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Abstract

The biological mechanisms driving disability worsening in multiple sclerosis (MS) 
are only partly understood. Monitoring changes in lesion load on MRI has a 
limited predictive value on the progression of clinical disability, and there is an 
essential need for novel imaging markers specific for the main candidate mecha-
nisms underlying neurodegeneration which include failing myelin repair, innate 
immune cell activation and grey matter neuronal damage. Positron Emission 
Tomography (PET) is an imaging technology based on the injection of radiotracers 
directed against specific molecular targets, which has recently allowed the selective 
quantification in-vivo of the key biological mechanisms relevant to MS pathophysi-
ology. Pilot PET studies performed in patients with all forms of MS allowed to 
revisit the contribution of MS lesions to disability worsening and showed that the 
evolution of lesions towards chronic activation, together with their remyelination 
profile were relevant predictors of disability worsening. PET offers the opportunity 
to bridge a critical gap between neuropathology and in-vivo imaging. This technique 
provides an original approach to disentangle some of the most relevant pathologi-
cal components driving MS progression, to follow-up their temporal evolution, to 
investigate their clinical relevance, and to evaluate novel therapeutics aimed to 
prevent disease progression.

During the past decades, an extensive amount of research 
has been devoted to understand how macroscopic multiple 
sclerosis (MS) lesions visualized on MRI could drive neu-
rological disability over the course of the disease (77). This 
has led to the general view that while an increase in brain 
white matter (WM) lesion number and/or load was strongly 
predictive of subsequent relapses, disability worsening, at 
least to some extent, developed independently of the change 
in WM lesion load, especially following the first years of 
disease (12, 32). While the debate remains active, the disease 
is commonly considered as a dual entity, with an adapta-
tive immune-driven inflammatory component linked to WM 
lesions and relapses, and a diffuse neurodegenerative com-
ponent responsible for longer term disability accrual. 
However, the interpretation of correlative studies between 
MRI-visible lesions and disability course should be cautious 
because of potential limitations: first, the contribution of 
spinal cord and/or cortical lesions together with WM lesions 
is often unaccounted for, a point that is beyond the scope 
of this review; second, WM lesions are generally identified 
through T1 or T2-weighted sequences, which are both very 

sensitive to WM damage, but not specific for the underly-
ing biological processes; third, these studies usually take 
into account only the increase in either the number or 
volume of lesions over time, while a decrease in lesion size 
could also reflect a deleterious event (76). Overall, lesion 
heterogeneity, which has been well described in pathological 
investigations, has not been fully explored in previous lon-
gitudinal clinical studies. Indeed, post-mortem studies have 
shown that individual patients are characterized by extremely 
variable regenerative capacities, with only a minority of 
subjects being able to extensively remyelinate WM lesions 
(63), and a small proportion of lesions being classified as 
shadow plaques (34). The clinical correlates of these obser-
vations are challenging to derive from post mortem data, 
but it has been suggested that an efficient remyelination 
was linked to older age at death (63). Several distinct inflam-
matory profiles of chronic lesions have also been described, 
with a proportion of WM lesions evolving towards chronic 
activation and/or a smoldering state, and others becoming 
inactive. These profiles have recently been shown to have 
an impact on disease severity (34, 53).
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To investigate the role of this lesion heterogeneity in 
contributing to axonal damage and neuronal retrograde 
degeneration, and in turn to disability, it is essential to 
use imaging modalities specific for the underlying mecha-
nisms in longitudinal studies. Several advanced MRI tools 
have been developed over recent years with the objective 
to quantify the different processes implicated in the patho-
physiology of MS. However, these techniques, while very 
sensitive to microstructural changes, are not characterized 
by the pathological specificity required to quantify myelin 
repair or neuroinflammation, as they reflect changes in 
the physical characteristics of brain tissues, rather than 
specific pathological processes. Positron emission tomog-
raphy (PET) is a nuclear medicine imaging technology 
that measures the distribution of specific ligands labelled 
with positron emitters in vivo: as ligands are specific for 
the targets of interest, this imaging technology provides 
the highest possible specificity at the cellular and/or tis-
sular level to investigate brain pathological changes in 
neurological diseases. PET has a lower spatial resolution 
than MRI and is more challenging to be implemented as 
it involves the use of radiation and requires multidiscipli-
nary teams, but it allows an absolute quantification of 
tracer binding that directly reflects the concentration of 
the biological target in the tissue of interest, with excellent 
sensitivity to changes. Therefore, PET opens the unique 
perspective to directly and specifically quantify the mecha-
nisms underlying MS in vivo, and to explore the role of 
lesion heterogeneity in contributing to neurodegeneration 
and clinical disability over the course of the disease.

IMAGING MYELIN DYNAMICS BY PET

Selection of myelin radiotracers

Up to now, the search of myelin radiotracers has been 
mainly focused on the development of small radiolabelled 
compounds that could selectively bind to myelin, aiming 
to quantify myelin content changes in WM regions of 
interest. We first identified a stilbene derivative, the 
1,4-bis(p-aminostyryl)-2-methoxy benzene), also named 
BMB, and discovered that it selectively binds to myelin 
ex-vivo and in-vivo (80). Following this first evidence, sev-
eral compounds belonging to the stilbene chemical class 
were shown to have similar affinity properties for myelin 
such as BDB, CIC, GE3111, (20), or more recently C-11-
labeled N-methyl-4,4′-diaminostilbene ([11C]MeDAS), which 
has been demonstrated to have optimal biodistribution 
and pharmacokinetic properties (94,95).

An intriguing question regarding the specificity of stil-
bene derivatives towards myelin relates to the characteri-
zation of the molecular target responsible for the binding 
of these compounds. Originally developed as amyloid 
markers, they are thought to bind to proteins or aggregates 
displaying a particular molecular conformation with adja-
cent beta-sheet structures (40,46). Interestingly, this con-
formation is also found in some myelin specific proteins 
such as myelin basic protein (MBP) (68). While this target 

has not been fully characterized yet, a large body of evi-
dence supports a selective binding to myelin of these 
compounds: the binding to myelin remained preserved after 
lipids removal, and this evidence excludes a non-specific 
hydrophobic binding to the lipids contained in myelin; 
the level of binding correlated with myelin content in 
several dysmyelinating mutants such as the shiverer or the 
quacking, and could differentiate ex-vivo normal WM, MS 
demyelinated lesions and shadow plaques on post-mortem 
MS samples (80); a direct chemical interaction between 
MBP protein and several stilbene derivative has been dem-
onstrated (5); finally, in longitudinal microPET in vivo 
experimental studies performed in rodents with chemically-
induced demyelination, [11C]MEDAS was shown to have 
the potential to quantify myelin loss and repair (24).

Following the same hypothesis of a common molecular 
target between amyloid plaques and CNS myelin, other 
amyloid markers related to the benzothiazole chemical class 
were investigated for their potential as myelin markers. The 
thioflavin T derivative 2-(4′-methylaminophenyl)-6-hydroxy-
benzothiazole (Pittsburg Compound B, PIB), was shown 
to stain myelin ex-vivo in rodent and human post-mortem 
brain samples, with a drastic decrease in the WM of shiv-
erer mice (79). In rodent models (79), [11C]PiB microPET 
could capture remyelination (25), and in non-human primates 
[11C]PiB allowed to generate promising PET images of 
myelinated WM areas (79), therefore appearing as a natural 
candidate for a proof-of-concept clinical study in patients 
with MS.

Pilot PET human studies: lesion repair has a 
strong impact on clinical disability

A major prerequisite for the clinical application of myelin 
PET has been the development of accurate non-invasive 
quantification methods of WM binding that do not require 
arterial sampling. A semi-quantitative approach using 
standardized uptake value ratios (SUVR) has been applied 
to a cohort of late MS patients, showing a decrease in 
SUVR in WM lesions that correlated with visuo-spatial 
performances (96). A supervised clustering algorithm has 
been implemented to extract reference regions from the 
grey matter, which were used to estimate [11C]PIB binding 
using the LOGAN reference region approach. This approach 
allowed to generate voxel-wise maps of [11C]PIB distribu-
tion volume ratio (DVR), reflecting myelin density. Test-
retest analyses in healthy controls have shown a more 
accurate reproducibility of DVR compared to SUV (86). 
Further supporting the [11C]PIB selective binding to myelin 
in vivo, [11C]PIB DVR maps of the WM generated from 
a group of healthy controls showed a remarkable correla-
tion with the mRNA maps of the Allen Brain Atlas for 
those genes coding for the major proteins composing the 
structure of human myelin (86).

In a longitudinal pilot study, a group of 20 patients 
with a radiologically active relapsing-remitting form of 
MS (RRMS), along with age- and gender-matched healthy 
controls underwent a [11C]PiB PET at study entry and 
after 2-4 months (10). The cross-sectional analysis showed 
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a progressive reduction in [11C]PIB binding from normal-
appearing WM (NAWM) to the centre of MS lesions, 
which mirrored the post-mortem evidence of a gradient 
in myelin density from normal-appearing tissues to the 
core of WM lesions (23, 60, 75). Interestingly, when we 
compared the [11C]PIB binding in the NAWM of patients 
with that in the WM of healthy controls, we did not 
detect any significant change. This suggests that the subtle 
pathological changes classically described on advanced 
MRI sequences in the NAWM of patients with MS, are 
not characterized by a significant demyelinating component. 
Over the follow-up period, negative and positive changes 
in [11C]PIB binding were observed in lesions, reflecting 
dynamic demyelination and remyelination (Figure  1), and 
several dynamic indices of myelin content change were 
calculated. The first key finding of this study was that 
[11C]PIB PET allowed to demonstrate a significant between-
patient variability for the index of dynamic remyelination, 
and to identify “good” and “bad” remyelinators. This result 
is in line with the notion of a patient-specific “remyelina-
tion profile,” already supported by neuropathological evi-
dence (63). This index of dynamic remyelination generated 
with PET, was able to measure the extent of myelin regen-
eration of each individual patient in response to a demy-
elinating insult. The second key finding of this study was 
the strong correlation between dynamic remyelination and 
clinical disability scores. This evidence supports the hypoth-
esis that an efficient remyelination process taking place 
in an appropriate time window after a demyelinating insult, 
may be a critical factor in determining a favourable prog-
nosis in patients with MS. As a further confirmation of 
this hypothesis, when myelin PET and multimodal MRI 

were combined, we showed that patients with a higher 
remyelination potential (“good remyelinators”), were char-
acterized by less axonal damage in WM 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, when compared with 
patients with a lower remyelination potential (“bad 
remyelinators”).

Limitation of the current approach and 
perspectives

A wide application of PET to quantify myelin content in 
MS lesion is limited by several drawbacks. The spatial 
resolution of PET is usually limited, above 4-5 mm for 
most of the systems, 2.5 mm for the high resolution research 
tomograph, which displays the highest resolution available 
to date. As demyelination and remyelination in patients 
are selectively detected within MS plaques and not in the 
NAWM, the limited resolution of PET imposes a perfect 
co-registration between MRI and PET: the synergistic 
acquisition of PET and MRI allowed by novel PET-MRI 
systems offers the opportunity to minimize the partial 
volume effect inherent to PET imaging, and to obtain an 
accurate between-modality co-registration. In this respect, 
PET-MRI systems may find an ideal application in MS. 
Moreover, the application of PET to measure myelin con-
tent in the cortex is hampered by the low thickness of 
the cortical ribbon, by the low concentration of myelin 
in cortical areas compared to WM regions, and by the 
use of cortical voxels as reference region for myelin quan-
tification. This justifies to develop advanced MRI tools 

Figure 1. Three single-patient maps of lesional myelin content changes showing demyelinating (in red) and remyelinating (in blue) voxels derived 
from longitudinal [11C]PIB PET, localised inside white matter (WM) lesions (in white), overlaid onto the corresponding MPRAGE scans. A. Map of 
lesional myelin content changes of a 20-year old woman with a disease duration of 3 years, where a clear prevalence of demyelination over 
remyelination is visible. B. The map of myelin content changes of this 27 year-old man with a 10-year history of MS shows active demyelination 
together with moderate remyelination in all visible WM lesions. C. An extensive process of remyelination characterises the map of myelin content 
changes of this 32-year old woman with a disease duration of 3 years. Of note, the extensive lesion visible in the left-hemispheric WM corresponds 
to a recent lesional area, characterized by large gadolinium-enhancing regions on the corresponding T1 spin-echo scans.
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characterized by an acceptable sensitivity and specificity 
to cortical myelin content changes that could be combined 
with myelin PET for a comprehensive investigation of 
demyelination and remyelination in all brain tissues: recent 
results suggested that this could be achieved by magneti-
zation transfer imaging (MTI) (19, 29). Building up on 
these results, our group has recently developed a post-
processing approach of MTI images that allowed to gener-
ate individual indices of cortical remyelination in patients, 
which in combination with PET-derived WM remyelination 
profiles explained above 80% of neurological disability 
(unpublished results).

PET-derived remyelination indices have the potential to 
provide transformative insights in future studies aiming 
to reconstruct the natural history of the key biological 
events underlying neurodegeneration, to stratify patient in 
cohort studies, or to evaluate candidate remyelinating drugs 
in early phase trials of promyelinating therapies. The nec-
essary step to allow a wide application of myelin PET is 
the validation of fluorinated myelin radiotracers, a goal 
nearly reached by on-going pilot studies in primates and 
humans which indicate that fluorinated stilbene derivatives 
such as [18F]florbetaben or [18F]florbetapir, present a higher 
signal to noise ratio in the WM compared to [11C]PiB. 
Another alternative may consist in developing novel chemi-
cal classes of myelin-binding compounds targeting myelin, 
oligodendrocytes, or their precursors, the oligodendrocyte 
precursor cells (OPCs). Several compounds have been pro-
posed, either belonging to the coumarine (90) or to the 
sphingosine-1-phosphate receptor ligands (13, 14), but no 
human application has been performed so far. Moreover, 
none of these compounds reaches the specificity required 
for a selective imaging of myelinating cells.

Another innovative approach consists in the development 
of positive markers of demyelinated axons that could be 
used for PET imaging. On myelinated axons, voltage-gated 
potassium channel (VGKC) are localised within juxtapara-
nodal regions, and cannot be reached by pharmacological 
compounds such as 4-aminopyridine (4-AP) derivatives, 
as they are masked by myelin sheets. Following demyeli-
nation VGKC channels become accessible, and can be 
targeted by 4AP radiotracers, generating a positive PET 
signal. A candidate fluorinated radiotracer for VGKC has 
been produced and its specificity validated (15). Moreover, 
pilot animal PET imaging experiments with this radiotracer 
have been conducted, showing that an increased uptake 
of the compound was indeed associated with demyelina-
tion (15). This method has not yet been translated to 
humans. The interpretation of the signal derived from this 
compound is challenging: while it is possible to speculate 
that demyelinated regions are easily identified with an 
increased binding of the radiotracer, the interpretation of 
the progressive reduction of the tracer uptake with time 
can be tricky, as it may equally result from axonal loss 
or remyelination.

Finally, the development of molecular imaging probes 
able to visualize and quantify in vivo the content in oli-
godendrocyte precursor cells would be a transformative 
achievement that could open the perspective of 

personalized remyelinating strategies, promoting either 
OPCs recruitment or oligodendrocyte differentiation. 
Molecular targets specific for OPCs have been described, 
such as platelet derived growth factor alpha (67), but all 
the attempts to generate radiotracers suitable for PET 
imaging have not been successful to date.

IMAGING THE INFLAMED BRAIN BY PET
While the adaptative immune system has always been 
considered as the key player in the formation of MS plaques, 
only recently the innate immune system has emerged as 
a major contributor to the earliest step of plaque forma-
tion, described as the pre-phagocytic stage (8), but also 
to lesion remyelination (31) and disease progression (48). 
Both monocyte-derived cells and microglial cells, the brain 
innate immune cells, are known to acquire different phe-
notypes depending on environmental stimuli and to have 
the capability to shift functions to maintain tissue homeo-
stasis (71). They can be polarized into a predominant 
inflammatory phenotype that expresses pro-inflammatory 
cytokines, or into a more regulatory phenotype that is 
oriented towards tissue protection and repair. The activa-
tion of innate immune cells with a pro-inflammatory phe-
notype, was shown to be prominent in patients with 
progressive MS, (34, 48, 97), and is considered one of the 
key mechanisms that could underlie oxidative damage and 
neurodegeneration in MS (49, 55). In addition, pathological 
studies have well identified specific lesional stages based 
on the innate immune system activation, namely chronic 
active or smoldering lesions, that could drive disability 
worsening (34, 53).

Targeting TSPO to assess innate immune 
cells by PET: selection of tracers, technical 
issues

The most popular target to image innate immune cells is 
the translocator protein (18 kDa) (TSPO) that is part of 
the permeability transition pore, a macromolecular complex 
primarily localised in the outer mitochondrial membrane 
of steroid-synthesizing cells. While the precise function of 
this complex remains elusive, it has been shown that in 
the context of inflammatory conditions such as MS, TSPO 
is strongly up-regulated, with an expression mainly driven 
by innate immune cells activation (7, 85). Of note, an 
additional contribution also comes from astrocytic activa-
tion (51) and endothelial cells (73), limiting the specificity 
of this target for innate immune cells.

The first compound developed for TSPO imaging has 
been the [11C]PK11195, whose increased binding has been 
described in relapsing and progressive patients (38, 69). 
However [11C]PK11195 PET imaging is limited by a modest 
target affinity and a suboptimal signal to noise ratio (84).

In the attempt to overcome [11C]PK11195 limitations, 
several second-generation TSPO radioligands belonging to 
different chemical classes and with improved affinity to 
TSPO have been developed (17). Only a few of them have 
been applied in MS to date. Unexpected negative results 
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were initially obtained with [18F]PBR111 and [18F]
FEDAA1106, probably explained by a between-patient het-
erogeneity in binding affinity that was not accounted for 
in these first studies. Further investigations clearly showed 
that the heterogeneity in binding affinity is related to a 
rs6971 TSPO gene single nucleotide polymorphism (62). At 
present, patients are stratified according to genetic poly-
morphism in clinical studies, which allows to neutralize 
this bias. One second-generation compound that has recently 
emerged is the pyrazolopyrimidine [18F]DPA-714 (42). This 
is a fluorinated tracer that has been successfully employed 
in animal models of MS (1), and showed an excellent in-
vivo biodistribution (3), as well as a reliable kinetic model-
ling (50) in human studies. However, additional biases may 
still influence the quantification process for this family of 
tracers. First, the affinity to platelets, monocytes and plasma 
proteins alters the free plasma concentration of the tracers 
across subjects, with a possible impact on input function 
calculation, when input function is used for signal model-
ling (2). This evidence supports the application of quan-
tification methods based on the extraction of reference 
regions directly from brain images in order to avoid fluc-
tuation in the measure of input function, a strategy that 
was applied for PBR28 (21, 22, 41) and [18F]DPA-714 (36). 
Second, a blood brain barrier (BBB) signal from endothelial 
TSPO, in particular for high affinity TSPO tracers, may 
also interfere with the signal quantification from brain tis-
sues (84). Novel models that take into account endothelial 
binding have been developed (73), but to date they still 
require a full modelling with input function (72).

TSPO PET imaging in MS: a biomarker of 
disability worsening?

First human studies applying [11C]PK11195 PET to patients 
with MS showed an increased uptake of the tracer in 
some active WM lesions (7, 26). However, the increase in 
TSPO expression was not limited to active lesions identi-
fied by gadolinium enhancement on MRI, but also extended 
to some chronic lesions and peri-lesional areas, especially 
in progressive forms of the disease (69), and to lesions 
appearing as hypointense “black holes” on T1-weighted 
MRI sequences (37), potentially reflecting an additional 
chronic neuro-inflammatory component of these lesions. 
Beyond lesions, a milder uptake increase was also described 
in normal-appearing tissues since the clinically isolated 
syndrome stage, where it was found to be associated with 
lesion load and could predict the conversion towards MS 
(38). An increase in [11C]PK11195 binding was also found 
in the periventricular WM and in the grey matter of sec-
ondary progressive patients (66). Based on these results, 
[11C]PK11195 PET has recently been proposed to evaluate 
the therapeutic response to second line disease modifying 
therapies such as fingolimod (81) and natalizumab (45). 
Interestingly, these drugs drastically decrease relapse rate 
in relapsing MS but fail to reduce disability worsening in 
progressive MS. Moreover, these treatments were shown 
to decrease [11C]PK11195 binding in WM lesions only but 
not in normal appearing tissues. Taken together, these 

data suggest that both fingolimod and natalizumab might 
have an impact on innate immune inflammation which is 
limited to the acute inflammatory component within lesions.

The development of second-generation TSPO radiotracers 
has provided further insight into the understanding of the 
innate immune cell contribution to the pathophysiology 
of MS. Using [11C]PBR-28 and WM as a pseudo-reference 
region, a neuroinflammatory component was identified in 
the cortical grey matter of patients with MS that correlated 
with cognitive testing (41). Using the same tracer, Datta 
and collaborators have followed-up 21 patients with MS 
(14 relapsing MS, and 7 progressive MS) in a longitudinal 
study, employing a non-invasive quantification approach 
based on the use of striatum as a reference region. The 
cross-sectional analysis showed an increased binding both 
in WM lesions and in the NAWM. Of note, WM lesions 
were characterized by a great heterogeneity in TSPO expres-
sion, with some active lesions being found in all forms 
of the disease (21). In the longitudinal follow-up, [11C]
PBR-28 binding at study entry was shown to predict WM 
lesion volume enlargement over one year in relapsing 
patients, and brain atrophy in progressive patients, sup-
porting the complex pathogenic role played by innate 
immune cells over the course of the disease (22). Our 
group has recently developed a novel processing approach 
allowing to generate individual maps of active innate 
immune cells using [18F]DPA-714 dynamic PET acquired 
with a high resolution camera. Patient-specific maps of 
activated innate immune cells were generated through a 
voxel-wise randomized permutation-based analysis between 
patients and healthy controls which determined a threshold 
of significant activation. This threshold was employed to 
classify each voxel on patients’ PET scans in “active” or 
“not active”, comparing its value with the mean value of 
the voxels localized in the same position in the control 
group. This procedure was applied to a cohort of 36 MS 
patients, 10 with a relapsing-remitting form, and 26 with 
a progressive form of the disease. We found an increased 
percentage of activated voxels in WM lesions, in peri-
lesional areas, in the NAWM and in the grey matter, with 
a large individual heterogeneity regarding the extent of 
activation, in particular within and around WM lesions 
(Figure  2). Each lesion and each perilesional area was 
subsequently analysed separately: different lesion patterns 
were identified based on the extent of activation within 
and around lesions (Figure  2), that reflected the histo-
pathologic classification of lesions as active, smoldering 
and inactive (34,53). We used conservative thresholds to 
identify active lesions and found that while only few WM 
lesions were enhanced by gadolinium on MRI scans, a 
large proportion of them were classified as chronically 
active based on [18F]DPA-714 PET, in relapsing remitting 
but also in progressive patients. Finally, we analysed the 
relationship between [18F]DPA-714 PET measures and dis-
ability worsening assessed with the Expanded Disability 
Status Scale—EDSS (47) step-changes over the 2 years 
preceding the PET examination. Interestingly, the best 
predictive model of EDSS step-change was obtained com-
bining the number of active lesions identified on 18F 
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DPA-PET with the percentage of activated voxels in per-
ilesional areas. Taken together, our results clearly identify 
the inflammatory profile of chronic WM lesions as a key 
player in disability worsening in MS, especially during 
the progressive phases of the disease. To which extent the 
level of activation of innate immune cells in normal appear-
ing tissues, that correlates with lesion activation, is a 
secondary consequence of chronic active and smoldering 
lesions is a fascinating question that should now be 
addressed in vivo in longitudinal PET studies.

Limitations of the current approach and 
perspectives

While TSPO PET has successfully allowed to revisit the 
contribution of chronic active lesions to disability worsening 
in MS, the interpretation of results is still challenged by 
the limited cell specificity of TSPO expression. First, some 
expression has been described in astrocytes in an inflam-
matory environment (51) as well as in endothelial cells (72). 
Whether the changes in TSPO tracer binding described in 
MS tissues is influenced by these cellular components remains 
an open question. The methodology we have developed for 

the regional mapping of [18F]DPA-714 binding minimizes 
biases related to regional variation in endothelial expression 
of TSPO. However, there is still a need to exclude any 
endothelial overexpression specifically related to MS, which 
requires a full modelling of [18F]DPA-714 binding derived 
from input function in patients. Second, TSPO expression 
does not discriminate myeloid derived from microglial CNS 
resident innate immune cells, on the one hand, and does 
not distinguish between functional states of cells (pro-
inflammatory or protective) on the other hand. Therefore, 
a key objective would be to generate original compounds 
targeting polarized states of activated microglia, which would 
represent a promising step towards the characterization of 
the cascade of events leading to clinical progression (87) 
and the development of new therapeutic strategies effective 
on preventing progressive deterioration (11). Promising tar-
gets potentially able to distinguish between polarized states 
of activated cells have been recently proposed (83). In par-
ticular, the purinergic receptors P2X7R has been associated 
with a pro-inflammatory phenotype of microglial cells both 
in vitro and in vivo (9) and the first radiotracer specific for 
this receptor has been produced and should be translated 
soon to clinical studies (43). In contrast, the P2Y12R may 

Figure 2. A. Map of activated innate immune cells in a single patient with secondary progressive multiple sclerosis, measured with [18F]DPA-714 
PET, overlaid onto the corresponding MPRAGE. White matter (WM) lesions are displayed in white. Voxels characterized by activated innate immune 
cells are displayed in dark red if localised inside lesions, in purple if localised in the perilesional area, and in aquamarine if localized in normal-appearing 
tissues. B. Example of a WM lesion classified as “active”, characterized by an extensive activation of innate immune cells inside and around the 
lesion edge. C. Example of a lesion characterized by a lack of innate immune cell activation, defined as “inactive”. D. Single lesion with no activation 
of innate immune cells inside its border, but with an extensive activation in the perilesional area. Lesions characterised by this profile of innate 
immune cell activation are suggestive of “smoldering plaques”.
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identify an anti-inflammatory or a homeostatic phenotype 
(44), and the first specific compounds for this receptor will 
soon be available. Radioligands for the A2A adenosine 
receptor have already been applied to MS patients, and 
showed increased binding in the NAWM of patients with 
the secondary progressive form of disease, but it is still 
unclear whether they bind to a subtype of microglial cells 
or to other cell types (70, 89). Beyond purinergic receptors, 
specific ligands for the cannabinoid receptor-2 (CB2) (78) 
may hold promises to image neuroinflammation in the CNS, 
with several compounds ready for pilot clinical studies (16). 
However, the CB2 radiotracer is not characterized by an 
absolute specificity for microglial cells, as it is also expressed 
by lymphocyte populations. Targeting the xc- system, which 
controls the extra-cellular concentration of glutamate and 
has been shown to be overexpressed by pro-inflammatory 
microglial cells, may also represent a promising strategy 
(30, 56) but no human data have been produced to date. 
Finally, reactive astrocytes have been described to express 
the monocarboxylate transporters (MCT) and in consequence 
may preferentially absorb acetate, a property that could 
be applied to PET imaging using [11C]-acetate with the goal 
to identify the gliotic reaction within MS lesions and in 
normal appearing tissues (82).

PET BEYOND MYELIN DYNAMICS AND 
NEURO-INFLAMMATION
PET could also provide exciting clues to improve our under-
standing of the relationship between the neurodegenerative 
component of the disease and MS lesions by selectively 
targeting neuronal damage. A reduced [18F]Fluoro-desoxy-
glucose [18F]FDG uptake in grey matter regions, potentially 
reflecting neuronal damage, has been described in MS and 
correlates with fatigue and cognitive function (6, 28). 
However, [18F]FDG cannot be interpreted as a pure neu-
ronal marker. Indeed, it reflects glucose transport and 
metabolism within glial cells and neurons in the context 
of a narrow neuro-glial coupling (35), but its uptake may 
also increase in some inflammatory cells (4). Interestingly, 
we have recently observed that in WM lesions [18F]FDG 
signal was globally reduced, but also correlated with [18F]
DPA-714 binding. These results illustrate the complex inter-
pretation of this PET measure, that reflects both metabolic 
breakdown and inflammatory burden. The neuronal specific 
radiotracer [11C]flumazenil ([11C]FMZ) provides a more spe-
cific neuronal signal for PET studies: it is an antagonist 
of the central benzodiazepine receptor, a component of 
the ubiquitous GABAA receptor complex, which is localized 
on axo-somatic and axo-dendritic neuronal synapses 
throughout the grey matter (57, 59). Using a non-invasive 
quantification methodology (27), we have evaluated neuronal 
damage using [11C]FMZ in a pilot study investigating both 
relapsing and progressive patients with MS. We showed a 
worsening gradient of neuronal damage from RRMS to 
progressive MS patients, which correlated with cognitive 
scores (33). In the next future, the application of novel 
and specific synaptic radiotracers may allow an in depth 
investigation of the pathophysiology of synaptic 

degeneration, one of the earliest neurodegenerative process 
occurring in the grey matter of patients with MS (61, 91).

CONCLUSION
We are entering into a new era in the field of MS diagnostic 
and care, where the identification and measure of the mecha-
nisms underlying disease progression in-vivo may become 
key tools to support the development of novel therapies aimed 
to prevent the accrual of clinical disability. PET provides 
promising imaging metrics specific and sensitive for key pro-
cesses identified by pathological investigations such as myelin 
repair, innate immune system activation, and neurodegenera-
tion. Pilot clinical PET studies performed at different stages 
of the disease have recently shown that patient-specific metrics 
related to MS lesion biology, reflecting individual profiles 
of lesion remyelination and chronic inflammation, could 
underlie individual trajectories of disability worsening. Future 
PET studies will allow to analyse more in depth the rela-
tionship between MS lesions heterogeneity and neurodegen-
eration over the course of the disease, and to develop innovative 
therapeutic trials aimed to control neuroinflammation and 
promote remyelination. Bridging the gap between pathology 
and clinical evaluation, the combination of PET with MRI 
holds great promises and now represents the next frontier 
in the field of in-vivo imaging of the disease.
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