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ABSTRACT

Background: Multiple sclerosis (MS) is the commonest cause of non-traumatic neurological

disability in young adults. Disease-modifying therapies are available which vary in their overall

efficacy and safety profiles, with the most effective treatments reserved for those with the most

active disease. People with MS (PwMS) who show lack of response to initial treatment may

also switch to more effective treatments.

Outcome measures are required in MS, for example to inform clinical decisions regarding

initiation and switching of disease-modifying therapies. Outcome measures are required both

to guide decision-making at an individual level, and to test research questions in large cohorts

at a group level.

Objectives: i)

ii)

iii)

iv)

To evaluate whether relapses or MRI activity after starting the disease-
modifying therapy natalizumab predict long-term disability progression.
To investigate 18 kDa translocator protein (TSPO) positron emission
tomography (PET) with the novel ligand 'SF-GE180 as a marker for
neuroinflammation, to assess disease activity in MS and response to
natalizumab treatment.

To investigate whether the machine-learning model ‘Brain Predicted Age’,
which estimates chronological age based upon T1-weighted brain MRIs, can
assess disease severity in MS.

To assess the prognostic value of the patient reported outcome ‘Multiple
Sclerosis Impact Scale—29’ (MSIS-29) on hard clinical endpoints including

‘survival time’ in people with MS.



Methods:

Results:

i)

ii)

iii)

iv)

i)

ii)

iii)

Observational cohort of 161 PwMS initiating natalizumab, with up to 7
years of follow-up.

Cohort of 16 PWMS starting natalizumab, with '*F-GE180 PET at baseline,
10 weeks after, and 58 weeks after treatment initiation. 11 healthy controls
(HCs) had one 'F-GE180 PET scan. In addition, a ‘blocking study’
investigated whether 'SF-GE180 PET is labelling TSPO: 6 PwMS had a
baseline '®F-GE180 PET followed by repeat PET after administration of the
TSPO ligand XBD-173.

Observational cohort of 541 subjects with clinically isolated syndrome, MS
or HCs, with 1,652 T1-weighted MRI scans and up to 15 years follow-up.
Observational cohort of 2,126 PwMS that completed the MSIS-29

questionnaires, with up to 10 years of follow-up.

Relapses and MRI activity after natalizumab initiation predicted disability
progression at years 1 and 2. However, this effect disappeared with longer
follow-up. Instead there was a paradoxical trend towards inflammatory
activity on treatment predicting a lower risk of disability progression.

8 F_.GE180 had lower extraction over the blood-brain barrier than expected
from preclinical studies, although did show some specific binding. '8F-
GE180 signal was increased in MS lesions, and decreased after natalizumab
treatment. '*F-GE180 signal was not increased in other regions of interest.
Brain Predicted Age was substantially greater than chronological age in all
disease subgroups. Brain Predicted Age correlated with disease

characteristics and predicted future disability progression. Longitudinal



Conclusions:

iv)

i)

iif)

iii)

iv)

change in Brain Predicted Age increased at a rate ~46% faster in subjects
with MS than in HCs. The model compared favourably with conventional
univariate measures of brain atrophy.

264 PwMS died over the follow-up period. Higher MSIS-29 physical and
psychological scores predicted reduced survival time, independently of

other risk factors.

While relapses and MRI activity remain useful markers of disease activity,
there is a need for additional outcome measures which can predict long-term
disability progression in PWMS on disease-modifying therapy.

8F_.GE180 has low brain extraction (~1%) and poor signal-to-noise ratio.
Results should be interpreted with caution, given the unexpected
pharmacokinetic characteristics of the tracer.

The Brain Predicted Age model could provide conceptually simple and
clinically meaningful quantitative data in MS from a standard T1-weighted
MRI scan, and will be further evaluated using the MAGNIMS multi-centre
cohort.

MSIS-29 scores can be prognostic for hard clinical endpoints in MS. This is
the first study to associate PROs with survival in any neurological disease.
PROs are cheap and easy to administer, and could allow the collection of

clinically meaningful outcome data in large MS cohorts.
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Chapter 1

Introduction
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1.2 BACKGROUND

.21 The burden of multiple sclerosis

Multiple sclerosis (MS) affects approximately 1 in 1000 people in temperate countries
including the UK, and 2.5 million individuals worldwide.! It is the commonest cause of non-
traumatic neurological disability in young adults.? Clinical severity ranges from so-called
‘benign MS’, in which the patient remains fully functional in all neurological systems 15 years
after disease onset, to ‘malignant MS’, characterised by an aggressive course with accumulation
of severe disability within 5 years of diagnosis.>”” Based on historical cohorts, the average time
from MS onset to wheelchair use is 30 years.3!! Average life expectancy is reduced by 5 to 10
years.!> 1> MS is associated with cognitive impairment, high rates of unemployment, and in the
UK has a cost-of-illness of approximately £10,000 per patient per year in the early stages of

the disease to £35,000/year for those who are restricted to a wheelchair.!41¢

1.2.2 Disease course in MS

Approximately 85-90% of people with MS (PwMS) initially experience a ‘relapsing-remitting’
course where symptoms arise acutely or subacutely in a ‘relapse’, and then resolve completely
or partially.> Other pwMS have a disease course characterised by progressive disease from
onset independent of clinical relapses, termed primary progressive MS (PPMS).!” The majority
of those with relapsing-remitting MS (RRMS) eventually develop secondary progressive MS
(SPMS), where irreversible disability gradually accrues over time, with or without acute
exacerbations during the progressive course (Figure 1).>!7 Clinically isolated syndrome (CIS)

is a term to describe those who have had a first clinical relapse, but do not yet meet diagnostic



criteria for RRMS.!7 60-70% of people with CIS will have further demyelinating events within

20 years and so will be diagnosed with MS.!% 1

------------------------------------- Relapsing remitting -................................................. Secondary progressive -----

11l Ll st

Time (years)

Neurological
disability

Figure 1: The typical course of relapsing-remitting and secondary progressive multiple sclerosis. Adapted

from Compston and Coles, 2008.2° Image adapted with permission of the rights holder, Elsevier

1.2.3  The pathophysiology of MS

The pathophysiology of MS is complex, and is still not fully understood.?!?? It has both focal
neuroinflammatory and neurodegenerative components, which in a simplified model can be
considered as the pathological substrates of clinical relapses and gradual progression of

disability, respectively.** %*

Focal white matter inflammation is driven, in part, by the peripheral activation of lymphocytes
followed by acute influx across the blood-brain barrier.>> An immune cascade leads to massive
activation of macrophage/microglial cells, and phagocytosis of myelin.?® These white matter
lesions present clinically as relapses, and lesions visible on MRI which are gadolinium-

enhancing in their early stages.”>>*

The typical evolution of relapsing MS over time is depicted in Figure 2.> Axonal loss begins
at disease onset, but progressive disease presents clinically once axon loss surpasses central
nervous system capacity to compensate for loss of function.”> MRI lesions and relapses

generally become less prominent as the disease enters the secondary progressive phase. Brain
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atrophy continues in the grey matter and white matter, as does diffuse axonal loss within the
normal appearing white matter.?”3° This neurodegeneration is accompanied by a different type

of inflammation, compartmentalised within the central nervous system and located behind a

23, 31-33

relatively intact blood-brain barrier. The interdependency between the focal

inflammatory and neurodegenerative components of disease is a matter of debate; it remains
uncertain whether decreasing focal inflammatory activity with treatment necessarily causes a

downstream slowing of neurodegeneration.? 2334

Gadolinium-enhancing MRI lesions

LA _1 Il | i
RRMS SPMS

Focal neuroinflammation

Neurodegeneration

Time (years)

Figure 2: Typical evolution of multiple sclerosis disability, radiographic changes, and pathophysiology,
over time. Black line: neurological disability. Green line: gadolinium enhancing lesions on MRI. Pink line:
accumulated lesions on T2-weighted MRI. Blue line: Brain volume. RRMS = relapsing remitting multiple
sclerosis. SPMS = secondary progressive multiple sclerosis. Adapted from Hauser and Oksenberg, 2006.2

Image reproduced with permission of the rights holder, Elsevier.
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1.2.4  Disease-modifying therapy in MS

No curative therapies exist for MS. Immunomodulatory disease-modifying therapies (DMTs)
for MS include B-interferons, glatiramer acetate, dimethyl fumarate, teriflunomide, fingolimod,
cladribine, alemtuzumab, natalizumab and ocrelizumab.’ For subjects with relapsing MS,
these DMTs are effective in reducing relapse rate and new MRI lesions, and are somewhat
effective at slowing the gradual progression of disability.® >’ DMTs vary in their overall
efficacy and safety profile.>® A common approach is for the most effective and least safe DMTs
to be reserved for patients with the most active disease, or patients who do not respond to first-

line DMTs.3> 3¢

These therapies are thought to be less effective in SPMS and PPMS, especially in those without
focal inflammatory activity.*> 3® Even ocrelizumab, the first DMT to gain a license in PPMS,

appears to exert its effect mostly in those with evidence of active focal inflammation. 4

One of the more effective DMTs in relapsing MS is natalizumab, which was granted a
marketing authorisation throughout the European Union in 2006.*'*** Natalizumab is a
humanized antibody against the alpha-4 integrin that blocks the adhesion of lymphocytes and
monocytes to endothelial cells of the blood-brain barrier, interfering with the subsequent
passage of inflammatory cells into the central nervous system and therefore reducing focal
white matter inflammation. It is effective at reducing relapse rate, by 68% compared to placebo,
and new or enlarging lesions on T2-weighted MRI, by 83% compared to placebo.*> In RRMS
it decreases the likelihood of progression of disability by 42% over a 2-year period. Its use is
complicated by the risk of progressive multifocal leukoencephalopathy, which can result in

severe disability or death.*** It is administered as a monthly intravenous infusion, usually in



a hospital setting. As of June 2019, over 200,000 pwMS have received natalizumab

worldwide.*¢

1.2.5 Personalised medicine in MS

Personalised medicine can be described as a pursuit of ‘the right treatment for the right patient
at the right time’.*’ The term ‘personalised medicine’ is often associated with genomic
medicine, for example in oncology care.*® Taken more broadly, ‘personalised medicine’
describes any attempt to deconstruct the heterogeneity of a disease so as to allow benefits and

risks to be balanced optimally when making decisions for individuals.* %

There is marked heterogeneity in the clinical presentation, disease course, and response to
treatment in MS.>%->? Drug efficacy in individual pwMS is determined by factors that remain
largely undefined. Given the number of available DMTs, physicians are faced with increasingly
complex decisions when treating individuals, for example:

- What is this patient’s prognosis? Should treatment be initiated, and at what point?

- Which DMT is likely to provide the optimal benefit-risk ratio for this individual?

- How should one decide whether to continue, switch or cease treatments?

Randomised-controlled trials support the overall benefit-risk of licensed DMTs in MS, but
provide minimal information relating to specific questions as above, including the comparative
clinical benefit of different DMTs and how this differs according to patient characteristics. At
present, decision-making is mostly based on imprecise estimations of disease severity and
prognosis in individuals, and balancing this against the perceived overall hierarchy of efficacy

and safety of DMTs. Such decisions have a weak evidence base, and mostly have not been



directly tested.’? Personalised medicine should therefore be considered as a priority for future

care in MS.%> 3

[.2.6  Outcome measures for personalised medicine in MS

Due to the relapsing-remitting nature of MS, it can take months to years to assess whether
DMTs have been successful in reducing or stopping MS relapses and new MRI lesions. It takes
longer still to assess whether patients continue to accumulate irreversible disability. If a patient
continues to take an ineffective treatment, this person loses time in the fight against disability

while still being exposed to the risks of treatment.>

To move towards personalised medicine
in MS, clinicians will require tools for the early empirical assessment of therapy response in
individuals, which can indicate whether the individual is likely to benefit long-term from
continued treatment.’> 3* This may require a biomarker that is sensitive to neurodegenerative
activity, rather than only focal white matter inflammation.>> > Such a biomarker could also be
useful in the therapeutic pipeline as an early surrogate for a medication’s efficacy. A prefatory
study is reported in Chapter 2 of this thesis, investigating whether early relapses and new MRI
lesions after initiation of natalizumab treatment predict long-term disability outcomes. In

Chapter 3, a novel positron emission tomography (PET) ligand is investigated as a marker of

disease activity before and after natalizumab treatment.

In addition to outcome measures which can guide clinical decision-making in individuals,
personalised medicine will require the collection and analysis of ‘big data’: large datasets from
clinical registry tools, which collect and codify patient characteristics, disease events, therapies,
and outcome measures.’’"** With data of sufficient quality and quantity, such databases could

eventually strive to answer questions in personalised medicine such as:



‘for a 25-year-old female patient recently diagnosed with MS, with three motor-system
relapses and 15 lesions on MRI, how does Drug X, Drug Y, and Drug Z affect the
prognosis?’

or

‘for a 30-year-old male patient receiving treatment with Drug X for 2 years, with five
new lesions on MRI since commencing treatment, how does continuing on Drug X

versus switching to Drug Y affect the prognosis?’

A desirable database may have both clinician-facing and patient-facing interfaces, and be able
to integrate clinician-reported, patient-reported, laboratory-based and radiological outcomes.
One of many challenges is to develop outcome measures which are compatible with large
multicentre cohorts, and which can be tracked over time to capture meaningful data related to
the impact of disease on PwWMS. Outcomes should have adequate psychometric properties, be
clinically meaningfully, and should be robust to differences in methodology between centres.>
81 Chapters 4 and 5 of this thesis investigate respectively the clinical relevance of a novel MRI
outcome and a well-established patient-reported outcome, both of which have potential for use

in large multicentre cohorts.

1.3 THESIS OVERVIEW

Chapters 2 to 5 each report studies investigating different outcome measures for potential use
in MS. These chapters include introduction, methodology, results, and discussion sections
relevant to the studies investigated in that chapter. Therefore, the introductory Chapter 1 and

the concluding Chapter 6 are kept brief. Summaries of Chapters 2 to 5 are presented below.



1.3.1 Chapter 2 - Relapses and MRI Activity on Natalizumab Predict Short-term but

not Long-term Disability Progression

Observational studies of B-interferons and glatiramer acetate therapy have concluded that
patients with relapses or new MRI lesions in the first year after initiation of treatment are more
likely to have disability progression after medium-term follow-up.5>%® This supports the
practice, common among neurologists, of switching medications if patients experience
significant on-treatment breakthrough inflammatory activity.®® However, the above studies are
limited by follow-up periods of less than 3 years. Their applicability to other therapies such as

natalizumab is also uncertain.

In this chapter, a study is reported which evaluates whether on-treatment relapses or MRI
activity after initiating natalizumab treatment predicts future disability progression, as
measured with the expanded disability status scale (EDSS).”® Data were retrospectively collated
from an observational cohort of PwMS initiating natalizumab, with up to 7 years of follow-up.
Data on relapse rate and EDSS were prospectively documented at routine 6-monthly clinic
visits. MRI was routinely performed before treatment and at one year. A combined score of
MRI and relapse activity — the Modified Rio Score — was also calculated (0 = low, 1 = medium,
2 = high inflammatory activity).%* Disability progression was defined as an increase of 1 EDSS

point in those with EDSS <5.5, or an increase of 0.5 EDSS point in those with EDSS >5.5.

46 of 161 PwMS had a relapse in the first year of treatment, and 28 of 161 had new MRI
activity. Markers of inflammatory disease in the first year (Modified Rio Score, relapses, MRI
activity) and second year (relapses) had no significant effect on disability progression when

tested as a survival analysis (Modified Rio Score year 0-1: risk ratio 1.15, log-rank p = 0.74,



Cox regression p = 0.44; Relapses year 0-1: risk ratio 1.3, log-rank p = 0.31, Cox regression p
= 0.31; MRI activity year 0-1: risk ratio 0.64, log-rank p = 0.21, Cox regression p = 0.24;

Relapses year 1-2: risk ratio 1.17, log-rank p = 0.51, Cox regression p = 0.51; Figure 3A-D).
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Figure 3: On-treatment inflammatory disease activity does not affect long-term disability progression,
tested as survival analysis. First year after natalizumab initiation Modified Rio Score (A), relapses (B), and
MRI activity (C), and second year after natalizumab initiation relapses (D), versus survival from EDSS
progression over time. Black markers on survival lines represent the duration of follow-up data for those
participants who have not undergone EDSS progression (i.e. the time of subject censorship in survival

analysis). EDSS = Expanded Disability Status Scale. ns = not statistically significant.

Given that EDSS progression can be a reversible event and, further, since Kaplan-Meier curves
were observed to cross, results were also analysed at different time points using Chi-squared
test for trend. Here, relapses and Modified Rio Score in the first year of treatment did predict

EDSS progression at year 1 and 2 after treatment initiation. However, this effect disappeared
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with longer follow-up. Instead, there was a paradoxical trend towards inflammatory activity on

treatment predicting a lower risk of EDSS progression by years 3-7.

In conclusion, on-treatment relapses and MRI activity do not predict long-term disability
outcomes after natalizumab. This study confirms the need for improved biomarkers, including
those that can better quantify neuroinflammation and neurodegeneration. This supports the

rationale for the study reported in Chapter 3.

1.3.2  Chapter 3 - 18 kDa Translocator Protein Radioligand '*F-GE180 as a Marker of

Neuroinflammatory Activity in Multiple Sclerosis

Activated microglia are observed in focal inflammatory lesions and cortical grey matter

pathology.’® 7!

In recent years, the case has grown for microglia playing a key role in
neuroaxonal degeneration and progressive disease.”!””? 18kDa translocator protein (TSPO) is
expressed on microglia and other cells at sites of active CNS pathology.”*7¢ I8FIGE180 is a

novel PET molecular imaging radiotracer that targets the TSPO receptor.”” A genetic

polymorphism is known to affect TSPO tracer binding. 7

In this chapter, a study is reported which evaluates '8*!GE180 PET as a biomarker for focal
inflammatory and neurodegenerative disease activity in MS, and as a surrogate for response to
natalizumab treatment. A cohort of 16 PwMS starting natalizumab had '*F-GE180 PET at
baseline, 10 weeks after, and 58 weeks after treatment initiation. 11 healthy controls (HCs) had
one '*F-GE180 PET scan. In addition, a ‘blocking study’ investigated whether '*F-GE180 PET

is labelling TSPO: 6 PwMS had a baseline '8F-GE180 PET followed by repeat PET after



administration of the TSPO ligand XBD-173. A variety of methodological approaches were

evaluated, including the gold-standard volume of distribution (V7).

Administration of "FJGE180 PET was safe, and well-tolerated by participants. In total, 71 PET
scans were completed. A reversible two-tissue compartment model best fitted the data. The
mean regional delivery rate constant K; was unexpectedly low (~0.01 mL/cm® min—1),
suggesting poor extraction (~1%) across the blood-brain barrier. FVr values were

correspondingly low, with a whole brain mean of 0.29 + 0.17 mL/cm? in subjects with MS.

The MS ‘blocking study’ suggested that '®F-GE180 V't does include some specific signal, even
if absolute V't values are low. This allowed cautious exploration of the ‘natalizumab cohort’
data. V't was increased in MS lesions at baseline (Figure 4), which decreased after 58 weeks of
natalizumab treatment, although again differences relating to the TSPO polymorphism were
not observed. '®F-GE180 was not able to detect increased TSPO in MS in the grey matter or
normal-appearing white matter as previously reported with other tracers, or differences in
TSPO binding affinity as expected.”®3’ There were no associations between PET outcomes and

clinical outcomes.

This was the first study to characterise the performance of '®F-GE180 in humans and suggests
that ['8FIGE180 is limited by its low extraction over the blood-brain barrier. Positive results in
MS lesions may reflect changes in blood-brain barrier permeability rather than changes in
TSPO expression. The results of the ‘blocking study’ have broader implications on how novel

TSPO tracers should be validated and compared.
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Figure 4: V't in selected regions of interest in HCs and PwMS at baseline. There was no difference between
HCs (green triangles) and PwMS (red circles) in the grey matter, thalamus, or NAWM. V1 in MS lesions
was greater than Vr in HC white matter. In the above figure HC white matter is graphically represented as
both ‘HC NAWM’ and ‘HC lesions’ for ease of comparison. p-values generated using unpaired ¢ test. Error
bars represent mean +/- 95% confidence intervals. NAWM = normal-appearing white matter; V'r = Volume

of distribution. ns = not statistically significant.

1.3.3  Chapter 4 - Brain Predicted Age in Multiple Sclerosis: A Model using Machine

Learning Analysis of MRI

Brain structure alters throughout life, and brain atrophy that occurs as part of normal ageing is
non-linear and spatially variable.*® Using machine-learning analysis of brain MRIs from 2,001
HC:s of different chronological age, a Brain Age model has been developed at Imperial College
London which can accurately predict chronological age based solely upon T1 MRI data
(r * 0.96, mean absolute error * 4.4 years), and correlates with clinical outcome measures in the
general population®”- 8 This model can then be used to identify individuals whose ‘brain age’

appears younger or older than their chronological age, as illustrated in Figure 5. This ‘Brain
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Predicted Age’ model has potential applicability to MS research, to quantify damage and

accelerated ageing-like changes in the MS brain.

Positive brain-PAD Figure 5: ‘Brain predicted age difference’ (Brain-PAD) = Brain-predicted
score = ‘older’ brain

age minus chronological age. For example, if brain-predicted age is

@® PAD score =0

=normalageing  1dentical to chronological age, Brain-PAD is 0. If brain-predicted age is 5

score = 'younger' brain

Brain-Predicted Age

I Negative brain-PAD years older than true chronological age, Brain-PAD is +5. In healthy

control populations, the mean Brain-PAD is expected to be 0

Chronological Age

In this chapter, a study is reported which investigates Brain Predicted Age as a marker of
disease severity in MS. Brain Predicted Age was investigated in the ‘natalizumab cohort’
described in Chapter 3. Subsequently, a larger observational cohort of 1,599 T1-weighted MRI

scans from 541 participants were analysed and correlated with clinical data.

In the natalizumab cohort, Brain-PAD was increased in PwMS, correlated with markers of
disease severity, and appeared to improve in responders to treatment. In the larger cohort, HCs
had mean Brain-PAD close to zero, as expected. All disease subgroups had substantially older-
appearing brains than their chronological age (CIS: mean Brain-PAD +4.0 years; RRMS: mean
Brain-PAD +10.3 years, SPMS: mean Brain-PAD +17.4 years; PPMS: mean Brain-PAD +11.5
years; p <0.0001; Figure 6A). Brain Predicted Age correlated strongly with EDSS (Figure 6B).
Brain-PAD increased longitudinally in PWMS at a rate ~46% faster than in HCs (Figure 6C).

The model compared favourably with conventional univariate measures of brain atrophy.

The Brain Predicted Age model could provide conceptually simple and clinically meaningful
quantitative data from a standard T1-weighted MRI scan, which could be used across large

imaging cohorts. This will be further evaluated using the MAGNIMS multi-centre cohort.
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I.3.4  Chapter 5 - Patient-Reported Outcomes can Predict Survival Time in Multiple

Sclerosis: A Cohort Study using the Multiple Sclerosis Impact Scale-29

Patient-reported outcomes (PROs) are increasingly used to complement traditional clinical
outcomes in medical research, including in MS. In oncology and heart failure, PROs have been
shown to predict hard clinical endpoints including those related to survival.®-! It is unknown

whether PROs can be predictive of hard clinical endpoints in MS. If they were, they could be
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developed for use in large clinical registry datasets to quantify the impact of disease on PwMS,
for example.®> The Multiple Sclerosis Impact Scale-29 (MSIS-29) is a patient-reported outcome

that assesses physical (PHYS subscale) and psychological (PSYCH subscale) quality of life.

In this chapter, it is investigated whether MSIS-29 scores can predict survival time in a large
observational cohort of PWMS. From 2004, the MSIS-29 was completed by PWMS registered
with the MS Society Tissue Bank (n =2,126; repeated one year later in n = 872). Survival time
was defined using date of first MSIS-29 questionnaire as entry point, date of death as endpoint,

and date of study completion as censorship date for those still alive.

Median follow-up time was 9 years. At study completion, 264 (12.4%) of PwMS had died.
Higher MSIS-29-PHYS score predicted reduced survival time independently of age and sex
(Wald chi-square, [degrees of freedom =4, n =2,126] = 98.5; e.g. subgroup with highest scores
vs subgroup with lowest scores: hazard ratio 5.7, 95% CI 3.1-10.5, p < 0.001; Figure 7). The
MSIS-29-PSYCH score also predicted reduced survival time, although the effect was less
strong (e.g. subgroup with highest scores versus subgroup with lowest scores: hazard ratio 2.8,
95% CI 1.84.4, p < 0.001). In those with high baseline MSIS-29-PHYS scores, mortality risk
was even greater if the MSIS-29-PHYS score increased over one year. MSIS-29-PHYS scores

were associated with survival time independent of age, sex, and patient-reported EDSS score.

This is the first study to associate PROs with survival outcomes in any neurological disease.
The study supports the further development of PROs for incorporation into MS clinical registry
databases, as clinically meaningful outcome measures which can track the impact of MS on

individuals.
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Figure 7: Higher MSIS-29-PHYS scores are associated with reduced survival time. (A) Table: Higher

MSIS-29-PHYS score was associated with reduced survival time (greater hazard ratio for death), as were

older age at first MSIS-29 completion and male sex. (B) Kaplan—Meier failure curves (n = 2,126). Note that

Kaplan—-Meier curves do not account for the effect of age and sex on survival time. Data at bottom of figure

show number of data points at each time point for each MSIS-29-PHYS subgroup. MSIS-29 = Multiple

Sclerosis Impact Scale—29; MSIS-29-PHYS = MSIS-29 physical.
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Chapter 2

Relapses and MRI Activity on Natalizumab Predict Short-term but not

Long-term Disability Progression
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I1.1 ABSTRACT

Background: In people with multiple sclerosis treated with B-interferons or glatiramer acetate,
new MRI lesions and relapses during the first year of treatment predicts a poor prognosis. This
supports the practice, common among neurologists, of switching medications if patients
experience significant breakthrough inflammatory activity. However, the studies associating
new MRI lesions and relapses with poor prognosis are often limited by short follow-up

duration. The association has also not been studied in those receiving natalizumab.

Objective: To evaluate whether relapses or MRI activity after starting natalizumab treatment

predicts long-term disability progression.

Methods: Data were collected on relapses, new MRI activity, and Modified Rio Score
(composite measure of relapses and MRI activity) after initiation of natalizumab in an
observational cohort of 161 people with multiple sclerosis. These were correlated with
Expanded Disability Status Scale (EDSS) progression at years 1, 2, 3, and 3-7 after treatment

initiation, versus pre-treatment baseline.

Results: The cohort had high baseline disability, with a mean pre-treatment EDSS of 4.2 4+ 1.8.
46/161 patients had a relapse in the first year after natalizumab initiation and 44/161 had EDSS
progression by year 2. Relapses and Modified Rio Score in the first year of treatment predicted
EDSS progression at year 1 and 2 after treatment initiation. However, this effect disappeared
with longer follow-up. Instead there was a paradoxical trend towards inflammatory activity on
treatment predicting a lower risk of EDSS progression by years 3-7, although this did not reach

statistical significance. Those with and without EDSS progression did not differ in baseline
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age, EDSS, or pre-treatment relapse rate. Relapses in year 0-1 predicted further relapses in

years 1-3.

Conclusions: Breakthrough inflammatory activity after natalizumab treatment is predictive of
short-term outcome measures of relapses or EDSS progression but not longer-term EDSS

progression in this cohort of people with multiple sclerosis.

Publication outcome: Study published in PLOS One with the thesis author as first author.'

-51-




11.2 ABBREVIATIONS

CI Confidence interval

EDSS Expanded Disability Status Scale
MS Multiple sclerosis

NS Not statistically significant.

OR Odds ratio

SD Standard deviation



I1.3 INTRODUCTION

In recent years, a number of new disease-modifying therapies have emerged for patients with

multiple sclerosis (MS) with relapsing disease.’

Most disease-modifying therapies
demonstrated reductions in MRI activity in phase 2 studies, and reductions in relapse frequency
in phase 3 studies along with a variable effect on time to disability progression. The principal

argument for their long term use is that treatments that target inflammatory activity are expected

to improve long term disability outcomes, at least at a population level.**

These principles have been extended to the clinical management of MS patients at an individual
level, where it is hypothesised that on-treatment breakthrough inflammatory activity is a
prognostic marker for poor long-term disability outcomes.”> This is supported by observational
studies on therapies interferon-beta and glatiramer acetate, where early on-treatment relapses,
MRI activity, and Kurtzke Expanded Disability Status Scale (EDSS) disability progression
have been shown to predict poor medium-term clinical outcomes of relapses and/or EDSS
progression in individuals.®!? For example, Rio and colleagues showed that combined scores
of MRI lesions, relapses, and/or EDSS progression after interferon-beta initiation predicted
further EDSS progression at two years.'!” Similarly, combined scores of MRI lesions and
relapses after glatiramer acetate predict ‘clinical activity’ (defined as relapses or EDSS
progression) after 2 years.” Most of these studies are limited in that their follow-up periods
were between 2-3 years.”"'? The applicability of these results to other therapies such as dimethyl
fumarate, teriflunomide, fingolimod, cladribine, alemtuzumab, natalizumab and ocrelizumab is

also uncertain.



If on-treatment breakthrough inflammatory activity does predict poor long-term disability
outcomes, the next step would be to evaluate whether switching treatments can improve long-
term prognosis, as proposed by the ‘no evidence of disease activity’ approach.!*> However, for
the treating physician, it is currently unclear whether on-treatment inflammatory breakthrough

activity should trigger a change in medication, or not.

Natalizumab is a highly active therapy that is widely used in patients with relapsing MS. It is
effective in reducing relapses, MRI activity, and time to EDSS progression with a higher
efficacy than interferon-beta.'* !> The objective of this observational study was to evaluate
whether early relapses or MRI activity after starting natalizumab treatment predicts EDSS

progression at later time points.

11.4 METHODOLOGY

II.4.1 Data collection

Data were collected from an observational cohort of 204 patients initiating natalizumab
between March 2007 and October 2010 at Imperial College Healthcare NHS Trust, with up to
7 years of follow-up. Data on relapse rate and EDSS were prospectively documented at routine
6-monthly clinic visits. EDSS data were collected until December 2014. MRI was routinely
performed prior to initiation of natalizumab treatment and at one year after natalizumab
initiation. Data were retrospectively collated for the purpose of this study by examining patient
healthcare records. Patients were excluded if they had less than three years follow-up or were

treated with natalizumab for less than one year.
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Data were analysed as part of a clinical audit, registered and ethically approved at Imperial
College Healthcare NHS Trust, for which written informed consent was not required (Audit

registration number 1987-2015).

I1.4.2 Early markers of inflammatory disease activity

Relapses were defined as ‘a new symptom or worsening of an old symptom accompanied by a
new neurologic abnormality, lasting at least 24 hours in the absence of fever and preceded by
stability or improvement for at least 30 days’.'® MRI activity was defined as the presence of 1
or more new or enlarging lesions on T2-weighted MRI, relative to the baseline MRI scan, and
was assessed by a consultant neuroradiologist with experience in MS. A previously published
scoring system which combines MRI and relapse activity was also applied to this first year after
natalizumab therapy, which employs more stringent criteria to define new MRI activity

(Modified Rio Score; Table 1).2

Modified Rio Score scoring criteria
Change over 1% year Score
MRI <4 new T2 lesions 0
>4 new T2 lesions 1
Relapse | No relapses 0
1 relapse 1
> 2 relapses 2
Score = MRI criterion + relapse criterion

Table 1: Modified Rio Score®. Minimum score is 0 (< 4 new T2 lesions and no relapses). Maximum score

is 3 (> 4 new T2 lesions and > 2 relapses).
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I1.4.3 Disease progression

Disability progression was defined as an increase of 1 EDSS point in those with EDSS <5.5, or
an increase of 0.5 EDSS points in those with EDSS >5.5. EDSS progression was confirmed
over 6 months at repeat clinic visits. Patients were labelled as disability progression responders
and non-responders after 1 year of treatment (‘Year 1 EDSS Progression’). This was repeated
after 2 years, 3 years, and 3-7 years, by comparing the latest available EDSS rating (up to 7

years after treatment initiation) with the pre-natalizumab EDSS.

I1.4.4  Statistical analysis

Demographic data are presented as mean +/- standard deviation (SD). Difference between
means was assessed using unpaired ¢ test after testing for normality of the data. To investigate
the association between early markers of disease activity and disability progression, data were
analysed in Kaplan-Meier curves using Log-Rank test and Cox regression, and also in 2x2
contingency tables using Fisher’s exact test with odds ratios (OR) and 95% confidence intervals
(CI) calculated. Chi-squared test for trend was used for 3x2 contingency tables of the Modified
Rio Score and for analysis of change in categorical data over time. Corrections for multiple
comparisons were not made, since comparisons were complementary and a consistency of
results was apparent between different groups.!” '® For the purpose of displaying results in
graphical format, results were converted to percentages. A logical regression multivariable
model was also used to investigate for multivariate associations that predict disability

outcomes. SPSS and R statistical package were used for these analyses.
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I1.4.5 Contribution to work

Joel Raffel!>?

Arie Gafson!?
Samer Dahdaleh?

Omar Malik?

Brynmor Jones®

Led on overall scientific direction of project. Collated data, performed
data analysis and interpretation of results. Supervised Arie Gafson during
data collection. Wrote the manuscript published in PLOS One, adapted for
thesis chapter.!

Contributed to data collection from 2014 onwards.

Contributed to data collection prior to 2014.

Consultant responsible for significant number of patients included in this
cohort. Reviewed text prior to submission of PLOS One paper.
Radiologist responsible for categorising number of new MRI lesions for

each participant. Reviewed text prior to submission of PLOS One paper.

Richard Nicholas'? Consultant responsible for significant number of patients included in this

cohort. Initial conceptualisation of this project. Overall responsibility and

supervision of the project throughout.

1 Division of Brain Sciences, Faculty of Medicine, Imperial College London, London, United Kingdom.

2 Imperial College Healthcare NHS Trust, London, United Kingdom.

IL.5

RESULTS

I1.5.1 Study population

During the study period, 204 patients started natalizumab treatment. Subjects were excluded

from analysis if they had discontinued natalizumab within 1 year (n = 16), if there were less

than 3 years of clinical follow-up data (n = 20), or if there were insufficient clinical or

radiological data (n = 7), leaving 161 patients for analysis. Of these, 127 received natalizumab
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throughout the study period, 9 stopped natalizumab after 1+ year of treatment and switched to
a new disease-modifying therapy, and 25 stopped natalizumab after 1+ year of treatment but
did not receive new disease-modifying therapy (Figure 8). No differences existed in
demographic, clinical and MRI data between those included in and excluded from the study.
There were no differences between Year 3-7 EDSS Progression Responder and Year 3-7 EDSS
Progression Non-Responder cohorts, other than the expected difference in most recent EDSS
(Table 2). Logistic regression multivariable analysis that included age, sex, disease duration,
number of previous treatments, pre-natalizumab relapse rate, and pre-natalizumab EDSS

confirmed that none of these baseline measures predicted response to treatment (see Section

11.5.5).
Initiated natalizumab
(n=161)
Continued Discontinued
natalizumab until natalizumab before
study end (n = 127) study end (n = 34)
/ No new New
Yrs of follow-up =4.4+0.8 treatment treatment
Yrs of natalizumab =4.4 + 0.8 (n =25) (n=9)
Yrs of follow-up =3.9+0.7 Alemtuzumab (n = 5)

Yrs of natalizumab =2.0 + 1.1 Cyclophosphamide (n = 2)
Fingolimod (n=1)
Mitoxantrone (n= 1)

Yrs of follow-up =4.3+0.6
Yrs of natalizumab =2.0+ 1.1

Figure 8: Flowchart of participants. 161 participants were included in all analyses. The treatment pathway

and mean follow-up time (years + SD).
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Year 3-7 EDSS Year 3-7 EDSS
Full Cohort Progression Progression Non-
Responders Responders
Sample size (n) 161 101 60

Mean age (years) 40.6 +10.2 39.7+10.8 42.1+9.1
Sex

Female 101 (63%) 67 (66%) 34 (57%)

Male 60 (37%) 34 (34%) 26 (43%)

Disease duration (years) 89+6.1 8.7+6.0 94+6.2

Number of previous treatments

0 42 (26%) 30 (30%) 12 (20%)

1 89 (55%) 52 (51%) 37 (62%)

2 21 (13%) 14 (14%) 7 (12%)

3 8 (5%) 4 (4%) 4 (7%)

4 1 (1%) 1 (1%) 0
Relapses 2 years prior to 30£13 3.0+1.3 29+12
natalizumab
Pre natalizumab EDSS 42+1.8 41+19 44+1.6
Most recent EDSS 45+2.0 3.7£2.0 5.8+ 1.4 ik
Years of follow-up after 43+£0.8 43+0.8 43+09
natalizumab

Table 2: Characteristics of study cohort. When divided into Year 3-7 EDSS Progression Responders and
Non-Responders, there were no significant differences between characteristics, other than the expected
difference in ‘most recent EDSS’ (**** = p < (0.0001). Values presented as mean £ SD unless otherwise

stated. Percentages are rounded to the nearest integer. EDSS = Expanded Disability Status Scale
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II.5.2  Markers of inflammatory disease do not affect disability progression

46 of 161 patients had a relapse in the first year, and 28 of 161 had new MRI activity. Modified
Rio Score was ‘0’ in 116 patients, ‘1’ in 34 patients, and ‘2’ in 16 patients. Markers of
inflammatory disease in the first year (Modified Rio Score, relapses, MRI activity) and second
year (relapses) had no significant effect on disability progression when tested as a survival
analysis (Modified Rio Score year 0-1: risk ratio 1.15, log-rank p = 0.74, Cox regression p =
0.44; Relapses year 0-1: risk ratio 1.3, log-rank p = 0.31, Cox regression p = 0.31; MRI
activity year 0-1: risk ratio 0.64, log-rank p = 0.21, Cox regression p = 0.24; Relapses year 1-
2: risk ratio 1.17, log-rank p = 0.51, Cox regression p = 0.51; Figure 9A-D). On visual
inspection of Kaplan-Meier curves, those with low Modified Rio Scores and those without
relapses in year 0-1 appeared to have lower risk of disability progression in the first two years,

but not after longer follow-up (Figure 9A-B).
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Figure 9: On-treatment inflammatory disease activity does not affect long-term disability progression,
tested as survival analysis. First year after natalizumab initiation Modified Rio Score (A), relapses (B), and
MRI activity (C), and second year after natalizumab initiation relapses (D), versus survival from EDSS
progression over time. Black markers on survival lines represent the duration of follow-up data for those
participants who have not undergone EDSS progression (i.e. the time of subject censorship in survival

analysis). EDSS = Expanded Disability Status Scale. ns = not statistically significant.

I1.5.3 Modified Rio Score predicts short-term but not medium-term disability

progression

A limitation of Kaplan-Meier curves is that events (in this case disability progression) are
treated as irreversible, which is inappropriate given that EDSS can improve with treatment. In
addition, it was observed that curves converge and cross in both the Modified Rio Score and
relapses survival analyses (Figure 9A-B), suggesting that any association between

inflammatory biomarkers and disability progression may change over time. Therefore,
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contingency tables were used to investigate the relationship between inflammatory biomarkers

and EDSS progression at specific time points of years 1, 2, 3, and 3-7.

Modified Rio Score in the first year of treatment predicted EDSS progression at year 1 and 2
(Year 1: 15/111 vs 9/34 vs 5/16 EDSS progression for those with Modified Rio Score of 0, 1,
2 respectively. Modified Rio Score 1, OR 2.3,95% CI 0.9 - 5.9; Modified Rio Score 2, OR 2.9,
95% CI1 0.9 - 9.6; p <0.05. Year 2: 25/111 vs 12/34 vs 7/16 EDSS progression for those with
Modified Rio Score of 0, 1, 2 respectively. Modified Rio Score 1, OR 1.9, 95% CI 0.8 - 4.3;
Modified Rio Score 2, OR 2.7, 95% CI1 0.9 - 7.9; p < 0.05; Figure 10A to B). However, it did
not predict EDSS progression at year 3, or year 3-7 (Year 3: 35/111 vs 12/34 vs 6/16 EDSS
progression for those with Modified Rio Score of 0, 1, 2 respectively. Modified Rio Score 1,
OR 1.2, 95% CI1 0.4 - 2.7; Modified Rio Score 2, OR 1.3,95% CI1 0.4 - 3.9; p = 0.57; Year 3-
7: 45/111 vs 12/34 vs 3/16 EDSS progression for those with Modified Rio Score of 0, 1, 2
respectively. Modified Rio Score 1, OR 0.8, 95% CI 0.4 - 1.8; Modified Rio Score 2, OR 0.3,
95% CI 0.1 - 1.3; p=0.11; Figure 10C-D). If anything, there was a paradoxical trend towards
lower Modified Rio Score predicting EDSS progression in years 3-7, although this was not
statistically significant (Figure 10D). This shift over time in the polarity of the predictive value
of Modified Rio Score on disability was caused by year-on-year increases in the proportion of
non-responders within the Modified Rio Score 0 group (p <0.0001), versus no significant year-
on-year change in the proportion of non-responders within the Modified Rio Score 1-2 group

(p = 0.90).
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Figure 10: On-treatment inflammatory disease activity predicts short-term but not long-term disability
outcomes. Early measures of on-treatment inflammatory disease in first year (A-L) and second year (M-P)

after treatment initiation, versus percentage of future EDSS Progression in year 1 (A, E, I, M), year 2 (B,
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F, J, N), year 3 (C, G, K, O), and years 3-7 (D, H, L, P). * denotes p < 0.05. ‘Modified Rio Score’ = Modified

Rio Score. EDSS = Expanded Disability Status Scale.

II.5.4 Relapses and MRI activity predict short-term but not medium-term disability

progression

Similar trends were observed when studying on-treatment relapses and MRI activity in
isolation. Relapses in the first year of treatment predicted EDSS progression at year 1 and 2
(Year 1: 16/115 vs 13/48 EDSS progression for those without and with relapses respectively.
OR 2.4, 95% CI 1.1 - 5.6, p < 0.05. Year 2: 26/115 vs 18/48 EDSS progression for those
without and with relapses respectively. OR 2.2, 95% CI 1.1 - 4.6, p < 0.05; Figure 10E-F).
However, they did not predict EDSS progression at year 3, or years 3-7 (Year 3: 36/115 vs
17/48 EDSS progression for those without and with relapses respectively. OR 1.3, 95% CI1 0.6
-2.6,p=0.58. Year 3-7: 46/115 vs 14/48 EDSS progression for those without and with relapses
respectively. OR 0.7, 95% CI1 0.3 - 1.4, p = 0.28; Figure 10G-H). Again, if anything there was
a paradoxical trend towards /ack of relapses predicting EDSS progression at years 3-7, although
this was not statistically significant (Figure 10H). New MRI activity in the first year of
treatment did not predict EDSS progression at any future time point (Year 1: 25/113 vs 4/28
EDSS progression for those without and with new MRI activity respectively. OR 0.7, 95% CI
0.2-23,p=0.78 Year 2: 37/113 vs 7/28 EDSS progression for those without and with new
MRI activity respectively. OR 0.86, 95% CI1 0.3 - 2.2, p =0.82. Year 3: 46/113 vs 7/28 EDSS
progression for those without and with new MRI activity respectively. OR 0.6, 95% CI1 0.2 -
1.6, p=0.38. Year 3-7: 54/113 vs 6/28 EDSS progression for those without and with new MRI
activity respectively. OR 0.4, 95% CI 0.2 - 1.0, p = 0.08; Figure 10I-L). Again, there was a
paradoxical trend towards lack of new MRI activity predicting EDSS progression at years 3-7,

although this was not statistically significant (Figure 10L). As before, this shift over time in the
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polarity of the predictive value of relapses and MRI activity on disability was caused by year-
on-year increases in the proportion of non-responders within the ‘no relapses group’ (p <
0.0001) and ‘no new MRI activity group’ (p < 0.0001), versus no significant year-on-year
change in the proportion of non-responders within the ‘relapses group’ (p = 0.89) and the ‘new

MRI activity group’ (p = 0.54).

Similarly, the subgroup of patients with new gadolinium-enhancing MRI lesions in the first
year of treatment (n = 14) had no difference in EDSS progression in future years (Year 1:
25/147 vs 4/14 EDSS progression for those without and with new gadolinium enhancing lesions
respectively. OR 2.0, 95% CI1 0.6 - 6.7, p = 0.28. Year 2: 40/147 vs 4/14 EDSS progression
for those without and with new gadolinium enhancing lesions respectively. OR 1.1, 95% C1 0.3
- 3.6, p = 1.0. Year 3: 48/147 vs 4/14 EDSS progression for those without and with new
gadolinium enhancing lesions respectively. OR 0.8, 95% CI1 0.2 - 2.8, p=1.0. Year 3-7: 56/147
vs 4/14 EDSS progression for those without and with new gadolinium enhancing lesions
respectively. OR 0.65, 95% CI1 0.2 - 2.2, p = 0.57). Relapses in the second year of treatment
were also unable to predict EDSS progress at future time points (Year 1: 17/109 vs 12/52 EDSS
progression for those without and with relapses respectively. OR 1.6, 95% CI1 0.7 - 3.7, p =
0.28. Year 2: 28/109 vs 16/52 EDSS progression for those without and with relapses
respectively. OR 1.3, 95% CI1 0.6 - 2.7, p = 0.57. Year 3: 34/109 vs 19/52 EDSS progression
for those without and with relapses respectively. OR 1.3, 95% CI1 0.6 - 2.5, p = 0.59. Year 3-7:
40/109 vs 20/52 EDSS progression for those without and with relapses respectively. OR 1.1,

95% CI 0.5 - 2.1, p = 0.86; Figure 10M-P).
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II.5.5 Results are not affected by change in medication, baseline disability, or

neutralising antibodies

As may be expected, patients with inflammatory activity on natalizumab treatment were more
likely to switch to other disease-moditfying therapies, such as alemtuzumab, fingolimod, or
cyclophosphamide. 8/46 of those with relapses in year 0-1 switched to an alternative treatment
at some point during the 3-7 year follow-up period of this study, versus 1/115 of those with no
relapses. However, the trends observed in this study remained consistent with subgroup
analyses after exclusion of those that switched to other medications (for example as represented
in Figure 11). Trends also remained consistent with subgroup analysis restricted to those with
baseline EDSS scores <4 (n = 68) or >4 (n = 93), and also after exclusion of those with known
neutralising antibodies (n = 6). There was no significant difference in mean follow-up time
between those with different Modified Rio Scores, or indeed any of the other individual

inflammatory measures.

Logistic regression multivariable model considered variables relating to demographics, disease
history, and markers of inflammatory disease (age at natalizumab initiation, sex, pre-
natalizumab relapse rate, pre-natalizumab MRI lesion count, pre-natalizumab MRI enhancing
lesion count, number of previous treatments, post-natalizumab relapse rate, and post-
natalizumab new MRI lesions), and found no further predictive relationships for disability

outcomes (multiple r-squared: 0.051, p = 0.46).
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Figure 11: Results remain consistent after exclusion of those who switched from natalizumab to other
disease-modifying therapies. On-treatment relapses in first year after treatment initiation versus
percentage of future EDSS Progression in year 1 (A), year 2 (B), year 3 (C), and years 3-7 (D). EDSS =

Expanded Disability Status Scale.

I1.5.6  Relapses in the first year of treatment with natalizumab predict further relapses

Relapses in year 0-1 of treatment were correlated with the risk of further relapses in years 1-3.
35 of 115 (30%) with no relapses in year 0-1 reported relapses in years 1-3. In contrast, 31 out
of 46 (67%) with relapses in year 0-1 reported relapses in years 1-3 (OR 4.7, 95% CI 2.3 - 9.8,

2 <0.0001).

I1.6 DISCUSSION

This was the first study to report on-treatment predictive measures of long-term disability
outcomes in a cohort of patients on natalizumab, and has been published in PLOS One.' The
study finds that relapses and Modified Rio Score in the first year of natalizumab treatment
predict year 1 and year 2 EDSS progression. However, this effect disappears after three years
of follow-up. If anything, there is a consistent paradoxical trend towards on-treatment relapses,

MRI activity, and high Modified Rio Score predicting better 3-7 year disability outcomes,
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versus pre-treatment baseline EDSS, although this did not reach statistical significance. This
shift over time was driven by highly significant year-on-year increases in disability progression
specifically in those without on-treatment inflammatory activity. In this group it was less likely
for the EDSS to worsen in the first 1-2 years, but far more likely for the EDSS to worsen over
each subsequent year. Results were consistent when restricted to those who remained on
natalizumab throughout the follow-up period. Given this, these data could suggest a disconnect
between natalizumab’s ability to suppress focal inflammatory activity underlying relapses and

new T2 MRI lesions, and its putative effect on the progression of long-term disability.

Previous studies looking at predictive measures of treatment response have tended to focus on
earlier generation MS treatments such as B-interferons and glatiramer acetate. Like ours, these
studies identified on-treatment MRI activity and relapses as medium-term (<3 years) prognostic
markers of EDSS progression and/or further relapses.®!> However, the majority had limited
follow up and thus conclusions on long term disability could not be made.”!? It would be of
interest whether long-term follow-up data from the above studies would find results consistent
with ours. Alternatively, it could be that the prognostic importance of relapses and MRI activity

differs between B-interferons, glatiramer acetate, and natalizumab treatment.

One should consider why on-treatment inflammatory activity predicts medium-term disability
outcomes but may not predict long-term disability outcomes. It is possible that the predictive
effect of relapses and MRI activity on short-term EDSS outcomes could reflect a predictive
effect on relapse-mediated worsening of disability, which may be fully or partially reversible
with sufficient follow-up.'?° Related to this is a potential reporting bias, especially in studies
based in the working neurology clinic, where it can be challenging to distinguish relapses from

a true worsening of EDSS, and so both may be reported interdependently. This reporting bias
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is likely to decrease with long-term follow-up. In addition, the study found that relapses in year
0-1 predict further relapses in years 1-3, in common with several of the above studies, which
could again partly reflect a patient reporting bias.” 1% 12 Future studies should use long-term

disability progression as the preferred primary outcome.

Year 0-1 on-treatment MRI activity did not predict poor disability outcomes at any time point.
This supports a post hoc analysis of randomized controlled trial data which showed that
natalizumab is clinically effective even in those with on-treatment MRI activity.?! Of course,
some new T2 lesions might have developed before natalizumab became effective, which would
dilute the predictive power of this outcome.?” Future datasets could aim to ‘re-baseline’ the

22 However, since

patients with MRI scans performed 6 months after natalizumab initiation.
gadolinium enhancing MRI also did not predict poor disability outcomes in the study reported
in this chapter, this supports the lack of correlation between new MRI activity and long-term
prognosis. Similarly, some relapses in years 0-1 may have developed before natalizumab

became effective, but the data on year 1-2 relapses supports the lack of correlation between

relapses and long-term prognosis.

Several caveats should be considered for this study. The cohort size is modest, and results
should be replicated in larger cohorts. Importantly, the cohort had a high baseline EDSS (mean
baseline EDSS 4.2) in comparison to B-interferon and glatiramer acetate studies (mean baseline
EDSS 2 to 3), reflecting the fact that at the time of data collection there were limited treatment
options available for highly active relapsing-remitting and relapsing-progressive MS. The
cohort also had poorer outcomes - 46 of 161 patients had a relapse in the first year and 44/161
had EDSS progression by year 2 - than previously described natalizumab cohorts with less

baseline disability such as those in the pivotal randomised controlled trials.'® '° It is likely that
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some patients had already entered the predominantly progressive stage of disease which is less
responsive to treatment.?> ?* Therefore, within this cohort, it could be that on-treatment
breakthrough inflammatory activity is not a poor prognostic marker for long-term disability
since it signifies that the patient does have an ongoing treatable focal inflammatory disease
component, as opposed to others in the cohort who may have entered a predominantly
irreversible neurodegenerative progressive stage of disease. That said, those with on-treatment
inflammatory activity had equivalent baseline age and EDSS to those without on-treatment
inflammatory activity. In addition, results remained consistent when restricted to those with

baseline EDSS <4.

Other caveats arise from the retrospective method of data collation, the potential bias caused
by exclusion of those with <1 year of natalizumab treatment, and that follow-up time was
variable although always greater than 3 years. Kaplan-Meier curves tended to converge after
this 3-year time point, bringing about the possibility that associations were affected by selection
bias related to duration of follow-up, although this seems unlikely since follow-up duration was
consistent between groups. The observational nature of this study means one cannot speculate
whether patients might have gained greater benefit from other treatments. Randomised
controlled interventional studies are required to investigate whether those with breakthrough

inflammatory activity would benefit from switching to other highly active treatments.

The data presented in this chapter suggest that neither decrease in relapse rate, MRI activity,
nor short-term stability of EDSS can be assumed to equate with better long-term prognosis.
There is a need for improved biomarkers to predict long-term response to treatment in MS. This
supports the rationale for the study reported in Chapter 3, which investigates 18 kDa

translocator protein (TSPO) positron emission tomography with the novel radiotracer '*F-
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GE180 as a possible biomarker for central nervous system inflammation in MS, and as a

possible tool for predicting long-term response to disease-modifying therapy.
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Chapter 3

18 kDa Translocator Protein Radioligand "*F-GE180 as a Marker of

Neuroinflammatory Activity in Multiple Sclerosis
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III.1  ABSTRACT

Background: Activated microglia are observed in focal inflammatory lesions and cortical grey
matter pathology, and may play a key role in both inflammatory and neurodegenerative disease
in multiple sclerosis (MS). 'F-GE180 is a newly developed positron emission tomography
(PET) molecular imaging radiotracer that targets the 18 kDa translocator protein (TSPO)
receptor on microglia and other cells, and could be used as a marker of response to disease-
modifying therapy. At the time at which it was conducted, this was the first study to characterise

the performance of '*F-GE180 in humans.

Objective: To investigate the kinetics of the '®F-GE180 ligand and whether it labels its target
receptor in the target organ. To evaluate '*F-GE180 PET as a marker for disease activity in MS,

and as a surrogate for response to natalizumab treatment.

Methods: 16 subjects with MS completed 'F-GE180 PET at three time points: before, 10
weeks after, and 58 weeks after initiation of natalizumab. 11 healthy controls had one '®F-
GE180 PET scan. In addition, a ‘blocking study’ investigated whether 'SF-GE180 PET is
actually labelling TSPO: 6 subjects with MS had a baseline 'F-GE180 PET, followed two
weeks later by a repeat PET after administration of the potent TSPO ligand XBD-173. A variety
of methodological approaches were evaluated, including the gold-standard volume of

distribution (V7).

Results: Administration of 'SF-GE180 PET was safe, and well-tolerated by all participants. In

total, 71 PET scans were completed, making this the largest study of TSPO PET in MS to date.
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A reversible two-tissue compartment model best fitted the data. Unfortunately, the mean
regional delivery rate constant K; was unexpectedly low (~0.01 mL/cm® min—1), suggesting
poor extraction (~1%) across the blood-brain barrier. V't values were correspondingly low —
with a whole brain mean of 0.29 + 0.17 mL/cm? in subjects with MS. F-GE180 V't was not
able to detect differences in binding affinity relating to a known single nucleotide

polymorphism in TSPO.

The MS ‘blocking study’ suggested that '*F-GE180 V't does include some specific signal, even
if absolute V't values are low. The non-displaceable distribution volume (¥np) was 0.18 + 0.05
mL/cm? or 0.11 ml/cm?® using the occupancy plot (not constraining or constraining Vxp to be
the same for all participants, respectively) and 0.20 ml/cm® using the polymorphism plot. On
average, V'np accounted for 55% of V't in the whole brain, suggesting that 45% of V't represents

specific binding.

This allowed cautious exploration of the ‘natalizumab cohort’ data. V't was increased in MS
lesions at baseline. There was no difference in V't between MS and healthy controls in other
regions of interest. By 58 weeks after natalizumab initiation, V't had decreased in MS lesions,
but not in other regions of interest. There were no associations between PET outcomes and
clinical outcomes. The increased '®F-GE180 Vr in lesions was not affected by TSPO binding

affinity.

Conclusions: '®F-GE180 has considerably lower extraction across the blood-brain barrier than
expected from animal studies and compared to other TSPO tracers. The ‘blocking study’
suggests that '*F-GE180 does exhibit some specific binding. However, the tracer is still limited

by poor signal-to-noise ratio. '*F-GE180 V1 was not able to detect increased TSPO in MS in
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the grey matter or normal-appearing white matter as previously reported with other tracers, or
differences in TSPO binding affinity as expected. The ‘natalizumab cohort’ showed increased
E_.GE180 V't in MS lesions, which is responsive to natalizumab treatment, although these
results are considered most likely to reflect changes in blood-brain barrier permeability rather
than changes in TSPO expression. Overall, these results lend support to the conclusion that ¥F-
GE180 is not a useful marker of TSPO expression in healthy controls or people with MS. Other
TSPO tracers with improved performance may be useful in evaluating early response to disease-

modifying therapy in MS.

Publication outcomes: Results of kinetic analysis in healthy controls published in The
European Journal of Nuclear Medicine and Molecular Imaging with thesis author as co-

author.!

Results from the ‘blocking cohort’ published in Molecular Imaging and Biology with the thesis

author as ‘joint first author’ >

8F_.GE180 PET results from the ‘natalizumab cohort” were initially intended to be the main
focus of this thesis. However, given the disappointing pharmacokinetic characteristics of '*F-
GE180 as reported in the above two papers, the results of the ‘natalizumab cohort’ have not
been submitted for publication. Additional studies as described in Chapter 4 and Chapter 5 were
undertaken by the thesis author in lieu of the '®F-GE180 PET analysis from the ‘natalizumab

cohort’.
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III.3 INTRODUCTION

In the previous chapter, data were presented to conclude that clinical relapses and new MRI
lesions did not predict long-term disability progression in people with multiple sclerosis
(PWwMS) on natalizumab treatment. It is still possible that neuroinflammatory activity after
treatment is related to long-term prognosis, but that ‘relapses’ and ‘new MRI lesions’ are
limited as outcome measures in multiple sclerosis (MS), for possible reasons including the

following:

- Clinical relapses and new MRI lesions are both somewhat ‘blunt instruments’ for the
quantification of neuroinflammatory activity. They are mostly used as binary outcomes
(yes/no), and do not capture the complexity of in vivo neuroinflammation, for example
the change in inflammatory activity within an individual lesion. The detection of a new
relapse or new MRI lesion is also dependent on the location of neuroinflammation.*”’
The reporting of relapses by patients is subjective and variably reported, and subject to

inter-rater variability.°

- The time course to develop a new MRI lesion is problematic for assessing the efficacy
of a medication. If a subject is assessed 6-months after initiating treatment for example,
a ‘new’ lesion on MRI may reflect disease activity from the first few months of

treatment or even preceding treatment.'°

- More fundamentally, it is possible that ‘focal white matter inflammation’ is not directly

related to the neurodegeneration which accompanies the gradual accumulation of

disability in the progressive phase of disease. This neurodegeneration may be
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accompanied by a different type of inflammation, compartmentalised within the central

nervous system, and located behind a relatively intact blood-brain barrier.” !1-1°

This chapter introduces 18 kDa translocator protein (TSPO) PET, which could address some or
all of the above issues. The TSPO PET radioligand 'F-GE180 is evaluated as a marker for

disease activity in MS, and as a surrogate for response to natalizumab treatment.

I11.3.1 Microglia as a marker of disease activity in MS

It is likely that focal white matter inflammation is instigated, in part, by T and B lymphocytes.
However, it is activated macrophage/microglial cells that execute the downstream event of
myelin phagocytosis.!® Activated microglia are observed in all established lesions showing
active demyelination, and so the presence of microglia is seen as a good indicator of active focal

neuroinflammation.!” An example of microglia in an active white matter lesion is shown in

Figure 12.

Figure 12: Immunofluorescent stain in white matter lesion of post-mortem human MS brain. Performed by
the thesis author using antibody to ionised calcium-binding adapter molecule 1 (which labels activated
microglia, red) and antibody to myelin oligodendrocyte glycoprotein (MOG, which labels myelin sheath,

green), as previously described.'®
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Activated microglia are also observed in cortical grey matter pathology, and correlate with the
degree of meningeal inflammation and cortical demyelination.!* In recent years, the case for
microglia/macrophages playing a key role in neuroaxonal degeneration and progressive disease

in MS has grown.!7- 120

I11.3.2 TSPO PET to measure neuroinflammation in MS

Positron emission tomography (PET) is a nuclear medical imaging technique that produces a
three-dimensional image of biologically active functional processes in the body. A radiotracer
is selected that binds to a specific molecule of choice, and the levels of this molecule can then
be visualised. The advent of PET offers advantages over conventional MRI, which produces

detailed images of structure, but cannot image biologically active functional processes.

One such molecule that can be visualised by PET imaging is the 18kDa translocator protein
(TSPO). TSPO is an outer mitochondrial membrane protein, expressed in the brain and many
other tissues, and thought to be involved in mitochondrial ‘household’ functions such as
cholesterol transportation.?! TSPO PET is considered an in vivo marker of neuroinflammation,
since TSPO is expressed on microglia and other cells at sites of active CNS pathology.?*-*
TSPO PET signal is upregulated in a variety of neuroinflammatory and neurodegenerative
diseases, including Alzheimer’s disease,?>2° frontotemporal dementia,?’ Parkinson’s disease,?®

amyotrophic lateral sclerosis,”” Huntington’s disease,*” and viral encephalitis.’!-3?

In tissue studies in MS, TSPO expression is increased in active lesions and at the edges of

chronic active lesions, due to the increased density of TSPO-expressing microglia, including
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microglia which do not have a traditional ‘activated phenotype’, and to a lesser extent in

astrocytes and occasional B cells.?% 3334

Clinical TSPO PET studies in MS have shown increased signal within lesions, and in peri-
lesional white matter, normal-appearing white matter, and cortical grey matter, with the strength
and pattern of TSPO PET signal correlating with clinical outcomes.? >4 TSPO PET is

therefore a promising biomarker for neuroinflammation and neurodegeneration in MS.*!

I11.3.3 TSPO PET for treatment efficacy in MS

TSPO PET signal may be expected to decrease after treatment with any effective disease-
modifying therapy (DMT), since microglia are key downstream effector cells in MS.!¢
Histological evaluation of microglia activity is used routinely in the assessment of DMT
efficacy in animal models of MS. In humans, there is evidence of decreased microglial activity
after natalizumab, using a cerebrospinal fluid biomarker.* In an animal model of MS, TSPO
PET was able to quantitate microglial activation, which diminished after treatment with
DMTs.* In humans, TSPO PET signal was found to decrease after treatment with glatiramer
acetate and fingolimod, although these studies were limited by the low number of participants,
and there was no attempt to correlate TSPO PET signal with individual response to treatment.**
45 Since TSPO PET could quantify the rate of neurodegeneration, it may be able to assess
treatment efficacy at a far earlier time point than biomarkers which quantify the extent of
neurodegeneration such as MRI brain atrophy or optical coherence tomography, as depicted in

Figure 13.
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Figure 13: Biomarkers of in vivo rate of neurodegeneration should be able to detect treatment effect at
earlier time point than biomarkers of in vivo extent of neurodegeneration. OCT = optical coherence

tomography

TSPO PET is therefore a possible biomarker which could empirically assess disease activity —
both inflammatory and neurodegenerative - and therefore could predict long-term response to
DMTs in MS. TSPO PET could also be used in the therapeutic pipeline as an early biomarker
of a medication’s efficacy in MS, and in clinical trials as an early clinical endpoint, especially
if it 1s sensitive to changes in neurodegenerative activity.

I11.3.4 '8F-GE180: a novel TSPO PET radiotracer

The aforementioned TSPO PET clinical studies in MS mostly used the TSPO radiotracer [!'C]-

PK11195. However, ['!C]PK-11195 has high nonspecific signal, and requires nonstandard

approaches to data analysis.***® In addition, because !'C has a short half-life (20.3 minutes),



[''C]PK-11195 can be used only in locations with on-site cyclotrons.*’

Several TSPO ligands have recently been developed, with the aim of greater specific binding
and improved signal-to-noise ratio. '*F-GE180 (GEH120714) is one such radiotracer. It has
several theoretical advantages over [!'C]-PK 11195, including higher binding potential.**->? In
rats, the pharmacokinetic profile of '®F-GE180 has higher level of specific binding in TSPO
rich organs and brain regions. There is no marked binding of '®F-GE180 in rat brain regions
where TSPO is not found such as the striatum. '*F-GE180 also has improved performance over
[''C]-PK11195 in regards to brain uptake in animals.’*>? In addition, it is possible for '3F-
GE180 to be manufactured and then transported to hospital sites for use, unlike [''C]-based

ligands, thus increasing its clinical and commercial application.

There is a known single nucleotide polymorphism in TSPO, affecting the binding of most PET
tracers for the protein, which leads to the stratification of subjects into high, mixed and low
affinity binders (HABs/MABs/LABs).>® In vitro data shows that '®F-GE180 should be subject
to the same polymorphism in the TPSO gene which affects other ‘second generation’ tracers,

with greatest signal observed in HABs, then MABs, and with very low signal in LABs. 3%

II1.3.5 '8F-GE180 in vivo characteristics: necessity for an ¥F-GE180 ‘blocking study’

Prior to the work undertaken as part of this thesis, '*F-GE180 had yet to be tested in humans,
other than an unpublished Phase 1 study to assess safety.’® Therefore, as an early part of the
‘natalizumab study’ described below, it was necessary to characterise the tracer kinetics of '8F-
GE180 in healthy controls (HCs). As reported under Results (Section II1.5), these early

pharmacokinetic results suggested that '8F-GE180 has unexpectedly low brain penetration.
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Given the disappointing characteristics of '®F-GE180 suggested by these early results, it
because important to consider whether the ligand was actually labelling its target receptor in
the target organ. If '8F-GE180 does not bind to TSPO in the MS, then of course one cannot use
BF_.GE180 to investigate the effect of DMTs on neuroinflammation in the MS brain. An
additional study, referred to as the ‘blocking study’ in this chapter (see methods), was therefore
added to the study protocol. Here, the non-displaceable (non-specific) component of the total
volume of distribution is estimated for TSPO tracers, allowing the displaceable (specific)
component to be derived.’’ In short, for the TSPO ligand of interest, the total volume of
distribution is calculated both before and after blockade with the potent TSPO ligand XBD-173
(emapunil), to allow various approaches to derive the non-displaceable component of the

volume of distribution. This is described further under the Methodology section.

II1.3.6 Study overview

8F_.GE180 PET scans were completed in 16 patients with relapsing-remitting MS who were to
receive natalizumab for clinical reasons, followed by two further PET scans after natalizumab
initiation (week 10 and week 58). 'F-GE180 PET scans were also performed in 11 HCs. In
addition, 6 PwMS had a ‘blocking study’: baseline '*F-GE180 PET, followed two weeks later
by arepeat PET after administration of the potent TSPO ligand XBD-173. Other investigations
including MRI were performed to further characterise the clinical significance of any change

in PET signal.

The ‘blocking study’ aims to identify whether the '*F-GE180 ligand is labelling TSPO.
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The ‘natalizumab cohort’ aims to provide initial data on the response of '®F-GE180 PET to
natalizumab, and its predictive value for clinical response to treatment. The study could provide
proof of concept for broader future studies required to confirm definitive clinical utility for

TSPO PET in MS therapy response monitoring.

1114 METHODOLOGY

I11.4.1 Study administration

Funder: GE Healthcare collaboratively with Fast Forward LLC

Amount Awarded: £464,519.

Sponsor: Imperial College Healthcare NHS Trust London

Principle Investigator: Dr Richard Nicholas

Location of the research: All procedures involving study participants were undertaken within the
sites of the hospitals that form part of Imperial Academic Health Sciences Centre (AHSC) i.e. the
Hammersmith Hospital, St Mary’s Hospital and Charing Cross Hospital. All MRI and PET
scanning was performed at the Hammersmith Hospital site in the Imperial College Clinical

Imaging Facility.

1I1.4.2 Objectives

Primary objectives

- To investigate tracer kinetics and identify whether the 'SF-GE180 ligand is labelling its

target receptor in the target organ.
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To examine whether there are quantitative changes in TSPO, as measured by '*F-GE180
PET imaging, induced by natalizumab at early (10 weeks) and late (58 weeks) time points

in PwMS with active disease.

Secondary objectives

To compare baseline '*F-GE180 PET signal in MS patients with HCs.
To correlate quantitative changes in '*F-GE180 PET with markers of clinical response to
natalizumab treatment.

To determine the relationship between TSPO polymorphism and '®F-GE180 signal.

I11.4.3 Study hypotheses

8F_.GE180 will label TSPO in the central nervous system in HCs and PwMS.

BF.GE180 TSPO PET signal will be higher in PwWMS than aged-matched controls, in
lesions, normal-appearing white matter, and normal-appearing grey matter.

BF_.GE180 TSPO PET signal will correlate with disability in PWMS

8F_.GE180 TSPO PET signal will decrease after treatment with natalizumab and will predict

long-term progression of disability.

111.4.4 ‘Natalizumab cohort’ overview

Subjects with MS underwent baseline MRI and 90-minute dynamic '*F-GE180 PET, MRI, and

clinical assessment prior to starting natalizumab. Study activities were repeated 10 weeks

(between 3™ and 4" infusion) and 58 weeks (between 13" and 14" infusion) after commencing
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natalizumab. HCs visited at baseline only (Figure 14). The study was observational, since

participants were due to start natalizumab for clinical reasons, as part of their routine NHS care.

Consent and . .
Recruitment Screening Baseline Visit Follow-up Visit 1 Follow-up Visit 2
Visit

Week 0
Patient starts natalizumab
1

4 A 4 N\ ) :
: 10 weeks after 58 weeks after
People with active MRI 1 initiation of treatment: initiation of treatment:
Consent 1
s
inical t
clinical reasons _ nent Cognitive assessment 1x TSPO PET-CT 1x TSPO PET-CT
n=17 Screening bloods Clinical assessment Cognitive assessment Cognitive assessment
Clinical assessment Clinical assessment
./ | |
- ~\ - ) )
MRI
Healthy volunteers Consent 1x TSPO PET-CT
Clinical assessment .
n=11 Cognitive assessment

Screening bloods

Clinical assessment
| -~/ -~

Figure 14: ‘Natalizumab cohort’ design. TSPO PET-CT = 3F-GE180 PET and computerised tomography

scan.

II1.4.5 ‘Blocking study’ overview
Subjects with MS underwent baseline MRI and 90-minute dynamic '*F-GE180 PET. One week
later, participants returned for a post-block '*F-GE180 PET scan; they were administered a

90mg oral dose of XBD-173 two hours prior to a repeat PET scan (Figure 15).
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baseline visit:
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peop MS Clinical assessment N 1xTSPO PET-CT
) Cognitive assessment (with XBD-173)
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Figure 15: ‘Blocking study’ design. TSPO PET-CT = ®F-GE180 PET and computerised tomography scan.

I11.4.6 Subject recruitment

People with relapsing MS due to start natalizumab for clinical reasons were identified from
NHS hospitals with outpatient neurology clinics within Imperial College Healthcare NHS
Trust, including Charing Cross Hospital and St Mary’s Hospital. Controls were recruited from
friends and carers of patients, existing volunteer databases, and through advertisements on
Imperial College London noticeboards. Potential study participants were given written and
verbal information by an investigator about the study and invited to participate. Subjects were
given at least one week to read the participant information sheets, before attending the consent
and screening visit. Participants provided written informed consent, under ethics approved by
the Westminster Research Ethics Committee, London (13/L0O/1596), the Riverside Research
Ethics Committee (13/LO/1916, 14/L0O/0343), and the Administration of Radioactive

Substances Advisory Committee (no. 631/336/30788).

At the screening visit, a blood test was taken for routine clinical laboratory blood tests including
full blood count, renal function test, liver function test and clotting profile, and to assess the

TSPO polymorphism.



I11.4.7 Inclusion and exclusion criteria

Inclusion criteria

e Adequate visual, auditory and communication capabilities, and able to provide informed
consent.

e Able to attend all study visits and have a high probability of completing the study in the
opinion of the investigator.

e Clinically healthy, with no evidence of active neurological (other than MS), psychiatric,
or systemic disease, for at least one month before inclusion in the study, as ascertained
by detailed medical history, physical examination, and routine laboratory blood
assessment. As a guide, those with chronic ischaemic heart disease, lung disease, liver
disease, chronic kidney disease (stage IV or V), vascular disease, or diabetes would be
excluded from the study, whereas those with well-controlled asthma, which is not
currently active, could be included.

e Not currently on any medication that would interfere with the study or compromise
participant safety.

e For women of childbearing potential, the results of a serum or urine human chorionic
gonadotropin pregnancy test (performed at screening visit, and immediately prior to any

TSPO PET scan) must be negative.

Additional inclusion criteria, healthy controls:

e aged 25-65 years old
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Additional inclusion criteria, people with MS
aged 25-65 years old

Meet 2010 McDonald criteria for relapsing-remitting MS.>3

Additional inclusion criteria, people with MS (natalizumab cohort only)
The subject had decided, with their clinician, to commence natalizumab treatment for
clinical reasons. For this, the subject needs to be eligible for NHS treatment with
natalizumab under NICE guidelines (NICE Technology appraisal guidance 127)°° under
either of the two following categories:
o ‘Rapidly Evolving Severe MS’: patients who have had two or more disabling
relapses in one year and one or more gadolinium-enhancing lesions on brain
MRI or a significant increase in T2 lesion load compared with a previous MRI
Or
o ‘Suboptimal therapy group’: patients who have failed to respond to a full and
adequate course of a beta interferon. Patients should have had at least one relapse
in the previous year while on therapy and have at least nine T2-hyperintensive

lesions in cranial MRI or at least one gadolinium-enhancing lesion.

Exclusion criteria
Low '8F-GE180 binding polymorphism of TSPO on screening.
Structural lesions on MRI.
Previous participation in research involving nuclear medicine, PET, or other
radiological investigations with significant ionizing radiation exposure (>2mSv) in the
last 12 months.

Previous participation in medicinal trial within 4 months of study entry.
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e Pregnant or breast-feeding.

e History of alcohol and/or drug abuse within the last 2 years.

e Contraindication for MRI (such as pacemaker, presence of metallic fragments near the
eyes or spinal cord, cochlear implant, claustrophobia).

e Contraindication to arterial line insertion (such as positive Allen’s test indicating ulnar
arterial insufficiency, prolonged prothrombin time).

e History of drug allergy or other allergy that, in the opinion of the investigators,

contraindicates their participation in the study.

Withdrawal criteria

Potential participants and their relatives/carers were informed that their participation is entirely
voluntary, and that they were free to change their mind or withdraw from the study at any time

without needing to give a reason and without prejudicing their medical care in any way.

If a participant who has given informed consent loses capacity to give informed consent, the
participant would be withdrawn from the study. A participant that suffers a serious adverse

event would be withdrawn from the study.

I11.4.8 Sample size considerations

For the ‘natalizumab cohort’, there were limited data with which to power the study. Previous
TSPO PET studies of MS have used sample sizes of between 12 and 22 to show an overall
effect of changes in TSPO binding in MS compared with control.?* 3% 3% 3 The TSPO ligand

used in this study, 'SF-GE180, was expected to provide increased sensitivity.’! At study



conception, only one previous study had attempted to measure TSPO PET response to
treatment; nine patients were enrolled to show a population-wide decrease in global ['!C]-
PK 11195 signal after glatiramer acetate.** However, this study was not powered to correlate
individual change in ['!C]-PK 11195 signal with individual clinical response to the medication.
To do this — i.e. to gather enough pilot data to power future studies on the use of PET in
predicting treatment response — expert opinion was that 25 patients should be investigated in
this longitudinal observational study. After the initial disappointing results from this study
relating to the unexpectedly low brain penetration of '®F-GE180,! it was decided that the 17
patients that had already enrolled in the study should complete the study (after appropriate

discussion with the participant), and that no further subjects should be recruited.

For the ‘blocking study’, six subjects were recruited, in keeping with previous TSPO blocking

studies.”’

111.4.9 Scanning protocol

8F_.GE180 was synthesised as previously described on a FastLab™ platform.’! Quality
assurance checks were performed prior to injection to ensure the product meets specification as
laid down by the local product manufacture specifications. A low dose computerised
tomography scan was performed for attenuation correction immediately prior to a 90-minute

dynamic PET scan on a Siemens Biograph 6 with a field of view of 168 x 168 x 148 mm?.

The tracer was injected as an intravenous bolus over the course of 30 seconds with a target dose
of 185 MBq. List-mode data were histogrammed into 24 frames (6 x 90s, 3 % 180s, 5 x 600s,

5 x 1500s and 5 x 3000s) and reconstructed using filtered back projection with a ramp filter.



Reconstructed voxel size and spatial resolution were 1.57 x 1.57 x 1.92 mm and ~5 mm
respectively. Participants were asked to lie with their head still for the 90-minute duration of

the scan.

All participants underwent MR scans at each study visit, including T1 magnetisation prepared
rapid gradient echo before and after the injection of gadolinium, double-inversion recovery, and
phase-sensitive inversion recovery sequences. All experiments were carried out using the same
Siemens 3 Tesla Magnetom Verio MRI scanner with a 32-channel head coil. A magnetisation-
prepared rapid gradient-echo sequence was used to obtain high-definition T1 weighted scans
with the following parameters: repetition time (TR) = 2300ms; echo time (TE) = 3ms; inversion
time (TI) = 900ms; 160 slices; voxel size 1x1xImm, GRAPPA = 2. Double inversion recovery
pulse (TR/TE/TI, 7500/325/3000ms, 128 slices, voxel size 1.3x1.3x1.3mm, GRAPPA = 2), and
phase sensitive inversion recovery (TR/TE/TI, 10000/9.3/1500ms, 60 slices, voxel size
0.5x0.5x2mm, GRAPPA = 2) sequences were also acquired for the identification of white

matter and grey matter lesions.

I11.4.10 Arterial plasma measurement

Participants were cannulated in their radial artery and blood was withdrawn continuously at a
target rate of 2.5 ml/min from the start of each scan for the first 15 minutes. In addition, six
discrete blood samples were drawn at 0, 5, 10, 15, 30, 50, 70 and 90 minutes for metabolite
analysis. Tracer concentrations in whole blood and plasma were measured in a well counter and
radiometabolite analysis performed using two high performance liquid chromatography
systems (Agilent 1260 Infinity and Agilent 110 Series) in isocratic mode. Briefly, samples were

spun down to obtain plasma, which was then added to acetonitrile to precipitate proteins. After
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centrifugation, the samples were rotary evaporated, analytes collected and reconstituted in 7%
ethanol solution and filtered in 15mm syringe filters with a nylon membrane of pore-size 0.2pum.

At the end of the PET scanning, the arterial lines were removed.

I11.4.11 Image analysis

PET images were reconstructed with scatter correction and measured attenuation correction.
PET images underwent frame-to-frame realignment and were co-registered with T1 MRI in
PMOD (v3.6, PMOD Technologies Ltd., Switzerland). Co-registrations were quality checked
manually. MRI was used to segment the brain into the 83 regions using the Hammers atlas.®
These regions were inspected manually for overlap and edited where necessary to minimise

spill-over from large-vessel vascular activity.

White and grey matter lesions were identified on T1 scans with co-registered double inversion
recovery and phase sensitive inversion recovery sequences. Lesions were segmented in T1
space using a customised tool developed by the BioMedIA group at Department of Computing,
Imperial College London (Figure 16). The tool makes use of a semi-automated segmentation

].61

method based on that of Criminisi ef al.®* Lesion masks were also used to derive total lesion

volumes.



T1-weighted MRI

Manual lesion
segmentation of
lesions in T1 space
(WM and GM)
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Double Inversion Recovery
(DIR) MRI to assist lesion
identification

Figure 16: Method for lesion segmentation in T1 space. Co-registered double inversion recovery (as picture
above) and phase-sensitive inversion recovery MRI were used to assist in the accurate segmentation of

lesions in T1 space. WM = white matter; GM = grey matter.

I11.4.12 Kinetic analysis

All kinetic analysis was performed in PMOD. Calibrated continuous and discrete blood data
were corrected for decay and the parent fraction of tracer in plasma calculated for each discrete

sample. Plasma-over-blood ratios were calculated and the parent fraction of tracer in plasma

uB+c

fitted to a Watabe parent fraction model of the form: fp,qrene(t) = fp. {1 ( 1,45 )} 62 This was

multiplied with the continuous whole blood data to produce a metabolite-corrected arterial

plasma input function.
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Selected regions of interest were chosen for further investigation. These included the thalami,
cortical grey matter, cerebellum and normal appearing white matter. /'t was calculated from the

unconstrained two-tissue compartment model as previously described.!: %3

I11.4.13 Calculating the non-displaceable component of V't [blocking study]

Three methods were used to determine the non-displaceable (Vxp), and displaceable (Vs)
components of the total volume of distribution (V7). Of these methods, two were independent:

the occupancy plot (methods 1a and 1b) and the polymorphism plot (method 2).

Method 1a: Occupancy plot with individual Vap

A 64

The occupancy plot is an adaptation of the Lassen plot described by Cunningham et al.>* Given

that VPeseline = yo + vy, and VPO* = vs(1 - OCCdrug) + Vyp (block condition), it

follows  that  Vpaseline _ yblock — OcCyrug- (vpesetine — yyp).  Thus,  plotting

baseline baseline block
VT V - VT

against Vy in a variety of regions of interest allows derivation of V'np
(x-intercept) and the occupancy of XBD-173 (slope). This method assumes that /'np 1s the same
at pre and post-block time points and that the fractional occupancy of XBD-173 does not change

across the brain. Method 1a plots these data for each individual participant.

Method 1b: Occupancy plot with constrained Vap

In order to calculate a group V'np, data from individual participants were plotted as described in

Method 1a, and the x-intercept was forced to a best fit for all participants.
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Method 2: Polymorphism plot

The polymorphism plot, described by Guo et al. does not require pharmacological blockade.®
Instead, it relies upon the assumption that MABs express 50% HAB and 50% LAB binding
sites.>* 37 Thus, similarly to methods la and 1b, V48 — VMAB = A(VHAB — 7, Y where A

. 1 BEAB KHAB . . . .
is a constant (E 1- %) relating to the TSPO density (B4, ) and dissociation constants
max ™D

(Kp) for HABs and LABs respectively. Again, a plot of V48 against V48 — VMAB gives I'np

as the x-intercept.
II1.4.14 Clinical outcome measures

All assessments were conducted by a single physician throughout the study. Assessments were

performed blinded to imaging results.

Clinical outcome measures were assessed at all study visits, including:

- Expanded Disability Status Scale (EDSS)

- 9-hole peg test

- Timed 25-foot walk

- the Symbol Digit Modalities Test (SDMT)

- the learning trials of the California Verbal Learning Test II (CVLT-II)
- the Brief Visuospatial Memory Test - Revised (BVMT-R)

- Global Multiple Sclerosis Severity Scores

- Multiple Sclerosis Quality of Life-54 patient reported outcome

- Work Productivity and Activity Impairment
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Relapses were defined as ‘a new symptom or worsening of an old symptom accompanied by a
new neurologic abnormality, lasting at least 24 hours in the absence of fever and preceded by

stability or improvement for at least 30 days’.%

Disability progression was defined as an increase of 1 EDSS point in those with EDSS <5.5, or
an increase of 0.5 EDSS points in those with EDSS >5.5. EDSS progression was confirmed

over 6 months at subsequent clinic visits.

Natalizumab ‘non-responders’ were defined as those with on-going relapses while on

natalizumab, and/or disability progression in EDSS score.

I11.4.15 Statistical analysis

Participant demographic results are reported as mean (standard deviation (SD)). Parametric
tests were used after testing for normal data distribution. Unpaired and paired ¢ tests were used
to compare the differences between means of two groups for unpaired and paired data,
respectively. One-way analysis of variance (ANOVA) was used to compare the differences
between means for three or more groups. Differences between HABs and MABs was
investigated using both unpaired ¢ tests, and with repeated measures ANOVA with ‘region of
interest’ as the within-subjects factor, as appropriate. One-way repeated-measure ANOVA was
used to investigate differences in V1 between different regions on interest. A mixed-effects
model (restricted maximum likelihood) was used to investigate change in Vr over time in
different regions of interest, to allow for missing data. Linear regressions were generated in

MATLAB® (R2016b, The Mathworks, Inc., MA, USA). Statistical tests were performed in
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GraphPad Prism (v7, GraphPad Software, Inc., San Diego, CA, USA) and IBM SPSS Statistics

(version 20.0, IBM Corp 2011).

111.4.16 Contribution to work

Joel Raffel!?

Sujata Sridharan!

Claire Feeney'

Greg Scott!?

Chris Record?

Paolo Muraro'

David Sharp'-?

Led on overall scientific direction of project. Wrote the study protocol.
Wrote application to obtain ethical consent for the study from National
Research Ethics Service and Administration of Radioactive Substances
Advisory Committee. Consented participants and organised study visits.
Performed all clinical assessments and coordinated scanning procedures
with assistance from radiographers. Performed image processing and
segmented lesion maps. Analysis and interpretation of data once
pharmacokinetic results obtained.

PET methodologist, who led on PET pharmacokinetic analysis for
‘blocking study’ and ‘natalizumab cohort’ results.

Consented and organised study visits for three HCs. Contributed towards
PET pharmacokinetic analysis of HCs.

Contributed towards PET pharmacokinetic analysis of HCs.

Contributed towards segmentation of lesion maps, as part of academic FY?2
project based at Imperial.

Involved in initial conceptualisation of the study, and played important
role in securing funding for the project.

Provided advice on methodology and interpretation of results. Principle
investigator of traumatic brain injury '|F-GE180 project, which

contributed data from three HCs for analysis.
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David Brooks'*  Provided advice on methodology and interpretation of results.

David Owen! Provided advice on methodology and interpretation of results, particularly
in relation to ‘Blocking Study’.

Richard Nicholas"? Principle investigator. Overall responsibility and supervision of the
project.

1 Division of Brain Sciences, Faculty of Medicine, Imperial College London, London, United Kingdom.
2 Imperial College Healthcare NHS Trust, London, United Kingdom.
3 Institute of Neuroscience, Newcastle University, United Kingdom.

4 Department of Nuclear Medicine, Aarhus University, Denmark

III.5 RESULTS OF KINETIC ANALYSIS OF BF-GE180 FROM

HEALTHY CONTROLS

Once 10 HCs had completed study procedures, the pharmacokinetics of '*F-GE180 were

characterised.

60 to 90-minute standardised uptake values images showed very low uptake of the tracer in
brain tissue, with images dominated by blood vessel signal (Figure 17A). The concentration of

8 F_-GE180 in the brain peaked at less than 1 minute.

The expectation was that in vivo binding of '*F-GE180 in HABs should be approximately
double that of binding in MABs.! > %7 However, group-averaged time-activity curves did not
differ between HABs and MABs (Figure 17B). There was no difference in standardised update

value curves between HABs and MABs (F(1,48)=1.396, p=0.271).
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A reversible two-tissue compartment model best fitted the data. Again, '*F-GE180 showed very
low brain penetration. The mean regional delivery rate constant K was very low (~0.01 mL/cm?
min—1), suggesting poor extraction (~1%) across the blood-brain barrier. V1 values were
correspondingly low, ranging from a mean of 0.16 mL/cm? in the striatum to 0.38 mL/cm?® in
the thalamus. There was no difference in V't between HABs and MABs (p > 0.186 for all regions

of interest); if anything, V't was slightly greater in MABs (Figure 17C).
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Figure 17: "®F-GE180 Standardised uptake values and volume of distribution (V1) in healthy controls. (A):
60 — 90-min Standardised uptake values superimposed on co-registered T1-weighted MR image in a
representative MAB subject (B): Standardised uptake values in two representative regions of interest
(frontal lobe and thalamus), plotted as mean = SEM. (C): Two-tissue compartment model V'r for seven

regions of interest, in HABS (red) and MABS (blue). Figure adapted from published.!

The full results of this kinetic analysis has been published, with the thesis author as co-author.!
However, the content of this paper mainly relates to PET methodology and pharmacokinetics

in HCs, which was not considered to be within the primary remit of this clinical thesis.



Therefore, the results relating to this analysis are not presented in full as part of this thesis

chapter.

III.6  ‘BLOCKING STUDY’ RESULTS

The results of this kinetic analysis called into question whether '*F-GE180 could penetrate
across the blood-brain barrier at all. If '*F-GE180 shows no specific binding to TSPO, it would
not be considered scientifically worthwhile to interpret the results of the natalizumab PET
study. Because of this low brain penetration, an additional ‘blocking study’ was added to the

study protocol, to further investigate whether '*F-GE180 does bind to TSPO.

I11.6.1 Subject characteristics

Six subjects with MS were recruited. The mean age of participants was 46.8 (9.1) years, mean

age of onset was 36.2 (12.8) years and EDSS ranged between 3.5 and 7.5. All participants had

been treated with a DMT. Participant demographics are summarised in Table 3.
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Subject HAB/ | Sex| Age/ Age at EDSS Previous DMTs; current DMT
MAB onset (yrs)
A HAB 43/32 6.5 GA; GA
B MAB 53/36 4.0 IVIG, natalizumab; IVIG
C MAB | F 60/47 35 Alemtuzumab; alemtuzumab
D HAB | F 33/20 5.5 IB-1a/1b, natalizumab,
alemtuzumab, AHSCT; natalizumab
E MAB | F 46/38 6.0 IB-1a, GA, fingolimod,
natalizumab; alemtuzumab
F HAB | M 46/32 7.5 Natalizumab; AHSCT

Table 3: Summary of participant demographics. HAB/MAB = high/mixed affinity binder, EDSS =

Expanded Disability Status Scale, DMT = disease-modifying therapy, GA = glatiramer acetate, IVIG =

intravenous immunoglobulin, IB = interferon-beta, AHSCT = autologous haematopoietic stem cell

transplantation

I11.6.2 '8F-GE180 Vr does not differ between regions of interest or between TSPO HABs

and MABs

Mean whole brain baseline ¥r was 0.29 +0.17 ml/cm?®. Mean Vr for select regions of interest

are presented in Table 4. There were no significant differences in V't between any regions of

interest, nor between HABs and MAB:s.
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ybaseline (1 fem?)

Subject FL TL PL OL Str Put Thal | Cereb cC BS WB | NAWM
A 0.29 0.28 0.31 0.31 0.32 0.16 0.32 0.25 0.43 0.39 0.27 0.40
B 0.33 0.18 0.49 0.18 0.17 0.21 0.35 0.13 0.15 0.17 0.26 0.17
C 0.26 0.29 0.26 0.35 0.20 0.26 0.37 0.24 0.18 0.36 0.25 0.28
D 0.59 0.59 0.48 0.68 0.65 0.61 0.63 0.63 0.64 0.60 0.61 0.61
E 0.10 0.12 0.10 0.11 0.07 0.07 0.05 0.11 0.06 0.18 0.09 0.11
F 0.23 0.25 0.23 0.24 0.16 0.29 0.36 0.26 0.18 0.30 0.24 0.22

Mean+ | 0.30 0.29 0.31 0.31 0.26 0.27 0.35 0.27 0.27 0.33 0.29 0.30
SD +0.16 | +0.17 | £0.15 | £0.20 | £0.21 | £0.19 | +0.19 | £0.19 | £0.22 | +0.16 | £0.17 | =+0.18

Table 4: Regional V't estimates for regions of interest in individual participants. FL = frontal lobe, TL =

temporal lobe, PL = parietal lobe, OL = occipital lobe, Str = striatum, Put = putamen, Thal = thalamus,

Cereb = cerebellum, CC = corpus callosum, BS = brainstem, WB = whole brain, NAWM = normal

appearing white matter. Participants in red are HABS.

111.6.3 Visual assessment of blockade of TSPO

60-90 minute sum PET images were generated for all participants. There was no obvious visual

difference in sum PET images pre and post-block (e.g. as shown in Figure 18).
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Post-XBD

Transverse Sagittal Coronal

Figure 18: Sum 60-90 minute PET images (kBq.ml?3) before and after XBD-173. Images shown in
transverse, sagittal and coronal views pre (a, b, ¢) and post (d, e, f) XBD-173 administration for Participant

F.

I11.6.4 Calculation of Vip suggests that '3F-GE180 binds specifically to TSPO

Blockade with XBD-173 suggested that '8F-GE180 exhibits some specific binding in the MS
brain. Method 1a, the unconstrained occupancy plot, gave a mean ¥np of 0.18 +0.05 mL/cm?
(Figure 19A). Method 1b, using an occupancy plot and constraining the x-intercept across
participants, gave a mean Vnp estimate of 0.11 mL/cm?, 95% CI 0.02-0.16 (Figure 19B).
Method 2, using a polymorphism plot, produced a V'xp estimate of 0.20 mL/cm?, 95% CI1 0.16-
0.34 (Figure 19C). Taking the mean Vp estimate of 0.16 mL/cm? (mean of the three methods)
and mean baseline whole brain Vr of 0.29 mL/cm?, the specific binding (Vs= Vr — Vap)
accounted for 45 % of total V1 in the brain for 'SF-GE180 (57 % HABs; 20 % MABs). The

reduction in uptake post-XBD-173 administration is further highlighted in Figure 20, where a



decrease in V't in the majority of regions of interest is observed. Furthermore, BPxp (V1 / VD)
—1) was used to calculate the mean HAB/MAB signal using these mean V'np values, which was
5.45+3.29 mL/cm?® (p <0.01). It should be noted that baseline Vs were greatest in Subject D

(see Table 4), and these outlying values drove up mean Vrs in the HAB group as well as overall.
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Figure 19: Occupancy and polymorphism plots. (a) Individual linear regression with occupancy
plot, (b) constrained x-intercept occupancy plot and (c) polymorphism plot, bottom for '8F-GE180. F'np is

derived from the x-intercept. Different symbols indicate individual patients for (a) and (b); each symbol

represents a region of interest.
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Figure 20: Reduction in uptake post-XBD-173 administration. Average regional V'r pre- and post-blockade

for (a) HABs (b) MABs, and (c) HAB vs. MAB group V't estimate (rn = 6).

I11.6.5 Specific binding to TSPO is ubiquitous in the MS brain

For "*F-GE180, Vs accounted for between 39 % (striatum) and 54 % (thalamus) of total binding
in the selected regions of interest (mean + SD, 45+ 5 %). All other regions of interest defined
by the Hammers atlas, including the caudate and non-cortical grey matter (GM), exhibited
mean V't between 0.25 and 0.56 mL/cm®. Thus, it follows that all regions of interest showed

specific TSPO binding.

III.7 *‘NATALIZUMAB COHORT’ RESULTS

Results of the ‘blocking study’ suggest that '*F-GE180 does bind to TSPO in the MS brain and

gives specific signal in all regions of interest, despite having unexpectedly low brain



penetration. This allows one to interrogate the results of the ‘natalizumab cohort’, albeit with
the caveat that since '*F-GE180 has very low brain extraction (~1%), results will be limited by

poor signal-to-noise ratio.

I11.7.1 Study procedures

17 subjects with relapsing MS due to start natalizumab for clinical reasons, along with 11 HCs,
were recruited to the study. One subject with MS dropped out during the baseline visit since
they experienced discomfort during the PET scan; baseline PET data were incomplete and the
subject was therefore excluded from all analyses. The other 16 PwWMS and 11 HCs completed
all study activities, as specified in the protocol. Of the 59 completed scans (16 x 3 PWMS + 11
HC), 48 scans had data which could be used to construct Volume of Distribution results. Of the
11 scans without usable data, eight scans had unsuccessful arterial line insertion, two scans had
recording errors for the arterial input function, and one scan had to be curtailed because of
patient discomfort. The amount of injected radioactivity was similar between groups (PwMS:

183.2 (3.9) MBq; HC: 182.4 (3.0) MBq; p = ns).

II1.7.2 Subject characteristics

Baseline characteristics are presented in Table 5. There were more males in the HC group.

PwMS had increased disability at baseline compared to HCs, as expected (Table 6).

Administration of '8F-GE180 PET was safe, and well-tolerated by all participants.

-110-



PwMS (n=16) HCs (n=11)

Male/Female, n 6/10 8/3

Age, yrs 40.7 (11.1) 41.6 (8.6)
Weight, kg 72.8 (12.6) 82.9 (12.5)
Height, cm 169.1 (10.1) 175.8 (6.7)
Years of education 14.1 (2.4) 16.3 (3.2)
TSPO HABS / MABS /| 7/9/0 6/5/0
LABS, n

Age at MS onset, yrs 29.7 (10.4)

Time since MS onset, yrs 11.6 (10.8)

Number of previous DMTs, n| O DMTs: 8
1 DMT: 3

2 DMTs: 5

Table S: Baseline characteristics of PwMS and HCs. HAB/MAB/LAB = high/mixed/low affinity binder.

DMT = disease-modifying therapy. Standard deviations shown in brackets.
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PwMS (n=16) HCs (n=11) p-value
T25FW, secs 6.6 (4.5) 3.5(0.4) *
9HPT, secs 30.9 (20.6) 17.9 (1.2) *
MSQOL-54 Physical | 42.3 (17.3) 88.0 (5.2) ork
MSQOL-54 Psych 56.9 (23.6) 81.4 (6.6) *x
WPALMS 58.7 (17.1) 3.6 (6.7) ork
SDMT 48.2 (12.7) 66.1 (9.9) ork
CVLT 54.0 (11.1) 66.1 (5.5) *x
BVMT-R 24.0 (6.8) 30.5 (4.9) *
EDSS 4.2 (1.1)
MSSS 5.8(2.4)
WM Lesion Volume,| 10.5 (8.5)
cm’
GM Lesion Volume,| 0.3 (0.5)
cm’

Table 6: Clinical and patient-reported outcomes in PwWMS and HCs at baseline. T25FW = timed 25-foot
walk; 9HPT = 9-hole peg test; MSQOL-54 = Multiple Sclerosis Quality of Life-54 patient reported outcome
(physical and psychological subscores); WPAI:MS = Work Productivity and Activity Impairment, Multiple
Sclerosis; SDMT = symbol digit modalities test; CVLT = California verbal learning test; BVMT-R = Brief
Visuospatial Memory Test - Revised; EDSS = Expanded Disability Status Scale; MSSS = Global Multiple
Sclerosis Severity Scores; GM = grey matter; WM = white matter. Standard deviations shown in brackets.
p-values refer to unpaired 7 tests: * = p <0.05; ** = p <0.01; *** = p <(0.001. In all cases, the PwWMS group

had scores associated with greater disability, compared with the HC group.



II1.7.3 Visual inspection of '¥F-GE180 signal

On visual inspection of 60-90 minute summed images, most subjects exhibited low uptake of
the tracer in brain tissue with images dominated by blood vessel signal consistent with that
reported in Results Sections IIL.5 and II1.6 (Figure 17A, Figure 18A-C). Only one subject had
a gadolinium-enhancing lesion on MRI at baseline. This subject had visually increased '*F-
GE180 signal in the gadolinium-enhancing lesion (Figure 21). No other subjects had obvious

‘hot-spots’ on visual examination of the PET scan.
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Figure 21: Increased 60—90 minute SUVs in a gadolinium-enhancing lesion. (A) Subject with multiple
sclerosis, with increased '®F-GE180 signal in a gadolinium-enhancing lesion (yellow arrow), but not in non-
gadolinium-enhancing lesions (red, orange, yellow lesions). (B) T1-weighted MRI with gadolinium in same
subject (gadolinium-enhancing lesion shown by yellow arrow). (C). Double Inversion Recovery MRI in

same subject (gadolinium-enhancing lesion shown by yellow arrow). SUV = standardised uptake value.
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I11.7.4 8F-GE180 Vi does not differ between TSPO HABs and MABs

The expectation was that in vivo binding of '*F-GE180 in HABs should be approximately

double that of binding in MABs. !+ 3> ¢

However, in subjects with MS, there was no difference in /'t between HABS (n=7) and MABS
(n = 6) in any region of interest at baseline (Grey matter (GM) — HABs: mean 0.27 mL/cm?,
95% CI10.11 - 0.43; MABs: mean 0.23 mL/cm?, 95% CI 0.16 — 0.30, p = 0.59. Thalamus —
HABs: mean 0.32 mL/cm?, 95% CI 0.14 - 0.50; MABs: mean 0.26 mL/cm?, 95% CI 0.20 —
0.32, p = 0.49. Normal appearing white matter NAWM) — HABs: mean 0.25 mL/cm?, 95%
CI10.17 - 0.34; MABs: mean 0.26 mL/cm?, 95% CI 0.22 — 0.31, p = 0.79. Lesions — HABs:
mean 0.43 mL/cm?, 95% CI 0.20 - 0.66; MABs: mean 0.52 mL/cm?, 95% CI1 0.30 — 0.74, p =

0.51; Figure 22A).

Consistent with the results reported in Section IIL.5, in the HC group there was no difference in
VT between HABS (n = 6) and MABS (n = 5) in any region of interest (GM — HABs: mean
0.24 mL/cm?, 95% CI 0.17 - 0.31; MABs: mean 0.22 mL/cm?®, 95% CI1 0.16 — 0.28, p = 0.56.
Thalamus — HABs: mean 0.27 mL/cm?, 95% CI 0.15 - 0.39; MABs: mean 0.23 mL/cm?, 95%
CI10.19 — 0.27, p = 0.47. White matter (WM) — HABs: mean 0.24 mL/cm?, 95% CI 0.14 -

0.34; MABs: mean 0.28 mL/cm?®, 95% CI0.15 — 0.40, p = 0.53; Figure 22B).

-115-



A Multiple sclerosis

1.0~ p=ns p=ns p=ns p=ns
[ | | [ : I

0.8- o M
— A
™

A

__g_ 0.6- ® MABs
E A HABs
= 0.4+ A
> E g

0.2- % ¢

0.0 -

Grey matter Thalamus NAWM Lesions

B Healthy controls

0.6 p=ns p=ns p=ns

A

@ -
= 0.4 A
_Q A o MABs
E A HABs
T— ° Ala 2% alt O
~ 0.24 eol®

0.0 -

Grey matter Thalamus White matter

Figure 22: No effect of TSPO genetic polymorphism on *F-GE180 V'r. (A) MABs (orange circles) and HABs
(green triangles) had no difference in '*F-GE180 V't in MS subjects at baseline. (B) MABs (orange circles)
and HABs (green triangles) had no difference in '®*F-GE180 Fr in healthy controls. p-values generated
using unpaired ¢ test. Error bars represent mean +/- 95% confidence intervals. HAB/MAB = high/mixed
affinity binder; NAWM = normal-appearing white matter; V't = Volume of distribution. ns = not

statistically significant.

At follow-up in subjects with MS, there was still no difference in V't between HABS (n = 6)
and MABS (n = 6) 10 weeks after initiation of natalizumab (GM — HABs: mean 0.26 mL/cm?,
95% CI 0.15 - 0.37; MABs: mean 0.25 mL/cm?, 95% CI1 0.17 — 0.33, p = 0.90. Thalamus —
HABs: mean 0.32 mL/cm?, 95% CI 0.17 - 0.48; MABs: mean 0.23 mL/cm?, 95% CI 0.19 —
0.27, p = 0.18. NAWM — HABs: mean 0.26 mL/cm?, 95% CI 0.12 - 0.39; MABs: mean 0.30

mL/cm?, 95% CI 0.19 — 0.40, p = 0.60. Lesions — HABs: mean 0.39 mL/cm?, 95% CI 0.19 -
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0.58; MABs: mean 0.41 mL/cm?, 95% CI 0.18 — 0.65, p = 0.82). At final follow-up, there was
still no difference in V't between HABS (n = 7) and MABS (n = 5) 58 weeks after initiation of
natalizumab (GM — HABs: mean 0.24 mL/cm?, 95% CI10.20 - 0.28; MABs: mean 0.24 mL/cm?,
95% CI10.11 — 0.37, p = 0.96. Thalamus — HABs: mean 0.31 mL/cm?, 95% CI 0.20 - 0.43;
MABs: mean 0.25 mL/cm?, 95% CI10.16—0.34, p =0.32. NAWM — HABs: mean 0.24 mL/cm?,
95% C10.20 - 0.28; MABs: mean 0.27 mL/cm?, 95% C10.19 —0.35, p = 0.36. Lesions — HABs:
mean 0.34 mL/cm?, 95% CI 0.24 - 0.43; MABs: mean 0.30 mL/cm?, 95% CI1 0.25 — 0.35, p =

0.48).

Subsequent results are therefore presented irrespective of genotype group.

I11.7.5 83F-GE180 V7 is increased in MS lesions at baseline

At baseline, '"®F-GE180 V't was no different between HCs (n = 11) and PWwMS (n = 13) in the
GM, thalamus, or in NAWM. However, V't in lesions in PwWMS was greater than V't in white
matter in HCs (GM — HC: mean 0.23 mL/cm?, 95% CI 0.19 - 0.27; MS: mean 0.25 mL/cm?,
95% CI10.17—-0.33, p =0.70. Thalamus — HCs: mean 0.26 mL/cm?, 95% CI10.20 - 0.31; MS:
mean 0.29 mL/cm?, 95% CI10.20 — 0.38, p = 0.50. NAWM — HCs: mean 0.25 mL/cm?, 95% CI
0.19 - 0.32; MS: mean 0.26 mL/cm?, 95% CI 0.22 — 0.30, p = 0.90. Lesions —-MS: mean 0.47

mL/cm?, 95% CI1 0.34 — 0.61, p = 0.007 when compared against HC NAWM; Figure 23).
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Figure 23: V1 in selected regions of interest in healthy controls and PwMS at baseline. There was no
difference between HCs (green triangles) and PwMS (red circles) in the grey matter, thalamus, or NAWM.
Vrin MS lesions was greater than V't in HC white matter. In the above figure HC white matter is graphically
represented as both ‘HC NAWM’ and ‘HC lesions’ for ease of comparison. p-values generated using
unpaired 7 test. Error bars represent mean +/- 95% confidence intervals. NAWM = normal-appearing white

matter; V't = Volume of distribution. ns = not statistically significant.

I11.7.6 '8F-GE180 Vi decreases after natalizumab in white matter lesions, but not in

other regions of interest

V't in HCs did not differ between GM, thalamus, and WM (F(3, 10) = 0.46, p = 0.54, n,> = 0.04;

refer to Figure 23, green triangles).

In subjects with MS at baseline, V't in lesions was greater than V7 in GM, thalamus, and NAWM

in PwMS (F(3, 12) = 12.60, p < 0.0001, 0> = 0.51; Figure 24).

After 10 weeks of natalizumab, V't in lesions was still greater than V't in GM, thalamus, and

NAWM (F(3, 11) = 6.9, p <0.01, np> = 0.38; Figure 24).
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However, after 58 weeks of natalizumab treatment, V't in lesions was not statistically different
to that in GM, thalamus, and NAWM, although there was still a trend in that direction (F(3, 11)

=3.2, p=0.06, n,*> = 0.22; Figure 24).

V+ (mllcm3)

S
b
1
ot
Hi+
_
o Shof

|

o & ¥ ?\-‘&&\ 5:‘0& o & 4 ?é\\é\ épéa ol @ ¥ VS&‘\ c:\o(&
/\@ ™ 9 «@ AN 2 «.sz} @
Baseline 10-weeks 58 weeks

Figure 24: ®F-GE180 V1 is increased in MS lesions compared to other regions of interest at baseline and
10 weeks after initiation of natalizumab, but not at 58 weeks after initiation of natalizumab. p-values
generated using one-way repeated-measure ANOVA. Error bars represent mean +/- 95% confidence
intervals. GM = grey matter; NAWM = normal-appearing white matter; V'r = Volume of distribution. ns =

not statistically significant.
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V't decreased over time after natalizumab treatment in white matter lesions but not in grey
matter lesions (White matter lesions: degrees of freedom = 3, 15; missing value = 8, p <0.05;

Grey matter lesions: degrees of freedom = 3, 15; missing value = 8, p = 0.51; Figure 25).
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Figure 25: BF-GE180 V1 after 58 weeks of natalizumab reduces in white matter lesions but not grey matter
lesions. p-values refer to mixed-effects model (restricted maximum likelihood; REML). Error bars

represent mean +/- 95% confidence intervals. V't = Volume of distribution. ns = not statistically significant.

I11.7.7 '8F-GE180 Vi increases prior to the development of new white matter lesions on

MRI.

5 PwMS developed new lesions (n = 51) between the baseline scan and the 10 weeks after

initiating natalizumab. V't was increased in these new lesions, in comparison with NAWM at



10 weeks after initiation of natalizumab (New lesions at 10 weeks Vr: mean 0.55 mL/cm?, 95%
CI10.48 - 0.63; NAWM at 10 weeks V1: mean 0.34 mL/cm?, 95% CI0.29 — 0.39, p < 0.0001;
Figure 26). After mapping these lesion areas back onto the same regions in the baseline scan,
V't was also slightly increased in these ‘pre-lesion’ areas in comparison to NAWM at baseline
(‘Pre-lesions’ at baseline Vr: mean 0.36 mL/cm?®, 95% CI 0.31 - 0.42; NAWM at baseline
Vr: mean 0.30 mL/cm?, 95% C10.27 —0.33, p < 0.05; Figure 26). By referring again to baseline
MRI including double-inversion recovery, phase-sensitive inversion recovery, and
magnetisation-prepared rapid gradient-echo sequences before and after gadolinium, it was

confirmed that these areas had not yet developed a lesion on MRI at baseline scan.
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Figure 26: New lesions and ‘pre-lesions’ have increased Vr. In the 5 PwMS with new lesions (n =51) on MRI
10 weeks after the initiation of natalizumab, V't was increased in these lesions compared with NAWM. After
mapping these lesion areas back onto the same regions in the baseline scan, V't was also slightly increased
in these ‘pre-lesion’ areas compared with NAWM at baseline. p-values generated with paired 7 tests. Boxes
show 25™ and 75 percentile, whiskers show minimum and maximum, black lines shows mean. V't = Volume

of distribution; NAWM = normal-appearing white matter.

I11.7.8 '8F-GE180 Vr does not predict response to natalizumab treatment

Clinical response to treatment was correlated with various PET outcomes in those with PET
data with calculable V't at baseline and 58 weeks after natalizumab initiation on an exploratory
basis.

PET outcomes which were considered included:

- Vrat baseline

- Vrafter treatment

- Change in V't after treatment



- The above outcomes were tested in whole brain, GM, thalamus, NAWM, and in lesions.

Clinical outcomes which were considered included:

‘Clinical response’ (defined by lack of relapses or EDSS progression while on natalizumab)
- Change in timed 25-foot walk score

- Change in 9-hole peg test score

- Change in cognitive impairment assessment scores

- Change in patient-reported outcome scores

There were no associations between PET outcomes and clinical outcomes for any of the above
variables. For example, change in whole brain V't was no different in those that responded and
those that did not response to natalizumab (Responders: -0.028 mL/cm?, 95% CI -0.15 to 0.09;

Non-responders: -0.086 mL/cm?, 95% CI -0.33 to 0.16; p = 0.57).

III.8  DISCUSSION

This was the largest TSPO PET study performed in multiple sclerosis to date, and led to the
first published study of 'F-GE180 in humans.! Unfortunately, kinetic analyses suggested
unexpectedly low brain penetration of 'F-GE180, approximating 1% only. This was out of
keeping with the preclinical studies on '*F-GE180.°%°? Jr values are correspondingly low, and
about 20 times lower than those of TSPO tracer [!'C]PBR28, for example.®® This makes kinetic
modelling challenging since there is a poor signal-to-noise ratio, especially given the presence
of persistent vascular signal. Regions of interest had to be manually edited where necessary to
minimise spill-over from large-vessel vascular activity, which introduces operator variability
and is not necessary with other TSPO tracers. There is a known difference of in vitro GE180

binding affinity between TSPO HABs and MABs, and the expectation was that in vivo binding



of '8F-GE180 in HABs should be approximately double that of binding in MABs." 3% ¢ This
expected genotype dependence of '®F-GE180 V't was not observed, presumably because of this
low brain penetration and poor signal-to-noise ratio. This result was consistent in HCs and both
MS cohorts. Poor extraction of '*F-GE180 across the blood—brain barrier was a finding which

was later replicated in other studies.®* 8

The reasons for the poor extraction of '*F-GE180 across the blood—brain barrier are unclear,
but could be due to, for example, the action of active efflux pumps such as P-glycoprotein, or

unexpectedly high plasma protein binding.® ™

The results of the kinetic analyses called into question whether '®F-GE180 could penetrate
across the blood-brain barrier at all. If "8F-GE180 shows no specific binding to TSPO, it would
not be considered scientifically worthwhile to interpret the results of the natalizumab PET study

(initially planned to be the central focus of this thesis).

I11.8.1 Blocking study

Because of this observed low brain penetration, ethical permission was sought to add an
additional ‘blocking study’ to the study protocol, to further investigate whether 'F-GE180
binds to TSPO at all. This study was designed to quantify the non-specific binding (¥xp) of the
TSPO PET tracer '8F-GE180 in a cohort of people with MS. The results of this study suggest
that, despite low brain penetration in vivo, '*F-GE180 does appear to exhibit some specific
signal. V'np accounts for, on average, 55% of the total volume of distribution (V1) in the whole

brain, meaning that, on average, approximately 45% of Vr is specific (Vs). Results were



published in Molecular Imaging and Biology journal, with the thesis author as ‘joint first

author’.?

These results have broad implications on how novel TSPO tracers should be validated and
compared. TSPO PET tracers show great variation in the degree of their specific binding in
vitro, but their specificity is not routinely quantified in vivo. Quantification of specific binding
could theoretically be performed through comparison with a reference region devoid of target
receptors. However, in this study of 6 subjects, it was demonstrated that V't is greater than V'np
for '8F-GE180 in all regions of interest; thus no ‘reference regions’ are devoid of specific TSPO
binding. This argues against the scientific validity of a reference region approach as a method
for quantifying the proportion of non-specific binding in TSPO tracers. Indeed, it argues more
generally against the use of reference region approaches in TSPO PET studies, which remains
commonplace.*” - 7 7 Instead, as with the reported study, quantification of the specific
binding of TSPO tracers in vivo should be achieved using TSPO blockade. The results of this
study support the argument that such an approach should be taken for all TSPO tracers

undergoing clinical development.

The only other TSPO tracer to be validated with a blocking study to date is [''C]PBR28, both

57 2,73

in healthy controls,”” and in disease cohorts. ['!C]PBR2S is generally accepted as an

effective TSPO tracer in vivo,*% 71> 7476

although, counterintuitively, it exhibits decreased V't in
some subjects with neuroinflammation.” In this study of 'F-GE180, the proportion of non-
specific binding is similar to that of [''C]PBR28,%>7 although absolute V1 values are far lower.>
3773 Unlike '®F-GE180, [''C]PBR28 is able to detect differences in TSPO binding affinity in

vivo, presumably because of greater blood-brain barrier penetration and corresponding higher

Vs and better signal-to-noise ratio.



Several caveats should be considered when interpreting the results of this study. Firstly, the
cohort size was small. Secondly, although the mean V'xp was 0.16 mL/cm?, there was substantial
variability in 'xp between individuals, and the occupancy of XBD173 (slopes of the occupancy
plots) varied between 24% and 95% in individuals. This has been observed previously,’” and it
is difficult to discriminate how much of this is due to biological variability, and how much is
due to experimental variability. If there is indeed a biological spectrum of Vnp between
individuals, this raises the possibility that blocking scans should be included for all participants
in all TSPO PET studies to optimally quantity Vs. This would require two PET scans rather
than one, which would increase cost, radiation exposure and participant discomfort. There was
also variation in baseline V't between individuals; baseline V't was considerably greater in
Subject D, and these outlying values drove up mean V't in the HAB group as well as overall. If
data from this subject were excluded, baseline whole brain V't would be 0.22 mL/cm?, and Vs
therefore only 0.06 mL/cm? (28% of V). There was also considerably variability is V'xp results
between the occupancy plot and the polymorphism plot method. Lastly, although this study was
performed in a cohort of people with MS, it was not investigated how Vs differs in MS lesions

since this cohort had low lesion load; lesions were instead studied in the ‘natalizumab cohort’.

In summary, pharmacological blockade with XBD-173 suggests that at least a proportion of
8F-GE180 tracer does end up bound specifically to TSPO. It is therefore possible that increased
8F_.GE180 signal observed in clinical studies reflects true increase in TSPO. However, because
of the low brain penetration of "*F-GE180, questions will remain whether large increases in '*F-
GE180 signal seen in disease states (for example as observed in a recent study of '*F-GE180 in
glioblastoma)’” represent specific binding or are merely due to non-specific signal in areas of

blood-brain barrier breakdown. Such ‘false positives’ could be distinguished from ‘true
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positives’ using TSPO blockade with XBD-173 in all '®F-GE180 PET studies, although double
the number of PET scans would be required. There also remains a high risk of false-negatives
(i.e. true differences in TSPO expression not observed because of low brain penetration and
poor signal-to-noise ratio), for example as demonstrated by '*F-GE180’s inability to distinguish
TSPO HABs and MABs. This has important implications for ongoing 'F-GE180 studies

worldwide.

I11.8.2 Natalizumab cohort

The ‘natalizumab cohort’ did not use TSPO blockade with XBD-173, and so both false-negative
and false-positive results are a possibility, as described above. The study results were
interpreted with these limitations in mind, and only basic analyses are presented rather than the
initial study objective to correlate '*F-GE180 signal with a variety of clinical and radiological

outcomes.

As with the reported data from healthy controls from this study,' across the full cohort there
was no difference in V't between HABS and MABS in any region of interest, in the HC group
or the MS group, at any time point. There were also several other negative results, which
conflict with positive results obtained using other TSPO tracers. For example, other TSPO PET
studies in MS have found signal to be increased in peri-lesional white matter, normal-appearing
white matter, and cortical grey matter, and have found the pattern of TSPO PET signal to
correlate with other clinical outcomes.*™ 3¢ 38-40:45 Thege results could not be replicated in this
study, and may be ‘false negatives’ related to the low brain penetration of '®F-GE180. The lack
of increased 'F-GE180 signal in the cortical grey matter may be a ‘false negative’, and meant

that it could not be assessed whether grey matter TSPO expression is responsive to natalizumab



treatment, a topic which remains of interest since cortical neuroinflammation may be associated

with neurodegeneration and the progression of disability in MS.” 1115

The study did find that '8F-GE180 V1 was increased in lesions. However, even in lesions there
was no difference in V1 between HABs and MABs. This is in keeping with a recent cross-
sectional study by Unterrainer et al, which found increased '®F-GE180 signal in lesions of
nineteen subjects with relapsing-remitting MS.”® Unterrainer et al. reported no associations
between underlying binding affinity status (HAB=11, MAB=5 and LAB=3) and the signal
intensity in any region of interest, including lesions. This led some to argue that the
increased '*F-GE180 uptake seen in lesions of PwWMS is merely an ‘aspecific accumulation
through a broken blood—brain barrier’, especially since LABs had equivalent signal (who would
be expected to show very low binding).” Unterrainer et al. retorted that the lack of association
between TSPO binding affinity and '®F-GE180 signal may instead reflect the small sample size
of their study and heterogeneity of TSPO expression in MS lesions.®® It has been suggested that
studies with larger sample sizes are necessary to conclude whether '®F-GE180 can detect
genotype differences.®! The ‘natalizumab cohort’ reported here does have a substantially greater
sample size of scans and lesions than that of Unterrainer ef a/., and also has the advantage of
employing arterial blood sampling, thereby allowing analyses based upon V' rather than only
standardised uptake value ratios. These results therefore lend support to the conclusion that
increased '®F-GE180 uptake seen in lesions of PWMS is mainly due to aspecific accumulation

through a disrupted blood—brain barrier, rather than a true representation of TSPO expression.

This is not out-of-keeping with the results of the ‘blocking study’, since it is not incongruous
to state both that a proportion of '®F-GE180 tracer ends up bound specifically to TSPO, but also

that signal intensity is affected to a far greater degree by differences in blood-brain barrier



permeability. Visually, '®F-GE180 can display high lesion-to-background ratio in gadolinium-

78 or in other disease such as glioblastoma,’”” although again this is explained

enhancing lesions,
by the passing of "*F-GE180 through a disrupted blood-brain barrier, displayed starkly

alongside the low '®F-GE180 signal in brain areas with healthy blood—brain barrier.

The usefulness of '*F-GE180 for research or in the clinic is significantly limited by these
conclusions. That said, there are still some additional observations that can be drawn from the
results of the ‘natalizumab cohort’. Firstly, '®F-GE180 was most prominent in gadolinium-
enhancing lesions but was also increased in lesions which were not gadolinium-enhancing
(which made up a large majority of lesions studied). This is supported by results reported by
Unterrainer et al.”® These data can be interpreted as suggesting that '*F-GE180 PET is a more
sensitive (albeit less specific) way of identifying blood-brain barrier disruption than the
standard protocols for MRI with gadolinium administration. It is known that standard protocols
for MRI with gadolinium are only sensitive enough to detect the most overt breakdowns in the

blood-brain barrier,?> 3

and histopathological studies have reported blood—brain barrier
abnormalities in inactive MS lesions as well as normal-appearing white matter.3*%” PET can
detect signal at picomolar concentrations, whereas gadolinium-MRI has a sensitivity at
micromolar concentrations.®® However, it seems unlikely that '®F-GE180 could be used
clinically as a more sensitive marker of blood-brain barrier breakdown, given its low specificity,
as well as the cost, patient discomfort, and radiation exposure of a PET scan. Alternative MRI
methods such as using longitudinal relaxation time (T1) maps or dynamic contrast-enhanced
MRI (DCE-MRI) may offer a way to improve sensitivity when investigating blood-brain barrier
permeability in MS 3 #3991 or PET tracers specific to blood—brain barrier integrity such

as ''C-Verapamil or ''C-N-desmethyl-loperamide.”* 3



Similarly, mean 'F-GE180 Vr was also slightly increased at baseline in ‘pre-lesions’ (MRI
NAWM areas which would later develop lesions on subsequent MRI). Again, this probably
relates to 'SF-GE180 PET being a more sensitive way of identifying blood-brain barrier
disruption than standard protocols for MRI with gadolinium administration. These data support
evidence that blood-brain barrier breakdown is an early event in the pathophysiology of lesion
genesis and may precede myelin damage and leucocyte infiltration.”**® Although 'F-GE180
VT was slightly increased in ‘pre-lesions’ at the group level, this technique could not reliably
identify individual pre-lesions at the baseline scan, since V7 was not sensitive or specific at

discriminating ‘pre-lesions’ from other NAWM.

Lastly, this study found that 'F-GE180 Vr decreases in lesions after the initiation of
natalizumab. The likely interpretation of this is that natalizumab is an effective DMT, and its
efficacy as an immunomodulator results in improved integrity of the blood-brain barrier. This
is supported by in vitro and in vivo studies which have shown that DMTs including natalizumab

can improve the integrity of the blood-brain barrier.”!> *°- 100

Other than these results related to '*F-GE180 PET, the ‘natalizumab study’ also collected a
variety of MRI, clinical, and patient-reported outcome data before and after natalizumab
treatment. These data were investigated independently from the PET data, and have led to
several other areas of work, for example:

- The MRI technique ‘arterial spin labelling’ suggested improved cerebral blood flow after
natalizumab treatment. This has been presented as an abstract with the thesis author as
‘senior author’, and is being worked into a paper for submission.'*!

- The MRI technique ‘magnetic resonance spectroscopy’ suggested decrease glutamate in the

thalamus of people with MS, which correlated with lesion load and normalised after



treatment with natalizumab. This has been presented as an abstract with the thesis author as

‘senior author’, and is being worked into a paper for submission.'?

- The model ‘Brain-Predicted Age’ which uses machine learning analysis of T1-weighted
MRI was tested in the ‘natalizumab cohort’, and then further developed in larger multiple
sclerosis cohorts. Results have been published as pre-prints with the thesis author as ‘joint
first author’,!% and are reported in Chapter 4.

- The patient-reported outcome ‘Multiple Sclerosis Impact Scale (MSIS-29)’ was
investigated in the ‘natalizumab cohort’, and then tested for prognostic value in a larger

multiple sclerosis cohort. Results have been published in PLOS Medicine with the thesis

author as first author,'** and are reported in Chapter 5.

111.8.3 Conclusion

These studies showed that '®F-GE180 has considerably lower extraction across the blood-brain
barrier than expected from animal studies and compared to other TSPO tracers. The ‘blocking
study’ suggested that '®F-GE180 does exhibit some specific signal. However, the tracer is still
substantially limited by poor signal-to-noise ratio. 'F-GE180 Vr was not able to detect
increased TSPO in MS in the GM or NAWM as reported with other tracers, or differences in
TSPO binding affinity as expected. The ‘natalizumab cohort’ showed increased '*F-GE180 V't
in white matter lesions, which is responsive to natalizumab treatment, although these results are
likely to reflect differences in blood-brain barrier permeability rather than TSPO expression.
Overall, these results lend support to the conclusion that '®F-GE180 is not a useful marker of
TSPO expression in HCs or PwMS. Other TSPO tracers with improved performance over '*F-

GE180 may be useful in evaluating response to DMTs at an early time point.
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Chapter 4

Brain Predicted Age in Multiple Sclerosis:

A Model using Machine Learning Analysis of MRI
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IV.1  ABSTRACT

Background: As the human brain ages, there is non-linear and spatially variable change in
brain volume. Previous work based at Imperial College London has developed a neuroimaging
biomarker ‘Brain Predicted Age’, using machine learning to predict chronological age based
solely upon a T1-weighted MRI of the brain. It is possible that the Brain Predicted Age model
could be used to quantify damage and accelerated ageing-like changes, including brain

atrophy, in the multiple sclerosis (MS) brain.

Objective: To apply the Brain Predicted Age model to a cohort of people with clinically
isolated syndrome (CIS), MS, and healthy controls (HCs), to provide initial data regarding
whether Brain Predicted Age is increased in CIS/MS, and whether it is associated with clinical

outcomes.

Methods: ‘Brain Predicted Age’ scores were investigated using the small ‘natalizumab
cohort’ described in Chapter 3. After this, ‘Brain Predicted Age’ scores were measured in a
larger longitudinal cohort. Brain Predicted Age Difference (Brain-PAD) was defined as the
Brain Predicted Age minus the true chronological age. The association between Brain-PAD

and both cross-sectional and longitudinal clinical outcomes was explored.

Results: In the small ‘natalizumab cohort’, Brain-PAD was increased in MS, correlated with

clinical outcomes, and appeared to be associated with clinical response to natalizumab

treatment.
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In the larger cohort, 1652 T1-weighted MRI scans in people with CIS or MS (n = 391) and
HCs (n = 150) were analysed. HCs had mean Brain-PAD close to zero, as expected. All
disease subgroups had substantially older-appearing brains than their chronological age (CIS:
mean Brain-PAD +4.0 years; relapsing-remitting MS: mean Brain-PAD +10.3 years,
secondary progressive MS: mean Brain-PAD +17.4 years; primary progressive MS: mean
Brain-PAD +11.5 years). At baseline, higher Brain Predicted Age and Brain-PAD was
associated with longer time since diagnosis, younger age at diagnosis, and higher EDSS. Brain
Predicted Age and Brain-PAD at baseline predicted survival from EDSS milestones and EDSS
progression. The model compared favourably with conventional univariate measures of brain
atrophy. Longitudinal change in Brain Predicted Age increased at a rate ~46% faster in

subjects with MS than in HCs.

Conclusions: MS and CIS brains appeared ‘older’ than HCs across all subtypes, with the
brains of people with secondary progressive MS appearing 17.4 years older than chronological
age. An older-appearing brain at baseline was associated with increased disability, and
increased risk of future disability progression. The Brain Predicted Age model could provide
conceptually simple and clinically meaningful quantitative data from a standard T1-weighted

MRI scan, and will be further evaluated using the MAGNIMS multi-centre cohort.

Publication outcome: Study results used to setup collaboration using multi-centre international
MAGNIMS cohort. After analysis of MAGNIMS cohort (not described in this thesis), findings
published as pre-prints with the thesis author as ‘joint first author’.! Paper under review, Annals

of Neurology.
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IV.3  INTRODUCTION

In the previous chapter, data were presented to conclude that 'F-GE180 positron emission
tomography (PET) was limited in its ability to assess neuroinflammation in a cohort of subjects
with multiple sclerosis (MS) initiating natalizumab treatment. Cortical neuroinflammation is
known to be associated with neurodegeneration and the progression of disability in MS.*’
Unfortunately, '®F-GE180 PET was not able to detect this cortical neuroinflammation, or to

measure whether it responds to natalizumab treatment.

A more conventional surrogate marker of neurodegeneration in MS is to measure brain
atrophy on MRIL® ° Whereas PET can measure specific biologically active functional
processes, brain atrophy is a pathologically non-specific measure of irreversible tissue loss.
Since these structural changes develop slowly over time, brain atrophy is unlikely to be able

to predict response in the early months after initiation of treatment.

Nevertheless, brain atrophy is an important outcome measure in MS. Brain volume correlates
with lesion load on T2-weighted MRI,'!* although most strongly with cortical lesions.'
Brain atrophy is associated with measures of disability.!®!® Disability has a stronger
association with brain atrophy than with white matter lesion volume.'® Brain atrophy,
especially grey matter atrophy, is also associated with cognitive impairment in MS.'°?? Brain
atrophy can be slowed by disease-modifying therapies, and the slowing of brain atrophy

correlates with treatment effect on disability at a group level.?* %*
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However, brain atrophy has limitations as an outcome measure. It cannot integrate complex
patterns of structural damage to the MS brain, it mostly relies upon longitudinal data, and the
output is not intuitive.>>?” It is not widely utilised in clinical practice.?® In this chapter a
neuroimaging biomarker ‘Brain Predicted Age’, which may offer some advantages over
conventional ‘brain atrophy’ measures, is evaluated for its applicability to MS. This biomarker
uses machine learning to predict chronological age based solely upon a subject’s T1-weighted
MRI, and has been previously developed at Imperial College London.?*>3! The Brain Predicted
Age model is applied to the ‘natalizumab cohort’ described in chapter 3, before being applied

to a much larger longitudinal cohort of MRI scans.

IV.3.1 Brain ageing

Normal ageing is a time-dependent modification of biological processes, characterised by a
complex set of biological hallmarks, a loss of complexity and loss of physiological reserve.
3234 This results in reduced resilience, impairing an individual’s ability to respond to stressors
that may disrupt normal physiological homeostasis.*> The situation is further complicated by
inter-individual variability in the aging process. While 25% of the variation in human
longevity is attributed to genetic factors, there is a clear impact from multiple environmental
factors, including disease-related factors. In the context of normal ageing, a disease may
trigger a sequence of events which result in an acceleration of the biological processes seen in

36-38

normal ageing, both systemically, and in the brain.>* * The consequences of ageing for

the brain include motor dysfunction, cognitive decline and brain volume loss.*
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IV.3.2 Quantifying brain ageing

The acceleration of the brain ageing process, and the theoretical goal to quantify accelerated
brain ageing, is illustrated in Figure 27 (adapted from Cole ef al., 2015).3! It may be useful if
a tool could quantify the ‘difference between a normally ageing and abnormally ageing brain’

(Figure 27).
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Figure 27: Model of premature brain ageing after environmental insult. The grey dashed line represents
the normal trajectory of healthy brain ageing. An environmental insult (black arrow) could cause an
immediate increase in brain pathology, and could also cause an accelerated trajectory of brain ageing (red
dash-dotted line). Further environmental insults could occur in some diseases, although are not shown in
the Figure. As shown in the black dotted line, for a given level of brain pathology, one could aim to quantify
the difference between the subject’s expected age for that level of brain pathology, with the subject’s true

chronological age. Figure adapted from Cole ef al., 2015.3!
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The physical hallmarks of brain ageing involve non-linear and spatially variable change in
brain volume and structure, which cannot be fully captured using conventional univariate
measures.””3? Instead, the evolution of machine-learning techniques has enabled ‘Brain Age’
to be quantified. Here, machine-learning can be used to estimate the chronological age of a
subject based solely on the appearance of their neuroimaging data. Most commonly, these
techniques use conventional three-dimensional T1-weighted MRI.*"* > These machine-
learning models can estimate chronological age with greater accuracy than conventional

measures.”’ 41,43

Using machine-learning analysis of brain MRIs from healthy subjects of varying
chronological age, the so-called Brain Predicted Age model has previously been developed at
Imperial College London which can accurately predict chronological age in healthy subjects
based solely upon T1-weighted MRI data (r*0.96, R2 * 0.91, mean absolute error * 4.4
years).’! The ‘Brain Predicted Age Difference’ (Brain-PAD) is then defined as ‘Brain
Predicted Age minus chronological age’. This model can identify individuals whose ‘Brain
Age’ appears younger (negative Brain-PAD) or older (positive Brain-PAD) than their
chronological age, as illustrated in Figure 28. In the general population, Brain-PAD correlates
with clinical outcome measures such as mortality." ** Moreover, disease such as traumatic
brain disease, Down’s syndrome, epilepsy, and HIV have been shown to be associated with a

positive Brain-PAD.?%-31 4% 4547 This approach has not yet been applied to MS.
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Positive brain-PAD
score = ‘older’ brain

® PAD score=0
= normal ageing

Negative brain-PAD
score = 'younger' brain

Brain-Predicted Age

Chronological Age

Figure 28: ‘Brain Predicted Age Difference’ (Brain-PAD) = Brain Predicted Age minus chronological age.
For example, if Brain Predicted Age is identical to chronological age, Brain-PAD is 0. If Brain Predicted
Age is 5 years older than true chronological age, Brain-PAD is +5. In populations of healthy subjects, the

mean Brain-PAD is expected to be ~0. Figure adapted from Cole et al., 2017.4

IV.3.3 Applicability to multiple sclerosis

The ‘Brain Predicted Age’ model has potential applicability to MS research, to quantify
damage and accelerated ageing-like changes in the MS brain. Age has been implicated as a
dominant driver of disability progression in MS.* Age is known to influence the onset of
progression and other clinical milestones.*~>* Brain atrophy is intimately linked with ageing
and occurs at a faster rate in MS.% 3> ¢ It has been hypothesised that disease processes in MS
interact with neurobiological drivers of brain ageing, leading to accelerated ageing, increased

brain atrophy, and poor prognosis.>’

Quantifying ‘Brain Predicted Age’ in MS has theoretical advantages over the univariate

approaches often used to quantify ‘brain atrophy rates’. The Brain Predicted Age model:



- Is compatible with cross-sectional data, and places a patient’s disease and disability in

context of their age.

- Can capture complex and non-linear variables, including spatially variable cortical
thinning, sulcal widening and ventricular enlargement, alongside more macroscopic loss of

tissue volume.

- Produces a conceptually simple and intuitive output — a single number (Brain-PAD),

which represents the difference between Brain Predicted Age and true chronological age.

In this study, Brain Predicted Age was measured using T1-weighted MRIs in healthy controls

(HCs) and subjects with MS or clinically isolated syndrome (CIS). The study objectives were

as follows:

- Characterise the ‘Brain Predicted Age’ of HCs and subjects with MS or CIS at study

entry, and characterise how Brain-PAD is associated with MS subtype.

- Investigate the association between Brain-PAD and both cross-sectional and

longitudinal clinical outcomes, and compare the performance of Brain Predicted Age against

conventional univariate measures of brain atrophy.

- Explore how Brain-PAD changes longitudinally in HCs and subjects with MS or CIS.

The ‘natalizumab cohort’ and ‘University College London (UCL) cohort’ described under

Methodology, below, were intended as ‘proof of concept’ and ‘pilot’ studies, respectively.
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These data were then used to initiate an ongoing collaboration with seven European MS

centres (MAGNIMS: www.magnims.eu), which aims to further evaluate the use of Brain

Predicted Age in MS, using a larger multi-centre cohort (n = 3565 T1-weighted MRI scans).
The results presented in this thesis chapter relate to the proof-of-concept and pilot study only,
since this represents the main work of the thesis author. Results from the extended MAGNIMS
dataset have been published as a pre-print with the thesis author as ‘joint first author’,! but are

not included in this chapter.

IV4 METHODOLOGY

IV.4.1 Study population

This study used data collected from UCL and Imperial College London (Table 7). The
Imperial College London data were from the ‘natalizumab cohort’ described in Chapter 3 of
this thesis, including subjects at baseline and after the initiation of natalizumab. Methodology
for this natalizumab cohort is not repeated here, and readers are requested to refer to Chapter
3 for further information. The UCL data were taken from a variety of different cohorts, and

overlap with data described in previous work.>®

Patients had been diagnosed with CIS,* or MS according to 2010 McDonald Criteria.®® HCs

had no known history of neurological or psychiatric disorders. The HCs used to generate the

training model for Brain Predicted Age are described elsewhere.?- !



Clinical and imaging data were anonymised and were subject to the appropriate ethics

approval (Imperial College London data: London Riverside Research Ethics Committee

14/L0O/0343; UCL data: European MAGNIMS collaboration).

IV.4.2 MRI acquisition

T1-weighted MRI scans were performed according to local MRI protocols and acquisition

parameters. These parameters were similar between cohorts. Details of the different scanners

and acquisition parameters are presented in Table 7.

Centre University College London Imperial College London
(natalizumab cohort)
Magnetic field 1.5 Tesla 3 Tesla 3 Tesla
Vendor GE GE GE Philips Siemens
Model Signa Signa Signa Achieva Verio
Years of 1999- 1998- 1998- 2011-2016 2014-2016
recruitment 2006 2005 2010
Included 1 1 2 2 1
studies
Acquisition 3D 3D 3D 3D 3D
dimensions
Voxel 1.2x1.2 1.2x1.2 1.2x1.2 Ix1x1 Ix1x1
dimensions x1.5 x1.2 x1.5
(mm)
TR (ms) 133 14.3 29 6.8 2300
TE (ms) 4.2 5.1 15 3.1 2.98
Matrix size 256x25 256x25 256x25 256x256 256x256
6 6 6




Number of 124 156 124 256 160
slices
Numbers of participants prior to exclusions
Controls 44 10 0 98 8
CIS 24 4 70 1 0
RRMS 33 7 67 52 17
SPMS 0 0 0 32 0
PPMS 42 0 0 42 0

Table 7: MRI acquisition protocols. TE = echo time; TR = repetition time; ms = milliseconds; mm =
millimetre; HC = healthy controls; CIS = clinically isolated syndrome; RRMS = relapsing-remitting
multiple sclerosis; SPMS = secondary progressive multiple sclerosis; PPMS = primary progressive

multiple sclerosis.

IV.4.3 Clinical outcomes

MS/CIS patients were assessed using the Expanded Disability Status Scale (EDSS).¢!
Disability progression was defined as an increase of 1 EDSS point in those with EDSS <5.5,
or an increase of 0.5 EDSS points in those with EDSS >5.5. Data were also collected on sex,

age, date of disease diagnosis, and date of study visits.

In the ‘natalizumab cohort’, ‘non-responders’ were defined as those with on-going relapses

while on natalizumab, and/or disability progression in EDSS score.

IV.4.4 Brain Predicted Age analysis

Brain Predicted Age analysis was in line with a previously reported protocol developed at

Imperial College London.?” *! In brief, structural images were pre-processed using SPM12



(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) to segment white matter (WM), grey

matter (GM) and cerebrospinal fluid. Quality control was conducted by visual inspection of
all images after segmentation; and images which failed segmentation were excluded.
Segmented WM and GM images were registered non-linearly to a template which had been
customised based on the training dataset using SPM DARTEL.% Images were then affine
registered to MNI152 space (voxel size 1.5mm?*) and resampled using modulation and 4mm
smoothing. Summary volumetric measures of WM, GM, cerebrospinal fluid and intracranial

volume (ICV) were generated.

Brain Predicted Ages were generated using the Pattern Recognition for Neuroimaging

Toolbox (PRoNTo v2.0, www.mlnl.cs.ucl.ac.uk/pronto) software package.®> Healthy brain

ageing had been previously defined using brain volumetric maps from an independent training
dataset of controls with no known psychiatric or neurological disease (n = 2001). The model
achieved a mean absolute error of 4.41 years, explaining 91% of the variance in chronological
age from T1-weighted MRI data. The coefficients from the training model were then applied
to the MS/CIS patients and HCs in the ‘natalizumab cohort’ and ‘UCL cohort’, to generate
Brain Predicted Ages. These values were adjusted to remove age-related variance, as
previously described.’! Brain-PAD scores were defined as Brain Predicted Age minus
chronological age. The pipeline used to generate Brain-PAD scores is illustrated in Figure 29

(adapted from Cole et al., 2015 and Cole et al., 2017).314
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Figure 29: Overview of Brain Predicted Age model methodology. The training set used MRI data from
2,001 healthy controls from multiple cohorts, and is described in Cole ez al., (2015).3! Test data were from

the ‘natalizumab cohort’ and ‘UCL cohort’. (A) Statistical Parametric Mapping (SPM) structural pre-



processing pipeline generated white matter (WM) and grey matter (GM) maps, normalised to Montreal
Neurological Institute (MNI) space and modulated to retain data relating to brain size. (B) For WM and
GM separately, training data were converted to a voxelwise similarity kernel matrix using Pronto.
Training data only were run through a Gaussian Processes Regression (GPR) machine which was trained
to recognise patterns of imaging data that matched a given chronological. Model validity was tested, as
previously described.’! The trained model was applied to the test data sets, to assess accuracy of the model
on healthy controls and assess Brain Predicted Age in subjects with MS and CIS, and Brain-PAD

calculated (C).

IV.4.5 Lesion filling

On cross-sectional data from a subset of MS/CIS scans, for which annotated lesion maps were
available or were created, the relationship between MS lesions and measurements of Brain-
PAD was explored by using the FSL lesion filling algorithm to artificially remove lesions
from T1-weighted MRI scans (Figure 30).%* Lesions segmented for the purpose of this project
were segmented in T1 space using a customised tool developed by the BioMedIA group at
Department of Computing, Imperial College London. The tool makes use of a semi-automated

segmentation method based on that of Criminisi ez al.%

Dummy lesion masks were also used
for a small cohort of HCs, to investigate for a systematic effect of the FSL Lesion Filling
process on Brain Predicted Age. Lesion masks were also used to derive total lesion volumes.
Both lesion-filled and unfilled scans were run through the Brain Age model, and comparison

in Brain-PAD between the two datasets was carried out. Lesion-filled images were used for

this analysis only, while unfilled images were used in all other analyses.



T1-weighted MRI
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Figure 30: Lesion segmentation methodology. Lesion segmentation was manually created or was already
available in T1 space on n = 575 T1-weighted scans. Co-registered scans (for example double inversion
recovery, as picture above) were used to assist in the accurate segmentation of lesions. FSL lesion filling

algorithm was used to artificially remove lesions from T1-weighted MRI scans

IV.4.6 Statistical analysis

Participant demographic results are reported as mean (standard deviation). Brain Predicted
Age and Brain-PAD data are presented as mean (+/- 95% confidence intervals, CIs) unless
otherwise specified. Parametric tests were used after testing for normal data distribution.
Unpaired ¢ test or paired ¢ tests were used to compare the differences between means of two
unpaired or paired groups, respectively. One-way analysis of variance was used to compare
the differences between means for three or more groups. Pearson’s correlation was used to
investigate the relationship between quantitative continuous variables. Survival curves of

time-to-EDSS progression were generated, dividing subjects into groups defined by baseline



Brain-PAD cut-offs. Survival curves were compared using a log rank (Mantel-Cox) test.
Longitudinal imaging analysis was exploratory and used a linear mixed effects model. To
establish to what extent brain volume measurements were driving variability in Brain-PAD,
ordinary least squares linear regression with hierarchical partitioning was performed, with
Brain-PAD as the outcome variable and GM volume (relative to ICV), WM volume (relative
to ICV), age and sex as predictors. To establish to what extent Brain Predicted Age and other
univariate outcomes could predict EDSS, ordinary least squares linear regression with
hierarchical partitioning was performed, with EDSS as the outcome variable and Brain
Predicted Age, GM volume (relative to ICV), WM volume (relative to ICV), age and sex as
predictors. p-values < 0.05 were considered statistically significant. Multiple testing
correction was not used for these proof-of-concept and pilot data. Statistical analysis was
carried out using R v3.4.3 (R Core Team, 2015) and GraphPad Prism (v7, GraphPad Software,

Inc., San Diego, CA, USA).

IV.4.7 Contribution to work

Joel Raffel'? Led on overall scientific direction of project. For ‘natalizumab cohort’,
obtained ethical approval, consented all subjects, organised study visits,
performed all clinical assessments and coordinated scanning procedures
with assistance from radiographers. For both ‘natalizumab cohort’ and
‘UCL cohort’, performed image processing through pipeline, and quality
check. Led on analysis and interpretation of data. Presented data to
potential collaborators (UCL and then MAGNIMS consortium), to help

setup access to additional cohorts.
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James Cole! Developed the Brain Predicted Age model as part of previous project.
Helped to process scans through the Brain Predicted Age pipeline.
Contributed towards analysis and overall direction of project (in
particular with the MAGNIMS cohort, not presented in this thesis
chapter).

Tim Friede’ Medical statistician. Assisted with statistical methodology, in particular
longitudinal imaging analysis, and ordinary least squares linear
regression with hierarchical partitioning.

Arman Eshaghi*®  Helped to organise and process imaging data from the UCL cohort

Olga Ciccarelli*®  Assisted in providing access to UCL cohort. Contributed ideas towards
direction of project.

Richard Nicholas'* Overall responsibility and supervision of the project throughout.

1 Division of Brain Sciences, Faculty of Medicine, Imperial College London, London, United Kingdom,

2 Imperial College Healthcare NHS Trust, London, United Kingdom,

3 Department of Medical Statistics, University Medical Center Géttingen, Gottingen, Germany

4 Queen Square Multiple Sclerosis Centre, Department of Neuroinflammation, UCL Institute of Neurology,
London, UK.

5 Centre for Medical Image Computing, Department of Computer Science, University College London, UK.

6 National Institute for Health Research (NIHR), University College London Hospitals (UCLH) Biomedical

Research Centre (BRC), London, UK.

IV.S NATALIZUMAB COHORT RESULTS

Brain Predicted Age was first examined in the small natalizumab cohort described in Chapter

3, before being applied to the larger cohort of subjects recruited by UCL.
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IV.5.1 Study procedures

17 PWMS and 8 HCs had baseline T1-weighted MRI scans. One subject with MS did not have

follow-up scans, as they left the study for personal reasons. The other 16 PwMS had follow-

up MRI scans 10 weeks and 58 weeks after the initiation of natalizumab, as described in

Chapter 3.

IV.5.2 Subject characteristics

The study cohort overlapped with that described in Chapter 3, although one additional subject

with MS was available for analysis (due to failed PET but successful MRI), and three fewer

HCs were available (due to this analysis being performed prior to study completion).

Baseline characteristics are presented in Table 8. PWMS had increased disability at baseline

compared to HCs, as expected (Table 9).

PWMS (n=17) HCs (n=28)
Male/Female, n 6/11 5/3
Age, yrs 41.6 (10.8) 42.0 (7.4)
Years of education 14.4 (2.6) 16.4 (3.9)
Age at MS onset, yrs 29.5 (10.0) N/A
Time since MS onset, yrs 12.1 (10.6) N/A
Number of previous DMTs, | O DMTs: 9 N/A
n 1 DMT: 3

2 DMTs: 5

Table 8: Baseline characteristics of PwMS and HCs. DMT = disease-modifying therapy. Standard

deviations shown in brackets.
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PwMS (n=17) HCs (n=18) p-value
T25FW, secs 6.6 (4.4) 3.5(0.4) NS (p =0.06)
9HPT, secs 30.9 (19.9) 17.8 (1.3) NS (p =0.07)
MSQOL-54 Physical | 42.8 (16.8) 87.8(5.9) ok
MSQOL-54 Psych 58.7 (24.0) 80.8 (7.3) *
WPALMS 59.4 (16.8) 3.7(7.4) ok
SDMT 49.7 (13.7) 67.7 (10.2) o
CVLT 54.2 (10.8) 66.0 (6.4) o
BVMT 24.1 (6.6) 30.1 (5.6) *
EDSS 42 (1.1) N/A
MSSS 5.6(2.4) N/A
WM Lesion Volume, | 10.3 (8.5) N/A
cm’
GM Lesion Volume, | 0.3 (0.5) N/A
cm?®

Table 9: Clinical and patient-reported outcomes in PwMS and HCs at baseline. T25FW = timed 25-foot
walk; 9HPT = 9-hole peg test; MSQOL-54 = Multiple Sclerosis Quality of Life-54 patient reported
outcome (physical and psychological subscores); WPAI:MS = Work Productivity and Activity
Impairment, Multiple Sclerosis; SDMT = symbol digit modalities test; CVLT = California verbal learning
test; BVMT = Brief Visuospatial Memory Test; EDSS = Expanded Disability Status Scale; MSSS = Global
Multiple Sclerosis Severity Scores. Standard deviations shown in brackets. p-values refer to unpaired ¢
tests: * = p < 0.05; ** =p < 0.01; *** =p < 0.001. The PwWMS group had scores associated with greater

disability, compared with the HC group.

IV.5.3 Brain-PAD is increased in subjects with MS, and correlates with radiological

markers of disease severity

On visual inspection of T1-weight MRI scans, the severity of disease on MRI scan appeared

to correlate with the Brain-PAD score (e.g. Figure 31A).
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In HCs, mean Brain-PAD (defined as Brain Predicted Age minus chronological age) was not
statistically different from 0, as expected. In PWMS in the baseline scan, mean Brain-PAD
was +10.0. Even in this limited cohort, Brain-PAD was significantly greater in PWMS at
baseline scan than in HCs (MS: mean +10.0 years, 95% CI +5.8 to +14.2; HC -1.4 years, 95%

CI-7.8 to +5.1; p < 0.01; Figure 31B).

In PWMS, lesion volume was calculated after segmentation of all WM and GM lesions. Brain-
PAD correlated strongly with lesion volume in the baseline scans (r=0.78, n = 17, p < 0.001;

Figure 31C).
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Figure 31: Brain Predicted Age and Brain-PAD in multiple sclerosis and healthy controls. (A): In three

females in their mid-30s. MS Case 1, with the most severe disease, had Brain Predicted Age 20.9 years

greater than chronological age. MS Case 2, with less severe disease, had Brain Predicted Age 5.4 years

greater than chronological age. The Healthy Control had Brain Predicted Age 3.7 years less than

chronological age. (B): On average, Brain-PAD in subjects with MS was greater than Brain-PAD in HCs.

(O): Brain-PAD correlated with Lesion Volume. p-value generated using unpaired 7 test (B) and Pearson

correlation coefficient (C). Error bars represent mean +/- 95% confidence intervals. ‘Brain Age’ = ‘Brain

Predicted Age’. Brain PAD = Brain Predicted Age Difference. MS = multiple sclerosis. HC = healthy

controls.



IV.5.4 Results consistent after lesion filling

The results reported in the above section remained consistent after lesion filling of T1-
weighted MRI. HC MRI data were also lesion filled, by using ‘dummy’ lesion masks

generated in PWMS and then transformed into matched HC space.

On visual inspection of filled T1-weight MRI scans, the severity of disease on MRI scan still

appeared to correlate with the Brain-PAD score (e.g. Figure 32A).

In PWMS in the baseline filled scans, mean Brain-PAD was +8.2. Brain-PAD remained
significantly greater in PWMS at baseline scan than in HCs (MS: +8.2 years, 95% CI +4.6 to
+11.8; HC -0.7 years, 95% CI -7.1 to +5.7; p < 0.01; Figure 32B). Brain-PAD remained
correlated strongly with (pre-filling) lesion volume in the filled baseline scans (r=0.72, n =

17, p <0.001; Figure 32C).

The effect of lesion filling on Brain-PAD is further investigated in the UCL cohort results.
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Figure 32. Lesion-Filled scans. These are the same data as shown in Figure 31, but with lesion-filled T1-
weighted MRI data. (A): Brain Predicted Age and Brain-PAD in three females in their mid-30s. MS Case
1, with the most severe disease, had Brain Predicted Age 16.9 years greater than chronological age. MS
Case 2, with less severe disease, had Brain Predicted Age 3.7 years greater than chronological age. The
Healthy Control had Brain Predicted Age 3.7 years less than chronological age. (B): On average, Brain-
PAD in subjects with MS was greater than Brain-PAD in HCs. Error bars represent mean +/- 95%
confidence intervals. (C): Brain-PAD correlated with Lesion Volume. p-values generated using unpaired
t test (B) and Pearson correlation coefficient (C). ‘Brain Age’ = ‘Brain Predicted Age’. Brain PAD = Brain

Predicted Age Difference. MS = multiple sclerosis. HC = healthy controls.



IV.5.5 Brain-PAD decreases after natalizumab in those responding to treatment

Although this cohort was limited by sample size, it was investigated whether Brain-PAD was
modified by natalizumab treatment in the 16 PwMS with MRI scans at baseline and 58 weeks

after initiating natalizumab.

After 58 weeks of treatment, mean Brain-PAD was +9.9 years, which was not significantly
different from the mean Brain-PAD at baseline of +10.1 years (baseline: 10.1 (2.1); 58 weeks:
9.9 (2.1); n = 16; p = ns; Figure 33A). Without a control group of untreated PwMS, it was not
possible to conclude whether Brain-PAD at 58 weeks would have been greater were it not for

natalizumab treatment.

The mean Brain-PAD increased after 58 weeks in the patients classified as natalizumab non-
responders, whereas the mean Brain-PAD decreased after 58 weeks in the patients classified
as natalizumab responders (non-responders: n = 5, Change in Brain-PAD +1.1 years, 95% CI
--0.5 to +2.7; responders: n = 11, Change in Brain-PAD -0.7 years, 95% CI -1.6 to +0.3; p <

0.05; Figure 33B).
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Figure 33: Longitudinal Brain-PAD after natalizumab treatment. (A): Each individual PwMS represented
by a colour/symbol. Across the group, mean Brain-PAD decreased non-significantly from +10.1 to +9.9
from baseline to 58 weeks after treatment initiation. (B): Mean Brain-PAD decreased in those that
responded to treatment and increased in those that did not respond to treatment. p-value generated using
unpaired 7 test. Error bars represent mean +/- 95% confidence intervals. Brain-PAD = Brain Predicted

Age Difference.

IV.6 UCL COHORT RESULTS

After results had been generated in the small natalizumab cohort, the Brain Age model was

applied to a larger cohort of subjects with MS, CIS, and HCs.
IV.6.1 Study procedures
1658 T1-weighted MRI scans were available. 33 scans were excluded since the chronological

age of the subject was unknown, while 26 scans were excluded for failing quality check,

leaving 1599 for analysis from 541 different subjects (Figure 34).
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Figure 34: Flowchart of exclusions for UCL cohort. QC = quality check.

IV.6.2 Subject characteristics

Baseline characteristics are presented in Table 10. Chronological age at baseline scan between

those with MS/CIS and HCs was similar. 45.3% of HCs were male, versus only 37.6% of

those with MS or CIS. Only 40 subjects were known to be on disease-modifying therapy. In

the MS/CIS group, 131 subjects had >5 years of follow-up, and 77 subjects had >10 years of

follow-up.

PwMS (n =391) HCs (n = 150)
Male/Female, n 147 /244 68 /82
Age at baseline scan, yrs 39.8 (11.0) 37.3 (10.0)
Subtype at baseline scan,n | CIS: 99 HC: 150

RRMS: 175

SPMS: 33

PPMS: 84
Total number of MRI scans, | 1: 33 1: 39
n 2: 156 2:47

3:73 3:21

4:59 4:21

5:56 5:7




10 - 15 years: 77

6: 8 6:7

7:6 7:2

8:0 8:3

9:0 9:2

10: 0 10: 1
Follow-up duration in those | O - 1 years: 7 O - 1 years: 17
with >1 scan (time from first | 1 - 2 years: 86 1 - 2 years: 45
until last scan), n 2 - 3 years: 100 2 - 3 years: 30

3 - 5 years: 34 3 -5 years: 10

5 -10 years: 54 5-10years: 9

10 - 15 years: 0

Age at MS onset, yrs

34.8 (9.9)

N/A

On DMT at baseline scan, n

Yes: 40
No/unknown: 351

N/A

EDSS at baseline scan

0: 38
1-1.5:124
2-25:42
3-3.5:34
4-45:37
5-5.5:15
6-6.5: 64
7-7.5:3
8-8.5:4
Unknown: 30

Table 10: Baseline characteristics of PWMS and HCs. CIS = clinically isolated syndrome; RRMS =

relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis; PPMS = primary

progressive multiple sclerosis; HC = healthy control; DMT = disease-modifying therapy. EDSS =

Expanded Disability Status Scale. Standard deviations shown in brackets.
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IV.6.3 Brain-PAD is increased in people with MS and CIS

Brain-PAD was calculated for all subjects in their baseline (first available) T1-weighted MRI

scan.

Those with relapsing-remitting MS (RRMS) had a mean Brain-PAD of +10.3 years, consistent
with the results from the natalizumab cohort. Those with CIS had a mean Brain-PAD of +4.0
years. Those with primary progressive MS (PPMS) had a mean Brain-PAD of +11.5 years.
Those with secondary progressive MS (SPMS) had a mean Brain-PAD of +17.4 years. People
with CIS, RRMS, SPMS, and PPMS all had Brain-PAD significantly greater than the HC
group (Figure 35A-B). Data are also represented on a graph of Chronological Age vs Brain
Predicted Age, where Brain-PAD could be derived as the ‘vertical distance from each data

point to the y=x line’ (Figure 35C).
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Figure 35: Baseline scans by disease subtype. (A): Brain-PAD (years) in baseline scans by disease subtype.
p-values versus healthy control generated using unpaired ¢ tests. (B): Same dataset in graphical format.
Error bars represent mean +/- 95% confidence intervals. (C): Same data are also represented on a graph
of Chronological Age vs Brain Predicted Age, where Brain-PAD could be derived as the distance along
the y-axis from each data point to the y=x line. Brain-PAD = Brain Predicted Age Difference; CIS =
clinically isolated syndrome; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary

progressive multiple sclerosis; PPMS = primary progressive multiple sclerosis; HC = healthy control.

IV.6.4 Brain Predicted Age and Brain-PAD at baseline scan correlate with disease

characteristics

In CIS, RRMS, and SPMS, Brain-PAD in the baseline scan correlated with time since MS
diagnosis (r = 0.37, n = 246, p < 0.0001; Figure 36A). In this analysis, those with CIS were
included only if they ultimately were diagnosed with RRMS. In these subjects, the ‘time from
MS diagnosis’ is given a negative value, since they had yet to be diagnosed with MS at the

time of the baseline scan. Subjects with PPMS were not included in this analysis since the



diagnostic process may be different. Brain-PAD also correlated negatively with age of

diagnosis (r =-0.26, n = 387, p < 0.0001; Figure 36B).

Brain-PAD correlated with EDSS at baseline scan in subjects with CIS, RRMS, SPMS, and
PPMS (r = 0.34, n = 361, p < 0.0001; Figure 36C). Brain Predicted Age correlated more
strongly with EDSS (r = 0.65, n = 361, p < 0.0001; Figure 36D), as may be expected since
Brain Predicted Age relates also to chronological age, which is known to be an important

driver for disability progression.
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Figure 36: Brain Predicted Age and Brain-PAD correlate with disease characteristics. (A): Brain-PAD
(yrs) at baseline scans correlates with time from MS diagnosis (yrs) in those with relapsing MS. Those
with CIS were included only if they ultimately were diagnosed with RRMS. Subjects with PPMS were not
included in this analysis since the diagnostic process may be different. Line of best fit shown in green. r =
0.37, n = 246, p < 0.0001. (B): Brain-PAD (yrs) correlates with age at MS diagnosis (yrs). Line of best fit
shown in pink. r = -0.26, n = 387, p < 0.0001. (C): Brain-PAD (yrs) correlates with EDSS. r = 0.34, n =
361, p<0.0001 (D): Brain Predicted Age (yrs) correlates with EDSS. r =0.65, n =361, p <0.0001. Pearson’s
correlation coefficient used for all statistical analyses. Brain-PAD = Brain Predicted Age difference. CIS
= clinically isolated syndrome; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary
progressive multiple sclerosis; PPMS = primary progressive multiple sclerosis; HC = healthy control;

EDSS = Expanded Disability Status Scale.



IV.6.5 Baseline Brain Predicted Age and Brain-PAD are associated with risk of future

disability progression

Brain Predicted Age at the baseline scan was correlated with risk of reaching future disability
milestones. Of those with EDSS <6 at baseline, the risk of reaching EDSS 6 at follow-up was
increased in those with baseline Brain Predicted Age greater than 45 years (Brain Predicted
Age <45 yrs: events in 6/133, median survival undefined; Brain Predicted Age >45 yrs:
events in 28/133, median survival 14 years; p < 0.0001; Figure 37A). Of those with EDSS <4
at baseline, the risk of reaching EDSS 4 at follow-up was increased in those with baseline
Brain Predicted Age greater than 45 years (Brain Predicted Age <45 years: events in 10/126,
median survival undefined; Brain Predicted Age >45 years: events in 17/90, median survival

14 years; p < 0.001; Figure 37B).

While Brain Predicted Age predicted the risk of reaching disability milestones, Brain-PAD
predicted the risk of any EDSS disability progression (Brain-PAD <10 years: events in
72/188, median survival 13 years; Brain-PAD >10 years: events in 57/141, median survival

5 years; p < 0.0001; Figure 37C).
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Figure 37: Survival from disability milestones and EDSS progression as a function of Brain Predicted Age
and Brain-PAD. (A): Those with Brain Predicted Age less than 45 years had decreased risk of reaching
EDSS 6. p <0.0001. (B): Those with Brain Predicted Age less than 45 years had decreased risk of reaching
EDSS 4. p <0.001. (C): Those with Brain-PAD less than +10 years had decreased risk of EDSS progression.
P <0.0001. Log-rank (Mantel-Cox) survival analyses used for all statistics. Brain-PAD = Brain Predicted

Age difference. EDSS = Expanded Disability Status Scale.

IV.6.6 Longitudinal Brain Predicted Age analysis shows ‘faster ageing’ in people with

MS

All analyses presented thus far have considered Brain Predicted Age or Brain-PAD from only

the baseline T1-weighted MRI scan. Longitudinal MRI data were available in 469 out of 541

subjects.
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The ‘longitudinal change in Brain Predicted Age’ was investigated. A linear mixed effects
model was used comparing HCs with people with CIS/MS. HCs had a slope of 0.87 with
intercept of 6.0, while people with CIS/MS had a slope of 1.27 with intercept of 1.0. Therefore,
longitudinal change in Brain Predicted Age increased at a rate ~46% faster in subjects with
MS than in HCs (1.27/0.87). The two lines crossed at x= 12.2 years (Figure 38). Important

limitations of these analyses are considered in the discussion.
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Figure 38: Longitudinal change in Brain Predicted Age in people with multiple sclerosis and healthy
controls. Dots = scans. Dotted lines = change in Brain Predicted Age in individual subjects. Solid line =

average slope. Red = multiple sclerosis; Green = Healthy control.

IV.6.7 Brain-PAD is increased in CIS, but may normalise in those who do not develop

MS

In this cohort, there were 99 subjects with CIS at the baseline scan.



Of these 99 subjects, 42 were later diagnosed with RRMS during follow-up, while 43 retained
the diagnosis of CIS (14 of these with >10 years follow-up: ‘long-term CIS’). The remainder

had no recorded follow-up.

At baseline scan, there was no significant difference in Brain-PAD between the 14 subjects
with ‘long-term CIS’ and the 42 subjects that converted to RRMS (CIS: Baseline Brain-PAD+
2.6 years, 95% CI -0.3 to +5.5; CIS to RRMS: Brain-PAD +4.5 years, 95% CI + 2.3 to + 6.8;
p = ns; Figure 39A). Those with ‘CIS to RRMS’ with >10 years follow-up had a non-
significant longitudinal increase in Brain-PAD (Baseline Brain-PAD: +3.2 years, 95% CI -0.3
to +6.7, >10 year Brain-PAD: +6.5 years, 95% CI +1.8 to +11.1, n = 21, p = ns; Figure 39B).
However, Brain-PAD decreased longitudinally in those with ‘Long-term CIS’ (Baseline
Brain-PAD: +2.6 years, 95% CI -0.3 to + 5.5; >10 year Brain-PAD: -2.5 years, 95% CI -4.7
to -0.4,n= 14, p <0.0001; Figure 39C). The longitudinal change in Brain-PAD over 10 years
between these two groups was significantly different (Long-term CIS group: -5.1 years, 95%
CI-7.4 to-2.9, n = 14; CIS to RRMS group: = +3.3 years, 95% CI -0.8 to + 7.4,n=21; p <

0.01).
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Figure 39: Brain-PAD in those with ‘long-term CIS’ (no RRMS diagnosed and > 10 years follow-up), and
those who converted from ‘CIS to RRMS’. (A): Baseline Brain-PAD does not differ between these groups.
Error bars represent mean +/- 95% confidence intervals. (B): In those that converted to RRMS, there was
a non-significant increase in Brain-PAD longitudinally. (C): In those that had ‘long-term CIS’, there was
a substantial decrease in Brain-PAD longitudinally. p-value generated by unpaired 7 test (A) and paired ¢

test (B) and (C). Brain-PAD = Brain Predicted Age difference. CIS = clinically isolated syndrome; RRMS

= relapsing-remitting multiple sclerosis.

IV.7  FACTORS WHICH CONTRIBUTE TO BRAIN PREDICTED AGE

The analyses presented above find that Brain Predicted Age and Brain-PAD correlate with a

variety of clinical outcomes. Other measures that can be derived from T1-weighted MRI are



also known to correlate with clinical outcomes, such as GM volume and WM volume. The
following results sections consider what factors contribute to Brain Predicted Age, and
whether it may offer any advantages over these conventional brain atrophy measures. These
results also consider whether Brain Predicted Age could be influenced by the magnetic field

of the MRI and by MS lesions.

IV.7.1 MRI magnetic field has no effect on Brain-PAD

It is plausible that features of the MRI acquisition such as magnetic field strength could

influence Brain Predicted Age.

HC Brain-PAD results (both baseline and follow-up) were compared between scans acquired
using a 1.5 Tesla MRI scan and scans acquired using a 3.0 Tesla MRI scan. There was no
difference in Brain-PAD between these groups (1.5 Tesla Brain-PAD: +1.1 years, 95% CI -
0.2 to +2.4, n = 168; 3-Tesla Brain-PAD: +0.9 years, 95% CI +0.3 to +1.6, n = 255; p = 0.8;

Figure 40).
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Figure 40: There was no difference in healthy control Brain-PAD between scans acquired using a 1.5 Tesla

MRI scan and scans acquired using a 3.0 Tesla MRI scan. Error bars represent mean +/- 95% confidence

intervals.

IV.7.2 ‘Filling MS lesions’ has minimal effect on Brain-PAD

As presented under the ‘natalizumab cohort’ results Section IV.5.4, the association between

Brain-PAD and clinical outcomes remained consistent after lesion filling MRI scans.

This was further investigated using the larger UCL cohort. 306 baseline scans had a filled

version in addition to the unfilled version analysed in the above results. Brain-PAD was

generated for both versions of these 306 scans, to investigate the effect of lesions on Brain-

PAD. There was a very strong correlation between the Brain-PAD in the filled and unfilled

version of scans (n = 306, R* = 0.98; p < 0.0001; Figure 41). ‘Filling’ the MRI did result in a

systematic decrease in Brain-PAD, as perhaps should be expected, but this decrease was only

by 0.4 years on average (Mean unfilled Brain-PAD: 12.1 (0.6); mean filled Brain-PAD: 11.7

(0.6); p < 0.0001).
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Figure 41: Unfilled Brain-PAD at baseline correlates strongly with lesion-filled Brain-PAD at baseline in
those with CIS or MS. Red line represents y = x. Pearson’s correlation coefficient: n = 306, R> = 0.98; p <

0.0001. Brain-PAD = Brain Predicted Age Difference.

IV.7.3 Brain Predicted Age is driven by a variety of known and unknown variables

Since Brain Predicted Age is based on a machine-learning model of normal ageing, one would
anticipate that the Brain Predicted Age output for each subject is determined by the complex
interplay of a variety of non-linear and spatially variable change in brain volume and structure.
Nevertheless, it of interest to examine how much of the Brain Predicted Age output can be

predicted by combining standard univariate measures.

Using all 391 baseline scans from people with CIS/MS from the UCL cohort, ordinary least

squares linear regression with hierarchical partitioning was used to investigate what drives
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Brain Predicted-Age. As shown in Table 11, the variables GM volume (as a ratio to
intracranial volume; GMV/ICV), WM volume (as a ratio to intracranial volume; WMV/ICV),
chronological age, and sex explain 81% of the Brain Age result. GMV/ICV and chronological

age are the most important contributors, as one may expect. 19% of the Brain Age result is

explained by other unknown variables not included in this model.

2

GMV/ICV 0.416 <le-15
WMV/ICV 0.082 <le-15
Chronological age 0.293 <le-15
Male sex 0.017 0.26

TOTAL 0.808 <le-15

Table 11: Ordinary least squares linear regression with hierarchical partitioning, to predict Brain Age.

IV.7.4 Brain Predicted Age is more closely associated with disability outcomes than

existing univariate measures of brain atrophy

As reported in the UCL cohort results section, above, Brain Predicted Age is associated with
the disability outcome EDSS. It should be investigated whether Brain-Predicted Age is
associated with EDSS more closely than standard univariate measures: GMV/ICV,

WMV/ICV, chronological age, and sex.

When comparing the Pearson’s Correlation Coefficient, Brain Predicted Age correlates most

strongly with EDSS (r = 0.65, n = 361, p < 0.0001), followed by GMV/ICV (r = -0.58, n =

-185-



361, p <0.0001), chronological age (r=0.56, n =361, p <0.0001), WMV/ICV (r=0.30,n =

361, p <0.0001), and sex (r=0.18, n =361, p < 0.001).

Moreover, a multivariate model including Brain Predicted Age, GMV/ICV, WMV/ICV,
chronological age, and sex correlates only slightly more strongly with EDSS (r = 0.67, n =
361, p <0.0001) than the univariate model including Brain-Predicted Age alone (r = 0.65, n
=361, p <0.0001). Ordinary least squares linear regression with hierarchical partitioning was
used to investigate the above multivariate model. As shown in Table 12, Brain-Predicted Age

was the strongest predictor of EDSS in the multivariate model, followed by chronological age.

Brain Age 0.16 0.0015

GMV/ICV 0.12 0.0831

Chronological 013  <0.0001

TOTAL 046 <1e-10

Table 12: Ordinary least squares linear regression with hierarchical partitioning, to predict cross-

sectional EDSS score. Brain Age = Brain Predicted Age; GMV = grey matter volume; WMV = white

matter volume; ICV = intracranial volume.
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IV.8  DISCUSSION

This chapter reports results from two studies in which the Brain Predicted Age model was
used to predict chronological age in people with CIS or MS and HCs, based solely upon T1-
weighted MRI data. People with CIS, RRMS, SPMS, and PPMS had an older-appearing brain
(positive Brain-PAD) compared with HCs. Brain Predicted Age and Brain-PAD correlated
with time since MS diagnosis, age at diagnosis and the disability outcome EDSS. Baseline
Brain-Predicted Age and Brain-PAD were able to predict the risk of future disability
progression. Longitudinal T1-weighted MRI data showed that MS brains ‘age faster’ than the
HC brain. There was also preliminary evidence from the ‘natalizumab cohort’ that Brain-PAD
decreases after natalizumab treatment, especially in those who respond to treatment. A
collaboration has been setup with the multi-centre international MAGNIMS cohort, after
presentation of the above results by the thesis author. Data from the MAGNIMS cohort have
been analysed, but are not presented in this thesis chapter, and have been published as pre-

prints with the thesis author as ‘joint first author’.!

The Brain Predicted Age model offers several possible advantages over brain atrophy
measures. Firstly, the output places a patient’s disease and disability in the context of their
age, since Brain-PAD measures change relative to a model of healthy ageing. This allows the
model to provide informative output without the need for longitudinal scans. Secondly, the
Brain Predicted Age and Brain-PAD outputs are single numbers, which should be
conceptually simple and intuitive to interpret for both healthcare professionals and patients.
Thirdly, the model incorporates voxelwise MRI data, capturing more information that simple
summary statistics. Therefore, non-linear and spatially variables patterns (i.e. voxelwise GM

and WM volumes) can be captured, so that, for example, patterns of cortical thinning, sulcal
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widening and ventricular enlargement can contribute to the model. Indeed, in this study, the
association between Brain Predicted Age and EDSS was relatively strong, and performed
better than GM volume, WM volume, or chronological age when these variables were
considered in isolation. The Brain Predicted Age model can run through a pipeline and is
mostly automated; the results for the 1658 scans in the UCL cohort were generated overnight.
Therefore, the Brain Predicted Age model could be applied with relative ease to large cohorts

in future research projects.

Other results reported in this chapter can be interpreted in the context of previous research.
Brain-PAD has been shown to correlate with clinical outcomes in the general population, and
is increased in diseases such as Alzheimer’s disease (+9 years),® traumatic brain injury (+4.7
years),’! Down’s syndrome (+2.15 years),*® and HIV (+2.15 years),*’ By comparison, the
average increase in Brain-PAD in this study was +4.0 years for CIS, +10.3 years for RRMS,
+17.4 years for SPMS, and +11.5 years for PPMS. These substantial increases in ‘brain age’

in the MS cohorts seem in keeping with the severity of disease.®”*

The UCL cohort results found increased Brain-PAD even in those recently diagnosed with
CIS. This is supportive of previous research which shows that brain atrophy and cognitive
impairment has started to occur even prior to the diagnosis of CIS.”*” Although limited by a
small sample size, the UCL cohort results also suggest that those who are diagnosed with CIS
but ultimately do not develop MS seem to have an improvement in Brain-PAD longitudinally,
in contrast with those that do develop MS. A larger cohort is required to test the replicability
of this finding, and to investigate whether there are any other features that discriminate those

with CIS that ultimately do not develop MS.
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It was also investigated how Brain-PAD changes longitudinally across the whole cohort. On
average, longitudinal change in Brain Predicted Age increased at a rate ~46% faster in subjects
with MS than in HCs. This figure could overestimate ‘brain ageing rate’, for example if
subjects recruited to studies had more aggressive disease activity compared with the MS
population on average. The figure could also underestimate ‘brain ageing rate’, for example
since survivor bias may mean that those with the most severe disease were less likely to return
for follow-up. It should be emphasised that this longitudinal analysis is considered
exploratory, and will need to be further investigated with larger cohorts using multivariate
statistical methods which do not assume a linear trajectory of brain ageing in MS. In the simple
model used in this study, the MS and HC ‘lines of best fit’ crossed at 12.2 years; it will be of
interest to see whether a similar number is derived in the multicentre studies with multivariate
analyses, since such a figure could be taken to relate to the average age at which preclinical

disease processes begin in MS.

It would also be of interest to test whether the longitudinal trajectory of Brain-PAD in MS
could be modified by disease-modifying therapy. Although the ‘natalizumab cohort’ is limited
by the small number of participants, it provides preliminary evidence that suggests Brain-PAD
might improve after natalizumab treatment, especially in those who respond to treatment. The
results from the UCL cohort support the concept that Brain-Predicted Age and Brain-PAD
have prognostic significance for hard clinical endpoints. However, it does not necessarily
follow that a change in these measures after treatment will help predict long-term outcomes
after treatment, and the validity of surrogate outcomes should be tested against the Prentice
criteria.”* The effect of disease-modifying therapy on Brain-PAD was not tested in the ‘UCL
cohort’, since only 40 subjects were known to be on disease-modifying therapies in this

cohort, and since the dataset could include missing or incorrect data relating to disease-
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modifying therapy initiation and discontinuation dates. The effect of disease-modifying
therapies on Brain-PAD should be investigated in other cohorts. If disease-modifying
therapies can improve Brain-PAD, and if this is shown to predict clinical outcomes according
to the Prentice criteria, this could offer a conceptually simple and intuitive method to compare

the efficacy of different disease-modifying therapies across large imaging cohorts.

The question then arises as to whether the Brain Predicted Age model could eventually be
used in clinical practice, for example to contribute towards a clinician’s assessment of
prognosis or response to treatment. However, much like brain atrophy measures, the Brain
Predicted Age model is likely to be susceptible to artefact.”” Indeed, in the longitudinal data
presented in this study, there are instances where Brain-PAD changes longitudinally by
amounts which seem biologically implausible, including in apparently HCs. Therefore, at this
stage, the Brain Predicted Age model appears most appropriate as a research tool to investigate
questions at a group-level, where the occasional influence of artefact is controlled between
groups. The factors which contribute to artefact should be investigated, in case these relate to
features of the MRI image which can be quality checked. Adding longitudinal HC imaging
cohorts into the training set could also reduce intra-subject variation in Brain-PAD caused by

artefact.

There are additional limitations of the results reported in this chapter. Univariate statistical
analyses are used to investigate relationship which are likely to be complex, multivariate, and
non-linear. The use of these statistics is considered acceptable since these were conceived as
proof-of-concept (‘natalizumab cohort’) and pilot (‘UCL cohort’) studies, to generate initial
evidence regarding how Brain Predicted Age may relate to clinical outcomes and other MRI

outcomes. A medical statistician will assist in future work, including analysis from the multi-
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centre MAGNIMS cohort.! A further limitation is that data were not available relating to the
presence of comorbidities in the UCL cohort. Comorbidities may increase Brain Predicted
Age in the general population. If comorbidities were less prevalent in HCs in the UCL cohort,
this could contribute to the difference in Brain-PAD between HC and MS groups, although
any effect would be expected to be small.** More fundamentally, the Brain Predicted Age
model could be criticised for a lack of applicability to MS, since it was developed as a non-
specific ageing biomarker which is not trained to capture pathological features specific to MS.
That said, by lesion filling brain lesions on the T1-weighted MRI images the ‘natalizumab
cohort’ and ‘UCL cohort’, it appears that the effect of MRI lesions on Brain-Predicted Age is
minimal. Other features of ageing, such as brain atrophy, are shared between MS and normal

ageing, although the pattern of changes could be different.”®

A parallel workstream for this
project would be to develop a new training set, using MRI scans from PwMS with clinical
outcomes, to build a new machine learning model specific to MS. Of course, if the Brain

Predicted Age model proves useful as a tool for quantifying MS-related damage to the brain,

the lack of specificity of the model to MS becomes a moot point.

Overall, this work supports the continued investigation of the Brain Predicted Age model in

MS. The strengths of the model include the following:

1. A patient’s disease and disability can be placed in the context of their age.

2. Data from a wide range of different centres with different scanners can be integrated.
3. Longitudinal scans are not necessary to provide informative outcome.

4. The output is a single number, which should be conceptually simple and intuitive to

interpret for both healthcare professionals and patients.
5. The model incorporates voxelwise MRI data, allowing non-linear and spatially

variable patterns to be captured.
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This model has been further investigated using the MAGNIMS multi-centre cohort,' and will

be further developed as a tool for use in MS research.
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Chapter 5

Patient-Reported OQutcomes can Predict Survival Time in Multiple Sclerosis:

A Cohort Study using the Multiple Sclerosis Impact Scale-29
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V.1 ABSTRACT

Background: There is increasing emphasis on using patient-reported outcomes (PROs) to
complement traditional clinical outcomes in medical research, including in multiple sclerosis
(MS). Research, particularly in oncology and heart failure, has shown that PROs can be
prognostic of hard clinical endpoints such as survival time (time from study entry until death).
However, unlike in oncology or cardiology, it is unknown whether PROs can be associated

with survival time in neurological diseases.

The Multiple Sclerosis Impact Scale—29 (MSIS-29) is a PRO sensitive to short-term change

in MS, with questions covering both physical and psychological quality of life.

Objective: To assess the prognostic value of MSIS-29 scores on hard clinical endpoints

including ‘survival time’ in people with MS.

Methods: MSIS-29 scores were investigated using the ‘natalizumab cohort’ described in

Chapter 3.

After this, MSIS-29 scores were investigated using a large available dataset. From 15" July
2004 onwards, the MSIS-29 was completed by people with MS registered with the MS Society
Tissue Bank. MSIS-29 scores were correlated with survival outcomes over a 10-year follow-

up period.

Results: In the small ‘natalizumab cohort’, MSIS-29 scores improved after natalizumab, and

were associated with clinical response to treatment.



In the MS Society Tissue Bank cohort, 2,126 participants completed the MSIS-29, with 872
participants completing an additional MSIS-29 one year later. The mean population age at
MSIS-29 assessment was 54 years, with a mean disease length of 18.5 years. 10-years after
study initiation, 264 participants (12.4%) had died. Higher baseline MSIS-29 physical (MSIS-
29-PHYS) score was associated with reduced survival time (subgroup with highest scores
versus subgroup with lowest scores: hazard ratio [HR] 5.7, 95% confidence interval [CI] 3.1—
10.5, p < 0.001). Higher baseline MSIS-29 psychological score was also associated with
reduced survival time (subgroup with highest scores versus subgroup with lowest scores: HR
2.8,95% CI 1.8-4.4, p < 0.001). In those with high baseline MSIS-29 scores, mortality risk
was even greater if the MSIS-29 score increased over one year (HR 2.3, 95% C1 1.2—4.4,p =
0.02). MSIS-29-PHYS scores were associated with survival time independent of age, sex, and
patient-reported Expanded Disability Status Scale score in a Cox regression analysis (per 1-

standard deviation increase in MSIS-29-PHYS score: HR 1.8, 95% CI 1.1-2.9, p = 0.03).

Conclusions: MSIS-29 scores can be prognostic for hard clinical endpoints in MS. This is the
first study to associate PROs with survival in any neurological disease. Future studies should
evaluate whether MSIS-29 scores can be used as a surrogate for response to treatment. PROs
are cheap and easy to administer, and could allow MS studies with large cohorts which would

otherwise be financially unfeasible.

Publication outcome: Study published in PLOS Medicine with the thesis author as first author.!




V.2 ABBREVIATIONS

CI

Df

EDSS

HC

HR

MS

MSIS-29
MSIS-29-PHYS
MSIS-29-PSYCH
MSSTB
prEDSS

PRO

SD

Confidence interval

Degrees of freedom

Expanded Disability Status Scale
Healthy control

Hazard ratio

Multiple sclerosis

Multiple Sclerosis Impact Scale—29
MSIS-29 physical

MSIS-29 psychological

MS Society Tissue Bank
Patient-reported Expanded Disability Status Scale
Patient-reported outcome

Standard deviation



V.3 INTRODUCTION

V.3.1 Surrogates for prognosis: capturing the patient experience

The previous thesis chapters have considered how relapses or new MRI lesions (Chapter 2),
TSPO-PET (Chapter 3), or the Brain-Predicted Age model (Chapter 4), could be useful
outcomes in MS for assessing disease severity and predicting response to disease-modifying
therapy. Further work is required to develop and better understand these outcomes. However,
a more straightforward and more immediately available approach is to simply ask patients
how they feel. Might it be that a patient’s self-report can predict prognosis, perhaps as well as
any radiological or physician-assessed outcome? Might a patient’s self-report after the

initiation of a new disease modifying therapy predict long-term response to treatment?

Of course, understanding a patient’s experience is already a vital part of the decision-making
process in the MS clinic. A patient’s report of their past and present symptoms will influence
a clinician’s assessment of prognosis, and advice whether to initiate treatment. Similarly, a
patient’s report of their experience on a disease-modifying therapy will influence a clinician

in advising whether to continue, discontinue, or switch therapies.

Such doctor-patient interactions do not follow a set format, and will naturally vary depending
on the patient’s personality and experience, the doctor’s personality and experience, the
setting, and other factors. This promotes a fluid and natural consultation, and the flexibility to
address the issues most important to the patient at that time. However, if one wants to
systematically assess whether patient reports can predict disease outcomes, then a more formal

approach using patient-reported outcomes (PROs) is required.
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V.3.2 Patient reported outcomes in other disease areas

PROs are defined as ‘any report of the status of a patient’s health condition that comes directly
from the patient, without interpretation of the patient’s response by a clinician or anyone
else’.> PROs are increasingly being used to complement traditional outcome measures in
disciplines such as oncology, cardiology, and neurology. PROs can enhance clinical care in
areas such as symptom screening, monitoring treatment response, care coordination, care
systems assessment, and improving communication in the doctor—patient clinical encounter.>
® In interventional trials, the increasing use of PROs is partly driven by the need for
pharmaceutical companies to justify labelling and promotional claims in post-licensing
marketing.” 7 However, research and clinical practice in oncology has led the way in showing
that PROs are also useful prognostic measures. In oncology, it is well established that PROs
are associated with hard clinical endpoints such as survival time (time from study entry until
death) and can add prognostic value to more traditional physician-reported outcome
measures.®! PROs are also well established as prognostic for survival time in heart failure.'!"
I3 This validates PROs as clinically meaningful outcome measures, and supports their
increasing use to enhance decision making in research and in clinical practice. However, such
associations are more difficult to study in neurological research, in part because it is rarer for

the clinical endpoint of trials in neurological disease to be survival.

PROs could be useful in MS research, to complement established radiological and physician-
reported outcome measures.'* > Compared to physician-reported outcome measures, PROs
may be better able to capture the impact of disease on the person, may be easier and cheaper

to administer, and may be completed from the home environment. Therefore, further
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validation of PROs could allow for long-term, geographically diverse, and large-scale
observational and interventional studies which would not be possible with physician-reported

or radiological outcome measures.'°

V.3.3 The Multiple Sclerosis Impact Scale—29

The Multiple Sclerosis Impact Scale-29 (MSIS-29) is a PRO that attempts to assess both
physical and psychological quality of life in MS.!” In a systematic comparison of eight PROs
used most commonly in MS clinical trials, the MSIS-29 had the best overall mean score using
the ‘Evaluating the Measurement of Patient-Reported Outcomes’ tool.'* The MSIS-29 is self-
reported and can be distributed by post. It could potentially be utilised in MS trials, as it
appears sensitive to clinically relevant change over short time frames.!® It could complement
the physician-assessed Expanded Disability Status Scale (EDSS), which is the primary
outcome favoured in most MS trials despite several well-documented limitations, including
poor inter-rater and intra-rater reliability and a limited sensitivity to change over the time
frame of 2-3 years, especially in progressive MS.!??® Though small studies have correlated
MSIS-29 score with cross-sectional EDSS score, it is unknown whether the MSIS-29 can
predict hard clinical endpoints such as survival time.?”?® Indeed, to our knowledge, no PROs

have been associated with survival time in MS or any other neurological disease.

In this study, MSIS-29 scores were investigated using the ‘natalizumab cohort’ described in
Chapter 3. Following this, a large observational cohort of people with MS from the MS
Society Tissue Bank (MSSTB) was used to investigate whether MSIS-29 scores can be
prognostic for survival time (time from MSIS-29 completion to death). The primary study

hypothesis was that MSIS-29 scores are associated with survival time in MS.
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V4 METHODOLOGY

V4.1 Study population

Data were collated from the ‘natalizumab cohort’ reported in Chapter 3 of this thesis,
including subjects at baseline and after the initiation of natalizumab. Methodology for this
natalizumab cohort is not repeated here, and readers are requested to refer to Chapter 3 for
further information. In this cohort, the MSIS-29 was also completed by healthy controls
(HCs). Questions 1-3 of the MSIS-29 mention MS specifically, and so were adapted for this
HC population by changing ‘In the past two weeks, how much has your MS limited your ability

to...” to ‘In the past two weeks, how much have you been limited in your ability to’.

For the MSSTB study, data were collated from a large observational cohort of people with
MS. Since 1998, the MSSTB has operated a nationwide community-based scheme for people
with MS and non-MS controls in the UK to donate their brain and spinal cord after death, by
providing written consent while alive (ethics approval in 1998: London Multicentre Research
Ethics Committee—MREC/02/2/39; then in 2008: Wales Research Ethics Committee 3—
08/MRE09/31; then in 2013: Wales Research Ethics Committee 3—08/MRE09/31+5).2° This
cohort is a unique population in that the participants are followed from registration to death,
with eventual pathological confirmation.?” On 15" July 2004, the MSIS-29 was sent out to all
registered donors. For those who completed a MSIS-29 at this time, a second MSIS-29 was
sent out one year later, to measure change in MSIS-29 score. In addition, since 15% July 2004,

all new registered donors have been sent a single MSIS-29 at the time of registration, as well
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as a ‘patient-reported EDSS’ (prEDSS).?% 3! This study included people with MS registered

in the MSSTB up until 1* January 2014 who had completed at least one MSIS-29.

V4.2 Outcome measures

The MSIS-29 consists of 29 questions answered on a 5-point Likert scale, giving 2 scores: the
MSIS-29 physical (MSIS-29-PHYS) score (questions 1-20; score range 20—100 for these 20
questions) and the MSIS-29 psychological (MSIS-29-PSYCH) score (questions 21-29; score
range 945 for these 9 questions).!” 3 Imputation was used to address questionnaires returned
with missing data using the following rule: if more than 66% of questions had been answered
within MSIS-29-PHYS or within MSIS-29-PSYCH, missing answers were imputed using the
mean of the answered questions from the MSIS-29-PHYS or MSIS-29-PSYCH of that
individual participant.*® If <66% of questions had been answered, then all data from that
MSIS-29-PHYS or MSIS-29-PSYCH were excluded. The prEDSS uses the same scale as the
physician-reported EDSS and can be completed without physician input, with good

correlation.?’

The MSIS-29 is copyright by the Neurological Outcome Measures Unit. A copy of the MSIS-
29 is included in the Appendix, Section V.11. Permission to use the scale can be obtained by

contacting Dr Jeremy Hobart at J.Hobart@ion.ucl.ac.uk. Here, MSIS-29-PHY'S questions are

questions 1-20, and MSIS-29-PSYCH questions are questions 21-29.

The prEDSS is copyright by L. Kappos, Department of Neurology, University Hospitals
Basel. Permission to use the scale can be obtained by contacting Dr. Ludwig Kappos at

lkappos(@uhbs.ch

-208-



Ten-year data on mortality were collected up until 1% June 2014. Survival time was defined
using date of the first MSIS-29 as the entry point, date of death as the endpoint, and date of

study completion (1% June 2014) as the censorship date for those still alive.

Baseline MSIS-29 scores were categorised into 5 equally spaced subgroups as follows:

- MSIS-29-PHYS scores: 20-35, 36-51, 52-68, 69-84, 85—-100

- MSIS-29-PSYCH scores: 9—-16, 17-23, 24-30, 31-37, 38-45.
In addition, for those that completed a repeat MSIS-29 one year after baseline, the following
subgroups were used:

- Subgroup 1: initial MSIS-29-PHY'S score 20—84, no increase after one year

- Subgroup 2: initial MSIS-29-PHY'S score 20—-84, increase after one year (>1 point)

- Subgroup 3: initial MSIS-29-PHY'S score 85-100, no increase after one year

- Subgroup 4: initial MSIS-29-PHY'S score 85-100, increase after one year (>1 point).

V.43 Statistical analysis

Population demographics are presented as mean (standard deviation [SD]) and frequency
(percentage) for continuous and categorical variables, respectively, unless otherwise stated.
Differences between continuous variables were tested with the unpaired or paired ¢ test, or
one-way analysis of variance (ANOVA) when more than 2 groups, with repeated-measures
as appropriate. Differences between categorical data were tested with the chi-square test. To
assess whether MSIS-29-PHY'S score, MSIS-29-PSYCH score, prEDSS score, and change in
MSIS-29-PHYS score are associated with mortality, survival times were modelled using Cox

proportional hazard models where the hazard ratios (HRs) for the respective instruments were
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adjusted for age and sex. The HRs are presented with 95% confidence intervals (Cls) and p-
values testing the null hypothesis of the HRs being equal to 1. Survival curves within the
subgroups were estimated using Kaplan—Meier estimators. Correlations between the 3 PRO
scales (MSIS-29-PHYS, MSIS-29-PSYCH, and prEDSS) were estimated using rank-based
Spearman correlations, which are reported with p-values testing the null hypothesis of no
correlation. To investigate whether MSIS-29-PHYS and MSIS-29-PSYCH scores are
associated with survival independent of prEDSS score, survival times were modelled using a
Cox regression with prEDSS score, MSIS-29-PHYS score, MSIS-29-PSYCH score, age, and
sex as independent variables. Statistical analysis was carried out using SAS 9.4 platform and

GraphPad Prism (v7, GraphPad Software, Inc., San Diego, CA, USA).

V.4.4  Analysis history

Some analysis methods changed over the course of the study, and after peer-review by PLOS
Medicine journal, in which these results are already published.! The changes in the methods

employed are summarised below.

1. The study was motivated by the primary research question ‘Can MSIS-29, or change in
MSIS-29, be prognostic for mortality data in MS?” This study question was defined prior

to the analysis of any data.

2. Data collation took place after 2014, after the cut-off date for study data. Imputation rules
were decided upon at this point and have not changed. A preliminary univariate
multivariable regression analysis concluded that MSIS-29 scores was associated with

survival.

-210-



3. Methods for statistical analysis were refined in 2016 after consultation with a statistician
(Dr Tim Friede) to develop the Cox proportional hazard models presented in this chapter.
This was done to improve analysis methods to those suited to the dataset from a statistical
perspective, and had no impact on the relationships and overall message reported in the
results. Subgroup analyses were also decided upon at this point, including the
categorisation of participants into five subgroups based upon baseline MSIS-29 scores.
The subgroup range values were originally chosen after interrogation of the data to achieve
a compromise between ‘number of participants’ and ‘number of deaths’ in each subgroup,

to allow for sufficient power in statistical analyses.

4. After peer-review from PLOS Medicine, the subgroup range values for MSIS-29 groups
were modified so that the five subgroups were equally spaced in terms of MSIS-29 scores.
This change was undertaken to make the subgroup ranges for MSIS-29 subgroups more
intuitive to the reader. This had no impact on the relationships and overall message reported
in the results. Other new analyses performed after PLOS Medicine peer review were the
comparison of subgroups shown in Table 15, and the comparison of subgroups by MSIS-

29 score shown in Table 16.

V.4.5 Contribution to work

Joel Raffel'* Led on overall scientific direction of project. Collated data and
performed data analysis and interpretation. Supervised Alison Wallace
during data collection. Wrote the manuscript published in PLOS

Medicine, adapted for thesis chapter.!



Alison Wallace! Medical student. Helped with data collection as part of BSc project:
converted MSIS-29 questionnaires from paper format into computerised
format. Reviewed text prior to submission of PLOS Medicine paper.

Richard Reynolds' Helped arrange for people registered on the MSSTB to complete the
MSIS-29 from 2004 onwards. Reviewed text prior to submission of PLOS
Medicine paper.

Tim Friede’ Medical statistician. Assisted with statistical methodology including the
Cox proportional hazards models. Reviewed text prior to submission of
PLOS Medicine paper.

Richard Nicholas'* Helped arrange for people registered on the MSSTB to complete the
MSIS-29 from 2004 onwards. Initial conceptualisation of the project.

Overall responsibility and supervision of the project throughout.

1 Division of Brain Sciences, Faculty of Medicine, Imperial College London, London, United Kingdom,
2 Imperial College Healthcare NHS Trust, London, United Kingdom,

3 Department of Medical Statistics, University Medical Center, Gottingen, Germany

V.S NATALIZUMAB COHORT RESULTS

MSIS-29 results were first examined in the natalizumab cohort described in Chapter 3, before

being applied to the larger MSSTB cohort.

V.5.1 Study procedures

17 PwMS and 8 HCs completed the MSIS-29 questionnaire at baseline. 16 PwMS had follow-

up MSIS-29 questionnaires 10 weeks and 58 weeks after the initiation of natalizumab, as



described in Chapter 3. One subject with MS did not have follow-up, having dropped out of

the study after the baseline visit.

V.5.2 Subject characteristics

The study cohort overlapped with that described in Chapter 3, although one additional subject

with MS was available for analysis (due to failed PET but available MSIS-29 questionnaire).

Baseline characteristics are presented in Table 13. PWMS had increased disability at baseline

compared to HCs, as expected (Table 14).

PWwMS (n=17) HCs (n=11)
Male/Female, n 6/11 8/3
Age, yrs 41.6 (10.8) 41.6 (8.6)
Years of education 14.4 (2.6) 16.3 (3.2)
Age at MS onset, yrs 29.5(10.0) N/A
Time since MS onset, yrs 12.1 (10.6) N/A
Number of previous DMTs, | O DMTs: 9 N/A
n 1 DMT: 3

2 DMTs: 5

Table 13: Baseline characteristics

deviations shown in brackets.

of PWMS and HCs. DMT = disease-modifying therapy. Standard




PwWwMS (n=17) HCs (n=11) p-value
T25FW, secs 6.6 (4.4) 3.5(0.4) <0.05
9HPT, secs 30.9 (19.9) 17.9 (1.2) <0.05
MSQOL-54 Physical | 42.8 (16.8) 88.0 (5.2) <0.0001
MSQOL-54 Psych 58.7 (24.0) 81.4 (6.6) <0.01
WPALMS 59.4 (16.8) 3.6 (6.7) <0.0001
SDMT 49.7 (13.7) 66.1 (9.9) <0.01
CVLT 54.2 (10.8) 66.1 (5.5) <0.01
BVMT 24.1 (6.6) 30.5 (4.9) <0.05
EDSS 4.2 (1.1) N/A
MSSS 5.6(2.4) N/A

Table 14: Clinical and patient-reported outcomes in PwMS and HCs at baseline. T25FW = timed 25-foot

walk; 9HPT = 9-hole peg test; MSQOL-54 = Multiple Sclerosis Quality of Life-54 patient reported

outcome (physical and psychological subscores); WPAI:MS = Work Productivity and Activity

Impairment, Multiple Sclerosis; SDMT = symbol digit modalities test; CVLT = California verbal learning

test; BVMT = Brief Visuospatial Memory Test; EDSS = Expanded Disability Status Scale; MSSS = Global

Multiple Sclerosis Severity Scores. Standard deviations shown in brackets. p-values refer to unpaired ¢

tests: * = p < 0.05; ** =p < 0.01; *** = p < 0.001. The PWMS group had scores associated with greater

disability, compared with the HC group.

V.5.3 MSIS-29 score is increased in subjects with MS

MSIS-29-PHYS score and MSIS-29-PSYCH score were significantly greater in PwWMS at

baseline than HCs, as expected (MSIS-29-PHYS: MS mean 50.1, 95% CI 40.1 to 59.3; HC

mean 21.1, 95% CI 20.1 to 22.1, p <0.001; Figure 42A. MSIS-29-PSYCH: MS — mean 27.1,

95% CI21.8 to 32.4; HC - mean 9.9, 95% CI1 8.7 to 11.1, p < 0.001; Figure 42B).
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Figure 42: MSIS-29 scores are higher in subjects with MS than HCs. (A): MSIS-29-PHYS scores are higher
in subjects with MS than HCs. (B): MSIS-29-PSYCH scores are higher in subjects with MS than HCs. p-
value generated using unpaired 7 test. Error bar represent mean +/- 95% confidence intervals. MSIS-29 =

Multiple Sclerosis Impact Scale—29; PHYS = physical subscale. PSYCH — psychological subscale.

V.5.4 MSIS-29 scores improve after natalizumab in those responding to treatment

Although this cohort was limited by sample size, it was investigated whether MSIS-29 scores

were modified by natalizumab treatment in the 16 PwMS with available data.

After 10 weeks and 58 weeks of treatment, mean MSIS-29-PHYS score was significantly
improved than at baseline (F(2, 15) = 5.4, p < 0.05, np> = 0.26; Figure 43A). MSIS-29-PHYS
score at 10 weeks had improved in those who were later classified as natalizumab responders
at 58 weeks, but had not improved in those who were later classified as natalizumab non-
responders at 58 weeks (58 week responders, mean change at 10 weeks: -10.6, 95% CI -16.1
to -5.0; 58 week non-responders, mean change at 10 weeks: +3.4, 95% CI -0.2 to +7.0, p <

0.01; Figure 43B).
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Similarly, after 10 weeks and 58 weeks of treatment, mean MSIS-29-PSYCH score was
significantly improved than at baseline (F(2, 15) = 8.4, p < 0.01, np> = 0.36; Figure 43C).
MSIS-29-PSYCH score at 10 weeks had improved in those who were later classified as
natalizumab responders at 58 weeks, but had not improved in those who were later classified
as natalizumab non-responders at 58 weeks (58 week responders, mean change at 10 weeks:
-7.3,95% CI -11.0 to -3.6; 58 week non-responders, mean change at 10 weeks: +1.0, 95%

CI-2.5to +4.5, p <0.01; Figure 43D).
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Figure 43: Change in MSIS-29 scores are associated with response to treatment. (A): Each individual
PwMS represented by a colour/symbol. Across the group, mean MSIS-29-PHYS score decreased
significantly. (B): Mean MSIS-29-PHYS score improved by 10 weeks in those that responded to treatment
(assessed at 58 weeks), but not in those that did not respond to treatment. (C): Each individual PwMS
represented by a colour/symbol. Across the group, mean MSIS-29-PSYCH score decreased significantly.
(D): Mean MSIS-29-PSYCH score improved by 10 weeks in those that responded to treatment (assessed at
58 weeks), but not in those that did not respond to treatment. For (A) and (C), p-values generated using
repeated-measure one way ANOVA. For (B) and (D), p-value generated using unpaired ¢ test. Error bars
represent mean +/- 95% confidence intervals. MSIS-29 = Multiple Sclerosis Impact Scale-29; PHYS =

physical subscale. PSYCH - psychological subscale.
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V.6 MSSTB STUDY RESULTS

Given the results of interest in the above small natalizumab cohort, MSIS-29 scores were
analysed in the larger MSSTB cohort. This cohort did not have treatment outcomes, but had

long-term data on survival.

V.6.1 Study participants

In all, 2,914 people with MS were enrolled in the MSSTB over the study period. 2,126
participants completed the MSIS-29 for inclusion in this study (participation rate 73.0%). Of
these, 2,119 participants completed both the MSIS-29-PHYS and MSIS-29-PSYCH
questionnaire, and 7 participants completed only the MSIS-29-PHYS questionnaire. Data
were imputed for 273 participants, as described under Section V.4.2. A prEDSS assessment
was available at the same time as the MSIS-29 assessment in 630 participants. A repeat MSIS-
29 was completed one year after baseline by 872 participants. Differences in baseline
characteristics between those included and those not included in the study, those with and
without imputed data, those with and without prEDSS data, and those with and without

longitudinal MSIS-29 data are presented in Table 15.
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Characteristic n Male sex Age Disease Baseline Baseline
duration MSIS-29- MSIS-29-
PHYS PSYCH
Included in the
study?
Yes 2,126 496 (23.3%) 54.0 (11.9) 18.5 (15.0) 62.0 (20.5) 23.6 (8.7)
No 788| 182 (23.1%) 55.8(13.3) 18.4 (11.3) N/A N/A
p-value 0.894 <0.001 0.827 N/A N/A
Imputed data?
No 1,853 439 (23.7%) 53.5(11.7) 17.9 (14.5) 61.4(20.5) 23.6 (8.8)
Yes 273 57 (20.9%) 57.4(12.9) 23.3(16.8) 65.8 (20.4) 23.3(8.6)
p-value 0.305 <0.001 <0.001 0.001 0.484
prEDSS
completed?
Yes 630 152 (24.1%) 50.9 (12.3) 16.9 (17.0) 62.1(20.4) 23.8(8.7)
No 1,496 344 (23.0%) 55.2(11.5) 19.2 (13.9) 61.9 (20.6) 23.5(8.7)
p-value 0.573 <0.001 <0.001 0.909 0.457
1-year repeat
MSIS-29
completed?
Yes 872| 188 (21.6%) 55.1(11.1) 18.2(13.4) 60.6 (19.5) 23.0(8.3)
No 1,254 308 (24.6%) 53.1(12.4) 18.8 (15.9) 63.0 (21.1) 24.0 (9.0)
p-value 0.107 <0.001 0.407 0.008 0.007

Table 15: Differences in baseline characteristics between those included and those not included in the study,

those with and without imputed data, those with and without prEDSS data, and those with and without
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longitudinal MSIS-29 data. Data are presented as » (percent) or mean (SD). Differences between categorical
data (sex) were tested with the chi-square test. Differences between continuous data (age, disease duration,
MSIS-29-PHYS, MSIS-29-PSYCH) were tested with the unpaired 7 test. Significant p-values are
highlighted in bold. MSIS-29, Multiple Sclerosis Impact Scale-29; MSIS-29-PHYS, MSIS-29 physical;
MSIS-29-PSYCH, MSIS-29 psychological; n/a, not applicable; prEDSS, patient-reported Expanded

Disability Status Scale.

The mean population age at MSIS-29 assessment was 54 (SD 11.9) years, with a disease
length of 18.5 (SD 15.0) years, and 1,630 (76.7%) were female. At baseline, mean MSIS-29-
PHYS score was 62 (SD 20.5), mean MSIS-29-PSYCH score was 23.6 (SD 8.7), and mean

prEDSS score was 5.7 (SD 2.2).

Median follow-up time was 9 years. 865 participants had the maximum 10 years of follow-

up. By the data cut-off date, 264 (12.4%) of the total group had died.

V.6.2 A higher MSIS-29-PHYS score is associated with reduced survival time

Cox regression models demonstrated that higher MSIS-29-PHYS score was associated with
reduced survival time independently of age and sex (Wald chi-square, [degrees of freedom
(df) =4, n =2,126] = 98.5, p < 0.001; Figure 44A). Older age at first MSIS-29 completion
(Wald chi-square [df =1, n = 2,126] = 88.6, p < 0.001) and male sex (Wald chi-square [df =
1,n=2,126]=24.8, p < 0.001) were also associated with reduced survival time in the model.
HRs for death were greater, and reduced survival times were observed, with higher MSIS-29-
PHYS score, using the ranges 20-35, 3651, 5268, 69—-84, and 85-100 (Figure 44B). The
HR for death was 5.7 in the subgroup with the highest MSIS-29-PHYS scores compared to

the subgroup with the lowest MSIS-29-PHYS score (MSIS-29-PHYS score 85-100 group vs
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MSIS-29-PHYS score 20-35 group: HR 5.7, 95% CI 3.1-10.5, p < 0.001). Those with higher
MSIS-29-PHYS scores were more likely to be male (chi-square [df =4, n = 2,126] =252, p
< 0.001) and had older age (F[df=4,n =2,121]1=16.1, p < 0.001) and longer disease duration

(Fldf=4,n=2,121]=4.1, p < 0.01; Table 16).



A Hazard 95% Hazard Ratio p-value
Parameter L . o p-value
Ratio Confidence Limits factor
36-51 0.995 0.486 2.038 0.989
MSIS-29-PHYS
Score 52-68 1.853 0.998 | 3.438 0.051
<0.001
(compared to 69-84 2.140 1.155 3.966 0.016
20-35)
85-100 5.728 3431 10.479 <0.001
Age per year 1.051 1.041 1.063 <0.001
Sex male vs. female 1.906 1.479 2.457 <0.001
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Figure 44: Higher MSIS-29-PHYS scores are associated with reduced survival time. (A) Table: Higher
MSIS-29-PHYS score was associated with reduced survival time (greater hazard ratio for death), as were
older age at first MSIS-29 completion and male sex. (B) Kaplan—Meier failure curves (n = 2,126). Note that
Kaplan—-Meier curves do not account for the effect of age and sex on survival time. Data at bottom of figure
show number of data points at each time point for each MSIS-29-PHYS subgroup. MSIS-29 = Multiple

Sclerosis Impact Scale—29; MSIS-29-PHYS = MSIS-29 physical.
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Characteristic n Male sex Age Disease Baseline Baseline
duration MSIS-29- MSIS-29-
PHYS PSYCH
MSIS-29-PHYS
score
20-35 274 44 (16.1%) 49.1 (11.1) 15.8 (14.0) 27.54.7) 14.6 (5.0)
36-51 385 70 (18.2%) 53.0 (11.8) 17.4 (15.5) 44.0 (4.5) 19.8 (6.6)
52-68 601 | 146 (24.3%) 54.9 (12.0) 19.0 (15.1) 60.6 (4.8) 23.6 (7.2)
69-84 545 | 137 (25.1%) 55.4 (12.1) 19.5 (15.5) 76.0 (4.6) 26.7(7.9)
85-100 321 99 (30.8%) 55.1(11.2) 19.7 (13.2) 92.0 (4.9) 30.5(9.0)
p-value <0.001 <0.001 0.003 <0.001 <0.001
MSIS-29-
PSYCH score
9-16 525 | 115(21.9%) 55.3(12.0) 19.8 (15.6) 46.8 (20.0) 12.9(2.2)
17-23 598 | 143 (23.9%) 54.6 (12.1) 18.9 (15.0) 59.2 (17.6) 20.1(2.0)
24-30 512 | 124 (24.2%) 53.6 (11.7) 17.9 (14.8) 67.2 (16.4) 26.7 (2.0)
31-37 326 83 (25.5%) 524 (11.8) 18.0 (14.9) 74.0 (14.7) 33.7(2.0)
3845 158 30 (19.0%) 51.4(11.2) 16.2 (12.4) 82.1 (14.7) 40.8 (2.3)
p-value 0.834 <0.001 0.053 <0.001 <0.001

Table 16: Variation in characteristics between those with different baseline MSIS-29 scores. Data are
presented as n (percent) or mean (SD). Differences between categorical data (sex) were tested with the chi-
square test. Differences between continuous data (age, disease duration, MSIS-29-PHYS, MSIS-29-
PSYCH) were tested with one-way analysis of variance (ANOVA). Significant p-values are highlighted in
bold. MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PHYS, MSIS-29 physical; MSIS-29-PSYCH,

MSIS-29 psychological.



V.6.3 A higher MSIS-29-PSYCH score is associated with reduced survival time

Similarly, Cox regression models demonstrated that higher MSIS-29-PSYCH score was
associated with reduced survival time independently of age and sex (Wald chi-square [df = 4,
n=2,1191=19.2, p <0.001; Figure 45A), although the effect was less pronounced than with
MSIS-29-PHYS. HRs for death were greater, and reduced survival times were observed, with
higher MSIS-29-PSYCH score, using the ranges 9-16, 17-23, 24-30, 31-37, and 38-45
(Figure 45B). The HR for death was 2.8 in the subgroup with highest MSIS-29-PSY CH scores
compared to the subgroup with lowest MSIS-29-PHY'S scores (MSIS-29-PSYCH score 38-
45 group vs MSIS-29-PSYCH score 9-16 group: HR 2.8, 95% CI 1.84.4, p < 0.001). In
contrast to MSIS-29-PHYS score, higher MSIS-29-PSYCH score was associated with
younger age (F[df =4, n =2,114] = 5.5, p < 0.001; Table 16), and was not associated with

male sex or longer disease duration.



A Hazard 95% Hazard Ratio p-value
Parameter ) : e p-value
Ratio Confidence Limits factor
17-23 1.475 1.036 2.101 0.031
MSIS-29-
PSYCH score 24-30 1.441 0.995 2.087 0.053
<0.001
(compared to 31-37 1.474 0.965 2.250 0.073
9-16)
38-45 2.789 1.762 4.414 <0.001
Age per year 1.057 1.046 1.068 <0.001
Sex male vs. female 2.110 1.638 2.716 <0.001
07
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Figure 45: Higher MSIS-29-PSYCH scores are associated with reduced survival time. (A) Table: Higher
MSIS-29-PSYCH score was associated with reduced survival time (greater hazard ratio for death), as were
older age at first MSIS-29 completion and male sex. (B) Kaplan—Meier failure curves (n =2,119). Note that
Kaplan—-Meier curves do not account for the effect of age and sex on survival time. Data at bottom of figure
show number of data points at each time point for each MSIS-29-PSYCH subgroup. MSIS-29 = Multiple

Sclerosis Impact Scale-29; MSIS-29-PSYCH = MSIS-29 psychological.
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V.6.4 MSIS-29-PHYS score is correlated with prEDSS score but is independently

associated with survival time

There was a strong correlation between the MSIS-29-PHYS and MSIS-29-PSYCH scores
(r[df = 2,117] = 0.54, p < 0.001, Figure 46A). There was a strong correlation between the
MSIS-29-PHYS score and the prEDSS score (#[df = 628] =0.52, p < 0.001, Figure 46B) and
a weak correlation between the MSIS-29-PSYCH score and the prEDSS score (#[df = 623] =
0.19, p < 0.001, Figure 46C). To determine whether the MSIS-29-PHYS and MSIS-29-
PSYCH scores were associated with survival time independently of prEDSS score, all
measures were included in a Cox regression model, along with age and sex, in the limited
number of participants who completed MSIS-29-PHYS, MSIS-29-PSYCH, and prEDSS (n =
625; Table 17). Reduced survival time was associated with older age at baseline (per year: HR
1.07, 95% CI 1.04-1.10, p < 0.001), a higher prEDSS score (per 1 SD [2.2]: HR 2.0, 95% CI
1.0-3.7, p < 0.05), and a higher MSIS-29-PHY'S score (per 1 SD [20.3]: HR 1.8,95% CI 1.1-

2.9, p < 0.05).
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Figure 46: Correlation between different outcome measures. (A) MSIS-29-PHYS and MSIS-29-PSYCH (n
= 2119). (B) MSIS-29-PHYS and prEDSS (n = 630). (C) MSIS-29-PSYCH and prEDSS (n = 625).
Regression line (solid) with 95% confidence limits for individual predicted values (dashed). MSIS-29-PHYS
= MSIS-29 physical; MSIS-29-PSYCH = MSIS-29 psychological; prEDSS = patient-reported Expanded

Disability Status Scale.

95% hazard ratio
Hazard
Parameter confidence limits p-value
ratio
Lower Upper
prEDSS, per 1 SD (2.2) 1.952 1.025 3.718 0.042
MSIS-29-PHYS, per 1 SD (20.3) 1.762 1.057 2.938 0.030
MSIS-29-PSYCH, per 1 SD (8.7) 0.905 0.631 1.297 0.587
Age, per year 1.070 1.042 1.099 <0.001
Sex, male versus female 1.237 0.622 2.459 0.544

Table 17: Reduced survival time (greater hazard ratio for death) was associated with older age, higher
prEDSS score, and higher MSIS-29-PHYS score in the limited cohort with prEDSS score available (n =
625). MSIS-29 = Multiple Sclerosis Impact Scale-29; MSIS-29-PHYS = MSIS-29 physical; MSIS-29-

PSYCH = MSIS-29 psychological; prEDSS = patient-reported Expanded Disability Status Scale.



V.6.5 Increase in the MSIS-29-PHYS score over one year is associated with reduced

survival time

The MSIS-29 questionnaire was repeated after one year in a subgroup (» = 872) of those who
had originally completed the MSIS-29 in 2004. Comparing participants with stable/improving
MSIS-29-PHYS score, against participants with increasing MSIS-29-PHY'S score (change in
MSIS-29-PHYS < 0 versus > 0), there was no statistically significant difference in mortality

(Cox regression adjusted for age and sex: n = 872, HR = 1.2, 95% CI1 0.9-1.2, p = 0.28).

Figure 47 shows the survival curves for the following four subgroups:
- Subgroup 1: initial MSIS-29-PHYS score 20-84, no increase after one year
- Subgroup 2: initial MSIS-29-PHY'S score 20—84, increase after one year (=1 point)
- Subgroup 3: initial MSIS-29-PHYS score 85—100, no increase after one year

- Subgroup 4: initial MSIS-29-PHY'S score 85-100, increase after one year (>1 point).

In the subgroup of participants with the highest initial MSIS-29-PHY'S scores (subgroups 3
and 4), a longitudinal increase in MSIS-29-PHY'S score was associated with reduced survival

time (Subgroup 4 vs Subgroup 3: HR = 2.3, 95% CI 1.2-4.4, p = 0.016; Figure 47).



A Hazard 95% Hazard Ratio p-value
Parameter i . p-value
Ratio Confidence Limits factor
MSIS-29-PHYS | subgroup 2 1.289 0.843 1.972 0.241
ez subgroup 3 2.577 1.469 | 4519 0.001 <0.001
(compared to
subgroup 1) subgroup 4 5.839 35213 10.611 <0.001
Age per year 1.055 1.038 1.071 <0.001
Sex male vs. female 2.238 1.557 3.218 <0.001
B 60%; [ MSIS-29-PHYS subgroup | e D o 3 e e 4 |

r_-
-

40%-

Proportion of patients dead

20%-
0% +—;
0
Time from MSIS-29 assessment to death (years)
1 328 327 32 314 304 277
2 A4 439 421 417 397 363
3 71 69 67 61 55 45
4 29 28 23 18 16 13

Figure 47: Longitudinally increase in MSIS-29-PHYS score is associated with reduced survival time. Four
subgroups are presented in this figure: Subgroup 1 - initial MSIS-29-PHYS score 20-84, no increase after
one year (solid line); Subgroup 2 - initial MSIS-29-PHYS score 2084, increase after one year (short-dashed
line); Subgroup 3 - initial MSIS-29-PHYS score 85-100, no increase after one year (dot-dashed line);
Subgroup 4 - initial MSIS-29-PHYS score 85-100, increase after one year (long-dashed line). (A) Table:
Subgroups 1 and 2 had no statistically significant difference in survival time. Subgroup 3 had reduced
survival time compared with subgroup 1 and 2. Subgroup 4 had reduced survival time compared with
subgroup 1, 2, and 3. p <0.001 for differences between the 4 subgroups. (B) Kaplan—Meier failure curves
(n = 872). Data at bottom of figure show number of data points at each time point for each subgroup. Note
that Kaplan—Meier curves do not account for the effect of age and sex on survival time. HR = hazard ratio;

MSIS-29 = Multiple Sclerosis Impact Scale-29; MSIS-29-PHYS = MSIS-29 physical.
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V.7 DISCUSSION

Results from the ‘natalizumab cohort’ suggested that the change in MSIS-29-PHYS and
MSIS-29-PSYCH score at 10 weeks was associated with the clinician’s assessment of
‘response to treatment’ at 58 weeks. This supports the concept that PROs can capture
meaningful data relating to health and wellbeing, and correlate with conventional clinician-
reported outcome measures. These data also support the evidence that natalizumab is effective
in the early months after initiation of therapy.** Although results seem promising in that MSIS-
29 scores appeared able to predict response to treatment, results should be interpreted with
caution given the small cohort size of the ‘natalizumab cohort’. The ability of the MSIS-29 to

predict hard clinical outcome was further investigated using the MSSTB cohort.

The MSSTB study is the largest known cohort with reported MSIS-29 results to date, other
than one web-based cohort,*> ¢ and the MSSTB has by far the longest follow-up after MSIS-
29 completion (up to 10 years, median 9 years). The MSSTB cohort had 264 deaths within
the study period. This number of deaths allowed the prognostic value of MSIS-29 scores for
survival time to be studied. The study found that higher MSIS-29-PHYS and MSIS-29-
PSYCH scores were both associated with reduced survival time. MSIS-29-PHYS score has
stronger prognostic value, and associates with survival time independently of age, sex, and
prEDSS score. Higher MSIS-29-PSYCH scores were associated with reduced survival time,
even though higher MSIS-29-PSYCH scores were also associated with younger age. In the
subgroup with initial MSIS-29-PHYS score 85-100, a I-year longitudinal increase in the

MSIS-29-PHYS score is associated with an even poorer prognosis. To our knowledge, this is
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the first study to associate PROs with survival outcomes in any neurological disease. The

study was published in PLOS Medicine with the thesis author as first author.!

The previous thesis chapters have considered how relapses or new MRI lesions (Chapter 2),
TSPO-PET (Chapter 3), or the Brain-Predicted Age model (Chapter 4) could be useful
outcomes in MS for assessing disease severity and predicting response to disease-modifying
therapy. The results presented in this chapter suggest that PROs such as the MSIS-29 should
also be considered as outcome measures with the potential to contribute to models of disease
severity. This could complement conventional physician-assessed measures such as EDSS,
which is the primary outcome measure in most clinical trials but is limited by poor inter-rater
and intra-rater reliability and a limited sensitivity to change over the time frame of 2—3 years,
especially in progressive MS.!%2¢ The MSIS-29 can be responsive to clinically relevant
change over short time frames.!'® 37 The MSIS-29 can also be sent to large cohorts of people
with MS, and completed by post or online.* PROs such as the MSIS-29 could therefore enable
large cohort studies, which would otherwise be financially unfeasible, such as comparative

clinical effectiveness research.

The data presented in this study could also be used to inform recruitment to clinical research.
Interventional and observational studies in progressive MS may choose ‘death’ as the primary
outcome measure, and may therefore aim to recruit a cohort of participants with increased
likelihood of dying within the study timeframe. To achieve this, the MSIS-29 could be
remotely completed by patients on a MS registry. If patients with MSIS-29-PHYS score >85
were recruited, this study suggests that approximately 20% would die within 5 years, and 37%
within 10 years. These patients have a hazard ratio for mortality of 5.7, compared with those

with MSIS-29-PHYS scores <35. Moreover, if patients with MSIS-29-PHYS score >85 and



whose MSIS-29-PHYS score deteriorate after one year were recruited, approximately 38%
would die within 5 years, and 55% within 10 years. Such ‘clinical registry trials’ have been
adopted successfully in disciplines such as cardiology, and could be necessary in future MS
research especially given the increasingly crowded pharmaceutical market and increasing

difficulty satisfying entry criteria for clinical trials.*% %’

Outside of the research setting, PROs such as the MSIS-29 may be able to benefit individual
patients if they are utilised in routine clinical practice. Oncology has again led the way, where
PROs are routinely used to enhance patient care.” PROs can help screen for changes in
physical or psychological symptoms, and identify unmet health, care and support needs. They
can be used as a decision aid when devising or evaluating treatment plans.*’ Patients and
doctors can have differing views on which outcomes matter most, and the effective use of
PROs can help refocus care goals to the views of the individual patient.*!>** This might also
empower patients towards improved self-management of their condition.*> When assessed in
a randomised controlled trial, PROs enhanced doctor—patient communication and improved
patient health-related quality of life and emotional well-being.* Further work is required to

incorporate PROs such as the MSIS-29 into routine MS clinical care.

Limitations to the MSSTB study should be considered. Only a subset completed the prEDSS
questionnaire (n = 630), and only a subset completed a longitudinal MSIS-29 (n = 872),
mostly because of changes to the study protocol over time. Also, this study used a prEDSS
rather than the traditional physician-reported EDSS, although these have previously been
shown to correlate well.*® Data on disease subtype, relapses, and disease-modifying therapy
were not available for this study, and could influence the relationship between MSIS-29 score

and survival time. Like most clinical outcome measures, PROs are susceptible to random



measurement error, and hence regression dilution bias likely causes a decrease in the
prognostic value of the MSIS-29 for mortality.** However, previous studies have reported the
test—retest reliability of MSIS-29-PHYS and MSIS-29-PSYCH to be high (intraclass

correlation coefficients of 0.94 and 0.87, respectively), and so this effect is likely minimal.!”

One should also consider the external validity of this cohort’s results to the general MS
population. The MSSTB recruitment strategy is based entirely in the community, relying upon
community-based presentations and a quarterly magazine, MS Matters, distributed to
approximately 30,000 members of the Multiple Sclerosis Society of Great Britain and
Northern Ireland.* Factors that are known to associate with reduced survival, such as male
sex, older age at baseline, and higher prEDSS score, were also found to associate with reduced
survival time in this cohort.**** The MSSTB population has previously been shown to be
representative of the UK MS population in terms of disease characteristics and clinical
milestones, when considered over the course of their disease.”’ However, at the time of
enrolment into the MSSTB, participants are often late in their disease course, as evidenced by
this study’s mean disease duration of 18.5 years and mean prEDSS score of 5.7 at baseline
MSIS-29 questionnaire. Therefore, this study underrepresents those with earlier disease and
less disability, and it is uncertain how MSIS-29 scores and their prognostic value for mortality
will vary in this group. One might hypothesize that those with earlier disease would have

lower MSIS-29 scores and increased survival times, on average.*¢

Further research questions emerge from this study. Since this study has demonstrated that
MSIS-29 score is associated with death, similar methods could be used to investigate whether

MSIS-29 score is associated with disability outcomes, such as time until wheelchair use.



Multiple variables, including other PROs collected at multiple time points, could be

incorporated into more complex models to better predict outcomes in large cohorts.

In addition, the effect of disease-modifying therapy on the MSIS-29 and long-term clinical
endpoints needs further attention to assess whether MSIS-29 scores could be used as a
surrogate for response to treatment. The results of the MSSTB study support the concept that
MSIS-29 scores, and longitudinal change in MSIS-29 score, have prognostic significance for
hard clinical endpoints. However, it does not necessarily follow that a change in MSIS-29
score after treatment will help predict long-term outcomes after treatment, and the validity of
surrogate outcomes should be tested against the Prentice criteria.* In the ‘natalizumab cohort’
it was reported that change in MSIS-29 scores was associated with clinical response to
therapy. Further studies are required with larger cohorts of people with MS on a range of

disease-modifying therapies, with long-term clinical follow-up.

PROs in MS could previously be criticised for their unknown association with hard clinical
endpoints like survival. By reporting the association between MSIS-29 score and long-term
survival time, this study opens the possibility to validate other PROs against hard clinical
outcomes in MS and other neurological diseases. In oncology, PROs are now established as
influential and clinically relevant measures, and it is accepted that the classic clinical
endpoints do not fully capture the benefits, risks, and costs of treatment.®'® MS and neurology
research will continue to rely upon clinical trials, as well as ‘big data’ gathered from clinical
registries. The careful incorporation of PROs can enrich such datasets and allow the
investigation of research questions beyond what traditional physician-based assessments can

offer.
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V.11

APPENDIX - MULTIPLE SCLEROSIS IMPACT SCALE (MSIS-29)

The following questions ask for your views about the impact of MS on your day-to-day life

during the past two weeks

For each statement, please circle the one number that best describes your situation

Please answer all questions

In the past two weeks, how | Not A Moderately | Quite Extremely
much has your MS limited your | atall | little a bit
ability to...
1. | Do physically demanding | 1 2 3 4 5
tasks?
2. | Grip things tightly (e.g. |1 2 3 4 5
turning on taps)?
3. | Carry things? 1 2 3 4 5
In the past two weeks, how | Not A Moderately | Quite Extremely
much have you been bothered | atall | little a bit
by...
4. Problems with your |1 2 3 4 5
balance?
5. Difficulties moving | 1 2 3 4 5
about indoors?
6. Being clumsy? 1 2 3 4 5
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Stiffness?

Heavy arms and/or legs?

Tremor of your arms or

legs?

10.

Spasms in your limbs?

11.

Your body not doing

what you want it to do?

12.

Having to depend on
others to do things for

you?

Please check that you have answered all the questions before going on to the next

page

®2000 Neurological Outcome Measures Unit, 4™ Floor Queen Mary Wing, NHNN,

Queen Square, London WCIN 3BG, UK




In the past two weeks, how much | Not | A Moderately | Quite | Extremely
have you been bothered by... at little a bit
all

13. | Limitations in your social | 1 2 3 4 5
and leisure activities at
home?

14. | Being stuck at home more | 1 2 3 4 5
than you would like to be?

15. | Difficulties using your |1 2 3 4 5
hands in everyday tasks?

16. | Having to cut down the |1 2 3 4 5
amount of time you spent
on work or other daily
activities?

17. | Problems using transport | 1 2 3 4 5
(e.g. car, bus, train, taxi,
etc.)?

18. | Taking longer to do |1 2 3 4 5
things?

19. | Difficulty doing things | I 2 3 4 5

spontaneously (e.g. going
out on the spur of the

moment)?




20. | Needing to go to the toilet | 1 2 3 4
urgently?
21. | Feeling unwell? 1 2 3 4
22. | Problems sleeping? 1 2 3 4
23. | Feeling mentally fatigued? | 1 2 3 4
24. | Worries related to your |1 2 3 4
MS?
25. | Feeling anxious or tense? 1 2 3 4
26. | Feeling irritable, |1 2 3 4
impatient, or short
tempered?
27. | Problems concentrating? 1 2 3 4
28 | Lack of confidence? 1 2 3 4
29. | Feeling depressed? 1 2 3 4

Please check that you have circled ONE number for EACH question

0 2000 Neurological Outcome Measures Unit, 4" Floor Queen Mary Wing, NHNN,

Queen Square, London WCIN 3BG, UK
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V1.1

DMT

MS

MSIS-29

PET

TSPO

ABBREVIATIONS

Disease-modifying therapy
Multiple sclerosis

Multiple Sclerosis Impact Scale-29
Positron emission tomography
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VL2  CONCLUSIONS

The past 30 years have brought tremendous progress in our understanding of multiple sclerosis
(MS) and our approach to treatment."> We now have a range of licensed disease-modifying
therapies (DMTs) including p-interferons, glatiramer acetate, dimethyl fumarate,
teriflunomide, fingolimod, cladribine, alemtuzumab, natalizumab and ocrelizumab, with more
potential therapies in the therapeutic pipeline.® For subjects with relapsing MS, these DMTs
are effective in reducing relapse rate and new MRI lesions.* > However, DMTs are only
somewhat effective at slowing the gradual progression of disability in people with relapsing
MS, and appear ineffective in those with non-relapsing progressive MS.>® What’s more, there
is marked heterogeneity between individuals in response to treatment, and the factors that

determine this heterogeneity remain largely undefined.? °-!!

To improve future care in MS, we need:
- Novel DMTs which are more effective at slowing neurodegeneration and the gradual
progression of disability.
- To make best use of the available DMTs, by working towards the personalised medicine
2

ideals of ‘the right treatment for the right patient at the right time’.!

Improved outcome measures are required to help address the above needs.

A biomarker which can quantify the rafe of neurodegeneration, rather than merely the extent
of neurodegeneration, may be able to assess treatment efficacy at an early time point, as
depicted in Figure 48. Such a biomarker could be used in the therapeutic pipeline as an early
surrogate for a medication’s efficacy, and in clinical practice for the early empirical assessment

of therapy response in individuals.
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Figure 48: Biomarkers of in vivo rate of neurodegeneration (‘Biomarker 1°) should be able to detect

treatment effect at earlier time point than those of in vivo extent of neurodegeneration (‘Biomarker 2’).

Chapter 2 of this thesis suggested that available outcome measures - relapses and MRI activity
— are not sufficient for these needs, as they predicted short-term but not long-term disability
outcomes after the initiation of natalizumab. Future work could test the replicability of these
findings in cohorts with, for example, a greater number of participants, prospective data
collation, lower baseline disability level, and including DMTs other than natalizumab. While
clinicians will continue to use on-treatment breakthrough inflammatory activity as a marker of
treatment response, there is a need for new biomarkers which are objective, quantitative,

respond earlier to treatment, and which relate more closely to neurodegenerative activity.

18kDa translocator protein (TSPO) positron emission tomography (PET) may have the

potential to meet these requirements, and assess the rate of neurodegenerative activity as



depicted in Figure 48.!* In Chapter 3, the novel PET molecular imaging radiotracer " IGE180
was evaluated as a biomarker for focal inflammatory and neurodegenerative disease activity in
MS, and as a surrogate for response to natalizumab treatment. Unfortunately, '*F-GE180 had
considerably lower extraction across the blood-brain barrier than expected, and poor signal-to-
noise ratio especially given the presence of persistent vascular signal. A ‘blocking study’
confirmed '"*F-GE180 does exhibit some specific binding, but '*F-GE180 was not able to detect
increased TSPO in MS in the grey matter or normal-appearing white matter as previously
reported with other tracers, or differences in TSPO binding affinity as expected.'*2?° 5F-GE180
volume of distribution was increased in MS lesions, and decreased after natalizumab treatment,
although these results may reflect changes in blood-brain barrier permeability rather than
changes in TSPO expression. Future work should investigate whether other TSPO tracers with
improved pharmacokinetic performance may be useful biomarkers in evaluating early response
to DMTs in MS. Other biomarkers for rate of neurodegeneration are also being developed, such
as neurofilament light chain measured in the cerebrospinal fluid.?! ** The thesis author and
primary supervisor also have an interest in developing Detection of Apoptosing Retinal Cells,
a technique developed for glaucoma which allows the visualisation and quantification of single

23, 24

retinal neuronal cell apoptosis in vivo in real time, as a potential biomarker for

neurodegeneration in MS; a grant has been awarded to test this in a pilot study.

In addition to outcome measures which can guide clinical decision-making in individuals,
personalised medicine will require the collection and analysis of ‘big data’: large datasets from
clinical registry tools, which collect and codify patient characteristics, disease events,
therapies, and outcome measures.>>?® One of many challenges is to develop outcome
measures which are compatible with large multicentre cohorts, and which can be tracked over

time to capture meaningful data related to the impact of disease on people with MS. In Chapter
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4, the Brain Predicted Age model, which uses machine learning to predict chronological age
based solely upon T1 MRI data, was investigated as a marker of MS disease severity in an
observational cohort of 541 subjects with 1,652 scans and up to 15 years of follow-up. All
disease subgroups had substantially older-appearing brains than their chronological age. Brain
Predicted Age correlated with disability outcomes, predicted future disability progression, and
increased longitudinally in MS at a rate ~46% faster than in HCs. The model compared
favourably with conventional univariate measures of brain atrophy, and is being further
evaluated using the MAGNIMS multi-centre cohort. The model could provide conceptually
simple and clinically meaningful quantitative data, and should be compatible across large

imaging cohorts.

Like the Brain Predicted Age model, patient reported outcomes could also allow for long-term,
geographically diverse, and large-scale observational and interventional studies.?’ However, it
was not known whether patient reported outcomes could be prognostic of hard clinical
endpoints in MS. Chapter 5 presented a large observational cohort study of the Multiple
Sclerosis Impact Scale-29 (MSIS-29), and found it to predict reduced survival time
independently of age and sex. This was the first study to associate patient reported outcomes

with survival outcomes in any neurological disease.

Both the Brain Predicted Age model and the MSIS-29 require further development, in particular
to test whether changes in the outcome measures after disease-modifying therapy predict long-
term disability in accordance with the Prentice criteria.’® With further development and
validation, these outcome measures could be incorporated into MS clinical registry databases,

as clinically meaningful outcome measures which can track the impact of MS on individuals.
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Substantial progress has been made over recent decades in our approach to treating MS.
However, clinicians and researchers do not yet have the tools to assess response to treatment,
or to tailor their clinical decision-making to individuals to ensure ‘the right treatment is given
to the right patient at the right time’. Researchers must continue to develop and validate new
and existing outcome measures. Only then will we get the effective treatments, and the

optimised use of available treatments, that people with MS deserve.
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Abstract

Background

In people with multiple sclerosis treated with interferon-beta or glatiramer acetate, new MRI
lesions and relapses during the first year of treatment predict a poor prognosis.

Objective

To study this association in those receiving natalizumab.

Methods

Data were collected on relapses, new MRI activity, and Modified Rio Score after initiation of
natalizumab in an observational cohort of 161 patients with high baseline disability. These
were correlated with Expanded Disability Status Scale (EDSS) progression at years 1, 2, 3,
and 3-7 after treatment initiation, versus pre-treatment baseline.

Results

46/161 patients had a relapse in the first year and 44/161 had EDSS progression by year 2.
Relapses and Modified Rio Score in the first year of treatment predicted EDSS progression
at year 1 and 2 after treatment initiation. However, this effect disappeared with longer follow-
up. Paradoxically, there was a trend towards inflammatory activity on treatment (first year
Modified Rio Score, relapses, and MRI activity) predicting a lower risk of EDSS progression
by years 3-7, although this did not reach statistical significance. Those with and without
EDSS progression did not differ in baseline age, EDSS, or pre-treatment relapse rate.
Relapses in year 0—1 predicted further relapses in years 1-3.

Conclusions

Breakthrough inflammatory activity after natalizumab treatment is predictive of short-term
outcome measures of relapses or EDSS progression, but does not predict longer term
EDSS progression, in this cohort with high baseline disability.

PLOS ONE | DOI:10.1371/journal.pone.0169546 January 12, 2017
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Introduction

In recent years, a number of new treatments have emerged for patients with relapsing multiple
sclerosis (RMS).[1] Their development was underpinned by targeting MRI activity in phase 2
studies, leading to phase 3 studies which demonstrated reductions in relapse frequency and a
variable effect on time to disability progression. The principal argument for their long term
use is that treatments that target inflammatory activity probably improve long term disability
outcomes, at least at a population level.[2, 3]

These principles have been extended in the pursuit of personalised medicine in multiple scle-
rosis (MS), where it is hypothesised that on-treatment breakthrough inflammatory activity can be
used to predict poor long-term disability outcomes at an individual level.[4] This is supported by
observational studies on therapies interferon-beta and glatiramer acetate, where early on-treat-
ment relapses, MRI activity, and Kurtzke Expanded Disability Status Scale (EDSS) disability pro-
gression have been shown to predict poor medium-term clinical outcomes of relapses and/or
EDSS progression in individuals.[5-11] For example, Rio and colleagues showed that combined
scores of MRI lesions, relapses, and/or EDSS progression after interferon-beta initiation predicted
further EDSS progression at two years.[9] Similarly, combined scores of MRI lesions and relapses
after glatiramer acetate predict “clinical activity” (defined as relapses or EDSS progression) after 2
years.[6] Most of these studies are limited in that their follow-up periods were between 2-3 years.
[6-11] Their applicability to other therapies such as teriflunomide, dimethyl fumarate, fingoli-
mod, natalizumab, and alemtuzumab is also uncertain. If on-treatment breakthrough inflamma-
tory activity does predict poor long-term disability outcomes, the next step would be to evaluate
whether switching treatments can improve long-term prognosis, as proposed by the no evidence
of disease activity (NEDA) approach.[12] However, for the treating physician, it is currently
unclear whether on-treatment inflammatory breakthrough activity should trigger a change in
medication, or not.

Natalizumab is a highly active therapy that is widely used in patients with RMS. It is effec-
tive in reducing relapses, MRI activity, and time to EDSS progression with a higher efficacy
than interferon-beta.[13, 14] The objective of this observational study was to evaluate whether
early relapses or MRI activity after starting natalizumab treatment predicts EDSS progression
at later time points, in a cohort with high baseline disability.

Patients and Methods

Data were collected from an observational cohort of 204 patients initiating natalizumab between
March 2007 and October 2010 at Imperial College Healthcare NHS Trust, with up to 7 years of
follow-up. Data on relapse rate and EDSS were prospectively documented at routine 6-monthly
clinic visits. EDSS data were collected until December 2014. MRI was routinely performed before
treatment and at one year. Data were retrospectively collated for the purpose of this study. Patients
were excluded if they had less than three years follow-up, or were treated with natalizumab for
less than one year.

Data were analysed as part of a clinical audit, registered and ethically approved at Imperial
College Healthcare NHS Trust, for which written informed consent was not required (Audit
registration number 1987-2015). Anonymised clinical data are not available on a public reposi-
tory since ethical approval was not granted by Imperial College Healthcare NHS Trust Research
Office to share individual patient disease characteristics outside of their healthcare institution,
since these may contain identifying or sensitive patient information. Requests for data may be
sent to richard.nicholas@imperial.nhs.uk.

PLOS ONE | DOI:10.1371/journal.pone.0169546 January 12, 2017
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Early markers of inflammatory disease activity

Relapses were defined as an acute worsening of function lasting at least 48 hours, in the absence
of fever or infection. MRI activity was defined as the presence of 1 active lesion (either new or
enlarging T2 lesions) relative to a baseline MRI scan. A combined score of MRI and relapse activ-
ity was also applied to this first year after natalizumab therapy (Modified Rio Score-Table 1),
which employs more stringent criteria to define new MRI activity.[7]

Disease progression

Disability progression was defined as an increase of 1 EDSS point in those with EDSS <5.5, or
an increase of 0.5 EDSS point in those with EDSS >5.5. EDSS progression was confirmed over
6 months at repeat clinic visits. Patients were labelled as disability progression responders and
non-responders after 1 year of treatment (Year 1 EDSS Progression) by comparing EDSS cap-
tured after 1 year with pre-natalizumab EDSS. This was repeated after 2 years, 3 years, and 3-7
years, by comparing the latest available EDSS rating (up to 7 years after treatment initiation)
with pre-natalizumab EDSS.

Statistical analysis

Demographic data are presented as mean +/- standard deviation (SD). Difference between
means was assessed using unpaired Student’s t-test, after testing for normality of the data. To
investigate the association between early markers of disease activity and disability progression
data were analysed in Kaplan-Meier curves using Log-Rank test and Cox regression, and also
in 2x2 contingency tables using Fisher’s exact test with odds ratios (OR) and 95% confidence
intervals (CI) calculated. Chi-squared test for trend was used for 3x2 contingency tables of the
Modified Rio Score and for analysis of change in categorical data over time. Corrections for
multiple comparisons were not made, since comparisons were complementary and a consis-
tency of results was apparent between different groups.[15, 16] For the purpose of displaying
results in graphical format, results were converted to percentages. A logical regression multi-
variable model was also used to investigate for multivariate associations that predict disability
outcomes. SPSS and R statistical package were used for these analyses.

Results
Demographics

During the study period, 204 patients started natalizumab treatment. Subjects were excluded
from analysis if they had discontinued natalizumab within 1 year (n = 16), if there were less
than 3 years of clinical follow-up data (n = 20), or if there were insufficient clinical or radiolog-
ical data (n = 7), leaving 161 patients for analysis. Of these, 127 received natalizumab

Table 1. Modified Rio Score[7].

Modified Rio Score scoring criteria

Criterion Change over 15! year Score
MRI < 4 new T2 lesions 0
>4 new T2 lesions 1
Relapse No relapses 0
1 relapse 1
> 2 relapses 2
Score = MRI criterion + relapse criterion
doi:10.1371/journal.pone.0169546.t001
PLOS ONE | DOI:10.1371/journal.pone.0169546 January 12, 2017 3/12
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Initiated natalizumab

(n=161)
Continued Discontinued
natalizumab until natalizumab before
study end (n = 127) study end (n = 34)
No new New
Yrs of follow-up =4.4+0.8 treatment treatment
Yrs of natalizumab =4.4 + 0.8 (n=25) (n=9)

/ \

Yrs of follow-up =3.9+0.7 Alemtuzumab (n =5)

Yrs of natalizumab =2.0 + 1.1 Cyclophosphamide (n = 2)
Fingolimod (n=1)
Mitoxantrone (n = 1)

Yrs of follow-up =4.3+0.6
Yrs of natalizumab =2.0 + 1.1

Fig 1. 161 participants were included in all analyses. The treatment pathway, and mean follow-up time, is
detailed in the figure.

doi:10.1371/journal.pone.0169546.9001

throughout the study period, 9 stopped natalizumab after 1+ year of treatment and switched to
anew disease modifying medication, and 25 stopped natalizumab after 1+ year of treatment
but did not receive new disease modifying medication (Fig 1). No differences existed in demo-
graphic, clinical and MRI data between those included in and excluded from the study. There
were no differences between Year 3-7 EDSS Progression Responder and Year 3-7 EDSS Pro-
gression Non-Responder cohorts, other than an expected difference in most recent EDSS
(Table 2). Logistic regression multivariable analysis that included age, sex, disease duration,
number of previous treatments, pre-natalizumab relapse rate, and pre-natalizumab EDSS con-
firmed that none of these baseline measures predicted response to treatment.

Markers of inflammatory disease do not affect disability progression
survival analysis

46 of 161 patients had a relapse in the first year, and 28 of 161 had new MRI activity. Modified
Rio score was 1 in 34 patients, and 2 in 16 patients. Markers of inflammatory disease in the
first year (Modified Rio Score, relapses, MRI activity) and second year (relapses) had no signif-
icant effect on disability progression plotted as a survival analysis (Mod Rio Score year 0-1:
risk ratio (RR) 1.15, log-rank p = 0.74, Cox regression p = 0.44; Relapses year 0-1: RR 1.3, log-
rank p = 0.31, Cox regression p = 0.31; MRI activity year 0-1: RR 0.64, log-rank p = 0.21, Cox
regression p = 0.24; Relapses year 1-2: RR 1.17, log-rank p = 0.51, Cox regression p = 0.51;

PLOS ONE | DOI:10.1371/journal.pone.0169546 January 12, 2017 4/12
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Table 2. Characteristics of study cohort, presented as mean + SD. Percentages are rounded to the nearest integer, and may not add to 100%.

Full Cohort |Year 3-7 EDSS Progression Responders | Year 3-7 EDSS Progression Non-Responders
Sample Number 161 101 60
Mean Age (Years) 40.6+10.2 |39.7+10.8 42.1+9.1
Sex
Female 101 (63%) 67 (66%) 34 (57%)
Male 60 (37%) 34 (34%) 26 (43%)
Disease Duration (years) 8.9+6.1 8.7+6.0 9.4+6.2
Number of previous treatments
0 42 (26%) 30 (30%) 12 (20%)
1 89 (55%) 52 (51%) 37 (62%)
2 21 (13%) 14 (14%) 7 (12%)
3 8 (5%) 4 (4%) 4(7%)
4 1(1%) 1(1%) 0
Relapses 2 years prior to natalizumab | 3.0+1.3 3.0+£1.3 29+1.2
Pre natalizumab EDSS 42+1.8 41+1.9 44+1.6
Most recent EDSS 45+2.0 3.7+2.0 5.8+ 1.4 ®***
Years of follow-up after natalizumab 4.3+0.8 4.3+0.8 4.3+0.9

When divided into Year 3—7 EDSS Progression Responders and Non-Responders, there were no significant differences between characteristics, other than

‘most recent EDSS’ (**** = p<0.0001).

doi:10.1371/journal.pone.0169546.t002

Fig 2A-2D). Those with low Modified Rio Scores, and without relapses in year 0-1, appeared
to have lower risk of disability progression in the first two years, but this effect disappeared
with longer follow-up (Fig 2A and 2B).

Modified Rio Score predicts short-term but not medium-term disability
progression

A limitation of Kaplan-Meier curves is that events (in this case disability progression) are
treated as irreversible, which is inappropriate given that EDSS can improve with treatment. In
addition, it was observed that curves converge and cross in both the Modified Rio Score and
relapses survival analyses (Fig 2A and 2B), suggesting that any association between inflamma-
tory biomarkers and disability progression may change over time. Therefore, contingency
tables were used to investigate the relationship between inflammatory biomarkers and EDSS
progression at specific time points of years 1, 2, 3, and 3-7.
Modified Rio Score in the first year of treatment predicted EDSS progression at year 1 and
2 (Year 1: 15/111 vs 9/34 vs 5/16 EDSS progression for those with Mod Rio Score of 0, 1, 2
respectively. Mod Rio Score 1, Odds Ratio (OR) 2.3, 95% Confidence Interval (CI) 0.9-5.9;
Mod Rio Score 2, OR 2.9, CI 0.9-9.6; p<0.05. Year 2: 25/111 vs 12/34 vs 7/16 EDSS progres-
sion for those with Mod Rio Score of 0, 1, 2 respectively. Mod Rio Score 1, OR 1.9, CI 0.8-4.3;
Mod Rio Score 2, OR 2.7, CI 0.9-7.9; p<0.05; Fig 3A and 3B). However, it did not predict
EDSS progression at year 3, or year 3-7 (Year 3: 35/111 vs 12/34 vs 6/16 EDSS progression for

those with Mod Rio Score of 0, 1, 2 respectively. Mod Rio Score 1, OR 1.2, CI 0.4-2.7; Mod Rio
Score 2, OR 1.3, C1 0.4-3.9; p = 0.57; Year 3-7: 45/111 vs 12/34 vs 3/16 EDSS progression for
those with Mod Rio Score of 0, 1, 2 respectively. Mod Rio Score 1, OR 0.8, CI 0.4-1.8; Mod Rio
Score 2, OR 0.3, CI 0.1-1.3; p = 0.11; Fig 3C and 3D). If anything, there was a paradoxical trend
towards lower Modified Rio Score predicting EDSS progression in years 3-7, although this was
not statistically significant (Fig 3D). This shift over time in the polarity of the predictive value of

PLOS ONE | DOI:10.1371/journal.pone.0169546 January 12, 2017 5/12
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Fig 2. On-treatment inflammatory disease activity does not affect overall disability survival analysis. First year after natalizumab
initiation Modified Rio Score (A), relapses (B), and MR activity (C), and second year after natalizumab initiation relapses (D), versus survival
from EDSS progression over time. Black markers on survival lines represent the duration of follow-up data for those participants who have
not undergone EDSS progression (i.e. the time of subject censorship in survival analysis).

doi:10.1371/journal.pone.0169546.g002

Modified Rio Score on disability was caused by year-on-year increases in the proportion of non-
responders within the Mod Rio Score 0 group (p<0.0001), versus no significant year-on-year
change in the proportion of non-responders within the Mod Rio Score 1-2 group (p = 0.90).

Relapses and MRI activity predict short-term but not medium-term
disability progression

Similar trends were observed when studying on-treatment relapses and MRI activity in isola-
tion. Relapses in the first year of treatment predicted EDSS progression at year 1 and 2 (Year 1:
16/115 vs 13/48 EDSS progression for those without and with relapses respectively. OR 2.4, CI
1.1-5.6, p<0.05. Year 2: 26/115 vs 18/48 EDSS progression for those without and with relapses
respectively. OR 2.2, CI 1.1-4.6, p<0.05; Fig 3E and 3F). However, they did not predict EDSS
progression at year 3, or years 3-7 (Year 3: 36/115 vs 17/48 EDSS progression for those without
and with relapses respectively. OR 1.3, CI 0.6-2.6, p = 0.58. Year 3-7: 46/115 vs 14/48 EDSS
progression for those without and with relapses respectively. OR 0.7, CI 0.3-1.4, p = 0.28; Fig
3G and 3H). If anything, there was a paradoxical trend towards lack of relapses predicting
EDSS progression at years 3-7, although this was not statistically significant (Fig 3H). New
MRI activity in the first year of treatment did not predict EDSS progression at any future time
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Fig 3. On-treatment inflammatory disease activity predicts short-term but not long-term disability outcomes. Early measures of on-
treatment inflammatory disease in first year (A-L) and second year (M-P) after treatment initiation, versus percentage of future EDSS
Progressioninyear 1 (A, E, I, M), year 2 (B, F, J, N), year 3 (C, G, K, O), and years 3-7 (D, H, L, P). * denotes p<0.05.

doi:10.1371/journal.pone.0169546.9003

point (Year 1: 25/113 vs 4/28 EDSS progression for those without and with new MRI activity
respectively. OR 0.7, CI 0.2-2.3, p = 0.78 Year 2: 37/113 vs 7/28 EDSS progression for those
without and with new MRI activity respectively. OR 0.86, CI 0.3-2.2, p = 0.82. Year 3: 46/113
vs 7/28 EDSS progression for those without and with new MRI activity respectively. OR 0.6, CI
0.2-1.6, p = 0.38. Year 3-7: 54/113 vs 6/28 EDSS progression for those without and with new
MRI activity respectively. OR 0.4, CI 0.2-1.0, p = 0.08; Fig 31-3L). Again, there was a paradoxi-
cal trend towards lack of new MRI activity predicting EDSS progression at years 3-7, although
this was not statistically significant (Fig 3L). As before, this shift over time in the polarity of the
predictive value of relapses and MRI activity on disability was caused by year-on-year increases
in the proportion of non-responders within the ‘no relapses group’ (p<0.0001) and ‘no new
MRI activity group’ (p<0.0001), versus no significant year-on-year change in the proportion
of non-responders within the ‘relapses group’ (p = 0.89) and the ‘new MRI activity group’

(p = 0.54).

Similarly, the subgroup of patients with new gadolinium-enhancing MRI lesions in the first
year of treatment (n = 14) had no difference in EDSS progression in future years (Year 1: 25/
147 vs 4/14 EDSS progression for those without and with new gadolinium enhancing lesions
respectively. OR 2.0, CI 0.6-6.7, p = 0.28. Year 2: 40/147 vs 4/14 EDSS progression for those
without and with new gadolinium enhancing lesions respectively. OR 1.1, C1 0.3-3.6, p = 1.0.
Year 3: 48/147 vs 4/14 EDSS progression for those without and with new gadolinium enhanc-
ing lesions respectively. OR 0.8, CI 0.2-2.8, p = 1.0.Year 3-7: 56/147 vs 4/14 EDSS progression
for those without and with new gadolinium enhancing lesions respectively. OR 0.65, CI 0.2-
2.2, p =0.57). Relapses in the second year of treatment were also unable to predict EDSS prog-
ress at future time points (Year 1: 17/109 vs 12/52 EDSS progression for those without and
with relapses respectively. OR 1.6, CI1 0.7-3.7, p = 0.28. Year 2: 28/109 vs 16/52 EDSS progres-
sion for those without and with relapses respectively. OR 1.3, CI1 0.6-2.7, p = 0.57. Year 3: 34/
109 vs 19/52 EDSS progression for those without and with relapses respectively. OR 1.3, CI
0.6-2.5, p = 0.59. Year 3-7: 40/109 vs 20/52 EDSS progression for those without and with
relapses respectively. OR 1.1, CI 0.5-2.1, p = 0.86; Fig 3M-3P).

Results are not affected by change in medication, baseline disability, or
neutralising antibodies

As may be expected, patients with inflammatory activity on natalizumab treatment were more
likely to switch to other disease modifying drugs, such as alemtuzumab, fingolimod, or cyclo-
phosphamide. For example, 8/46 of those with relapses in year 0-1 switched to an alternative
treatment at some point during the 3-7 year follow-up period of this study, versus 1/115 of
those with no relapses. However, the trends observed in this study remained consistent with
subgroup analyses after exclusion of those that switched to other medications (for example as
represented in Fig 4). Trends also remained consistent with subgroup analysis restricted to
those with baseline EDSS scores <4 (n = 68) or >4 (n = 93), and also after exclusion of those
with neutralising antibodies (n = 6). There was no significant difference in mean follow-up
time between those with different Modified Rio Scores, or indeed any of the other individual
inflammatory measures.

Logistic regression multivariable model considered variables relating to demographics,
disease history, and markers of inflammatory disease (age at natalizumab initiation, sex,
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pre-natalizumab relapse rate, pre-natalizumab MRI lesion count, pre-natalizumab MRI
enhancing lesion count, number of previous treatments, post-natalizumab relapse rate, and
post-natalizumab new MRI lesions), and found no further predictive relationships for disabil-
ity outcomes (multiple r-squared: 0.051, p = 0.46).

Relapses in the first year of treatment with natalizumab predict further
relapses

Relapses in year 0-1 of treatment were correlated with the risk of further relapses in years 1-3.
35 of 115 (30%) with no relapses in year 0-1 reported relapses in years 1-3. In contrast, 31 out
of 46 (67%) with relapses in year 0-1 reported relapses in years 1-3 (OR 4.7, CI1 2.3-9.8,
p<0.0001).

Discussion

This is the first study to report on-treatment predictive measures of long term disability out-
comes in a cohort of patients on natalizumab. We find that relapses and Modified Rio Score in
the first year of natalizumab treatment predict year 1 and year 2 EDSS progression. However,
this effect disappears after three years of follow-up. If anything, there is a consistent paradoxi-
cal trend towards on-treatment relapses, MRI activity, and high Modified Rio Score predicting
better 3-7 year disability outcomes, versus pre-treatment baseline EDSS, although this did not
reach statistical significance. This shift over time was driven by highly significant year-on-year
increases in disability progression specifically in those without on-treatment inflammatory
activity. In this group it was less likely for the EDSS to worsen in the first 1-2 years, but far
more likely for the EDSS to worsen over each subsequent year. Results were consistent when
restricted to those who remained on natalizumab throughout the follow-up period. Given this,
our data suggests a disconnect between natalizumab’s ability to suppress focal inflammatory
activity underlying relapses and new T2 MRI lesions, and its putative effect on the progression
of long-term disability.

Previous studies looking at predictive measures of treatment response have tended to focus
on earlier generation MS treatments, namely interferons and glatiramer acetate. Like ours,
these studies identified on-treatment MRI activity and relapses as medium-term (<3 years)
prognostic markers of EDSS progression and/or further relapses.[5-11] However, the majority
had limited follow up and thus conclusions on long term disability could not be made.[6-11]
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It is possible that the predictive effect of relapses and MRI activity on short-term EDSS out-
comes could reflect a predictive effect partly on relapse-mediated worsening of disability,
rather than true progressive neurodegeneration. Related to this is a potential reporting bias,
especially in studies based in the working neurology clinic, where it can be challenging to dis-
tinguish relapses from a true worsening of EDSS, and so both may be reported interdepen-
dently. This reporting bias decreases with long-term follow-up. In addition, we found that
relapses in year 0-1 predict further relapses in years 1-3, in common with several of the above
studies.[6, 7, 9, 11] Again, a patient reporting bias is likely to contribute to this association, and
long-term disability progression should remain the preferred primary outcome. It would be of
interest whether long-term follow-up data from the above studies would find results consistent
with ours. Equally, it could be that the prognostic importance of relapses and MRI activity dif-
fers between interferon, glatiramer acetate, and natalizumab treatment.

Year 0-1 on-treatment MRI activity did not predict poor disability outcomes at any time
point. This expands upon a previous post hoc analysis of randomized controlled trial data
showing the clinical efficacy of natalizumab on year 0-2 relapses even in those with on-treat-
ment MRI activity.[17] Of course, some new T2 lesions might have developed before natalizu-
mab became effective, and future datasets should aim to “re-baseline” the patients with MRI
scans performed 6 months after natalizumab initiation.[18] However, since gadolinium
enhancing MRI also did not predict poor disability outcomes in our study, this suggests the
lack of correlation between new MRI activity and long-term prognosis is real. Similarly, some
relapses in years 0-1 may have developed before natalizumab became effective, but the data on
year 1-2 relapses corroborates the finding of lack of predictive value of relapses on long-term
disability.

Several caveats exist in this study, and must be considered. The cohort size is modest, and
results should be replicated in larger cohorts. Our cohort had a high baseline EDSS (mean
baseline EDSS 4.2) in comparison to interferon and glatiramer acetate studies (mean baseline
EDSS 2 to 3), reflecting the fact that at the time of data collection, there were limited treatment
options available for highly active relapsing-remitting and relapsing-progressive MS. Our
cohort had poorer outcomes—46 of 161 patients had a relapse in the first year and 44/161 had
EDSS progression by year 2—than previously described natalizumab cohorts with less baseline
disability such as those in the pivotal randomised controlled trials.[13,14] Although some
patients gained clear benefit from treatment it is likely that some patients within our cohort
had a progressive component to their disease which was not responsive to treatment.[19, 20]
Within this cohort, it could be that on-treatment breakthrough inflammatory activity is not a
poor prognostic marker for long-term disability since it signifies that the patient does have an
ongoing treatable focal inflammatory disease component, as opposed to others in the cohort
who may have entered a predominantly irreversible neurodegenerative progressive stage of
disease. That said, those with on-treatment inflammatory activity had equivalent baseline age
and EDSS to those without on-treatment inflammatory activity in our cohort. In addition,
results remained consistent when restricted to those with baseline EDSS <4. Another caveat
arises in that follow-up time was variable, although always greater than 3 years. Kaplan-Meier
curves tended to converge after this 3-year time point, bringing about the possibility that asso-
ciations were affected by selection bias related to duration of follow-up, although this seems
unlikely since follow-up duration was consistent between groups.

The observational nature of this study means we cannot speculate whether patients might
have gained greater benefit from other treatments. Randomised controlled interventional
studies are required to investigate whether those with breakthrough inflammatory activity
would benefit from switching to other highly active treatments. Nevertheless, the data from
this study argues that neither decrease in relapse rate, MRI activity, nor short-term stability of
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EDSS can be assumed to equate to better long-term prognosis. This has far-reaching implica-
tions, from the treating physician assessing those with on-treatment clinical activity, to the
design and interpretation of the clinical trial.
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Abstract

Purpose PET can image neuroinflammation by targeting the
translocator protein (TSPO), which is upregulated in activated
microglia. The high nonspecific binding of the first-generation
TSPO radioligand ["'CIJPK-11195 limits accurate quantifica-
tion. ['®*F]GE-180, a novel TSPO ligand, displays superior
binding to [''CJPK-11195 in vitro. Our objectives were to:
(1) evaluate tracer characteristics of ['*F]GE-180 in the brains
of healthy human subjects; and (2) investigate whether the
TSPO Alal47Thr polymorphism influences outcome
measures.

Methods Ten volunteers (five high-affinity binders, HABs,
and five mixed-affinity binders, MABs) underwent a dynamic
PET scan with arterial sampling after injection of [ISF]GE—
180. Kinetic modelling of time—activity curves with one-
tissue and two-tissue compartment models and Logan graph-
ical analysis was applied to the data. The primary outcome
measure was the total volume of distribution (V) across var-
ious regions of interest (ROIs). Secondary outcome measures
were the standardized uptake values (SUV), the
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distribution volume and SUV ratios estimated using a
pseudoreference region.

Results The two-tissue compartment model was the best mod-
el. The average regional delivery rate constant (K;) was
0.01 mL cm™> min' indicating low extraction across the
blood-brain barrier (1 %). The estimated median Vt across
all ROIs was also low, ranging from 0.16 mL c¢m " in the
striatum to 0.38 mL cm > in the thalamus. There were no
significant differences in V' between HABs and MABs across
all ROIs.

Conclusion A reversible two-tissue compartment model fitted
the data well and determined that the tracer has a low first-pass
extraction (approximately 1 %) and low V- estimates in healthy
individuals. There was no observable dependency on the 156971
polymorphism as compared to other second-generation TSPO
PET tracers. Investigation of ['*F]GE-180 in populations with
neuroinflammatory disease is needed to determine its suitability
for quantitative assessment of TSPO expression.

Keywords Positron emission tomography (PET) - GE180 -
Translocator protein (TSPO) - Kinetic analysis -
Quantification - Neuroinflammation

Introduction

The translocator protein (TSPO) is a mitochondrial transporter
involved in varied intracellular processes, but its expression in
the central nervous system (CNYS) is relatively low under nor-
mal physiological conditions [1]. However, activation of
microglial cells caused by inflammatory stimuli results in sig-
nificant upregulation of TSPO expression [2]. TSPO quanti-
fication with PET provides a measure of intrinsic neuroin-
flammation in a variety of CNS diseases. Early PET studies
used the isoquinoline [''C]PK-11195 to measure TSPO
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binding and detected elevations across a range of conditions
including multiple sclerosis [3], Huntington’s disease [4],
Alzheimer’s disease [5, 6], traumatic brain injury [7] and isch-
aemic stroke [8]. However, the use of [''C]PK-11195 is lim-
ited by a high nonspecific signal, making nonstandard ap-
proaches to data analysis necessary [9]. In addition, because
"1C has a half-life of 20.3 min, the use of [''CJPK-11195 is
restricted to locations with an on-site cyclotron.

A number of second-generation TSPO ligands have been
developed recently with the promise of improved signal-to-
noise ratio and greater specific binding. ['*F]GE-180 is a nov-
el fluorinated radiotracer that binds to the TSPO with high
affinity [10]. Developed from a series of tricyclic indoles,
['®F]GE-180 has demonstrated superior specific binding af-
finity to [''CJPK-11195 in animal models of acute neuroin-
flammation [11] and stroke [12]. The '®F radiolabel, with a
half-life of 109.8 min, also makes ['*F]GE-180 more suitable
than ''C-based compounds for long-distance distribution, en-
abling widespread clinical use.

Other second-generation TSPO radiotracers (e.g.
[''C]PBR-28, ['®F]PBR-06, [''C]-DAA1106, [''C]-
DPA713, ['®F] FEPPA) show binding affinities influenced
by a TSPO polymorphism expressed by individuals and have
been classified as high-affinity binders (HABs), mixed-
affinity binders (MABs) and low-affinity binders (LABs)
[13]. Expression of the TSPO Alal47Thr polymorphism re-
sults in MAB or LAB depending on whether one or two cop-
ies are present [14]. Here, we report a study in healthy subjects
using ['®F]GE-180 PET imaging. The primary aim was to
investigate tracer kinetics and quantification in healthy human
subjects. The secondary aim was to investigate whether there
were differences in binding between HABs and MABs.

Materials and methods
Human subjects

This study was approved by the Westminster Research Ethics
Committee, London (13/LO/1596), the Riverside Research
Ethics Committee (13/L0O/1916), and the Administration of
Radioactive Substances Advisory Committee (no. 631/336/
30788). Research was conducted in accordance with the prin-
ciples of the Declaration of Helsinki [15]. All subjects gave
written, informed consent.

Ten healthy volunteers (seven men), mean age 41
+9 years (range 28 — 56 years), mean weight 81.8
+ 13 kg, were included in the study. A screening assess-
ment was carried out that included full medical and
drug history, blood pressure, height, weight, Allen’s test
for patency of the ulnar anastomosis, and the Structured
Clinical Interview for DSM disorders (SCID). Blood
samples were taken for analysis of full blood count,
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renal profile, clotting screen and TSPO genotyping.
Exclusion criteria included pregnancy, a history of prior
or current psychiatric or neurological disease, abuse of
alcohol or drugs and contraindication to arterial line
placement.

TSPO genotyping

DNA was extracted using a Qiagen QIAmp DNA blood mini
kit. TSPO genotyping of the c.439A > G (p.Thr147A1a) (SNP
rs6971) was performed using a TagMan allelic discrimination
assay. LABs (one subject) were excluded from the imaging
component of the study. During the study design it was felt
that on ethical and economical grounds LABs should not be
exposed to this novel tracer and instead that the focus should
be on MABs and HABs. Of the ten subjects eligible for im-
aging, five were HABs and five were MABs.

Synthesis of ['*F|GE-180

['®F]-Fluorine was produced by the '*O(p,n)'*F nuclear reac-
tion on a GE PETtrace 8 cyclotron (The Grove Centre,
Amersham, UK). All radiochemistry was performed on a
GE FASTIab synthesizer with single-use cassettes. The aver-
age synthesis time was 43 mins, radiochemical yield was 43 %
and purity was greater than 95 % [16]. The radiotracer was
manufactured by GE Healthcare (The Grove Centre,
Amersham, UK), transported to Hammersmith Hospital,
London, and used within 8 h of manufacture.

Positron emission tomography scanning and image
reconstruction

All subjects were scanned at the Clinical Imaging Facility,
Imperial College London, Hammersmith Hospital. Prior to
PET scanning, an arterial cannula was inserted under local
anaesthesia (2 % lidocaine) into the radial artery to allow
arterial blood sampling. An antecubital venous cannula was
inserted for radiotracer administration.

PET studies were performed on a Biograph 6 (six-slice CT)
scanner after administration of 182 + 3.1 MBq via intravenous
bolus injection over 10 s followed by a 10-mL saline flush. A
low-dose CT scan preceded the PET acquisition to allow cor-
rection for tissue attenuation. Emission data were then ac-
quired over 90 min in list mode and reconstructed as 24 tem-
poral frames (6 x 15, 3 x 60, 5 x 120, 5 x 300, 5 x 600 s) using
filtered back-projection (matrix size 168 x 168, zoom 2.6, 5-
mm gaussian filter, pixel size 1.56 x 1.56, slice thickness
3 mm) with and without attenuation correction. Standard cor-
rections for scatter, decay and random counts were applied.
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Whole-blood, plasma activity and parent fraction of ['*F]
GE-180

Arterial blood activity was measured every second for
the first 15 min of the 90-min scan using an automated
blood sampling system (ABSS Allog, Mariefred,
Sweden) connected to the subject via a
1.5 mx 1.0 mm diameter polytetrafluoroethylene line
(blood withdrawal rate 2.5 ml/min). In addition, blood
samples (10 mL) were collected manually from the ra-
dial artery at 0, 5, 10, 15, 30, 50, 70 and 90 min to
assay whole-blood and plasma activity. Plasma was ob-
tained by centrifugation for 3 min at 1,800 g. Activity
in whole blood and plasma was measured in a
CAPRAC-t well counter over 10 — 60 s. The first
15 min of continuous whole-blood activity was com-
bined with the activity from discrete samples to gener-
ate the whole-blood activity curve for use in data
modelling. The continuous plasma-to-blood ratio was
estimated using a constant model and a total plasma
activity curve was obtained by correcting the whole-
blood curve for this partition between plasma and
blood.

The parent fraction of ['*F]GE-180 was measured by
high-performance liquid chromatography (Agilent 1,100
and 1,260 series) of discrete plasma samples (3.5 mL).
The parent fraction was fitted to a single exponential
plus a constant model. The total plasma activity was
multiplied by this parent fraction and then smoothed
post peak by fitting to a triexponential function to gen-
erate an arterial parent plasma input function. A delay
correction of up to +30 s was applied to the input
function prior to fitting the kinetic modelling. This
was performed to account for delay in the 1.5-m tube
(28.3 s) and delay between the radial artery and the
brain.

Magnetic resonance imaging

To provide additional anatomical information to aid analysis
of the PET data, each subject underwent a structural T1-
weighted MRI scan on a Siemens Verio 3-T scanner (matrix
size 256 x 256, voxel size 1 x1 x1 mm , TR 9.63 ms, TE
4.74 ms, flip angle 9°).

Data analysis

A high level overview of the data analysis is provided in
Fig. 1. We used the PET data analysis and kinetic modelling
toolkit, MIAKAT™ (www.miakat.org), which incorporates
software from SPM5 (Wellcome Trust Centre for
Neuroimaging) and FSL (FMRIB, University of Oxford)
[17]. The brain was initially extracted from the T1-weighted

MR images. The CIC neuroanatomical atlas [18] was
nonlinearly registered to the individual’s extracted brain in
order to generate a personalized set of anatomically
parcellated regions [18]. Frame-by-frame motion correction
of the dynamic (without attenuation correction) PET data
was performed using mutual information coregistration of
the individual frames to a reference frame. An average
motion-corrected PET image was generated and used for
coregistration with the T1-weighted MR image. Finally, re-
gional tissue time—activity curves (TACs) were generated for
each region of interest (ROI) defined from the CIC atlas that
had been transformed into each individual’s image space.

Datasets were analysed with a one-tissue compart-
ment (ITC) model and a two-tissue compartment
(2TC) model and the Logan graphical method, using
the metabolite-corrected plasma input function as previ-
ously described [19] with a fixed 5 % blood volume
correction. The primary outcome measures were the
radioligand delivery rate constant (K;; mL cm °
min 1), total distribution volume (Vq: mL e¢m ), and
standardized uptake values (SUV). The SUV ratio
(SUVR) and distribution volume ratio (DVR) were esti-
mated using the cortical grey matter as a pseudo refer-
ence region. This region was chosen as there is no true
reference region for TSPO, but the cortical grey matter
has been used as a reference in previous work as
healthy brain usually shows low TSPO expression in
this region [20].

Time stability analysis

To investigate the stability of Vr over different scan durations,
a time stability analysis was performed by analysing data for
total time windows that ranged between 40 and 90 min in 10-
min increments.

Statistical analysis

The Akaike information criterion (AIC) was used to
select the most appropriate compartment model [21],
where lower AIC was indicative of a more parsimonious
model. To compare characteristics between the genetic
groups (HAB/MAB), Fisher’s exact test (gender) and
the Mann Whitney U test (age, weight, injected dose)
were used. To evaluate differences in TACs for blood
data between the genetic groups, a repeated measures
analysis of variance (ANOVA) was used with time as
the within-subjects factor and genotype as the between-
subjects factor. A repeated measures ANOVA was also
used to compare outcome measures across multiple
ROIs, where ROI was used as the within-subjects factor.
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Fig. 1 Overview of data analysis. The MIAKAT™ analysis toolkit was used for image processing (a), blood data processing (b) and kinetic modelling

(¢) of the PET data

Results

Injection of ['®*F]GE-180 caused no pharmacological effects
based on patient reports, blood pressure, pulse, respiration rate
and oxygen saturation after radioligand administration. There
were no significant differences in gender, age or weight be-
tween HABs and MABs. With regard to correlations between
age and the principal outcome measure, there were no signif-
icant correlations between age and Vr in either HABs and
MABs in any of the ROIs studied (Spearman’s
rho=-0.3 — 0.7 p=0.188 — 0.873 in HABs; Spearman’s
tho=0.1 — 0.8, p=0.104 — 0.94 in MABs). There were also
no significant relationships between age and outcome mea-
sures when added as a covariate in the repeated measures
ANOVA. Demographic data are provided in Supplementary
Table 1.

Plasma data

In plasma, the concentration of ['*F]GE-180 peaked at
about 45 s and then showed a rapid decrease (Fig. 2a).
The fraction of unchanged ['F]GE-180 over time is
shown in Fig. 2b. The parent compound accounted for
65.0 — 81.7 % (range across subjects) of the total con-
centration in plasma at 30 min, and 57.3 — 78.3 % at
90 min. Three polar radioactive metabolites were iden-
tified over the course of the 90 min scanning window
(<10 % of parent compound). The plasma-to-blood ratio
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remained constant at about 1.69 (Fig. 2c¢) across sub-
jects. There were no significant differences in profiles
of plasma over blood (F(1,48)=0.407, p=0.541), parent
fraction (F(1,48)=0.871, p=0.378) or parent in plasma
between genetic groups (F(1,48)=0.130, p=0.728).
There was no interaction of genotype with time for
any of these profiles (p>0.204). The parent in plasma
profiles for HABs and MABs are shown in
Supplementary Fig. 1.

Tissue data

The concentration of the ligand in the brain peaked at
around 1 min and then showed rapid washout in all
subjects. Group-averaged tissue TACs for the frontal
grey matter and thalamus are shown in Fig. 3a, b. A
60 — 90-min SUV image in a representative MAB sub-
ject is shown in Fig. 3c. Overall, there was low uptake
of the tracer in brain with images being dominated by
signal from blood vessels. There were no significant
differences in SUV curves between genetic groups
(F(1,48)=1.396, p=0.271). There was no interaction
of genotype with time (P =0.684).

Kinetic analysis

The results of the kinetic modelling are shown in Table 1. The
2TC model was superior to the 1TC model as judged by a
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Fig. 2 Blood data. a Whole
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lower AIC in all ROIs except the striatum. Example model fits
for the 1TC and 2TC models are shown in Fig. 4a in a repre-
sentative MAB subject. The first 10 min of Fig. 4a and Fig. 4¢c
are shown in more detail in Supplementary Fig. 2. The 2TC
model generally showed a good fit to the data except for an
initial small mismatch in the blood volume peak, which was
considered not to have affected Vi estimates. When we includ-
ed the 2TC-fit model, it did not outperform the 2TC-fix based
on the AIC. Blood volume estimates ranged from 6.3 % to
10.5 % (mean 8.4 %) across all ROIs. Therefore, the 2TC-fix
Fig. 3 Imaging data. Time—
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was selected as the model to use for further analysis and gave
average rate constants (across all regions and subjects) of
K;=0.013 mL ¢cm ® min ', £,=0.229 min ',
k3=0.035 min ' and k4, =0.010 min ', resulting in
Vr=0311 mL cm > (Table 1).

K, was low across all ROIs in all subjects, indicating low
extraction across the blood-brain barrier (BBB). This is con-
sistent with the low tissue uptake observed in the images and
the predominance of the vasculature structures. There was no
significant effect of genetic group on any of the four rate
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Table 1  Parameter estimates and model fits
Model Region K, (mL/min) k> (/min) k3 (/min) k4 (/min) V¢ (mL/cm®)  Distribution AIC
volume ratio wins®
ITC  Frontal 0.00472 (0.0041 —  0.0271 (0.023 — 0.171 (0.15— 0.939 (0.94-0.95) 2/10
lobe 0.006) 0.028) 0.22)
Parietal 0.00513 (0.004 — 0.027 (0.024 — 0.19 (0.16 —  0.969 (0.96 — 1) 1/10
lobe 0.0061) 0.028) 0.22)
Temporal ~ 0.00514 (0.0048 —  0.0266 (0.025 — 0.182 (0.17— 1.04(1-1) 0/10
lobe 0.006) 0.028) 0.24)
Occipital ~ 0.00621 (0.0057 —  0.03 (0.025 — 0214 (0.19—- 1.12(1.1-1.2) 0/10
lobe 0.0074) 0.032) 0.25)
Thalamus  0.00555 (0.0046 —  0.0261 (0.024 — 0.182 (0.17— 1.03(0.96—-1.1) 0/10
0.0058) 0.028) 0.24)
Striatum 0.00358 (0.003 — 0.0241 (0.021 — 0.155 (0.14— 0.826 (0.78 —0.89) 8/10
0.0046) 0.025) 0.2)
Cerebellum 0.00656 (0.0054 —  0.0339 (0.034 — 0.178 (0.16 — 0.968 (0.91 — 1) 0/10
0.0076) 0.034) 0.22)
2TC  Frontal 0.0102 (0.0089 — 0.195(0.15-1.6) 0.0301 (0.024 — 0.00653 (0.004 —  0.346 (0.26— 0.984 (0.96-1.2) 8/10
lobe 0.013) 0.15) 0.017) 0.5)
Parietal 0.0116 (0.011 — 0.192 (0.15 — 0.0334 (0.025 - 0.00873 (0.0045—- 033 (031 - 1.01(098—-1.1) 9/10
lobe 0.014) 0.25) 0.039) 0.014) 0.42)
Temporal ~ 0.0143 (0.012 — 0.217(0.16—1.3) 0.0348 (0.03 — 0.00927 (0.0063 — 0.306 (0.27 — 0.958 (0.93 - 1) 10/10
lobe 0.032) 0.15) 0.016) 0.42)
Occipital ~ 0.0238 (0.019 — 0.385(0.2—-0.62) 0.0395(0.036— 0.0101 (0.0062 —  0.35(0.3 — 1.07 (097 -1.1)  10/10
lobe 0.031) 0.054) 0.014) 0.52)
Thalamus  0.0118 (0.011 — 0.16 (0.14-0.2) 0.0315(0.026 — 0.00881 (0.0062 — 0.376 (0.28 — 0.922 (0.81 —1.1) 10/10
0.014) 0.042) 0.012) 0.41)
Striatum 0.00413 (0.0033 —  1.14(0.66—1.7) 4.89(0.62—-9.1) 0.14(0.027-0.21) 0.155(0.14— 0.451 (0.41-0.71) 2/10
0.0088) 0.22)
Cerebellum 0.0224 (0.016 —1.3) 0.319 (0.23 —78) 0.0331 (0.029 — 0.0113 (0.0084 —  0.281 (0.25— 0.916 (0.69 —0.98) 10/10
0.091) 0.018) 0.33)
Logan Frontal 0.265 (0.23 — 0.931 (0.92-0.97)
lobe 0.33)
Parietal 0.284 (0.23 - 0.996 (0.93 - 1)
lobe 0.35)
Temporal 0.312(0.24—- 1.01 (0.95-1.1)
lobe 0.36)
Occipital 0.34 (0.3 - 1.14 (1.1 - 1.2)
lobe 0.39)
Thalamus 0.3 (0.26 — 0.991 (0.98 — 1)
0.31)
Striatum 025021 —  0.844(0.7-0.92)
0.29)
Cerebellum 029 (024—- 099(091-1)
0.3)

Data are presented as medians (interquartile ranges)

#For the 1TC model versus the 2TC model, the data shown are the proportions of the ten subjects for whom the model was the more parsimonious

(defined as having the lower AIC)

constants. The Logan graphical method was also used to esti-
mate the Vy in each ROI (Table 1). A representative plot is
shown in Fig. 4b. Pooled V1 estimates from the 2TC model
were positively correlated with Vi from the Logan method
(Pearson’s »=0.630, p<0.0001; regression equation
Vr(Logan)=0.3 x V3(2TC)+ 0.19). The tissue TAC minus
the whole-blood radioactivity curve demonstrated that ap-
proximately 20 % of the activity in a typical ROI came from
blood (Fig. 4c).
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Time stability analysis and outcome measures

The time stability analysis of the 2TC model demonstrated an
increasing Vr for each successive time window analysed
(shown for two ROIs in Fig. 4d). A comparison of six out-
come measures for a number of ROIs is shown in Fig. 5. For
all six outcome measures, no significant effect of genetic
group was found (p>0.186), nor was there any interaction
between genetic group and ROI (p = 0.468).
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Discussion

Here we describe the characterization and quantification of the
novel TSPO tracer [ *F]GE-180 for the first time in the normal
healthy human brain. We generated arterial parent plas-
ma and whole-blood input functions and fitted brain
TACs to ITC and 2TC kinetic models and Logan
graphical analysis to generate outcome measures across
regions and individuals. The following key outcome
measures were generated from the analysis: Ky, V7,
SUV, DVR and SUVR with the cortical grey matter as
a pseudo reference region. In addition, we investigated
whether the TSPO Alal47Thr polymorphism in the
TSPO binding site influenced these outcome measures
[14, 22].

There was consistent and stable metabolism of ['*F]GE-
180 parent compound across all individuals. There was no
difference in blood or plasma activity between the two geno-
types and there were only moderate levels of detectable me-
tabolites in all individuals with 70 % of the intact parent tracer
remaining at 90 min. SUV images across all individuals

Scan length (min)

demonstrated low uptake of the tracer in brain tissue with
significant tracer activity apparent in the blood compartments
of the brain. The low brain uptake could reduce the signal-to-
noise ratio for this tracer and might mean that variation in the
activity within the blood across the groups could have biased
results. In addition, the low uptake might make the tracer more
susceptible to showing increased uptake when there is BBB
breakdown.

Analysis of the tracer compartment models showed that the
reversible 2TC model provided the best overall fit in the ma-
jority of cases. There was a small discrepancy in the model fit
at the initial sharp peak of the curve, i.e. <5 min of data ac-
quisition. It is possible that this may be due to increased dis-
persion of ['"®*F]GE-180 in the vascular bed, although this is
difficult to quantify precisely. In addition, the 1.5-m line that
was used from the radial artery to the arterial blood detection
machine may have affected the model fit. However, this dis-
crepancy should not significantly affect the estimation of Vras
this is based on the integral of the impulse response function
(i.e. integral/area under the curve of plasma input function)
[23]. K, could be affected by dispersion but would still remain
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small after any correction and therefore the interpretation of
low brain delivery of this tracer is still valid.

Using the 2TC model, the initial rate constant, K;, was
consistently low, suggesting a low extraction fraction and de-
livery into brain tissue. Theoretically, there could be a number
of reasons for this. First, the low K; could be due to low
lipophilicity. However, preclinical work has suggested that
this tracer is relatively lipophilic (logD at pH 7.4 is 2.95),
making this unlikely. Second, ['*F]GE-180 could be a sub-
strate for xenobiotic pumps at the BBB such as the three major
ABC transporters, p-glycoprotein (ABCB1), multidrug resis-
tance protein 1 (ABCC1) and mitoxantrone resistance protein
(ABCGQG?2), as can be seen with other tracers with low BBB
penetration [24]. Third, the low K; could be due to increased
plasma protein binding, although the relationship here is com-
plex and high plasma protein binding does not always lead to
low brain penetration. Most molecules to a greater or lesser
extent bind to human serum albumin and some tracers also
bind to alphal-acid glycoprotein [25]. However, in the case of
["®F]GE-180, the binding affinity to these or other plasma
proteins may be considerable. A limitation of this study was
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that the protein binding of ['*F]GE-180 was not measured.
However, in vitro work suggests that in humans the plasma
free fraction is approximately 3 %.

The median volume of distribution of ['*F]GE-180 using
the 2TC model across all subjects and brain regions ranged
from 0.16 to 0.38 mL cm . There was little variability across
brain regions. Vrestimates were lower than those observed for
some other second-generation TSPO tracers (e.g. 4.1 £ 1.6 mL
cm ™ for [''C]-PBR-28 in grey matter [26], and
0.72 — 1.06 mL cm° for [''CJPK-11195 [27]).

Our time stability analysis demonstrated that V1 did not
reach a stable level but continuously increased over the 90-
min scanning window. This might have led to underestimation
of V1. A scan time of 90 min was originally selected based on
preclinical studies and on consideration of what would be
acceptable to the individual subjects. However, our results
suggest that a longer scanning duration might give a more
‘stable’ V1 estimate. This ongoing increase in Vt could have
been caused by the accumulation of radiometabolites in the
brain. However, only modest levels of metabolites were de-
tected in the blood, and earlier preclinical work demonstrated
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very low penetration of any metabolite into the brain with 94 %
parent at 60 min [28]. Metabolites have not formally been iden-
tified, but all those observed in this study were more polar than
the parent. It is believed that the two main routes of metabolism
are O-demethylation and hydroxylation of the aliphatic ring
[28]. Other metabolites could be a combination of the two pro-
cesses or hydroxylation at different sites. The question of accu-
mulation of metabolites in the brain is most relevant when brain
uptake is high, which was not the case here. It is also worth
noting that these time stability results are consistent with those
from other TSPO tracers which also do not achieve a stable
estimate within a 2-h scanning window, e.g. [''C]PBR28 [19].

No evidence of an effect of TSPO genotype on any of our
outcome measures was found. No differences in K, V1, DVR,
SUV or SUVR between MABs and HABs were found. This
was an unexpected finding, as in vitro work with cold GE-180
displacing [PH]PK 11195 has shown a binding affinity of 15:1
between HABs and LABs (D. Owen, personal communica-
tion). Although we did not acquire PET scans in LABs, we
would still have expected to see differences in the outcome
measures between HABs and MABs. Our expectation was
that MABs would show an intermediate binding relative to
that in HABEs, i.e. around 50 % of the binding in HABs [13].
The fact that we did not observe such a difference in vivo may
have been a consequence of the low uptake seen with this
tracer. Genotype effects may be found in other groups, for
example older individuals or diseased individuals in whom
we may expect microglial TSPO expression to be higher.
We did consider the effect that increasing age of the subjects
could have had on TSPO binding, as has been shown previ-
ously [29], but we did not find any correlations between age
and Vrin any of the ROls.

In summary, we report the first PET studies of ['*F]GE-180
in humans. Administration of the tracer was safe and the scan
was tolerated well by all subjects. A reversible 2TC model
fitted the data well and determined that the tracer has a low
first-pass extraction (about 1 %) and low Vi estimates in our
healthy subjects. There was no observable dependency on the
rs6971 polymorphism as compared to other second-
generation TSPO PET tracers. A low first-pass extraction
combined with a tissue signal with a relatively large blood
component suggests similarities to [''CJPK-11195 in vivo.
However, more work with ['"*F]GE-180 in humans would be
informative and should include studies in patients with
neuroinflammatory conditions to assess signal in the presence
ofupregulated TSPO, studies in subjects of various ages and a
competition study to more clearly delineate specific binding.
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Abstract

Purpose: Measurements of non-displaceable binding (Vjp) of positron emission tomography (PET)
ligands are not often made in vivo in humans because they require ligands to displace binding to target
receptors and there are few readily available, safe ones to use. A technique to measure Vyp for ligands
for the 18-kDa translocator protein (TSPO) has recently been developed which compares the total
volume of distribution (V4) before and after administration of the TSPO ligand XBD173. Here, we used
XBD173 with an occupancy plot to quantify Vip for two TSPO radiotracers, ['®F]GE-180 and
["'C]PBR28, in cohorts of people with multiple sclerosis (MS). Additionally, we compared plots of
subjects carrying high (HAB) or mixed binding (MAB) affinity polymorphisms of TSPO to estimate Vp
without receptor blockade.

Procedures: Twelve people with MS underwent baseline MRI and 90-min dynamic ['®F]GE-180 PET or
["'CIPBR28 PET (n=6; three HAB, three MAB each). Arterial blood sampling was used to generate
plasma input functions for the two-tissue compartment model. Vyp was calculated using two independent
methods: the occupancy plot (by modelling the differences in signal post XBD173) and the polymorphism
plot (by modelling the differences in signal across presence and absence of rs6971 genotypes).
Results: Whole brain V4 (mean = standard deviation) was 0.29 + 0.17 ml/cm?® for ['®F]GE-180 and 5.01
+1.88 mllem® for [''C]JPBR28. Using the occupancy and polymorphism plots respectively, Vip for
['®FIGE-180 was 0.11 ml/cm? (95 % Cl=0.02, 0.16) and 0.20 ml/lcm® (0.16, 0.34), accounting for, on
average, 55 % of V- in the whole brain. For [''C]PBR28, these values were 3.81 mlicm?® (3.02, 4.21) and
3.49 ml/cm?® (1.38, 4.27), accounting for 67 % of average whole brain V4.

Sujata Sridharan and Joel Raffel are joint first authors.
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Conclusions: Although V4 for ['®F]GE-180 is low, indicating low brain penetration, half the signal
shown by MS subjects reflected specific TSPO binding. V4 for [''C]JPBR28 was higher and two
thirds of the binding was non-specific. No brain ROIs were devoid of specific signal, further
confirming that true reference tissue approaches are potentially problematic for estimating TSPO

levels.

Key words: PET, Occupancy plot, Polymorphism plot, Multiple sclerosis, ['®F]GE-180,

["'C]PBR28, XBD173

Introduction

Several positron emission tomography (PET) ligands
exist for the 18-kDa translocator protein (TSPO), which
can be upregulated in the mitochondria of activated
microglia when the central nervous system becomes
inflamed (see [1] for review). Currently, it is unclear,
in humans, what proportion of the observed in vivo PET
signal represents specific TSPO binding and what
proportion is merely non-displaceable binding. This is a
particular problem with TSPO imaging as (1) the binding
of a large majority of TSPO ligands is affected by
carriage of a single nucleotide polymorphism (SNP
rs6971) and (2) affinity thus varies according to whether
participants are homozygotic (high or low affinity
binders, HABs/LABs) or heterozygotic (mixed affinity
binders, MABs). This results in increased tracer-specific
variability across cohorts [2]. TSPO is known to be
expressed ubiquitously throughout the human brain,
meaning that there is no suitable reference region (free
of specific binding) which would allow the non-
displaceable proportion of the signal to be estimated
in vivo (see [3] for overview). Assuming that the fraction
of non-displaceable binding is negligible can dramatically
affect the interpretation of results. It is therefore
important to investigate the proportion of binding that
is specific for each TSPO tracer [4, 5].

Approaches recently described by Owen et al. [6] and
Guo et al. [7] can be used to estimate the non-displaceable
component of the total volume of distribution (Vyp) in vivo.
In short, for the TSPO ligand of interest, the total volume of
distribution, V', is calculated both before and after blockade
with the TSPO ligand XBD173. Vyp is derived from the x-
intercept of the graph of V%’ascnnc against Vl%aSCH“C*Vl%lOCk (see
‘Materials and Methods’). In addition, use of a polymor-
phism plot (Guo, et al. [8]), which assumes that MABs
express an equal percentage of high and low affinity binding
sites [6, 9], allows Vyp to be derived from the x-intercept of
VAR against PHAB—pMAB (see ‘Materials and Methods).

One recently developed ligand, ['®F]GE-180, has
exhibited a higher signal to background ratio than (R)-
["'CJPK11195 in several preclinical models [10-12].
However, in human studies, it has shown unexpectedly
low brain penetration [13—15]. Additionally, in vitro data
shows that binding of ['*F]GE-180 to TSPO is sensitive

to the presence of the rs6971 SNP [2, 9, 16]; however,
in these in vivo human studies, the expected genotype
dependence of signals was not observed [13, 14]. This
phenomenon may be due to poor extraction of ['*F]GE-
180 over the blood—brain barrier (BBB) and/or the action
of active efflux pumps such as P-glycoprotein. Given
these unexpected results, we wished to clarify the
proportion of ['®*F]GE-180 uptake detected with PET in
the human brain that is non-displaceable. A recent
blocking study in healthy control subjects confirmed the
presence of specific binding throughout the human brain
with [''C]PBR28 [6]. Here, we describe a similar
blocking study to investigate whether (and what propor-
tion of) ['®F]GE-180 and [''C]JPBR28 PET signal is
specific to TSPO binding in people with multiple
sclerosis (MS).

Materials and Methods

Participants

Twelve people with clinically definite MS according to
revised 2010 MacDonald criteria were recruited from the
Imperial College Healthcare NHS Trust. The participants
were aged between 20 and 50 years old and provided written
informed consent, under ethics reviewed by the London
Riverside Research Ethics Committee (REC reference 14/
LO/0343 ['®F]GE-180-scanned participants, 13/L0O/1916
[''C]PBR28-scanned participants).

Participants attended a screening visit, including clinical
ratings with the expanded disability status scale (EDSS) [17]
and the collection of blood, to establish TSPO SNP
genotype. Predicted LABs were excluded. Participants
returned for a baseline visit where they underwent MRI
and a 90-min dynamic ['*F]GE-180 or [''C]PBR28 PET
scan. One week later ['*F]GE-180, or on the afternoon of the
same day [''C]PBR28, participants returned for a ‘post-
blockade’ scan; they were administered a 90-mg oral dose of
XBD173 2 h prior to a repeat PET scan with the same tracer
and dose as previously administered. The dose of 90 mg was
selected based on that previously calculated by Owen et al.
in a blocking study using [''C]PBR28 to achieve at least
75 % XBD173 occupancy in adult participants [6].
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Arterial Plasma Measurement

Participants had radial artery cannulation and blood was
withdrawn continuously at a target rate of 2.5 ml min~' from
the start of each scan for the first 15 min. In addition,
discrete blood samples were drawn at 0, 5, 10, 15, 30, 50, 70
and 90 min (['®*F]GE-180) or 0, 5, 10, 15, 20, 25, 30, 40, 50,
60, 70, 80 and 90 min ([''CJPBR28) for metabolite analysis.
For ['®*F]GE-180, tracer concentrations in whole blood and
plasma were measured in a well counter and radiometabolite
analysis performed using two high performance liquid
chromatography (HPLC) systems (Agilent 1260 Infinity
and Agilent 110 Series) in isocratic mode. Briefly, samples
were spun down to obtain plasma, which was then added to
HPLC-grade acetonitrile to precipitate proteins. After cen-
trifugation, the samples were rotary evaporated and analytes
collected and reconstituted in 7 % ethanol solution and
filtered in 15-mm syringe filters with a nylon membrane of
pore size 0.2 um. For [''C]PBR28, methods described by
Owen et al. [6] were used to determine the parent fraction of
tracer in plasma and whole blood.

Scanning Protocol

All participants scanned with ['*F]GE-180 underwent MR
scans on a 3-T Siemens Magnetom MR B19 scanner,
including T1 magnetisation prepared rapid gradient echo
(MPRAGE) sequences. ['®F]GE-180 was synthesised, as
previously described, on a FastLab™ platform [18]. A low-
dose CT scan was performed for attenuation correction
immediately prior to a 90-min dynamic PET scan on a
Siemens Biograph 6 with a field of view of 168 x 168 x
148 mm>. The tracer was injected as an intravenous bolus
over the course of 30 s with a target dose of 185 MBgq. List-
mode data were histogrammed into 24 frames (6 x 15 s, 3 x
60 s, 5x120 s, 5x300 s and 5 x 600 s) and reconstructed
using filtered back projection (FBP) with a ramp filter.
Reconstructed voxel size and spatial resolution were 1.57 %
1.57%1.92 and ~5 mm, respectively. For participants
scanned with [''C]JPBR28, MR scans were performed on a
Siemens Magnetom Trio scanner, while PET scans were also
performed on a Siemens Biograph 6, with list-mode data
histogrammed into 26 frames (8 X 15 s, 3 x60 s, 5% 120 s,
5%300 s and 5 % 600 s) and reconstructed using FBP with a
5-mm Gaussian filter. For ['®F]GE-180 scans, the tracer was
injected 30 s after scan start time (two fewer frames in the
reconstruction).

Image Analysis

PET images underwent frame-to-frame realignment and
were coregistered with TI MRI in PMOD (v3.6, PMOD
Technologies Ltd., Switzerland). Coregistrations were qual-
ity checked manually. MRI was used to segment the brain
into 83 regions using the Hammers atlas [19]. These regions

937

were inspected manually for overlap and edited where
necessary to minimise spillover from large-vessel vascular
activity. Respective smaller ROIs were then combined to
create final bilateral ROIs as follows: frontal, temporal,
parietal and occipital lobes (FL, TL, PL, OL), striatum,
putamen, thalamus, cerebellum, corpus callosum, brainstem,
whole brain (WB) and normal appearing white matter
(NAWM). Lesions were defined semi-automatically on
MRI using a local thresholding technique implemented in
in-house software (BioMedIA group, Department of Com-
puting, Imperial College London). T1, T2 fluid attenuated
inversion recovery (FLAIR), double inversion recovery
(DIR) and phase sensitive inversion recovery (PSIR)
sequences were used to maximise sensitivity of lesion
identification. All ROIs excluded lesions.

Kinetic Analysis

All kinetic analysis was performed in PMOD. Calibrated
continuous and discrete blood data were corrected for decay
and the parent fraction of tracer in plasma was calculated for
each discrete sample. Plasma over blood (POB) ratios were
calculated and the parent fraction of tracer in plasma fitted to
a Watabe parent fraction model [20] of the form

B
4B
uBic

S parent (1) = [fp- ﬁ , where f,, is the free fraction of
-

parent tracer and 4, B, C and u are constants. This was

multiplied with the continuous whole blood data to produce

a metabolite-corrected arterial plasma input function. Vy was

calculated from the unconstrained two-tissue compartment

model as previously described [13, 14].

Calculating the Component of Non-Displaceable
Binding

Three methods were used to determine the non-displaceable
(Vnp) and displaceable (75) components of the total volume
of distribution (V7). Of these methods, two were indepen-
dent: the occupancy plot (methods la and 1b) and the
polymorphism plot (method 2).

Method 1a: Occupancy Plot with Individual Vyp

The occupancy plot is an adaptation of the Lassen plot
described by Cunningham et al. [4]. Given that pbascline
=Vs+ Vnp (baseline condition) and V?}k”k =TVg
(1=Occgrg) + Vnp  (block  condition), it follows that
phaseline_pRlock — Occgng. (V51— \p).  Thus, plotting
yoaselineqoqingt prhaseline_pblock allows derivation of Vyp (x-
intercept) and the occupancy of XBD173 (slope). This
method assumes that Vyp is the same at pre and post-block
time points and that the fractional occupancy of XBD173
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does not change across the brain. Method 1a plots these data
for each individual participant.

Method 1b: Occupancy Plot with Constrained Vyp,

In order to calculate a group Vyp, data from individual
participants were plotted as described in method 1a, with the
x-intercept forced to a best fit for all participants. This was
done by constraining the x-intercept (Vnp) to be equal (for
all participants) on a group level, using a linear regression
implemented in Matlab (R2018a, The MathWorks, Inc.,
MA, USA).

Method 2: Polymorphism Plot

The polymorphism plot, described by Guo et al. [7], does
not require pharmacological blockade. Instead, it relies upon
the assumption that MABs express 50 % HAB and 50 %
LAB binding sites [6, 9]. Thus, similarly to methods 1a and
1b, VAB—pIMAB — A(VIAB—pp), where A is a constant
o
BPIA
tial, BPyp, for HABs and LABs, respectively. Again, a plot
of VHAB against VHAB—PMAB thys gives Vyp as the x-
intercept.

) relating to the non-displaceable binding poten-

Statistics

Linear regressions were generated in Matlab (R2018a, The
MathWorks, Inc., MA, USA) and Vg and Vyp results are
expressed as mean + standard deviation (SD). For each
tracer, V'ts in different ROIs were compared using repeated
measures one-way ANOVA with a Tukey test for multiple
comparisons. Statistical tests were performed in GraphPad
Prism (v7, GraphPad Software, Inc., San Diego, CA, USA).

Sridharan S. et al.: ['®F]GE-180 Specific Binding

Results
Demographics

The mean age of participants scanned with ['*F]GE-180 was
46.8+9.1 years, mean age of onset was 36.2+ 12.8 years
and EDSS ranged between 3.5 and 7.5. For [''C]PBR2S,
mean age was 40.5+ 9.0 years (unpaired 7 test: p =0.25, not
significant, ns, compared to ['*F]GE-180), mean age of
onset was 35.4+6.2 years (p=0.78, ns compared to
['®F]GE-180) and EDSS ranged between 1 and 6.5 (p=
0.13, ns compared to ['®F]GE-180). All participants had
been treated with disease-modifying therapy. Participant
demographics are summarised in Table 1.

Visual Assessment of PET Reveals Blockade of
TSPO

Sixty- to 90-min sum PET images were generated for all
participants. There was little obvious visual difference in
sum PET images pre- and post-block (e.g., participants F
and H, Figs. 1 and 2, right hand side) for participants
scanned with ['®F]GE-180 but a small decrease was evident
with ["'C]PBR28. Vs were then generated for all partici-
pants in all Hammers atlas ROIs and visualised as a heat
map (left hand side, Figs. 1 and 2). In contrast to sum PET
images, there were clear visual differences between pre- and
post-block Vs with both tracers.

["8F]GE-180 Binds Specifically to TSPO

Mean whole brain baseline V; was 0.29+0.17 ml/cm® for
["®F]GE-180 and 5.31+1.53 for [''C]JPBR28. There were
no significant differences in V' between any ROIs for
["®F]GE-180. For [''C]JPBR2S, the putamen was elevated
over NAWM (p=0.03).

Blockade with XBD173 confirmed that both ['*F]GE-180
and [''C]JPBR28 exhibit specific binding in the MS brain. Of the

Table 1.. Summary of participant demographics for those scanned with ['®F]GE-180 and [''C]PBR28

Tracer Participant HAB/MAB Sex Age/age at onset (years) EDSS Previous DMTs; current DMT
['*FIGE-180 A HAB M 43/32 6.5 GA; GA
B MAB M 53/36 4.0 IVIG, natalizumab; IVIG
C MAB F 60/47 3.5 Alemtuzumab; alemtuzumab
D HAB F 33/20 5.5 IB-1a/1b, natalizumab, alemtuzumab, AHSCT; natalizumab
E MAB F 46/38 6.0 IB-1a, GA, fingolimod, natalizumab; alemtuzumab
F HAB M 46/32 7.5 Natalizumab; AHSCT
[''CIPBR28 G HAB F 44/40 6.5 Natalizumab; natalizumab
H MAB M 29/27 1.0 DF; DF
1 MAB F 39/30 6.5 Alemtuzumab, MSCT, natalizumab; MCTD
J MAB F 56/44 4.0 Natalizumab, AHSCT, IB-1a; nil
K HAB M 37/35.5 1.5 DF; nil
L HAB M 38/36 1.5 DF; nil

HAB/MAB high/mixed affinity binder, EDSS (Kurtzke) expanded disability status scale, DMT disease modifying therapy, GA glatiramer acetate, /VIG
intravenous immunoglobulin, /B interferon-beta, AHSCT autologous haematopoietic stem cell transplantation, DF dimethyl fumarate, MSC mesenchymal stem

cell therapy, MCTD mixed connective tissue disease

-284-



Sridharan S. et al.: ['®F]GE-180 Specific Binding 939

a Pre-XBD C Pre-XBD

e T1 MRI

b  PostxBD

Fig. 1 Hammers atlas filled with Vt results in transverse view a pre- and b post-XBD173 administration, for participant F
scanned with ['®F]GE-180. V4 (ml/cm®) for each region is mapped onto the participant’s regional atlas in patient space. Sum
60-90 min PET images (kBg mI™") for the same subject in transverse view ¢ pre- and d post-XBD173 administration. e T1 MRI
for same subject.

12 participants, one displayed no measureable occupancy and ~ Method 1a, the unconstrained occupancy plot, gave a mean Vyp
was excluded from further analyses (participant K, HAB of 0.18+£0.05 ml/em® for ['*F]GE-180 and 3.65 + 1.79 ml/cm’®
scanned with [''CJPBR28). Mean whole brain baseline V. for for [''CJPBR28. Method 1b, using an occupancy plot and
the remaining [''CJPBR28 participants was 5.43 + 1.68 ml/cm’. constraining the x-intercept across participants, gave mean Vnp

a Pre-XBD C Pre-XBD

b

Fig. 2 Hammers atlas filled with V¢ results in transverse view a pre- and b post-XBD173 administration, for participant H
scanned with ['"C]PBR28. V/+ (ml/cm?®) for each region is mapped onto the participant’s regional atlas in patient space. Sum 60—
90 min PET images (kBq mI") for the same subject in transverse view ¢ pre- and d post-XBD173 administration. e T1 MRI for
same subject.



a 1 b 0.6 c 0.3
0.5

~ 08 —

5 5 0.4 & 029
T 06 2 E

= = 03 =

] g £ i

o =

S o4 3 02 2

— - =

> > 0.1 =

+ 0.2 ' g %

) 2 ! 0
£ ..t = @

] g 0 <

& 0 — ] =

©

3 % :,_-0.1 = o
=

0.2 02
0.4 0.3 0.2
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07

V; baseline (ml/cm?)

Sridharan S. et al.: ['®F]GE-180 Specific Binding
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Fig. 3 a Individual linear regression with occupancy plot, b constrained x-intercept occupancy plot and ¢ polymorphism plot,
bottom for ['®F]GE-180. Vp is derived from the x-intercept. Different symbols indicate individual patients for a and b; each

symbol represents a region of interest.

estimates of 0.11 and 3.81 ml/cm’ respectively. Method 2, using
a polymorphism plot, produced Vyp estimates of 0.20 and
3.49 ml/em?, respectively (Figs. 3 and 4). With Vyp, estimates of
0.16 + 0.05 ml/cm® (mean of the three methods) for ['*F]GE-180
and 3.65+0.16 ml/em® for [''C]JPBR28 and mean baseline
whole brain V; of 0.29 and 5.43 ml/cm3, respectively, the
specific binding (Vs= Vr— Vnp) accounted for 45 % of total
V in the brain for ['*F]GE-180 (57 % HABs; 20 % MABs) and
33 % for [''CJPBR28 (37 % HABs; 25 % MABs). The
reduction in uptake for both tracers post-XBD173 administration
is further highlighted in Fig. 5, where a clear decrease in V'7in the
majority of ROIs is observed. Furthermore, BPyp (= If—N:)—l)

was used to calculate the mean HAB/MAB signal ratio for each
tracer using these mean Vyp values. For ['*F]GE-180, this was
545+3.29 (p<0.01), while for [''C]PBR28, the HAB/MAB
ratio was 3.21£1.27 (p<0.01).

Specific Binding to TSPO Is Ubiquitous in the MS
Brain

For ['®F]GE-180, Vs accounted for between 39 % (striatum)
and 54 % (thalamus) of total binding in the selected ROIs

(mean+ SD, 45+ 5 %). For [''C]JPBR28, Vs accounted for
between 6 % (striatum) and 43 % (brainstem) of total
binding (29+11 %). All other ROIs defined by the
Hammers atlas, including the caudate and non-cortical GM,
exhibited mean Vy between 0.25 and 0.56 ml/cm® and
between 3.99 and 7.39 ml/cm’, respectively. Thus, it follows
that no ROIs were consistently devoid of specific TSPO
binding, as measured by either tracer.

Discussion

This study was designed to quantify the non-specific binding
(Vnp) of the TSPO PET tracers ['®F]GE-180 and
["'C]PBR28 in people with MS. We found that Vyp
accounts for, on average, 55 and 67 % of the total binding
of ['®F]GE-180 and [''C]PBR28, respectively, indicating
that the remaining 45 or 33 % are attributable to specific
signal (Vs).

["®F]GE-180 has shown high signal-to-noise ratios in
preclinical studies [10—12, 21, 22] but unexpectedly low
brain penetration in human healthy controls [13—15]. Recent
studies have demonstrated markedly increased uptake of
["®F]GE-180 in people with glioblastoma [23] and in people
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bottom for [''C]JPBR28. Vp is derived from the x-intercept. Different symbols indicate individual patients for a and b; each
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with relapsing-remitting MS [24], but questions remain as to
whether this increase in signal represents specific binding or
is merely due to non-specific signal in areas of blood—brain
barrier breakdown. Another recent study which directly
compared ['®F]GE-180 with [''C]PBR28 in healthy controls
who were scanned with both tracers (morning and afternoon)
found up to 20 times lower volumes of distribution with the
former compared to the latter [15] as well as difficulties with
["®F]GE-180 quantification. To our knowledge, ours is the
first study assessing non-displaceable binding of ['*F]GE-
180 and comparing both tracers in disease cohorts. Our
results argue that, despite low brain penetration [13, 14],
["®F]GE-180 does exhibit a specific signal in the MS brain
and hence could be useful in conditions with pathologically
increased levels of TSPO. We also performed gadolinium
contrast-enhancing MRI in the cohort of participants
scanned with ['®F]GE-180 and observed no contrast en-
hancement (in lesion areas or otherwise), suggesting no
extensive BBB breakdown. Although this observation does
not exclude the possibility of micro-BBB breakdown, which
could allow passage of ['®F]GE-180 molecules, but not the

larger gadolinium molecules, through the disrupted area, the
finding does concur with that of Vomacka et al. [25]. The
authors of this study also comment that (in their previous
study [23]) areas with contrast enhancement in MR did not
always correlate with increased ['*F]GE-180 signal, indicat-
ing that signal increases in PET are likely to be related to
TSPO expression rather than exclusively BBB breakdown.
The results also have broader implications on how novel
tracers should be validated and compared. While high
absolute Vs are preferable in a tracer, it is crucial to
understand what proportion of V7t is driven by Vyp. This can
be achieved using a blocking study, which, given the lack of
an appropriate receptor-free reference region in the brain, we
suggest should be undertaken for all TSPO tracers undergo-
ing clinical development.

Although the occupancy plot has been more commonly
used in Vyp quantification [4], an alternative approach,
relevant for TSPO tracers which are susceptible to the
rs6971 SNP, is to create a polymorphism plot, which does
not require pharmacological blockade and relies only on the
assumption of equal expression of HAB and LAB sites. Our
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Vnp results from both methods (including free and fixed-
intercept occupancy plots) were in good agreement for both
tracers, giving an average Vyp of 0.16+0.05 ml/cm’ for
["®F]GE-180 and 3.65+ 0.16 ml/cm? for [''C]JPBR28. In this
study, we also demonstrate that V1 is consistently greater
than Vyp for both ['®F]GE-180 and [''C]PBR2S; in other
words, no ROIs were devoid of specific TSPO binding. This
finding fits with previous observations that reference tissue
approaches may not be appropriate in TSPO PET studies [6].

[''C]JPBR28 has been validated with blocking experi-
ments prior to our study, both in healthy controls [6, 26] and
in a disease cohort [27]. [''CJPBR28 is generally accepted
as an effective TSPO tracer in vivo [28-32] although
exhibits counterintuitively decreased Vr in subjects with
neuroinflammation [29]. In Owen et al. [6], the Vyp of
[''C]JPBR28 was 1.98 ml/cm® (~50 % of Vy), while Fujita
et al. [26] reported an average Vy of 4.3 ml/em® (in HABs)
and a BPyp of 1.2, giving a very similar Vyp of 1.98 ml/cm?
(~45 % of V). In our study, Vap for [''C]PBR28 was 3.65.
It is possible that this is a disease-specific difference, given
that both the former studies were performed in healthy
subjects; however, the sample size in our study was also
small and the estimation of Vyp may therefore be subject to
some biological variability. Nevertheless, the proportion of
non-specific binding for ['*F]GE-180 is comparable to or
even lower than that of [''C]PBR28 (Vap ~ 55 vs. ~69 %,
respectively), although absolute Vrs are lower [6, 27]. This
result further indicates that ['®F]GE-180 is able to identify
specific TSPO signal in the MS brain, in spite of low brain
penetration. We also report respective HAB and MAB Vg of
57 and 20 % for ['®*F]GE-180 and 37 and 25 % for
[''C]JPBR28, although the group numbers (n=3 for both
["®F]GE-180 groups and [''C]PBR28 HABs, n=2 for
[''C]PBR28 MABsS) are too small to draw firm conclusions.

As has been pointed out previously, the brain penetration
of ['®F]GE-180 is very low in humans [13-15]. Our
findings also showed low values of V1 and K, indicating
low extraction of the tracer across the blood—brain barrier
(K, ~0.003 vs. 0.2 ml/cm>/min for [''C]PBR28; i.e., ~ 60
lower). Zanotti-Fregonara and colleagues also noted diffi-
culty in kinetic model fitting of ['"*F]GE-180 data using the
standard two-tissue compartment model with free blood
volume parameter, which we used [15]. Here, however, we
were able to fit the large majority of regions well, with R*
comparable to those seen with [''C]PBR28 (R*~0.8) and
standard errors on V't estimates <20 % for both tracers. It is
possible that this is due to the larger, less noisy ROIs
selected for analysis in our study compared to those used by
Zanotti-Fregonara and colleagues. Also to be considered is
the fact that our study involved (six) participants with MS,
compared to the four healthy controls and single participant
with amytrophic lateral sclerosis in the other study, which
may have resulted in altered binding kinetics due to disease-
specific pathology. Although a methodology considering
large ROIs in a disease such as MS, with focal lesion-based
pathology, may seem to limit the usefulness of a tracer,

Sridharan S. et al.: ['®F]GE-180 Specific Binding

there is evidence that there is a global effect on TSPO PET
signal in regions such as NAWM and normal appearing
grey matter (see [33] for review), suggesting that ['*F]GE-
180 need not be excluded from use based on this fact. Many
recent studies using [''C]PBR28 (and other tracers) have
elected to use the 2TCM-1K kinetic model [34], which
incorporates a parameter representing the endothelial
fraction of binding of a TSPO tracer, for quantification
[29]. The 2TCM-1K has been used with ['*F]GE-180 data
[13] and has not shown a substantial advantage in terms of
parsimony criteria (Akaike Information Criteria, AIC)
compared to the 2TCM. Furthermore, [''C]PBR28 datasets
are often still analysed using the 2TCM, primarily for
comparison with data from other tracers [15, 35, 36]. We
also found good fits to [''CJPBR28 data with the 2TCM;
thus, here, we elected to use this model to analyse data from
both tracers.

The in vitro HAB/LAB ratio of binding affinity for
[''C]PBR28 has been observed to be approximately 1:50
[9], while for ['*F]GE-180, this ratio is between 1:5 and 1:15
(personal communication, DRO, WT). In vivo, [''C]PBR28-
scanned MABs express approximately half the signal
compared to HABs [6]. The slope of the polymorphism plot

. . BPLAB_ppMAB 18 ;
is equivalent to — RpTAE For [ °F]GE-180, our equivalent
ND

in vivo HAB/MAB ratio was found to be 5.43 +3.27 and the
average slope was thus expected to be approximately 0.8,
while for [''CJPBR28, these values were 3.21+1.27 and
0.7. Our results for the slopes of the polymorphism plots
were 0.96 and 0.67 respectively and thus fell within one
standard deviation of the predicted values. Previous studies
using ["®F]GE-180 have been unable to detect consistent
differences in tracer signal between HABs and MABs [13,
14, 24], indicating that brain penetration of the tracer is low,
except where BBB breakdown may be present [24].
Contrary to these results, in our study, HABs exhibited
approximately twice the total volume of distribution of
MABs in selected ROIs at baseline. It is likely that the
difference in our study is driven primarily by one HAB with
particularly high signal (participant D) and one MAB with
particularly low signal (participant E). Clearly there is
considerable variability in population V1 and with the small
sample size in our study (n=06), we are unable to validate
our findings with statistical tests. In addition, the difference
in scan timing between the first and second (post-XBD173)
scan varied for each tracer (half a day for [''C]PBR28 and
1 week for ['®*F]GE-180), which itself may have introduced
some variability in PET signal. Thus, we suggest continuing
binding status stratification of participants in future studies,
where larger data pools may enable more reliable HAB/
MAB binding ratio estimates.

Several caveats exist in this study. Firstly, the occu-
pancy of XBDI173 in the two cohorts (slopes in the
occupancy plots) varied between 24 and 95 % (fixed-
intercept plot) for ['"®F]GE-180 and 16 and 220 % for
[''CIPBR28. Clearly, the occupancy of XBDI173 cannot
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exceed 100 %, and indeed, the dose administered was pre-
calculated to give an expected approximate 75 % occu-
pancy, allowing for participant weights and considering the
dose-occupancy relationship described by Owen et al. [6]
for [''C]JPBR28. Of course, it should also be noted that
these values were obtained from the fixed-intercept
occupancy plot; for the free intercept plot, occupancies
were within one standard deviation of the expected value.
This point again highlights the large variability across
cohorts and the fact that averaging results across partici-
pants, even within the same disease population, may not be
a suitable approach. In addition, one participant scanned
with [''C]PBR28 exhibited no substantial occupancy and
was excluded from further analysis. This large inter-
individual variability in occupancy was also seen in
previous XBD173 blocking studies [6, 27], reflected in
the variability in total signal reduction (Vt) between pre
and post-block scans. Whether driven by biological
variability or experimental noise, these results provide
evidence that V'yp cannot necessarily be assumed to be the
same across regions and a population. If there is indeed a
biological spectrum of Vyp between individuals, this raises
the interesting possibility that blocking scans should be
included for all participants in all TSPO PET studies to
optimally quantify Vg. This would have broad repercus-
sions on TSPO PET study design, including cost, radiation
exposure and participant discomfort. All neuro-PET tracers
are, of course, better able to penetrate brain tissue when the
BBB is disrupted. In the case of ['*F]GE-180, which
exhibits low penetration of the healthy BBB, this is
particularly relevant. Although our cohorts were selected
due to their clinically low or ‘inactive’ MRI, and although
we investigated only lesion-free ROIs, we only performed
contrast enhanced MRI to estimate BBB integrity in the
["®F]GE-180 cohort, and no measure of micro-BBB
disruption was performed. Lastly, although this study was
performed in a cohort of people with MS, we have not
investigated how Vr differs in MS lesions or how it
correlates with clinical outcomes. This study was not
powered to address these questions, since participants were
not burdened with large lesion loads. Instead, these
questions will be explored in follow-up studies.

Conclusion

In summary, pharmacological blockade with XBD173
demonstrates, for the first time in vivo, that ['*F]GE-180
does bind specifically to TSPO in normal appearing white
and grey matter, to an extent that is highly comparable to
[''C]PBR2S, in spite of the low extraction fraction of the
former.
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Abstract

Background

There is increasing emphasis on using patient-reported outcomes (PROs) to complement
traditional clinical outcomes in medical research, including in multiple sclerosis (MS).
Research, particularly in oncology and heart failure, has shown that PROs can be prognos-
tic of hard clinical endpoints such as survival time (time from study entry until death). How-
ever, unlike in oncology or cardiology, it is unknown whether PROs are associated with
survival time in neurological diseases. The Multiple Sclerosis Impact Scale—-29 (MSIS-29) is
a PRO sensitive to short-term change in MS, with questions covering both physical and psy-
chological quality of life. This study aimed to investigate whether MSIS-29 scores can be
prognostic for survival time in MS, using a large observational cohort of people with MS.

Methods and findings

From 15 July 2004 onwards, MSIS-29 questionnaires were completed by people with MS
registered with the MS Society Tissue Bank (n= 2,126, repeated 1 year later with n= 872 of
the original respondents). By 2014, 264 participants (12.4%) had died. Higher baseline
MSIS-29 physical (MSIS-29-PHYS) score was associated with reduced survival time (sub-
group with highest scores versus subgroup with lowest scores: hazard ratio [HR] 5.7, 95%
CI3.1-10.5, p <0.001). Higher baseline MSIS-29 psychological score was also associated
with reduced survival time (subgroup with highest scores versus subgroup with lowest
scores: HR 2.8, 95% Cl 1.8—4.4, p <0.001). In those with high baseline MSIS-29 scores,
mortality risk was even greater if the MSIS-29 score worsened over 1 year (HR 2.3, 95% Cl
1.2-4.4, p=0.02). MSIS-29-PHYS scores were associated with survival time independent
of age, sex, and patient-reported Expanded Disability Status Scale score in a Cox regres-
sion analysis (per 1-SD increase in MSIS-29-PHYS score: HR 1.8, 95% Cl 1.1-2.9, p=
0.03). A limitation of the study is that this cohort had high baseline age and disability levels;
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the prognostic value of MSIS-29 for survival time at earlier disease stages requires further
investigation.

Conclusions
This study reports that PROs can be prognostic for hard clinical outcomes in neurological

disease, and supports PROs as a meaningful clinical outcome for use in research and clini-
cal settings.

Author summary

Why was this study done?

o Patient-reported outcomes (PROs) are questionnaires completed by people with a given
condition, to help capture the impact of disease or treatment on the individual.

« PROs have many uses, e.g., to screen for symptoms, assess treatment response, and
enhance doctor-patient communication.

« However, they are still underused in neurological conditions, in part because it is not
clear if PROs relate to ‘hard clinical outcomes’ like disability or mortality.

o The Multiple Sclerosis Impact Scale-29 (MSIS-29) questionnaire is a PRO that assesses
quality of life in people with multiple sclerosis (MS).

o Our study aimed to investigate whether MSIS-29 score is associated with the future risk
of death in a large cohort of people with MS.

What did the researchers do and find?

o MSIS-29 questionnaires were completed by 2,126 people with MS in the UK. The ques-
tionnaire was repeated 1 year later in 872 people.

o Of the 2,126 participants, 264 died over 10 years of follow-up.

o We found that the MSIS-29 scores of participants were associated with their risk of 10-
year mortality, even after adjusting for known risk factors for mortality such as age, sex,
and baseline disability score.

o The subgroup with the highest MSIS-29 physical scores (indicating the poorest physical
quality of life) had a 5.7 times greater risk of death than the subgroup with the lowest
scores. Mortality risk was even higher in those for whom the MSIS-29 score worsened
over 1 year.

What do these findings mean?

« To our knowledge, this is the first study to associate PROs with risk of mortality in neu-
rological disease.

o This study shows that how a person with MS answers the MSIS-29 questions is impor-
tant and relates to how well they may do in terms of health in the future.
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o A limitation of the study is that participants with early disease and minimal disability
were underrepresented.

« To improve neurological care, we must incorporate PROs into automated electronic
systems to serve both routine clinical care and large-scale data collection. This will allow
us to address key issues such as comparing the effectiveness of treatment options and
tailoring treatment options to an individual’s needs.

Introduction

Patient-reported outcomes (PROs) are defined as ‘any report of the status of a patient’s health
condition that comes directly from the patient, without interpretation of the patient’s response
by a clinician or anyone else’ [1]. They can offer significant advantages over assessment by a
physician: they better capture the impact of disease on the person; they are often easier and
cheaper to administer; and they can often be completed from the home environment, poten-
tially allowing for long-term, geographically diverse, and large-scale observational and inter-
ventional studies [2]. They can also enhance routine clinical care in areas such as symptom
screening, monitoring treatment response, care coordination, care systems assessment, and
improving communication in the doctor—patient clinical encounter [3-6].

PROs are increasingly being used to complement traditional outcome measures in disci-
plines such as oncology, cardiology, and neurology. The increasing use of PROs in interven-
tional trials is partly driven by the need for pharmaceutical companies to justify labelling and
promotional claims in post-licensing marketing [1,7]. However, research and clinical practice,
particularly in oncology, have led the way in proving that PROs can offer more than this: it is
now well established in oncology that PROs are associated with hard clinical endpoints such as
survival time (time from study entry until death) and can add prognostic value to the more tra-
ditional physician-reported outcome measures [8—10]. PROs are also well established as prog-
nostic for survival time in heart failure [11-13]. However, such associations are more difficult
to study in neurological research, in part because it is rarer for the clinical endpoint of trials in
neurological disease to be survival.

The Multiple Sclerosis Impact Scale-29 (MSIS-29) is a PRO that attempts to assess both
physical and psychological quality of life in multiple sclerosis (MS) [14]. It has the advantage of
being self-reported and can be distributed by post. It could potentially be utilised in progres-
sive M trials, as it appears sensitive to clinically relevant change over short time frames [15].
This is in contrast to the traditional physician-assessed Expanded Disability Status Scale
(EDSS), which is the primary outcome favoured in most MS trials despite several well-docu-
mented limitations, including poor interrater and intrarater reliability and a limited sensitivity
to change over the time frame of 2-3 years, especially in progressive MS [16-20]. Though
small studies have correlated MSIS-29 score with EDSS score, it is unknown how the MSIS-29
is linked to robust clinical endpoints such as survival time [21,22]. Indeed, to our knowledge,
no PROs have been associated with survival in MS or any other neurological disease.

This study aimed to investigate whether MSIS-29 scores can be prognostic for survival time
(time from MSIS-29 completion to death) in MS, using a large observational cohort of people
with MS from the MS Society Tissue Bank (MSSTB). The primary study hypothesis was that
MSIS-29 scores are associated with survival time in MS.
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Methods
Study population

Since 1998, the MSSTB has operated a nationwide community-based scheme for people with
MS and non-MS controls in the UK to donate their brain and spinal cord after death, by pro-
viding written consent while alive (ethics approval in 1998: London Multicentre Research Eth-
ics Committee—MREC/02/2/39; then in 2008: Wales Research Ethics Committee 3-08/
MRE09/31; then in 2013: Wales Research Ethics Committee 3—-08/MRE09/31+5) [23]. This
cohort is a unique population in that the participants are followed from registration to death,
with eventual pathological confirmation [23]. On 15 July 2004, MSIS-29 questionnaires were
sent out to all registered donors. For those who completed a MSIS-29 questionnaire at this
time, a second MSIS-29 questionnaire was sent out 1 year later, to measure change in MSIS-
29. In addition, since 15 July 2004, all new registered donors have been sent a MSIS-29 ques-
tionnaire at the time of registration, as well as a ‘patient-reported EDSS’ (prEDSS) [24,25].
This study included people with MS registered in the MSSTB up until 1 January 2014 who had
completed at least 1 MSIS-29 questionnaire. Data were stored in the MSSTB facility at Imperial
College London and were analysed in 2015-2016.

Outcome measures

The MSIS-29 consists of 29 questions answered on a 5-point Likert scale, giving 2 scores: the
MSIS-29 physical (MSIS-29-PHYS) score (questions 1-20; therefore score range 20-100) and
the MSIS-29 psychological (MSIS-29-PSYCH) score (questions 21-29; therefore score range
9-45) [14,26]. Imputation was used to address questionnaires returned with missing data
using the following rule: if greater than 66% of questions had been answered within MSIS-
29-PHYS or within MSIS-29-PSYCH, missing answers were imputed using the mean of the
answered questions from the MSIS-29-PHYS or MSIS-29-PSYCH of that individual partici-
pant [27]. Otherwise, all data from that MSIS-29-PHYS or MSIS-29-PSYCH were excluded.
The EDSS is a physician-reported gold standard for categorising disability in MS. The mini-
mum score of 0 represents no impairment, 7 represents restriction to wheelchair, and the max-
imum score of 10 represents death. The prEDSS uses the same scale and can be completed
without physician input, with good correlation [24]. A description of how to request access to
the MSIS-29 questionnaire and the prEDSS questionnaire is available in S1 Appendix. Ten-
year data on mortality were collected up until 1 June 2014. Survival time was defined using
date of first MSIS-29 questionnaire as the entry point, date of death as the endpoint, and date
of study completion (1 June 2014) as the censorship date for those still alive.

Baseline MSIS-29 scores were categorised into 5 equally spaced subgroups as follows:
MSIS-29-PHYS scores—20-35, 36-51, 52-68, 69-84, 85-100; MSIS-29-PSYCH scores—9-16,
17-23, 24-30, 31-37, 38-45. In addition, for those with a repeat MSIS-29 questionnaire 1 year
after baseline, the following subgroups were used: Subgroup 1—initial MSIS-29-PHYS score
20-84, no worsening after 1 year; Subgroup 2—initial MSIS-29-PHYS score 20-84, worsening
after 1 year (>1 point); Subgroup 3—initial MSIS-29-PHYS score 85-100, no worsening after
1 year; and Subgroup 4—initial MSIS-29-PHYS score 85-100, worsening after 1 year (>1
point).

Statistical analysis

We did not preregister or publish a detailed analysis plan for this study. The statistical analysis
is described below. Details on the history of this study and changes to the analysis plan are pro-
vided in S2 Appendix, while an early project outline is provided in S3 Appendix.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002346  July 10, 2017 4/15

-295-



@’PLOS | MEDICINE

Patient-reported outcomes and survival in multiple sclerosis

Population demographics are presented as mean (standard deviation [SD]) and frequency
(percentage) for continuous and categorical variables, respectively. Differences between con-
tinuous variables were tested with the unpaired Student’s t-test, or one-way analysis of vari-
ance (ANOVA) when more than 2 groups, while differences between categorical data were
tested with the chi-square test. To assess whether MSIS-29-PHYS score, MSIS-29-PSYCH
score, prEDSS score, and change in MSIS-29-PHYS score are associated with mortality, sur-
vival times were modelled using Cox proportional hazard models where the hazard ratios
(HRs) for the respective instruments were adjusted for age and sex. The HRs are presented
with 95% confidence intervals (95% CIs) and p-values testing the null hypothesis of the HRs
being equal to 1. Survival curves within the subgroups were estimated using Kaplan-Meier
estimators. Correlations between the 3 PRO scales (MSIS-29-PHYS, MSIS-29-PSYCH, and
prEDSS) were estimated using rank-based Spearman correlations, which are reported with p-
values testing the null hypothesis of no correlation. To investigate whether MSIS-29-PHYS
and MSIS-29-PSYCH scores are associated with survival independent of prEDSS score, sur-
vival times were modelled using a Cox regression with prEDSS score, MSIS-29-PHYS score,
MSIS-29-PSYCH score, age, and sex as independent variables. The SAS 9.4 platform was used
for all statistical analysis.

Results
Population demographics

In all, 2,914 people with MS were enrolled in the MSSTB over the study period. 2,126 partici-
pants completed the MSIS-29 questionnaire for inclusion in this study (participation rate
73.0%). Of these, 2,119 participants completed both the MSIS-29-PHYS and MSIS-29-PSYCH
questionnaire, and 7 participants completed only the MSIS-29-PHYS questionnaire. Data
were imputed for 273 participants. A prEDSS assessment was available at the same time as the
MSIS-29 assessment in 630 participants, and a repeat MSIS-29 questionnaire was completed 1
year after baseline by 872 participants. Differences in baseline characteristics between those
included and those not included in the study, those with and without imputed data, those with
and without prEDSS data, and those with and without longitudinal MSIS-29 data are pre-
sented in Table 1.

Median follow-up time was 9 years, while 865 participants had the maximum 10 years of
follow-up. Up until 1 June 2014, 264 (12.4%) of the total group had died. The mean population
age at MSIS-29 assessment was 54 (SD 11.9) years, with a disease length of 18.5 (SD 15.0)
years, and 1,630 (76.7%) were female. At baseline, mean MSIS-29-PHYS score was 62 (SD
20.5), mean MSIS-29-PSYCH score was 23.6 (SD 8.7), and mean prEDSS score was 5.7 (SD
2.2).

A higher MSIS-29-PHYS score is associated with reduced survival time

Cox regression models demonstrated that higher MSIS-29-PHYS score was associated with
reduced survival time independently of age and sex (Wald chi-square, [degrees of freedom
(df) = 4, n=2,126] = 98.5, p < 0.001; Fig 1 A). Older age at first MSIS-29 completion (Wald
chi-square [df = 1, n = 2,126] = 88.6, p < 0.001) and male sex (Wald chi-square [df=1,n =
2,126] = 24.8, p < 0.001) were also associated with reduced survival time in the model. HRs for
death were greater, and reduced survival times were observed, with higher MSIS-29-PHYS
score, using the ranges 20-35, 36-51, 52-68, 69-84, and 85-100 (Fig 1B). The HR for death
was 5.7 in the subgroup with MSIS-29-PHYS score 85-100 compared with the subgroup with
MSIS-29-PHYS score 20-35 (HR 5.7, 95% CI 3.1-10.5, p < 0.001). Those with higher MSIS-
29-PHYS scores were more likely to be male (chi-square [df = 4, n = 2,126] = 25.2, p < 0.001)
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Table 1. Differences in baseline characteristics between those included and those not included in the study, those with and without imputed data,
those with and without prEDSS data, and those with and without longitudinal MSIS-29 data.

Characteristic n Male sex Age Disease duration |Baseline MSIS-29-PHYS |Baseline MSIS-29-PSYCH
Included in the study

Yes 2,126 | 496 (23.3%) | 54.0(11.9) | 18.5(15.0) 62.0 (20.5) 23.6 (8.7)
No 788 182 (23.1%) | 55.8(13.3) | 18.4(11.3) n/a n/a
p-Value 0.894 <0.001 0.827

Imputed data

No 1,853 | 439 (23.7%) | 53.5(11.7) | 17.9(14.5) 61.4 (20.5) 23.6 (8.8)
Yes 273 57 (20.9%) |57.4(12.9) | 23.3(16.8) 65.8 (20.4) 23.3(8.6)
p-Value 0.305 <0.001 <0.001 0.001 0.484
prEDSS completed

Yes 630 | 152(24.1%) | 50.9(12.3) | 16.9 (17.0) 62.1(20.4) 23.8 (8.7)
No 1,496 | 344 (23.0%) | 55.2(11.5) | 19.2(13.9) 61.9 (20.6) 23.5(8.7)
p-Value 0.573 <0.001 <0.001 0.909 0.457
1-year repeat MSIS-29 completed

Yes 872 188 (21.6%) | 55.1(11.1) | 18.2(13.4) 60.6 (19.5) 23.0(8.3)
No 1,254 | 308 (24.6%) | 53.1(12.4) | 18.8(15.9) 63.0 (21.1) 24.0(9.0)
p-Value 0.107 <0.001 0.407 0.008 0.007

Data are presented as n (percent) or mean (SD). Differences between categorical data (sex) were tested with the chi-square test. Differences between
continuous data (age, disease duration, MSIS-29-PHYS, MSIS-29-PSYCH) were tested with the unpaired Student’s t-test. Significant p-values are

highlighted in bold.

MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PHYS, MSIS-29 physical; MSIS-29-PSYCH, MSIS-29 psychological; n/a, not applicable; prEDSS,
patient-reported Expanded Disability Status Scale.

https://doi.org/10.1371/journal.pmed.1002346.t001

and had older age (F[df = 4, n = 2,121] = 16.1, p < 0.001) and longer disease duration (F[df =
4,n=2,121] =4.1, p < 0.01; Table 2).

A higher MSIS-29-PSYCH score is associated with reduced survival
time

Similarly, Cox regression models demonstrated that higher MSIS-29-PSYCH score was as-
sociated with reduced survival time independently of age and sex (Wald chi-square [df = 4,
n=2,119] =19.2, p < 0.001; Fig 2A), although the effect was less pronounced than with MSIS-
29-PHYS. HRs for death were greater, and reduced survival times were observed, with higher
MSIS-29-PSYCH score, using the ranges 9-16, 17-23, 24-30, 31-37, and 38-45 (Fig 2B). The
HR for death was 2.8 in the subgroup with MSIS-29-PSYCH score 38-45 compared with the
subgroup with MSIS-29-PHYS score 9-16 (HR 2.8, 95% CI 1.8-4.4, p < 0.001). In contrast to
MSIS-29-PHYS score, higher MSIS-29-PSYCH score was not associated with male sex or lon-

ger disease duration and was associated with younger age (F[df =4, n = 2,114] = 5.5, p < 0.001;
Table 2).

MSIS-29-PHYS score is correlated with prEDSS score but is
independently associated with survival time

There was a strong correlation between the MSIS-29-PHYS and MSIS-29-PSYCH scores (r
[df =2,117] = 0.54, p < 0.001). There was a strong correlation between the MSIS-29-PHYS
score and the prEDSS score (r[df = 628] = 0.52, p < 0.001) and a weak correlation between the
MSIS-29-PSYCH score and the prEDSS score (r[df = 623] = 0.19, p < 0.001). To determine

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002346  July 10, 2017
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A Hazard 95% Hazard Ratio p-value
Parameter . . . p-value
Ratio Confidence Limits factor
36-51 0.995 0.486 2.038 0.989
MSIS-29-PHYS
ccore 52-68 1.853 0.998 3.438 0.051
<0.001
(compared to 69-84 2.140 1.155 3.966 0.016
20-35)
85-100 5.728 3.131 10.479 <0.001
Age per year 1.051 1.041 1.063 <0.001
Sex male vs. female 1.906 1.479 2.457 <0.001
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Fig 1. Higher MSIS-29-PHYS scores are associated with reduced survival time. (A) Table: Higher MSIS-29-PHYS
score was associated with reduced survival time (greater hazard ratio for death), as were older age at first MSIS-29
completion and male sex. (B) Kaplan—Meier failure curves (n = 2,126). Note that Kaplan—Meier curves do not account
for the effect of age and sex on survival time. MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PHYS, MSIS-29

physical.

https://doi.org/10.1371/journal.pmed.1002346.9001

whether the MSIS-29-PHYS and MSIS-29-PSYCH scores were associated with survival time
independently of prEDSS score, all measures were included in a Cox regression model, along
with age and sex, in the limited number of participants who completed all 3 measures (n =
625; Table 3). Reduced survival time was associated with older age at baseline (per year: HR
1.07,95% CI 1.04-1.10, p < 0.001), a higher prEDSS score (per 1 SD [2.2]: HR 2.0, 95% CI
1.0-3.7, p < 0.05), and a higher MSIS-29-PHYS score (per 1 SD [20.3]: HR 1.8, 95% CI 1.1-

2.9, p < 0.05).
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Table 2. Variation in characteristics between those with different baseline MSIS-29 scores.

Characteristic n Male sex Age Disease duration Baseline MSIS-29-PHYS Baseline MSIS-29-PSYCH
MSIS-29-PHYS score

20-35 274 | 44 (16.1%) 49.1 (11.1) | 15.8(14.0) 27.5(4.7) 14.6 (5.0)
36-51 385 70 (18.2%) 53.0(11.8) 17.4 (15.5) 44.0 (4.5) 19.8 (6.6)
52-68 601 146 (24.3%) 54.9 (12.0) 19.0 (15.1) 60.6 (4.8) 23.6(7.2)
69-84 545 137 (25.1%) 55.4 (12.1) 19.5 (15.5) 76.0 (4.6) 26.7 (7.9)
85-100 321 99 (30.8%) 55.1(11.2) 19.7 (13.2) 92.0 (4.9) 30.5(9.0)
p-Value <0.001 <0.001 0.003 <0.001 <0.001
MSIS-29-PSYCH score

9-16 525 115 (21.9%) 55.3(12.0) 19.8 (15.6) 46.8 (20.0) 12.9 (2.2)
17-23 598 143 (23.9%) 54.6 (12.1) 18.9 (15.0) 59.2 (17.6) 20.1 (2.0)
24-30 512 124 (24.2%) 53.6 (11.7) 17.9 (14.8) 67.2(16.4) 26.7 (2.0)
31-37 326 83 (25.5%) 52.4(11.8) 18.0 (14.9) 74.0 (14.7) 33.7 (2.0)
38-45 158 30 (19.0%) 51.4(11.2) 16.2 (12.4) 82.1(14.7) 40.8 (2.3)
p-Value 0.834 <0.001 0.053 <0.001 <0.001

Data are presented as n (percent) or mean (SD). Differences between categorical data (sex) were tested with the chi-square test. Differences between
continuous data (age, disease duration, MSIS-29-PHYS, MSIS-29-PSYCH) were tested with one-way analysis of variance (ANOVA). Significant p-values

are highlighted in bold.

MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PHYS, MSIS-29 physical; MSIS-29-PSYCH, MSIS-29 psychological.

https://doi.org/10.1371/journal.pmed.1002346.t002

Worsening in the MSIS-29-PHYS score over 1 year is associated with
reduced survival time

The MSIS-29 questionnaire was repeated after 1 year in a subgroup (n = 872) of those who had
originally completed the MSIS-29 in 2004. Comparing MSIS-29-PHYS stable/improving score
participants with MSIS-29-PHYS worsening score participants (change in MSIS-29-PHYS < 0
versus > 0), there was no statistically significant difference in mortality (Cox regression ad-
justed for age and sex: n = 872, HR = 1.2, 95% CI 0.9-1.2, p = 0.28). However, in the subgroup
of participants whose initial MSIS-29-PHYS score was 85-100, a longitudinal worsening of
MSIS-29-PHYS score was associated with reduced survival time (HR = 2.3, 95% CI 1.2-4.4,

p =0.016; Fig 3). This was not apparent in the subgroup with initial MSIS-29-PHYS score 20—
84 (HR = 1.3, 95% CI 0.8-2.0, p = 0.24; Fig 3). Fig 3B shows the survival curves for the 4
subgroups.

Discussion

This study reports that higher MSIS-29 score is associated with reduced survival time in a large
observational cohort of people with MS. MSIS-29-PHYS and MSIS-29-PSYCH scores were
both associated with survival time, although MSIS-29-PHYS score has stronger prognostic
value, and associates with survival time independently of age, sex, and prEDSS score in a Cox
regression model. In addition, in the subgroup with initial MSIS-29-PHYS score 85-100, a
1-year longitudinal worsening of MSIS-29-PHYS score is associated with an even worse prog-
nosis. This finding shows that how a person with MS answers these questions is important and
relates to how well they may do in terms of health in the future. To our knowledge, this is the
first study to associate PROs with survival outcomes in any neurological disease.

This study benefitted from the MSSTB cohort in several ways. We believe this is the largest
cohort with reported MSIS-29 results to date, other than 1 web-based cohort [28,29], and the
MSSTB has by far the longest follow-up after MSIS-29 completion (up to 10 years, median 9

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002346  July 10, 2017 8/15

-299-



@’PLOS | MEDICINE

Patient-reported outcomes and survival in multiple sclerosis

A

Proportion of patients dead

Hazard 95% Hazard Ratio p-value
Parameter p-value
Ratio Confidence Limits factor
17-23 1.475 1.036 2.101 0.031
MSIS-29-
PYCH o 24-30 1.441 0.995 | 2.087 0.053
<0.001
(compared to 31-37 1.474 0.965 2.250 0.073
9-16)
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Fig 2. Higher MSIS-29-PSYCH scores are associated with reduced survival time. (A) Table: Higher MSIS-
29-PSYCH score was associated with reduced survival time (greater hazard ratio for death), as were older age at first
MSIS-29 completion and male sex. (B) Kaplan—Meier failure curves (n = 2,119). Note that Kaplan—Meier curves do not
account for the effect of age and sex on survival time. MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PSYCH,
MSIS-29 psychological.

https://doi.org/10.1371/journal.pmed.1002346.g002

years). This cohort had 264 deaths within the study period. This number of deaths allowed the
prognostic value of MSIS-29 scores for survival time to be studied.

One should consider the external validity of this cohort’s results to the general MS popula-
tion. The MSSTB recruitment strategy is based entirely in the community, relying upon
community-based presentations and a quarterly magazine, MS Matters, distributed to approxi-
mately 30,000 members of the Multiple Sclerosis Society of Great Britain and Northern Ireland
[30]. Moreover, the MSSTB population has previously been shown to be representative of the
UK MS population in terms of disease characteristics and clinical milestones over the course of
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Table 3. Reduced survival time (greater hazard ratio for death) was associated with older age, higher prEDSS score, and higher MSIS-29-PHYS
score in the limited cohort with prEDSS score available (n = 625).

Parameter Hazard ratio 95% hazard ratio confidence limits p-Value
Lower Upper

prEDSS, per 1 SD (2.2) 1.952 1.025 3.718 0.042

MSIS-29-PHYS, per 1 SD (20.3) 1.762 1.057 2.938 0.030

MSIS-29-PSYCH, per 1 SD (8.7) 0.905 0.631 1.297 0.587

Age, per year 1.070 1.042 1.099 <0.001

Sex, male versus female 1.237 0.622 2.459 0.544

MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PHYS, MSIS-29 physical; MSIS-29-PSYCH, MSIS-29 psychological; prEDSS, patient-reported

Expanded Disability Status Scale.

https://doi.org/10.1371/journal.pmed.1002346.t003

the disease [23]. The spread of MSIS-29 scores in this study was comparable with that reported
in other large cohort studies [28,29]. In addition, factors that are known to associate with
reduced survival, such as male sex, older age at baseline, and higher prEDSS score, were also
found to associate with reduced survival time in this cohort, along with MSIS-29 score [31-33].
However, at the time of enrolment into the MSSTB, participants are often late in their disease
course, as evidenced by this study’s mean disease duration of 18.5 years and mean prEDSS
score of 5.7 at baseline MSIS-29 questionnaire. Therefore, this study likely underrepresents
those with earlier disease and less disability, and it is uncertain how MSIS-29 scores and their
prognostic value for mortality will vary in this group. One might hypothesize that those with
earlier disease would have lower MSIS-29 scores and increased survival times, on average [29].

There are several other limitations to this study. Only a limited cohort completed the
prEDSS questionnaire (n = 630), and only a limited cohort completed a longitudinal MSIS-29
(n = 872), mostly because of changes to the study protocol over time. Also, this study used a
prEDSS rather than the traditional physician-reported EDSS, although these have previously
been shown to correlate well [24]. Data on disease subtype, relapses, and disease-modifying
therapy were not available for this study, and could influence the relationship between MSIS-
29 score and survival time. Like most clinical outcome measures, PROs are susceptible to ran-
dom measurement error, and hence regression dilution bias likely causes a decrease in the
prognostic value of MSIS-29 for mortality [34]. However, previous studies have reported the
test-retest reliability of MSIS-29-PHYS and MSIS-29-PSYCH to be high (intraclass correlation
coefficients of 0.94 and 0.87, respectively), and so this effect is likely minimal [14].

In MS research, PROs such as MSIS-29 offer several advantages over traditional physician-
assessed outcome measures such as the EDSS [2]. Interrater EDSS variability is high [17,35].
The EDSS also has a limited sensitivity to change over the 2- to 3-year time scale of clinical tri-
als [36,37]. This is especially true in progressive MS, where the EDSS often does not capture
changes in arm function or subtle changes in mobility [38]. MSIS-29 can be more responsive
to clinically relevant change over short time frames [15,39]. PROs including MSIS-29 can also
be sent to large cohorts of people with MS, and completed by post or online [29]. PROs could
therefore enable large cohort studies, which would otherwise be financially unfeasible, such as
comparative clinical effectiveness research. PROs validated against hard clinical endpoints
could also be incorporated into patient registries to help address key questions in personalised
medicine relating to prognosis, predicting response to treatment, and assessing response to
treatment. These are increasingly important issues in MS and other neurological diseases like
epilepsy, stroke, Parkinson disease, and spasticity, where a range of therapies are now available
but questions remain regarding how to treat the individual.
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A Hazard 95% Hazard Ratio p-value
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Fig 3. Longitudinally worsening MSIS-29-PHYS scores are associated with reduced survival time. Four
subgroups are presented in this figure: Subgroup 1—initial MSIS-29-PHYS score 20-84, no worsening after 1 year
(solid line); Subgroup 2—initial MSIS-29-PHYS score 20-84, worsening after 1 year (short-dashed line); Subgroup 3
—initial MSIS-29-PHYS score 85-100, no worsening after 1 year (dot-dashed line); Subgroup 4—initial MSIS-
29-PHYS score 85-100, worsening after 1 year (long-dashed line). (A) Table: Subgroups 1 and 2 had no statistically
significant difference in survival time (HR = 1.289, 95% CI 0.843—-1.972, p = 0.241). Subgroup 4 had reduced survival
time compared with subgroup 3 (HR =2.266, 95% CIl 1.163-4.413, p =0.016). p < 0.001 for differences between the 4
subgroups. (B) Kaplan—Meier failure curves (n = 872). Note that Kaplan—Meier curves do not account for the effect of
age and sex on survival time. HR, hazard ratio; MSIS-29, Multiple Sclerosis Impact Scale—29; MSIS-29-PHYS, MSIS-
29 physical.

https://doi.org/10.1371/journal.pmed.1002346.g003

Outside of the research setting, PROs can benefit individual patients directly if they are uti-
lized in routine clinical practice. Oncology has again led the way, where PROs are routinely
used to enhance patient care [5]. PROs can help screen for changes in physical or psychological
symptoms, and identify unmet health, care, and support needs. They can be used as a decision
aid when devising or evaluating treatment plans [40]. Patients and doctors can have differing
views on which outcomes matter most, and the effective use of PROs can help refocus care
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goals to the views of the individual patient [41,42]. This might also empower patients towards
improved self-management of their condition [43]. When assessed in a randomised controlled
trial, PROs enhanced doctor—patient communication and improved patient health-related
quality of life and emotional well-being [4].

On a healthcare provision level, PROs can also be used to audit quality of care within a ser-
vice or to compare quality of care between services [44]. PROs are often now incorporated
into automated electronic systems for data collection, with high user compliance [45,46]. As
well as providing direct benefit to patients, these systems can also feed into patient registries to
help address research questions.

Further research questions emerge from this study. With this study having shown that
MSIS-29 score is associated with death, similar methods could be used to investigate whether
MSIS-29 score is associated with disability outcomes, such as time until wheelchair use. The
effect of disease-modifying treatment on MSIS-29 and long-term clinical endpoints needs fur-
ther attention, to assess whether MSIS-29 scores could be used as a surrogate for response to
treatment. Multiple variables, including other PROs collected at multiple time points, could be
incorporated into more complex models to better predict outcomes in large cohorts.

PROs will continue to be used in interventional studies, in part to satisfy labelling and pro-
motional claims in post-licensing marketing [1,7]. This study argues that the MSIS-29 ques-
tionnaire can offer more than this, since its association with hard clinical endpoints supports
its use as a meaningful clinical outcome to inform care decision-making. In oncology, PROs
are now established as influential and clinically relevant measures, and it is accepted that the
classic clinical endpoints do not fully capture the benefits, risks, and costs of treatment [8-10].
MS and neurology research will continue to rely upon clinical trials, as well as ‘big data’ gath-
ered from clinical registries. The careful incorporation of PROs can enrich such datasets and
allow the investigation of research questions beyond what traditional physician-based assess-
ments can offer.
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