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A new frontier for amyloid PET imaging: multiple sclerosis
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Multiple sclerosis (MS) is a pathologically heterogeneous au-
toimmune inflammatory disease of the central nervous system
(CNS) characterized by focal lesions in the white matter
(WM) and grey matter (GM), widespread demyelination and
axonal loss in lesion-free tissue and infiltration of inflamma-
tory cells [1]. This pathological milieu is highly dynamic over
time and these tissue changes are often associated with spon-
taneous focal partial remyelination and functional architecture
reorganization, more so in the earliest phases of the disease
[2]. In vivo MRI and post-mortem evidence suggests that
demyelination and remyelination cycles are present both in
lesions and in normal-appearingWM (NAWM) across all dis-
ease phenotypes [3, 4]. In subjects with relapsing–remitting
MS (RRMS), for example, newly formed lesions often show
quite active remyelination, particularly those that do not prog-
ress to black holes [5, 6]. Remyelination is also present in
subjects with progressive MS [7, 8].

After the success of disease-modifying drugs against inflam-
mation in MS, in recent years there has been increasing interest
in the development of new compounds able to foster
remyelination and thus repair tissue damage and possibly restore
function [9]. Different drugs have been demonstrated to affect
remyelination of MS damage in clinical trials, but none has yet
been translated into clinical practice. In particular, the develop-
ment and clinical testing of remyelinating drugs is currently

hindered by the lack of quantitative measures able to quantify
remyelination reproducibly across the spectrum of MS.

Although T2-weighted MRI is used to detect WM lesions,
it is not specific for the underlying pathological process, and it
is not able to differentiate among demyelination,
remyelination, oedema and axonal loss [10]. Quantitative
MRI techniques, such as magnetization transfer imaging
(MTI) and diffusion-weighted imaging (DWI) have been pro-
posed as possible approaches to the measurement of
remyelination in vivo [11], but their ability to do so is current-
ly only partially characterized, and moreover metrics based on
MTI and DWI are not completely selective for remyelination
but are also affected by axonal loss and oedema. While novel
metrics and combinations of available measures have been
used to increase the sensitivity of MRI to tissue damage
[12], the development of remyelination-specific MRI indices
is hindered by the challenges in performing MRI–
neuropathology correlation studies and by the lack of
remyelination metrics that can be used as standards to validate
novel MRI approaches and are reliable in vivo.

Molecular imaging techniques based on PET have also
been tested in MS patients [13]. Experience in this setting
has been based on tracers targeting neuroinflammation as well
as microglia/monocyte activation and invasion in the CNS
[14]. Studies based on imaging with tracers for TSPO such
as [11C]PK11195 have been carried out in MS patients and in
animal models [15]. It was demonstrated that [11C]PK11195
PET can detect macrophage infiltration in acute demyelinated
lesions and colocalizes with lesions detected by gadolinium-
enhanced T1-weighted MRI [16, 17]. More recently, a few
studies in animal models of MS using new PET tracers for
imaging of TSPO have been published, but further data in
larger well-defined groups of MS patients are required to de-
termine the value of PET imaging of TSPO expression for
monitoring neuroinflammation in this population [18]. PET
targeting adenosine has also been used for the imaging of
neuroinflammation in MS patients. Adenosine is involved in
many physiological and pathological processes, including in-
flammatory responses. While further PET studies on
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adenosine receptor imaging in MS patients are required to
evaluate its potential advantages over TSPO imaging, adeno-
sine receptor imaging for monitoring the immunomodulatory
and neuroprotective effects of treatment with adenosine recep-
tor agonists and glucocorticoids might be of interest [19].

The possibility of using PET imaging with tracers for my-
elin dynamics in MS patients has also been investigated in
recent years. 11C-1,4-bis(p-Aminostyryl)-2-methoxybenzene
(BMB) was the first tracer used for PET imaging of myelin
[20]. The tracer shows high affinity for WM, but the its slow
kinetics means that a longer acquisition time is required that is
not feasible given the short half-life of 11C (20 min) [20].
Another myelin PET tracer, N-[11C]methyl-4,4 ′-
diaminostilbene (11C-MeDAS ), has been evaluated in wild-
type and transgenic hypermyelinated mice (Plp-AktDD) [20].
11C-MeDAS uptake was significantly higher in the transgenic
hypermyelinated mice than in wild-type animals. This finding
was confirmed by ex vivo fluorescence microscopy suggest-
ing that the tracer does indeed bind to myelin [20]. However,
these promising results were again based on experimental
tracers whose role outside animal models still needs to be
explored. Recently, amyloid PET (AMY-PET) has also been
suggested as a potential marker ofWMdamage in MS [18]. In
fact, all AMY-PET tracers bind to the WM, regardless of the
presence or absence of beta-amyloid deposition in the adjacent
GM. The high lipid content of the WM and the lipophilic
nature of these tracers contribute to their uptake in the WM.
However, the mechanism of this binding is poorly understood,
and it was originally considered to be mainly due to the
nondisplaceable and nonsaturable characteristics of the
tracers. Moreover, as some Congo Red derivatives used to
develop AMY-PET tracers show affinity for myelin, it has
been suggested that the beta-sheet structure that is present in
both the amyloid peptide and in the myelin binding protein
(major protein component of myelin) is a common target for
AMY-PET tracers [21].

The hypothesis that AMY-PET tracers can bind to myelin
was first investigated in vitro and ex vivo by means of 11C-
Pittsburgh compound-B (11C-PiB) and autoradiography in hu-
man brain [22–24]. These studies demonstrated that AMY-
PET detects decreased activity in black hole areas in T1-
weighted MR images and in WM lesions in T2-weighted
MR images, suggesting that amyloid tracer uptake decreases
with demyelination. 11C-PiB has been shown to bind more
strongly to NAWM than to perilesional tissue and lesions, in
line with the relative loss of myelin in these regions [22–24].
Furthermore, longitudinal data support the hypothesized abil-
ity of 11C-PiB to capture demyelination and remyelination in
single lesions over time. In a longitudinal trial, 20 patients
with RRMS and 8 healthy control subjects underwent 11C-
PiB PET combined with MRI [22]. After computation of
voxel-wise maps of the distribution of volume ratios reflecting
myelin content, the authors calculated dynamic indices of

global myelin content, demyelination and remyelination in
each patient. A progressive reduction in 11C-PiB binding from
the NAWM to MS lesions, reflecting a decline in myelin con-
tent was demonstrated and dynamic remyelination was in-
versely correlated with clinical disability [23]. These findings
support the role of AMY-PET with 11C-PiB in the evaluation
of remyelination potential at the single-subject level.
However, given its short half-life, 11C-PiB cannot be made
available commercially. More recently, AMY-PET imaging
with fluorinated tracers has been used to image demyelination
in vivo in baboons, healthy subjects and small groups of MS
patients [24, 25]. From a clinical trial perspective, the avail-
ability of fluorinated AMY-PET tracers (with their longer half-
life) already used in dementia diagnosis, may make the use of
AMY-PET in tissue repair studies a realistic possibility.

In a study published in this issue of EJNMMI, Pietroboni
et al. investigated amyloid uptake in damaged WM (DWM)
and NAWM inMS patients, and evaluated correlations among
cerebrospinal fluid (CSF) β-amyloid1-42 (Aβ) levels, uptake
of a fluorinated AMY-PET tracer (18F-florbetapir) and brain
volumes [25]. Twelve MS patients were recruited and strati-
fied according to the evidence of disease activity in the previ-
ous year (i.e. relapses and/or presence of gadolinium-
enhancing lesions). MRI and PET images were coregistered
and mean standardized uptake values (SUV) in the NAWM
and DWM were calculated in each patient. Between-group
comparisons and regression analyses were performed and a
lower SUVin DWM than in NAWMwas found in all patients.
However, the SUV in NAWM was also found to be lower in
patients with active disease than in those with non-active dis-
ease. Finally, in this group of patients, CSFAβ concentration
was a predictor of both NAWM SUV and NAWM volume.
The correlation between CSF Aβ levels and NAWM SUV
was considered by the authors to support the value of β-
amyloid in predicting early myelin damage [25].

Despite these encouraging results, to date there is very
limited understanding of the meaning of AMY-PET findings
in patients with MS. In particular, none of the few published
studies has aimed to specifically optimize AMY-PET acquisi-
tion protocols for the evaluation of myelin dynamics and in
most cases user-dependent methods (such as manually drawn
regions of interest) and/or arbitrary tracer uptake cut-off
values have been used to define demyelination and
remyelination. In the study by Pietroboni et al., images were
acquired using 18F-florbetapir with a list mode acquisition for
20 min and 50 min after tracer injection. This protocol has
been validated for the evaluation of amyloid PET deposition
at the cortical level in patients with suspected AD. Therefore,
whether the same protocol can be used for the evaluation of
myelin dynamics in the WM needs to be determined experi-
mentally [26, 27]. Accordingly, further studies aiming to de-
fine AMY-PET tracer kinetics during both tracer uptake and
washout phases in MS patients are needed. This aspect is also
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not trivial from the practical point of view, as recruitment of
patients able to maintain a supine position for a relatively long
period of time (up to 90 min) is relevant for such studies.
Finally, given the relatively low resolution of PET, the influ-
ence of the partial volume effect might be particularly relevant
when evaluatingmyelin changes inWM lesions. Accordingly,
quantification might be hampered by bias resulting from ac-
tivity spill-in. In this framework, new multimodal methods
have been recently proposed [28]. These methods are based
on quantitative resolution recovery of brain AMY-PET data
using the wavelet transform and a synergistic statistical model
exploiting MRI structural images to improve PET spatial res-
olution [28]. These methods might also be of particular inter-
est for AMY-PET studies of myelin dynamics acquired on
hybrid PET/MRI systems.

As the leading cause of the onset of neurological disability
in young adulthood, MS represents a huge social and econom-
ic burden in the Western world. Remyelination in MS is gen-
erally insufficient to prevent irreversible disability, and re-
search effort is ongoing to develop new compounds able to
foster endogenous myelin regeneration trying to reduce the
burden of chronic disability in MS. AMY-PET imaging in
patients with MS might be a suitable tool to objectively eval-
uate outcome measures in proof-of-concept clinical trials as
well as to validateMRI metrics of remyelination. To reach this
milestone, well-designed methodological studies in larger and
possibly homogeneous groups of patients are needed to im-
prove our understanding of the extent and interindividual dif-
ferences in remyelination across different MS phenotypes and
to deliver a robust pipeline for acquisition and analysis of
AMY-PET data in MS.
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