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Abstract. Positron Emission Tomography (PET), an imaging technique based on the injection of radiotracers directed against
specific biological targets within brain tissues, is a specific and sensitive technique which offers the unique opportunity to
quantify myelin dynamics in the central nervous system. Several stilbene and benzothiazole derivatives have been repurposed
to image myelin by PET. In demyelinating and dysmyelinating models, selected radiotracers were shown to reliably quantify
demyelination and remyelination, allowing a translational approach in humans. A pilot study in subjects with active relapsing
MS using PET and the most available benzothiazole derivative, ['' C]PIB, supported the hypothesis that this technique is
able to quantify myelin content in multiple sclerosis (MS) lesions and to capture dynamic demyelination and remyelination
over time. This study highlighted for the first time in vivo the prognostic value of individual profiles of remyelination on the
disease course. In future, the clinical application of myelin PET will be pushed forward thanks to the availability of novel
fluorinated tracers for myelin, together with the setting up of non invasive quantification procedures and the use of powerful
PET-MR systems. This will enable to address in vivo critical unanswered questions about the pathogenesis of remyelination,

and to measure the efficacy of emerging promyelinating drugs in early-phase therapeutic trials.
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Conventional MRI sequences, while very sensi-
tive for the detection of white matter lesions in
demyelinating diseases, are not specific for the mea-
sure of each of the pathological processes underlying
tissue damage, as detected changes may equally
reflect inflammation, oedema, extra-cellular matrix
changes, myelin pathology and neuro-axonal degen-
eration. Therefore, many advanced MRI tools have
been developed over the years with the objective to
quantify more specifically the myelin compartment
in the CNS. However, advanced MRI techniques,
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while very sensitive to microstructural changes, do
not display the pathological specificity required to
quantify myelin loss and repair, as they reflect
changes in the physical characteristics of brain tis-
sues, rather than specific pathological processes.
Positron emission tomography (PET) is a nuclear
medicine imaging technology that measures the dis-
tribution of specific ligands labeled with positron
emitters in vivo: as ligands are specific for targets
of interest, this imaging approach provides the high-
est possible specificity at the cellular and/or tissular
level to investigate neurological diseases. A second
key advantage of PET is that it allows an abso-
lute quantification of tracer binding that directly
reflects the concentration of the biological target
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in the tissue of interest, with excellent sensitivity
to changes. Therefore, PET opens the unique per-
spective to directly and specifically quantify myelin
dynamics in demyelinating and dysmyelinating dis-
eases in-vivo.

IDENTIFYING THE CANDIDATE PET
RADIOTRACERS FOR MYELIN IMAGING

To date, the search of promising radiotracers allow-
ing to measure myelin dynamics has been mainly
focused on the development of small radiolabelled
compounds that could directly bind to myelin tar-
gets, allowing the quantification of changes in myelin
content in selected regions of interest within the
white matter. The first candidate described was
a stilbene derivative, the 1,4-bis(p-aminostyryl)-2-
methoxy benzene), also named BMB, that was shown
to selectively bind to myelin ex-vivo and in-vivo [1].
This compound allowed the detection of demyeli-
nating lesions in a rodent experimental autoimmune
encephalitis model of demyelination, as well as the
quantification of myelin loss in two dysmyelinat-
ing mutants, the shiverer and the quacking mice. On
MS brain samples, the levels of BMB staining could
differentiate remyelination in shadow plaques from
either demyelinated lesions or normal-appearing
white matter, suggesting that this biomarker was suit-
able to quantify myelin loss and repair in this disease.
Finally, BMB was shown to be able to cross the blood
brain barrier and, once radiolabeled with carbon-11,
to allow the first PET imaging of CNS myelin in
non-human primates.

Following this first evidence, several compounds
belonging to the same chemical class as BMB, such
as BDB [2, 3], GE3111, GE3082 [4-6] and CIC
[7], were shown to have similar affinity proper-
ties for myelin. In particular, GE3111 and GE3082
were investigated for the visualization of nerves in
real time during surgery [4—6], while CIC was con-
sidered as another potential candidate for in-vivo
CNS myelin imaging with PET [7]. Over recent
years, there has been a growing interest for another
stilbene derivative, the C-11-labeled N-methyl-4,4'-
diaminostilbene ([(11)C]MeDAS) [8], which has
been proposed to have improved characteristics com-
pared to previously described myelin tracers. In
particular, this compound has been shown to present
optimal biodistribution and pharmacokinetic proper-
ties and to selectively label myelinated regions with
high specificity.

One of the key open issues was the identification
of the molecular target responsible for the specific
binding of these compounds to myelin. This was
not exclusively linked to a non-specific hydrophobic
binding to the lipids contained in myelin, as experi-
mental ex-vivo evidence showed that the binding of
these tracers to the myelin structure remained pre-
served after lipids removal [1]. Interestingly, these
tracers are all derivatives of Congo-red, a dye orig-
inally used to stain deposits of beta-amyloid in
Alzheimer’s disease through the binding to amyloid-
like proteins characterized by five adjacent beta-sheet
structures [9-11]. Their additional selective bind-
ing to myelin was therefore explained with myelin
proteins and amyloid plaques possibly sharing com-
mon structures, such as multiple beta-sheets, which
could be targeted by these compounds [1, 12]. Recent
data have strongly supported this hypothesis, pro-
viding the quantitative evidence that myelin basic
protein, a major structural myelin protein which is
characterised by a multiple beta-sheet structure, is
one molecular binding partner of myelin-selective
fluorescent compounds such as BMB, GE3082, and
GE3111 [13].

As these findings suggested the existence of
a molecular target common to amyloid plaques
and CNS myelin, other amyloid markers related
to the benzothiazole chemical class were investi-
gated for their potential as myelin markers [14]. The
thioflavinT derivative 2-(4'-methylaminophenyl)-6-
hydroxybenzothiazole (Pittsburg Compound B, PIB),
was the first benzothiazole derivative shown to stain
myelin ex-vivo in rodent and human post-mortem
brain samples. The specificity of this compound
for myelin was further highlighted by the evidence
of its drastic decrease in the white matter of the
shiverer mouse, and the demonstration of its abil-
ity to discriminate normal appearing white matter,
MS demyelinated lesions and shadow plaques in
post-mortem MS brains. In non-human primates,
['1C]-PIB allowed to generate PET images of myeli-
nated white matter areas, that demonstrated a greatly
improved white matter/grey matter contrast com-
pared with ['!C]-BMB [14]. In a longitudinal
experimental study performed in rodents with focal
demyelination induced by lysolecithin, while ['!C]-
CIC showed suboptimal kinetics for a robust imaging
of myelin, both the stilbene [!'CJMEDAS and the
benzothiazole ['!C]-PIB were shown to be sensitive
enough for capturing myelin loss and repair [15, 16].

More recently, other families of compounds, either
related to coumarine [17] or to the sphingosine-1-
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phosphate receptor modulator fingolimod [18, 19],
have been developed for myelin imaging. It is
noteworthy that further data are still required to val-
idate the specificity of these compounds toward the
myelin targets, as well as their signal-to-noise ratio
on PET imaging. In particular, the specificity of
these compounds should be measured not only in the
healthy CNS, but also in brain tissues affected by
inflammatory conditions, as it is possible that some
targets are expressed both by myelin and inflamma-
tory cells. For example, this could be the case with
a SIP receptor modulator such as fingolimod, that
not only acts on the S1P5 site, but also on other
receptor subtypes such as the S1P1, which is strongly
expressed by inflammatory cells. Therefore, in order
to specifically target the S1P receptors for myelin
imaging, the use of a selective S1P5 compound would
be essential, as this receptor has been shown to be
mostly expressed on myelin and oligodendrocytes
[20].

THE TRANSLATION OF MYELIN PET
IMAGING TO HUMAN STUDIES

Several candidate myelin tracers potentially suit-
able for in-vivo PET imaging have emerged during
the last decade. The essential characteristics that
are necessary for the application of one of them
in a pilot study in humans, include the evidence
of non-toxicity, a favourable pharmacokinetic with
good CNS entrance and clearance, and an acceptable
signal-to-noise ratio. The availability of ['!C]-PIB,
together with its previous use in human PET studies
and proven safety [21] made it a natural candidate for
the first proof of concept clinical study aimed at imag-
ing myelin changes in humans [14]. Initially, dynamic
[''C]-PIB PET examinations performed in patients
with MS were analysed using the standardized uptake
values (SUV) as a semi-quantitative measure of
the tracer uptake. The SUV analysis showed that
[''C]-PIB PET allowed to visualize demyelinated
MS lesions, with a less pronounced reduction of the
tracer uptake in gadolinium enhancing lesions than
in inactive lesions. A major prerequisite for a larger
clinical use of this tracer was the implementation of
a full quantitative model for a non invasive accu-
rate quantification of the tracer bound fraction to
white matter. This was achieved by the development
and application of a voxel-wise quantification pro-
cedure based on the extraction of an input function
from a reference region using a supervised clustering

algorithm, followed by the application of the Logan
reference tissue model [22]. This method, first devel-
oped for the TSPO [11C]PK11195 tracer [23] and
subsequently applied to [11C]PIB in Alzheimer dis-
ease [24], returned parametric maps of [11C]PIB
binding across the brain [25]. Interestingly, the quan-
titative measures of white matter brain [11C]PIB
binding obtained from a group of healthy controls
scanned with a High Resolution Research Tomo-
graph (HRRT), when combined with data from the
Allen brain atlas, showed a strong correlation with
the mRNA expression of most of the major proteins
composing the structure of human myelin, but no cor-
relation with the mRNA expression of proteins not
related to myelin. Moreover, when this non-invasive
quantification method was compared to SUV in a test-
retest study, it showed a higher reproducibility with an
ICC> 0.95 and a test/retest absolute mean of relative
differences equal to 2%=+1% [25].

We further performed a longitudinal study of
myelin dynamics in patients with MS using [1 1C]PIB
HRRT PET combined to MRI [26]. The 20 patients
included were all having a relapsing-remitting form
of the disease together with at least one gadolinium-
enhancing lesion with a diameter above 6 mm on
the baseline MRI, to ensure capturing an extensive
degree of active demyelination and remyelination in
lesions over the follow-up. The cross-sectional analy-
sis of patients with MS compared to healthy controls
revealed a progressive reduction of [11C]JPIB binding
from the normal-appearing white matter to the cen-
ter of MS lesions, which mirrored the post-mortem
evidence of a gradientin myelin density from normal-
appearing tissues to the lesion core [27-29]. By
contrast we found no decrease in [11C]PIB bind-
ing in the normal appearing white matter (NAWM)
of patients compared to the white matter of con-
trols, suggesting that the subtle changes described
on advanced MRI sequences in the NAWM [30] are
not linked to a real demyelinating component. Over
the follow-up period that lasted between 2 and 4
months, negative and positive changes in [11C]PIB
binding were observed in lesions (Fig. 1). We calcu-
lated and extracted from PET data several dynamic
indices of myelin content change, reflecting either
active demyelination, active remyelination, or the
balance between the two processes. One of the key
findings of this study was that [11C]PIB PET identi-
fied a high between-patient variability for the index
of dynamic remyelination. This result, which had not
been captured in previous MRI studies, is in line
with the notion of a patient-specific “remyelination
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Fig. 1. Imaging myelin dynamics by PET. Left, coronal view of the MPRAGE sequence acquired on a single representative patient with
relapsing-remitting MS; Centre, the corresponding [''C]PIB PET at baseline; Right, the second PET time-point acquired 3 months later.
Green circles indicate the evolution of single lesions visible as hypointense signals on MPRAGE scans, with a reduction in [11C]PIB uptake
at baseline reflecting myelin loss, and a subsequent partial increase of the [11C]PIB signal at the second time-point, indicating possible

dynamic remyelination.

profile,” previously described in neuropathological
studies [31], which could determine the extent of
myelin regeneration of each individual patient in
response to ademyelinating insult. A second key find-
ing of this study was the strong association between
dynamic remyelination and clinical disability scores.
This evidence supports the hypothesis that an efficient
remyelination process, taking place in an appro-
priate time window after a demyelinating insult,
may be a critical factor in determining a favourable
prognosis in patients with MS, at least during the
relapsing phase of the disease [26]. Interestingly,
recent evidence combining myelin PET and mul-
timodal MRI, showed that patients with a higher
remyelination potential were characterized by less
axonal damage in white matter tracts as reflected
by the measure of fractional anisotropy on diffusion
weighted images, and by less grey matter damage as
reflected by the measure of thalamic volume (Bodini
et al., in preparation). The use of myelin PET also
opens the perspective of the stratification of patients
according to the individual efficiency of endogenous
remyelination in a clinical setting, which may repre-
sent the first step towards personalized regenerative
therapies.

THE FUTURE OF MYELIN PET IMAGING
IN CLINICAL STUDIES

The exciting opportunity offered by PET encour-
ages to push forward the research of optimized PET

compounds for myelin, which would allow a larger
dissemination of this technique in multicentre clin-
ical studies of remyelination. This would imply
the characterization and availability of fluorinated
compounds for myelin imaging, the determination of
a standardized procedure for PET image acquisition
in a multicenter setting, as well as the definition of
validated non-invasive methodologies aimed at quan-
tifying the PET signal. A new generation stilbene
derivative named MEDAS with improved charac-
teristics has been recently described [32], and its
fluorinated version might represent one promising
candidate. Beside the development of new tracers,
several stilbene and benzothiazole derivatives have
already been generated in their fluorinated form and
applied to clinical studies, and might be repurposed
for myelin imaging as they all showed an optimal
white matter uptake in control subjects [33]. Further
supporting this possibility, a recent cross sectional
study using PET and ['®F]Florbetaben has been per-
formed in patients with MS, which showed that
this tracer might be able to quantify myelin loss in
the white matter [34]. Another major methodolog-
ical step forward will be to take advantage of the
synergistic combination of PET- and MRI-derived
metrics, that should allow to minimize partial vol-
ume effect inherent to PET imaging, and to obtain
an accurate between-modality coregistration. In this
respect, novel PET-MRI systems will find an ideal
application in MS, as the minimization of all method-
ological biases is essential to enable an accurate
investigation of the myelin dynamics characterizing
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the dissemination of small lesions which is typical
of this disease. The combination of PET and mul-
timodal MRI will also enable to use PET metrics
as a gold standard for myelin, and to subsequently
identify and validate the best combination of MRI
metrics that would correlate with the PET signal:
such a combination of MRI sequences might there-
fore replace PET to monitor myelin dynamics in
large studies, or could be associated with PET to
obtain a multimodal specific and sensitive longi-
tudinal imaging of myelin with improved spatial
resolution and reduced partial volume effect. These
technical improvements will finally result in the
design of new early phase therapeutical trials aimed
at evaluating the large number of emerging promyeli-
nating drugs. From the quantitative data obtained in
our pilot study, we suggest a design for phase II clini-
cal trials in active RRMS that includes a run-in period
lasting 4 months, to define the endogenous remyelina-
tion profiles of patients, followed by a 4 months phase
with parallel arms, to evaluate the candidate molecule
compared to placebo. Beyond therapeutical trials,
quantitative myelin imaging technologies will help to
address key unanswered questions linked to in-vivo
remyelination in MS: is myelin repair a protective
process preventing neuro-axonal degeneration in pro-
gressive patients? When should a promyelinating
therapy be introduced during the course of the dis-
ease to maximise its effects? Is there a regional pattern
of remyelination? Could the individual remyelination
potential be predicted by other biomarkers?

Overall PET has several major advantages over
existing imaging tools in term of specificity, sensitiv-
ity, and quantification robustness for the investigation
of myelin dynamics. Ongoing optimizations of
myelin PET procedures will allow a larger clinical
use in the very near future, opening the perspective
to disentangle the remyelination process in vivo, and
to develop therapeutic trials.
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