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Imaging chronic active lesions in multiple
sclerosis: a consensus statement
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Chronic active lesions (CAL) are an important manifestation of chronic inflammation in multiple sclerosis and have
implications for non-relapsing biological progression. In recent years, the discovery of innovative MRI and PET-
derived biomarkers has made it possible to detect CAL, and to some extent quantify them, in the brain of persons
with multiple sclerosis, in vivo.

Paramagnetic rim lesions on susceptibility-sensitive MRI sequences, MRI-defined slowly expanding lesions on
T,-weighted and T,-weighted scans, and 18-kDa translocator protein-positive lesions on PET are promising candidate
biomarkers of CAL. While partially overlapping, these biomarkers do not have equivalent sensitivity and specificity to
histopathological CAL. Standardization in the use of available imaging measures for CAL identification, quantifica-
tion and monitoring is lacking.

To fast-forward clinical translation of CAL, the North American Imaging in Multiple Sclerosis Cooperative developed
a consensus statement, which provides guidance for the radiological definition and measurement of CAL. The pro-
posed manuscript presents this consensus statement, summarizes the multistep process leading to it, and identifies
the remaining major gaps in knowledge.
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Introduction

Acute inflammatory brain and spinal cord white matter lesions fea-
turing blood-brain barrier breakdown’ are a cardinal feature of
multiple sclerosis (MS).?> Acute white matter lesions are visible on
T,-weighted MRI obtained upon the administration of gadolinium-
based contrast agent (GBCA).? Acute inflammatory activity is asso-
ciated with relapses® and predicts short-term disease outcome.”

Once acute white matter inflammation resolves, they may
evolve into chronic active lesions (CAL)® or chronic inactive lesions,
or they may remyelinate.” CAL (sometimes referred to as mixed ac-
tive/inactive or smouldering) can be detected not only in the brain
white matter but also in cortical regions® and in the spinal cord.>*°
CAL are an important manifestation of chronic inflammation in
multiple sclerosis, ! representing focal areas of compartmentalized
inflammation trapped within the CNS behind a relatively intact
blood-brain barrier.™

Post-mortem studies indicate that CAL predominate in patients
with multiple sclerosis and progressive disease,>'* particularly in
those with a shorter time to disability accumulation.’ Furthermore,
the proportion of CAL was seen to be a strong predictor of both disease
severity and lesion burden.™ Thus, neuropathological evidence indi-
cates that chronic inflammation has implications for non-relapsing
biological progression and functional outcome of patients with mul-
tiple sclerosis.”*™**

The increasingly recognized role of chronic inflammation in
multiple sclerosis has challenged the view of multiple sclerosis
phenotypes®"” and led to a new, biologically driven framework
for reclassifying this disease.'” Identifying chronic inflammation
in vivo, using non-invasive imaging methods, will likely underlie

future efforts to personalize treatments and stratify patients for
more efficient clinical trials of treatments targeting progressive
biology.

Despite these advances, CAL assessment is not routinely imple-
mented in day-to-day clinical practice and has only recently been
included in clinical trials. Lack of standardization in CAL identifica-
tion, quantification and monitoring is the main constraint to clinic-
al translation. To fast-forward clinical translation of CAL, the North
American Imaging in Multiple Sclerosis Cooperative (NAIMS)*® de-
veloped this consensus statement, which provides guidance for
the radiological definition and measurement of CAL and identifies
remaining major gaps in knowledge. This consensus statement
was conceptualized by several subject-matter experts via a multi-
step process. A summary is provided in the Supplementary
material.

Materials and methods

On 23 February 2022, experts on the use of MRI and PET in patients
with multiple sclerosis, along with multiple sclerosis clinicians and
scientists, convened at a workshop'® in West Palm Beach, FL, USA.
The meeting was organized by a subcommittee of NAIMS and was
attended by representatives from nearly all NAIMS sites.

Prior to the meeting, the organizing committee identified five
major aspects of imaging CAL in vivo as important topics for discus-
sion: (i) paramagnetic rim lesions (PRLs) and their role as a surro-
gate measure of CAL; (ii) slowly expanding lesions (SELs) and their
accuracy in reflecting CAL and PRLs; (iii) PET and its ability to iden-
tify CAL and PRLs; (iv) the overall relationship between PRLs, SELs or
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18-kDa translocator protein (TSPO) lesions and disability; and
(v) the role of these biomarkers in disease prognostication.

Experts were invited to discuss current knowledge on several
facets of these topics. All members of the organizing committee re-
viewed and discussed each presentation in advance and drafted a
preliminary consensus statement on each topic.

On the day of the meeting, each invited presenter discussed the
state of knowledge on the selected themes. Thereafter, the organiz-
ing committee proposed its preliminary consensus statements and
identified knowledge gaps. These were debated by all presenters
and workshop participants, and a final collective agreement was
established. Care was taken to discuss each opinion difference ex-
tensively and in detail, to ensure that the final statement was re-
flective of any disagreement resolution.

After the meeting, the organizing committee, referred to as the
‘panel’ hereafter, reviewed each presentation along with the
related discussions, the final consensus reached on the day of
the workshop, and the identified knowledge gaps. These were
drafted into this manuscript by the first author and all presenters.
The first draft was then critically reviewed and appropriately
modified by: (i) each member of the workshop organizing commit-
tee and the NAIMS steering committee at the time of the work-
shop; (ii) each presenter; and (iii) workshop participants and
experts who substantially contributed to the discussion during
the meeting.

Microglia/astrocyte phenotypes in
chronic white matter lesions

Formation of acute white matter lesions is associated with the tran-
sient influx of peripheral immune cells, which penetrate the CNS
through an altered blood-brain barrier and produce demyelination,
reactive gliosis, neuroaxonal compromise and secondarily, myelin
debris removal.’ Active lesions feature the presence of CD68+ pha-
gocytes, including blood-derived macrophages and activated
microglia, throughout the entire lesion core.’’ On the contrary,
CAL have a hypocellular core with scarce macrophages and micro-
glia.™ A salient feature of CAL is iron-laden microglia at the lesion
border, a factor that determines their unique visibility on magnetic
susceptibility-sensitive MRI. On histopathology, the microglia rim
may not always surround the lesion core in its entirety.*'* Some
CAL show signs of ‘ongoing’ demyelination (defined by the pres-
ence of myelin debris in phagocytosing cells). In the literature,
this feature has defined ‘smouldering lesions’. According to some
authors, actively demyelinating lesions can be further classified
into early demyelinating lesions, featured by the presence of major
and small molecular weight myelin proteins inside macrophages,
and late demyelinating lesions, whose macrophages only contain
major myelin proteins.’* Small molecular weight myelin proteins
include the cyclic nucleotide diphosphoesterase (CNPase), myelin
oligodendrocyte glycoprotein (MOG), and myelin-associated glyco-
protein (MAG). Major myelin proteins are myelin basic protein
(MBP) and proteolipid protein (PLP).**

Glia have a predominant, yet poorly defined role in the patho-
physiology of chronic white matter lesions. Single cell and single
nucleus RNA-sequencing (RNA-seq) studies identified multiple
glial phenotypes in chronic multiple sclerosis lesions.?>*>* A single
nucleus RNA-seq study?®® focused especially on CAL identified two
multiple sclerosis-associated microglia populations with a
TREM2-APOE gene expression signature, partially overlapping
with those described in animal models of Alzheimer’s disease.
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One of these populations appeared to be prevalently involved
in myelin phagocytosis and clearance, whereas the other showed
high expression of major histocompatibility complex (MHC), and
inflammation, as well as iron-related genes, consistent with the
observed iron accumulation.?® The computed glial interactome
at the chronic active edge also comprises tissue-resident T cells
and plasmablasts, reactive and inflamed astrocytes (with a sig-
nature partially overlapping neurotoxic astrocytes®?), stressed
oligodendrocytes and antigen-presenting oligodendrocyte pre-
cursor cells.”

Multiple astrocyte phenotypes have been identified in CAL.
These phenotypes include: MAFG-driven astrocytes character-
ized by repressed antioxidant and anti-inflammatory transcrip-
tional programmes?” and adenosine receptor 2A positive
astrocytes,”® which exhibit reduced connectivity and reduced
barrier function. Conversely, a regulatory astrocyte subpopula-
tion has been found to be substantially reduced in acute and
chronic active multiple sclerosis lesions. This subpopulation ex-
presses the death receptor ligand TRAIL and limits CNS inflam-
mation by inducing T cell apoptosis.?’

Thus, CAL contain a multitude of reactive glial cell phenotypes,
of which iron-containing microglia are only one subpopulation.
The functional significance of these subpopulations in formation
and maintenance of CAL in multiple sclerosis remains to be
determined. Complement component Clg, which has multiple
context-dependent roles in inflammation, has been recently shown
to mediate activation of microglia and astrocytes in CAL.??

Many studies have highlighted large inter-individual variability
in the frequency of different glial subpopulations.?®?>*® Moreover,
there is partial overlap with glial phenotypes described in other
neurodegenerative diseases and disease models.?®%

Similarly, the descriptions of active, CAL and chronic inactive
cortical lesions according to the distribution and density of MHC
class II-positive cells have been reported in initial post-mortem
examinations,®® and in subsequent studies of either early®>*? or
progressive multiple sclerosis cases often in association with over-
lying leptomeningeal inflammation.>?

Consensus statement on the in vivo
imaging of chronic active lesions in
multiple sclerosis

In recent years, the discovery of innovative MRI and PET-derived
biomarkers has made it possible to detect, and to some extent quan-
tify, CAL in the white matter, and to a lesser extent in the cortical
grey matter, of patients with multiple sclerosis, in vivo. These newly
identified biomarkers include: (i) PRLs on susceptibility-sensitive
MRI sequences; (ii) MRI-defined SELs on T;-weighted and
T,-weighted MRI sequences; and (iii) 18-kDa TSPO-positive lesions
on PET. Presently, there are no MRI data supporting the visibility
of SELs and CAL in the spinal cord, likely due to lack of suitable im-
aging technologies to detect these lesions in this anatomical area.

(1) PRLs are detected on susceptibility-sensitive MRI. PRLs display a
T,-hyperintense core that does not enhance with GBCA and is surrounded
by a paramagnetic rim on susceptibility-sensitive MRI along at least
two-thirds of the lesion perimeter (Fig. 1 and Box 1).
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Figure 1 Paramagnetic rim lesion (PRL) visibility. (A) Axial and coronal slice of a PRL visible on a 7 T T,*-weighted (T2*-w) single gradient echo MRI,
magnitude and unwrapped filtered phase images with echo time =32 ms, repetition time = 1300 ms, in-plane voxel size =0.2 x 0.2 mm, slice thickness
=1 mm and scan time ~8 min. The hypointense rim signal (rectangles on the axial views, arrows on the coronal view) surrounds the hyperintense lesion
core. Image contributed by Dr Martina Absinta, Dr Pascal Sati and Dr Daniel Reich. (B) Axial slices of a 7 T T,*-weighted multi-echo GRE (ME-GRE) with flow
compensation, magnitude images, echo time (TE) TE,/TE,/TE3/TE4/TEs = 5/10/15/20/25 ms, repetition time = 28 ms, in-plane voxel size = 0.65 x 0.65 mm,
slice thickness = 0.7 mm, scan time ~ 8 min. It is important to highlight how PRL visibility (rectangles and arrows in the insets) increases with longer echo
time. (C) Axial, sagittal and coronal views of a different PRL visible on quantitative susceptibility mapping (QSM) derived from the same sequence (rec-
tangles). Here the hyperintense signal surrounds the lesion core, which is slightly hyperintense. Image contributed by Dr Seongjin Choi and Dr Daniel
Harrison. (D) 3D susceptibility weighted imaging (SWI) and unwrapped filtered phase next to a T,-weighted fluid attenuated inversion recovery
(FLAIR) image at 7 T. 3D SWI pulse sequence parameters include echo time = 15 ms, repetition time = 50 ms, in-plane voxel size = 0.4 x 0.4 mm, slice thick-
ness =2 mm, scan time ~ 10 min. A few PRLs show that the hypointense rim surrounds the lesion core (compare with the FLAIR image) (arrows). An ad-
vantage of using SWI stems from its complementary ability to identify veins, allowing to: (i) distinguish PRL from curvilinear veins potentially mimickinga
rim; and (ii) identify the central vein sign when needed. Shown in the inset is a PRL (arrow) transverse by a central vein (arrow). Image contributed by
Habeeb F. Kazimuddin, Jiacheng Wang and Dr Francesca Bagnato. (E) The panel shows 3 T custom T,*-weighted segmented 3D echo planar imaging
(3D T2*-EPI) magnitude and unwrapped filtered phase images juxtaposed to vendor-provided multi-echo 2D SWI and unwrapped filtered phase images
of the same lesion. Pulse sequence parameters include echo time = 27 ms, repetition time = 51 ms, isotropic voxel size = 0.55 mm, and scan time ~ 5 min
for the 3D T2*EPI, and TE,/TE,/TE3/TE,=7.2/13.4/19.6/25.8 ms, repetition time = 31 ms, voxel size = 0.45 x 0.45 mm, thickness =2 mm and scan time ~
3 min for the 2D SWI. The isotropic voxel size and the T,-weighting of the 3D T2*-EPI allows better visualization of the PRL on the three orthogonal planes
(shown in the inset). Image contributed by Dr Martina Absinta. (F) Multi-echo gradient echo plural contrast imaging (GEPCI) allows for reconstructing R2*,
unwrapped filtered phase and QSM at 3 T. Axial images are presented. The rim of the PRL has hyperintense signal on R2* and QSM and hypointense signal
on the unwrapped phase. Pulse sequence parameters here include 10 echo times, with the first =4 ms and echo spacing of 4 ms, repetition time =40 ms,
in-plane voxel size =1x 1 mm, slice thickness =2 mm, scan time =12 min. Image contributed by Dr Biao Xiang, Dr Dimitriy Yablonskiy and Dr Anne
Cross.

(2) SELs are derived from conventional MRI, representing areas of pre- PET, relate to PRLs and CAL; and (ii) which of the three biomarkers
existing T, lesions that show slow, constant, gradual and radial expansion is most specific for and sensitive to CAL.
over T;-weighted and/or T,-weighted MRIs acquired longitudinally over
time (Fig. 2).

(3) TSPO-positive lesions are defined as those areas that co-localize to a hy- Hlstopathologlc validation of paramagnetic rim

perintense core on a T,-weighted image, do not enhance with GBCA on lesions in the white matter
T,-weighted MRI and demonstrate an increased uptake of TSPO in the bor-
der, on PET (Fig. 3). Discussion

Combined MRI-histology studies provide histopathological valid-
ation of PRLs in the brain white matter seen on gradient echo
PRLs, SELs and TSPO-positive lesions are candidate biomarkers of (GRE)-derived R2"/T,* maps,” > quantitative susceptibility maps
CAL. (QSM),***® phase images®”*%448 and susceptibility-weighted im-
aging (SWI) (Fig. 4).9°°

At the time of drafting this manuscript, histopathological char-
acterization of 73 PRLs and 76 non-PRLs has been reported by four
It remains to be established definitively: (i) how SELs on independent laboratories in 24 cases with multiple sclerosis
T;-weighted and T,-weighted MRI, and TSPO-positive lesions on (Supplementary Table 1)./*0%7:4%30 The highly concordant data

Statements and recommendations

Knowledge gap
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Box 1 Radiological definition of a white matter paramagnetic rim lesion

Features of the paramagnetic rim lesion (PRL) rim

¢ A discrete rim with paramagnetic properties on a susceptibility-sensitive MRI sequence at >1.5 T that is continuous through at least
two-thirds of the outer edge of the white matter portion of the lesion (excluding any cortical or ependymal border), on the slice of
maximum visibility (Fig. 1).

¢ The rim co-localizes with the edge of all or part of a lesion core that is hyperintense on T,-weighted images; in case of large T,-lesions, the
detection of the PRL core can be facilitated by also looking at a more discernible hypointense core on T;-weighted images (Fig. 6).

e The rim (or part of it) is discernible on at least two consecutive slices (2D acquisition) or in two orthogonal planes (3D acquisition).

Features of the PRL core

e Co-localizes with all or part of a T,-hyperintense lesion that does not enhance on T;-weighted post-gadolinium-based contrast agent
(GBCA) images.®

Exclusion criteria

¢ Veins running alongside the rim that may resemble a rim.

Red flags and cautions (not necessarily ruling out the classification of a lesion as PRL)

¢ Small paramagnetic/diamagnetic structures, e.g. iron-laden ferritin or hemosiderin dots, veins and myelin debris. However, such
features may also accompany a true rim.

¢ Small PRL core (e.g. diameter <3 mm in greatest dimension)

¢ Rim thickness >2 mm (for phase maps especially, when the susceptibility changes seen inside the lesion core cannot be distinguished
from those seen in the rim).

* Lesions showing magnetic dipole artefacts (often best seen in coronal or sagittal reformations).

¢ Anatomical regions with susceptibility artefacts (much of the anterior temporal lobes, orbitofrontal cortices and infratentorial brain).

¢ Challenges in reaching an agreement in the determination of a PRL.

#Confluent lesions are not excluded from the PRL determination if a reasonable attempt to discern an embedded PRL surrounding a distinct core can be made.
®If post-GBCA MRI is not available, a PRL should only be defined as such when the corresponding lesion was present on a T,-weighted scan acquired at least 3
months (ideally 6 months) prior. If both post-GBCA MRI and such a prior scan are not available, a PRL should be marked as ‘possible’, and its chronicity should
be confirmed with a scan acquired at least 3 months (ideally 6 months) later. The 6-month window is based on established literature demonstrating that

enhancement of an acute white matter lesion very rarely exceeds 6 months.>*=¢

show that the core of PRLs has near complete loss of myelin. The
rim of PRLs co-localizes with the presence of ferritin-bound iron,
which is prevalently located inside CD68+ cells, most of which
are likely of microglial origin (Fig. 4). Cumulatively, these features
indicate that PRLs correspond to CAL as traditionally defined histo-
pathologically. This statement is further corroborated by the demon-
stration that PRLs seen on post-mortem samples can correspond to
lesions that expanded in vivo preceding death.****

The specificity and sensitivity of MRI to PRLs has not been
systematically analysed. Lack of these data is largely due to
the relatively small number of cases available and analysed
thus far in individual centres. With respect to MRI specificity,
only one study has identified a low rate*® of false-positive PRLs
(PRL identified by MRI without the expected histology counter-
part) or false-negative CAL (positive histology without MRI cor-
roboration). Specifically, using QSM maps, the authors
reported that 39 of the 42 identified PRLs (93%) corresponded to
CAL and three to chronic inactive lesions. Regarding MRI sensi-
tivity, the same authors reported that 37/40 (93%) CAL by histo-
pathology corresponded to a PRL, and the remaining three CAL
were diffusely hyperintense on QSM.** Notwithstanding this
consideration, it is important to note that while iron-laden cells
can be invariably present at the edge or in the centre of several
multiple sclerosis lesion subtypes, their quantity is far larger in
the rim of PRLs relative to other lesions and non-lesional
sites.*>**%% This factor is responsible for their unique visibility
on MRL* For the same reason, the rim may not always appear
to surround the lesion core in its entirety. Similarly, microglia
may be present also outside the rim of CAL, e.g. both within
the lesion core and in the normal-appearing white matter

beyond the rim.’* However, the absence of iron inside these
microglia makes them invisible to MRI.

(1) Highly concordant and independent evidence supports the no-
tion that PRLs on MRI correspond to CAL.

(2) The amount of iron+ cells is a major determinant of PRL visibil-
ity on susceptibility-sensitive MRI.

Combined imaging-histopathology studies based upon large sam-
ple cohorts are needed to: (i) measure the sensitivity of PRLs to iden-
tify all (or nearly all) CAL in brains of patients with multiple
sclerosis and assess the source of false-positive and false-negative
findings; (ii) identify and characterize radiological features of PRLs
that can relate to the presence or absence of ongoing demyelin-
ation; (iii) assess whether the presence of PRLs is indicative of other
MRI and histological features of microglia-driven chronic inflam-
mation and demyelination elsewhere in the brain; (iv) identify
radiological features indicative of the stage of CAL; and (v) charac-
terize the degree of axonal injury within CAL.

Several susceptibility-sensitive MRI acquisition and postprocessing
methods have been proposed to characterize and detect PRLs.
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Figure 2 MRI-defined slowly expanding lesions (SELs). (A) Axial slice of T;-weighted MRI at baseline; (B) 6 months; (C) 12 months; (D) and 24 months; and (E)
T,-lesion mask of baseline scan. (F) Jacobian determinant maps at 6 months, (G) 12 months and (H) 24 months, all with respect to baseline, where values >0
(red) indicate expansion and values <0 (blue) indicate shrinkage. A region of interest corresponding to red box in A-D, at baseline (I), 6 months (J), 12 months
(K) and 24 months (L). In M the lesion area, identified as SEL, is contoured. Jacobian determinant maps in region of interest at 6 months (N), 12 months (0), 24
months (P), all with respect to baseline, showing the gradual expansion over time. Image contributed by Dr Colm Elliott.

Initial studies used T,*-weighted single echo GRE****° or multi-echo
GRE (ME-GRE)*®°>* gcans at 7 T. Susceptibility effects increase
with magnet field strength, and the combination of greater effects
with higher signal-to-noise/contrast-to-noise ratios leveraged for
higher spatial resolution scans provide support that 7 T MRI is the
current gold standard for PRL comparisons with lower magnetic
field MRI acquisitions.

Seven-tesla imaging has provided the benchmark for numerous
studies at3 Tand 1.5 T, which are more accessible for routine evalu-
ation. An example of these efforts is the implementation of faster
isotropic 3D GRE/ME-GRE scans with shorter repetition time. Such
methods improve signal sensitivity but result in significant
Ti-weighting.>® A reduction in the number of slices covering the
brain has also been pursued, resulting in thicker slices and reduced
sensitivity to smaller lesions.”*®! As a compromise between these
two approaches, a segmented (multi-shot) EPI method has been

implemented.®® This method allows submillimetre isotropic reso-
lution while preserving and enhancing T,*-weighted contrast at
3 T.*063%¢ The use of submillimetre isotropic resolution is particu-
larly useful for facilitating the identification of PRLs in two or more
orthogonal viewing planes.®®

The different types of GRE-based acquisitions can provide both
magnitude and phase images, which, in combination, can be post-
processed to enhance the visibility of PRLs. Examples of different
postprocessing methods include SWI® susceptibility-weighted
angiography (SWAN) and SWI-phase (SWIp), all three of which pro-
vide different vendor-supported combinations of magnitude and
phase information that use proprietary algorithms. Relying solely
on phase information by applying two-step postprocessing (phase
unwrapping®® ! followed by phase filtering’*’*) provides a vendor-
agnostic sensitivity-enhancement approach. This latter approach
is very sensitive to PRLs but suffers the main disadvantage of
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Figure 3 Increased uptake of 18-kDa translocator protein (TSPO) on PK11195 PET in a paramagnetic rim lesion. (A) Hyperintense lesion on T,-weighted
FLAIR image identified within the rectangle in a person with relapsing-remitting multiple sclerosis. The lesion is a paramagnetic rim lesion (PRL), as
seen on the unwrapped filtered phase image (B, inset) and quantitative susceptibility map (C, inset). It has corresponding high TSPO uptake on
PK11195-PET (D, inset). Image contributed by Dr Ulrike Kaunzner, Dr Thanh Nguyen and Dr Yeona Kang. FLAIR = fluid attenuated inversion recovery.

featuring dipolar artefacts caused by the geometry and orientation
of veins and lesions, possibly resulting in the appearance of
‘pseudo-PRLs’.”*”> We expand on the nature of this phenomena
in Supplementary Fig. 1.

QSM is a possible solution to the ‘pseudo-rim lesions’ challenge be-
cause it can effectively remove dipolar artefacts from veins and
lesions.”®”” However, QSM requires solving the phase-to-susceptibility
inversion, which is an ill-posed mathematical problem’® for which
many solutions have been proposed.””® Furthermore, QSM images
can feature streaking artefacts and noise amplification with detrimen-
tal effects on image interpretation that have not yet been fully analysed.

Finally, T,* relaxometry, which uses the signal magnitude as a
function of echo time from ME-GRE scans, has been proposed to
visualize and quantify the R,* (=1/T,) relaxation rate constant,
which is strongly affected by the iron accumulation in the para-
magnetic rims *8°18485

Given the multitude of contrasts proposed for imaging PRLs, it is
important to remember that the signal intensity of the rim (hypo- or
hyperintense depending on the convention used for image recon-
struction) should always indicate a paramagnetic effect. Thus, the
rim signal should always match with the signal intensity of veins,
which contain paramagnetic deoxyhaemoglobin. Importantly, there
is no universally accepted convention for display of phase images,
so paramagnetic rims may appear either hypointense or hyperin-
tense relative to white matter depending on the convention chosen.

Clinical studies in multiple sclerosis have tested the ability of
most of the proposed methods to detect PRLs at 1.5 T,3 Tand 7 T al-
though a few studies only compared PRL visibility across field
strengths® or imaging methods.®” Given the lower signal-to-noise
and contrast-to-noise ratios at 1.5T, technical studies optimizing
the detection of PRLs at 1.5 T are needed. No formal comparisons
have also been performed between 3D and 2D acquisitions. While
3D acquisition is preferred due to its ability to provide thinner slices
and more efficient scanning speed, 2D acquisition remains feasible
if the slice thickness is kept at 3 mm or less. Comparative studies
are also needed to establish how all available methods compare
to one another in terms of feasibility, sensitivity, specificity and re-
liability, all of which are important factors for clinical translation. It
is possible that each method may have its unique applicability.
Vendor-supported SWI or phase images may be of easier wide-
spread clinical implementation while techniques requiring more
sophisticated postprocessing, like QSM, may be more suitable for
research studies.

Finally, there are currently no published studies assessing the
effect of GBCA on visualization of PRLs.

Statements and recommendations

(1) PRLs can be visualized at 1.5T,3T and 7 T.

(2) Given the increase in magnetic susceptibility effects at higher
magnetic field strengths, and the fact that paramagnetic rims
are commonly thin, the suggested acceptable standard for visu-
alization of PRLs is >1.5 T MRI with submillimetre in-plane and
<3-mm through-plane resolution for 2D acquisitions, <2-mm or
higher resolution isotropic for 3D ones.

(3) Post-acquisition processing of magnitude and phase images and
multiplanar viewing are required for proper identification of PRLs.
Processing options include SWI, R,* relaxometry, unwrapped/filtered
phase and QSM. Each method has advantages and disadvantages.

Knowledge gap

Multicentre studies based on large sample cohorts are needed to
compare the accuracy of each acquisition and postprocessing meth-
od for identifying PRLs in patients with multiple sclerosis, using 1.5
T, 3T and 7 T scanners and different through-plane resolutions.

Identifying and reporting white matter
paramagnetic rim lesions

Discussion

Although MRI sequences sensitive to PRLs are widely available,
they are uncommonly used for routine clinical imaging in multiple
sclerosis. Currently, the next logical step is to foster efforts to in-
corporate PRL assessment into day-to-day clinical operations. To
facilitate such effort, the panel proposed the importance of estab-
lishing criteria to routinely identify and report PRLs on MRI scans
of patients with multiple sclerosis. Given that PRLs are a relatively
new biomarker, the identification of which may be subjective, the
panel proposed stringent criteria for their radiological definition,
prioritizing the minimization of false-positive findings. To this
end, it was advised that until the assessment of PRLs becomes
standard of care, radiologists seek ad hoc training in specialized
centres or with experienced investigators as they start to identify
PRLs in day-to-day clinical practice. We detail identification criteria
for PRLs along with proposed ways to report their presence and
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Figure 4 Histopathological validation of paramagnetic rim lesions using different acquisition and postprocessing MRI methods. (A) A paramagnetic
rim lesion (PRL) is seen on a multi-echo gradient echo (ME-GRE) T,* image at 7 T. The paramagnetic rim (arrow) partially surrounds a demyelinated
lesion core [absence of myelin basic protein (MBP) stain]| and co-localizes with peripheral intracellular iron (low and high magnification views). The
lesion in the second row is not a PRL and has no iron rim. Similar findings are presented in B and C, where PRL are shown on ME-GRE R2* and phase
image at 7 T and quantitative susceptibility imaging (QSM) at 3 T. In B-D, iron co-localizes with CD68+ activated macrophages/microglia. In D, in vivo
MRI shows that this PRL slowly enlarged over the course of 5 years prior to death. Image contributed by Drs Simon Hemetner and Assunta Dal Bianco (A)
Drs Simon Hemetner, Bing Yao and Francesca Bagnato (B), Dr Susan Gauthier (C) and Drs Martina Absinta and Daniel Reich (D).
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Box 2 Features relevant to paramagnetic rim lesion reporting

Desirable features useful in both clinical and research settings

¢ Indicate the MRI sequence and postprocessing method used to identify PRL (Box 1).

¢ Indicate the number of PRLs (ideally, exact count to 10, or >10).

¢ PRLs may be qualified as ‘possible’ based on the availability of a post-contrast scan (Box 1).
¢ Indicate qualitative PRL changes, if any, in comparison to prior scans: (i) lesion size (stability, shrinkage or enlargement); (ii)
paramagnetic rim (changes in extent of lesion coverage or intensity, including disappearance).?

Optional features useful in research settings
¢ Indicate the analysed field of view, e.g. above the tentorium.

e Indicate location of PRL, e.g. periventricular, deep white matter, juxtacortical, cortical.
e Indicate if a PRL co-localizes with a distinct lesion on T,-weighted MRI versus part of a confluent large lesion.

#Note that such changes may take several years to become evident, so comparison to older prior scans should be made when possible.

features in Box 1 and Box 2 and present here the four major points
of discussion along with challenges related to PRL identification.

Accurately establishing lack of acute activity

The panel suggested making every effort to ensure lack of radiological
signs of overt acute inflammatory activity, especially visually
apparent GBCA enhancement, at the site of a PRL. This proposition
stems from the notion that PRLs are chronic lesions. Acute
GBCA-enhancing lesions, particularly those with a ‘rim’ or ‘centri-
petal’ enhancement pattern, may exhibit susceptibility effects at
the locus of GBCA enhancement that mimic those seen in PRLs.*®
This finding may disappear upon resolution of enhancement,****
and PRLs indicative of CAL are only those that persist thereafter
(Fig. 5). Thus, the identification of PRLs should include a concomi-
tant or any prior T;-weighted post-GBCA scan to confirm that the
identified lesion does not feature GBCA enhancement. If a
post-GBCA MRI is not available, a PRL should only be definitively
identified when the corresponding lesion core was present on a
T,-weighted scan acquired at least three (ideally six) months prior.
If both post-GBCA MRI and at least 3-month (ideally six) prior scan
are not available, a PRL should be defined as ‘possible’, and its
chronicity should be confirmed with a scan acquired ideally at least
3 months (ideally six). The 6-month window is based upon estab-
lished literature demonstrating that persistent GBCA enhancement
after 6 months is exceedingly rare 3¢

Challenges in the detection and delineation of paramagnetic rim
lesions

Two main challenges were recognized as important when identifying
PRLs. First, the panel discussed difficulties with the delineation of
PRLs when this is part of a larger lesion that was likely generated by
confluency of several discrete inflammatory events. The panel recom-
mended counting any reasonably discernible PRLs after detailing cri-
teria for their identification and segmentation (Figs 1 and 6). Second,
the panel recommended cautious interpretation of data derived
from infratentorial brain regions given those areas’ vulnerability to
susceptibility artefacts related to magnetic field inhomogeneities.

Detecting and reporting changes in paramagnetic rim lesions over
time

The panel discussed the importance of reporting comparisons of PRL
visibility across scans over time. While more sophisticated quantifica-
tion can be done in research settings, qualitative descriptions of de-
tected changes can suffice in day-to-day clinical practice and
potentially in reader-based clinical trials. Specifically, any appreciable

change in lesion size (e.g. shrinkage or enlargement) and rim charac-
teristics (e.g. extent of lesion core coverage, intensity changes or dis-
appearance) should be noted. The panel also noted that at times the
identification of a PRL may be debatable, given variable degrees of sig-
nal intensity and rim length (both ultimately likely linked to the PRL
stage). Part of this challenge is also present on histology samples as
the rim of microglia not always surround the lesion core on its entirety
and/or is dependent on the iron quantity (as discussed earlier). In vivo,
longitudinal assessments may often in time provide a clear under-
standing of certain lesions features. In recognition of this challenge,
the panel suggested the possibility of qualifying PRLs as definite, prob-
able or possible based on the degree of confidence.

Proposing a stringent criterion to define paramagnetic rim lesions

Given that the proposed effort represents the first attempt to stand-
ardize a radiological definition of PRLs, the panel agreed on the import-
ance of a stringent initial criterion for the definition of PRLs, based on
the presence of a rim perimeter surrounding the lesion core of at least
two-thirds (Box 1). A discussion was held on the possibility that this
criterion may in future prove to be not applicable to all MRI methods
or to be unnecessarily stringent. However, the consensus was to start
with a methodology that would minimize false-positive results.

(1) Box 1 details the proposed criteria for the definition of PRLs on MRI.
(2) Box 2 details the proposed criteria for describing PRLs on a radio-
logical report.

Investigations are needed to: (i) establish how the proposed PRL
definition will perform in the multicentre setting as well as in com-
parisons with other proposed definitions (e.g. complete lesion per-
imeter only or 50% lesion perimeter); (ii) determine how to quantify
clinically and biologically meaningful PRL changes over time;
(iii) assess the proposed definition against histopathology; and
(iv) compare PRL visibility across clinical centres using different
available susceptibility-sensitive MRI techniques.

Expert visual assessment of PRLs is the gold standard for determin-
ing their presence. However, this approach is time-consuming and



2922 | BRAIN 2024: 147; 2913-2933 F. Bagnato et al.

A T2-w FLAIR Phase map T1-w post GBCA
- A .f-.;."'!,.- -

Figure 5 Paramagnetic rim lesion persisting upon resolution of gadolinium-based contrast enhancement. (A) T,-weighted fluid attenuated inversion
recovery (T,-w FLAIR) image at 7 T showing a hyperintense lesion delineated by the yellow contour. The central more hyperintense core of the lesion is
surrounded by a paramagnetic rim, as seen on the phase map presented next. There is likely vasogenic oedema (T,-hyperintense signal) peripheral to
the paramagnetic rim (green contour). The lesion also has gadolinium enhancement [yellow arrows on the T;-weighted post-gadolinium-based con-
trast agent (GBCA) MRI], which co-localizes with the rim. Co-localization is shown with a green contour in the insets of the phase and T;-weighted
post-GBCA MRI. Note that on this scan, the lesion cannot be called a paramagnetic rim lesion (PRL) because it demonstrates contrast enhancement.
(B) A year later, there is partial resolution of the previous large lesion on T,-weighted FLAIR, now limited to the core area contoured in light blue (larger
magnification in the middle inset). The lesion is no longer contrast-enhancing (data not shown) but retains PRL visibility on the phase map (indicated by
the light blue arrow). The contour of the new phase rim is delineated in red, and itis contrasted with the size of the rim measured at baseline (green) and
the overall lesion size at baseline (yellow). At this time point, the lesion can be called a PRL because it is no longer GBCA-enhancing and the paramag-
netic rim (light blue arrow on phase map) co-localizes with the perimeter of the chronic lesion core (light blue) on T,-weighted FLAIR. (C) At Year 2, the
lesion has remained approximately of the same size as delineated by the purple contour (which nearly overlaps with the light blue one, refer
to the T,-weighted FLAIR inset). The PRL (light blue arrow on phase map) is also the same size (the red contour from Year 1 scan entirely overlaps
with the rim on Year 2 scan, inset). Images were acquired on a person with newly diagnosed multiple sclerosis who was treatment naive at the
time of the baseline scan. Image contributed by Dr Francesca Bagnato, Habeeb F. Kazimuddin and Jiacheng Wang.
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Figure 6 Paramagnetic rim lesion identification in the setting of large, confluent lesions. Representative examples of paramagnetic rim lesions (PRLS)
and their suggested identification and segmentation (colour-coded PRL masks) in the setting of large, confluent lesions. In the first two cases, although
the lesions are confluent on the T;-weighted image, two PRLs can be clearly distinguished on the unwrapped filtered phase image. In the third case, a
reliable PRL sub-segmentation is not achievable and the lesion should be counted as a single PRL (even though it may in fact represent the confluence of

several PRL). Image contributed by Dr Martina Absinta and Dr Daniel Reich.

can be challenging. Methods for automated assessment of PRLs
based on machine learning have recently been developed.®®%° A
deep learning-based method®® used automated lesion segmentation®
followed by manual correction and confluent lesion sub-segmentation
to extract 3D patches around lesions. When integrating T,-weighted
fluid attenuated inversion recovery (FLAIR) and T," phase imaging
using a convolutional neural network approach, excellent classifi-
cation performance was achieved. A contemporaneously devel-
oped method® employed a fully automated statistical approach
for PRL detection. This method used automated lesion segmenta-
tion®"? followed by automated confluence removal®® and extrac-
tion of radiomic features®® from each lesion. A random forest
classifier then achieved good performance. Further developments

in the field continue, including those employing QSM® for rim
detection.

Statements and recommendations

(1) The current gold standard for PRL identification and quantifica-
tion is visual review by trained experts.

(2) Preliminary data suggest that automated algorithms hold
promise for PRL detection, but further validation is necessary.

Knowledge gap

Further studies are needed to develop automated algorithms for de-
tecting PRLs, quantifying PRL features (e.g. core volume, rim inten-
sity, and rim extension) as well as their changes over time.
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Prior to discussing the role of PRL for disease diagnosis and progno-
sis, the panel highlighted three specific features of PRLs, potentially
affecting clinical-MRI correlative studies.

First, PRLs have been observed to arise at the time of lesion for-
mation.***®51999 1n studies that assessed both susceptibility and
GBCA-enhancement simultaneously, one found that 41% of all
GBCA-enhancing lesions showed a QSM+ rim®’; two other studies
observed that 34%% and 52%** showed a phase rim at the time of
enhancement. In a follow-up period of 6+ months, QSM+ rims per-
sisted, with an additional 3%°°-9%°” of lesions evolving to include a
newly observed rim at some point; whereas phase rims were ob-
served to disappear in 5%°° and 45%** of initially rim+ lesions at
3-6 months follow-up. The initial (non-susceptibility) MRI feature
that appears to most consistently predict formation of a persistent
PRLs include larger lesion size.**°%°"%° Other features of probable
importance include a ring**%”% (
tern, longer T, prolongation®® and a transient hypointense rim
on apparent diffusion coefficient maps.®® For example, across
two studies that reported the enhancement pattern of 131 le-
sions, 66% of GBCA-ring-enhancing lesions developed persistent
PRLs, compared to only 5% of GBCA-nodular-enhancing le-
sions.**?® Thus far, chronic T,-lesions have not been reported
to evolve into PRLs over time, although studies based on numer-
ous serial post-GBCA MRIs would be required to more fully assess
this.

Second, studies have shown that PRLs have features of more ag-
gressive pathology but not blood-brain barrier injury® relative to

rimless lesions and, as such, may have a negative effect on out-
44,49,50

centripetal**)-enhancing pat-

come. Specifically, PRLs are larger than rimless lesions, also

148.97,99

at the time of the GBCA-enhancemen and tend to remain

45,49,50,98,101,102 \yhereas rimless le-

stable or enlarge longitudinally,
sions tend to remain stable or shrink.*>#9°%9%11 PR s were seen
to be invariably hypointense on T;-weighted gradient echo
550,103,104 and demonstrate greater underlying tissue

injury, as measured using quantitative MRI methods, compared

sequences

to rimless lesions.*>°%100.1041%7 Nonetheless, as many as 56% of
PRLs were found to correspond to a black hole, as traditionally de-
fined on T;-weighted spin echo images,”’ highlighting the fact
that, at each given time, PRLs do not necessarily represent all lesions
with the highest degree of tissue loss in brain. Furthermore, peri-
plaque damage around PRLs seems to be worse than around rimless
lesions.’® In light of these findings, the association between
PRL status (>1) or number and higher (group-level) T,-hyperintense
lesion volumes is a potential confound for cross-sectional interpret-
ation. Thus, both the total T,-lesion burden as well as PRL status/
number should be considered as covariates when performing
clinical correlative studies.

Third, in a fraction of PRLs, still not consistently estimated, the
T,-hyperintense core persists while the paramagnetic rim fades
over time; this leads to apparent resolution of the PRL. Studies
have shown that it may take up to 3.5 years to see PRLs enlarging*’
and a median of 7 years?® to notice their resolution. Whole-lesion
QSM decay begins ~1.5 years for rimless lesions whilst susceptibil-
ity remains elevated from PRLs up to 4 years of age.’” This dynamic
behaviour of PRLs affects the output of clinical-MRI correlative
studies, in that lesions that were formerly PRLs but are still
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associated with disability would then be counted as rimless lesions
in cross-sectional studies.

The role of paramagnetic rim lesions in distinguishing multiple
sclerosis from mimickers

At the time this paper was drafted, 11 adult studies>>°8°%64108-114

had been published assessing the role of PRL in distinguishing
multiple sclerosis (n=968) versus incidental lesions in heathy
controls (n = 299) or multiple sclerosis-mimicking diagnoses ran-
ging from infectious, inflammatory, autoimmune, vascular and
non-inflammatory aetiologies (n=297). They reported a consist-
ently high (>90%) specificity for PRLs to discriminate multiple
sclerosis from mimics,>>°#°%19811* except for Susac’s syndrome,
in which PRLs are seen in ~60% of cases.>*®**'! Notably, however,
the number of Susac’s syndrome cases in these studies is low (11
individuals). In contrast, the sensitivity of PRLs in multiple scler-
osis diagnosis remains modest at best, ranging from 24% to 52% in
the largest cohorts.®**'? Of additional diagnostic relevance, one
study noted that in cases of clinically isolated syndrome, 100%
of those having >1 PRL at baseline were ascertained as having re-
lapsing multiple sclerosis over a 4.5-year follow-up period.*® A
primary limitation of these studies is the relatively modest sam-
ple size.>®

Paramagnetic rim lesions as indicators of worse clinical,
radiological and biological outcome

The panel acknowledged that PRLs have been observed across all
multiple sclerosis clinical phenotypes and radiologically isolated
syndrome.**>!® Studies indicate that the prevalence rates mostly
range around 50%-60% when assessed using a consistent 3 T proto-
col.** While numerous studies have been performed to report on
the occurrence of PRLs, the discussion relative to clinical-MRI correla-
tive outputs generally focused on studies examining multiple clinical
status measures with larger (n > 50) sample sizes.

Most of these cross-sectional studies showed an association be-
tween PRLs and higher physical*>**¢*'” and cognitive**'"’ disabil-
ity. A few did not.°*'*® No study identified a protective association
with PRLs. Cross-sectional cohorts also revealed associations be-
tween PRLs and lower grey matter volumes,*>¢110311%117 cortical
thickness,'" cortical lesions'? and whole brain volumes,*>''> as
well as greater spinal cord lesion burden and atrophy.®*

A predilection for PRL anatomical localization in periventricular
areas has been reported thus far''®"*° although findings are not un-
equivocal.’?! Comparisons in network dysfunction between PRL+
and PRL- patients with multiple sclerosis found less network dis-
ruption in the former group, indicating that the effect of PRLs on
disability is not mediated by it but also raising the question on
the remote impact of PRLs.*?%1%?

Finally, PRLs have recently been shown to have an association
with CSF chitinase-3-like-1 protein (a marker for microglial activa-
tion),**® a higher intrathecal immunoglobulin G (IgG) synthesis,'** as
well as increased albumin quotient'®® and serum neurofilament light
chain, in most***®124 but not all studies.’** The correlation between
PRLs and haemolysis parameters, previously found to be associated
with features of neurodegeneration,’” was non-significant.’® The
studied haemolysis, haematologic and blood chemistry parameters
included red blood cell count, reticulocytes, haemoglobin, haemato-
crit, potassium, iron, total bilirubin, free haemoglobin, haemolysis in-
dex, lactate dehydrogenase, fibrinogen and aspartate transaminase
levels.’?®

In contrast to cross-sectional studies, longitudinal disability data
are scarce. Three independent groups'*>'**'?” conducted prospective
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assessments (n= 100, n =66, n =91); even after adjusting for baseline
lesion volume, all observed that the baseline number of PRLs—but
not necessarily PRL status (presence/absence)—predicted worsening
disability or conversion to secondary progressive multiple sclerosis
(SPMS) [but not clinically isolated syndrome (CIS) to relapsing remit-
ting multiple sclerosis (RRMS)] over a follow-up period up to 9 years."*’
Other recent retrospective studies (n = 61 and n=72) also found longi-
tudinal disability worsening associated with >1 PRL (over a median 3.2
years),"?® or >4 PRLs (over a median ~2 years).'*®

It is to be highlighted, however, that a high degree of methodo-
logical inter-study variability is present due to differences in MRI
postprocessing, hardware and software acquisition parameters,
image analysis techniques and statistical design/interpretation.
These factors challenge the validity of comparisons among cohorts.

(1) PRLs likely develop in the wake of newly formed T,-lesions and
persist for several years.

(2) Over time, PRLs may enlarge and the paramagnetic rims may
persist or fade.

(3) PRLs can be seen at any stage of multiple sclerosis as well as in
radiologically isolated syndrome, but they are often associated
with a more aggressive clinical and radiological course.

(4) The high specificity of PRLs for multiple sclerosis suggests that
they could prove useful as a supportive MRI feature for the diag-
nosis of multiple sclerosis.

Although a highly promising biomarker, the establishment of the
role of PRLs as clinical biomarker warrants further investigations.
Studies are needed to determine: (i) the prevalence of PRLs in
each disease phenotype and the consistency of such prevalence
across different MRI protocols; (ii) the role of PRLs as prognostic bio-
markers of disability accumulation in large, prospective longitudin-
al studies; (iii) the role of disease-modifying agents, environmental
variables and genetic features on PRL formation/evolution; (iv) the
clinical impact of preventing and/or resolving PRLs; (v) how differ-
ent methodological approaches impact clinical-radiological corre-
lations; and (vi) the GBCA-enhancing and T,-weighted lesion
features that predict PRL development.

Although studies focused on the identification of PRLs in the cortex
of patients with multiple sclerosis are limited,®*°%*3%32 in yiyo ex-
aminations at 7 T report that some leukocortical multiple sclerosis
lesions feature a paramagnetic rim.®'°>**° Cortical PRLs identified
on GRE-derived T,* and QSM have both been validated against hist-
ology as CAL. QSM maps alone, however, cannot distinguish sus-
ceptibility contributions of demyelination and iron increase. For this
purpose, future studies could combine information from both QSM
and R2*/T2* mapping or use susceptibility separation techniques.’®
QSM reconstruction techniques are not yet completely optimized for
the cortex, so a variable proportion of cortical lesions could be missed.

PET imaging based on targeting 18 kDa mitochondrial TSPO ex-
pression, a marker of glial activation, has provided in vivo evidence
of neuroinflammatory activity within the cortex****** and cortical
lesions™” of patients with multiple sclerosis. Initial data demon-
strate that TSPO PET imaging could be helpful for staging cortical le-
sion inflammatory activity in vivo in a manner that is relevant to
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clinical outcomes.**® PET spatial resolution is generally low relative
to the thickness of the cortex, making confident assignment of
TSPO PET signal difficult. However, the use of high-resolution PET
systems, including PET high resolution research tomographic
(PET/HRRT) imaging as well as the integrated PET-MR ‘Brain-PET’
scanner, offers a substantial increase in spatial resolution com-
pared to other whole-body PET scanners. Additionally, postproces-
sing strategies based on surface-based analysis can be employed to
reduce partial volume effects in the cortex. Compared to volumetric
approaches, these methods have been shown to improve the reli-
ability of PET for detecting cortical signal changes.**¢

(1) Initial evidence suggests the presence of PRLs in the cortical
grey matter of patients with multiple sclerosis.

(2) Although candidate methods with preliminary data exist (e.g. un-
wrapped/filtered phase, TSPO-PET), there are currently no well
validated techniques for identification of chronic inflammation
in grey matter lesions.

Additional studies focused on the cortex or other grey matter struc-
tures are needed to: (i) assess the role of grey matter PRLs in pa-
tients with multiple sclerosis; and (ii) standardize ways to define
and monitor them.

As recently defined in the MRI literature,"®” SELs represent areas of
pre-existing T, lesions that show slow, constant, gradual and radial
expansion over a longitudinal T,;-weighted and T,-weighted MRIs,
where expansion over time is assessed using non-linear registra-
tion. This registration method is fundamental because the measure
of expansion, derived from the computed non-linear deformation
(e.g. the Jacobian determinant, which is the determinant of the de-
rivative of the non-linear deformation field), is interpreted as a
quantification of local volume expansion. At least three time
points, ideally acquired over a period of 1 to 2 years, are required
to evaluate the constancy of the observed expansion and ensure
thatitis gradual over time and not due to an abrupt change second-
ary to acute re-inflammation of an existing lesion or appearance of
a new acute lesion adjacent to a chronic one.

Like PRLs, SELs represent more aggressive lesions and are asso-
ciated with a more severe clinical and radiological course.
Cross-sectional measurements of tissue integrity show that SELs cor-
respond to regions within the T,-weighted lesions with greater tissue
damage,"®”*° while longitudinal studies confirm ongoing tissue de-
generation over time, as compared to the rest of the T,-weighted le-
sion volume.’®'* Although GBCA re-enhancement may be
responsible for nearly 15% of enhancing lesions,*>**" this is rarely
observed in SELs.* Clinical-MRI correlative studies point toward as-
sociations between SELs and worse outcomes.*?'*> SELs are de-
tected in both relapsing and progressive multiple sclerosis and are
seen more frequently in people with active disease (e.g. new lesion
formation over time).**”**? patients with multiple slcerosis demon-
strating at least one SEL have more advanced physical disabil-
ity.**®1> Larger SEL volumes and higher proportions of T,-lesions
identified as SELs predict Expanded Disability Status Scale (EDSS)
worsening 7 and 9 years later, respectively.”®®*'** SELs exhibit
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longitudinal reduction of signal intensity on T;-weighted sequences
and magnetization transfer ratio values.’® Changes in T;-weighted
lesion volume and T;-weighted signal intensity within SELs over
120 weeks predict subsequent disability progression.'**

Some disease-modifying therapies may have a modest effect on
the number and volume of SELs,*2*#41%1%7 g]though it remains un-
clearif thisis a direct effect on SELs or an indirect effect due to suppres-
sion of acute inflammation, given the strong association between
GBCA-enhancing lesions and new Tp-weighted lesions and SELs.

SELs and PRLs have moderate-to-high subject-level correlations
but only modest spatial co-localization, indicating that the two lesion
types may only partially overlap and identify different biological pro-
cesses.'?®*8 Heterogeneity in PRL volume changes, e.g. enlargement
versus stability**°>% or resolution,?® can at least partially explain
why only ~40% of PRLs (or fewer) are also detected as SELs.'*® Data
so far suggest that fewer than 20% of SELs**® and as low as 7%, co-
localize with PRLs, and the subset that co-localizes shows increased
microstructural tissue damage and ongoing tissue degeneration over
time."® Some SELs that do not co-localize with PRLs may represent
CAL without detectable iron at the lesion edge.’ It remains possible
that others represent additional sources of lesion expansion, such
as neurodegeneration of the lesion core and surrounding tissue.
Although the gradual expansion and lack of measured GBCA-
enhancement at the assessed time points make it unlikely that re-
enhancing lesions are determinants of SELs, chronic inflammation
sustained by chronic leakage of the blood-brain barrier may also be
a responsible factor. Slow degeneration of previously damaged mye-
lin and/or axons, and tissue damage secondary to vascular co-
morbidities, are also additional potential culprits.

(1) SELs represent concentrically and gradually expanding areas of
focal tissue damage with high tissue destruction not associated
with ongoing GBCA-enhancement.

(2) SELs are associated with disability progression.

(3) SELs can be detected using conventional T;-weighted and
T,-weighted sequences and do not require the acquisition of
susceptibility-sensitive MRI. They do, however, require a min-
imum of three scans, ideally over a period of 1 to 2 years.

(4) SELs and PRLs show only modest co-localization and should not be
equated. SELs are identified longitudinally based on observed lesion
expansion over time, while PRLs are detected cross-sectionally based
on the susceptibility changes induced by iron-laden microglia.

(5) Current methods for SEL detection on MRI have been based on non-
linear registration and Jacobian analysis. Optimization of current
methods for quantifying lesion expansion and incorporating of
intensity-based features of chronic lesion evolution may provide im-
proved markers of chronic lesion activity using conventional MRI.

Further studies are required to: (i) better understand the biological un-
derpinnings of SELs and specifically the pathological correlation of
SELs and CAL; (ii) assess the optimal follow-up duration for accurate
SEL identification as well as the effect of heterogeneity in data acqui-
sition; and (iii) test the efficacy of different methods in detecting SELs.

1C-PK11195-PET (PK-PET) is a first-generation ligand binding the
18 kDa TSPO, which is expressed on the outer mitochondria

F. Bagnato et al.

membrane of activated myeloid cells'****° and has been used to

demonstrate increased innate immune activity throughout the
brain in patients with multiple sclerosis.’**>° As a subset of CAL
lack a rim of iron-laden myeloid cells'®; susceptibility-sensitive
MRI may underestimate the burden of these lesions, which PET
may capture. PK-PET has provided in vivo validation that PRLs ex-
hibit higher inflammation compared to rimless lesions.*!
Although PET provides higher molecular specificity than MRI, lim-
itations of spatial resolution impact specific localization of molecu-
lar binding within smaller regions of interest.”®>” As such, some
studies have combined chronic lesions as a single target region to
explore the impact of therapy.>31°8-160

Although evaluation of longitudinal inflammatory change with-
in individual chronic lesions would be most informative for treat-
ment studies, technical variability needs to be considered.'®!
More recently, a voxel-based parametric approach with TSPO PET
has been suggested to identify chronic lesions with increased mye-
loid cell activity*®?*** and may provide an opportunity to identify
CAL beyond those identified with GRE MRI. Interestingly, the major-
ity of TSPO+ lesions demonstrate a homogenous pattern of activa-
tion, whereas only a minority have binding localized to the rim.
These observations raise the possibility that TSPO PET may identify
different phenotypes of chronic lesions, but the interpretation
needs further histopathological validation. Importantly, TSPO PET
studies should be interpreted with caution as TSPO can also be ex-
pressed by astrocytes.'®® Additionally, recent studies suggest that
TSPO binds differentially to different subtypes of microglia,*®®*”
though within CAL, the predominant binding was to reactive
microglia. Notwithstanding these considerations, TSPO PET studies
that identify rim-active and uniformly active chronic lesions®**®
have established an association with subsequent disability, em-
phasizing the role of these lesion patterns in the progression of
the disease.

Newer generation TSPO ligands have improved specificity and
brain penetration compared to PK-PET'®*"7* and may advance
the potential for PET to identify and compare inflammatory activity
across individual chronic lesions. Although there are multiple chal-
lenges, including variability in quantification approaches to avoid
arterial sampling,'”*"”® the need for an on-site cyclotron for *'C li-
gands, repeated radiation exposure for treatment monitoring, and
genetic differences in binding affinity with some TSPO ligands,
the expanded use of TSPO PET to define CAL may soon be feasible
with the development of fluorinated (**F) radiotracers*>**’° and
multicentre collaborations.””

(1) TSPOis currently the only target for widely available PET tracers
for activated microglia/macrophages and astrocytes.

(2) TSPO PET can provide lesion-level in vivo support for innate im-
mune system activity in PRLs.

(3) TSPO PET allows for improved molecular specificity to detect a
broader population of CALs, however the feasibility of TSPO
PET for clinical practice remains limited.

(4) Histopathologic validation of TSPO positive lesions that do not
correspond to PRLs is lacking.

Studies are needed to: (i) further validate the specific threshold of
TSPO ligand uptake within an individual multiple sclerosis lesion
to accurately define CAL; and (ii) optimize PET spatial resolution
to better meet the needs of CAL visibility.
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Imaging outcome markers thought to reflect CAL, including PRLs,
SELs and TSPO PET, are increasingly being integrated into the de-
sign of phase 2 and 3 clinical trials,'’® or in post-marketing stud-
ies'®17° as reflected in listings in the clinicaltrials.gov
database.’®#* Additional multicentre trials are known to be im-
plementing such measures as exploratory outcomes without expli-
cit listing on clinicaltrials.gov.'”® This development reflects a
widespread recognition that CAL are an important driver of pro-
gressive disability accumulation independent of relapse activity. It
also emphasizes the current lack of data regarding the efficacy of ex-
isting disease-modifying therapies in preventing or abrogating the
biology of progression and its contribution to clinical outcomes.
Observations that PRLs are present on scans of patients with mul-
tiple sclerosis taking many of the approved therapies, including
highly effective medications such as ocrelizumab and natalizu-
mab,**?° suggest that distinct treatment strategies, such as those
that impact myeloid cells rather than lymphocytes alone, might
be required to resolve inflammation within PRLs.

The published use of PRLs as a primary outcome measure to as-
sess either prevention or resolution of CAL is currently limited to
single-centre studies,’®>™® and the same is true for TSPO
PET*82188, no data from prospective clinical trials have been pub-
lished. In addition, retrospective analyses of clinical trial and nat-
ural history datasets have been performed to determine whether
existing disease-modifying treatments might modulate these
imaging measures, with some early success,?%4146.153,158,160,179
Optimal trial designs for studies using pre-existing PRL resolution
as an outcome measure are not yet known, although early data re-
porting that the time span for spontaneous resolution of PRL is inn
the order of 5-10 years after they form.?>**%” This factor implies
that the opportunity for accelerating such resolution within the
timeframe of clinical trials may be large. Preliminary calculations
suggest that in a 1-year trial, 16 patients per arm, with a total of
112 PRLs, would be sufficient to detect a 10% treatment effect (num-
ber of PRLs that fade or disappear) with 80% power.?* Screening par-
ticipants based on the presence/absence of PRLs at baseline may
increase the statistical power of the studies.

(1) Dynamic biomarkers of CAL (PRLs, SELs and possibly lesions on
TSPO-PET) are promising outcome measures in clinical trials as-
sessing the effect of medications on chronic parenchymal in-
flammatory injury and non-relapsing progressive biology.

Investigations are need to: (i) establish optimal trial designs for in-
terventions seeking to resolve CAL; and (ii) determine how best to
assess CAL resolution and modulation, e.g. number and proportion
of PRL/SEL/TSPO-positive lesions on PET, lesion size, quantitative or
comparative features of the lesion core or rim, and association with
clinical status.

Conclusions

Over the past decade, the discoveries of PRLs and SELs on MRI, and
TSPO-positive lesions on PET, have opened a window into
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visualization of innate immune activity in vivo. PRLs, SELs and
TSPO-positive lesions are emerging as potential dynamic biomar-
kers of the clinical consequences of non-relapsing progressive biol-
ogy and could lead to a breakthrough in the monitoring of ongoing
tissue injury in multiple sclerosis. While partially overlapping,
these biomarkers do not have equivalent sensitivity and specificity
to histopathologic CAL and thus should not be considered inter-
changeable. Currently, PRL is the biomarker with the most robust
histopathological substantiation. Here, we propose a standardized
approach to identify PRLs in the context of non-GBCA-enhancing,
sharply demarcated T,-lesions as well as larger confluent lesions.

Our initial standardization is based upon research experience of
the authors as well as current literature. We realize that more re-
search is needed to test our proposed definitions. For example,
our proposed definition may not apply to all MRI acquisition meth-
ods; it also needs to be compared to other less or more stringent cri-
teria and should be ideally tested against histology.

Further research is also needed to compare the efficacy and
feasibility of each susceptibility-sensitive MRI method for detecting
PRLs as well as to develop standards and tools for PRL quantifica-
tion. Last, while PRLs have been detected on images with submilli-
metre in-plane and <3-mm through-plane resolution, work is
needed to understand the efficiency of low-resolution sequences
in detecting all PRLs.

However, standardizing definitions is at this stage a stepping stone
to facilitate inter-study comparisons and move the field forward.

We also provide an appraisal of current knowledge on the role of
PRLs, SELs and TSPO lesions as disability indicators and outcome
prognosticators, and we identify knowledge gaps to set the stage
for future research. We obtained consensus that PRLs represent a
pathophysiological biomarker of multiple sclerosis that warrants
additional clinical attention. Whether these lesions are causative
of accelerated disability accumulation of course or rather an epi-
phenomenon requires additional investigation.

Such research should, among other things, further assess the
biological and clinical role of PRLs and foster the development of
measurement tools to allow monitoring of PRLs in both
proof-of-concept clinical trials and day-to-day clinical practice.
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