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ABSTRACT

�

Background=�#
�	���������������!#$%����	�����������	���
���������2	��
��	�����
����������

��������	�������
�����
�	���7������2����������	�������������������������������������	�������������

�����������������	����������
���	��	������	������	����	���	���	���������������	�������	��	������	�

��	�������������)��������	��#$�!)�#$%���������������������������	�����	����	���	���	�����

��������	���	������������	����	���	���	����

�

0
	���������
���� ���� ��@
����� ���#$
� ���� �������� 	�� ������� ��������� ���������� ����������

���	��	�����������	����������������2����������	����������0
	���������
����������@
�������	��

	���
������������2��������	�����������
��������
�����	��	��	����������@
��	�������������������	��

�	������
���������

Objectives: i)� ��� ����
�	�� ���	���� ��������� ���#*�� ��	���	�� ��	��� �	��	���� 	��� �������2

����������	���������	���A
����������	�����2	������������	���������������

ii)� ��� �����	���	�� BC� �7�� 	��������	��� ���	���� !�$)0%� ����	���� ���������

	���������� !)'�%� ��	�� 	��� ������ ������� BC�2&'BC:� ��� �� ������� ����

��
����������	���
� 	�� ������� �������� ��	���	�� ��� #$� ���� ��������� 	��

��	���A
����	���	���	��

iii)� ��������	���	�����	����	����������2���������������D;�����)�����	���.��E
�

��������	���	���������������������������
�����B2�����	���������#*��
�����

���������������������	�����#$��

iv)� ���������� 	����������	������
����� 	�����	���	� �����	����
	����� D#
�	�����

$��������������	�$����41FE�!#$�$21F%�������������������������	������
�����

D�
�������	���E�������������	��#$��
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�

Methods=� i)� 0������	������ �����	� ��� BHB� )�#$� ���	��	���� ��	���A
���
� ��	�� 
�� 	�� I�

���������������2
���

ii)  ����	����BH�)�#$��	��	������	���A
���
���	��BC�2&'BC:�)'���	���������
�

B:���������	��
�����3C���������	���	���	���	����	��	�����BB�����	������	�����

!( �%� ���� ���� BC�2&'BC:� )'�� ������ ��� ����	���
� �� D��������� �	
��E�

�����	���	������	���� BC�2&'BC:�)'�� ��� �����������$)0=� H� )�#$����� ��

���������BC�2&'BC:�)'�������������������	�)'����	����������	��	�������	���

�$)0��������J;72BIK��

iii) 0������	�����������	����39B��
�,��	����	������������������	�����������
�#$�

���( �
���	��B
H31��B2�����	���#*������������
��	��B3�������������2
���

iv) 0������	������ �����	� ��� 1
B1H� )�#$� 	��	� ������	��� 	��� #$�$21F�

@
��	���������
���	��
��	��B:����������������2
���

�

Results=� i) *������������#*����	���	����	�����	���A
�������	��	����������	�����������	��

�������������	�������B�����1���(������
�	���������	���������������	���������

������2
��� ���	���� 	����� ���� �� ������������ 	����� 	������� ��������	����

��	���	�����	���	���	�������	����������������������������	���������������

ii) BC�2&'BC:�������������	���	���������	��������2��������������	���������	���

����� ������������ �	
����
� ��	��
��� ���� ����� ����� ��������� ��������� BC�2

&'BC:�������������������������#$��������
�����������������	�����	���A
����

	���	���	��BC�2&'BC:��������������	���������������	�����������������	����	��

iii)� ;�����)�����	���.��������
��	��	����������	���	�����������������������������

�������� �
����
���� ;����� )�����	��� .��� �������	��� ��	�� ��������

������	����	���� ���� ������	��� �
	
��� ��������	�� ������������� �����	
������
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����������;�����)�����	���.��������������	�����	��M9HN����	�������
�,��	��

��	��#$�	�������( ��������������������������
��������	��������	������


�������	������
��������������	�������

iv)� 1H9�)�#$�����������	���������2
����������(������#$�$21F��������������

�������������� ������� ������	��� ���
���� �
������� 	���
� ����������	��� ���

�	������������	�����

�

Conclusions=��i) /������������������#*����	���	���������
���
�����������������������	���	�
�

	�����������������������	�������
	���������
��������������������	�����2	����

��������	�����������������)�#$�����������2����������	���������

� ii)� BC�2&'BC:�����������������	���	����!MBN%����������������2	�2��������	����

*��
�	�� ���
��� ��� ��	�����	��� ��	�� ��
	���
� ������ 	��� 
������	���

������������	���������	����	�������	���	��������

� iii)� ���� ;����� )�����	��� .��� ������ ��
��� �������� ������	
����� ������� ����

�������������������
��@
��	�	�	������	�����#$���������	��������B2�����	���

#*������
��������������
�	��������
�	���
�����	���#.&"�#$��
�	�2���	���

�����	��

� iv)� #$�$21F����������������������	����������������������������	�����#$����������

	�������	��	
���	���������	��)*0����	���
����������������
�������������������

)*0���������������������	���������	��
�������
���������	���������	�������

�������������������
���
	�������	�����������#$������	����

� �
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Qualifications=�;#�; �
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� Part 2 Written –$�		����1:BBP:1��
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Clinical Medicine, Green College, Oxford University, 2006-2009
� DDistinction’��������������������������	���
���
	������������������
� DMerit’ ���������<����;#�; ������
�����nomination�����&������)���������)��A��!������������

	���������	����	
���	Q�	���B1��	
���	�����	�������������������������	���%��

� 0	������������
��������������������=�)������	��������2�top mark��������Q�"�
����������		���
�����2�2nd top mark��������Q�'��������
�0�	��������������#
��
�������	���#�������������
4�meritQ�<����9�0$ '�4�meritQ�������	�������������4�merit��Proxime accessit� ���(������
#�����������������������������������������	���
���
	�9	�������!��������������������	��	���

	��������	
���	�%��

Pre-Clinical Medicine, St. Anne’s College, Oxford University, 2003-2006
� 1st class honours�2�;.����#�������$�������
�������������������
������������7�����	�	�������	���

D*�������	���"*1;��
�
��	�����	������
�	���������)����&�
*.2P2�����E���������������1st class 
honours���.�������scholarship������
	�	��������������������������	��	�$	�.���E�� ������
�
0�������

� ‘Merit’����D	��������
�����	��E��������	����2�top mark����	���������

CAREER HISTORY:
2018 – Present: Medical Assessor; Licensing Division; Medicines and Healthcare products 

Regulatory Agency, UK.�*������������������������	���������	�����
	������	����
�������	���������������������������������������
�	���������������	���8>����'8�

�����	��*���������������������������������������
�	����������������
�����������

�������	����.�����������������	������������	����������	�
�����	����	�����������	�����

��������������
��	������@
������	���

2014-2018: Clinical Research Fellow, Imperial College London�� � ����stigated clinical, 

radiological, and patient-reported outcomes in multiple sclerosis, using several 

different study designs and cohorts. 

2011-2013: ST1-ST2, ���������  �������(���	������"($���
�	��"�(*�.��������  ��������
�����������$�������

� H����	���  ����������
������
� ������� �����(����	���

� H����	��� .�������� ��
������
�#
�	����� ���������� ��������� ���
�
� 
����� �
���������� ���

)���������*�������*������������7��*�������"��������

� H����	���  ���������
�(��������	��(����	����

� H����	��� .�
	��#�������
�����.R'
�(��������	��(����	���

2010-2011 FY2
�*������������(����	��
���������"�(*�.���������<1�$������
� 1����	���  ���������������	����0����
	���	�����	��������������	���

� H����	��� .�������� ���� ��������� ��
������
� 
����� �
���������� ��� )��������� &�����

&�����������0����
	���	�����	��������������	���

� 9����	���� #�������.��������	�8��	
�����.R'�
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2009-2010 FY1, /��		���	���(����	��
�.������
�����������
� 9����	��� &�������$
�������

� 1����	��� .�
	��#��������

� 1����	���  �������0�����)�	���	��P�&�������#��������

� 9����	���  ����������

RESEARCH UNDERTAKEN DURING CLINICAL FELLOWSHIP:
Main research projects undertaken as a clinical research fellow and described in this thesis: 

�  �����	����������	�������	
�����������������������������������	��	���	���	�!��������
�����#*��

�������
�������������������	�%
������������	������	����������	�����������������#$
�
���������2	����

����2��������	���)
���������������������!Chapter 2%��
� .�@
���	���� ���� ��������� ��� 	��������	���� ���	���� ����	���� ��������� 	���������� !�$)02)'�%�

�������������	���	���	���	�����
�	���������������!#$%��)�������
�����������	
���
����������������
��
�
��������
�
������

�����
���
������	������������	
���
�������������!Chapter 3%��

� �����	���	������������������2�������������������@
��	�������D���������E�������
�����B�#*�
�����

�	���������������������
	���������
��� ���#$��&���	���������� 	���������
�	����	���	����	��
����������	���	�
����
�	����������������������
���		��������
�����	�����!Chapter 4%��

� �����	���	���� ��� ��	���	2�����	��� �
	������ !)*0�%� ���� 	����� ����� ��� ������	���� ����� ���������

�
	�������
������B:2��������	���	�������	��	
���	�������	��	�)*0�����������������	��
�������	����

�����
�������������������)
����������������	��������!�����	����	���BK�3%��!Chapter 5%��

Other projects
���	���	����	�������	����	����	�����
�
����	������
���������������������������������=�
� Completed study on longitudinal changes in anti-JC virus antibody titres after natalizumab 

treatment in MS, and the implications for managing the risk of progressive multifocal 

leukoencephalopathy. Published with editorial comment, Multiple Sclerosis Journal.�
� Completed a commentary article regarding the efficacy of dalfampridine on walking speed as 

reported in randomised controlled trials, and how this translates to assessing drug efficacy in 

individual patients in the working neurology clinic. Published in Multiple Sclerosis Journal.�
�  ��	���
	���	���������������������	�	��������
�	��2��������	��������	���������������	���������	��

���������������	���	2���	������	�����#$
�������	����0)��#�$'�������	�
���T������������������������

�����	���	���	���
��
��	�
���������������	����������������
�������!�������������������	�������������

��������� ��	�%
� ��	�� ��	���	2������� ���� ���������2������� ��	�������� 	�� �������� 	��� ���������

����
�	�	�����

� Contributed to systematic review of therapies evaluated in secondary progressive MS. Published 

in Drugs journal.�

� Performed meta-analysis of randomised controlled trials in primary progressive and secondary 

progressive MS, following Cochrane guidelines. Focusing on change in placebo cohorts over time, 

and relevance to comparative clinical efficacy studies. Published in Multiple Sclerosis Journal.�
� .�@
���	���������������������	����������	������������������	������������������	���	���	���������
�

����
�������	���������������������!.$�%����������	�����������������	��������!#*$%��

� $
���������#)���� �	
���	� �����	���	���� ����
	������� 	��	�� ��� �����	���� ���������	� 	�� ��� 
����

�����	
����������������������������	��

� $
��������� �������� �	
���	� �����	���	���� �������	���� ��	����� �������	���� ��� ���������� ����

������	�����#$������	���������

� $
����������������� �	
���	� ����
�	���� ��������� ��	�� ��
��� ��� ���	�� ���#$� ���� ��	������ ����
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������������
 � ��
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�	��������������������	������2
1F�����������������	�����	�����
�����
�����������
�	����������������' �*�#$����
���������������

������
�8>��0�	����
�1:BH��

1:% <����#
�<�����
�Raffel J
� ������#
�(��������� 
�&����������&
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I.2 BACKGROUND 

�

I.2.1 The burden of multiple sclerosis
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I.2.2 Disease course in MS 
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Figure 1: The typical course of relapsing-remitting and secondary progressive multiple sclerosis.  Adapted 

from Compston and Coles, 2008.20 Image adapted with permission of the rights holder, Elsevier
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I.2.3 The pathophysiology of MS 
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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, 2006.25

Image reproduced with permission of the rights holder, Elsevier.�
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I.2.4 Disease-modifying therapy in MS 
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I.2.5 Personalised medicine in MS 
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I.2.6 Outcome measures for personalised medicine in MS 
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I.3.1 Chapter 2 - Relapses and MRI Activity on Natalizumab Predict Short-term but 

not Long-term Disability Progression
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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. 
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I.3.2 Chapter 3 - 18 kDa Translocator Protein Radioligand 18F-GE180 as a Marker of 

Neuroinflammatory Activity in Multiple Sclerosis
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Figure 4: VT 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. VT in MS lesions 

was greater than VT 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 t test. Error 

bars represent mean +/- 95% confidence intervals. NAWM = normal-appearing white matter; VT = Volume 

of distribution. ns = not statistically significant.
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I.3.3 Chapter 4 - Brain Predicted Age in Multiple Sclerosis: A Model using Machine 

Learning Analysis of MRI 
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Figure 5: ‘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 healthy 

control populations, the mean Brain-PAD is expected to be 0
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Figure 6: Brain-PAD is increased in MS, 

correlates with disability, and increases 

longitudinally. (A): Brain-PAD in baseline 

scans. Error bars show mean +/- 95% 

confidence intervals. (B): Brain Predicted Age 

correlates with EDSS. r = 0.65, n = 361, p <

0.0001. (C): Longitudinal change in Brain 

Predicted Age in PwMS and HCs. Dots = scans.

Dotted lines = change in Brain Predicted Age in 

individuals. Solid line = average slope. Red = 

MS; Green = HC.�

�

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
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Figure 6: Brain-PAD is increased in MS, 

correlates with disability, and increases 

longitudinally. (A): Brain-PAD in baseline 

scans. Error bars show mean +/- 95% 

confidence intervals. (B): Brain Predicted Age 

correlates with EDSS. r = 0.65, n = 361, p <

0.0001. (C): Longitudinal change in Brain 

Predicted Age in PwMS and HCs. Dots = scans.

Dotted lines = change in Brain Predicted Age in 

individuals. Solid line = average slope. Red = 

MS G HC
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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 

Chapter 2

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

Long-term Disability Progression

� �
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Modified Rio Score scoring criteria
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Score = MRI criterion + relapse criterion

Table 1: Modified Rio Score8. 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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II.4.3 Disease progression 
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II.4.5 Contribution to work 
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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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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

�

�

Full Cohort

Year 3-7 EDSS 

Progression 

Responders

Year 3-7 EDSS 

Progression Non-

Responders

Sample size (n) BHB� B:B� H:�

Mean age (years) 9:�H�g�B:�1� KF�I�g�B:�C� 91�B�g�F�B�
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#���� H:�!KIN%� K9�!K9N%� 1H�!9KN%�
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:� 91�!1HN%� K:�!K:N%� B1�!1:N%�

B� CF�!33N%� 31�!3BN%� KI�!H1N%�

1� 1B�!BKN%� B9�!B9N%� I�!B1N%�
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9� B�!BN%� B�!BN%� :�
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natalizumab
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Years of follow-up after 
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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. 
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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. 
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���3�3 Results are not affected by change in medication, baseline disability, or 

neutralising antibodies�
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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.
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III.3.1 Microglia as a marker of disease activity in MS
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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.18
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III.3.2 TSPO PET to measure neuroinflammation in MS
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III.3.3 TSPO PET for treatment efficacy in MS
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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
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III.3.4 18F-GE180: a novel TSPO PET radiotracer
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III.3.5 18F-GE180 in vivo characteristics: necessity for an 18F-GE180 ‘blocking study’
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III.3.6 Study overview

�

BC�2&'BC:�)'�������������������	������BH���	���	����	�����������2����		����#$����������	��

����������	���A
������������������������
�������������	����
�	����)'����������	�����	���A
����

���	��	����!�����B:����������3C%��BC�2&'BC:�)'�������������������������������BB�( ������

����	���
�H�)�#$�������D����������	
��E=����������BC�2&'BC:�)'�
����������	�����������	���

����������	�)'����	����������	��	�������	�����	��	��$)0��������J;72BIK���0	���������	���	�����

����
�����#*�����������������	���
�	����������	������	���������������������������������������

���)'�����������

�

����D����������	
��E������	������	�������	����	���BC�2&'BC:����������������������$)0���

�

-85-



����D��	���A
���������	E������ 	���������� ���	������	����� 	��������������� BC�2&'BC:�)'��	��

��	���A
���
������	��������	�������
������������������������	��	���	���	��������	
�����
�����������

��������� ������	� ������������ �
	
��� �	
����� ��@
����� 	����������������	�������������
	���	�� ����

�$)0�)'�����#$�	��������������������	�������

�

III.4 METHODOLOGY
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Figure 14: ‘Natalizumab cohort’ design. TSPO PET-CT = 18F-GE180 PET and computerised tomography 

scan.
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Figure 15: ‘Blocking study’ design. TSPO PET-CT = 18F-GE180 PET and computerised tomography scan.
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III.4.6 Subject recruitment
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III.4.7 Inclusion and exclusion criteria
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Additional inclusion criteria, healthy controls:��
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Additional inclusion criteria, people with MS

� �����132H3�����������
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Additional inclusion criteria, people with MS (natalizumab cohort only)
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Withdrawal criteria 
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III.4.8 Sample size considerations
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III.4.9 Scanning protocol
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III.4.10 Arterial plasma measurement
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III.4.11 Image analysis
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�

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.
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III.4.12 Kinetic analysis
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III.4.13 Calculating the non-displaceable component of VT [blocking study]
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Method 1a: Occupancy plot with individual VND 
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Method 1b: Occupancy plot with constrained VND 
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Method 2: Polymorphism plot 
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III.4.14 Clinical outcome measures
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III.4.15 Statistical analysis

�

)��	������	� ������������ ���
�	�� ���� �����	������ ����� !�	������������	���� !$7%%�� )�����	����

	��	�������
������	���	��	�����������������	�����	���
	�����8���������������������	��	�������
����

	�� �������� 	��� ������������ ��	����� ������ ��� 	��� ���
��� ���� 
�������� ���� ������� ��	�
�

������	�������0��2������������������������� !."0T.%�����
���� 	�� �������� 	���������������

��	����� ������ ���� 	����� ��� ����� ���
���� 7����������� ��	����� (.;�� ���� #.;�� ����

�����	���	���
�������	��
����������	��	�
�������	�������	�������
����."0T.���	��D����������

��	����	E����	�����	���2�
�,��	�����	��
�������������	���0��2���������	��2����
���."0T.�����


���� 	�� �����	���	�������������� ���)����	�������������	� ����������� ��	����	��.������2�����	��

������ !���	���	��������
�� ����������%� ���� 
���� 	�� �����	���	�� ������� ���)�� ����� 	���� ���

��������	��������������	����	
� 	����������������������	���������������������������������	������

#.��.;m� !*1:BH�
�����#�	������
� ����
�#.
�8$.%��$	�	��	����� 	��	������� ���������� ���

-99-



&����)���)�����!�I
�&����)���$��	����
�����
�$���7����
� .
�8$.%������;#�$)$$�$	�	��	����

!��������1:�:
��;#� ����1:BB%��

�

III.4.16 Contribution to work
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III.5 RESULTS OF KINETIC ANALYSIS OF 18F-GE180 FROM 

HEALTHY CONTROLS 
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Figure 17: 18F-GE180 Standardised uptake values and volume of distribution (VT) 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 VT for seven

regions of interest, in HABS (red) and MABS (blue). Figure adapted from published.1
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III.6 ‘BLOCKING STUDY’ RESULTS 
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III.6.1 Subject characteristics  
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Subject HAB/

MAB

Sex Age / Age at 

onset (yrs)

EDSS Previous DMTs; current DMT

A (.;� #� 9KPK1� H�3� &.Q�&.�

B #.;� #� 3KPKH� 9�:� �T�&
���	���A
���Q��T�&�

C #.;� �� H:P9I� K�3� .���	
A
���Q�����	
A
����

D (.;� �� KKP1:� 3�3� �;2B�PB�
���	���A
���
�

����	
A
���
�.($ �Q���	���A
����

E #.;� �� 9HPKC� H�:� �;2B�
�&.
�����������
�

��	���A
���Q�����	
A
����

F (.;� #� 9HPK1� I�3� "�	���A
���Q�.($ ��

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

�

III.6.2 18F-GE180 VT does not differ between regions of interest or between TSPO HABs 

and MABs 
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(mL/cm3)

Subject ��� ��� )�� 0�� $	�� )
	� �����  �����   � ;$� /;� "./#�

A :�1F� :�1C� :�KB� :�KB� :�K1� :�BH� :�K1� :�13� :�9K� :�KF� :�1I� :�9:�

B :�KK� :�BC� :�9F� :�BC� :�BI� :�1B� :�K3� :�BK� :�B3� :�BI� :�1H� :�BI�

C :�1H� :�1F� :�1H� :�K3� :�1:� :�1H� :�KI� :�19� :�BC� :�KH� :�13� :�1C�

D :�3F� :�3F� :�9C� :�HC� :�H3� :�HB� :�HK� :�HK� :�H9� :�H:� :�HB� :�HB�

E :�B:� :�B1� :�B:� :�BB� :�:I� :�:I� :�:3� :�BB� :�:H� :�BC� :�:F� :�BB�

F :�1K� :�13� :�1K� :�19� :�BH� :�1F� :�KH� :�1H� :�BC� :�K:� :�19� :�11�

Mean± 

SD

:�K:�

g:�BH�

:�1F�

g:�BI�

:�KB�

g:�B3�

:�KB�

g:�1:�

:�1H�

g:�1B�

:�1I�

g:�BF�

:�K3�

g:�BF�

:�1I�

g:�BF�

:�1I�

g:�11�

:�KK�

g:�BH�

:�1F�

g:�BI�

:�K:�

g:�BC�

Table 4: Regional VT 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.
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III.6.3 Visual assessment of blockade of TSPO 
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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, c) and post (d, e, f) XBD-173 administration for Participant 

F.

�

III.6.4 Calculation of VND suggests that 18F-GE180 binds specifically to TSPO 
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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 18F-GE180. VND 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 VT pre- and post-blockade 

for (a) HABs (b) MABs, and (c) HAB vs. MAB group VT estimate (n = 6).

III.6.5 Specific binding to TSPO is ubiquitous in the MS brain 
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III.7 ‘NATALIZUMAB COHORT’ RESULTS 
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III.7.1 Study procedures 
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III.7.2 Subject characteristics 
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Table 5: 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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Table 6: 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-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 t tests: * = p < 0.05; ** = p < 0.01; *** = p < 0.001. In all cases, the PwMS group 

had scores associated with greater disability, compared with the HC group.
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III.7.3 Visual inspection of 18F-GE180 signal 
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Figure 21: Increased 60–90 minute SUVs in a gadolinium-enhancing lesion. (A) Subject with multiple 

sclerosis, with increased 18F-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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III.7.4 18F-GE180 VT does not differ between TSPO HABs and MABs 
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Figure 22: No effect of TSPO genetic polymorphism on 18F-GE180 VT. (A) MABs (orange circles) and HABs 

(green triangles) had no difference in 18F-GE180 VT in MS subjects at baseline. (B) MABs (orange circles) 

and HABs (green triangles) had no difference in 18F-GE180 VT in healthy controls.  p-values generated 

using unpaired t test. Error bars represent mean +/- 95% confidence intervals. HAB/MAB = high/mixed

affinity binder; NAWM = normal-appearing white matter; VT = Volume of distribution. ns = not 

statistically significant.
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III.7.5 18F-GE180 VT is increased in MS lesions at baseline 
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Figure 23: VT 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.

VT in MS lesions was greater than VT 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 t test. Error bars represent mean +/- 95% confidence intervals. NAWM = normal-appearing white 

matter; VT = Volume of distribution. ns = not statistically significant.
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III.7.6 18F-GE180 VT decreases after natalizumab in white matter lesions, but not in 

other regions of interest 
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Figure 24: 18F-GE180 VT 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; VT = Volume of distribution. ns = 

not statistically significant.
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Figure 25: 18F-GE180 VT 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. VT = Volume of distribution. ns = not statistically significant.

III.7.7 18F-GE180 VT increases prior to the development of new white matter lesions on 

MRI. 
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Figure 26: New lesions and ‘pre-lesions’ have increased VT. In the 5 PwMS with new lesions (n = 51) on MRI 

10 weeks after the initiation of natalizumab, VT was increased in these lesions compared with NAWM. After 

mapping these lesion areas back onto the same regions in the baseline scan, VT was also slightly increased 

in these ‘pre-lesion’ areas compared with NAWM at baseline. p-values generated with paired t tests. Boxes 

show 25th and 75th percentile, whiskers show minimum and maximum, black lines shows mean. VT = Volume 

of distribution; NAWM = normal-appearing white matter.
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III.7.8 18F-GE180 VT does not predict response to natalizumab treatment 
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IV.3.1 Brain ageing
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IV.3.2 Quantifying brain ageing
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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 et al., 2015.31

�

-149-



��������������������������������������������������2��������������	�������������������������

������ ���
��� ���� �	�
�	
��
������� �����	� ��� �
���� ���	
���� 
����� ������	������ 
�������	��

����
����1F
�K:����	���
�	�������
	��������������2���������	�����@
���������������D;�����.��E�

	�����@
��	�������(���
��������2����������������
����	����	���	��	��������������������������

�
�,��	����������������� 	����������������� 	�������
������������	���#��	���������
� 	�����

	�����@
��� 
��� ������	������ 	����2������������ �B2�����	��� #*��9B
� 91� ������ �������2

��������� ������� ���� ��	���	�� �������������� ���� ��	�� ����	��� ���
����� 	���� ������	������

����
����K:
�9B
�9K����

�

8����� �������2��������� ��������� ��� ������ #*��� ����� ����	��� �
�,��	�� ��� ��������

�����������������
�	�����2�������;�����)�����	���.�������������������
��������������������	�

��������� ���������������������������
��	����������	��������������������������	����
�,��	��

������ ������� 
���� �B2�����	��� #*�� ��	�� !� * 0.FH
� *2 * 0.91, ����� �����
	�� ���or * 4�9�

�����%�KB� ���� D;����� )�����	��� .��� 7���������E� !;����2).7%� ��� 	���� �������� ��� D;�����

)�����	���.������
�������������������E���������������������	�����������
����������D;�����

.��E� �������� ��
����� !����	���� ;����2).7%� ��� ������ !����	���� ;����2).7%� 	���� 	�����

�����������������
�������
�	��	���������
���1C�����	��������������
��	���
�;����2).7��������	���

��	������������
	���������
�����
���������	���	��KB
�99��#�������
����������
������	��
��	���

�������������
�7���E����������
���������
�����(�T�����������������	������������	�����	����

����	����;����2).7�1F2KB
�91
�9329I���������������������	���	��������������	��#$��

�

�

-150-



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., 2017.44�
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IV.3.3 Applicability to multiple sclerosis 
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IV.4 METHODOLOGY
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IV.4.2 MRI acquisition
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Number of 

slices�

B19� B3H� B19� 13H� BH:�

Numbers of participants prior to exclusions

Controls 99� B:� :� FC� C�

CIS 19� 9� I:� B� :�

RRMS KK� I� HI� 31� BI�

SPMS :� :� :� K1� :�

PPMS 91� :� :� 91� :�

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.
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IV.4.3 Clinical outcomes
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IV.4.4 Brain Predicted Age analysis
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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 et al., (2015).31 Test data were from 

the ‘natalizumab cohort’ and ‘UCL cohort’. (A) Statistical Parametric Mapping (SPM) structural pre-
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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.31 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). 
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IV.4.5 Lesion filling
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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
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IV.4.6 Statistical analysis
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IV.4.7 Contribution to work
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IV.5.1 Study procedures  
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IV.5.2 Subject characteristics 
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Table 8: Baseline characteristics of PwMS and HCs. DMT = disease-modifying therapy. Standard 

deviations shown in brackets.
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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 t

tests: * = p < 0.05; ** = p < 0.01; *** = p < 0.001. The PwMS group had scores associated with greater

disability, compared with the HC group.
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IV.5.3 Brain-PAD is increased in subjects with MS, and correlates with radiological 

markers of disease severity 
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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. 

(C): Brain-PAD correlated with Lesion Volume. p-value generated using unpaired t 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. 
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IV.5.4 Results consistent after lesion filling 
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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. 
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IV.5.5 Brain-PAD decreases after natalizumab in those responding to treatment 
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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 t test. Error bars represent mean +/- 95% confidence intervals. Brain-PAD = Brain Predicted 

Age Difference.
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Figure 34: Flowchart of exclusions for UCL cohort. QC = quality check.
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IV.6.2 Subject characteristics 
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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 
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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 t 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.
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IV.6.4 Brain Predicted Age and Brain-PAD at baseline scan correlate with disease 

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

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

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

MS 
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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 t test (A) and paired t

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

= relapsing-remitting multiple sclerosis.
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IV.7 FACTORS WHICH CONTRIBUTE TO BRAIN PREDICTED AGE 
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IV.7.1 MRI magnetic field has no effect on Brain-PAD 
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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.  
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IV.7.2 ‘Filling MS lesions’ has minimal effect on Brain-PAD 
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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, R2 = 0.98; p <

0.0001. Brain-PAD = Brain Predicted Age Difference.
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IV.7.3 Brain Predicted Age is driven by a variety of known and unknown variables  
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Table 11: Ordinary least squares linear regression with hierarchical partitioning, to predict Brain Age. 
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IV.7.4 Brain Predicted Age is more closely associated with disability outcomes than 

existing univariate measures of brain atrophy 
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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

�

���������	��������	�����
�	�������	����	
��������������	���;�����)�����	���.�������������


����	��������	�������������������������������	�� �$����#$�����( �
��������������
�����B2

�����	���#*����	���)��������	�� �$
�**#$
�$)#$
�����))#$�������������2����������������

!����	����;����2).7%������������	��( ���;�����)�����	���.�������;����2).7��������	���

��	��	����������#$����������
������	���������������	�����������	���
	�����'7$$���;��������

;����2)�����	��� .��� ���� ;����2).7� ����� ����� 	�� ������	� 	��� ����� ��� �
	
��� ��������	��

������������������	
�������B2�����	���#*����	���������	��	�#$��������D�������	��E�	����	���

( �������������������������������������������������	���D��	���A
���������	E�	��	�;����2).7�

���������� ��	��� ��	���A
���� 	���	���	
� ����������� ��� 	����� ���� �������� 	�� 	���	���	�� .�

���������	���� ���� ����� ��	
�� ��	�� 	��� �
�	�2���	��� ��	����	������#.&"�#$� �����	
� ��	���

������	�	�������	������������
�	�����	���	�������
	�����7�	�������	���#.&"�#$������	������

�������������
��
	�������	�������	������	����	����������	��
����������������
��������������2

����	����	��	���	�������
	�������D,���	�����	��
	���E�B�

�

���� ;����� )�����	��� .��� ������ ������� �������� ��������� �����	����� ����� ������ �	������

����
���������	��
�	����
	�
	������������	���	E����������������������	�����	������	��	����	�����

���
�������;����2).7�����
���������������	����	�����������������	������������������������	���

������	�����������������	�����
	�
	���	��
	�	�����������������	
��������������$�������
�	���

;����� )�����	��� .��� ���� ;����2).7� �
	�
	�� ���� ������� �
�����
� ������ ���
��� ���

������	
������������������	
�	����	����	�����	�������	������	��������������������������	���	���

�������
�	������������������	�������������#*����	�
����	
�����������������	����	��	��������

�
�������	�	��	��������������
����2��������������	������������������		�����!���������������&#�

����/#����
���%�����������	
���
����	��	
������������
���		�����������	�����	�������
��
�����

-187-



����������������	���
��������������	��������	���
	��	��	����������������
����	�����	
��
�	���

�������	���� ��	�����;�����)�����	���.��� ����'7$$����� ����	������ �	����
� ���� ����������

��		��� 	���� &#� ���
��
� /#� ���
��
� ��� �������������� ���� ����� 	����� ���������� �����

����������� ��� �����	���������;�����)�����	���.������������� �
�� 	���
������������������ ���

���	����
	���	��Q�	������
�	������	���BH3C����������	���8 �������	������������	�����������	��

���������
�	���;�����)�����	���.�����������
����������������	������	���������	�������������	��

����
	
���������������,��	���

�

0	�������
�	�������	������	��������	������������	�����	������	������	��	����������
������������

;����2).7����������������	���������	����	������������
	���������	��������������
��	���
�����

��������������������������
������.�A������E����������!hF������%
HH�	��
��	�����������,
���!h9�I�

�����%
KB�7���E�� ��������� !h1�B3� �����%
9H� ����(�T� !h1�B3� �����%
9I�;�� ����������
� 	���

��������������������;����2).7����	�����	
�������h9�:����������� �$
�hB:�K�����������**#$
�

hBI�9�����������$)#$
�����hBB�3�����������))#$���������
��	��	�����������������D���������E�

���	���#$������	��������������������	��	���������	�������������HI2HF�

�

����8 �������	����
�	����
�������������;����2).7���������	����������	���������������	��

 �$������� ����
����	�������������
�����������������������	��	��������	���������������	����

���������	������	��	���	�����
�������������	��	���������������� �$�I:2IK�.�	��
�������	��������

���������������A�
�	���8 �������	����
�	��������
����	�	��	�	�������������������������	�� �$�

�
	�
�	���	���������	���������#$������	��������������������	����;����2).7������	
�������
�

������	���	���	��	�����	��	������������#$��.�������������	������@
�����	��	��	�	��������������	��

���	�����������
�����	�������	���	�����	����	��������������	�������	
����	��	�����������	��	�����

��	�� �$�	��	�
�	���	���������	���������#$���

�

-188-



�

�

!��;���������
�������������;�	���
M�������
������
������
����������������;�����������>�N
�

�������E���
������
������
����
�	���
����������������
������������������FGDH���������
����������

;����  �� ���
� �
� @"�>� -���� ������� ������ ��������
���� /����
� ����
�� ����:E� ���� �?�
���� ���

��������� ���������� ��� �������� ���� 
���� ����������� �������� ��������� ��
������ ;���� ����  ��

���������
��
��������>�-����������������������
�������
����/����
�����
������:E������?�
����

��
�����������������
���
��
������������;��������
�������������������;�����������O������������
�

���� �����;M��>� � !�� ������� ��� �
��������� ����� ����� ��
������
��� �
������� ��� ��
��������

�?���������E��
��;����
������������������ �
�����������;����������������������
��
������������

������������
�������;��������
�������
������
����������������������
�����
���
� �>�!
�������
����


�����������
�����������E����� ���
��@"�/��
��������������:������������&$>$������P����;����������

�
��������������;�����������
�����
�
����������������
�����
������
������������;����
������������

�
������E���
����������������������������O�
���������������������������������;�����������
�����

����������������������
��
� �>��

�

!��;�����������������
���������������;�������������
������
�����������������	���
M�����
� ��

���������
������������������M
������
���������>��������������/
�����Q�
���������:������
�����

��������
����
�
����������������
��E������������������
�
���������
�����������������	���
M����


������
������������
�����Q�
��������
�
�E�������������
�������;��������
����������
�
�>�-���

�����������
�����R"#����������������������
����� �����	���
M���������������
��	���
M����

����� ����
������ ���
�����
��� ���� ����� ���
����� �
����
��>� @�;����E� ��� ����� 
��� 
�����������

�����;�����������
����
�������
�������������������
�
��;�������������������
�M���
������
���

�����������
�
�E��
���������������������������������
������������������������
����������
�����

��������>CG�-��������������������M
������
�����������
�	���
M����;���
�����������
�����/R"#�

������:E� ��
��� �
��� G%� ��������� ;���� O
�;
� ��� ��� �
� �������M
������
�� ���������� �
� �����

������E� �
�� ��
��� ���� �������� ������ �
������ 
����
�� ��� �
�������� ����� ������
�� ��� �������M

-189-



�

�


������
�� �������� �
�������
� �
�� �����
��
�����
� �����>� -��� ������� ��� �������M
������
��

���������� �
� 	���
M���� ������� ��� �
����������� �
� ������ �������>� !�� �������M
������
��

������������
��
������	���
M���E��
����������������;
���������������
����������
����������
��

����������
�������������E����������������������
������������
�����
���
��������
�����������
�����

�����������������������
���������M
������
��������������������������
���
���������>�

�

-���T������
����
��������������;�����������	���
���������������
��������������
����������

����� �
� ���
����� ��������E� ���� �?�
���� ��� ��
�������� ��;����� �� ���
����
:�� ������
�
�� ���

����
�������������
�����������
�
�>�@�;����E�
������O������
���������
�������E�����	���
�

��������������
����������O���������������������������������>CU�!
����E��
�������
������
��������

�����
���� �
� ����� �����E� ������ ���� �
���
���� ;����� 	���
M���� ���
���� ��
������
����� ���

�
��
���;��������
���������������
���������E��
�����
���
�������
����@"�>�-��������E���������

�����E�����	���
���������������
�������������
���������������������������������������
����������

T������
������������M�����E�;����������������
����
����
��������������������
�����������;��
�

������>�-�����������;�������
�������������������������������
����������E��
����������������������

���������������� �!��
����;�������
����T�����������O��>�����
����
������
���@"��
���
��

���������
�����������
�
�������������������������
���M����������������
��
�	���
M��������������

��������>�

�

-����������������
�����
������
���������������������������
�������������>��R
���������������������

�
��������������������
�����������������
�����;�����������O������������
���?E�
�����������E��
��


�
M��
���>�-��������������������������������
���������������������
���������;������
����������

�����M��M��
�����I/
�����Q�
���������:J��
��������I/R"#�������:J��������E������
�������
������

�����
����������
����;�	���
���������������
����������������
����������
����
�������� �!�

�����
��>���
������������������
�;������������
��������;��OE��
�����
���
����������
�����
����M

-190-



�

�

��
���� �VW! ��������>&�������������
������
��������������;����
�������������������
���������

�����
��������
����������� �
� ����R"#�������>�"�
�����������
��� �
�������	���
�����������

�����
�������
��������������
>�!����
�����������;����������������
���
�@"���
�����R"#�������E�

�������������
����������������������
����
�	���
M�������;��
�@"��
�� ��������E����������

�
���������;���������?������� �������
���>GG� ���� ��
��
�
�����E� ����	���
���������������


����������������������������������O��������������������� �E���
������;������������������
�
M

�������������
�����
��O���;��������
�������
������������������������������������������������ �>�

-��������E���������
������
������
������
���
�����-&M;�������� �!��
���������/
�����Q�
���

������:��
��/R"#�������:E������������������������������� �!������
���
�	���
M�����������������


�
�
��>�N���������������������
�E�������������
��������E���������������;��
� ���
��
��
���

����
�E��������������������
�������
��������������������
�>CD������������;��O�����
����������

��������;���������������������
�;�����
�
�����E����
�� �!����
�����
��; ��;�������
�����

�����
��E� �����������
�;�
����
�� ����
�
��
����� ��������� ��� �>�N��������E� ��� ����	���
�

��������������
���������������������������������T��
�����
�� �M����������
���������������
E�

�������O�����������������������
�������� ������
�����
�������
�>�

�

N������E������;��O����������������
��
�����
����������
��������	���
���������������
������
�

 �>�-�������
������������
������
���������������;�
�X�

&>� �������
�:�����������
���������������
������������
�������
��?��������������>�

$>� ��������
���;������
�������������
����
�����;�����������
�����

������
�����
��������>�

L>� #�
������
������
������
���
���������������������
���
�����������
�>�

G>� -�����������������
����
�
���E�;�����������������
������������
�����
���
�����������

�
�������������������������������������
�����
�������
��>��

U>� -��� 
����� �
����������� ��?��;����  �!� ����E� ����;�
�� 
�
M��
���� �
�� ����������

���������������
����������������>��

-191-



�

���������������������
�	���������	���	���
�����	���#.&"�#$��
�	�2���	��������	
B����������

����
�	�������������������	��������
������#$�����������

�

IV.9 CONFLICTS OF INTEREST 

�

����	�������
	������������������	�������	����	��������	�	��	��������	����

�

7�� "�������� ��������� �
������ ����� &'� (���	������� 7�� "�������� ���� ��������� �
	����� 	���

�
���		�������=�����	�
����������������������2�����������
����	������"����	��Q�����	�
����������

������������2�����������
����	������;����������Q��������������������&��A���Q��������������

����������*������

�

0	�����
	�����������������������	�������	����	�����	���	��	��������	����

�

IV.10 REFERENCES

�

B��  ����-(
�*������-
���������
�'�������.
�;��������/
� �����7
�7��$	������"
�'�A������ 
�)���������
�

��������#
�&���������  
� *�����#.
�*������ .
�*
������� $
� $��	��2&������� -
� $	��������#�
�8�	�������;#-
�

T�������(
�;��������
�"��������*
� ����������0
��������������	���#.&"�#$��	
������
���.�������	���������

�������������������	������
�	�������������������*����3C9CCCQ����=��		��=PP�������PB:�BB:BP3C9CCC��

1�� ���������(��#
�	��������������=����	�������
����������	��������������	��������������	���Y�-�"�
����

$����1::IQ13F!B21%=K2H�����=�70��B:�B:BHP,�,���1::H�:C�:BH��)
�#���)#�7=�/0$=:::19CHBI9::::1��

K�� >����7
�;��������
�#� �������*
�.�����)*
�.������T
�*����A���� ��	�����������������
�	����������������

;�����=���,�
����������
��������BFFFQB11�!�)	�B%=BI21H��'�
��BFFFP:KP:1�����=�B:�B:FKP�����PB11�B�BI��)
�#���

)#�7=�B::3:CFB��

9�� ;�����*-
�'�����*
�&�����	����
�/�	������#
�*����#�
�#�����AA��*
�.������
�#�7�������&
�>���*
�

"�
��	��� #
� ��	A������� 7 
� *�������� *
� "���� -/
� (������ 0/�� #��������� ��������	���� ���� ���	�����

���������	���� ��� ��
	�� �
�	����� ����������� .������ ��� ��
�������� 1:BCQC9!H%=C1F291�� '�
�� 1:BCPB:P1I�� ���=�

B:�B::1P����13KH3��)
�#���)#�7=�K:KH1B3H��

-192-



3�� (�����A�'
�&������ 
���
����� 
�������� .
�&��������,���$�
�0
����		��*
��������#�
�$������-.
�

#�������"
��A@
�����2&������7
�/����"
�#�����	�&
�&���������
�>����	���' 
� �	���� 
�(������-#
��������

"
�����	�� 
�>������*)
�#������� ��"�
����������	������������	�����������		�����	�����������
�	����������������

.�����������
��������1:BHQC:!3%=IIH2F:��'�
��1:BHPB:P1H�����=�B:�B::1P����19IFB��)
�#���)#�7=�1IHCH3HKQ�

)
�#��� ��	����)# �7=�)# )# 3BB3F3B��

H�� (������0/
�*������ .
�"��������*
� ������	��7
�*���	���;
�&��	������$#
�$��������;
�.������ �
�

*����������
�#�����AA��*
�*��������*��#�����������������	�����������������������������	�����	�������	�������

��� �
�	����� ����������� ;����� =� �� ,�
����� ��� ��
�������� 1:BBQBK9!)	� F%=1I332IB�� '�
�� 1:BBP:CPBH�� ���=�

B:�B:FKP�����P���BC1��)
�#���)#�7=�1BC9:CFB��

I�� *��������*
�*����������
�"��������*
�*���	���;
�&������7
�(������0��������
����	�������������������

��������� ������������ ��� �
�	����� ����������� .�	�� "�
����	����� 1:BBQB11!1%=B332I:�� '�
�� 1:BBP:HP:B�� ���=�

B:�B::IP�::9:B2:BB2:C9:2:��)
�#���)#�7=�1BH1H:K9��

C�� &������	�;
�7����������;
�'
�	������
�7�����&��_
��	�����	�������������������������������������	������

����
�	����� ���������=� �� �������� -�"�
����� 1::FQ13H!F%=BKFI29B1��'�
��1::FP:9P:F�� ���=� B:�B::IP�::9B32::F2

3B:C29��)
�#���)#�7=�BFK3K11H��

F�� ;������*.
�;������*����������
�����	����������������������������������	����������
�	����������������

�����	� "�
����� 1::HQ3!1%=B3C2I:�� '�
�� 1::HP:BP19�� ���=� B:�B:BHP$B9I929911!:H%I:K9F2:�� )
�#��� )#�7=�

BH91HFF1��

B:�� $���������#)
�;������	�*(
�$������-
�/����	���2&
		����;
�;������*����������	����������	�����������

������ ���
��� ���� ��������	�� ��� �
�	����� ���������=� �� ����������� ��� �������A��� ����� ���� ���	�� ��		��� ��	��

�������������	���� ������	����� "�
��������� 1::3Q1H!9%=B:HC2II�� '�
�� 1::3P:HPBC�� ���=�

B:�B:BHP,���
��������1::3�:K�::C��)
�#���)#�7=�B3FHB:9H��

BB�� *
�����*.
��������'
�����- 
�$�����-
�-���������8������	�������������������������	����	������
���������

������ �	������ ��� ���������2����		���� #$�� #
�	����� $���������  ��������	���� *�������� &��
��� "�
��������

BFFFQ3K!C%=BHFC2I:9��'�
��BFFFPBBP19�����=�B:�B1B1P����3K�C�BHFC��)
�#���)#�7=�B:3HKHB3��

B1�� (���������#
�/����������$
�����	���)
��������'
�*
�����*.
�>���,����2 �
	�����#
� ����	�#
�*��
��

'/
�>�������
�'
������� �� ��"�2��*#$7 �$&��.	������ �����	��	�������	������K2���	��������� ���
�	���	���

��	���	�� ��	�� ��	���� ���������� ����		�����
�	����� �����������.�������� ��� ��
�������� 1::KQH:!B1%=BIKH2F�� '�
��

1::KPB1PBI�����=�B:�B::BP������
��H:�B1�BIKH��)
�#���)#�7=�B9HIH:9C��

BK�� �������'
�*
�����*.
�$�����-(
� 
		���&
�;�����#
�����- 
�#������7
�/����	���2&
		����;
�#����#>
�

7�
����	�� 7$
� $��������".�� '���	2����� ������2
�� �	
��� ��� ������ �	������ ��� ��	���	�� ��	��#$�� "�
��������

1::1Q3F!F%=B9B121:��'�
��1::1PBBPBK�����=�B:�B1B1P:B�����:::::KH1IB�9F:HH�:H��)
�#���)#�7=�B191ICFK��

B9��  �����7�
�&������� #
�)������&-
�>������*
����������.-
�#������7(��;������	��������������������������

���������2����		�����
�	����������������;�����=���,�
����������
��������1::1QB13!)	�1%=K1I2KI��'�
��1::1P:1PB3��

���=�B:�B:FKP�����P���:13��)
�#���)#�7=�BBC99IKK��

B3�� ;������ *
� .������	���� $
� ;������	� *(
� -������ ��� ��
��2�		��
�	��� ���������� ��������� �����	���

���������� �������� ��	��	�� ���	����� ���� ,
�	����	����� �
�	����� ���������� ��������� .�������� ��� ��
��������

1::BQ3C!3%=I912C��'�
��1::BP:3PBC�����=�B:�B::BP������
��3C�3�I91��)
�#���)#�7=�BBK9HKHF��

-193-



BH�� $������-
�$���������#)
�;������	�*(
�/����	���2&
		����;
�#
�����
����'
�K��
�;������*��/����2

������ �	������ ����
�	����� ��������������
������� �
	���	�������
�� �����
	���	���#*� �������� ������	�	�����

.-"*�.��-�"�
����������1::9Q13!H%=FC32FH��'�
��1::9P:HPBF��)
�#���)#�7=�B31:3BKH��

BI�� >���
����-
��
�����(
�'�����7
�>
�	�.
��
������. 
�-
���������7��.��2����	���������������������

����	�����������������	������������������
����
�	�����������������	���	�=���@
��	�	�	����#*���	
����"�
�������	��

1::KQB9!K%=91I2K:��'�
��1::KP:KPB9�����=�B:�B:FIP::::BI3H21::K:K:K:2:::1H��)
�#���)#�7=�B1HK99FI��

BC�� 7��$	������"
�#�		�����)#
���������#
�.���	���
�7���
���#
�;��	���AA��#�
�&
�����
�&��AA��.
�

#��	������'
� �������.
����������.
�$��	��$#��'��������������������	������	���������#$=�����������	�����	����		���

�������� ���� ��������	��� "�
�������� 1::KQH:!I%=BB3I2H1�� '�
�� 1::KP:9PB1�� ���=�

B:�B1B1P:B�����:::::33F1H�HFH9K�:K��)
�#���)#�7=�B1HC1K19��

BF�� &�����# 
� ������.
����
����#
� )�������	�� �
�  ������� �
�T�������� �
�T����	����)
� ���������.
�

_
�		�����.
��������������	�����������
��������	������������������
�2��	�����������A�	����������������2����		����

�
�	����������������;�����*����1::IQBBHI=IB2F��'�
��1::IP:CPBB�����=�B:�B:BHP,����������1::I�:H�:1K��)
�#���

)#�7=�BIHCF3:9��

1:�� ;������	� *(
� ;�
��� -#
� 7�����#&
� .����������� "
� (
������ $
�/����	���2&
		���� ;
� &���� "
�

#
�����
����
�Z���������*��"�����	������	�����
�	��������	���
�������	�
����������	��������
��	��������
�	�����

����������� .�������� ��� ��
�������� 1::HQHK!F%=BK:B2H�� '�
�� 1::HP:FPBK�� ���=� B:�B::BP������
��HK�F�BK:B��

)
�#���)#�7=�BHFHH3:F��

1B�� .��	��#)
�)��	������'
�&���		��;
�Z������T
�;�		�������#
�;��	���AA��#�
� $	��������#�
�&
�����
�

$����
��� &
� $����� $
� ��������� .
� 7�� $	������ "�� .������	���� ��� ������	����� ���
��� �������� ��	�� �����	����

��	������	���� ��� ���������2����		���� �
�	����� ����������� .�������� ��� ��
�������� 1::IQH9!C%=BB3I2HB�� '�
��

1::IP:CPBF�����=�B:�B::BP������
��H9�C�BB3I��)
�#���)#�7=�BIHFCI:H��

11�� .��	��#)
�;��	���AA��#�
�Z������T
�)��	������'
�#��	�����#
�&
�����
�$����
���&
�$�����$
����������

.
�7��$	������"��"�����	��������
������������������������2����		����#$���	���	����	������������	�������������	��

"�
�������� 1::9QHK!B%=CF2FK�� '�
�� 1::9P:IPB9�� ���=� B:�B1B1P:B�����::::B1F399�IF3KF��3�� )
�#��� )#�7=�

B319FHBH��

1K�� Z���������*
�*�����.�
���������#
�#�������.
�$	
���0
����������(
�*�����#>
�7�����#&
���������

'#
�>����0��#���������������	��������������2��������������	���������������
���������������
�	����������������

"�
��������1::CQIB!1%=BKH299��'�
��1::CP:IP:F�����=�B:�B1B1P:B�����::::KBHCB:�:BB1:�:3��)
�#���)#�7=�

BCH:HFHC��

19�� $�������#)
�.������7�
�7��$	������"������	���	������	�����������	�������������	�����	�� 	���	���	�

�����	� ��� ��������	�� ��� �
�	����� ����������� .������ ��� ��
�������� 1:B9QI3!B%=9K2F�� '�
�� 1:BKP:FP:H�� ���=�

B:�B::1P����19:BC��)
�#���)#�7=�19::H1II��

13�� 7��$	������"
�$	��������#�
�&�������.
�;��	���AA��#�
�;�		�������#
�;�������#
�)��	������'
�.��	��

#)
� $������� #)�� '�	���������� ��	���������� �
	2����� ��� ������ �	������ ��	��� ��� �
�	����� ����������� -� "�
����

"�
���
��� )������	���� 1:BHQCI!B%=FK2F�� '�
�� 1:B3P:9P19�� ���=� B:�BBKHP,���21:B92K:FF:K�� )
�#��� )#�7=�

13F:9CBKQ�)
�#��� ��	����)# �7=�)# )# 9IBI999��

1H�� 8�����
�T���������#
�>���������-
�$��������
���������#
�T�����-
�$�����Z
�;���������"
�7�����#&
�

Z���������*
�7��$	������"
�$�������#)
�(��������'>
�(��������7��)�	�����������
	2����������������������������

-194-



������ ���
��� ����� ��� �
�	����� ����������� #
�	����� ����������� 1:BFQ13!9%=39B23K�� '�
�� 1:BIPBBPBI�� ���=�

B:�BBIIPBK3193C3BII91IKF��)
�#���)#�7=�1FB9K3H1��

1I�� &�������.
�;�		�������#
� $��	�� $#
�7�� $	������"��;����� �	������ ���������	� ����
�	����� ���������=�

�����	����� ���� ����	�	������ "�
����������  ���� "� .��� 1::CQBC!9%=HI32CH
� ���� '�
�� 1::CPB1PBB�� ���=�

B:�B:BHP,�����1::C�:H�::I��)
�#���)#�7=�BF:HC9:C��

1C�� *�����#.
�;�		�������#
�;������	�*(
�7��$	������"
�&�
�	��--
�(�����*&
�(���������#.
�-���������

#
� )������ '
� �������� #�� ;����� #*�� �	������ @
��	�����	���� ��� #$=� ����� ��	����� 	�� ��������� �������	�����

"�
�������� 1:BIQCC!9%=9:K2BK�� '�
�� 1:BHPB1PBC�� ���=� B:�B1B1P����::::::::::::K391�� )
�#��� )#�7=�

1IFCHCI3Q�)
�#��� ��	����)# �7=�)# )# 31I1FHF��

1F��  ����-(
�)�
����*)>
����������
����7
� ����#/.
�$	����� 
�$���	����7
�#��	����&��)�����	����������

���� ��	�� ����� ��������� ����� ���� �������� ��	�� ���
�	�� ��� �� ��������� ���� ����	����� ����������� "�
���������

1:BIQBHK=BB3219��'�
��1:BIP:CP:K�����=�B:�B:BHP,���
��������1:BI�:I�:3F��)
�#���)#�7=�1CIH3:3H��

K:��  ���� -(�� "�
���������� $	
����� ���
�	��	�� 	���  ��������	���� ;�	����� .������ ���� ;����� 7���������

;����������1:BCQ9:!I%=�BI::11B��'�
��1:BCP:HP:F�����=�B:�B::1P�����1:BI::11B��)
�#���)#�7=�1FCC1FI9��

KB��  ���� -(
�������*
�$�����7-
�.�A������[��7�������"�
���������� ���)�����	������������� ���� �
����	��

��������	����	��������	���	��
��	�����������,
����.�����������
��������1:B3QII!9%=3IB2CB��'�
��1:B3P:BP1C�����=�

B:�B::1P����19KHI��)
�#���)#�7=�13H1K:9CQ�)
�#��� ��	����)# �7=�)# )# 99:KFHH��

K1�� ����A20	���  
� ;������ #.
� )��	������ �
� $������� #
� >������� &�� ���� ���������� ��� �������  �����

1:BKQB3K!H%=BBF921BI��'�
��1:BKP:HPB1�����=�B:�B:BHP,������1:BK�:3�:KF��)
�#���)#�7=�1KI9HCKCQ�)
�#���

 ��	����)# �7=�)# )# KCKHBI9��

KK�� 7���� -
� -����;
�#��J
���
�(
�#��J
����(��(
��	�'������	�.�������� ���*��	���2$	�	�� �#*��$������

 �������	�� ������� 	��� .�
�	� ���������� ����	� "�
������� 1:BCQB1=K9�� '�
�� 1:BCP:1P1:�� ���=�

B:�KKCFP������1:BC�:::K9��)
�#���)#�7=�1F93H9CFQ�)
�#��� ��	����)# �7=�)# )# 3C:BKBI��

K9��  �����..�� ����������	���������������������=�������������
����	��
����@
��	������;�������	�������

1:BHQBI!B%=1:321:�� '�
�� 1:B3P:3P1B�� ���=� B:�B::IP�B:3112:B32F3C92��� )
�#��� )#�7=� 13FFB9IKQ� )
�#���

 ��	����)# �7=�)# )# 9I1KHKC��

K3�� $������ .
�  ��	���  
� �������� /�� ���� ��	��	���� 
��� ��� ��������� ����������� 	�� ������	� ����	��� �������

)�	�������.�����.���*���	�7����1:BI�1BQC!B%=B9:KC99����

KH�� ����������� 
�&���������)
�#�������� 
� ��	��#
�$��	����.
�&���������.
�#��	��7
� �����#
�$��������

$������ ��	��

�����.���������.��2*���	���7�������=� ������#�����������
	�7�������	�*�	��������	�#���

!��
�����%��1:BCQ3=HB��'�
��1:BCP:9PBC�����=�B:�KKCFP�����1:BC�:::HB��)
�#���)#�7=�1FHH1CCBQ�)
�#���

 ��	����)# �7=�)# )# 3CF:B1F��

KI�� ����������� 
�;������#
�T��������$
�0���������
�7���
���#
�0		�������'
�7��;������	���&���������2

������� .�� ����
	������� �������	���� ��� ���
�������������� .��� "� <� .���� $���� 1:::QF:C=199239�� '�
��

1:::P:IP1I�����=�B:�BBBBP,�BI9F2HHK1�1:::�	�:HH3B����)
�#���)#�7=�B:FBBFHK��

KC�� $�����"#
�$�������-/
�#�"������>�
�#�����*$
�Z��	��.>
�)�������#(
�"����������..
������#
�

/����>>���������������	������������������������=��������������
����	����������������	����������������������	���

������� ;���� )������	���� 1::HQH:!3%=9K123�� '�
�� 1::HP:9P:9�� ���=� B:�B:BHP,����������1::H�:1�::9�� )
�#���

)#�7=�BH3CB:KK��

-195-



KF�� #�		����#)
�.�
�
�����T��(������������;�����.����=�.���	��������)�	����������#�������	�������

#�	�������$	�	���� ����#�	����1:BCQ1I!H%=BBIH2FF��'�
��1:BCP:HP:I�����=�B:�B:BHP,����	�1:BC�:3�:BB��)
�#���

)#�7=�1FCI93HHQ�)
�#��� ��	����)# �7=�)# )# H:KFC1H��

9:�� *�A� "�� 7������� ���� ��������	���� ��� ������ ������ ���� �����	���=� ��������� ���� ����	����	��� )��������

"�
���������� *���� 1::FQBF!9%=9BB29�� '�
�� 1::FPBBP1H�� ���=� B:�B::IP�BB:H32::F2FB112B�� )
�#��� )#�7=�

BFFKHFK1Q�)
�#��� ��	����)# �7=�)# )# 1C:FIC:��

9B�� �������>
�Z�������&
�>�������$
�&����� 
�.�A������[��7�������"�
�������������'�	���	����	����������

����	��� �
�,��	�� ����� �B2�����	��� #*�� ������ 
����� ������� ��	����=� ���������� 	��� ����
����� ��� �����
��

������	�����"�
���������1:B:Q3:!K%=CCK2F1��'�
��1:B:P:BPB3�����=�B:�B:BHP,���
��������1:B:�:B�::3��)
�#���

)#�7=�1::I:F9F��

91��  ����-(
��������>��)�����	����.���8�����"�
���������=�������	����;�����.������;������������������

"�
������1:BIQ�9:!B1%=�HCB2HF:����

9K�� 7���������"8
�"������;
� �����.�
������7.
�)�����-7
� �
����-.
�"������$#
�/���&$
�T�����. 
�

������2$��������� "
�;������>.
�7
����-/
����A���'
� �������*$
�)�
�		�-*
�-��
�;�����7#
�)�	������$'
�

$��������� ;��� )�����	���� ��� �������
��� ������ ��	
��	�� 
����� �#*��� $�������� 1:B:QK1F!3FFI%=BK3C2HB�� '�
��

1:B:P:FPBB�� ���=� B:�BB1HP��������BBF9B99�� )
�#��� )#�7=� 1:C1F9CFQ� )
�#���  ��	���� )# �7=�

)# )# KBK3KIH��

99��  ����-(
�*�	�����$-
�;��	���#'
�T������(�������A�# 
�#
��A�#�������$
�*�����"
� ������-
�)�		���.
�

(������$'
�Z�����_
�/����"*
�*�������)
�#�������*'
�$	����-#
� ���$*
�/�������-#
�$�����7-
�7������-��

;���������������	�����	���	���#���)������	����1:BI�����=�B:�B:KCP���1:BI�H1��)
�#���)#�7=�1C9KFB:K��

93�� )������(*
� ����-(
�;��������>
���������
�>
A�������*
�(
����'��������)��,��	����$	�
�	
����������

���������������������������	���������������������������������	
����������������'��������*����1:BIQBKK=1C2K1��

'�
��1:BIP:9PB3�����=�B:�B:BHP,������������1:BI�:K�::I��)
�#���)#�7=�1C9B:9CI��

9H��  ����-(
�.��
���
�/�������*
�*��	
����*
�(����<�
��������7
��	�����;����2������	����������7����

$������������������	�����	��c2��������������	�������������	�������������"�
��������������������1:BIQ3H=9B2F��

9I��  ���� -(
�8���������-
� ����#/
�7������������7
�����Z���	�*.
�������*
�/�	��/
�)��	������)
�

&�
�	����&-
�$�������;.
�$�������������������#�
������������ 
�$����� .
�#�,���� ;
�/���	���.
�*�����)
�

$�����7-
����������	���� �����������������2������	������������	���	���(�T����������"�
��������1:BIQCC!B9%=BK9F2

3I�� '�
�� 1:BIP:KP:3�� ���=� B:�B1B1P/"��::::::::::::KIF:�� )
�#��� )#�7=� 1C13C:CBQ� )
�#���  ��	����

)# �7=�)# )# 3KIFF1F��

9C�� ������'
�<��
��@�-
����)����'
� �
�	����#
������
��7
�0����-
�'����&��'�������� ������ 	��2�	����

��������	�� ������������ ��� �
�	����� ����������� ;����� =� �� ,�
����� ��� ��
�������� 1:B:QBKK!)	� I%=BF::2BK�� '�
��

1:B:P:9P1I�����=�B:�B:FKP�����P��@:IH��)
�#���)#�7=�1:91KFK:��

9F�� �
	
��
�#
������-
�Z����".
��	�����0���	�������������������������������2��������	���������������	�������

�
�	����������������#
�	�$�����1:BKQBF!1%=BCC2FC��

3:�� >����#
�#��	��	�-
�(��������7
�7��>������-��)���������������
�	��������������=��
�	�������������������

���� ��������	� ��������� -�"�
���� $���� 1::IQ133!B21%=K329B��'�
�� 1::IP:KP:K�� ���=� B:�B:BHP,�,���1::I�:B�:HI��

)
�#���)#�7=�BIKKB39:��

-196-



3B�� >�������
	A���#
�*����&)
�;�����������-
�/�������
��7#
�'�����& ��������	
�������	��������
�	�����

���������=�������������������������	
���F=��������	��������	������������������������	������������;�����=���,�
�����

�����
��������1::HQB1F!)	�K%=3C92F9��'�
��1::HP:BPBK�����=�B:�B:FKP�����P���I1B��)
�#���)#�7=�BH9:BH1:��

31��  �������
�� 
�T
�
����$��"�	
�������	��������
�	��������������=���
��������������	��;�����=���,�
��������

��
��������1::HQB1F!)	�K%=H:H2BH��'�
��1::HP:BPBC�����=�B:�B:FKP�����P���::I��)
�#���)#�7=�BH9B3K:C��

3K�� $��������.
�"�
��
��.
�7�
����#
�'�����& 
�#
�����).��.���������������	�����
�
��	��������
�	�����

�����������"�
��������1:BBQII!BK%=B19H231��'�
��1:BBP:FPBH�����=�B:�B1B1P/"��:�:BK�KBC1K:�BI���)
�#���

)#�7=�1BFBIIHKQ�)
�#��� ��	����)# �7=�)# )# KBIFH9H��

39�� $��������.
��������� 
�7�
����#
�"��������*
�'�����& 
�#
�����).����������	�����������������	��	���

��������� �����	���� ��� �
�	����� ����������� #
�	����� ����������� 1:BHQ11!BK%=BI3:2C�� '�
�� 1:BHP:1PBK�� ���=�

B:�BBIIPBK3193C3BHHK:KFH��)
�#���)#�7=�1HCHF3KB��

33�� $�����-(
�-�������7
� �������#>
�*
�����*.
� ��������7�
�(�������*#
�*�����	�-*
�$���A���.#
�

�������� -$
�&�������7'
� $��������"
� ��,�
����#
�#������7'
�/�����>
�#��	���27��������.
�>������ *)
�

#
�����
����'
�K��
�;������������� #��.������	
�������	
�������������	��������������������
�	����������������

���� #
�	����� $���������  ��������	���� *�������� &��
�� !#$ *&%�� "�
�������� BFFFQ3K!B%=BKF29C�� '�
��

BFFFP:IPBI�����=�B:�B1B1P����3K�B�BKF��)
�#���)#�7=�B:9:C33:��

3H�� 7��$	������"
�&�������.
�;�		�������#
�*�������#
�$�������#)
�;��������
�>��	������
�'�A������ 
�

��A������
� ���������#
�7�������7
����������&
�&����.
�#��	������J
�*������.
����������.
� ����&
�#������

7(
� ��������#�� .��������� ������ �	������ ��	��� ��� �� ������ ���
��	���� ��� 
�	���	��� �
�	����� ���������� �
�	������

"�
�������� 1:B:QI9!1K%=BCHC2IH�� '�
�� 1:B:P:HPB:�� ���=� B:�B1B1P/"��:�:BK�KBCB�19BKH�� )
�#��� )#�7=�

1:3K:K1K��

3I�� 0��	�/
�������"
�#������-�
�������-7�������	���������������	������������������������
�	����������������

-�#���#���!;���%��1:BCQFH!BB%=BB3K2HH��'�
��1:BCP:FP1:�����=�B:�B::IP�::B:F2:BC2BHCH2���)
�#���)#�7=�

K:11F1I1Q�)
�#��� ��	����)# �7=�)# )# H1:CF3B��

3C�� '�������.
�)�������
�;��������/-
�.�	�����7*
��
�� 
� �������#-
�7��.��������
��������)����	�$(
�

 ������"
�7��$	������"
�$	��������#�
�;�		�������#
�*
�������$
�&��������� 
���������#
�*�����#.
�*������.
�

$��	��2&�������-
�T�������(
���
��� '
�>�����	����-
�)���������
�'�A������ 
�0
�������$
�/������2>������		� 
�

 �����7
����������.-
�.���������7 
�;��������
� ����������0
����
��#���7�����������		������
���������������

��������	�� ���������� ��� �
�	����� ����������� .������ ��� ��
�������� 1:BCQCK!1%=1B:211�� '�
�� 1:BCP:BPB9�� ���=�

B:�B::1P����13B93��)
�#���)#�7=�1FKKB:F1Q�)
�#��� ��	����)# �7=�)# )# 3CKC311��

3F�� �
������7
�*��������$ 
� �����-.
� 
		���&*
�$��������)$
����������.-
�/��������-$
�;�������-
�

;�������;
�;��������
�;����;
�-��
� ���������).
� ����	�#
� ����&
�����*-
����������#$
�&�������.7
�

��������#
�>�������
�>��������; 
���������-.
��
��	A��� 
�#������.'
�#��	������J
�0[ ������)/
�)�	��
�-
�

)�AA����� 
�*
�����*.
�$�������#)
�$	
���0
�/�
���	�'
�)������ (��7��������	��������������
��������
�	�����

���������=� 	��� 1:BK� ����������� "�
�������� 1:B9QCK!K%=1IC2CH�� '�
�� 1:B9P:3PK:�� ���=�

B:�B1B1P/"��:::::::::::::3H:��)
�#���)#�7=�19CIBCI9Q�)
�#��� ��	����)# �7=�)# )# 9BBIKHH��

H:�� )������  (
� *�������� $ 
� ;������� ;
�  ����	� #
�  ����� -.
� �������� #
� �
,������ >
� (�������� '
�

(
	��������#
�>�������
��
������7
�#��	������J
�0[ ������)
�$�������2/��������#
����������.-
�/�
���	�

'
�/����������� ;
�/�������� -$�� 7������	��� ���	����� �����
�	����� ���������=� 1:B:� ���������� 	�� 	���#�7������

-197-



���	������.�����������
��������1:BBQHF!1%=1F12K:1��'�
��1:BBP:KPB:�����=�B:�B::1P����11KHH��)
�#���)#�7=�

1BKCIKI9Q�)
�#��� ��	����)# �7=�)# )# K:C93:I��

HB�� >
�	A���-���*�	����"�
�����������������	����#
�	����2$���������2����'��������7�������	��$	�	
��$�����

!'���%��"�
��������BFCKQKK!BB%=B999231��)
�#���)#�7=�/0$=.BFCK*)CHH::::F��

H1�� .���
�����-��.����	��������������������������	��	����������	����"�
���������1::IQKC!B%=F32BBK��'�
��

1::IP:FP:B�����=�B:�B:BHP,���
��������1::I�:I�::I��)
�#���)#�7=�BIIHB9KC��

HK�� $����
���-
�*����#-
�*�������-#
�#��@
����.�
� �
� 
�.���
�����-
�)�������� 
�*���������-
�#�
���2

#�������-��)*�"��=���		�����������	����������
����������	��������"�
���������	�����1:BKQBB!K%=KBF2KI��'�
��

1:BKP:1PBF�� ���=� B:�B::IP�B1:1B2:BK2FBIC2B�� )
�#��� )#�7=� 1K9BIH33Q� )
�#���  ��	���� )# �7=�

)# )# KI11931��

H9�� ;�		�������#
�-���������#
�7��$	������"��'���
�	�����������
�����	��������	�������	����		�����������

��� ������ ���
��� ����
�����	��� (
�� ;����� #����� 1:B1QKK!F%=1:H12IB�� '�
�� 1:BBP:FP:1�� ���=�

B:�B::1P����1BK99��)
�#���)#�7=�1BCC1K::��

H3��  ���������.
�$������
�;�����.��&���=�&�������� ������ ������	�	����� ���
	���T�����4'  T�1::C�

1::C=FF2BB1��

HH�� ������� >
� &�����  �� �����	
������ �������� ��� �������
��� ;����.&'� ��� ����	��� �����
����� �����	����

���������	
�����.�A������[��7��������&���)�����1:B1Q�13=�1K34193��

HI�� $���������.7
�'�����& 
�/������*/
�)�	��7/������������	����������	���	���		��������
�	���������������

���������"�
��������BFF1Q91!3%=FFB29��'�
��BFF1P:3P:B�����=�B:�B1B1P����91�3�FFB��)
�#���)#�7=�B3IF13H��

HC�� /�����������;&��������	
�������	��������
�	��������������=�
���	��BFFC��$�����"�
�����BFFCQBC!K%=K:B2

I��'�
��BFFCPBBPBI�����=�B:�B:33P�21::C2B:9:CCB��)
�#���)#�7=�FCBI3K9��

HF�� /�����������;&��"�	
�������	��������
�	����������������.�����������
��������BFF9QKH�$
���=$H2BB��'�
��

BFF9P:BP:B��)
�#���)#�7=�C:BICF:��

I:�� ��
����	��
�*�
	����
�.
�����;
�#���������
�;����
�>
� ������..
�)����	����-��'����������	�������������	�

�����	���	����	������������������	�������������
����	��������
�	����������������#
�	����������������1::IQBK!B%=B192

I��'�
��1::IP:1PB9�����=�B:�BBIIPBK3193C3:H:IBBFH��)
�#���)#�7=�BI1F9H1B��

IB�� )���A2#���������
�$��	��2&�������-
����	����#
�.���������&
�"��� 
�)������(
�*���-
�'���# 
�(�����.
�

 ��	�����-
�.
���� 
�(
�����'
�*������.
�#��	������J�� �������������	�����������������	�������������������������	���

����������� #
�	����� ����������� 1:BKQBF!B9%=BCIC2CH�� '�
�� 1:BKP:3P:F�� ���=� B:�BBIIPBK3193C3BK9CC1KB��

)
�#���)#�7=�1KH311B3��

I1�� (�����*&
�$�����#
�0�
���7�
�'��������	��.
�&����2��������#�
�)����	����7��*���������������		���

�	�������������������������	��������������	�������	�	�����-�"�
����"�
���
���)������	����1::CQIF!BB%=B1KH299��

'�
�� 1::CP:3PBK�� ���=� B:�BBKHP,����1::I�BK9C13�� )
�#��� )#�7=� BC9HF:KKQ� )
�#���  ��	���� )# �7=�

)# )# 9C1IIBB��

IK�� 7��	��� #
� �����7�
�7������&*
�#��A�����>.
�.�	�����7*
����������>
�)���	�&�
����������.-
�

#������7(��'���������������	�����
�	�������������������������	�����	���������������������		����	�����������	���	��

������	���� ��	�� ����������� �����	��� ����������� ;����� =� �� ,�
����� ��� ��
�������� 1::9QB1I!)	� 3%=BB:B2I�� '�
��

1::9P:KP:3�����=�B:�B:FKP�����P���B1H��)
�#���)#�7=�B9FFCFB9��

I9�� )���	���� *��� $
�����	�� �������	�� ��� ��������� 	�����=� ������	���� ���� �����	������ ���	������ $	�	� #����

BFCFQC!9%=9KB29:��'�
��BFCFP:9P:B�����=�B:�B::1P����9IC::C:9:I��)
�#���)#�7=�1I1I9HI��

-198-



I3�� $������ $
� "����	� T
� *�
����
� �
� (��	A� �
� *
������ �
� .�������� -)�� '���
�	���� ��� ������ �	������

��	���	����������	����
��������
��	������
��2	�
	����	���#���������.�����1:B:QB9!K%=KIK2CF��'�
��1:B:P:KPB1��

���=�B:�B:BHP,�������1:B:�:1�::1��)
�#���)#�7=�1:1BF9BB��

IH�� &������'
�;���������"
�7�����#&
�(���������-
�-����������7
�)�
��������
�*��������7)
� ����'
�

(�,������7
�>���� 
�/����	���2&
		����;
�Z���������*��.����� ����;�����.	������ ���#
�	�����$���������� -�

"�
�����������1:BFQ1F!9%=31I2K3��'�
��1:BFP:3PBB�����=�B:�BBBBP,���B1H13��)
�#���)#�7=�KB:I9BF1��

-199-



CHAPTER 5: PATIENT-REPORTED OUTCOMES CAN 

PREDICT SURVIVAL TIME IN MULTIPLE SCLEROSIS: A 

COHORT STUDY USING THE MULTIPLE SCLEROSIS 

IMPACT SCALE–29 

Chapter 5

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

A Cohort Study using the Multiple Sclerosis Impact Scale–29

�
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V.2 ABBREVIATIONS
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V.3 INTRODUCTION 
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V.3.1 Surrogates for prognosis: capturing the patient experience 
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V.3.2 Patient reported outcomes in other disease areas 
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V.3.3 The Multiple Sclerosis Impact Scale–29 
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V.4 METHODOLOGY 
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V.4.1 Study population 
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V.4.2 Outcome measures 
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V.4.3 Statistical analysis 
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V.4.4 Analysis history 
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V.4.5 Contribution to work 
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V.5 NATALIZUMAB COHORT RESULTS 
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V.5.2 Subject characteristics 
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Table 13: Baseline characteristics of PwMS and HCs. DMT = disease-modifying therapy. Standard 

deviations shown in brackets.
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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 t

tests: * = p < 0.05; ** = p < 0.01; *** = p < 0.001. The PwMS group had scores associated with greater

disability, compared with the HC group.
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V.5.3 MSIS-29 score is increased in subjects with MS 
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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 t test. Error bar represent mean +/- 95% confidence intervals.  MSIS-29 = 

Multiple Sclerosis Impact Scale–29; PHYS = physical subscale. PSYCH – psychological subscale. 
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V.5.4 MSIS-29 scores improve after natalizumab in those responding to treatment 
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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 t 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 

�
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Characteristic n Male sex Age Disease 

duration

Baseline 

MSIS-29-

PHYS

Baseline 

MSIS-29-

PSYCH

Included in the 

study?

�

<��� 1
B1H� 9FH�!1K�KN%� 39�:�!BB�F%� BC�3�!B3�:%� H1�:�!1:�3%� 1K�H�!C�I%�

"�� ICC� BC1�!1K�BN%� 33�C�!BK�K%� BC�9�!BB�K%� "P.� "P.�

�-���
�� � :�CF9� <0.001� :�C1I� "P.� "P.�

Imputed data? �

"�� B
C3K� 9KF�!1K�IN%� 3K�3�!BB�I%� BI�F�!B9�3%� HB�9�!1:�3%� 1K�H�!C�C%�

<��� 1IK� 3I�!1:�FN%� 3I�9�!B1�F%� 1K�K�!BH�C%� H3�C�!1:�9%� 1K�K�!C�H%�

�-���
�� � :�K:3� <0.001� <0.001� 0.001� :�9C9�

prEDSS 

completed?

�

<��� HK:� B31�!19�BN%� 3:�F�!B1�K%� BH�F�!BI�:%� H1�B�!1:�9%� 1K�C�!C�I%�

"�� B
9FH� K99�!1K�:N%� 33�1�!BB�3%� BF�1�!BK�F%� HB�F�!1:�H%� 1K�3�!C�I%�

�-���
�� � :�3IK� <0.001� <0.001� :�F:F� :�93I�

1-year repeat 

MSIS-29

completed?

�

<��� CI1� BCC�!1B�HN%� 33�B�!BB�B%� BC�1�!BK�9%� H:�H�!BF�3%� 1K�:�!C�K%�

"�� B
139� K:C�!19�HN%� 3K�B�!B1�9%� BC�C�!B3�F%� HK�:�!1B�B%� 19�:�!F�:%�

�-���
�� � :�B:I� <0.001� :�9:I� 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 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 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.
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V.6.2 A higher MSIS-29-PHYS score is associated with reduced survival time 
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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 

duration

Baseline 

MSIS-29-

PHYS

Baseline 

MSIS-29-

PSYCH

MSIS-29-PHYS 

score

�

1:4K3� 1I9� 99�!BH�BN%� 9F�B�!BB�B%� B3�C�!B9�:%� 1I�3�!9�I%� B9�H�!3�:%�

KH43B� KC3� I:�!BC�1N%� 3K�:�!BB�C%� BI�9�!B3�3%� 99�:�!9�3%� BF�C�!H�H%�

314HC� H:B� B9H�!19�KN%� 39�F�!B1�:%� BF�:�!B3�B%� H:�H�!9�C%� 1K�H�!I�1%�

HF4C9� 393� BKI�!13�BN%� 33�9�!B1�B%� BF�3�!B3�3%� IH�:�!9�H%� 1H�I�!I�F%�

C34B::� K1B� FF�!K:�CN%� 33�B�!BB�1%� BF�I�!BK�1%� F1�:�!9�F%� K:�3�!F�:%�

�2���
�� � <0.001 <0.001� 0.003 <0.001� <0.001�

MSIS-29-

PSYCH score

�

F4BH� 313� BB3�!1B�FN%� 33�K�!B1�:%� BF�C�!B3�H%� 9H�C�!1:�:%� B1�F�!1�1%�

BI41K� 3FC� B9K�!1K�FN%� 39�H�!B1�B%� BC�F�!B3�:%� 3F�1�!BI�H%� 1:�B�!1�:%�

194K:� 3B1� B19�!19�1N%� 3K�H�!BB�I%� BI�F�!B9�C%� HI�1�!BH�9%� 1H�I�!1�:%�

KB4KI� K1H� CK�!13�3N%� 31�9�!BB�C%� BC�:�!B9�F%� I9�:�!B9�I%� KK�I�!1�:%�

KC493� B3C� K:�!BF�:N%� 3B�9�!BB�1%� BH�1�!B1�9%� C1�B�!B9�I%� 9:�C�!1�K%�

�2���
�� � :�CK9� <0.001 :�:3K� <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.
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V.6.3 A higher MSIS-29-PSYCH score is associated with reduced survival time 
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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 
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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.

�

Parameter
Hazard 

ratio

95% hazard ratio 

confidence limits p-value

Lower Upper

prEDSS, per 1 SD (2.2) B�F31� B�:13� K�IBC� :�:91�

MSIS-29-PHYS, per 1 SD (20.3) B�IH1� B�:3I� 1�FKC� :�:K:�

MSIS-29-PSYCH, per 1 SD (8.7) :�F:3� :�HKB� B�1FI� :�3CI�

Age, per year B�:I:� B�:91� B�:FF� d:�::B�

Sex, male versus female B�1KI� :�H11� 1�93F� :�399�

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.
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V.6.5 Increase in the MSIS-29-PHYS score over one year is associated with reduced 

survival time 

�
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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 20–84, 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 
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V.11 APPENDIX - MULTIPLE SCLEROSIS IMPACT SCALE (MSIS-29) 

� ��������������@
��	���������������
�����������
	�	��������	����#$������
�����2	�2���������

during the past two weeks��

� ����������	�	����	
��������circle�	���one��
�����	��	�best�������������
����	
�	�����

� )�������������all�@
��	������

�

In the past two weeks, how 

much has your MS limited your 

ability to...�

"�	�

�	�����

.�

��		���

#�����	���� _
�	��

����	�

'�	�������

�

1.� Do physically demanding 

tasks?

B� 1� K� 9� 3�

2.� Grip things tightly (e.g. 

turning on taps)?�

B� 1� K� 9� 3�

3.� Carry things? B� 1� K� 9� 3�

�

In the past two weeks, how 

much have you been bothered 

by...�

"�	�

�	�����

.�

��		���

#�����	���� _
�	��

����	�

'�	�������

�

4.� Problems with your 

balance?

B� 1� K� 9� 3�

5.� Difficulties moving 

about indoors?�

B� 1� K� 9� 3�

6.� Being clumsy? B� 1� K� 9� 3�
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7.� Stiffness? B� 1� K� 9� 3�

8.� Heavy arms and/or legs? B� 1� K� 9� 3�

9.� Tremor of your arms or 

legs?

B� 1� K� 9� 3�

10.� Spasms in your limbs? B� 1� K� 9� 3�

11.� Your body not doing 

what you want it to do?�

B� 1� K� 9� 3�

12.� Having to depend on 

others to do things for 

you?�

B� 1� K� 9� 3�

�

Please check that you have answered all the questions before going on to the next 

page�

®2000 Neurological Outcome Measures Unit, 4th Floor Queen Mary Wing, NHNN, 

Queen Square, London WC1N 3BG, UK�
�

�

�

�
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In the past two weeks, how much 

have you been bothered by...�

"�	�

�	�

����

.�

��		���

#�����	���� _
�	��

����	�

'�	�������

�

13.� Limitations in your social 

and leisure activities at 

home?�

B� 1� K� 9� 3�

14.� Being stuck at home more 

than you would like to be?�

B� 1� K� 9� 3�

15.� Difficulties using your 

hands in everyday tasks?�

B� 1� K� 9� 3�

16.� Having to cut down the 

amount of time you spent 

on work or other daily 

activities?�

B� 1� K� 9� 3�

17.� Problems using transport 

(e.g. car, bus, train, taxi, 

etc.)?�

B� 1� K� 9� 3�

18.� Taking longer to do 

things?

B� 1� K� 9� 3�

19.� Difficulty doing things 

spontaneously (e.g. going 

out on the spur of the 

moment)?�

B� 1� K� 9� 3�
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20.� Needing to go to the toilet 

urgently?�

B� 1� K� 9� 3�

21.� Feeling unwell? B� 1� K� 9� 3�

22.� Problems sleeping? B� 1� K� 9� 3�

23.� Feeling mentally fatigued? B� 1� K� 9� 3�

24.� Worries related to your 

MS?

B� 1� K� 9� 3�

25.� Feeling anxious or tense? B� 1� K� 9� 3�

26.� Feeling irritable, 

impatient, or short 

tempered?�

B� 1� K� 9� 3�

27.� Problems concentrating? B� 1� K� 9� 3�

28� Lack of confidence? B� 1� K� 9� 3�

29.� Feeling depressed? B� 1� K� 9� 3�

�

Please check that you have circled ONE number for EACH question�

2000 Neurological Outcome Measures Unit, 4th Floor Queen Mary Wing, NHNN, 

Queen Square, London WC1N 3BG, UK�
�

�
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CHAPTER 6: CONCLUSIONS 

Chapter 6

Conclusions

� �
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VI.1 ABBREVIATIONS 

�

7#�� 7������2����������	�������

#$� #
�	���������������

#$�$21F� #
�	�����$��������������	�$����21F�

)'�� )���	�������������	����������

�$)0� BC�7��	��������	������	����
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VI.2 CONCLUSIONS 

The past 30 years have brought tremendous progress in our understanding of multiple sclerosis 

(MS) and our approach to treatment.1,2 We now have a range of licensed disease-modifying 

therapies (DMTs) including β-interferons, glatiramer acetate, dimethyl fumarate, 

teriflunomide, fingolimod, cladribine, alemtuzumab, natalizumab and ocrelizumab, with more 

potential therapies in the therapeutic pipeline.3 For subjects with relapsing MS, these DMTs 

are effective in reducing relapse rate and new MRI lesions.4, 5 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.3-8 What’s more, there

is marked heterogeneity between individuals in response to treatment, and the factors that 

determine this heterogeneity remain largely undefined.2, 9-11

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 

ideals of ‘the right treatment for the right patient at the right time’.12

Improved outcome measures are required to help address the above needs. 

A biomarker which can quantify the rate 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’). 
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RESEARCH ARTICLE

Inflammatory Activity on Natalizumab
Predicts Short-Term but Not Long-Term
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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.
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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.

Inflammatory Activity and Disability Outcomes after Natalizumab
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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 newMRI 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 1st 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
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throughout the study period, 9 stopped natalizumab after 1+ year of treatment and switched to

a new 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 newMRI 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;

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.g001
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Fig 2A–2D). Those with lowModified 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, CI 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 lowerModified 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

Table 2. Characteristics of study cohort, presented asmean � 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 2.9 
 1.2
Pre natalizumab EDSS 4.2 
 1.8 4.1 
 1.9 4.4 
 1.6
Most recent EDSS 4.5 
 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
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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

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 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).

doi:10.1371/journal.pone.0169546.g002
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point (Year 1: 25/113 vs 4/28 EDSS progression for those without and with newMRI 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 newMRI 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 newMRI 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 3I–3L). Again, there was a paradoxi-

cal trend towards lack of newMRI 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, CI 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, CI 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, CI 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,

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
Progression in year 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.g003
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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 newMRI 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, CI 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 T2MRI 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]

Fig 4. Results remain consistent after exclusion of those that switched to other treatment. After exclusion of patients who switched
from natalizumab to other diseasemodifying treatment. 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).

doi:10.1371/journal.pone.0169546.g004
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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 newMRI 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

Inflammatory Activity and Disability Outcomes after Natalizumab
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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 [11C]PK-11195 limits accurate quantifica-
tion. [18F]GE-180, a novel TSPO ligand, displays superior
binding to [11C]PK-11195 in vitro. Our objectives were to:
(1) evaluate tracer characteristics of [18F]GE-180 in the brains
of healthy human subjects; and (2) investigate whether the
TSPO Ala147Thr 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 [18F]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 (VT) across var-
ious regions of interest (ROIs). Secondary outcome measures
were the standardized uptake values (SUV), the

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 (K1) was
0.01 mL cm−3 min−1 indicating low extraction across the
blood–brain barrier (1 %). The estimated median VT across
all ROIs was also low, ranging from 0.16 mL cm−3 in the
striatum to 0.38 mL cm−3 in the thalamus. There were no
significant differences in VT between HABs andMABs 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 VT estimates in healthy
individuals. There was no observable dependency on the rs6971
polymorphism as compared to other second-generation TSPO
PET tracers. Investigation of [18F]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 (CNS) 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 [11C]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 [11C]PK-11195 is lim-
ited by a high nonspecific signal, making nonstandard ap-
proaches to data analysis necessary [9]. In addition, because
11C has a half-life of 20.3 min, the use of [11C]PK-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. [18F]GE-180 is a nov-
el fluorinated radiotracer that binds to the TSPO with high
affinity [10]. Developed from a series of tricyclic indoles,
[18F]GE-180 has demonstrated superior specific binding af-
finity to [11C]PK-11195 in animal models of acute neuroin-
flammation [11] and stroke [12]. The 18F radiolabel, with a
half-life of 109.8 min, also makes [18F]GE-180 more suitable
than 11C-based compounds for long-distance distribution, en-
abling widespread clinical use.

Other second-generation TSPO radiotracers (e.g.
[11C]PBR-28, [18F]PBR-06, [11C]-DAA1106, [11C]-
DPA713, [18F] 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 Ala147Thr 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 [18F]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/LO/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,

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

DNAwas extracted using a Qiagen QIAmp DNA blood mini
kit. TSPO genotyping of the c.439A >G (p.Thr147A1a) (SNP
rs6971) was performed using a TaqMan 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 [18F]GE-180

[18F]-Fluorine was produced by the 18O(p,n)18F nuclear reac-
tion on a GE PETtrace 8 cyclotron (The Grove Centre,
Amersham, UK). All radiochemistry was performed on a
GE FASTlab synthesizer with single-use cassettes. The aver-
age synthesis timewas 43mins, 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.

PETstudies 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 × 15, 3 × 60, 5 × 120, 5 × 300, 5 × 600 s) using
filtered back-projection (matrix size 168 × 168, zoom 2.6, 5-
mm gaussian filter, pixel size 1.56 × 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 [18F]
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,
S w e d e n ) c o n n e c t e d t o t h e s u b j e c t v i a a
1.5 m × 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 [18F]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 × 256, voxel size 1 × 1 × 1 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 (1TC) 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 (K1; mL cm−3

min−1), total distribution volume (VT: mL cm−3), 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 VT 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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Results

Injection of [18F]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 VT in either HABs and
MABs in any of the ROIs s tudied (Spearman ’s
rho = −0.3 – 0.7 p = 0.188 – 0.873 in HABs; Spearman’s
rho = 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 [18F]GE-180 peaked at
about 45 s and then showed a rapid decrease (Fig. 2a).
The fraction of unchanged [18F]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

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
p ro f i l e s fo r HABs and MABs a r e 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

Fig. 1 Overview of data analysis. The MIAKAT™ analysis toolkit was used for image processing (a), blood data processing (b) and kinetic modelling
(c) of the PET data
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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. 4c
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 affectedVTestimates.Whenwe 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

was selected as the model to use for further analysis and gave
average rate constants (across all regions and subjects) of
K 1 = 0 . 013 mL cm − 3 m in − 1 , k 2 = 0 . 229 m in − 1 ,
k3 = 0.035 min−1 and k4 = 0.010 min−1, resulting in
VT = 0.311 mL cm−3 (Table 1).

K1 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

Fig. 2 Blood data. a Whole
blood (red) and parent in plasma
(black) curves for one subject. b
The fraction of unchanged parent
compound over time for high-
affinity binders (HAB, red) and
mixed-affinity binders (MAB,
blue). c Plasma-to-blood ratio
over time for HABs and MABs.
Values are plotted in b and c as
means ± standard error of the
mean

Fig. 3 Imaging data. Time–
activity curves (TACs) are shown
for high-affinity binders (HAB)
and mixed-affinity binders (MAB)
in the frontal grey matter (a) and
thalamus (b). Standardized
uptake values (SUV) are plotted
as mean ± standard error of the
mean. c SUV image calculated
from the 60 – 90-min PET frames
superimposed on the coregistered
T1-weighted MR image in a
representative MAB subject
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constants. The Logan graphical method was also used to esti-
mate the VT in each ROI (Table 1). A representative plot is
shown in Fig. 4b. Pooled VT estimates from the 2TC model
were positively correlated with VT from the Logan method
(Pearson’s r = 0.630, p < 0.0001; regression equation
VT(Logan) = 0.3 × VT(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).

Time stability analysis and outcome measures

The time stability analysis of the 2TC model demonstrated an
increasing VT 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).

Table 1 Parameter estimates and model fits

Model Region K1 (mL/min) k2 (/min) k3 (/min) k4 (/min) VT (mL/cm
3) Distribution

volume ratio
AIC
winsa

1TC Frontal
lobe

0.00472 (0.0041 –
0.006)

0.0271 (0.023 –
0.028)

0.171 (0.15 –
0.22)

0.939 (0.94 – 0.95) 2/10

Parietal
lobe

0.00513 (0.004 –
0.0061)

0.027 (0.024 –
0.028)

0.19 (0.16 –
0.22)

0.969 (0.96 – 1) 1/10

Temporal
lobe

0.00514 (0.0048 –
0.006)

0.0266 (0.025 –
0.028)

0.182 (0.17 –
0.24)

1.04 (1 – 1) 0/10

Occipital
lobe

0.00621 (0.0057 –
0.0074)

0.03 (0.025 –
0.032)

0.214 (0.19 –
0.25)

1.12 (1.1 – 1.2) 0/10

Thalamus 0.00555 (0.0046 –
0.0058)

0.0261 (0.024 –
0.028)

0.182 (0.17 –
0.24)

1.03 (0.96 – 1.1) 0/10

Striatum 0.00358 (0.003 –
0.0046)

0.0241 (0.021 –
0.025)

0.155 (0.14 –
0.2)

0.826 (0.78 – 0.89) 8/10

Cerebellum 0.00656 (0.0054 –
0.0076)

0.0339 (0.034 –
0.034)

0.178 (0.16 –
0.22)

0.968 (0.91 – 1) 0/10

2TC Frontal
lobe

0.0102 (0.0089 –
0.013)

0.195 (0.15 – 1.6) 0.0301 (0.024 –
0.15)

0.00653 (0.004 –
0.017)

0.346 (0.26 –
0.5)

0.984 (0.96 – 1.2) 8/10

Parietal
lobe

0.0116 (0.011 –
0.014)

0.192 (0.15 –
0.25)

0.0334 (0.025 –
0.039)

0.00873 (0.0045 –
0.014)

0.33 (0.31 –
0.42)

1.01 (0.98 – 1.1) 9/10

Temporal
lobe

0.0143 (0.012 –
0.032)

0.217 (0.16 – 1.3) 0.0348 (0.03 –
0.15)

0.00927 (0.0063 –
0.016)

0.306 (0.27 –
0.42)

0.958 (0.93 – 1) 10/10

Occipital
lobe

0.0238 (0.019 –
0.031)

0.385 (0.2 – 0.62) 0.0395 (0.036 –
0.054)

0.0101 (0.0062 –
0.014)

0.35 (0.3 –
0.52)

1.07 (0.97 – 1.1) 10/10

Thalamus 0.0118 (0.011 –
0.014)

0.16 (0.14 – 0.2) 0.0315 (0.026 –
0.042)

0.00881 (0.0062 –
0.012)

0.376 (0.28 –
0.41)

0.922 (0.81 – 1.1) 10/10

Striatum 0.00413 (0.0033 –
0.0088)

1.14 (0.66 – 1.7) 4.89 (0.62 – 9.1) 0.14 (0.027 – 0.21) 0.155 (0.14 –
0.22)

0.451 (0.41 – 0.71) 2/10

Cerebellum 0.0224 (0.016 – 1.3) 0.319 (0.23 – 78) 0.0331 (0.029 –
0.091)

0.0113 (0.0084 –
0.018)

0.281 (0.25 –
0.33)

0.916 (0.69 – 0.98) 10/10

Logan Frontal
lobe

0.265 (0.23 –
0.33)

0.931 (0.92 – 0.97)

Parietal
lobe

0.284 (0.23 –
0.35)

0.996 (0.93 – 1)

Temporal
lobe

0.312 (0.24 –
0.36)

1.01 (0.95 – 1.1)

Occipital
lobe

0.34 (0.3 –
0.39)

1.14 (1.1 – 1.2)

Thalamus 0.3 (0.26 –
0.31)

0.991 (0.98 – 1)

Striatum 0.25 (0.21 –
0.29)

0.844 (0.7 – 0.92)

Cerebellum 0.29 (0.24 –
0.3)

0.99 (0.91 – 1)

Data are presented as medians (interquartile ranges)
a 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)
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Discussion

Here we describe the characterization and quantification of the
novel TSPO tracer [18F]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 1TC 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: K1, VT,
SUV, DVR and SUVR with the cortical grey matter as
a pseudo reference region. In addition, we investigated
whether the TSPO Ala147Thr polymorphism in the
TSPO binding site influenced these outcome measures
[14, 22].

There was consistent and stable metabolism of [18F]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

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 uptakemight 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 [18F]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 ofVTas
this is based on the integral of the impulse response function
(i.e. integral/area under the curve of plasma input function)
[23].K1 could be affected by dispersion but would still remain

Fig. 4 Kinetic modelling and
time stability analysis. a Model
fits are shown for one-tissue
compartment model (reversible
1TC, dashed line) and two-tissue
compartment model (reversible
2TC, red line) against a time–
activity curve (black dots) for the
parietal lobe. b Logan plot (black
dashed line the most linear
portion of the curve) for the same
time–activity curve as in a. c
Parietal lobe time–activity curve
(solid line), 5 % whole-blood
activity curve (red line) and the
curve of the difference between
the two curves (dashed line)
highlights the significant
contribution of blood signal to the
time–activity curve. d Estimates
of two-tissue compartment model
VT calculated for 40 – 90-min
scan windows in 10-min
increments plotted as the absolute
percentage difference compared
to the final 90-min VT for the
parietal lobe and cerebellum grey
matter regions of interest. The
values plotted are means
± standard error of the mean
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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, K1, 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 K1 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, [18F]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
(ABCG2), as can be seen with other tracers with low BBB
penetration [24]. Third, the low K1 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 alpha1-acid glycoprotein [25]. However, in the case of
[18F]GE-180, the binding affinity to these or other plasma
proteins may be considerable. A limitation of this study was

that the protein binding of [18F]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 [18F]GE-180 using
the 2TC model across all subjects and brain regions ranged
from 0.16 to 0.38 mL cm−3. There was little variability across
brain regions.VTestimates were lower than those observed for
some other second-generation TSPO tracers (e.g. 4.1 ± 1.6 mL
cm−3 for [11C]-PBR-28 in grey matter [26], and
0.72 – 1.06 mL cm−3 for [11C]PK-11195 [27]).

Our time stability analysis demonstrated that VT did not
reach a stable level but continuously increased over the 90-
min scanning window. This might have led to underestimation
of VT. 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’ VT 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

Fig. 5 Outcome measures. Six
outcome measures for seven
regions of interest (red high-
affinity binders, blue mixed-
affinity binders). a Two-tissue
compartment model volume of
distribution (2-TC VT). b Volume
of distribution estimated using
Logan plot (Logan VT). c
Distribution volume ratio from
the two-tissue compartment
model using cortical grey matter
as a reference region (2-TC DVR).
d Distribution volume ratio
estimated using Logan plot and
cortical grey matter as a reference
region (Logan DVR). e 60 –
90 min standardized uptake
values (e SUV). f 60 – 90 min
standardized uptake value ratios (f
SUVR) using cortical grey matter
as a reference region
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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. [11C]PBR28 [19].

No evidence of an effect of TSPO genotype on any of our
outcomemeasures was found. No differences in K1, VT, DVR,
SUVor SUVR between MABs and HABs were found. This
was an unexpected finding, as in vitro work with cold GE-180
displacing [3H]PK11195 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 HABs, 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 VT in any of the ROIs.

In summary, we report the first PETstudies of [18F]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 VT 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 [11C]PK-11195 in vivo.
However, more work with [18F]GE-180 in humans would be
informative and should include studies in patients with
neuroinflammatory conditions to assess signal in the presence
of upregulated 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 (VND) 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 VND for ligands
for the 18-kDa translocator protein (TSPO) has recently been developed which compares the total
volume of distribution (VT) before and after administration of the TSPO ligand XBD173. Here, we used
XBD173 with an occupancy plot to quantify VND for two TSPO radiotracers, [18F]GE-180 and
[11C]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 VND

without receptor blockade.
Procedures: Twelve people withMS underwent baselineMRI and 90-min dynamic [18F]GE-180 PET or
[11C]PBR28 PET (n=6; three HAB, three MAB each). Arterial blood sampling was used to generate
plasma input functions for the two-tissue compartmentmodel.VNDwas calculated using two independent
methods: the occupancy plot (bymodelling 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 brainVT (mean ± standard deviation) was 0.29± 0.17ml/cm3 for [18F]GE-180 and 5.01
±1.88 ml/cm3 for [11C]PBR28. Using the occupancy and polymorphism plots respectively, VND for
[18F]GE-180 was 0.11 ml/cm3 (95 % CI =0.02, 0.16) and 0.20 ml/cm3 (0.16, 0.34), accounting for, on
average, 55% ofVT in the whole brain. For [

11C]PBR28, these values were 3.81ml/cm3 (3.02, 4.21) and
3.49 ml/cm3 (1.38, 4.27), accounting for 67 % of average whole brain VT.
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Conclusions: Although VT for [18F]GE-180 is low, indicating low brain penetration, half the signal
shown by MS subjects reflected specific TSPO binding. VT for [11C]PBR28 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, [18F]GE-180,
[11C]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 (VND) in vivo.
In short, for the TSPO ligand of interest, the total volume of
distribution, VT, is calculated both before and after blockade
with the TSPO ligand XBD173. VND is derived from the x-
intercept of the graph of V baseline

T against V baseline
T −V block

T (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 VND to be derived from the x-intercept of
VHAB

T against VHAB
T −VMAB

T (see ‘Materials and Methods’).
One recently developed ligand, [18F]GE-180, has

exhibited a higher signal to background ratio than (R)-
[11C]PK11195 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 [18F]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 [18F]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 [18F]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 [11C]PBR28 [6]. Here, we describe a similar
blocking study to investigate whether (and what propor-
tion of) [18F]GE-180 and [11C]PBR28 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 [18F]GE-180-scanned participants, 13/LO/1916
[11C]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 [18F]GE-180 or [11C]PBR28 PET
scan. One week later [18F]GE-180, or on the afternoon of the
same day [11C]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 [11C]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−1 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 ([18F]GE-180) or 0, 5, 10, 15, 20, 25, 30, 40, 50,
60, 70, 80 and 90 min ([11C]PBR28) for metabolite analysis.
For [18F]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 μm. For [11C]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 [18F]GE-180 underwent MR
scans on a 3-T Siemens Magnetom MR B19 scanner,
including T1 magnetisation prepared rapid gradient echo
(MPRAGE) sequences. [18F]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 × 168 ×
148 mm3. The tracer was injected as an intravenous bolus
over the course of 30 s with a target dose of 185 MBq. List-
mode data were histogrammed into 24 frames (6 × 15 s, 3 ×
60 s, 5 × 120 s, 5 × 300 s and 5 × 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 [11C]PBR28, 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 × 15 s, 3 × 60 s, 5 × 120 s,
5 × 300 s and 5 × 600 s) and reconstructed using FBP with a
5-mm Gaussian filter. For [18F]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 T1 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

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

f parent tð Þ ¼ f p:
1

1− ABu
uBþC

� �
8<
:

9=
;, where fp is the free fraction of

parent tracer and A, B, C and u are constants. This was
multiplied with the continuous whole blood data to produce
a metabolite-corrected arterial plasma input function. VT 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
(VND) and displaceable (VS) components of the total volume
of distribution (VT). Of these methods, two were indepen-
dent: the occupancy plot (methods 1a and 1b) and the
polymorphism plot (method 2).

Method 1a: Occupancy Plot with Individual VND

The occupancy plot is an adaptation of the Lassen plot
described by Cunningham et al. [4]. Given that V baseline

T

¼ V S þ VND (basel ine condi t ion) and V block
T ¼ V S

1−Occdrug
� �þ VND (block condition), it follows that

V baseline
T −V block

T ¼ Occdrug: V baseline
T −VND

� �
: Thus, plotting

V baseline
T against V baseline

T −V block
T allows derivation of VND (x-

intercept) and the occupancy of XBD173 (slope). This
method assumes that VND 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 VND

In order to calculate a group VND, 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 (VND) 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, VHAB

T −VMAB
T ¼ Δ VHAB

T −VND

� �
, where Δ is a constant

(BP
HAB
ND −BPMAB

ND

BPHABND
Þ relating to the non-displaceable binding poten-

tial, BPND, for HABs and LABs, respectively. Again, a plot
of VHAB

T against VHAB
T −VMAB

T thus gives VND as the x-
intercept.

Statistics

Linear regressions were generated in Matlab (R2018a, The
MathWorks, Inc., MA, USA) and VT and VND results are
expressed as mean ± standard deviation (SD). For each
tracer, VTs 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).

Results

Demographics

The mean age of participants scanned with [18F]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 [11C]PBR28,
mean age was 40.5 ± 9.0 years (unpaired t test: p = 0.25, not
significant, ns, compared to [18F]GE-180), mean age of
onset was 35.4 ± 6.2 years (p = 0.78, ns compared to
[18F]GE-180) and EDSS ranged between 1 and 6.5 (p =
0.13, ns compared to [18F]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 [18F]GE-180 but a small decrease was evident
with [11C]PBR28. VTs 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 VTs with both tracers.

[18F]GE-180 Binds Specifically to TSPO

Mean whole brain baseline VT was 0.29 ± 0.17 ml/cm3 for
[18F]GE-180 and 5.31 ± 1.53 for [11C]PBR28. There were
no significant differences in VT between any ROIs for
[18F]GE-180. For [11C]PBR28, the putamen was elevated
over NAWM (p = 0.03).

Blockade with XBD173 confirmed that both [18F]GE-180
and [11C]PBR28 exhibit specific binding in theMS brain. Of the

Table 1.. Summary of participant demographics for those scanned with [18F]GE-180 and [11C]PBR28

Tracer Participant HAB/MAB Sex Age/age at onset (years) EDSS Previous DMTs; current DMT

[18F]GE-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

[11C]PBR28 G HAB F 44/40 6.5 Natalizumab; natalizumab
H MAB M 29/27 1.0 DF; DF
I 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, IVIG
intravenous immunoglobulin, IB interferon-beta, AHSCT autologous haematopoietic stem cell transplantation, DF dimethyl fumarate, MSC mesenchymal stem
cell therapy, MCTD mixed connective tissue disease
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12 participants, one displayed no measureable occupancy and
was excluded from further analyses (participant K, HAB
scanned with [11C]PBR28). Mean whole brain baseline VT for
the remaining [11C]PBR28 participants was 5.43 ± 1.68 ml/cm3.

Method 1a, the unconstrained occupancy plot, gave a mean VND
of 0.18 ± 0.05 ml/cm3 for [18F]GE-180 and 3.65 ± 1.79 ml/cm3

for [11C]PBR28. Method 1b, using an occupancy plot and
constraining the x-intercept across participants, gave mean VND

Fig. 1 Hammers atlas filled with VT results in transverse view a pre- and b post-XBD173 administration, for participant F
scanned with [18F]GE-180. VT (ml/cm3) for each region is mapped onto the participant’s regional atlas in patient space. Sum
60–90 min PET images (kBq ml−1) for the same subject in transverse view c pre- and d post-XBD173 administration. e T1 MRI
for same subject.

Fig. 2 Hammers atlas filled with VT results in transverse view a pre- and b post-XBD173 administration, for participant H
scanned with [11C]PBR28. VT (ml/cm3) for each region is mapped onto the participant’s regional atlas in patient space. Sum 60–
90 min PET images (kBq ml−1) for the same subject in transverse view c pre- and d post-XBD173 administration. e T1 MRI for
same subject.
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estimates of 0.11 and 3.81 ml/cm3 respectively. Method 2, using
a polymorphism plot, produced VND estimates of 0.20 and
3.49 ml/cm3, respectively (Figs. 3 and 4). With VND estimates of
0.16 ± 0.05ml/cm3 (mean of the threemethods) for [18F]GE-180
and 3.65 ± 0.16 ml/cm3 for [11C]PBR28 and mean baseline
whole brain VT of 0.29 and 5.43 ml/cm3, respectively, the
specific binding (VS = VT −VND) accounted for 45 % of total
VT in the brain for [

18F]GE-180 (57 % HABs; 20 %MABs) and
33 % for [11C]PBR28 (37 % HABs; 25 % MABs). The
reduction in uptake for both tracers post-XBD173 administration
is further highlighted in Fig. 5, where a clear decrease inVT in the
majority of ROIs is observed. Furthermore, BPND (¼ VT

VND
−1)

was used to calculate the mean HAB/MAB signal ratio for each
tracer using these mean VND values. For [18F]GE-180, this was
5.45 ± 3.29 (p G 0.01), while for [11C]PBR28, the HAB/MAB
ratio was 3.21 ± 1.27 (p G 0.01).

Specific Binding to TSPO Is Ubiquitous in the MS
Brain

For [18F]GE-180, VS accounted for between 39 % (striatum)
and 54 % (thalamus) of total binding in the selected ROIs

(mean ± SD, 45 ± 5 %). For [11C]PBR28, 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 VT between 0.25 and 0.56 ml/cm3 and
between 3.99 and 7.39 ml/cm3, 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
(VND) of the TSPO PET tracers [18F]GE-180 and
[11C]PBR28 in people with MS. We found that VND

accounts for, on average, 55 and 67 % of the total binding
of [18F]GE-180 and [11C]PBR28, respectively, indicating
that the remaining 45 or 33 % are attributable to specific
signal (VS).

[18F]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
[18F]GE-180 in people with glioblastoma [23] and in people

Fig. 3 a Individual linear regression with occupancy plot, b constrained x-intercept occupancy plot and c polymorphism plot,
bottom for [18F]GE-180. VND is derived from the x-intercept. Different symbols indicate individual patients for a and b; each
symbol represents a region of interest.

Fig. 4 a Individual linear regression with occupancy plot, b constrained x-intercept occupancy plot and c polymorphism plot,
bottom for [11C]PBR28. VND 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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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 [18F]GE-180 with [11C]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
[18F]GE-180 quantification. To our knowledge, ours is the
first study assessing non-displaceable binding of [18F]GE-
180 and comparing both tracers in disease cohorts. Our
results argue that, despite low brain penetration [13, 14],
[18F]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 [18F]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 [18F]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 [18F]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 VTs are preferable in a tracer, it is crucial to
understand what proportion of VT is driven by VND. 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 VND 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

Fig. 5 Bar graph plots of average regional VT pre- and post-blockade for HABs and MABs for a and b: [18F]GE-180; c and d:
[11C]PBR28. e and f: HAB vs. MAB group VT estimates for each tracer (n = 6 [18F]GE-180; n = 5 [11C]PBR28).
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VND results from both methods (including free and fixed-
intercept occupancy plots) were in good agreement for both
tracers, giving an average VND of 0.16 ± 0.05 ml/cm3 for
[18F]GE-180 and 3.65 ± 0.16 ml/cm3 for [11C]PBR28. In this
study, we also demonstrate that VT is consistently greater
than VND for both [18F]GE-180 and [11C]PBR28; 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].

[11C]PBR28 has been validated with blocking experi-
ments prior to our study, both in healthy controls [6, 26] and
in a disease cohort [27]. [11C]PBR28 is generally accepted
as an effective TSPO tracer in vivo [28–32] although
exhibits counterintuitively decreased VT in subjects with
neuroinflammation [29]. In Owen et al. [6], the VND of
[11C]PBR28 was 1.98 ml/cm3 (~ 50 % of VT), while Fujita
et al. [26] reported an average VT of 4.3 ml/cm3 (in HABs)
and a BPND of 1.2, giving a very similar VND of 1.98 ml/cm3

(~ 45 % of VT). In our study, VND for [11C]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 VND may therefore be subject to
some biological variability. Nevertheless, the proportion of
non-specific binding for [18F]GE-180 is comparable to or
even lower than that of [11C]PBR28 (VND ~ 55 vs. ~69 %,
respectively), although absolute VTs are lower [6, 27]. This
result further indicates that [18F]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 VS of
57 and 20 % for [18F]GE-180 and 37 and 25 % for
[11C]PBR28, although the group numbers (n = 3 for both
[18F]GE-180 groups and [11C]PBR28 HABs, n = 2 for
[11C]PBR28 MABs) are too small to draw firm conclusions.

As has been pointed out previously, the brain penetration
of [18F]GE-180 is very low in humans [13–15]. Our
findings also showed low values of VT and K1, indicating
low extraction of the tracer across the blood−brain barrier
(K1 ~ 0.003 vs. 0.2 ml/cm3/min for [11C]PBR28; i.e., ~ 60×
lower). Zanotti-Fregonara and colleagues also noted diffi-
culty in kinetic model fitting of [18F]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 R2

comparable to those seen with [11C]PBR28 (R2 ~ 0.8) and
standard errors on VT estimates G 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,

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 [18F]GE-
180 need not be excluded from use based on this fact. Many
recent studies using [11C]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 [18F]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, [11C]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 [11C]PBR28 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
[11C]PBR28 has been observed to be approximately 1:50
[9], while for [18F]GE-180, this ratio is between 1:5 and 1:15
(personal communication, DRO, WT). In vivo, [11C]PBR28-
scanned MABs express approximately half the signal
compared to HABs [6]. The slope of the polymorphism plot

is equivalent to BPHABND −BPMAB
ND

BPHABND
. For [18F]GE-180, our equivalent

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 [11C]PBR28, 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 [18F]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 VT and with the small
sample size in our study (n = 6), 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 [11C]PBR28 and
1 week for [18F]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 XBD173 in the two cohorts (slopes in the
occupancy plots) varied between 24 and 95 % (fixed-
intercept plot) for [18F]GE-180 and 16 and 220 % for
[11C]PBR28. Clearly, the occupancy of XBD173 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 [11C]PBR28. 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 [11C]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 VND cannot necessarily be assumed to be the
same across regions and a population. If there is indeed a
biological spectrum of VND between individuals, this raises
the interesting possibility that blocking scans should be
included for all participants in all TSPO PET studies to
optimally quantify VS. 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 [18F]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
[18F]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 VT 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 [18F]GE-180
does bind specifically to TSPO in normal appearing white
and grey matter, to an extent that is highly comparable to
[11C]PBR28, 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%

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 worsened over 1 year (HR 2.3, 95% CI

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% CI 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

Whywas this study done?

• 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.

• The Multiple Sclerosis Impact Scale–29 (MSIS-29) questionnaire is a PRO that assesses

quality of life in people with multiple sclerosis (MS).

• 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?

• 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.

• Of the 2,126 participants, 264 died over 10 years of follow-up.

• 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.

• 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.

• 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.

Patient-reported outcomes and survival in multiple sclerosis
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• 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 MS 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 fromMSIS-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.

Patient-reported outcomes and survival in multiple sclerosis

PLOSMedicine | https://doi.org/10.1371/journal.pmed.1002346 July 10, 2017 3 / 15
-294-



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.

Outcomemeasures
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.

Patient-reported outcomes and survival in multiple sclerosis
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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 1A). 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)

Patient-reported outcomes and survival in multiple sclerosis

PLOSMedicine | https://doi.org/10.1371/journal.pmed.1002346 July 10, 2017 5 / 15
-296-



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

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

Patient-reported outcomes and survival in multiple sclerosis

PLOSMedicine | https://doi.org/10.1371/journal.pmed.1002346 July 10, 2017 6 / 15
-297-



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).

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.g001
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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

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
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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,MSMatters, 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

UKMS population in terms of disease characteristics and clinical milestones over the course of

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 andmale 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
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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 howMSIS-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-

dommeasurement 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.

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
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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

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%CI 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
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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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Figure 28

���
���B=�����	���������
����������������2����		�������������������������������
�	�����

������������.���	�������� ����	������� ����
�1::C�1:.���	�������=�

 ����-(
�*�	�����$-
�;��	���#'
�T������(�������A�# 
�#
��A�#�������$
�*�����"
� ������

-
�)�		���.
�(������$'
�Z�����_
�/����"*
�*�������)
�#�������*'
�$	����-#
� ���$*
�

/�������-#
�$�����7-
�7������-��;���������������	�����	���	���#���)������	����1:BI�����=�

B:�B:KCP���1:BI�H1��)
�#���)#�7=�1C9KFB:K��

���	�	�����������
�������E�������	������	����	�������������	��������
������
��=�

%$� �� ����
��������  ����������� ���'
����
������$������ �
���$��&�����#��&
��
� �&&��2������ �/�
.$��$������� �
��� ��������
 �/��� ���'
��
�/���������
�
���
�������������
�/���
#������$��
��������
.
�<�� ���
�������������2

������
����L
������
�
'����������  �
���
���
 ���$� ����������

�

Figure 29
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