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ABSTRACT
Objective Slowly expanding lesions (SELs), a subgroup 
of chronic white matter lesions that gradually expand over 
time, have been shown to predict disability accumulation 
in primary progressive multiple sclerosis (MS) disease. 
However, the relationships between SELs, acute lesion 
activity (ALA), overall chronic lesion activity (CLA) and 
disability progression are not well understood. In this 
study, we examined the ASCEND phase III clinical trial, 
which compared natalizumab with placebo in secondary 
progressive MS (SPMS).
Methods Patients with complete imaging datasets 
between baseline and week 108 (N=600) were analysed 
for SEL prevalence (the number and volume of SELs), 
disability progression, ALA (assessed by gadolinium- 
enhancing lesions and new T2- hyperintense lesions) and 
CLA (assessed by T1- hypointense lesion volume increase 
within baseline T2- non- enhancing lesions identified as 
SELs and non- SELs).
Results CLA in both SELs and non- SELs was greater in 
patients with SPMS with confirmed disability progression 
than in those with no progression. In the complete absence 
of ALA at baseline and on study, SEL prevalence was 
significantly lower, while CLA within non- SELs remained 
associated with disability progression. Natalizumab 
decreased SEL prevalence and CLA in SELs and non- SELs 
compared with placebo.
Conclusions This study shows that CLA in patients with 
SPMS is decreased but persists in the absence of ALA 
and is associated with disability progression, highlighting 
the need for therapeutics targeting all mechanisms 
of CLA, including smouldering inflammation and 
neurodegeneration.
Trial registration number NCT01416181.

INTRODUCTION
Disability progression independent of relapse 
activity occurs despite highly effective anti- 
inflammatory disease- modifying therapies 
(DMTs) in both relapsing1 and progres-
sive forms of multiple sclerosis (MS).2 3 The 
pathological continuum of MS, from acute 
and smouldering inflammation to neuro-
degeneration, includes effects on the brain 

parenchyma.4 5 Acute demyelination can lead 
to damage to the denuded axons, resulting 
in neurodegeneration and axonal loss. In 
the absence of acute demyelination (as with 
the use of highly effective anti- inflammatory 
DMTs), clinical decline continues to occur 
over the long term,3 6 suggesting that other 
pathological mechanisms may be responsible 
for MS disease progression. In this context, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ It has been demonstrated that it is possible to gen-
erate markers of progressive biology in multiple 
sclerosis (MS) related to chronic lesion activity (CLA) 
using conventional MRI and that these markers are 
related to disability and progression. The relation-
ship between acute inflammation and CLA, as well 
as the contribution to disease progression of CLA, 
in the absence of ongoing acute inflammation, re-
mains unclear.

WHAT THIS STUDY ADDS
 ⇒ In this study, we demonstrate that ongoing CLA—
measured as change over time in T1- hypointense 
lesion volume—in both slowly expanding lesions 
(SELs) and non- SELs is an imaging biomarker as-
sociated with disability progression in progressive 
forms of MS even in the absence of acute inflamma-
tion. This work also highlights that SEL prevalence 
and severity are substantially higher in the presence 
of acute inflammation, which indicates interdepen-
dencies between the underpinning pathobiology of 
acute and chronic lesion activity in MS.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE AND/OR POLICY

 ⇒ This study further demonstrates the proof of prin-
ciple that readily accessible measures of CLA can 
be used as imaging biomarkers of MS progression. 
It also supports the need to continue to develop 
therapies targeting CLA, which may represent the 
pathological correlate for smouldering inflamma-
tion and neurodegenerative pathways of disease 
progression.
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there is evidence that brain atrophy may be associated 
with increasing disability.7 8 Other pathologies such 
as leptomeningeal inflammation and subpial cortical 
lesions,9 which are captured by more advanced MRI acqui-
sition methods, may also be associated with increasing 
disability.10 However, these advanced MRI methods have 
limitations: their use is generally restricted to special-
ised centres, and they have been assessed only in small 
studies thus far.11 There remains a need to identify readily 
accessible and validated imaging correlates of disability 
progression that can be used in large, multicentre clinical 
trials. Understanding the causes and pathophysiology of 
the chronic neurodegenerative component of the disease 
process is crucial in this effort.

Extensive histopathologic studies have unravelled 
the distinct features of white matter lesions in MS and 
allowed for their categorisation into subtypes: preactive 
lesions, active lesions, chronic inactive lesions or partly 
remyelinated plaques, and chronic active (eg, smoul-
dering) or mixed active/inactive lesions.12–14 The extent 
of chronic active lesion burden correlates with clinical 
disease severity.13 These chronic active lesions feature a 
rim of predominantly M1- polarised activated microglia 
and macrophages, which are associated with continued 
breakdown of myelin and axonal loss.15 A major limita-
tion of histopathologic studies is their inherently cross- 
sectional nature; they seldom connect with longitudinal 
premortem in vivo information on analysed tissue spec-
imens. Recently, MRI methods have been developed to 
identify subtypes of lesions that might be consistent with 
the chronic active lesions described by pathologists, 
including lesions with paramagnetic rims16 and, more 
recently, slowly expanding lesions (SELs).17 SELs repre-
sent a subgroup of chronic lesions in the MS white matter 
that show gradual expansion over time. It has recently 
been shown that SELs show only partial correspondence 
with phase rim lesions (PRLs),18 suggesting that SELs 
with or without phase rims and PRLs with or without slow 
expansion represent different aspects or stages of MS 
pathology within chronic active lesions.

This study assessed chronic lesion activity (CLA) and 
acute lesion activity (ALA) in the brain white matter of 
a secondary progressive MS (SPMS) population. CLA 
as measured by change over time in T1- hypointense 
lesion volume (T1LV) in SELs and non- SELs was shown 
to predict disability progression in primary progressive 
MS.19 CLA was measured in this study by the change in 
T1LV from baseline to week 108 in SELs, non- SELs and 
total pre- existing chronic non- enhancing T2 (CNT2) 
lesions. ALA was defined by having either (1) gadolinium- 
enhancing (Gd+) T1 lesions at any timepoint in the trial 
up to week 108, including baseline or (2) any postbase-
line new or enlarging T2 lesions. Specifically, we exam-
ined the following in an SPMS population treated with 
placebo: (1) the association between T1- weighted (T1w) 
MRI features of CLA in SELs and non- SELs and confirmed 
disability progression, (2) the association between CLA 
and confirmed disability progression in the absence of 

ALA and (3) the association between CLA and ALA. We 
also assessed the effect of natalizumab on SEL prevalence 
and overall CLA in SELs and non- SELs in patients with 
SPMS.

MATERIALS AND METHODS
Trial design, patients and MRI
The ASCEND Study was a two- part, multicentre, 
randomised, double- blind, placebo- controlled phase III 
study in patients with SPMS to assess the efficacy and safety 
of natalizumab. Details of the study design and outcomes 
have previously been described in detail.20 Axial T1w 
(3D- spoiled gradient echo: TR=28–35 ms; TE=4–11 ms; 
flip angle=27°–30°; resolution 0.98×0.98×3 mm) and Axial 
T2w (2D Fast Spin Echo: TR=4000–7400 ms; TE=58–95 
ms; resolution=0.98×0.98×3 mm) were acquired at base-
line, week 24, week 48, week 72, week 96 and week 108. 
The SEL analysis population represents the subset of the 
intention- to- treat population that had available T1w and 
T2- weighted (T2w) images at all timepoints from baseline 
to week 108 (including weeks 24, 48, 72 and 96).

Patient and public involvement
No patient was involved in the planning or design of the 
study.

Clinical measures of disability progression
Expanded Disability Status Scale (EDSS), Timed 25- Foot 
Walk (T25FW) and 9- Hole Peg Test (9HPT) assessments 
were performed at baseline and every 12 weeks through 
week 108. Composite confirmed disability progression 
was defined as meeting one or more of the following 
three criteria: an increase of ≥1.0 point from a baseline 
EDSS Score≤5.5 or an increase of ≥0.5 point from a base-
line score≥6.0, an increase of ≥20% from baseline in 
T25FW time and/or an increase of ≥20% from baseline in 
9HPT time (on either hand). Progression was confirmed 
at a subsequent visit ≥6 months after the possible start 
of progression and at the end of the trial. To minimise 
the possibility of capturing disability progression due to 
clinical relapses, included confirmed disability progres-
sion events could not have started or been confirmed ≤74 
days after onset of an independent neurology evaluation 
committee- confirmed clinical relapse. Absence of ALA 
was defined as no baseline or postbaseline T1 gadolinium- 
enhancing (Gd+) lesions and no postbaseline new or 
enlarging T2- hyperintense lesions.

Identification of SELs, ALA and overall CLA
The process of SEL identification has been described in 
detail elsewhere.19 21 Briefly, SELs are contiguous regions 
of pre- existing T2 lesions showing constant and concen-
tric local expansion from baseline to week 108. Prior 
to SEL detection, T2 lesions were identified in baseline 
scans using a semiautomated method in which a fully 
automated segmentation of T2 lesions was subsequently 
manually reviewed and corrected by a single- trained MRI 
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reader.22 In the first stage of SEL detection, SEL candi-
dates are identified as contiguous regions of ≥10 voxels in 
the baseline T2 lesion mask that (a) are not Gd+ and (b) 
show a minimum local volumetric expansion, as deter-
mined by the Jacobian determinant of the nonlinear 
deformation between the baseline and week 108 scans. 
The second stage of SEL detection scores each SEL candi-
date in turn based on the concentricity and constancy 
of expansion across time. Considering local expansion 
between baseline and each intermediate timepoint 
(weeks 24, 48, 72 and 96) allows for the identification of 
SEL candidates undergoing constant and gradual expan-
sion across time, while measuring concentricity allows for 
the identification of SEL candidates exhibiting inside- out 
radial expansion. Each SEL candidate is assigned an SEL 
Score, calculated as the sum of the mean normalised 
measures for constancy and concentricity.

SELs were identified in patients with SPMS from the 
ASCEND phase III clinical trial. Non- SELs, defined as 
the portion of the non- enhancing baseline T2 lesion 
mask not identified as SELs, were also assessed, as were 
the totality of non- enhancing T2 lesions. The ASCEND 
SEL analysis population (placebo, n=292; natalizumab, 
n=308) represents the subset of patients who had avail-
able T1w and T2w images at all timepoints from baseline 
to week 108. Results are presented for SELs with SEL 
Score≥0. The distribution of SELs and non- SELs by sex, 
baseline EDSS, age and disease duration are provided in 
online supplemental tables S1–S3.

ALA was defined by having either (1) Gd+ T1 lesions 
at any timepoint in the trial up to week 108, including 
baseline or (2) any postbaseline new or enlarging T2 
lesions. Gd+ T1 lesions were determined as a consensus 
of two fully manual identifications by two trained MRI 
readers, where any discrepancies were adjudicated by a 
third independent reader. New or enlarging T2 lesions 
were determined by comparing T2 lesion masks at 
successive timepoints and automatically identifying focal 
areas of new T2 lesions, which were not present at the 
previous timepoint and showed a minimum increase in 
T2w intensity. These focal areas of new T2 lesions could 
be entirely in normal- appearing white matter (new) or 
adjacent to pre- existing T2 lesions (enlarging). All auto-
matically identified new or enlarging T2 lesions were 
manually reviewed and corrected where necessary. It is 
important to appreciate that the SEL approach to the 
detection of lesion expansion is fundamentally different 
from that used for the detection of so- called new ‘T2 
enlarging lesions’, commonly reported in counts of ‘new 
or enlarging T2 lesions’ in clinical trials (see also Arnold 
et al23). Methods for the detection of ‘enlarging’ lesions in 
the context of ‘new or enlarging T2 lesion counts’ (which 
vary from laboratory to laboratory) have been designed to 
detect what are essentially new foci of acute white matter 
lesion activity that are connected by adjacency to areas of 
pre- existing T2- signal abnormality and therefore may not 
qualify as ‘de novo’ new lesions (which by definition have 
to be surrounded by normal- appearing WM).

CLA was measured by the change in T1LV from base-
line to week 108 in SELs, non- SELs and total pre- existing 
CNT2 lesions in patients with SPMS in the placebo arm. 
T1- hypointense lesions were defined as areas of T2 lesion 
not showing gadolinium enhancement and with T1w 
intensity less than or equal to median T1w intensity of 
grey matter.

Whole brain atrophy was measured via Jacobian 
integration.24

Statistical analyses
The statistical analysis of SEL data was exploratory and 
included all patients from ASCEND with no missing or 
non- evaluable T1w and T2w scans at any timepoint (base-
line to week 108; SEL analysis population). No imputa-
tion of missing data was performed.

A two- sample proportion test was applied to compare 
baseline Gd+ T1 lesions between the two treatment 
groups. CLA was compared between progressors and 
non- progressors using the Van Elteren test, stratified for 
progression status, baseline EDSS Score (≤5.5 or ≥6.0) 
and baseline T2 lesion volume (T2LV) category based on 
tertiles (≤6908.79 mm3, >6908.79–18 818.49 mm3 and >18 
818.49 mm3). Analyses of the association between ALA 
and SEL prevalence were based on the Van Elteren test, 
stratified for ALA, baseline EDSS Score (≤5.5 or ≥6.0) and 
baseline T2LV category based on tertiles (≤6908.79 mm3, 
>6908.79–18 818.49 mm3 and >18 818.49 mm3). Compar-
isons of CLA between placebo and natalizumab were 
based on the Van Elteren test, stratified for treatment, 
baseline EDSS Score (≤5.5 or≥6.0) and baseline T2LV 
category based on tertiles (≤6908.79 mm3, >6908.79–18 
818.49 mm3 and >18 818.49 mm3). Statistical tests were 
two- sided and conducted at the 5% significance level 
without adjustment for multiplicity.

RESULTS
Baseline demographics and brain MRI characteristics of the 
SPMS analysis population
The baseline demographics and brain MRI characteris-
tics of the analysis population available for SEL detection 
and the intention- to- treat population from the ASCEND 
Study dataset are presented in table 1. Age and sex were 
distributed similarly across the SEL analysis and intention- 
to- treat populations and between treatment arms. In 
the SEL analysis population, a greater percentage of 
natalizumab- treated than placebo- treated individuals had 
≥1 Gd+ T1 lesion at baseline (28% vs 19%), but the differ-
ence was not statistically significant. In the SEL analysis 
population, the natalizumab- treated and placebo- treated 
groups had a similar mean T2LV at baseline (18.1 vs 16.5 
cm3). Mean normalised brain volume at baseline was also 
similar in the two treatment groups.
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Disability progression in SPMS was associated with greater 
CLA in the placebo arm
CLA was measured by the change in T1LV from base-
line to week 108 in SELs, non- SELs and total pre- existing 
CNT2 lesions in patients with SPMS treated with placebo. 
The analysis was restricted to the placebo group to avoid 
treatment effects, as natalizumab decreases ALA. CLA was 
compared in patients with composite disability progres-
sion (n=143) and patients who remained progression free 
(n=149). Patients with SPMS with confirmed composite 
disability progression had significantly more severe CLA 
than those who were progression free, as measured 
by T1LV change within SELs, non- SELs and CNT2 
lesions (median increase (Q1, Q3) progressors vs non- 
progressors: 100 (3, 524) vs 23 (0, 155) mm3, p=0.0023; 

231 (17, 1090) vs 109 (−29, 538) mm3, p=0.0170; and 
372 (26, 1662) vs 160 (−23, 770) mm3, p=0.0026, respec-
tively; figure 1A–C). In contrast, the brain atrophy rate as 
measured by whole brain volume change from baseline to 
week 108 did not differ significantly between patients with 
SPMS with and without composite confirmed disability 
progression (p=0.2176; figure 1D).

When confirmed disability progression was based only 
on EDSS Score, CLA as measured by T1LV increase was 
significantly greater in progressors than non- progressors 
within SELs (median increase (Q1, Q3) progressors 
vs non- progressors: 142 (6, 815) vs 39 (0, 258) mm3, 
p=0.0135; figure 2A) and CNT2 lesions (median 
increase (Q1, Q3) progressors vs non- progressors: 
577 (66, 2529) vs 246 (0, 1090) mm3, p=0.0375; 

Figure 1 Association between CLA or whole brain volume loss and composite disability progression in patients with SPMS. 
Change from baseline to week 108 in T1LV in (A) SELs, (B) non- SELs and (C) CNT2 lesions was significantly associated with 
composite disability progression in patients with SPMS treated with placebo. No difference in percentage change from baseline 
to week 108 in (D) whole brain volume was observed in patients with SPMS with composite disability progression compared 
with those with no progression. Composite progression was confirmed at 24 weeks and end of study on one or more of the 
EDSS, Timed 25- Foot Walk or 9- Hole Peg Test. In these box- and- whisker representations, the box spans the interquartile range, 
the median is marked by the horizontal line inside the box and the whiskers are the two lines outside the box that extend to the 
highest and lowest observations. P values by Van Elteren test; stratified by baseline EDSS Score (≤5.5 or ≥6.0) and baseline T2 
lesion volume category based on tertiles (≤6908.79 mm3, >6908.79–18 818.49 mm3 and >18 818.49 mm3). CLA, chronic lesion 
activity; CNT2, chronic non- enhancing T2; EDSS, Expanded Disability Status Scale; SEL, slowly expanding lesion; SPMS, 
secondary progressive multiple sclerosis; T1LV, T1- hypointense lesion volume.

Table 1 Baseline characteristics of ASCEND analysis population

Baseline characteristics

SEL analysis population ITT population

Placebo
(n=292)

Natalizumab
(n=308)

Placebo
(n=448)

Natalizumab
(n=439)

Age, mean (SD) 47.8 (7.6) 47.4 (7.2) 47.2 (7.8) 47.3 (7.4)

Female, % 65 62 63 62

Patients with ≥1 Gd+ T1 lesion, % 19 28 22 26

Mean (SD) T2LV, cm3 16.5 (16.7) 18.1 (18.5) 16.2 (16.4) 17.4 (17.6)

Normalised brain volume, mean (SD), cm3 1429.8 (81.64) 1422.0 (81.75) 1425.8 (83.1) 1420.9 (82.8)

ASCEND SEL analysis population represents the subset of the ITT population that had available T1- weighted and T2- weighted images at all 
timepoints from baseline to week 108 (including weeks 24, 48, 72 and 96).
Gd+, gadolinium enhancing; ITT, intention to treat; SEL, slowly expanding lesion; T1, T1- hypointense; T2LV, T2- hyperintense lesion volume.
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figure 2C), with a consistent trend in the same direc-
tion in non- SELs (median increase (Q1, Q3) progres-
sors vs non- progressors: 292 (26, 1302) vs 159 (−9, 710) 
mm3, p=0.1156; figure 2B). Similarly, when confirmed 
disability progression was based only on 9HPT Score, 

CLA as measured by T1LV increase was significantly 
greater in progressors than non- progressors within 
SELs (median increase (Q1, Q3) progressors vs non- 
progressors: 112 (0, 629) vs 37 (0, 258) mm3, p=0.0051; 
figure 3A) and CNT2 lesions (median increase (Q1, 

Figure 2 Association between CLA and EDSS progression. Increase from baseline to week 108 in T1LV within (A) SELs and 
(C) CNT2 lesions but not (B) non- SELs was associated with EDSS progression in patients with SPMS treated with placebo. 
(However, a consistent directional trend was observed in non- SELs.) EDSS progression was confirmed at 24 weeks and end of 
study. In these box- and- whisker representations, the box spans the interquartile range, the median is marked by the horizontal 
line inside the box and the whiskers are the two lines outside the box that extend to the highest and lowest observations. P 
values by Van Elteren test; stratified by baseline EDSS Score (≤5.5 or ≥6.0) and by baseline T2 lesion volume category based 
on tertiles (≤6908.79 mm3, >6908.79–18 818.49 mm3 and >18 818.49 mm3). CLA, chronic lesion activity; CNT2, chronic non- 
enhancing T2; EDSS, Expanded Disability Status Scale; SEL, slowly expanding lesion; SPMS, secondary progressive multiple 
sclerosis; T1LV, T1- hypointense lesion volume.

Figure 3 Association between CLA and 9HPT progression and between CLA and T25FW progression. Change from baseline 
to week 108 in T1LV within (A) SELs and (C) CNT2 lesions but not (B) non- SELs was associated with 9HPT progression in 
patients with SPMS treated with placebo. (However, a consistent directional trend was observed in non- SELs.) Change in T1LV 
from baseline to week 108 within (E) non- SELs and (F) CNT2 lesions but not (D) SELs was associated with T25FW progression 
in patients with SPMS treated with placebo. (However, a consistent directional trend was observed in SELs.) 9HPT progression 
and T25FW progression were confirmed at 24 weeks and end of study. In these box- and- whisker representations, the box 
spans the interquartile range, the median is marked by the horizontal line inside the box and the whiskers are the two lines 
outside the box that extend to the highest and lowest observations. P values by Van Elteren test; stratified by baseline EDSS 
Score (≤5.5 or ≥6.0) and by baseline T2 lesion volume category based on tertiles (≤6908.79 mm3, >6908.79–18 818.49 mm3 
and >18 818.49 mm3). 9HPT, 9- Hole Peg Test; CLA, chronic lesion activity; CNT2, chronic non- enhancing T2; EDSS, Expanded 
Disability Status Scale; SEL, slowly expanding lesion; SPMS, secondary progressive multiple sclerosis; T1LV, T1- hypointense 
lesion volume; T25FW, Timed 25- Foot Walk.
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Q3) progressors vs non- progressors: 549 (66, 1995) vs 
197 (0, 1139) mm3, p=0.0075; figure 3C) and numeri-
cally greater in progressors than non- progressors within 
non- SELs (median increase (Q1, Q3) progressors vs 
non- progressors: 240 (−9, 1097) vs 143 (−3, 661) mm3, 
p=0.0772; figure 3B). Finally, when confirmed disability 
progression was based only on T25FW, CLA as measured 
by T1LV increase was significantly greater in progressors 
than non- progressors within non- SELs (median increase 
(Q1, Q3) progressors vs non- progressors: 229 (20, 
1133) vs 141 (−25, 609) mm3, p=0.0230; figure 3E) and 
CNT2 lesions (median increase (Q1, Q3) progressors vs 
non- progressors: 371 (23, 1634) vs 205 (−6, 954) mm3, 
p=0.0214; figure 3F) and numerically greater in progres-
sors than non- progressors within SELs (median increase 
(Q1, Q3) progressors vs non- progressors: 100 (3, 426) vs 
29 (0, 220) mm3, p=0.0873; figure 3D).

Disability progression in SPMS remained associated with 
greater CLA in the complete absence of ALA
From baseline to week 108, 95 of 292 placebo patients 
with SPMS had no ALA, defined as no baseline or post-
baseline Gd+ T1 lesions and no postbaseline new/
enlarging T2 lesions. CLA in patients with SPMS with 
no ALA was compared in patients with composite 
confirmed disability progression (n=40) and patients 
who remained progression free (n=55). Patients exhib-
iting composite progression had more severe CLA 
than those who were progression free, as shown by a 
significant difference in T1LV change within non- SELs 
(p=0.0045; figure 4B) and CNT2 lesions (p=0.0103; 
figure 4C) and a trend in the same direction was 
observed in SELs (p=0.2332; figure 4A). Similar find-
ings were observed in the natalizumab arm (online 
supplemental figure S1).

SEL prevalence in patients with SPMS treated with placebo 
was lower in the absence of ALA
Placebo patients with SPMS with ALA had a higher SEL 
prevalence as measured by SEL number and volume 
(based on T2w borders of SELs at baseline) and a higher 
proportion of baseline T2LV identified as SELs than 
patients with no ALA (figure 5A–C). The proportion of 
patients with at least one SEL was also higher in patients 
with ALA (89%, n=197) in comparison with those with no 
ALA (71%, n=95). Analysis of the differences in SEL prev-
alence between patients with SPMS with no ALA (n=95) 
and those with ALA at baseline only (n=28) or postbase-
line (n=169) confirmed that both baseline and postbase-
line ALA were associated with a higher SEL prevalence, 
though the sample size of patients with ALA at baseline 
only was too small for the associated SEL prevalence to 
reach significance with respect to SEL number and rela-
tive volume (figure 5A,C). An analysis of the frequency 
distribution of patients by range of SEL prevalence also 
showed that 19% of patients with ALA had >20% of their 
total T2 lesion burden identified as SELs, compared with 
only 5% of patients with no ALA (figure 5D).

Natalizumab versus placebo effect on SELs and CLA in 
patients with SPMS
The placebo- treated and natalizumab- treated arms had 
similar percentages of patients with ≥1 SEL detected from 
baseline to week 108 (83% vs 79%).

Natalizumab was associated with lower SEL prevalence 
than placebo, as indicated by a lower number of SELs 
(median number, 3 vs 4; p<0.0001; figure 6A) and a lower 
absolute SEL volume (median T2w SEL volume at base-
line, 288 vs 561 mm3; p<0.0001; figure 6B). Accordingly, 
the proportion of total baseline non- enhancing T2LV 
longitudinally identified as SELs was significantly lower 

Figure 4 Association between CLA and composite disability progression in the absence of ALA. CLA in (B) non- SELs and (C) 
CNT2 lesions but not (A) SELs remained associated with composite disability progression in the absence of ALA in patients 
with SPMS treated with placebo. (However, a consistent directional trend was observed in SELs.) Absence of acute lesion 
activity was defined as no baseline and postbaseline T1 gadolinium- enhancing and no postbaseline new/enlarging T2 lesions. 
Composite progression was confirmed at 24 weeks and end of study on one or more of the EDSS, Timed 25- Foot Walk or 
9- Hole Peg Test. In these box- and- whisker representations, the box spans the interquartile range, the median is marked by 
the horizontal line inside the box and the whiskers are the two lines outside the box that extend to the highest and lowest 
observations. P values by Van Elteren test; stratified by baseline EDSS Score (≤5.5 or ≥6.0) and baseline T2 lesion volume 
category based on tertiles (≤6908.79 mm3, >6908.79–18 818.49 mm3 and >18 818.49 mm3). ALA, acute lesion activity; CLA, 
chronic lesion activity; CNT2, chronic non- enhancing T2; EDSS, Expanded Disability Status Scale; SEL, slowly expanding 
lesion; SPMS, secondary progressive multiple sclerosis; T1LV, T1- hypointense lesion volume.
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in natalizumab- treated than placebo- treated patients 
(median proportion, 2.7% vs 5.0%; p<0.0001; figure 6C).

Brain tissue loss associated with CLA as measured by 
absolute and relative T1LV accumulation was lower in 
natalizumab- treated than placebo- treated patients within 
both SELs (figure 7A,C) and non- SELs (figure 7B,D).

DISCUSSION
SELs represent a subgroup of MS chronic white matter 
lesions with continual expansion and tissue destruction 
and predict clinical progression in progressive- onset 
MS.19 21 25 In SELs, there is an accumulation over time of 
T1LV and changes in imaging metrics reflective of gradual 
microstructural tissue alteration, including a decrease 
in magnetisation transfer ratio and an increase in diffu-
sion tensor imaging radial diffusivity.25 These findings 
suggest chronic demyelinating processes and continual 
axonal/neuronal destruction,25 which have been seen in 

pathology studies of chronic active lesions.12 13 However, it 
was recently reported that anti- inflammatory DMTs such 
as ocrelizumab19 and natalizumab26 may have a modest 
effect on MRI measures of brain tissue loss in SELs.

In this study, SELs were identified in most patients 
with SPMS, and confirmed disability progression was 
associated with more severe CLA as measured by T1LV 
accumulation in SELs but also in non- SELs. A recent 
histological case report has confirmed the presence of 
signs of chronic active lesion pathology in SELs but also 
in non- SEL tissue.17 These findings are consistent with 
previously reported findings in relapsing patients with MS 
in the OPERA I and II dataset and primary progressive 
patients with MS in the ORATORIO dataset.19 21 Patients 
with SPMS who progressed in a natural history setting 
had greater SEL prevalence and more severe CLA as 
measured by T1LV increase within SELs, non- SELs and 
total baseline non- enhancing T2 lesions. In the absence 

Figure 5 Prevalence of SELs and frequency distribution of SEL severity in the presence versus absence of ALA. SEL (A) 
number, (B) absolute volume and (C) relative volume (percentage of baseline non- enhancing T2LV) were greater in patients 
with SPMS treated with placebo who had ALA compared with those with no ALA. (D) The frequency distribution of patients by 
range of SEL prevalence indicates that patients with ALA had a greater percentage of their total T2 lesion burden identified as 
SELs compared with patients with no ALA. In these box- and- whisker representations, the box spans the interquartile range, 
the median is marked by the horizontal line inside the box and the whiskers are the two lines outside the box that extend to the 
highest and lowest observations. No acute lesion activity was defined as no baseline or postbaseline Gd+ T1 lesions and no 
postbaseline new/enlarging T2 lesions in weeks 24, 48, 72, 96 and 108. Acute lesions were defined as baseline Gd+ T1 lesions 
and postbaseline Gd+ T1 lesions and new/enlarging T2 lesions in weeks 24, 48, 72, 96 and 108. P values by Van Elteren test: 
stratified by baseline EDSS Score (≤5.5 or ≥6.0) and baseline T2LV category based on tertiles (≤6908.79 mm3, >6908.79–18 
818.49 mm3 and >18 818.49 mm3). ALA, acute lesion activity; BL, baseline; EDSS, Expanded Disability Status Scale; Gd+, 
gadolinium enhancing; SEL, slowly expanding lesion; SPMS, secondary progressive multiple sclerosis; T2LV, T2- hyperintense 
lesion volume.
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of ALA in patients with SPMS, SEL prevalence (as shown 
by number and volume of SELs) was reduced, though 
>70% of patients had ≥1 SEL. Importantly, the associa-
tion of confirmed disability progression with more severe 
CLA in patients with SPMS remained significant in the 

absence of ALA. Consistent findings were reported in 
placebo- treated primary progressive patients with MS in 
the ORATORIO dataset, in whom ALA, CLA and whole 
brain atrophy were measured and only CLA in SELs and 
non- SELs predicted confirmed disability progression over 

Figure 6 Effect of natalizumab on SEL prevalence. Natalizumab reduced the (A) number, (B) absolute volume and (C) relative 
volume (percentage of baseline non- enhancing T2LV) of SELs in patients with SPMS. Box- and- whisker representations: the 
box spans the interquartile range, the median is marked by the horizontal line inside the box and the whiskers are the two 
lines outside the box that extend to the highest and lowest observations. P values by Van Elteren test; stratified by baseline 
Expanded Disability Status Scale Score (≤5.5 or ≥6.0) and baseline T2LV category based on tertiles (≤6908.79 mm3, >6908.79–
18 818.49 mm3 and >18 818.49 mm3). BL, baseline; SEL, slowly expanding lesion; SPMS, secondary progressive multiple 
sclerosis; T2LV, T2- hyperintense lesion volume; T2w, T2 weighted.

Figure 7 Change in CLA with natalizumab versus placebo. Natalizumab reduced CLA as measured by both (A,B) absolute 
increase and (C,D) percentage increase in T1LV in SELs and non- SELs compared with placebo in patients with SPMS. 
Distribution- free quantile confidence limits are displayed. P values by Van Elteren test; stratified by baseline EDSS Score (≤5.5 
or ≥6.0) and baseline T2 lesion volume category based on tertiles (≤6908.79 mm3, >6908.79–18 818.49 mm3 and >18 818.49 
mm3). BL, baseline; CLA, chronic white matter lesion activity; EDSS, Expanded Disability Status Scale; SPMS, secondary 
progressive multiple sclerosis; T1LV, T1- hypointense lesion volume.
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time.19 This indicates that brain tissue loss associated with 
CLA may be an important driver of disability progression 
independent of ALA in MS.

Compared with placebo, natalizumab treatment signifi-
cantly reduced the number and volume of SELs and the 
proportion of baseline non- enhancing T2 lesions identi-
fied as SELs. Natalizumab reduced CLA as measured by 
T1LV increase in both SELs and non- SELs. The signif-
icant association between ALA and SEL prevalence 
suggests that the effect of natalizumab on CLA in progres-
sive patients with MS could be related to its high efficacy 
in suppressing acute inflammation. Prior studies demon-
strating the effects of natalizumab and the depletion of 
CD20- expressing cells further support this finding.1 2 27–29 
The effects of natalizumab on chronic active lesions have 
also previously been demonstrated in positron emission 
tomography studies measuring activated microglia.30 31 
In these studies, natalizumab decreased PK11195 uptake, 
reflective of activated microglia and macrophages, in 
non- enhancing lesions30 and more specifically at the rim 
of chronic active lesions.31

It is plausible that the smouldering inflammation that 
contributes to CLA and disability progression may be 
influenced by acute inflammation in MS. The recently 
published long- term brain MRI follow- up of primary 
progressive patients with MS continuously treated with 
ocrelizumab over 6.5 years in the ORATORIO Study3 
demonstrated an annual increase in T1LV of approx-
imately 3%–6% (reaching a total increase of 37% from 
baseline at approximately 6 years), which may be attrib-
utable to CLA in SELs and non- SELs independent of 
ALA, as those patients were shown to be devoid of ALA 
from week 48 onward. Further analytical work will be 
needed to establish whether the effects of natalizumab 
and ocrelizumab on CLA (in SELs and non- SELs) and 
disability progression in progressive forms of MS may be 
principally explained by their capacity to silence ALA. 
For example, an extended approach using Bayesian infer-
ence for a principal stratum estimand could be used to 
assess the treatment effect in subgroups characterised by 
ALA covariate thresholds as a postrandomisation event 
occurrence.32

Efforts to further refine MS lesion histopatholog-
ical terminology are ongoing,14 but understanding of 
the natural history of chronic active lesion phenotypes 
remains elusive, as their lifespan could begin decades 
before specimens become available.33 Molecular studies 
of the lesion rim of chronic active or mixed active/inac-
tive lesions show a predominance of M1- polarised macro-
phages and activated microglia.15 Innate and adaptive 
immune system interaction can bidirectionally influ-
ence polarisation and perpetuate the disease process.34 
Phase rims detected on susceptibility- weighted imaging 
are thought to represent an imaging biomarker of rims 
of iron- laden microglia/macrophages and have been 
linked to disease severity and brain atrophy. SELs35–38 and 
PRLs seem to both reflect chronic active lesions,26 though 
recent work has demonstrated only partial concordance 

between SELs and PRLs, as a substantial proportion of 
PRLs do not appear to expand over time and some SELs 
appear to be devoid of phase rims entirely.18 Further work 
is needed to elucidate the potential complementarity of 
SEL, non- SEL and PRL measures of CLA and to expand 
the characterisation of longitudinal tissue alteration 
properties within distinct MRI phenotypes of chronic 
active white matter lesions.

Limitations of this study include its extensive focus 
on the brain; lesions in the spinal cord as well as spinal 
cord atrophy are also established markers associated 
with disability.39 40 Similarly, cortical lesions could not 
be analysed from this dataset. Beyond this, our findings 
may be limited by the potential misidentification of 
SELs from acquisition- related artefacts, the measure-
ment noise inherent in MRI studies and the limitations 
of the SEL detection approach, which ignores chronic 
active lesions that may not be associated with T1w 
and T2w expansion. We employed a high detection 
threshold and stringent criteria for identifying SELs, 
as a result of which some true SELs may have been clas-
sified as non- SELs. In addition, lesion areas of subtle 
T1 hypointensity may have been missed by this method 
of SEL detection.

In conclusion, CLA in SELs and non- SELs is an 
imaging biomarker of chronic active lesions and/or 
secondary axonal degeneration that reflects ongoing 
inflammation and is associated with clinical disability 
progression. We demonstrate that the presence of 
ALA, whether new Gd+ lesions or new T2- hyperintense 
lesions, is associated with a higher SEL prevalence 
in patients with SPMS. This indirect evidence for the 
influence of ALA on CLA highlights the importance 
of limiting acute inflammation with highly effective 
DMTs. However, even in the absence of ALA, the asso-
ciation between CLA and confirmed disability progres-
sion persists, although to a more limited extent, with 
the greater increase in T1w lesion volume in progres-
sors than in non- progressors seen primarily within 
non- SEL tissue of T2w non- enhancing lesions.

The onset of the effect of natalizumab on CLA was 
rapid in this study, with a statistically significant reduction 
in T1w lesion volume increase in SELs and non- SELs seen 
starting at 24 weeks of treatment. Taken together, these 
results highlight the need to continue to develop ther-
apies that impact ALA but also more specifically target 
CLA, which may represent the pathological correlate 
for smouldering inflammation and neurodegenerative 
pathways.
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