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In multiple sclerosis (MS), abnormal activation of immune 
cells targeting myelin infiltrate, inflame, and damage  

the central nervous system (CNS), resulting in deficits that 
include cognitive and motor function. Imaging and histo-
logic evidence have shown these events to have marked inter- 
and intraindividual variability (1–4). Treatment strategies 
have shifted over the years from nonspecific immunosup-
pressants to drugs that specifically target key molecules dys-
regulated in MS. With a continuously expanding number 
of targeted treatments for MS available and in development, 
there is a need for more specific imaging biomarkers. Cur-
rent imaging metrics only partially capture these processes, 
and this limitation has encouraged the development and 
incorporation of molecular imaging biomarkers to improve 
image specificity and to monitor the mechanisms underly-
ing effective therapies.

Herein, we describe the clinical utility of molecular imag-
ing biomarkers for MS treatment evaluation to date and their 
potential use for new MS therapies that are in the develop-
mental pipeline. We first briefly review the various modalities 

used clinically for molecular imaging. Subsequently, within 
the pathophysiologic context of their molecular targets, we 
discuss probes that are currently in development alongside 
therapeutic drugs that share their targets. Emphasis is placed 
on how molecular imaging biomarkers can serve as surrogate 
end points in MS clinical trials and its animal model experi-
mental allergic encephalomyelitis (EAE).

Clinical Imaging Modalities
Proton MRI (hydrogen 1 [1H] MRI), MR spectroscopy 
(MRS), PET, and SPECT have been used for patients with 
MS since the early 1980s to evaluate structural and functional 
abnormalities in focal lesions and normal-appearing brain 
tissue. There is evidence of early attempts to image cellular 
targets (5), but successful molecular imaging of MS was only 
reported more recently. To date, MRI for treatment manage-
ment of MS primarily relies on T1-weighted, T2-weighted, 
fluid-attenuated inversion recovery, and gadolinium-based 
contrast agent–enhanced sequences, which generate tissue 
and lesion contrast through differences in water content, 

Imaging has been a critical component of multiple sclerosis (MS) management for nearly 40 years. The visual information derived 
from structural MRI, that is, signs of blood-brain barrier disruption, inflammation and demyelination, and brain and spinal cord 
atrophy, are the primary metrics used to evaluate therapeutic efficacy in MS. The development of targeted imaging probes has ex-
panded our ability to evaluate and monitor MS and its therapies at the molecular level. Most molecular imaging probes evaluated 
for MS applications are small molecules initially developed for PET, nearly half of which are derived from U.S. Food and Drug 
Administration–approved drugs and those currently undergoing clinical trials. Superparamagnetic and fluorinated particles have 
been used for tracking circulating immune cells (in situ labeling) and immunosuppressive or remyelinating therapeutic stem cells 
(ex vivo labeling) clinically using proton (hydrogen 1 [1H]) and preclinically using fluorine 19 (19F) MRI. Translocator protein PET 
and 1H MR spectroscopy have been demonstrated to complement imaging metrics from structural (gadolinium-enhanced) MRI in 
nine and six trials for MS disease-modifying therapies, respectively. Still, despite multiple demonstrations of the utility of molecular 
imaging probes to evaluate the target location and to elucidate the mechanisms of disease-modifying therapies for MS applications, 
their use has been sparse in both preclinical and clinical settings.

© RSNA, 2022

Opportunities for Molecular Imaging in Multiple Sclerosis 
Management: Linking Probe to Treatment

Aline M. Thomas, PhD • Frederik Barkhof, MD, PhD • Jeff W. M. Bulte, PhD 

From the Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research, the Johns Hopkins University School of Medicine, 733 N 
Broadway, Room 659, Baltimore, MD 21205 (A.M.T., J.W.M.B.); Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, the Johns Hop-
kins University School of Medicine, Baltimore, Md (A.M.T., J.W.M.B.); Department of Radiology and Nuclear Medicine, VU University Medical Center, Amsterdam, 
the Netherlands (F.B.); and Institutes of Neurology and Healthcare Engineering, University College London, London, England (F.B.). Received May 15, 2021; revision 
requested June 30; revision received January 11, 2022; accepted February 3. Address correspondence to J.W.M.B. (email: jwmbulte@mri.jhu.edu).

J.W.M.B. is supported by a grant from the National Multiple Sclerosis Society (PP-1808-32367, RFA-2104-37460). A.M.T. is supported by a grant from the National 
Institutes of Health (K01EB030612). F.B. is supported by the National Institute of Health Research biomedical research center at University College London Hospitals.

Conflicts of interest are listed at the end of this article.

Radiology 2022; 303:486–497  •  https://doi.org/10.1148/radiol.211252  •  Content codes:  

Online SA-CME • See www.rsna.org/learning-center-ry

Learning Objectives:

After reading the article and taking the test, the reader will be able to: 
n State available biomarkers for profiling lesions and other forms of central nervous system damage in multiple sclerosis
n State clinically relevant modalities for molecular imaging biomarkers and their advantages and advances
n Explain the biochemical and pathologic relevance of molecular imaging biomarkers

Accreditation and Designation Statement
The RSNA is accredited by the Accreditation Council for Continuing Medical Education (ACCME) to provide continuing medical education for physicians. The RSNA designates this journal-based SA-CME activity for a maximum of 1.0 AMA 
PRA Category 1 Credit™. Physicians should claim only the credit commensurate with the extent of their participation in the activity.

Disclosure Statement
The ACCME requires that the RSNA, as an accredited provider of CME, obtain signed disclosure statements from the authors, editors, and reviewers for this activity. For this journal-based CME activity, author disclosures are listed at the end 
of this article. 

This copy is for personal use only. To order printed copies, contact reprints@rsna.org



Thomas et al

Radiology: Volume 303: Number 3—June 2022  n  radiology.rsna.org 487

PET. 1H MRS has been used as a secondary end point for several 
clinical trials in patients with MS (see “1H MRS” under “Clinical 
Trial End Points”). The NAA level is associated with the presence 
of neurons as a marker of axonal integrity and is often normal-
ized to the creatine level, which is considered a marker of total 
cell presence (18). However, monitoring transport and metabo-
lism requires the use of tracers whose flux can be monitored. With 
further development of hyperpolarization, a technique that en-
hances the detection of probes with nonproton nuclei (eg,  carbon 
13 [13C] and xenon 129) in MRS imaging, chemical sensitivity 
can be enhanced to levels that permit monitoring altered use of 
metabolic pathways (eg, glycolysis). Although lactate production 
has successfully been imaged and quantified using hyperpolarized 
13C pyruvate in humans (19), this imaging technique requires  
specialized equipment only available in a few clinical centers.

PET and SPECT
The high sensitivity of radioisotopes for the detection of specific 
targets with PET and SPECT not only permits the visualization 
of rare low-expressed markers, but also has been used to evalu-
ate transport limitations, for example through the BBB, retention 
time, and target specificity of existing and candidate drugs (20). 
However, these modalities require ionizing radiation and usually 
must be paired with CT or MRI for anatomic reference. Recent 
advances include time-of-flight PET, which can enhance tempo-
ral resolution (21), the point-spread function, which can improve 
spatial resolution (22), and depth of interaction detector, which 
has been used to enable total body imaging in humans (23).

Multiple PET tracers have been developed on the basis of 11C 
(half-life of 20 minutes), gallium 68 (68Ga) (half-life of 68 min-
utes), fluorine 18 (18F) (half-life of 110 minutes), copper 64 (64Cu) 
(half-life of 13 hours), and zirconium 89 (half-life of 3.3 days) 
(24), with a wide range of molecular targets from naturally oc-
curring metabolites to antibodies to small molecules. The evalu-
ation of multiple biomarkers may prove beneficial in treatment 
selection, but because all PET tracers emit equivalent rays, se-
quential administration of imaging of probes would be needed. 
Kinetic models are typically required to accurately quantify tracer 
uptake, further complicating the use of this modality for imag-
ing multiple biomarkers. Despite poorer resolution and sensitivity, 
the advantage of SPECT is that gamma rays are detected, the en-
ergy of which is specific to the tracer, permitting the simultaneous 
visualization of multiple probes (25,26) or the combined imag-
ing of SPECT probes with a PET probe (27). Still, this modality 
has been sparsely explored for applications in patients with MS 
(28,29).

Biomarkers of MS Targets
As many of these biomarkers reflect the targets or pathways of 
approved MS therapies or those currently in development, they 
have the potential to assist in treatment selection. Small molecule 
probes that have been tested in patients with MS can help monitor 
aspects of disease pathophysiology ranging from glial a ctivation 
(30) and demyelination (31) to neurodegeneration (32). Even 
more probes, including nanoparticles and cell- labeling agents, 
have been evaluated in preclinical models for monitoring other 
aspects of MS progression. Still, few probes and biomarkers in-

proton relaxation, and blood brain barrier (BBB) integrity related 
to inflammation, demyelination, and neurodegeneration that are 
characteristic of MS. However, due to the higher specificity and 
sensitivity of imaging tracers, PET has recently gained more trac-
tion for molecular imaging of specific targets in MS.

MRI and MRS
Although 1H MRI is widely used in patient care and clinical trials 
for patients with MS, its lack of molecular  specificity limits its util-
ity for understanding treatment mechanisms and efficacy. MRI 
sequences with higher pathologic specificity in the assessment of 
neurodegeneration and demyelination, such as diffusion tensor, 
magnetization transfer, and magnetic susceptibility–weighted im-
aging, are increasingly used as outcome measures in clinical trials 
(6). Sodium 23 (23Na) (7,8) and phosphorus 31 (31P) (9) MRI and 
MRS have been evaluated in patients with MS to quantify sodium 
content and protein phosphorylation, respectively. Recently trans-
lated amide proton transfer (10,11) and inhomogeneous magne-
tization transfer (12,13) MRI have been able to depict alterations 
in lesions and “normal appearing” white matter of patients with 
MS that cannot be observed using T2- and T2*-weighted MRI. 
The incorporation of contrast agents expanded the pathophysi-
ologic processes that can be visualized for MS treatment man-
agement, particularly those associated with acute focal lesions. 
 Gadolinium-based contrast agents are routinely used to detect 
BBB disruption. In situ cell labeling using iron oxide particles has 
been used to monitor immune cell trafficking and/or infiltration 
(14). Preclinically, fluorine 19 (19F)–containing nano-emulsions 
have also been explored as a more specific alternative to iron for 
immune cell tracking (15).

1H MRS has revealed changes in brain levels of creatine and 
N-acetylaspartate (NAA) in preclinical models (16) and clinically 
in patients with MS (17), although this technique has lower spatial 
resolution than structural MRI and lower chemical sensitivity than 

Abbreviations
BBB = blood-brain barrier, CNS = central nervous system, EAE = exper-
imental autoimmune encephalomyelitis, FDG = fluorodeoxyglucose, 
MPO = myeloperoxidase, MRS = MR spectroscopy, MS = multiple 
sclerosis, NAA = N-acetylaspartate, TSPO = translocator protein

Summary
The authors present an update on PET and MRI molecular imaging 
biomarkers for diagnosing and treating multiple sclerosis and discuss 
their role in context of the severity of disease and their usefulness in 
evaluating response to existing treatments and those in the pipeline.

Essentials
 n Five of 12 current molecular imaging probes used in preclinical 

and clinical multiple sclerosis (MS) were adapted from U.S. Food 
and Drug Administration–approved MS therapies or those under-
going clinical trials.

 n Four of six molecular imaging probes tested in patients with MS 
are visualized with PET.

 n As of today, translocator protein PET has been used as a surrogate 
end point in 10 clinical trials for MS disease-modifying therapy.

 n Hydrogen 1 MR spectroscopy has revealed alterations in  
N-acetylaspartate levels in five of six MS clinical trials for  
disease-modifying therapies.
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vestigated for applications in patients with MS have been assessed 
for evaluating treatment efficacy. Probes that have been developed 
and evaluated for MS treatment management are  primarily (can-
didate) MS drugs and therapies repurposed for imaging applica-
tions (Table).

Small Molecule Probes and Nanoparticles
The unique advantages in probe sensitivity, specificity, and 
 resolution have encouraged the development of multimodal 
scanners and multimodal imaging probes to overcome current 
imaging limitations and expand the number of molecular tar-
gets and variety of probes that can be imaged clinically. Although 
not yet applied to MS, advancements have been made in nan-
otechnology, particularly for PET/MRI. At the present time, 
imaging probes are available clinically to monitor most CNS 
cell types; however, they have yet to be explored for MS appli-
cations. Differences among animal species (eg, BBB permeabil-
ity) remain an obstacle for developing and translating targeted 
molecular imaging probes for MS applications, as exemplified 

by the limited PET signal of 2-chloro-2’-deoxy-2’-fluoro-9-b-d- 
arabinofuranosyl-adenine (33) in the human brain.

Intracellular and vascular cellular adhesion type 1 molecules 
(intracellular adhesion molecule type 1 [ICAM-1] and vascular 
adhesion molecule type 1), endothelial surface markers that enable 
leukocyte infiltration, are expressed at a higher level in patients 
with MS (34) and have been imaged preclinically using antibod-
ies conjugated to MRI- or US-visible nanoparticles. Antibodies 
rarely can be used across species, but a monoclonal antibody tar-
geting ICAM-1 (enlimomab) has been developed and tested in 
humans for other applications (35). ICAM-1 detection in EAE 
rats decreased over threefold on US images upon administration 
of methylprednisolone treatment (36).  Gadolinium-loaded lipo-
somes (37) and micron-sized particles of iron oxide (38) devel-
oped for MRI of ICAM-1 and vascular adhesion molecule type 1 
have been tested in rodent MS models. Because MRI suffers from 
low sensitivity compared with PET, nanoparticles or liposomes 
that can be doped with multiple imaging probes to amplify signal 
are advantageous for target-specific imaging of endothelial cells, as 

Molecular Imaging Biomarkers Used to Evaluate Disease-modifying Therapies for MS

Molecular Target/Cell Type
Imaging 
Label Modality

Evaluation or Application

Ligand Name
Animal  
Models Humans

Patients  
with MS

Clinical Trial 
End Points Other Probes

NA/immune 19F, USPIO MRI Yes Yes Yes No No NA

NA/transplanted 19F, USPIO MRI Yes Yes Yes No No NA

CD20/immune 64Cu, 89Zr PET Yes Yes No No No Rituximab

COX-2/immune 11C PET No No No No No Celecoxib

Dihydro-orotate  
 dehydrogenase/immune 19F MRI Yes No No No No Teriflunomide

GABA A receptors/neuron 11C PET No Yes Yes No No Flumazenil

GLUT1/multiple 18F PET Yes Yes Yes No PK-11195, … FDG

ICAM-1/endothelial
GBCA, 
MPIO MRI Yes No No No No NA

Metabolites/multiple 1H MRS Yes Yes Yes Yes No NA

Myeloperoxidae/immune GBCA MRI Yes No No No No
AZD5904, 
AZD3421

Potassium channels/neuron 18F PET N No Yes No No 4-AP

Serotonin receptors/neuron 11C PET Yes Yes No No No Clozapine

Translocator protein/ 
 microglia 11C, 18F PET Yes Yes Yes Yes FDG

DPA-713, GE-180, 
PBR06, PBR28, 
PK-11195, …

VCAM-1/endothelial cell
GBCA, 
MPIO MRI Yes No No No No NA

Note.—4-AP = 4-aminopyridine, 11C = carbon 11, COX-2 = cyclooxygenase-2, 64Cu = copper 64, FDG = fluorodeoxyglucose, 18F = 
fluorine 18, 19F = fluorine 19, GABA A = g-aminobutric acid type A, GBCA = gadolinium-based contrast agent, GLUT1 = glucose 
transporter 1, 1H = hydrogen 1, ICAM-1 = intracellular adhesion molecule type 1, MPIO = micron-sized particles of iron oxide, MRS = 
MR spectroscopy, MS = multiple sclerosis, NA = not applicable, USPIO = ultrasmall superparamagnetic iron oxide, 89Zr = zirconium 89.
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these probes do not need to 
cross the BBB.

M y e l o p e r o x i d a s e 
(MPO) is a lysosomal he-
moprotein that is secreted 
by activated leukocytes and 
microglia. Its presence and 
activity are higher in demy-
elinating MS lesions (39), 
and the presence of the G/G 
variant is linked to faster 
rates of disease progression 
(40). Chen et  al (41) used 
bis-5-hydroxytryptamide- 
d i e t h y l e n e t r i a m i n e -
pentaacetate (bis-HT-
DTPA) attached to 
gadolinium (bis-HT-
DTPA-Gd) as an MPO-
activatable paramagnetic 
 sensor for  imaging its 
activity in EAE. bis-HT-
DTPA-Gd  oligomerizes in 
the presence of the radicals 
generated by MPO, short-
ening the T1 to enhance 
detection. With use of the 
same imaging  approach, a 
twofold decrease in MPO 
enzymatic activity was seen 
on 4-aminobenzoic hydra-
zide administration (Fig 1) 
(42). In murine MS mod-
els, the inhibitors ABAH 
(4-aminobenzoic hydra-
zide) and KYC (N-acetyl 
lysyltyrosylcysteine amide) 
both attenuated paralysis in 
part through tissue sparing 
(43). The MPO inhibitors 
AZD5904 and AZD3421 
have been tested in humans 
for other applications (44).

Glucose uptake and me-
tabolism have been investi-
gated  preclinically for lesion detection and profiling using 18F fluo-
rodeoxyglucose (FDG) PET and hyperpolarized pyruvate (MRS 
imaging), respectively (45,46). Although glucose use is not an ac-
tive target of MS therapies, both fumarate (47) and interferon-b 
(48) are associated with alterations in glucose utilization. FDG up-
take occurs through glucose transporter 1 (GLUT1), the primary 
transporter for glucose, and, therefore, can be used to quantify 
its activity. Enhanced GLUT1 expression has been observed in 
MS lesions compared with normal-appearing tissues (49). Clini-
cally, FDG uptake has been used to evaluate cognitive (50) and 
physical (51) impairments. Preclinically, increased FDG uptake 
was detected in lesions of EAE rats and signal intensity correlated 

significantly with immune cell infiltration (45). The opposite was 
observed in a cuprizone mouse model (52), which may be a reflec-
tion of the more extensive cell loss characteristic of this model. 
Still, administration of caspase-1 inhibitor VX-765 restored FDG 
uptake in cuprizone mice to normal levels.

Unlike most of the other imaging probes discussed in this re-
view, FDG has been compared with several human-tested probes 
with potential for use in MS treatment management. Uptake in 
lesions was more consistently higher with FDG than with fluoro-
thymidine, a probe used to monitor nucleoside uptake, and flu-
oro-ethyl-tyrosine, an imaging biomarker for amino acid uptake 
(45). Uptake of the latter two probes was only observed in some 

Figure 1: Imaging myeloperoxidase (MPO) activity after administration of its inhibitor 4-aminobenzoic hydrazide (ABAH) in a 
mouse multiple sclerosis model. (A, B) T1-weighted MRI and fluorescent scans after injection of bis-5-hydroxytryptamide-diethyl-
enetriamine-pentaacetate (MPO-Gd) and MMPSense-680 (Perkin-Elmer). (C) Box-and-whisker plots show signal quantification 
upon injection of saline with and without administration of the MPO inhibitor. LAR = lesion activation ratio. (Adapted, with permission, 
from reference 42.)
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lesions ex vivo (autoradiography). Their limited uptake may be a 
reflection of more inflamed regions during the acute stages of le-
sion development or may be due to an inability to cross the BBB 
as observed with 2-chloro-2’-deoxy-2’-fluoro-9-b-d-arabinofura-
nosyl-adenine, another nucleoside probe (33). In another study 
(53), FDG uptake was related to PK-11195, a probe for transloca-
tor protein, and S-4-(3-fluoropropyl)-l-glutamic acid (FSPG), a 
probe for glutamate and/or cysteine antiporter activity; however, 
only FSPG could monitor disease activity in a rat MS model.

In Situ–labeled Cells
Imaging of endogenous monocyte and/or macrophage activity 
and trafficking may be a sensitive biomarker for early detection of 
MS lesions. These cells are among the most numerous cells found 
in CNS lesions in human MS and in EAE models (54). They are 
represented by both resident macrophages and infiltrating mono-
cytes, with the latter believed to play the most prominent role 
in driving disease pathogenesis (55). Monocyte depletion before 
symptom development leads to delays in EAE onset and reduc-
tion in severity of symptoms, whereas depletion after onset shows 
reduced disease progression (56). It has been shown in preclinical 
models (57,58) and patients with MS (14,59,60) that early lesions 

can be identified with in situ labeling by systemic injection of ul-
trasmall superparamagnetic iron oxide particles (61). This imag-
ing approach, which labels circulating immune cells, particularly 
monocyte and/or macrophages, was used for preclinical evaluation 
of FTY720 (fingolimod) (Fig 2) (62), which inhibits the egression 
of T cells from reactive lymph nodes. Upon FTY720 adminis-
tration, ultrasmall superparamagnetic iron oxide enhancement 
(rendering lesions hypointense on T2-weighted images) was dra-
matically reduced in the cerebellum. Because FTY720 is an s1p re-
ceptor antagonist, that study demonstrates how imaging can help 
guide the development of new therapeutic regimens.

Like ultrasmall superparamagnetic iron oxide particles, intra-
venously injected fluorinated emulsions known as perfluorocar-
bons can also be taken up by mononuclear phagocytic cells. As 
the naturally abundant 19F isotope can generate a signal on MRI 
scans similar to that of protons when tuned to the correspond-
ing resonance frequency (63), it is possible to visualize fluorine 
“hot spots” on MRI scans. One of the earliest studies on uptake of 
perfluorocarbon-labeled macrophages in EAE by Nöth et al (64) 
demonstrated signal in the vertebral bodies adjacent to the cervi-
cal spinal cord rather than the spinal tissue itself, suggesting that 
macrophages egressed from these sites toward CNS inflammation. 

Figure 2: T2-weighted images of immune cell infiltration after fingolimod treatment in a rat multiple sclerosis model. T2-weighted MRI scans of (A) medulla and cer-
ebellum and (B) cortex and striatum after intravenous injection of ultrasmall superparamagnetic iron oxide particles. Imaging was performed to monitor inflammatory mac-
rophages in rats. Ultrasmall superparamagnetic iron oxide–enhanced images reveal decreases in macrophage brain infiltration after administration of the s1p antagonist 
FTY720 (fingolimod) compared to control (injection vehicle only), including in brain regions without apparent low signal intensity. Enh = enhanced. (Adapted, under a CC 
BY license, from reference 62.)
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Interestingly, later studies observed similar uptake in bone marrow 
cavities in the vicinity of spinal cord lesions, which was reduced 
following administration of cyclophosphamide (Fig 3) (65).

Imaging Agents Based on Established Therapeutic Drugs
Nearly half of the imaging probes that have been explored for MS 
applications are based on drugs that are U.S. Food and Drug Ad-
ministration–approved for or clinically tested in patients with MS. 
As targets of pathophysiologic processes that are observed in MS, 
these imaging probes have potential utility as surrogate end points 
in clinical trials. Yet, except for dalfampridine (66), establishing 
their biodistribution has been the primary objective of reports to 
date that radiolabeled these drugs for MS imaging applications.

Serotonin is a neurotransmitter whose uptake, expression, and 
transmission is altered in MS (67). Lower levels (≤100 ng/109 
platelets) of circulating serotonin correspond with fatigue sever-
ity score (P = .046) and depression (Beck scale, P = .024) in MS 
(68). Although the role of serotonin in MS progression is not well 
understood, it does appear to modulate g-aminobutyric acid-ergic 
and glutamatergic transmission (69). Clozapine (70) and risperi-
done (71) are serotonin (and dopamine) receptor antagonists with 
anti-inflammatory properties that have been shown to attenuate 
disease severity in EAE. Clozapine and risperidone were tested in 
patients with MS (CRISP, or Community ReIntegration for So-
cially isolated Patients, trial, ACTRN12616000178448), but the 
trial was halted early due to a higher incidence of adverse side ef-
fects during the titration stage (72), prompting investigations into 
the pharmacodynamics of these drugs. Robichon et al (73) inves-
tigated the biodistribution of clozapine in a mouse EAE model 
using matrix-assisted laser desorption ionization, or MALDI, im-
aging (73). Higher levels (fivefold) of clozapine in the serum were 
observed in EAE mice compared with control mice. Higher levels 
(threefold) of its metabolite, norclozapine, were also observed in 
the serum of EAE mice. 11C-labeled clozapine imaging in healthy 
humans revealed 7.6% uptake in the brain (74). However, further 
investigations are needed to determine if the higher metabolism 
of these drugs observed in EAE caused the adverse effects in the 
CRISP trial (71).

Celecoxib, a clinical cyclooxygenase-2 (COX-2) inhibitor that 
was shown to attenuate a murine model of MS (75), has also been 
converted into a PET probe (11C). To our knowledge it has not yet 
been evaluated for applications in patients with MS, but uptake 
was reported in multiple brain regions of healthy baboons (76). 
COX-2, also known as prostaglandin-endoperoxide synthase type 
2, is an intracellular enzyme expressed by activated microglia and 
immune cells that has also been suggested as an MS biomarker. 
The enzyme is upregulated in MS lesions (77). Its most widely 
developed inhibitor, aspirin, alleviated fatigue in 10 of 26 patients 
with MS (38.5%) (78) and has also attenuated paralysis in mul-
tiple MS models (79).

Dalfampridine, also known as 4-aminopyridine, is a  potassium 
channel blocker approved for patients with MS. On myelinated 
neurons, Kv1.1–1.4 channels release potassium into the extracellular 
space to repolarize their axons to their unstimulated, pre-axon po-
tential state. Preclinically, 4-aminopyridine has been shown to at-
tenuate paralysis in a mouse MS model (80). Clinically, this drug 
has been shown to improve both cognitive and motor functions in 

Figure 3: Fluorine 19 (19F) imaging of immune infiltration after cyclo-
phosphamide treatment in a rat multiple sclerosis model. (A–D) 19F MRI 
scans of inflammatory macrophages in (A, C) an experimental autoimmune 
encephalomyelitis rat and (B, D) a normal control rat following systemic per-
fluorocarbon injection show accumulation of injected perfluorocarbon outside 
the central nervous system in adjacent peri-spinal bone marrow cavities. dh 
= dorsal horn, lc = lateral column, sp = spine, vb = vertebral body. (Adapted, 
under a CC BY license,  from reference 65.) (E) Bar graph shows quantifica-
tion of infiltrates after prophylactic injection of an antineoplastic treatment, 
cyclophosphamide. * = P < .05 for EAE versus treatment, ** = P < .05 for EAE 
versus control. EAE = experimental autoimmune encephalomyelitis. (Adapted, 
under a CC BY license, from reference 65.)
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patients with MS (81,82). A flu-
orinated version of the drug was 
developed by Brugarolas et  al 
(66) for PET imaging. Probe 
uptake on autoradiographs cor-
responded to dysmyelinated 
regions in the shiverer mouse 
model and demyelinated regions 
in a diphtheria toxin-A genetic 
mouse model, as confirmed with 
histologic examination. In a rat 
lysolethicin MS model, probe 
uptake was observed in the ly-
solethicin-injected group in the 
corpus callosum. In healthy rhe-
sus monkeys, probe uptake was 
observed in all brain regions, 
demonstrating its ability to cross 
the BBB, but well below satura-
tion levels, as would be expected 
in absence of injury (66).

Flumazenil is a g-aminobu-
tyric acid type A receptor an-
tagonist clinically used to treat 
benzodiazepine toxicity. Recep-
tors of the inhibitory neurotrans-
mitter are present in neurons and 
to some extent in immune cells, 
and its activity is dysregulated in 
MS (83). Flumazenil has already 
been developed into a PET tracer 
and evaluated in patients with MS as an imaging biomarker for 
disease progression (Fig 4) (32). Flumazenil uptake in gray mat-
ter was 10% lower in patients with MS compared with healthy 
controls and correlated well with lesion load at T2-weighted MRI, 
suggesting its utility as a marker of neurodegeneration. More 
recently, flumazenil uptake was compared with 11C-PK11195 
(translocator protein) uptake (84). In that study, the overall cor-
tical uptake of the two tracers showed positive correlation with 
each other; however, when the cortex was segmented, correlation 
was not observed in all regions. The therapeutic benefits of fluma-
zenil have not been explored for MS applications, but valproate 
and phenobarbitone were shown to reduce paralysis in a rat EAE 
model (85) and diazepam decreased immune cell infiltration in a 
similar model (86).

Rituximab is a B cell–targeting antibody used by patients with 
MS off-label (87). James et al (88) incorporated 64Cu to visualize 
the drug using PET. With use of transgenic mice that express hu-
manized CD20, enhanced uptake was observed in the MS model 
at locations of B220-positive B cell presence. In contrast to the 
copper-labeled probe in the mouse model, a zirconium-labeled 
version of rituximab could not penetrate the CNS in humans 
(89). The differences in BBB permeability between the two spe-
cies highlight another potential hurdle for translating antibody-
based therapies and imaging probes. Other anti-CD20 antibod-
ies, specifically ocrelizumab, ofatumumab, and ublituximab, have 
successfully undergone phase II clinical trials for MS (90–92). 

Recently, 64Cu-labeled anti-CD19 monoclonal antibodies were 
used to visualize B-cell trafficking in EAE mice (93).

Teriflunomide is an approved MS treatment that inhibits the 
dihydro-orotate dehydrogenase enzyme used during cell division 
(94), which is hypothesized to slow the proliferation of activated 
immune cells. The drug contains three fluorines, which when 
substituted with 19F can be imaged using 19F MRS. Prinz et  al 
(95) characterized the responsiveness and biodistribution of this 
drug in the SJL/J relapse-remitting and C57Bl/6 progressive EAE 
mouse models. Through ex vivo images (autoradiography) they 
showed less cerebrospinal fluid and brain uptake in the C57Bl/6 
EAE mice, which were nonresponsive, compared with healthy 
mice and SJL/J EAE mice, which were drug responsive. They de-
tected additional peaks when teriflunomide was administered, but 
not in teriflunomide solution. They hypothesized these additional 
peaks were teriflunomide metabolites, which are of clinical interest 
given their long retention time (15 days).

In vivo cell tracking of transplanted therapeutic cells using con-
trast agents or cellular reporter genes may be used to determine 
their spatiotemporal fate. Exogenous neural stem and/or neural 
progenitor cells and mesenchymal stem and/or stromal cells have 
been administered in EAE rodents and patients with MS to induce 
remyelination and immunosuppression, respectively. At the time 
of this writing (January 2022), there are 12 active clinical trials 
registered with ClinicalTrials.gov on the use of mesenchymal stem 
cells in patients with MS. On injection, it is believed that these 

Figure 4: Uptake of the multiple sclerosis (MS) drug flumazenil (FMZ) in patients. (A) Flumazenil PET (11C) images 
reveal regions with lower uptake in patients with MS after correction for age and sex. (A) Visualization and (B) quantifica-
tion of these regions in the left (upper row in A) and right (lower row in A) hemispheres. * = P < .05 between hemispheres. 
(Adapted, with permission, from reference 32.)
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cells are homing into inflam-
matory lesions resulting from 
migration-stimulating cytokine 
cues, but systemic immunosup-
pression in lymph nodes has 
also been suggested (96). One 
approach is MRI tracking of 
cells labeled ex vivo with super-
paramagnetic iron oxide before 
administration, a currently used 
clinical approach (97). Indeed, 
superparamagnetic iron oxide–
labeled cells could be tracked 
in rat (98) and mouse (99,100) 
EAE models and, when injected 
systematically, were found to 
localize in the spinal cord and 
around occipital horns of pa-
tients with MS (101).

Clinical Trial End Points
Despite the multitude of mo-
lecular imaging biomarkers 
 clinically tested and approved, 
conventional imaging metrics, 
particularly gadolinium en-
hancement, new and/or enlarg-
ing T2-hyperintense lesions, and 
brain atrophy, remain the com-
monly used imaging parameters 
to evaluate therapeutic efficacy 
in MS clinical trials (6). 1H MRS 
of endogenous metabolites and 
translocator protein (TSPO) 
PET have both been used as sur-
rogate end points in several tri-
als of approved MS drugs. Both 
imaging biomarkers revealed 
progression independently of or 
differentially to conventional imaging metrics, demonstrating the 
potential for novel molecular imaging metrics as secondary end 
points for drugs under development.

1H MRS
1H MRS is by far the most extensively characterized and used 
MRS technique for monitoring metabolic changes in the brain. 
Such alterations are associated with nearly every aspect of MS 
pathophysiology—including immune activation, excitotoxicity, 
and cellular degeneration. Seven classes of U.S. Food and Drug 
Administration–approved MS therapies are linked to metabolic 
pathways. Fumarate (47) and interferon-b (48) alter glycolytic 
enzymes. Fingolimod and mitoxantrone target key players in 
glycolysis (102,103) and glutaminolysis (102,104).  Cladribine 
(105) and teriflunomide (94) alter enzymes responsible for  
nucleotide metabolism.

1H MRS has been a component of multiple MS clinical tri-
als as a secondary imaging end point for evaluating therapeutic 

efficacy. Interferon-b therapy was shown to increase creatine 
and choline levels (106). Patients receiving glatiramer acetate 
in PreCISe, or the Prospective Randomized trial of the opti-
mal Evaluation of Cardiac Symptoms and revascularization,  
had higher ratios of NAA to creatine than those who received 
placebo (17) (Fig 5). NAA, choline, creatine,  inositol, lactate, 
glutamine, and glutamate levels did not change upon receiving 
natalizumab (107). Changes in phosphate and NAA levels af-
ter receiving fumarate are being monitored (ClinicalTrials.gov 
identifier: NCT02644083, results not yet available online). The 
ratio of NAA to creatine increased over time after ocrelizumab 
treatment (90). Notably, monitoring the NAA-to-creatine ratio 
using 1H MRS outperformed lesion assessment as a predictor 
of future disability in patients with MS receiving glatiramer 
acetate in a 20-year longitudinal study (108). In a preclini-
cal MS model, NAA content in teriflunomide-treated mice 
correlated significantly (P , .05) with the presence of CC1- 
positive oligodendrocytes (109).

Figure 5: Use of hydrogen 1 (1H) MR spectroscopy (MRS) as a surrogate end point in multiple sclerosis (MS) clinical 
trials. Images illustrate the changes in the ratio of N-acetylaspartate (NAA) to creatine in patients with MS after receiving 
glatiramer acetate (GA) or placebo. (A, B) Images from 1H MRS illustrate voxel regions that were analyzed. (Adapted, 
under a CC BY license, from reference 17.) (C) Bar graph shows quantification of the NAA-to-creatine (Cr) ratio after 12 
months of treatment. (Adapted, under a CC BY license, from reference 17.)
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TSPO Imaging
TSPO was first targeted in patients with MS more than 20 
years ago using the PET probe (11C)-PK-11195 (30). TSPO, 
 previously known as peripheral benzodiazepine receptor, is a 
 mitochondrial protein involved in steroid metabolism. The 
 upregulated expression of TSPO in the brain is associated with 
activated microglia and reactive astrocytes and, to a lesser extent, 
activated macrophages. The PBR28 tracer developed later had 
1.2-fold to twofold higher uptake in binders (those with .60% 
brain signal at 13 minutes compared with peak signal, indicat-
ing probe retention) compared with (11C)-PK-11195 when both 
were injected into the same volunteers (110), although PK-
11195 had 1.3- to 1.8-fold higher uptake in nonbinders (those 
with a ,60% ratio). Recently, TSPO distribution was compared 
in patients with relapsing-remitting and progressive MS using 
PBR28 (111). A 1.3- to 1.5-fold higher TSPO uptake was ob-
served in focal lesions for both patient samples compared with 
brain cortex in healthy volunteers.

Currently, more than 10 TSPO-targeting probes with 18F 
or 11C as the radiolabel have been evaluated in humans (112) 

and many more are in development, arguably making TSPO 
the most extensively developed molecular imaging target. The 
variability in binding strength and location of these second- 
generation probes can be used to differentiate TSPO variants 
to visualize their inter- and intrapatient heterogeneity in ex-
pression. Still, few studies have compared these probes side-by-
side in vivo for applications in MS (110,113,114) (Fig 6). In 
rodent EAE models, antagonists etifoxine and, to a lesser ex-
tent, emapunil (XBD173) decreased paralysis and spinal cord 
inflammation (115). Currently, patients are being recruited to 
evaluate changes in TSPO at administration of these anxio-
lytic drugs in patients with MS (ClinicalTrials.gov identifier: 
NCT03850301).

Recently, TSPO PET has been used as a secondary imaging 
end point for 10 clinical trials of MS disease-modifying thera-
pies (clinicaltrials.gov/ct2/results?cond = Multiple+Sclerosis&term 
= tspo). TSPO PET has been evaluated in clinical trials of inter-
feron-b using tracer DPA-713 (116), glatiramer acetate using 
PBR06 (117), natalizumab using PK-11195 (118), and ATB-555 
using PBR-28 (ClinicalTrials.gov identifier: NCT02606630). 

Figure 6: Images illustrate comparison of two probes targeting translocator protein (TSPO), a microglial activation biomarker, in patients with multiple 
sclerosis. Yellow arrows and arrowheads highlight the positions of lesions identified on T1-weighted images. White arrowheads indicate a lesion only identi-
fied with PET/MRI. The uptake of PBR-06 and PBR-28 did not necessarily correspond with these lesions or each other. 11C = carbon 11, 19F = fluorine 19, 
FLAIR = fluid-attenuated inversion recovery.(Adapted, with permission, from reference 113.)
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DPA-713 (116) and PK-11195 (119) have also been used in clini-
cal trials of fingolimod. DPA-713 is so far the only tracer that has 
been used for side-by-side comparison of treatments (116). Un-
like the others, this study revealed enhanced neuroinflammation 
in several treated patients who were clinically and radiologically 
stable. PK-11195 uptake transiently increased in the absence 
of gadolinium-based contrast agent–enhancing lesions (119). 
Ongoing clinical trials use PBR06 for alemtuzumab (Clinical-
Trials.gov identifier: NCT03983252), PBR28 for ocrelizumab 
(ClinicalTrials.gov identifier: NCT04230174), and PK-11195 
for cladribine (ClinicalTrials.gov identifier: NCT04239820). 
Preclinically, GE-180 has also been tested fothr fingolimod and 
natalizumab (120). Surprisingly, there has been little consen-
sus in tracer choice both clinically and preclinically for treat-
ment evaluation using TSPO imaging. Furthermore, none of 
the drugs evaluated in patients with MS and MS models share  
molecular targets with TSPO.

Conclusion
During the past 30 years, molecular imaging has been increas-
ingly used in multiple sclerosis (MS) for elucidating therapeutic 
mechanisms and monitoring treatment outcomes in clinical trials. 
The clinical success of 1H MR spectroscopy (108) in outperform-
ing gadolinium-enhanced imaging for predicting future disability 
and of translocator protein PET imaging (111) to complement 
structural MRI metrics in detecting disease-induced brain altera-
tions has opened the door for the development, translation, and 
application of molecular imaging biomarkers for MS. Although 
molecular imaging biomarkers are primarily being used to bet-
ter understand therapeutic mechanisms, they also have the po-
tential to assist in treatment decisions in patients with MS. We 
highlighted numerous examples of probes and drugs tested and/or 
translated for MS applications with shared molecular targets that 
can be used similarly. In the near future, imaging these biomark-
ers for managing treatment in patients with MS may provide an 
opportunity to individualize treatment from the array of existing 
therapeutic drugs and help determine eligibility in clinical trials 
for new candidate drugs.
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