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Toward Functional PET Imaging of the Spinal
Cord

Pierre Courault, PharmD, PhD,*’“{ Luc Zimmer, PharmD, PhD,’f’i,?%nll and
Sophie Lancelot, PharmD, PhD "

At present, spinal cord imaging primarily uses magnetic resonance imaging (MRD or com-
puted tomography (CT), but the greater sensitivity of positron emission tomography (PET)
techniques and the development of new radiotracers are paving the way for a new
approach. The substantial rise in publications on PET radiotracers for spinal cord explora-
tion indicates a growing interest in the functional and molecular imaging of this organ. The
present review aimed to provide an overview of the various radiotracers used in this indica-
tion, in preclinical and clinical settings. Firstly, we outline spinal cord anatomy and associ-
ated target pathologies. Secondly, we present the state-of-the-art of spinal cord imaging
techniques used in clinical practice, with their respective strengths and limitations. Thirdly,
we summarize the literature on radiotracers employed in functional PET imaging of the spi-
nal cord. In conclusion, we propose criteria for an ideal radiotracer for molecular spinal
cord imaging, emphasizing the relevance of multimodal hybrid cameras, and particularly
the benefits of PET-MRI integration.

Semin Nucl Med 00:1-15 © 2024 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

The Spinal Cord, Anatomy, Neurophysiology
and Neurotransmission

The spinal cord is part of the central nervous system (CNS),
located within the spinal canal and protected by the vertebral
column. It is comprises 31 spinal nerve pairs: eight cervical,
12 thoracic, five lumbar, five sacral and one coccygeal.' Like
the rest of the CNS, the spinal cord is composed of gray and
white matter. The gray matter is organized around the central
canal in an H shape, divided into a ventral and a dorsal horn.
The ventral horn contains alpha and gamma motor neurons,
while the dorsal horn contains second-order projections
and intrinsic neurons. Between the two, there is the
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intermediolateral column, which contains preganglionic cells
of the autonomic nervous system.

Dorsal horn axonal terminals from higher structures such
as the brainstem express various neurotransmitters. Several
receptors have been identified in the spinal cord and are
potential targets. Glutamatergic neurotransmission in the spi-
nal cord exerts its excitatory effect by activating N-methyl-D-
aspartate (NMDA) or a-amino-3-hydroxy-5-methylisoxazol-
4-proprionate (AMPA) receptors, which are ionotropic recep-
tors.” Inhibition of the CNS is mediated by y-aminobutyric
acid (GABA) and glycine.” These neurotransmitters target
respectively the glycine and GABA, receptors, which are
chloride channels. Monoamine neurotransmitters such as
serotonin (5-HT) or dopamine (DA) and their receptors,
5-HTapa and D2/D3 respectivelyf’3 have been widely
reported to be involved in modulating neural information
processing. Acetylcholine and adrenergic neurotransmitters
(epinephrine and norepinephrine) are also found in spinal
cord neurotransmission. Acetylcholine binds to its nicotinic
receptor, while epinephrine and norepinephrine bind to
a-adrenergic receptors.” Neuropeptides such as substance P
or calcitonin gene related peptide (CGRP) also regulate neu-
ronal information and bind to their related receptors, neuro-
kinin 1 (NK1) and CGRP receptor respectively.”® All this
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neuroanatomy is important to consider, as it gives numerous
potential targets for spinal cord positron emission tomogra-
phy (PET) imaging.

Spinal Cord Pathologies

Spinal Cord Injury

Spinal cord injury results from trauma or spinal cord disease.
Even if the spinal cord is not entirely disrupted, spinal cord
injury can trigger functional and motor disabilities accompa-
nied by social issues.” Worldwide, the World Health Organi-
zation estimates that between 250,000 and 500,000 people
suffer from spinal cord injury. Magnetic resonance imaging
(MRD and computed tomography (CT) play an important
role in diagnosis of spinal cord injury. In case of soft-tissue
injury, MRI is preferable while CT is more suited for frac-
tures.'” Nowadays, prevention of accidents leading to spinal
cord injury and rehabilitation are the most crucial aspects of
care. No pharmacological treatment is available for spinal
cord recovery.'!

Multiple Sclerosis

Multiple sclerosis (MS) is a neurodegenerative disease of the
CNS that can affect both brain and spinal cord. According to
the National Multiple Sclerosis Society, 2.8 million people
have MS (https://www.nationalmssociety.org), although dis-
tribution varies from one region to another.'” Pathophysiol-
ogy may involve an autoimmune response mediated by
autoreactive lymphocytes entering the CNS, causing inflam-
mation resulting in demyelination and neuron loss."” Diag-
nosis is first based on clinical presenting symptoms, which
may be difficult to identify depending on whether the disease
is relapsing or progressive.'* When MS is suspected, MRI is
recommended to highlight brain abnormality, present in
80% of patients. Examination of cerebrospinal fluid is also
indicative but not strictly necessary. Final diagnosis is based
on the 2017 McDonald criteria.'” There is no treatment to
stop the development of the disease, but available treatments
can either reduce the severity of MS episodes or slow pro-
gression and manage symptoms.'®

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease with progressive nerve loss in brainstem, motor cor-
tex and spinal cord, impairing muscle control. Between 1
and 2.6 cases per 100,000 persons are diagnosed annually
and prevalence is around six per 100,000."” Clinical features
are characterized by progressive muscle weakness, spasticity
and respiratory failure, causing death 3-5 years after symp-
tom onset.'” As there is no specific diagnostic test, diagnosis
is based on history, clinical symptoms, electroneuromyogra-
phy and exclusion of other neurodegenerative diseases.'” A
genetic test is also proposed, to distinguish a familial from
sporadic disease. Two drugs have been approved for ALS
treatment: riluzole and edaravone.”"”'

Neuropathic Pain

Neuropathic pain (NP) is defined as a pain caused by
somatosensory system damage, with a prevalence around
5%-7%.> Diagnosis is based only on the patient’s experience
and is purely subjective. Management focuses on symptoms,
as the cause is generally not known. Many drugs, such as pre-
gabalin or tricyclic antidepressants, have been used but
showed variable efficacy, and patients are frequently left
without any effective option.”” Due to its role in neuro-
modulation of pain, the spinal cord is frequently suggested
as a target for treatment.

Huntington’s Disease

Huntington’s disease (HD) is neurodegenerative disease
which affects motor, cognitive and behavioral functions. It is
a genetic autosomal-dominant disease which leads to a
mutated protein named huntingtin.”* Incidence is 0.38 per
100,000 per year and world-wide prevalence is estimated at
2.71 per 100,000, with lower incidence and prevalence in
Asia than in other continents.”” Diagnosis is first based
on clinical symptoms, of which Huntington’s chorea and
dystonia are the most significant. Secondly, diagnosis is
highlighted by genetic mutation of an expanded CAG repeat
on exon one of the gene encoding for huntingtin protein.”
Multidisciplinary care combines pharmacological treatment
with other specialties (physiotherapy, psychology, speech
pathology).””*® Pharmacological treatment aims to reduce
psychiatric symptoms (antidepressants, anxiolytics, etc.) and
chorea symptoms (dopamine-depleting agents, antipsy-
chotics, etc.).”” Sciacca and Cicchetti recently reported the
presence of mutant huntingtin protein in the spinal cord due
to impairment of the blood-spinal-cord barrier (BSCB).?"
This suggests an important role for therapeutics.

Lumbar Radiculopathy

Radiculopathies are due to the compression of nerve roots at
various levels of the spinal cord: cervical, thoracic, lumbar,
or sacral. The prevalence of lumbar radiculopathy is 3%-
5%.”" Diagnosis is based on history and physical examina-
tion, and can be confirmed by MRI, which may show root
compression.”” In case of discrepancy between MRI and clin-
ical findings, electrodiagnosis can be useful. Treatment is
nonsurgical, with physical exercises, and pharmacological
treatment with nonsteroidal anti-inflammatory drugs in first
line, orally and then by injection.”” Surgical treatment can be
proposed when nonsurgical treatment is not sufficient.””

Spinal Cord Visualization

Magnetic Resonance Imaging

MR is used for spinal cord imaging in several indications: spi-
nal cord injury or multiple sclerosis.”*”” It provides different
fields of information depending on the sequences used. Clas-
sic anatomical MRI sequences give information on the struc-
ture and integrity of the spinal cord.”® Functional MRI (fMRI)
records the blood-oxygenation-level-dependent (BOLD) sig-
nal and thus gives information on neuronal activation in the
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spinal cord.”” Diffusion tensor imaging uses interactions of
protons in water to image white-matter fibers in the spinal
cord,”® providing microstructural information on fiber direc-
tion, as the spinal cord is structured anisotropically. MR spec-
troscopy quantifies metabolic and biochemical structures in
the spinal cord.” MRI also has the advantage of not involving
radiation for the patient. Finally, enhancement of MRI perfor-
mance from 1.5 to three or seven Tesla has improved image
resolution,” which is particularly important as the spinal
cord is a fine structure. MRI has several strengths in spinal
cord imaging. Firstly, it is nonirradiating, unlike PET or CT. It
has better contrast resolution in soft tissue such as spinal
cord. It can be used in anatomical or functional modalities,
with many different sequences. Basic sequences comprise fast
spin echo T2 and spin echo T1; more advanced sequences can
provide further information, such as diffusion tensor imaging,
angio-dynamic MRI, spectroscopy or short tau inversion
recovery.’' However, spinal cord MRI suffers from several
limitations. Firstly, it is nonspecific, as it measures proton sig-
nals. The spinal cord has a nonhomogeneous magnetic field,
which limits the use of MRI, due to distortion of the image
and signal loss.”” Moreover, the spinal cord is a small struc-
ture with microstructural anatomy and thus requires high-res-
olution imaging. Transverse images are the most accurate
slices for the spinal cord, as they have greater spatial resolu-
tion; however, this requires more slices to image the complete
spinal cord and thus is time-consuming. Plus, spinal cord
MRI is hampered by physical movement due to the respiratory
and cardiac cycles. Many artifacts occur in some situations,
due to cerebrospinal fluid, breathing or patient movements.
Finally, quantitative MRI techniques are technically challeng-
ing and are limited to certain area of research which are able
to implement these techniques.

Computed Tomography
CT is used to image the spinal cord in various pathologies. It
is more suitable than MRI for imaging osseous tissue, and is
commonly used to assess structural disease® and fracture
extension after spinal cord injury.”” It is also used in oncol-
ogy to detect tumors and metastases or for CT-guided
biopsy.”* CT angiography is used to image spinal vascular
malformations.”” MRI shows higher sensitivity for imaging
soft tissue, but CT less time-consuming and less expensive.
Taken together, MRI and CT are important methods pro-
viding several types of information on spinal cord integrity.
PET imaging is complementary, as it provides molecular
information and could be an interesting tool to discover new
targets. Below we provide a short review of [*®F]fluoro-2-
deoxy-D-glucose (['®FIFDG) PET imaging for the spinal
cord, as it is widely used clinically. We then explore the new
PET radiotracers for spinal cord PET imaging.

['8F1Fluoro-2-Deoxy-D-glucose PET Spinal
Cord Imaging

['8FIFDG is a PET radiopharmaceutical widely use to
image glucose metabolism in cells. Due to the ubiquitous

role of glucose, ['®FIFDG is used in several indications.
Based on a recent systematic review, the physiological dis-
tribution of ['®F]FDG in the spinal cord shows uptake all
along the spine, decreasing from cervical to thoracic levels.
Two uptake peaks were shown in lower cervical (C4-6)
and lower thoracic (T12) regions of the spinal cord.”
Studies also explored the potential of ["*F]FDG to image
the spinal cord in various pathologies. Firstly, ['*FIFDG
was used in oncology to image metastasis extending to the
spinal cord in patients with lung cancer, lymphoma or
glioblastoma.”" " Patients with intramedullary myelopathy
were also described.”’ ['"®F]FDG was also used to explore
specific spinal cord pathologies to distinguish between
malignant and osteoporotic fractures,”” " low back pain’’
or sarcoidosis.”””" ['®FIFDG was proposed to image spi-
nal cord injury, but only in a preclinical model.”*” Neu-
rodegenerative diseases which could affect the spinal cord,
such as MS®° or ALS,°! have also been explored with ['®F]
FDG and showed interesting results. Other pathologies
indirectly affecting the spinal cord, such as cervical gout,””
have also been explored. ['®F][FDG PET spinal cord imag-
ing has been explored in pediatric populations and
showed higher uptake in the cervical level (C1-C7), and
dorsal and lumbar level (D7-L1).°°

['®F]FDG is widely used for PET spinal cord imaging as it
has market authorization and is used worldwide by almost
every nuclear medicine center. As described above, ['®FIFDG
PET is an interesting tool for differential diagnosis between
osteoporotic and malignant fractures.”””" It can also distin-
guish spinal cord tumor infiltrate from inflammatory dis-
ease.” However, this indication may give way to new PET
radiopharmaceuticals targeting specific inflammatory pro-
teins (see below). PET is also useful in case of contraindica-
tions to MRI, which is the main modality for spinal cord
exploration. Finally, in a multimodal approach ['®F]FDG
PET could be complementary to other techniques when
patients show normal MRI or CT but with high clinical suspi-
cion of spinal cord disease. Some case reports described the
use of ["®F]FDG PET in complement to other modalities to
help in differential diagnosis.”**°”

['®F]FDG PET spinal cord imaging has some limitations.
First, glucose metabolism is not specific to the spinal cord or
spinal disease. In inflammatory disease, radiopharmaceutical
uptake could reflect either spinal cord inflammatory
response or an inflammatory process from surrounding tis-
sue.’® Moreover, ['®F]FDG can be influenced by glucose
metabolic activity or glucocorticoids, which are commonly
used in the spinal cord pathologies such as MS or spinal cord
injury. Different confounding factors affect interpretation of
['®F]FDG spinal cord PET images. For example, age showed
mixed results, with negative,”” positive®® or no correlation.””
Other factors such as female gender and greater body weight
also showed variable correlation with ['*FIFDG uptake.™
Moreover, some tumors have been reported not to be
detected by ['®F]FDG PET, due to lack of uptake, while
being easily seen on MRIL.'’ These interactions need to be
clarified. Finally, the quantification method for spinal cord
uptake needs to be standardized. Studies used SUV or lesion-
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to-background SUV ratio, and took different organs or levels
of the spinal cord as reference.”"

PET Radiotracers in
Development for Functional
Spinal Cord Imaging

TSPO PET Radiotracers

["'CIPK11195

[LCIPK11195 is a widely used PET as first-generation
of radiotracer targeting the translocator protein (TSPO) to
assess inflammation in various diseases.””"” [PHI/[''C]
PK11195 was first proposed for spinal cord imaging by Vow-
inckel et al., as marker of microglial activation in experimen-
tal autoimmune encephalomyelitis (EAE) in mice and in MS
in patients.”* In this study, autoradiography using [’H]
PK11195 showed specific low-level binding to gray matter in
the spinal cord in normal and EAE mice. In EAE mice, high
binding was also found within the white matter of inflamed
regions. Other autoradiography studies also showed binding
differences in the spinal cord in MS and in nerve transection
and crush injury models until 4 weeks after injury.”’° In
patients, [''CIPK11195 showed increased lesion uptake.
These results suggested that [''C]PK11195 could be a suit-
able radiotracer for evaluating spinal cord injury in MS and
EAE.

In vivo, ["'C]PK11195 was used in an EAE rat model of
MS.”” In this study, [MCIPK11195 was used to image neuro-
inflammation in the spinal cord while [''C]MeDAS was used
for demyelination (see below for the latter). Rats underwent
PET/CT scan at baseline and at days 6, 11, 15 and 19 after
induction. One animal was sacrificed at each time point for
immunohistochemistry to assess myelin density and ionized
calcium-binding adapter molecule 1 (Iba-1). Rats were sepa-
rated in two groups: treated (dexamethasone) and nontreated
(saline). [*'C]PK11195 in the spinal cord showed signifi-
cantly increased uptake compared to baseline at day 11
(+41%), day 15 (+49%) and day 19 (+41%) in the saline-
treated group. No differences and no increase in uptake were
found in the dexamethasone-treated group. In the dexameth-
asone-treated group, higher [''C]PK11195 uptake was found
in the spinal cord in rats that developed symptoms compared
to rats that did not (+22%). A strong correlation was found
between [''C]PK11195 spinal cord uptake and the Iba-1 bio-
marker (1* = 0.79).

[''C]PK11195 was also used by Imamoto et al. in a model
of partial sciatic nerve ligation (PSNL) to visualize spinal glial
activation.”® Rats underwent PET/CT scans at O (naive),
7 and 14 days after PSNL. At each time point, some rats were
sacrificed and L3-L6 segments were isolated to perform in-
vitro [M'C]PK11195 spinal cord autoradiography. Mc
PK11195 PET scans showed higher uptake in the lumbar spi-
nal cord at days 7 and 14 after nerve injury and lower uptake
in other regions (ie, thoracic). This increase was confirmed to
be TSPO-specific using competition assays. ["H]PK11195
autoradiography also confirmed these results and showed

greater accumulation in the ipsilateral dorsal horn of the
injured nerve. These results correlated strongly with pain
(von Frey filament test), microglia marker (CD11b and Iba-
1) elevation and, to a lesser extent, with astrocyte marker
(GFAP) elevation.

['°FIDPA-714

['®FIDPA-714 is a second-generation PET radioligand for the
TSPO. Abourbeh et al. used ['*F|DPA-714 to explore micro-
glial activation in the spinal cord in a model of induced
EAE.”” PET/CT scans were performed 10-12 days after EAE
induction. Two types of PET reconstruction were performed:
2D ordered-subset expectation maximization (2D-OSEM),
and 3D-OSEM maximum a-posteriori estimation (FMAP).
Biodistribution study and Western blot analysis were also
performed. In-vivo PET imaging showed 2.6-fold greater
uptake in the spinal cord in EAE rats than in controls. For
reconstruction, FMAP showed uptake values closer to the ex-
vivo biodistribution than 2D-OSEM. Biodistribution study
also showed four to five-fold greater uptake in the spinal
cord in EAE rats than control rats. Higher uptake was also
found in the lumbar than the thoracic level. Competition
study confirmed the specificity of this binding, in-vivo and
ex-vivo. TSPO-expression in EAE rats was also five-fold
higher than in controls. Spinal cord immunostaining con-
firmed colocalization of microglia/macrophage activation,
rather than astrocytes.

Gargiulo et al. also used ['®FIDPA-714 to image microglial
activation in the spinal cord (and brain) in a mouse model of
ALS.™ Transgenic SOD19?°* and wild type (WT) SOD1 con-
trol mice underwent PET/CT scans with ['®F]DPA-714 to
evaluate, among other things, cervical spinal cord binding.
Immunochemistry was also performed all along the spinal
cord after collection, and divided into cervical, thoracic and
lumbar sections. Visual analysis of in-vivo PET images
showed higher ['®F]DPA-714 uptake in the cervical spinal
tract of SOD1%?** mice than WT SOD1 mice. However, this
1.6-fold increase in uptake (3.243 + 1.409 vs 2.084 £ 0.551
for SOD1“%** and WT SODI respectively) was not signifi-
cant. On immunochemistry, the cervical thoracic and lumbar
microglial marker (Iba-1) was elevated in SOD1%*
and colocalized with TSPO-expression.

Shimochi et al. performed ['*F]DPA-714 PET/CT imaging
in a rat model of NP to detect microglia activation in the spi-
nal cord.”" ['"®*F]IDPA-714 was compared to [''C]PK11195.
The model consisted of a PSNL model and control rats
received sham surgery. In-vivo PET/CT imaging were per-
formed on day 7 and rats were sacrificed for autoradiogra-
phy, biodistribution study, immunohistochemical staining
and ex-vivo PET imaging of the spinal cord. Two types of
PET/CT scanner were used for ['®F]DPA-714 imaging:
Molecubes or Inveon. Autoradiography showed preferential
accumulation in the ipsilateral dorsal and ventral horns of
the lumbar spinal cord, colocalized with immunostaining of
Iba-1 microglial activation marker. Ipsi-/contra-lateral lum-
bar ratios were significantly higher for ['*FIDPA-714 (2.91
+ 0.47) than [''CIPK11195 (1.78 + 0.34) and were also
higher in experimental than control rats for ['*FIDPA-714 .

mice,



Toward Functional PET Imaging of the Spinal Cord

Blocking study confirmed the specific binding of each radio-
tracer. Ex-vivo imaging of the PSNL model showed higher
uptake of ['®F]DPA-714 in the inflammation site next to
the lumbar spinal cord than in sham animals and the refer-
ence thoracic level. Lesion-to-background ratio was also
higher with ['®*FIDPA-714 than [''C]PK11195. On in-vivo
imaging, no differences were found between lumbar and
thoracic regions for either radiotracer. These results were
not consistent with previous studies of [MCIPK11195,
which showed higher uptake in injured regions of the spinal
cord.”” These conflicting results may be attributed to the
small lesion site and insufficient SUV relative to back-
ground.

[''CIPBR28

[1'C]PBR2S is a second-generation TSPO PET radiotracer.
One clinical study used [''C]PBR28 in a spinal cord indica-
tion to assess immunoactivation in lumbar radiculopathy.”
Participants were patients suffering from radicular pain
(n=16) and healthy control subjects (n=10). Interestingly,
participants underwent 90 minutes PET-MRI scans, in con-
trast to studies using PET/CT scans. Patients were treated by
epidural steroid injection, after (n=7) or before PET-MRI
scans. Spinal cord [''C]PBR28 uptake was measured in a
“target region” (T11-T12 thoracic vertebrae, which contain
the sciatic nerve) and a “reference region” (T7-T9). Results
showed significantly higher uptake in the target than in the
reference region or in healthy controls. The [''C]PBR28
uptake ratio between target and reference neuroforamina was
associated with epidural steroid injection response. This
study suggested that central immune response could be an
interesting target to treat lumbar radiculopathy, and prese-
lecting patients using the [''C]PBR28 neuroforamen ratio
could improve care.

['®FIGE-180

['®F]GE-180 is a third-generation of TSPO PET radiotracer
binding with high affinity to its target.””*" Tremoleda et al.
developed a model of spinal cord injury by contusion at level
T10 in rats.”” Control groups were either naive or with lami-
nectomy. The therapeutic effect of docosahexaenoic acid
(DHA) was also assessed in a subgroup (SCI-DHA) vs saline
injection (SCl-saline). In-vivo ['*F]GE-180 PET/CT imaging
was performed at day 7 after surgery. Biodistribution, ex-
vivo autoradiography and histology analysis were also per-
formed after sacrifice. Results showed higher uptake in T10
in the spinal cord injury group (0.55 £ 0.2 %ID/g) than in
the naive group (0.35 &+ 0.2 %ID/g) or the laminectomy
group (0.29 £ 0.06 %ID/g): ie 1.4- and 1.9-fold increases.
No differences were found in other regions of the spinal
cord. The biodistribution study confirmed the preferential
radiotracer uptake at T10 level compared to other regions in
the spinal cord injury group (0.85 £ 0.3 %ID/g vs 0.25 +
0.04 %ID/g). This difference was not found in the naive or
laminectomy group. In the treated group, DHA showed a
trend for lower radiotracer uptake in-vivo, but without sig-
nificant difference (20% higher uptake in the SCl-saline than

in the SCI-DHA group). Biodistribution study also showed
lower T10 uptake in the SCI-DHA than the SCI-saline group.
However, there were no differences between T10 and other
regions in the SCI-DHA group. Autoradiography analysis
confirmed these results. Immunochemistry analyses also cor-
related with the radiotracer analysis and showed respectively
1.3 and 6.0-fold greater TSPO-expressing cell levels at T10
in the spinal cord injury group than in the laminectomy and
naive groups. TSPO expression was lower in the SCI-DHA
than in the SClI-saline subgroup (26 % vs 40% respectively).
Finally, increased Iba-1 expression indicated a response
mediated by microglial cells, while GFAP (astrocytes) showed
no increase.

Cropper et al. used ['®F]GE-180 to assess central and
peripheral microglial activation in a model of complex
regional pain syndrome (CRPS).”® In this study, mice
underwent PET/CT imaging at days 2, 7 and 21 and weeks
7 and 20 after CRPS surgery. Ex-vivo biodistribution, auto-
radiography and TSPO-expression immunochemistry stud-
ies were also performed to confirm in-vivo imaging.
Dynamic in-vivo PET/CT showed increased uptake of ['°F]
GE-180 in the spinal cord for the CRPS group during the
acute phase (days 7 to 21) at cervical/thoracic level (around
1.25-fold) and lumbar level (around 1.27-fold) but not in
the chronic phase (weeks 7-20). Ex-vivo biodistribution
and autoradiography studies confirmed these results.
Immunochemistry analysis showed increased levels of acti-
vated microglia (CD11b) and TSPO-expression colocaliza-
tion at day 7 in CRPS mice (13% colocalization at baseline
vs 57% at day 7). No colocalization was found between
TSPO and GFAP astrocyte markers, although both markers
were elevated. At week 7, microglia and astrocytes returned
to baseline.

[''CIDAC

[MCIDAC is a recently developed PET TSPO radio-
tracer.”” One study used it to image the spinal cord in an
EAE rat model of MS.®" Rats underwent PET/CT scans at
0, 7, 11, 20 and 60 days after EAE induction. Three
groups were followed up: control, EAE induction and
EAE treated with FTY720 (immunosuppressive therapy).
Biodistribution study was also performed after sacrifice at
each day after PET scans. In-vitro autoradiography was
performed at days O and 11 in EAE rats. Histological and
immunohistochemical analysis assessed inflammation and
TSPO expression in various cell types. Dynamic PET spi-
nal cord images showed significantly increased uptake of
[''CIDAC at day 11 in EAE rats compared to controls.
An increase was also detected at days 7 and 20 (start of
remission). These results were consistent in thoracic,
lumbar and sacral spinal cord levels. [''C]JDAC uptake
was markedly greater in the un-treated compared to the
treated group. In-vitro autoradiography and biodistribu-
tion study confirmed specific TSPO labeling by [''C]
DAC. These results were also consistent with inflamma-
tion exploration. Immunohistochemical analysis showed
overexpression of TSPO in microglia, macrophages and
infiltrating CD4+ T lymphocytes, lasting until day 20.
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Discussion of TSPO PET Radiotracer for Spinal Cord
Imaging

An inflammatory response is present in several spinal cord
pathologies. As argued above, this opens up many indica-
tions for the use of the TSPO PET radiotracer in spinal cord
PET imaging. Five TSPO radiotracers have been described
for spinal cord imaging, for MS (EAE model), NP (PSNL and
CRPS models), spinal cord injury, ALS, and lumbar radicul-
opathy.

Overall, the TSPO PET radiotracer showed similar results:
(1) capacity to detect spinal cord inflammatory processes; (2)
capacity to evaluate treatment; and (3) correlation with his-
tology and TSPO expression in microglia. Only [''C]
PK11195 and [‘®F]DPA-714 showed mixed results for
detecting lesions in the spinal cord compared to uninjured
sites in neuropathic pain, although ['®*FIDPA-714 showed
higher lesion-to-background signal.”' These mixed results
were explained by the poor spatial resolution of PET, while
ex-vivo and in-vitro studies showed significant results. How-
ever, in neuropathic pain, ['°FIGE-180 showed higher
capacity to detect lesions on PET images.” ['®FIGE-180 is
also known to have a higher lesion-to-background ratio; this
has been largely discussed, and challenges the imaging char-
acteristics of this radiotracer.”””” Further studies to compare
these radiotracers are required.

This is especially interesting as most of these radiotracers
could be used in clinical applications, but only [''C]PBR28
has been used in a clinical study.”” A translational study to
compare each TSPO radiotracer to assess their potential in
spinal cord PET imaging would be interesting.

Importantly, a polymorphism (Alal7Thr) was found for
the TSPO gene and differentiates subjects as “high/mixed/
low” affinity binders.”” Some radiotracers are known to
be sensitive to this polymorphism ([''C]PBR28,”" ['®F|GE-

Tahle 1 TSPO PET Radiotracer Use in Spinal Cord Imaging

180,” and [*®F]DPA-714°) or their status is unknown
(["'CIDAC). In clinical studies to explore spinal cord TSPO
radiotracers this question should be raised.

The choice of the TSPO PET radiotracer may also be
guided by the radionuclide used for radiolabeling. For exam-
ple, PK11195 and PBR28 are radiolabeled with carbon-11;
its short half-life of 20 minutes restricts its use to medical
centers equipped with an on-site cyclotron. Fluorine-18
radiotracers, with a longer half-life of 109 minutes, are more
flexible and improve statistical measurement of radioactivity.

TSPO PET has several limitations in imaging the spinal
cord. Firstly, TSPO is an ubiquitarian protein involved in
many physiological mechanisms. Thus, it is nonspecific to
any given pathology and could not differentiate an inflamma-
tory process from various other spinal cord pathologies.
Moreover, it is not known whether the uptake observed in
various models is specific to spinal cord microglia or circulat-
ing macrophages.”’ Furthermore, the TSPO PET radiotracer
also binds to surrounding organs such as bone marrow and
muscles” and has a spill-over effect on the spinal cord signal.
Ultimately, TSPO protein is a biomarker of the microenvi-
ronment of the spinal cord and not a direct biomarker of spi-
nal cord integrity. Table 1 summarizes TSPO PET radiotracer
characteristics used for spinal cord imaging.

Neurotransmission Radiotracers

Table 2 summarizes PET neurotransmission radiotracer char-
acteristics used for spinal cord imaging.

['8F1/1"' Clfallypride

['°Ffallypride and [''Clfallypride are dopamine D2/D3
receptor PET radiotracers. Kaur et al. reported fallypride”™ to
image dopamine receptors along the spinal cord in rodents.

Radiotracer Indication Strengths Limitations
[''"CIPK11195 MS First TSPO radiotracer used for SC imaging "1C radiolabeling
SCI Able to detect SC inflammation TSPO not specific to spinal cord
NP Used to evaluate treatment Mixed results in NP
Correlation with clinical and histologic data
No sensitive to polymorphism
['*FIDPA-714 MS Able to detect SC inflammation in MS TSPO not specific to spinal cord
ALS Correlation with histology in MS Mixed results in NP
NP Higher lesion-to-background ratio* Sensitive to polymorphism
[''CIPBR-28 LR Clinical study "1C radiolabeling
Able to detect clinically significant differences TSPO not specific to spinal cord
Sensitive to polymorphism
['8FIGE-180 ScCl Able to detect SC inflammation TSPO not specific to spinal cord
NP Used to evaluate treatment Sensitive to polymorphism
Correlation with histology
Higher lesion-to-background ratio*
[''CIDAC MS Able to detect SC inflammation "1C radiolabeling

Correlation with histology
Used to evaluate treatment

TSPO not specific to spinal cord
Sensitive to polymorphism

MS, multiple sclerosis; SC, spinal cord; SCI, spinal cord injury; NP, neuropathic pain; ALS, amyotrophic lateral sclerosis; LR, lumbar

radiculopathy.

*compared to [''CIPK11195.
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Target Radiotracer Indication Strengths

Limitations

D2/D3R ['®FI/[''Clfallypride Healthy

subjects
GSA [">NINH, SCl
SERT [''"CIAFM SCI
SV2A  [''CluCB-J HD

Specific binding

Clinical studies (translational)
Preclinical studies positive

Clinical studies (positive)
SCI Preclinical studies positive
Superior to ['®FIFDG

Receptor expression quantifiable ['8Fifluorine binding due to metabolite
Specific binding confirmed
Biomarker for BSCB integrity

Capacity to detect change unknown

'3N radiolabeling

Low uptake at baseline

Uptake after injury represents BSCB disruption
Not specific to SC integrity

"1C radiolabeling

No or little specific binding in humans.

Not able to detect clinical differences

"1C radiolabeling

Several radiometabolite

Correlation with histology

HD, Huntington’s disease; SCI, spinal cord injury.

[18F]fa11ypride was first used for in-vitro and ex-vivo autora-
diography studies. Then in-vivo and ex-vivo PET studies
were performed using both ['*Flfallypride and [*'Clfallypr-
ide. Autoradiography studies showed preferential binding in
gray matter in the superficial dorsal and dorsal horn. The
gray/white matter ratio showed higher binding in higher spi-
nal cord levels: cervical>thoracic>lumbar>sacral. Ex-vivo
and PET studies revealed comparable binding in the spinal
cord and extrastriatal brain regions. ['*F]fallypride and [''C]
fallypride showed similar binding curves. Several D2/D3
antagonists (sulpiride, clozapine, haloperidol) and agonists
(dopamine) showed displacement in in-vitro binding assays,
confirming specific binding. [''Clfallypride was used to
assess ['°F]fluoride binding on bones. Thus, differences with
['®Ffallypride were attributed to ['®F]fluoride binding on
bones and spill-over effect.

['®F] and [”C]fallypride are valuable radiotracers for
exploring dopamine neurotransmission in the spinal cord,
since in-vivo and ex-vivo quantification showed binding
comparable to other brain regions, such as the superior and
inferior colliculi (around 5% striatal binding). Competition
studies with agonists and antagonists also showed displace-
ment of fallypride binding. This confirmed application to
assess target engagement for future therapies targeting these
receptors. The next step for this radiotracer will be to evalu-
ate it in a spinal cord pathology. Kaur et al. proposed to
explore D2/D3 receptors in restless leg syndrome.

['>NINH;

['*NINH; is a PET radiotracer used for imaging glutamine
synthetase activity, since glutamate and ammonia react to
yield glutamine.'”” Usually used for cardiac and cerebral
blood flow exploration, late-phase ["°N]NH; reflects [*°N]
glutamine distribution. One study explored the use of late-
phase [13N]NH3 to explore the spinal cord. ' [13N]NH3
uptake was compared to ['®F]FDG uptake in a canine model
of hemisection spinal cord injury. PET/CT was performed
before and at days 1, 3, 7, 14 and 21 after surgery. After
injury, both ["°’NINH; and ['®*F]FDG showed increased
uptake, with peaks at days 7 and 3 for ["°N]NH; and ['°F]

FDG respectively. In parallel, brain uptake also increased for
both radiotracers. MCP-1 chemokine and ZO-1 expression
(anti-zonula occluden 1) were also measured to assess BSCB
permeability. MCP-1 chemokine on ELISA increased at day 1
and reached a peak at day 7. ZO-1 expression was measured
at day 21 by immunostaining and showed a slight but non-
significant decrease in expression in dogs with spinal cord
injury vs controls. A significant correlation was found
between barrier integrity biomarkers and ['’N]NH; spinal
cord uptake. This suggested BSCB disruption. These results
also showed the lack of [13N]NH3 penetration compared to
['®F]FDG. Overall, [BN]NH3 seems not to be a valuable tool
to explore the spinal cord but could be useful to assess the
BSCB integrity.

[''CIAFM

['!C]AFM is a PET radiotracer targeting the serotonin trans-
porter (SERT)."”” Two studies reported [''CJAFM to image
the spinal cord, one'”” with preliminary results for the sec-
ond.'"* In the second translational study, 1 healthy male vol-
unteer and two male patients with spinal cord injury (T4 and
C5-C6 level) underwent whole-body PET scan. In a preclini-
cal study, spinal cord injury rats underwent PET scan at 12
weeks postinjury and 12 weeks post-treatment. Control rats
and rats with complete resection were imaged once. In-vivo
competition study was performed using citalopram (SERT
inhibitor) to assess specific binding of [''CJAFM. In a pre-
clinical study, PET images showed decreased lumbar uptake
(below the injury point) while cervical uptake was main-
tained after injury. Citalopram competition study showed
similar nonspecific binding between brain and spinal cord
(around 35%). In humans, spinal cord PET images and com-
petition study using citalopram showed no specific binding
in the spinal cord. There were no differences in [M'C]AFM
binding between cervical and lumbar levels in the two
patients with spinal cord injury. [''CJAFM also showed no
change in spinal cord imaging after blocking with citalopram,
which indicated little specific binding. There was even
greater uptake in the pretreatment scan than baseline, possi-
bly due to more peripheral or brain blocking than in the
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spinal cord. Thus, [''CJAFM seems not to be suited to image
the spinal cord, except in preclinical models.

''clucB-J

[''CJUCB-] is a PET radiotracer with high affinity for synap-
tic vesicle glycoprotein 2A (SV2A), a presynaptic protein reg-
ulating neurotransmitter release.'”” Three studies used [}'C]
UCB-J to image the spinal cord: two preclinical in Hunting-
ton’s disease and spinal cord injury,'’'"" and 1 clinical
study in healthy humans.' "

In the first study,'’® in-vivo PET/CT scans were performed
in a wild-type and a knock-in Q175D mouse model of Hun-
tington’s disease and postmortem human Huntington’s dis-
ease brains. Spinal cord [''C][UCB-J uptake on cervical slices
was lower in Q175D than in wild-type mice. Competition
study using levetiracetam confirmed specific binding to
SV2A. Postmortem study in human Huntington’s disease
brains [? HJUCB-] showed lower uptake in patients than in
controls.

In the second study,107 [HC]UCB—J was used as a bio-
marker of synapse loss after spinal cord injury. The model
consisted in a unilateral C5 contusion in mice and rats. In a
first in-vitro study, mouse and rat models of spinal cord
injury were sacrificed 1 week after injury for histology (SV2A
immunostaining) and autoradiography (using ["HJUCB-]) to
assess differences between species. This in-vitro study
showed a sub-acute decrease in SV2A after spinal cord injury
in both mice and rats. Immunostaining showed SV2A loss in
epicenter of the impact point compared to the contralateral
side (Fq 24 =140.4, P < 0.0001 in mice and F(; )=20.2, P
< 0.0001 in rats) with an 80% decrease compared to rostral
slices. Autoradiography results were consistent with these
findings. In the second part, rats with wide spinal cords were
chosen for longitudinal study. They underwent dynamic
[''CJUCB-J PET/CT scan at week 1 and week 6 after injury.
Static ['®F]JFDG PET/CT scan was also performed at week 6,
to assess metabolic activity in the spinal cord. [HC]UCB—j
uptake was significantly lower in spinal cord injury than
sham rats at the C5 contusion site. Uptake was also signifi-
cantly (49%) lower at C5 (lesion point) than C3 (uninjured).
This reduction at 1-week postinjury continued until 6 weeks
and also induced a caudal loss of SV2A at C7. Comparing
['®FIFDG and [HC]UCB—j profiles at week 0, ['®FIFDG
showed hypometabolism at the contusion site compared to
sham rats and surrounding tissues. The comparison was in
favor of [''CJUCB-J, with higher sensitivity. Histological and
autoradiography studies were consistent with these findings
and with the first part of the in-vitro study.

The third study explored [''C]JUCB-J binding in human
spinal cord.'” First, a simulation study was performed to
assess the ability of [''CIUCB-J to measure SV2A blocking.
Second, cervical spinal cord imaging was performed in four
healthy humans, at baseline and after pretreatment with leve-
tiracetam or brivaracetam. Data were acquired using a high-
resolution research tomograph (HRRT). Finally, human full
spinal cord PET/CT imaging from previous dosimetry study
(n=4) was used to quantify spinal cord SV2A. Simulation
study based on 75% brain occupancy calculated simulated

V1 and Vyp volumes in the spinal cord. In the cervical spinal
cord, on HRRT, nondisplaceable binding potential
(BPnp = 0.43) correlated strongly with the simulation study
(BPnp =0.43), although mean estimated Vyp values were
slightly lower than simulated Vyp (16%). Full spinal cord
images showed less uptake in the spinal cord than in the
brain (78 £ 5%). A simplified reference tissue model showed
higher distribution volume ratio in cervical than thoracic sli-
ces (0.145 £ 0.051 and 0.112 % 0.016 respectively). Esti-
mated cervical spinal cord Vr was about 5% less than the
baseline V reported for the human HRRT data.

[''CJUCB-J seems to be a valuable radiotracer to image the
spinal cord, detecting significant changes in the spinal cord
in various preclinical models. It also showed promising
capacity in a clinical modeling study using previous data
acquired on various scans with various resolutions. Like
other radiotracers, [''C]JUCB-] is radiolabeled with carbon-
11, which limits its clinical use and impairs PET image qual-
ity due to greater noise. SV2A radiolabeled with fluorine-18,
such as [18F]SynVesT—1, could be more interestimglog
Finally, [''CJUCB-J was reported to have several radiometa-
bolites which did not cross the blood-brain barrier.''’ How-
ever, further studies are needed to determine whether they
could cross the BSCB and thus compromise the spinal cord
PET signal.

Myelin-Specific Radiotracers

[''CIMeDAS

['1C]MeDAS is a PET radiotracer to image myehnation1
It was used in three studies to image spinal cord
dernyelinatiorLW’l 213 Wiy et al. used [ C]MeDAS to moni-
tor myelin repair in the spinal cord in two models of MS: a
lysophosphatidyl choline (LPC) model of focal demyelin-
ation, and EAE."'* PET/CT scans were performed on days 7,
14 and 21 for LPC rats and days 0 and at the first three dis-
ease episodes for EAE rats. LPC rats were separated in two
subgroups: treated (hepatocyte growth factor) and untreated
(saline). In LPC rats, [''C]MeDAS PET images showed the
lowest uptake at day 7, at peak demyelination. Uptake gradu-
ally increased, by 22% and 28% respectively, at days 14 and
21 in the T11-T12 region, due to remyelination. These
results correlated with myelin spinal cord staining in in-vitro
studies. LPC-treated rats showed greater [YCIMeDAS uptake
in the spinal cord compared to control rats. At days 14 and
21, LPC-treated rats showed respectively 31% and 14%
increase in uptake compared to day 7. Results were con-
firmed by immunohistochemical analysis of spinal cord mye-
lination. In the EAE group, [ CIMeDAS showed decreased
uptake in T10-T13 spinal cord at days 15, 25 and 42 after
induction compared to baseline. Results correlated with EAE
disability score.

De Paula Faria et al. also used ['!C]MeDAS in a rat EAE
model.”” Rats underwent PET/CT at baseline and days 6, 11,
15 and 19 after induction. In contrast to Wu et al.’s findings,
they did not show significant demyelination using [''C]
MeDAS PET images. However, histochemistry showed small
lesions (0.13 & 0.06 mm). The authors stated that poor

11
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spatial resolution in the camera and differences in lesion level
(lumbar and thoracic) prevented results being significant.

In a third study, [''C]MeDAS was compared to another
myelin PET radiotracer, [11C]CIC, in a model of cuprizone-
induced demyelination.'"” Mice underwent PET/CT imaging
and ex-vivo biodistribution study. The study focused on
brain uptake but, due to the PET characteristics of the trac-
ers, [''CIMeDAS is preferentially used for spinal cord imag-
ing. In-vivo images showed significant background uptake
for [*C]CIC, leading to a low brain-to-background ratio.
Moreover, ['C]CIC showed weak correlation with histo-
chemistry analysis of myeline (r*=0.15), probably due to a
spill-over effect. [MC]CIC also showed slow washout of the
radiotracer. Longer brain accumulation led to longer acquisi-
tion time, which could be problematic for a radiotracer radio-
labeled with carbon-11. Finally, [''C]CIC was not able to
visualize the spinal cord in in-vivo images. In contrast, [''C]
MeDAS showed less background uptake and thus a better
ratio, facilitating visualization of myelin in the brain and spi-
nal cord. [M'C]MeDAS also showed fast kinetics, allowing
rapid acquisition after injection, but with lower SUV values
complicating detection of differences. [''C]MeDAS PET
imaging correlated with histochemistry.

['SFITAFDAS

['®F]TAFDAS is a 1, 2 ,3-triazole fluorinated derivate of [11C]
MeDAS. One study explored its use in spinal cord imag-
ing."'* In this preliminary study, Wu et al. acquired explor-
atory PET/CT images of rat spinal cord to assess the ability of
['8F]TAFDAS to detect spinal cord demyelination. In a
model of spinal cord injury, ['®FITAFDAS PET images
showed markedly lower uptake (0.81 vs 1.02) in injured
than preinjury T13 slices. Uptake in T13 was also lower than
in other thoraco-lumbar slices. In situ 3D cryoimaging stain-
ing using unlabeled TAFDAS coregistered with PET/CT
images confirmed this result and showed demyelination in
the dorsal region. This multimodal technique combined the
high sensitivity of physiological information and quantifica-
tion provided by PET and microscopic information provided
by 3D histological cryoimaging.

['®FIPENDAS
['®F]PENDAS is a derivate of [''C]MeDAS, assessed as a PET

. . . . . . 115 .
radiotracer in spinal cord imaging in one study. ~ In a series
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of stilbene derivatives, ['*FIPENDAS was chosen for its lipo-
philic and radiolabeling properties, fluorescence and specific-
ity to myelin. In-vivo PET/CT imaging of the spinal cord
showed higher uptake for ['8F]PENDAS than ['!C]MeDAS
or ['®FITAFDAS. A rat model of spinal cord injury (contu-
sion at T12) showed 14% lower ['®FIPENDAS uptake than
in other nontraumatic thoracic regions. In-situ histological
staining confirmed these results and showed a decrease in
the dorsal column. Ex-vivo 3D cryofluorescence imaging
after PET/CT allowed coregistration and facilitated spatial
orientation.

Discussion of Myelin PET Radiotracers

[''CIMeDAS was the first original PET radiotracer to image
myelin and to monitor treatment response. '* However, it
gave inconsistent results in PET spinal cord imaging, as
described above, attributed to smaller lesion sizes than
camera resolution. Enhancement of imaging techniques
and higher resolution could help to overcome this issue.
Another limitation is radiolabeling using carbon-11, which
limits clinical use to centers equipped with an on-site
cyclotron. Derivates were therefore synthesized to be
radiolabeled with fluorine-18. Thus, TAFDAS and PEN-
DAS were chosen from around 20 compounds, based on
their lipophilic and radiolabeling properties. These com-
pounds also allow multimodal imaging with 3D cryofluor-
escence and show excellent correlation with PET/CT
images. In spinal cord PET imaging, ['®FITAFDAS and
['8F]PENDAS were able to detect spinal cord lesions in
models of spinal cord injury. However, these preliminarily
results need to be further explored in larger samples, and
to be compared with controls.

Notably, some amyloid radiotracers with a stilbene struc-
ture similar to myelin radiotracers, such as [18F]ﬂorbetapir
and ['®F]florbetaben, were reported to target myelin and
repurposed to image myelin, but only in the brain."'® Studies
showed interesting results, with decreased binding of amy-
loid radiotracers in white matter in patients with multiple
sclerosis.''''® These studies did not show whether it was
able to detect lesions in the spinal cord. To our knowledge,
no such studies have been reported, but are needed to test
this hypothesis. Table 3 summarizes characteristics of myelin
PET radiotracers used for spinal cord imaging.

Radiotracer Indication Strengths

Limits

[''CIMeDAS MS Multimodality

Correlation with histology

"C radiolabeling
Inconsistent results between studies

Correlation with clinical symptoms in rats

Low background signal

['SFITAFDAS  SCI Multimodality
Able to detect lesion
['®*FIPENDAS  SCI Multimodality

Insufficient data

Insufficient data

Higher uptake in SC (compared to myelin radiotracers)

Able to detect lesion

MS, multiple sclerosis; SC, spinal cord; SCI, spinal cord injury.



10 P. Courault et al.
Others TZ3321 to image the spinal cord in an EAE rat model of
['8FIFSPG MS."** EAE rats, with scores of 3.5-4.0 on a neurological def-

['®FIFSPG is a PET radiotracer of cystine/glutamate anti-
porter (system xc ) with applications in cancer ''” and neu-
rology.'*” Release of glutamate by system xc~ was reported
to be involved in microglia and macrophage activation in
MS."*" Thus, one study explored the use of ['*FIFSPG to
image the spinal cord in an EAE model of MS.'** PET/CT
scans were performed at days O (baseline), 7, 14, 21 and 28
after EAE induction. One group received [M'C]PK1195 and
['®F]FDG to assess TSPO binding and glucose metabolism,
and a second group received ['®*F]FSPG to assess system xc
binding. PET images of glucose metabolism showed nonsig-
nificant postoperative hypometabolism in the thoracic spinal
cord, cervical and lumbar levels showing similar binding at
every time point. [''C]PK11195 spinal cord PET images
showed an increase in radiotracer uptake until day 14, fol-
lowed by a decrease from day 21 to 28. ['®*FIFSPG showed
higher binding values in the spinal cord than in brain regions
at baseline. Cervical and thoracic spinal cord slices showed
nonsignificant decrease in binding at day 7 and recovery at
days 14 and 28, whereas lumbar slices showed significantly
higher uptake values at day 14 and a decrease from day 21 to
28. Immunohistochemistry and clodronate effect studies
confirmed microglia activation and correlation with system
xc after EAE induction.

In this study, ['®F]FDG showed a lack of sensitivity for
detecting inflammatory MS in the spinal cord. In-vivo TSPO
PET confirmed previous findings of the ability of [''C]
PK11195 to detect inflammatory spinal cord response in
EAE rats.” """ [*®F]FSPG showed a different binding profile
than [*'C]PK11195. This could be explained by different
microglial/macrophage populations. ['*F]FSPG showed its
ability to evaluate EAE progression in the spinal cord and dis-
criminate spinal cord lesion severity at different levels, in cor-
relation with paralysis symptoms. This novel radiotracer
provides a different opportunity to image the spinal cord in
MS and a new tool for therapy evaluation. Table 4 summa-
rizes the characteristics of ['®F]FSPG used for spinal cord
imaging.

[''CITZ3321

[''C]TZ3321 is a sphingosine-1-phosphate receptor 1
(SIPR1) PET radiotracer.'”” One study reported [''C]

Tahle 4 Other PET Radiotracers in Spinal Cord Imaging

icit scoring system,”” underwent PET/CT. Asymptomatic
age-matched sham rats also underwent PET/CT as controls.
Normalized SUV ratio, with the abdominal aorta as reference
region, showed 24.6% higher [''C]TZ3321 uptake in the
lumbar spinal cord of EAE rats than for the sham group. Dis-
tribution volume ratio using the Logan reference model
showed similar results, with an increase of 22.5% in EAE
rats. Histological analysis showed an increase in S1PR1 rates
in EAE rats expressed in activated microglia and astrocytes.
The number of interleukin-17-producing T cells was also
higher in EAE rat spinal cord, and colocalized with S1PR1
expression. These results confirmed the correlation between
S1PRI expression and neuroinflammation of the lumbar spi-
nal cord in the EAE model. [''C]TZ3321 is a valuable PET
radiotracer for in-vivo exploration of SIPR1 expression in
the spinal cord and thus for assessing neuroinflammatory
response. Modeling analysis was possible thanks to the
abdominal aorta reference region that was similar between
EAE and sham control rats. Table 4 summarizes the charac-
teristics of [''C]TZ3321 used for spinal cord imaging.

Perspectives

Several PET radiotracers are in development to explore vari-
ous spinal cord pathologies (see summary in Fig. 1). As a
conclusion, we highlight the characteristics of the “ideal”
PET radiotracer for imaging the spinal cord. Firstly, it must
cross the BSCB. Then, it must have little nonspecific binding,
notably in surrounding tissues such as bone marrow. This
characteristic allows low doses for patients and a better
lesion-to-background ratio. The radiotracer must have good
sensitivity for detecting micro-changes in the spine. The
choice of the radionuclide is also important. Fluorine-18,
with its longer half-life, is more suitable for clinical practice.
However, after metabolization, free fluorine-18 could be cap-
tured by the bones, adding to noise and spill-over.
Independently of the radiotracer itself, the choice of target
is also important. The more specific the target to the spinal
cord, the more the radiotracer reflects a specific disease pro-
cess. Depending on the disease, the target must be expressed
all along the spine. The characteristics of the radiotracer

Target Radiotracer Indication

Strengths Limits

System xc~ ['SFIFSPG MS

S1PR1 [''CITZ3321 MS

Higher SC binding compared to brain

Able to detect lesion

Used to evaluate treatment

Correlation with histology

Different profile than TSPO radiotracer

Able to detect lesion "1C radiolabeling
Correlation with histology

Modeling study with reference region

MS: multiple sclerosis.
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Figure 1 Summary of radiotracers used for functional PET imaging of the spinal cord. GPCR, G protein-coupled

receptors.

must be explored in a large cohort to determine the influence
of factors such age or body weight on binding. Finally, for
clinical practice, a market authorization ensures access for all
nuclear medicine centers. For multicenter studies, a stan-
dardized acquisition and quantification protocol is needed.

In a multimodal approach, the choice of camera is impor-
tant. Nuclear medicine centers usually have easier access to a
PET/CT camera. However, the interest of PET-MR camera
could be discussed. Since MRI could be the first-line choice
for spinal cord imaging, a PET-MR camera could be interest-
ing, reducing the number of scanning procedures. PET-MRI
combines the high sensitivity of MRI and the molecular infor-
mation of PET imaging. Compared to PET/CT, it has the
advantage that MRI does not involve radiation. Furthermore,
MRI provides better soft-tissue contrast and multiparametric
and functional information, with diffusion-weighted and
dynamic sequences, spectroscopy, etc. Since it is more wide-
spread, most studies used PET/CT. However, hybrid PET-
MRI seems to be more suitable, as it acquires both modalities
at same time, improving coregistration. MRI is also more
suitable for visualizing contours between bone tissues and
soft tissues. Aiello et al. showed the feasibility of PET-MR spi-
nal cord imaging in comparison with PET/CT.""

The development of PET radiotracers and improvements
to clinical PET cameras will enable information to be
acquired at molecular level in the spinal cord. This will help
for diagnosis and also for better understanding of spinal cord
diseases, search for new targets and development of new

drugs. Altogether, PET spinal cord imaging has a promising
future as a complement to MRI and CT.
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