516725 3 A/C 0.045 2 × 10-22
GPRC5B, IQCK rs12446632 16 C/T 0.040 1 × 10-18
QPCTL, GIPR rs2287019 19 G/A 0.036 5 × 10-18
MAP2K5, LBXCOR1 rs16951275 15 C/T 0.031 2 × 10-17
MTCH2, C1QTNF4, SPI1, CELF1 rs3817334 11 T/C 0.026 5 × 10-17
POC5, HMGCR, COL4A3BP rs2112347 5 T/C 0.026 6 × 10-17
FPGT-TNNI3K rs12566985 1 G/A 0.024 3 × 10-15
ZC3H4 rs3810291 19 A/G 0.028 5 × 10-15
NRXN3 rs7141420 14 T/C 0.024 1 × 10-14
CADM2 rs13078960 3 G/T 0.030 2 × 10-14
LINGO2 rs10968576 9 G/A 0.025 7 × 10-14
GNAT2, AMPD2 rs17024393 1 C/T 0.066 7 × 10-14
OLFM4 rs12429545 13 A/G 0.033 1 × 10-12
SLC39A8 rs13107325 4 T/C 0.048 2 × 10-12
PTBP2 rs11165643 1 T/C 0.022 2 × 10-12
HNF4G rs17405819 8 T/C 0.022 2 × 10-11
LINC01122 rs1016287 2 T/C 0.023 2 × 10-11
TRIM66, TUB rs4256980 11 G/C 0.021 3 × 10-11
FUBP1, USP33 rs12401738 1 A/G 0.021 1 × 10-10
C6orf106, SNRPC rs205262 6 G/A 0.022 2 × 10-10
MTIF3, GTF3A rs12016871 13 T/C 0.030 2 × 10-10
RPTOR rs12940622 17 G/A 0.018 2 × 10-9
PRKD1 rs11847697 14 T/C 0.049 4 × 10-9
TOMM40, APOE, APOC1 rs2075650 19 A/G 0.026 1 × 10-8
LRP1B rs2121279 2 T/C 0.025 2 × 10-8
KCTD15 rs29941 19 G/A 0.018 2 × 10-8
NPC1, C18orf8 rs1808579 18 C/T 0.017 4 × 10-8
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6.8.2.3 Supplementary table 3. The correlation between the SNPs from the GWAS and the nearest proxy SNPs in our dataset.

Associated
profiles

SNPs from the
GWAS Chromosome

Position of the SNPs from the
GWAS

Position of the
proxy SNPs

Distance between
the two SNPs

R2

TC rs2758886 6 39250837 39250836 1 0.010
TC, LDL rs2642442 1 220973563 220973432 131 0.289
HDL rs4148008 17 66875294 66875488 194 NA
Triglycerides rs13238203 7 72129667 72129355 312 0.005
HDL rs13107325 4 103188709 103189036 327 0.009
HDL, LDL rs116635738 19 7987678 7987125 553 NA
HDL rs11246602 11 51512090 51511182 908 0.012
LDL rs2710642 2 63149557 63147840 1717 0.081
HDL rs4142995 7 17919258 17914868 4390 NA
HDL rs10019888 4 26062990 26072156 9166 NA
LDL rs2328223 20 17845921 17857539 11618 NA
BMI rs7141420 14 79899454 79899490 36 0.194
BMI rs1516725 3 185824004 185823942 62 0.005
BMI rs17094222 10 102395440 102395519 79 NA
BMI rs9914578 17 2005136 2005020 116 NA
BMI rs12016871 13 28017532 28017722 190 0.700
BMI rs7899106 10 87410904 87410695 209 0.001
BMI rs13107325 4 103188709 103189036 327 0.009
BMI rs1928295 9 120378483 120378136 347 NA
BMI rs2033529 6 40348403 40348004 399 NA
BMI rs9540493 13 66205704 66205109 595 0.069
BMI rs11727676 4 145659064 145658429 635 0.079
BMI rs17724992 19 18454825 18455476 651 0.250
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BMI rs6465468 7 95169514 95170244 730 0.067
BMI rs6091540 20 51087862 51088624 762 0.005
BMI rs1528435 2 181550962 181551935 973 NA
BMI rs17203016 2 208255518 208256543 1025 0.360
BMI rs1441264 13 79580919 79578690 2229 NA
BMI rs16907751 8 81375457 81377803 2346 0.271
BMI rs6804842 3 25106437 25109249 2812 0.218
BMI rs11126666 2 26928811 26931919 3108 NA
BMI rs10733682 9 129460914 129464803 3889 0.125
BMI rs11688816 2 63053048 63057217 4169 NA
BMI rs2650492 16 28333411 28337920 4509 0.013
BMI rs1460676 2 164567689 164562831 4858 NA
BMI rs2365389 3 61236462 61243108 6646 0.003
BMI rs10132280 14 25928179 25921483 6696 NA
BMI rs7243357 18 56883319 56875309 8010 NA
BMI rs2080454 16 49062590 49053951 8639 NA
BMI rs7599312 2 213413231 213422918 9687 NA
BMI rs17024393 1 110154688 110144163 10525 NA
BMI rs2245368 7 76608143 76621298 13155 NA
BMI rs13201877 6 137675541 137661869 13672 NA
BMI rs9641123 7 93197732 93183800 13932 NA
BMI rs12940622 17 78615571 78629774 14203 0.008
BMI rs2033732 8 85079709 85063165 16544 NA
BMI rs12885454 14 29736838 29780827 43989 NA
BMI rs9374842 6 120185665 120111018 74647 0.077
TC: total cholesterol; HDL: high-density lipoprotein; LDL: low-density lipoprotein;
NA: Not Available.
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6.8.2.4 Supplementary table 4. Permutation and measured p-values for annualised change in EDSS

SNPs * As measured p value ** Permutation p value

rs2013208 0.022 0.014

rs9488822 0.006 0.004

rs17173637 0.032 0.021

rs9411489 0.023 0.014

rs4883201 0.032 0.020

rs2277862 0.039 0.023

rs2033529 0.022 0.014

* rs2033529 was BMI-related SNP, and the remaining were lipid-related SNPs.

** Measured p value was from result text of “Association between BMI-related SNPs and annualised change in EDSS” and
table 2.
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6.8.3 Supplementary figures

6.8.3.1 Supplementary Figure 1. Flow diagram of eligible Lipids-GWAS study.
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6.8.3.2 Supplementary Figure 2. Flow diagram of eligible BMI-GWAS study.
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Chapter 7: Summary and future directions

7.1 Summary of findings

Managing progressive multiple sclerosis (primary progressive multiple sclerosis, PPMS &

secondary progressive multiple sclerosis, SPMS) is challenging and little progress has been

seen for people with progressive MS in the past decades13. One obstacle to better

understanding progressive MS is the lack of reliable clinical outcome measures assessing MS

progression within a typical clinical trial duration of 2-3 years340. Patient-reported outcomes

are now increasingly popular and accepted as primary endpoints of MS clinical trials259.

However, current single patient-reported symptom measurement in MS often use multiple-

item scales creating a high burden for participants when multiple symptoms are assessed and

their long-term usefulness in intervention studies is often overlooked74, 99, 126. Therefore, a low

burden symptom severity tool for use with interventions is needed. My first study (Chapter 3)

validated such a tool, realising a single-item 0-10 numeric rating scale: Multiple Sclerosis

Symptom Scores (MSSymS). By comparing with previously validated comparison measures,

the tool has shown adequate concurrent validity, predictive validity, temporal stability and

responsiveness, making it useful for clinical trials and meeting the target of the International

Progressive MS Alliance for developing novel measures to assess MS progression6.

Another obstacle in progressive MS research is the smaller proportion of people with PPMS,

which hinders separate sub-phenotype analyses in many epidemiological studies. To

overcome this, I used a large dataset (Australian Multiple Sclerosis Longitudinal Study) with

more than 3000 participants which allowed assessment of the PPMS subsample with

sufficient power. My second study (Chapter 4) compared the differences between
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progressive-onset MS and relapse-onset MS regarding disability, disability progression,

symptom severity and health-related quality of life (HRQoL). I found that even after taking

confounding factors into account, the severity of 17 out of the total 19 outcomes was

significantly higher for progressive-onset MS patients than relapse-onset MS patients with

the differences in outcomes being most pronounced early in the disease course. This

highlights the importance of early intervention and a focus on specific symptomatic

treatments of progressive-onset MS. However, a variety of symptoms affect people with

progressive MS, so identifying the symptoms that have the largest impact on HRQoL is

critical. My third study (Chapter 5) assessed which MS-specific symptoms had the largest

impact on HRQoL for people with MS and how these differed by MS phenotype (relapsing-

remitting MS; RRMS, SPMS & PPMS). Using two well-validated generic multi-attribute

HRQoL measurements (Assessment of Quality of Life with eight dimensions; AQoL-8D &

European Quality of Life with five dimensions; EQ-5D-5L), I found that feelings of

depression and pain were most strongly associated with the AQoL-8D, and walking

difficulties and pain were most strongly associated with the EQ-5D-5L. Both results were

seen irrespective of the MS phenotype. This suggests that reducing feelings of depression,

pain and walking difficulties should be primary intervention targets for substantially

improving the HRQoL in people with MS and symptom management does not need to differ

by MS phenotype.

Regarding MS progression, our Menzies MS team has previously demonstrated that an

adverse serum lipid profile and increased BMI significantly predicted a faster annualised

Expanded Disability Status Scale change (ΔEDSS)23, 24. However, the mechanism by which

this association occurs is not clear, and the randomised controlled trials of statin therapy have

shown conflicting findings250, 251, 329. Therefore, to focus on the identification of determinants
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of disease progression and on how individual information can be used to personalise

treatment and follow-up, my fourth study (Chapter 6) investigated the role of the genetics of

lipids and BMI in MS progression. Using a well characterised MS dataset with five years

follow-up (Ausimmune Longitudinal Study), I found that five lipid-related single nucleotide

polymorphisms (SNPs) and one BMI-related SNP were nominally associated with annualised

Expanded Disability Status Scale change (ΔEDSS) over 5 years. A cumulative genetic risk

score (CGRS) of the five lipid polymorphisms model explained 16% of the variance in

ΔEDSS in this sample. The lipid variable model (HDL & TC: HDL ratio) explained 4% for

HDL and 1% for TC: HDL of the variance in ΔEDSS, while the combination of the CGRS

and the lipid variable explained 26% and 27% of the variance in MS disability progression

for HDL and TC: HDL ratio, respectively. This highlights the significant joint effect (gene-

environment) of the lipid-genetic factor and lipids profile on MS progression, and indicates

that lipid-related polymorphisms and tagged genes are potential points of intervention to

moderate disability progression. Also, these findings may explain the significant variability in

the results of statin trials in MS and thus allow better selection of subgroups based on

genetics who may benefit from these therapies.

In summary, this thesis evaluated the validity of a low burden symptom severity tool, studied

the epidemiology of progressive MS, and explored the role of genetics in MS progression.

The findings help to accelerate the implementation of observational studies in people with

progressive MS, optimise resource allocation in MS research and provide potential points of

interventions involving genetics to moderate disability progression for those living with MS.



Chapter 7: Summary and future directions

200

7.2 Future directions

7.2.1 Future research on the MSSymS and implications for the use of MSSymS

There are seven other MS symptoms, including difficulty with balance, spasticity, bladder

problems, bowel problems, sexual dysfunction, sensory symptoms, and cognitive symptoms,

which are measured in MSSymS but were not validated in this thesis. Further studies

validating these symptoms against their comparison measures are needed. For difficulty with

balance, both clinical scales/tests (e.g. Berg Balance Scale341, 342, Dynamic Gait Index343, 344 &

Timed Up and Go Test345, 346) and patient-reported measurements (e.g. Activities-specific

Balance Confidence95, 96, Dizziness Handicap Inventory97) are reliable tools with acceptable

concurrent validity in people with MS which can be used as the comparison measures347, 348.

For spasticity, bladder and bowel problems, clinical scales/tests are available, such as the

passive stretch-reflex test, which assesses elbows flexor and extensor spasticity349, the

pendulum test, which assesses knee extensor spasticity350, and cystoscopy. Alternatively,

patient-reported measurements are available, such as the 88-item Multiple Sclerosis

Spasticity Scale, which assesses the impact of spasticity for people with MS in eight

clinically relevant areas119, the eight-item Short Form-Qualiveen, which measures the

urinary-specific quality of life among people with neurological conditions110, 111, and the 39-

item Neurogenic Bowel Dysfunction Score, which evaluates the colorectal and anal

dysfunction among people with spinal cord injury121. As for sexual dysfunction, the validated

Multiple Sclerosis Intimacy and Sexuality Questionnaire112 that specifically evaluates

symptoms of sexual dysfunction among people with MS over the preceding six months could

be used as the comparison measure. As for sensory symptoms, the Verbal Analogue Scale for

sensation and the Neurothesiometer determining the vibration threshold have good interrater
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reliability in people with MS351, which could be used as the comparison measures. As for

cognitive symptoms, patient-reported measures may be affected by subjective mood states

such as depression352, therefore an actual clinical test might be preferred. A recent topical

review indicated that the Symbol Digit Modalities Test has been shown to have the best

correlation with cognitive function in MS79, thus could be recommended as a suitable

comparison measure. While this is a paper-based test, modified versions are becoming

available in different electronic formats353.

Therefore, validation against patient-reported measurements (e.g. for difficulty with balance

problems, spasticity, bladder problems, bowel problems, sexual dysfunction and sensory

symptoms) could be achieved by including the MSSymS and the comparison measures in an

annual survey of the AMSLS. As for validation against clinical scales/tests that require

participants to be seen in person, separate studies might need to be conducted.

As stated in chapter 3, we found a low correlation between vision problems assessed with the

MSSymS and another single-item vision scale (AQoL-vision) (r=0.43), which could have

been due to the comparison that we had available. Additional studies using the Low Contrast

Sloan Letter Chart Testing273, 274 could be conducted to further assess the concurrent validity,

stability, and responsiveness of vision problems that have not been fully studied in this thesis.

Compared to other symptom measures, the MSSymS is relatively low participant burden,

straightforward, and easily understood. In the AMSLS dataset, I did not find evidence

indicating participant fatigue when it comes to filling out the questionnaires. However, there

are still some potential concerns about the use of MSSymS among people with MS and

clinicians. Feedback from participants regarding qualitative questions such as, “Were there

any challenges for you in answering the questions and if so, please describe these” would be



Chapter 7: Summary and future directions

202

beneficial to improve the usability and readability of the MSSymS. For clinical practice, my

thesis provides evidence that the MSSymS may have a promising role in MS clinical trials

because of its long-term usefulness. However, while the MSSymS with only one single-item

question may be useful as a quick screening too, it may be insufficient on its own to provide

treatment guidance. For example, a high MSSymS-pain score would alert the clinicians that

there is a pain issue that needs to be addressed. The clinician could then seek additional

information to determine the next steps in a pain management plan.

In addition, the MSSymS may be beneficial for tracking disease severity over time. There is a

growing interest in incorporating PROs into automated electronic systems to serve both

routine clinical care and large-scale data collection354. For example, PROs in oncology are

routinely used to enhance patient care355. To track and monitor MS symptoms more

frequently, we could also apply the MSSymS into routine clinical care by using modern

computing technologies (mobile apps, wearables with passive sensors). By using such digital

biomarkers, MS neurologists could get timely and sensitive data to detect treatment failure or

effectiveness. Also, researchers could use this data in large epidemiological studies. In

conclusion, the MSSymS might be a valuable tool for both research and clinical practice in

the future.

7.2.2 Early symptom management in progressive MS

The findings of Chapter 4 call for research efforts into symptom management and early

interventions for people with PPMS. Therefore, recognising the variety in prodromal signs

and early presenting symptoms may help to ensure prompt clinical trials on symptoms thus

slowing the formation of new lesions. As MS symptoms vary widely, Chapter 5 stresses the
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importance of prioritising the management of feelings of depression, pain, and walking

difficulties as they have the largest impact on the HRQoL among people with progressive MS.

The causes of depression in people with MS may be multifactorial, including genetic factors,

structural brain lesions, psychosocial effects of MS and immunomodulatory treatments (e.g.

beta-interferon treatment-induced depression)356. Knowing the causes of depression is the

first step toward the development of a depression management plan. Although antidepressant

medication for MS-related depression could lead to considerable improvements, they can also

cause prominent side-effects200. Currently, only two clinical interventions are approved for

the pharmacological treatments of MS-related depression, though many off-label

antidepressants are being used in MS.357. Thus, further clinical research on the

pharmacological treatment of MS associated depression is important and should address the

efficacy and tolerability of antidepressants in the longer term. Also, some non-pharmacologic

therapies, including psychosocial interventions, diet improvement and exercise have been

shown to be effective for reducing depression, though the effect size is low201-203. A possible

clinical strategy for effective depression management could be a combination of

pharmacological and non-pharmacological therapies.

Similarly, according to different underlying mechanisms, MS-related pain can be classified as

neuropathic pain, nociceptive pain, and mixed pain358. Neuropathic pain is caused by the

nervous system lesions and common neuropathic pains in MS include trigeminal neuralgia

and Lhermitte’s phenomenon359. Nociceptive pain results from nociceptor activation by

noxious stimuli, such as musculoskeletal pains, and migraine359. Mixed pain means pain with

heterogeneous pathophysiological mechanisms caused by MS. For example, spasticity pain

may be musculoskeletal in origin and exacerbated due to the neuronal damage and abnormal
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posture as the disease process360. Therefore, to effectively meet patient care needs, clinicians

must first identify the type of pain, then try to make the pain therapy plan. Currently, many

pharmacological and non-pharmacological interventions address MS-related pain361, 362.

However, the evidence quality of these interventions is low361, 362. Thus, it is difficult to

recommend pharmacological or non-pharmacological therapies alone for pain management in

the MS population. The combination of pharmacological agents and non-pharmacological

interventions is recommended, and robust trials in this field are needed.

Walking difficulties are the most visible manifestation of MS with lower limb function being

given the highest priority, especially among people with progressive MS363, 364. Currently,

dalfampridine is the only pharmacologic medication approved by the US Food & Drug

Administration especially to improve walking speed in individuals with MS365. However, the

therapy yields a heterogeneous effect of response across people with MS with less than half

of individuals responding to treatment366. For non-pharmacological therapies, exercise,

physiotherapy, and gait training have been shown to be beneficial but they are too

heterogeneous in both treatment protocols and efficacy of the response367. Therefore, it is

worthwhile to better define the underlying mechanisms of each therapy in the future.

Taken together, there are many research gaps in managing the three priority symptoms.

Furthermore, symptom management for people with progressive MS presents three more

challenges. Firstly, MS symptoms may cluster togehter179. For example, depression and pain

tend to cluster together in MS40. Thus, use of pharmacological agents like tricyclic

antidepressants that can target both depression and pain305, or non-pharmacological therapies

like neuromodulation that can address multiple symptoms368 are warranted. Secondly, drug

interactions should also be considered. For example, the pharmacological agents of
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depression may have an impact on patients’ disease-modifying treatment adherence369, 370.

Thirdly, people with progressive MS tend to be older with an increased likelihood of having

more comorbidities371. Therefore, it is important to consider the entire profile of the person

and to identify specialised, person-tailored, flexible services for the comprehensive

management program across the entire spectrum of the disease. Moreover, novel therapies

need to be consistently refined in the search for the most efficacious treatment plans for

disease management using a multidisciplinary approach.

7.2.3 Genetics of MS progression

Future research regarding the genetics of MS progression should initially focus on the

replication of our findings in other MS studies with larger sample sizes and longer follow-up

time. The AusLong dataset, now having over 10 years of follow-up, could be used to validate

the findings of this thesis. If validated, examining the underlying molecular mechanisms of

the lipid risk SNPs in functional studies would be the next step. To provide functional

annotation for the lipid risk SNPs, we could identify the SNP-related genes first. Then, using

gene knock-out mice, the abnormal expression of the SNP-related genes might help to

evaluate the biological role of the related proteins, and thus better elucidate the mechanisms

of MS progression.

A recent review showed that sex hormones had independent effects on adiposity, lipid

metabolism, and inflammation372. Also, sex hormones seem to have an important role in MS

progression. For example, males with MS generally have a faster progression373, 374; females

with MS who have been pregnant have less progression of disability375; oral contraceptives

use has been associated with a higher risk of reaching EDSS 6376; and male sex has been

associated with a shorter time to conversion to SPMS159. It is worthwhile to identify whether
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sex hormones exerted their effect by affecting the serum lipid levels in MS disability

progression.

7.2.4 Further research in progressive MS

Apart from the future research directions mentioned above, the 2019 progress report of the

Progressive MS Alliance also provides expert perspective and strategic direction for

progressive MS research in three key priority areas377. First, there is a need to better

understand progression. For example, identifying a biological or imaging biomarker of

disability progression. With these markers, early interventions may become possible after the

early detection of MS progression. Second, we need to accelerate development of clinical

trials for progressive MS. Though at last drugs have become available (minimally effective)

for people with progressive MS (ocrelizumab for PPMS & siponimod for SPMS), more trials

for people with progressive MS are needed to increase the number of high efficacy could

speed up access to other drug options. Making the clinical trials for progressive MS a

research priority, developing shorter and faster trials via the use of sensitive progression

measurements, and strengthening international cooperation to recruit progressive MS patients

could help achieve this goal. Third, it is necessary to enhance well-being among people with

progressive MS. Apart from our emphasis on improving HRQoL through enhancing more

effective symptom management, the Alliance also stresses the importance of understanding

the range and effects of remyelination, neuroprotection, and rehabilitation. Given our findings

in this thesis and the collaboration from international researchers and institutions, I believe

that an increase in clinical research together with basic science research could make crucial

breakthroughs in unravelling the cause and drivers of progression in progressive MS, and

finally allowing meaningful treatment of progressive MS.
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