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Microglia positron emission tomography
and progression in multiple sclerosis:
thalamus on fire

®Burcu Zeydan,"? ®Nur Neyal,' Jiye Son,' ®Christopher G. Schwarz,'

June C. Kendall Thomas,' Holly A. Morrison,* Melissa L. Bush,® Robert I. Reid,’'
Scott A. Przybelski,4 Angela ). Fought,4 ®Clifford R. jackjr,I Ronald C. Petersen,5
®Kejal Kantarci,"2 Val ). Lowe,I Laura Airas®’ and Orhun H. Kantarci®®

Increased innate immune activity promotes neurodegeneration and contributes to progression in multiple sclerosis. This prospective case-
control study aims to investigate thalamic microglia density on 18kDa translocator protein PET in patients with multiple sclerosis using a
third-generation radioligand, ''C-ER176, and investigate the associations of ''C-ER176 PET uptake with imaging and clinical measures
of progression in multiple sclerosis. Patients with multiple sclerosis (7 =50) and controls (7 = 55) were prospectively enrolled and they
underwent ''C-ER176 PET and MRI including diffusion MRI with neurite orientation dispersion and density imaging. Disease charac-
teristics, expanded disability status scale and multiple sclerosis functional composite scores were obtained in patients with multiple scler-
osis. Age at imaging (mean + standard deviation: patients =49.6 + 12.9 years, controls =48.2 + 15.4 years, P=0.63) and sex (female
ratio; patients = 72%, controls = 65%, P = 0.47) were not different between the groups. Thalamus '*C-ER176 PET uptake was highest
in patients with progressive multiple sclerosis (1.272 + 0.072 standardized uptake value ratio), followed by patients with relapsing mul-
tiple sclerosis (1.209 + 0.074 standardized uptake value ratio) and lowest in controls (1.162 + 0.067 standardized uptake value ratio, P <
0.001). Patients with thalamic lesions had higher thalamus ''C-ER176 PET uptake than those without thalamic lesions in both relapsing
multiple sclerosis and progressive multiple sclerosis (P < 0.001). In patients with multiple sclerosis, higher thalamus ''C-ER176 PET
uptake correlated with lower thalamic volume (= —0.45, P = 0.001), higher mean diffusivity (»=0.56, P < 0.001), lower neurite density
index (r=-0.43, P=0.002), lower orientation dispersion index (r=-0.40, P =0.005) and higher free water fraction (r=0.42, P=
0.003) in the thalamus. In patients with multiple sclerosis, higher thalamus ''C-ER176 PET uptake also correlated with higher mean dif-
fusivity (r =0.47, P < 0.001) and lower neurite density index (r = —0.36, P = 0.012) in the corpus callosum. In patients with multiple scler-
osis, higher thalamus ''C-ER176 PET uptake correlated with worse expanded disability status scale scores (r=0.33, P =0.02), paced
auditory serial addition test scores (r=—0.43, P=0.003) and multiple sclerosis functional composite z-scores (r=—0.46, P =0.001).
Microglia density in the thalamus is highest in patients with progressive multiple sclerosis and is associated with imaging biomarkers
of neurodegeneration and clinical disease severity. As a signature imaging biomarker of progression in multiple sclerosis, effectively reflect-
ing the global disease burden, ''C-ER176 PET may aid development and efficacy evaluation of therapeutics targeting microglia.
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Microglia PET and Progression in MS: Thalamus on Fire

""C-ER176 PET uptake
shows microglia density
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SUVR: standardized uptake value ratio

Introduction

Increased innate immune activity and associated reactive
microglia within the central nervous system (CNS) promote
neurodegeneration and contribute to the development of
progression in multiple sclerosis (MS).! "'C-ER176 is a
third-generation 18kDa translocator protein (TSPO) PET

https://BioRender.com/u68q088

radioligand that targets glia and can reliably quantify persist-
ent microglia density in the brain.?

Brain MRI is commonly used to detect volumetric changes
in MS. Cortical thickness is a typical area of interest for
evaluating structural changes in the gray matter (GM). The
corpus callosum, a key interhemispheric relay region, serves
as a dense purely white matter (WM) bundle for evaluating
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structural changes in the WM on MRI in MS. In addition to
these important regions of neurodegeneration, the thalamus,
a critical deep GM relay of the CNS, is another commonly
affected region in MS. Volumetric changes in the thalamus as-
sessed by MRI provide valuable insights into the underlying
early tissue loss that is reflective of disease burden on the exten-
sive network of connections in the CNS. Thalamic volume
change occurs very early in the disease course in patients
with MS (pwMS).> While having lower resolution than
MRI, PET imaging can detect subtle changes due to specific
disease mechanisms at a molecular level, such as increased in-
nate immune activity,* which is closely related to early progres-
sion in MS.! "'C-ER176 PET in the thalamus, therefore, has
the potential to identify subtle innate immunity-related patho-
logical changes in vivo earlier than MRI in pwMS.

Progressive MS treatment continues to be challenging,
and the development of new treatment options is ongoing,
including therapeutics targeting microglia. Bruton’s tyro-
sine kinase (BTK) inhibitors affect both adaptive and in-
nate immune systems,” and microglia are the main
source of cellular BTK expression in the CNS.°
Therefore, ''C-ER176 PET emerges as a promising candi-
date outcome measure in clinical trials on progressive MS
and therapeutics targeting microglia including BTK inhi-
bitors, especially if a singular regional (e.g. thalamus)
microglia density can be identified as a practical imaging
metric, which associates with clinical phenotype, disease
spectrum and disability in pwMS.

In this prospective case-control study, we hypothesized
that thalamus would show the highest ''C-ER176 PET
uptake compared with all other deep and cortical GM re-
gions of the brain. Therefore, we aimed to (i) compare
"'C.ER176 PET uptake among controls, relapsing
pwMS and progressive pwMS, (ii) determine the influence
of age and sex on ''C-ER176 PET uptake, and (iii) inves-
tigate the associations of ''C-ER176 PET uptake with bio-
markers of neurodegeneration using MRI, including
diffusion MRI with neurite orientation dispersion and
density imaging (NODDI) and with clinical metrics of dis-
ability in pwMS.

Methods

Individuals with MS (1 = 50), who were evaluated in the Mayo
Clinic, Rochester MS clinic, were prospectively enrolled in the
Mayo Clinic Advanced Imaging in Multiple Sclerosis
(MCAIMS) study between August 2023 and July 2024.
Control participants (7 = 55) who did not have MS were pro-
spectively recruited from the community that responded to the
study advertisements and from the Mayo Clinic Study of
Aging, which is a prospective population-based study.” The
controls were balanced on age and sex to the MS group.

The MS diagnosis was confirmed using the MS diagnostic
criteria.®'®  Individuals who had any type of CNS
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involvement/disease were not eligible for the control group.
Individuals younger than 18 years of age and/or who used
methylprednisolone or prednisolone within 2 weeks before
MRI/PET acquisition were not eligible to be enrolled in the
study as a control or a pwMS.

Each participant underwent a 3.0 Tesla brain MRIand a
"C-ER176 PET/CT. PwMS completed expanded disabil-
ity status scale (EDSS)'! (evaluated in three groups: group
1-mild = EDSS <2.5, group 2-moderate = EDSS 3.0-5.35,
group 3-severe =EDSS >6.0), and Multiple Sclerosis
Functional Composite (MSFC)'? including its three com-
ponents: 25-foot walk test (25FWT) assessing leg func-
tion, 9-hole peg test (9HPT) assessing hand/arm function
and paced auditory serial addition test (PASAT) assessing
cognitive function. Data on disease onset, progressive MS
onset, disease phenotype and disease-modifying therapy
(DMT) were extracted in the MS group.

The study protocol was approved by the Mayo Clinic
Institutional Review Boards, and each participant signed in-
formed consent.

MRI was performed on a 3.0 Tesla scanner (Prisma, Siemens
Healthcare, Erlangen, Germany, XA30 software and
64-channel head coil). MRI protocol included a T1-weighted
3D high resolution magnetization—prepared rapid
gradient-echo (MPRAGE) sequence for anatomical
segmentation and labelling. MRIs were segmented, and
GM volume and cortical thickness were measured using a
previously published pipeline based on SPM12, ANTs,
and the Mayo Clinic Adult Lifespan Template (MCALT,
https:/www.nitrc.org/projects/mcalt/).!*'* Volumetric ana-
lysis was adjusted for total intracranial volume and pre-
sented as percentage. Cortical thickness meta-ROI was
calculated by averaging the mean thickness across all cortical
regions.

All diffusion MRI images were acquired with a spin echo
single shot Echo Planar Imaging sequence with 2.0 mm iso-
tropic voxels. The diffusion gradients in each shell were
evenly spread using an electrostatic repulsion scheme,'’
modified to distribute them over whole spheres instead of
hemispheres. After denoising the images,'® head motion
and eddy current distortion were corrected using FSL’s
eddy programme.'” Diffusion tensors were estimated using
nonlinear least squares fitting and were used to calculate
fractional anisotropy (FA) and mean diffusivity (MD) images
in dipy."'® Thalamus FA was not measured because thalamus
is primarily a subcortical GM structure and not a WM tract
with a directional orientation. Images of the neurite density
and orientation dispersion indices [neurite density index
(NDI), orientation dispersion index (ODI) and free water
fraction (FWF)'?] were calculated using the AMICO imple-
mentation.”’ ODI in the corpus callosum was not measured
because the AMICO implementation of NODDI is insensi-
tive to small changes in ODI when the neurites are highly
aligned.
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The PET imaging was performed on a PET/CT scanner
(Siemens or GE Healthcare), which operated in 3D
mode using ''C-ER176, a third-generation radioligand
(IND#:149229). PET scans were acquired in 60-80 min
post-injection using four 5-min dynamic frames after an in-
jection of ''C-ER176 (518 MBq, 14 mCi; range, 370—-666
MBq, 10-18 mCi) and an uptake period of 60 min. The
mean injected mass radioactivity was 9.5 pg. The
typical specific activity at injection was 0.6 Ci/mol.
PET data were reconstructed using a 3D iterative
reconstruction algorithm (ordered subset expectation
maximization-OSEM). Standard corrections for random
coincidences, radioactive decay and attenuation were
applied.

For image quantification, an automated image processing
pipeline was utilized.*! Each participant’s own T1-weighted
MRI was registered to PET images for GM, WM and atlas
segmentation. '"C-ER176 PET uptake was not different
between pwMS and controls in the cerebellum crus
[pwMS =1.006 +0.011 standardized uptake value ratio
(SUVR), controls=1.003+0.010 SUVR, P=0.141].
Furthermore, within pwMS, the 'C-ER176 PET uptake
did not differ among pwMS with crus lesion(s) versus with-
out crus lesions in the left or right side of the crus (P =0.35
and P =0.34, respectively). Therefore, the reference region
of cerebellar crus uptake was used to calculate SUVRs.
Previous studies have shown that having low-affinity binding
genotype for TSPO is uncommon (10%),>* and 'C-ER176
binding is sensitive in all genotypes (high-, mixed- or low-
affinity binding).>***° Regardless, in the 27 random partici-
pants whose DNA samples were available in our study, the
rs6971 single nucleotide polymorphism analysis showed
only two participant with low-affinity binding genotype for
TSPO.

Means and standard deviations (SDs) for continuous vari-
ables and counts and percentages for categorical variables
were used to summarize demographic, clinical and imaging
characteristics of controls and pwMS. To compare the con-
trol, relapsing MS and progressive MS groups, #-tests were
used for continuous variables, and chi-squared tests were
used for categorical variables. The comparison of controls
with relapsing and progressive MS groups used an
ANOVA with Tukey Honest Significant Difference for post
hoc pairwise comparisons. Regional '"C-ER176 SUVRs
were analysed with AUROC for distinguishing pwMS from
controls and a t-test for group mean differences. ANOVA
and Pearson correlations were performed comparing thal-
amus 'C-ER176 SUVR with imaging and clinical variables.
A trend test was performed among pwMS comparing EDSS
status with thalamus ''C-ER176 SUVR. Lastly, due to skew-
ness, the variables MD and FWF were analysed with a log
transformation.

B. Zeydan et al.

Results

Fifty pwMS and 55 control participants were prospectively
enrolled. Age at imaging (mean+SD MS=49.6+12.9
years, controls =48.2 +15.4 years, P=0.63) and sex (fe-
male MS =72%, controls = 65%, P = 0.47) were not differ-
ent between the groups.

In pwMS, age at disease onset was 35.1 + 10.5 years. Of
the 50 pwMS, 14 (28%) had progressive MS and age at pro-
gressive MS onset was 45.3 + 8.4 years (Table 1). Age at
MRI (P =0.08) and sex (P=0.45) were not different be-
tween relapsing and progressive pwMS.

Seven pwMS (14%) were DMT-naive and 30 pwMS
(60%) were on DMT at the time of imaging (mean DMT
duration=15.8 + 7.4 years). Expectedly, EDSS score was
higher in progressive pwMS (median, IQR 5.0, 3.0-6.0)
than in relapsing pwMS (1.0, 0.0-3.0, P < 0.001), and severe
EDSS status was more common in progressive pwMS
(mild 21%, moderate 29%, severe 50%) compared with
relapsing pwMS (mild 72%, moderate 28%, severe 0%,
P <0.001). Mean (+SD) MSFC and 25FWT scores were
also expectedly worse in progressive pwMS (MSFC=
—0.19+£0.52, 25FWT=11.2+10.0) than in relapsing
pwMS (MSFC = 0.24 + 0.56, P=0.02; 25FWT = 4.8 + 1.2,
P <0.001). Although 9HPT and PASAT scores were also
worse in progressive pwMS than relapsing pwMS, this dif-
ference did not reach statistical significance (Table 1).

"C-ER176 PET uptake showed a significant predictive value
in multiple GM regions in differentiating pwMS from con-
trols using the AUROC analysis. Among these regions,
deep GM structures including thalamus, putamen and palli-
dum showed the highest differentiating value between pwMS
and controls (P <0.001; Fig. 1A). In parallel, pwMS had
higher ''C-ER176 PET uptake in multiple GM regions
than controls with the highest ''C-ER176 PET uptake seen
in the thalamus in both groups (controls=1.162 +0.067
SUVR, MS=1.23 +0.08 SUVR; P <0.001; Fig. 1B).

Thalamus 'C-ER176 PET uptake was higher in progressive
pwMS (1.272+0.072 SUVR) than in relapsing pwMS
(1.209 £ 0.074 SUVR, P =0.016). Among pwMS and con-
trols, a gradient of increase in thalamus ''C-ER176 PET
uptake was observed (Fig. 2), ranging from lowest in con-
trols followed by relapsing pwMS to highest in progressive
pwMS (P < 0.001; Fig. 3A).
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Table | Disease characteristics in patients with MS
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Total Relapsing Progressive P-value*
MS MS MS Relapsing MS
n=50 n=36 n=14 versus progressive MS
Females, N (%) 36 (72%) 27 (75%) 9 (64%) 0.449
MRI age, yrs 49.6 (12.9) 47.6 (12.9) 54.7 (11.8) 0.082
MS onset age, yrs 35.1 (10.5) 33.4 (9.5) 38.6 (11.8) 0.130
Progressive MS onset age, yrs 45.3 (8.4) NA 45.3 (8.4)
DMT, ever-treated, N (%) 43 (86%) 33 (92%) 10 (71%) 0.064
DMT duration, yrs 5.8 (7.4) 5.1 (6.8) 74 (8.9) 0.339
EDSS score, median (IQR) 1.5 (0.0-4.0) 1.0 (0.0-3.0) 5.0 (3.0-6.0) <0.001
EDSS severity group, N (%) <0.001
Mild (EDSS <2.5) 29 (58%) 26 (72%) 3 (21%)
Moderate (EDSS 3.0-5.5) 14 (28%) 10 (28%) 4 (29%)
Severe (EDSS >6.0) 7 (14%) 0 (0%) 7 (50%)
25FWT score, mean (SD) 6.6 (5.9) 4.8 (1.2) 11.2 (10.0) <0.001
9HPT score, mean (SD) 24.6 (13.5) 22.9 (7.9) 29.1 (22.3) 0.158
PASAT score, mean (SD) 43.9 (10.5) 44.4 (10.6) 42.6 (10.3) 0.604
MSFC z-score, mean (SD) 0.12 (0.58) 0.24 (0.56) —0.19 (0.52) 0.024

Characteristics table of groups with the mean (SD) listed for the continuous variables [except for EDSS score where median (IQR) was used] and count (%) for the categorical variables.
EDSS status: mild = EDSS <2.5, moderate = EDSS 3.0-5.5, severe = EDSS >6. *P-values for differences between groups come from t-test for continuous variables and a chi-squared
test for categorical variables. Bold values indicate significance at the P < 0.05 level. 9HPT, 9-hole peg test; 25FWT, 25-foot walk test; DMT, disease-modifying therapy; EDSS, expanded
disability status scale; IQR, interquartile range; MSFC, multiple sclerosis functional composite; PASAT, paced auditory serial addition test; SD, standard deviation.

PwMS were further stratified by absence (z = 26) or presence
(=23) of thalamic lesions in addition to the disease course
(relapsing versus progressive) compared with controls.
Among five groups, thalamus ''C-ER176 PET uptake was
again lowest in controls followed by relapsing MS without
lesions, relapsing MS with lesions, progressive MS without
lesions and highest in progressive MS with lesions (P <
0.001; Fig. 3B).

Age did not correlate with thalamus ''C-ER176 PET uptake
in controls (r=0.19, P=0.17) or in pwMS (r=-0.05, P =
0.73). However, thalamus ''C-ER176 PET uptake showed a
gradient of increase among male controls (1.13 +0.06
SUVR), female controls (1.18 +0.06 SUVR), male pwMS
(1.25+0.10 SUVR) and female pwMS (1.22 + 0.07 SUVR,
P <0.001) (Fig. 4). Within controls, thalamus ''C-ER176
PET uptake was higher in females than in males (P = 0.009),
whereas within pwMS, thalamus ''C-ER176 PET uptake
was similar between females and males (P =0.24). Within
males (P <0.001) and within females (P =0.015), thalamus
" C-ER176 PET uptake was higher in pwMS than in controls.

Among controls (z=55) and pwMS (n = 50), thalamic vol-
ume was smallest in progressive pwMS (0.371 + 0.045), fol-
lowed by relapsing pwMS (0.400 + 0.072) and highest in

controls (0.439 +0.056, P < 0.001; Table 2). Total cortical
thickness was also smallest in progressive pwMS (2.852 +
0.215 mm) followed by relapsing pwMS (2.930 +0.226
mm) and highest in controls (3.160 + 0.240 mm, P < 0.001).

Thalamic diffusion MRI metrics of MD and NDI were not
different among controls, relapsing pwMS and progressive
pwMS (P > 0.05). However, ODI was lowest in progressive
pwMS (0.297 +£0.019), followed by relapsing pwMS
(0.311 £0.022) and highest in controls (0.313 +0.017,
P=0.024). Thalamic FWF was higher in progressive
pwMS (0.009 +0.006) and relapsing pwMS (0.010 +
0.015) compared with controls (0.005 + 0.009, P < 0.001).

Corpus callosum MD was highest in progressive pwMS
(0.759 +0.060 pm?/ms), followed by relapsing pwMS (MD
0.737 +0.053 pm?*/ms) and controls (0.705 + 0.036 pm?/ms,
P <0.001). Corpus callosum FA was lowest in progressive
pwMS (0.670 £0.048), followed by relapsing pwMS
(0.683+0.041) and controls (0.706 +0.031, P=0.001).
Corpus callosum NDI was lowest in progressive pwMS
(0.560 +£0.062), followed by relapsing pwMS (0.580 +
0.052) and controls (0.609 + 0.033, P < 0.001). Corpus callo-
sum FWF did not differ between the groups (P > 0.05).

In controls, thalamus *'C-ER176 PET uptake did not correl-
ate with any of the MRI biomarkers of neurodegeneration
(thalamus volume; total cortical thickness; MD, NDI, ODI,
and FWF metrics in the thalamus; and FA, MD, NDI, and
FWEF metrics in the corpus callosum; Table 3).

However, in pwMS, higher thalamus ''C-ER176 PET
uptake correlated with smaller thalamus volume (r=
—0.45, P=0.001) but did not correlate with total cortical
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Supp Motor Area - - 0.047
Insula - - 0.063

Angular —-- -| 0.065

Parietal Inf - - 0.073
Temporal Sup - - 0.083
Precentral - - 0.105
Calcarine - - 0.106

Frontal Med Orb —-- -| 0.108
Postcentral - -{0.118
Cingulum Mid - - 0.128
Precuneus - -| 0.160
Retrosplenial Cortex |- -| 0.167
Parietal Sup - -{0.218
Paracentral Lobule |- -| 0.264
Rolandic Oper - -{ 0.321
Olfactory |- -| 0.460

Heschl - -| 0.542

Cingulum Post - 0.558

T T
0.8 0.9 1.0 1.1 1.2 1.3

Figure | Comparison of ''"C-ER176 PET uptake in gray matter regions in patients with MS versus controls. (A) ''C-ER176 PET

uptake differentiated patients with MS and controls in 29 of 47 gray matte
gray matter regions: thalamus, putamen and pallidum. (B) ''C-ER176 PE

r regions, and the greatest areas under the curve were seen in three deep
T uptake was higher in multiple gray matter regions in patients with MS

than in controls, and it was highest in the thalamus, confirming our hypothesis that thalamus is a significant region of interest in studying MS, based
on two-sample t-test. Both statistical tests were analysed in 54 controls and 49 patients with MS. Blue: controls, Red: patients with MS. Ant,

anterior; Inf, inferior; Med, medial; Mid, middle; Orb, orbital; Oper, opercular; Post, posterior; Sup, superior; Supp, supplementary; Tri, triangular.
Cingulum Ant, cingulum anterior; Cingulum Post, cingulum posterior; Frontal Inf Orb, frontal inferior orbital; Frontal Inferior Tri, frontal inferior

triangular; Frontal Med Orb, frontal medial orbital; Frontal Mid, frontal

middle; Frontal Mid Orb, frontal middle orbital; Frontal Sup, frontal

superior; Frontal Sup Medial, frontal superior medial; Frontal Sup Orb, frontal superior orbital; Frontal Inf Oper, frontal inferior opercular;
Occipital Inf, occipital inferior; Occipital Mid, occipital middle; Occipital Sup, occipital superior; Parietal Inf, parietal inferior; Parietal Sup, parietal
superior; Rolandic Oper, rolandic operculum; Temporal Inf, temporal inferior; Temporal Mid, temporal middle; Temporal Pole Mid, temporal pole

middle; Temporal Pole Sup, temporal pole superior; Supp Motor Area,

thickness (r=—-0.07, P=0.63). In pwMS, higher thalamus
"C-ER176 PET uptake also correlated with higher MD
(thalamus r=10.56, P < 0.001; corpus callosum »=0.47, P
<0.001), lower FA (corpus callosum r=—-0.40, P =0.005),
lower NDI (thalamus » = —0.43, P = 0.002; corpus callosum
r=-0.36, P=0.012), lower ODI (thalamus »=-0.40, P =
0.005) and higher FWF (thalamus »=0.42, P =0.003).

In pwMS, higher thalamus ''C-ER176 PET uptake correlated
with worse PASAT scores (r=-0.43, P=0.003) and MSFC
z-scores (r=-0.46, P=0.001; Fig. 5), whereas it did not

supplementary motor area.

correlate with 25FWT scores (r=0.04, P=0.81) and 9HPT
(r=0.27, P=0.07). Higher thalamus ''C-ER176 PET uptake
also correlated with worse EDSS scores (r=0.33, P=0.02)
and higher EDSS severity status (= 0.32, P=0.02). A gradient
of increase in thalamus ''C-ER176 PET uptake was seen across
the EDSS severity spectrum, lowest in mild-EDSS group 1 (EDSS
<2.5) (1.206 +0.058 SUVR), intermediate in moderate-EDSS
group 2 (EDSS 3.0-5.5) (1.240 + 0.104 SUVR) and highest in
severe-EDSS >6 group (1.275 + 0.072 SUVR, P = 0.02; Fig. ).

In pwMS, thalamus 'C-ER176 PET uptake did not differ
between (i) no-DMT (1.222 +0.067 SUVR) versus DMT
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Progressive MS

Figure 2 Example ''C-ER176 PET images. The images display the increase in ''C-ER 176 PET uptake in the thalamus across a control participant,
a relapsing patient with MS and a progressive patient with MS. (A) Thirty-year-old control male participant. Thalamus ''C-ER 176 PET uptake was 1.034
SUVR. (B) Forty-two-year-old female with relapsing MS with disease onset at 32 years of age and EDSS |.0. She was on ofatumumab at the time of PET.
Thalamus ''C-ER 176 PET uptake was 1.201 SUVR. (C) Fifty-six-year-old male with progressive MS with disease onset at 28 years of age, progressive MS
onset at 54 years of age and EDSS 4.0. He was DMT-naive at the time of PET. Thalamus ' C-ER 176 PET uptake was 1.293 SUVR. Additionally, although it
is not the focus of the current study, the examples illustrate that the cortical ''C-ER 176 PET uptake is elevated in both relapsing and progressive patients
with MS (B and C) compared with the control participant (A). This is also in line with the forest plots demonstrated in Fig. |. However, the difference in
the cortical ''C-ER176 PET uptake is not as high as the thalamus ' C-ER 176 PET uptake, the specific focus of the current study. DMT, disease-modifying
therapy; EDSS, expanded disability status scale; MS, multiple sclerosis; SUVR, standardized uptake value ratio.

groups (1.228 +0.086 SUVR; P=0.78) and between (ii)
no-DMT versus moderate-efficacy DMT (1.221 +0.067
SUVR) versus high-efficacy DMT groups (1.231 +0.095
SUVR) (P=0.91) at the time of PET. Similarly, within fe-
males (P=0.78) and within males (0.53), thalamus
"C-ER176 PET uptake did not differ between DMT versus
no-DMT groups.

Discussion

In this prospective study of ''C-ER176 PET imaging, we con-
firmed our hypothesis that thalamus ''C-ER176 PET showed
the greatest difference in pwMS compared with controls. Our
study also provided evidence that higher density of innate im-
mune activity in the thalamus measured by ''C-ER176 PET
is closely associated with progressive MS and with higher dis-
ability more specifically, and it is potentially influenced by
sex. We have made the following observations: (i) While
many cortical and deep GM regions have elevated
Y'C-ER176 PET uptake in pwMS compared with controls,
thalamus "'C-ER176 PET uptake was identified as the stron-
gest GM region of interest in the brain differentiating pwMS
from controls. (ii) Thalamus ''C-ER176 PET uptake was high-
est in progressive pwMS, intermediate in relapsing pwMS and
lowest in controls. (iii) Both in relapsing and progressive
pwMS, thalamus "'C-ER176 PET uptake became more pro-
nounced when the presence of thalamic lesion(s) was

considered, and the highest thalamus ''C-ER176 PET uptake
was in progressive pwMS with thalamic lesion(s). (iv)
Thalamus ''C-ER176 PET uptake was higher in female con-
trols compared with male controls, but in pwMS, thalamus
"C-ER176 PET uptake did not differ between females and
males, with possibly male pwMS catching up to female
pwMS. (v) Higher thalamus ''C-ER176 PET uptake signifi-
cantly correlated with lower thalamic volume, lower WM in-
tegrity and higher neurite damage in the thalamus and corpus
callosum, and higher thalamic free water fraction as well as
greater clinical disability and worse cognitive function in
pwMS.

The current study has important novel observations, and
using a third-generation TSPO radioligand ''C-ER176 in
MS is one of them. "'C-PK11195 is the first radioligand de-
veloped for TSPO PET and to evaluate the specificity of
"C-PK11195 to microglia, autoradiography and immuno-
histochemistry studies were conducted.?**® In autoimmune
encephalomyelitis and MS tissues, lesional ''C-PK11195 up-
take correlated with activated microglial/macrophage
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Figure 3 ''C-ER176 PET uptake across controls and MS phenotypes. (A) ''C-ER176 PET uptake showed a gradient of increase among
controls (n = 54), relapsing MS (n = 36) and progressive MS (n = 13) using a linear regression trend test (P < 0.001). It was lowest in the controls
followed by relapsing MS and highest in progressive MS. (B) When thalamic lesion presence was taken into account, in addition to disease
phenotype (relapsing or progressive), the gradient of increase in ''C-ER176 PET uptake persisted but with the addition of lesion impact in each
group. It was lowest in the controls (n = 54) followed by relapsing MS without lesions (n = 20), relapsing MS with lesions (n = 16), progressive MS
without lesions (n = 6) and highest in progressive MS with lesions (n = 7) using a linear regression trend test (P < 0.001). Data points represent
''C-ER176 PET SUVR in the thalamus in each participant. MS, multiple sclerosis; SUVR, standardized uptake value ratio.
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Figure 4 Sex differences in ''C-ER176 PET uptake in
controls and patients with MS. ''C-ER176 PET uptake was
significantly different among male controls (n = 18), female controls
(n = 36), male patients with MS (n = 14) and female patients with
MS (n = 35) using an ANOVA (P < 0.001). Within controls,
''C-ER176 PET uptake was higher in females compared to males,
whereas within patients with MS, it was similar between both sexes,
possibly males catching up to females. Data points represent
''C-ER176 PET SUVR in the thalamus in each participant. MS,
multiple sclerosis; SUVR, standardized uptake value ratio.

markers,”® and microglia/macrophages were identified as

the main cellular target of ''C-PK11195 binding.?”*®
Although first- and second-generation TSPO radioligands
are more widely used, the third-generation radioligand,
"C-ER176, which is an analogue of the first-generation
NC.PK11195 with a similar specificity to microglia was
used in this study. The target specificity of ''C-ER176 has
been confirmed by receptor blocking studies, the gold stand-
ard for evaluating radioligand specificity.?’ ''C-ER176 has
superior pharmacokinetic features over first- and second-
generation radioligands, including lower lipophilicity, high-
er signal-to-noise ratio and higher binding affinity.>>3%5-3°
Exclusively, ''C-ER176 does not generate radio-metabolites
that enter the brain® and has sufficient sensitivity to effect-
ively image all three single nucleotide polymorphism
rs6971 affinity genotypes in vivo in humans.”**%° In a study
comparing four radioligands, ''C-ER176 showed a high
specific-to-non-displaceable ratio of distribution volumes
and was the only radioligand that did not require exclusion
of low-affinity binders.”” Moreover, its signal in low-affinity
binders is even higher than the signal of second-generation
radioligands in high-affinity binders.”> Hence, ''C-ER176
shows the best performance in TSPO PET, and to our knowl-
edge, ''C-ER176 has not been studied in MS until the cur-
rent study.

In pwMS compared with controls, a higher innate immune
system activity was detected on PET using ''C-ER176,
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Table 2 Imaging characteristics in patients with MS and controls
P-Value*
Relapsing Progressive
Controls MS MS Control versus Control versus Relapsing MS versus
n=>55 n=36 n=14 Overall relapsing MS progressive MS progressive MS

MRI
Cortical thickness, 3.160 (0.240) 2.930 (0.226)  2.852 (0.215)  <0.001 <0.001 <0.001 0.536

mm
Thalamus 1.162 (0.067) 1.209 (0.074)  1.272 (0.072)  <0.001 0.007 <0.001 0016

''C-ER176 PET,

SUVR
Thalamus volume®  0.439 (0.056)  0.400 (0.072)  0.371 (0.045)  <0.001 0.009 <0.001 0.283
Diffusion MRI with NODDI - thalamus

MD?* pm*/ms 0.692 (0.022) 0.696 (0.031)  0.705 (0.019) 0.162 0.682 0.144 0.432

NDI 0.475 (0.015) 0.476 (0.017)  0.468 (0.016) 0.242 0918 0.313 0.223

ODI 0.313(0.017) 0.311(0.022) 0.297 (0.019) 0.024 0.874 0018 0.060

FWF 0.005 (0.009) 0.010 (0.015)  0.009 (0.006) <0.001 <0.001 0012 0.972
Diffusion MRI with NODDI - corpus callosum

FA 0.706 (0.031) 0.683 (0.041)  0.670 (0.048) 0.001 0014 0.005 0513

MD? pm*/ms 0.705 (0.036) 0.737 (0.053)  0.759 (0.060)  <0.001 0.003 <0.001 0.304

NDI 0.609 (0.033) 0.580 (0.052)  0.560 (0.062)  <0.001 0.008 0.001 0.366

FWF 0.085 (0.015) 0.082 (0.015)  0.083 (0.011) 0.538 0.507 0.967 0.859

“P-values are from an ANOVA with pair-wise Tukey HSD post hoc P-values. Bold values indicate significance at the P < 0.05 level. *Analysed with a log transformation due to skewness.
®Volumetric analysis was adjusted for total intracranial volume (TIV) and presented as percentage. FA, fractional anisotropy; FWF, free water fraction; MD, mean diffusivity; NDI,
neurite density index; NODDI, neurite orientation dispersion and density imaging; ODI, orientation dispersion index; SUVR, standardized uptake value ratio.

Table 3 Pearson correlations of thalamus ''C-ER176 PET uptake with MRI biomarkers of neurodegeneration in

patients with MS and controls

Controls All MS Relapsing MS Progressive MS
'"C-ER176 PET uptake correlation R (P¥) n=>55 n=50 n=236 n=14
MRI
Cortical thickness 0.160 (0.247) —0.070 (0.634) 0.048 (0.782) —0.209 (0.494)

Thalamus volume
Diffusion MRI with NODDI -

—0.040 (0.773)

thalamus

MD? 0.143 (0.312)
NDI —0.208 (0.139)
ODI —0.096 (0.498)
FWF? 0.040 (0.780)

Diffusion MRI with NODDI -
corpus callosum

FA 0.038 (0.785)
MD? —0.074 (0.597)
NDI 0.123 (0.381)
FWF ~0.003 (0.983)

—0.450 (0.001) —0.467 (0.004) —0.241 (0.428)

0.556 (<0.001)
—0.431 (0.002)

0.609 (<0.001)
—0.503 (0.002)

0.284 (0.348)
—0.060 (0.845)

—0.395 (0.005) —0.360 (0.031) —0.171 (0.575)
0.416 (0.003) 0.434 (0.008) 0.443 (0.130)
—0.395 (0.005) —0.479 (0.003) —0.158 (0.606)
0.471 (<0.001) 0.507 (0.002) 0314 (0.296)
—0.357 (0.012) —0.460 (0.005) —0.043 (0.888)
0.142 (0.329) 0.020 (0.909) 0516 (0.071)

aAnalysed with a log transformation due to skewness. *Bold values indicate significance at the P < 0.05 level. FA, fractional anisotropy; FWF, free water fraction; MD, mean diffusivity;
NDI, neurite density index; NODDI, neurite orientation dispersion and density imaging; ODI, orientation dispersion index.

in multiple GM regions, including the deep GM structures of
thalamus, putamen, pallidum and caudate. The greatest dif-
ference in ''C-ER176 PET uptake between pwMS and con-
trols was found in the thalamus. Our PET data on deep GM
successfully replicated findings from a previous study demon-
strating elevated TSPO PET uptake in thalamus, putamen, pal-
lidum and caudate in pwMS, which used a completely different
study population from Finland, a different radioligand (first-
generation, 'C-PK11195) and a different quantification ana-
lysis (distribution volume ratio).>! Moreover, the PET signal
was highest in the thalamus across all GM regions in both stud-
ies. The current study, therefore, unequivocally confirms
that thalamic TSPO PET is a biomarker of overall MS

pathophysiology and more specifically the progressive MS
pathophysiology.

The thalamus, as a key relay of the CNS with extensive
connections to other regions of the brain, is affected very
early in the disease course in MS. Thalamic atrophy is pre-
sent even at the presymptomatic phase of the disease.® As
expected, in the current study, the thalamus volume was
smaller in pwMS than in controls. However, in addition
to volume loss, the highest ''C-ER176 PET uptake was
seen in the thalamus across the brain in pwMS, demonstrat-
ing the increase in CNS glial density and related innate
immune activity i vivo in this vastly interconnected CNS
relay.
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Figure 5 The associations of ''C-ER176 PET uptake with clinical metrics in patients with MS. Higher ''C-ER176 PET uptake
correlated with (A) higher disability measured by EDSS severity [EDSS status mild-group | = EDSS < 2.5 (n = 28), moderate-group 2=EDSS 3.0-
5.5 (n = 14), severe-group 3=EDSS > 6.0 (n =7), r = 0.32, P = 0.024], using a linear regression trend test, (B) higher disability measured by MSFC
z-score (n =46, r=—0.46, P=0.001) reporting Pearson correlations and (C) worse cognitive function measured by PASAT (n =46, r=—-0.43,
P = 0.003) reporting Pearson correlations. (A) Data points represent thalamus ''C-ER 176 PET SUVR for each participant. (B) Data points represent
thalamus ''C-ER 176 PET SUVR on the y-axis and MSFC z-score on the x-axis for each participant. (C) Data points represent thalamus ''C-ER 176 PET
SUVR on the y-axis and PASAT score on the x-axis for each participant. EDSS, expanded disability status scale; MS, multiple sclerosis; MSFC, multiple
sclerosis functional composite z-score; PASAT, paced auditory serial addition test score; SUVR, standardized uptake value ratio.

In line with the associations of higher thalamus
"C-ER176 PET uptake with more significant neurodegen-
eration and disability, the diffuse innate immune activity in
the thalamus was higher in progressive pwMS than in relaps-
ing pwMS. While progressive pwMS expectedly were older
than relapsing pwMS, we did not observe an age effect as a
potential contributor to this difference, further discussed be-
low. Similarly, in a previous study, PET uptake was greater
across the brain in secondary progressive pwMS compared
with relapsing pwMS.?>> Moreover, baseline thalamus
1C-PK11195 uptake was higher in pwMS who showed dis-
ability accumulation within three years.>! Because ongoing
microglia activity enhances neuronal and axonal loss, the
consequent neurodegeneration expectedly associates with
progressive symptomatology in pwMS.

In the current study, the patient characteristics of the par-
ticipant with the highest thalamus ''C-ER176 PET uptake in
the MS group as well as in the entire cohort further supports
the target specificity of ''C-ER176 binding in the thalamus
reflecting the increased microglia density and disease sever-
ity. This pwMS is a 19-year-old male with a disease onset
at the age of 17. He has highly active early relapsing MS
with an EDSS of 3.5 despite his young age and short disease
duration. He was started on natalizumab because he had an
active and severe disease with five relapses in 2 years and re-
markably high brain and spinal cord lesion burden including
thalamus lesions and multiple T1 black holes. However, at
the time of PET imaging, he did not have any new or active
lesions.

Our study findings, together with previous observations,
clearly indicate thalamic microglia changes on ''C-ER176
PET as a biomarker of progression in MS. However, this as-
sociation cannot be claimed as being causative of progressive

disease in pwMS. Instead, we propose that thalamic changes
act as a lamp post for overall pathology in MS reflected in
one critical CNS relay location. Thalamus ''C-ER176 PET
uptake does not only reflect changes in the CNS from distant
connections, as lesions within the thalamus add cumulative
burden to elevated thalamus ''C-ER176 PET uptake. In
the current study, the presence of thalamic lesions resulted
in more pronounced thalamus '"C-ER176 PET uptake
both in the relapsing and progressive pwMS. Therefore, we
conclude that not only the diffuse neurodegenerative MS dis-
ease mechanisms but also the local thalamic lesional inflam-
matory activity contribute to the increased innate immune
activity in the thalamus in MS. This suggests thalamus
"C-ER176 PET uptake as a suitable candidate for reflecting
the overall disease burden of collective lesional and nonle-
sional diffuse CNS damage, regardless of originating from
systemic immune activation, CNS innate immune activation
or neurodegenerative mechanisms®'~*? in pwMS.

In the current study, in controls, females had higher thal-
amus ' 'C-ER176 PET uptake than males. Similarly, two ani-
mal studies showed higher TSPO PET uptake in females than
in males.>*** Moreover, in a retrospective multicenter study
of healthy volunteers, females had higher TSPO PET uptake,
and this uptake was especially elevated in younger women,
which is suggested to contribute to the higher prevalence of
autoimmune diseases in younger women.>®

The higher thalamus ''C-ER176 PET uptake in female
controls versus male controls did not persist in pwMS, as
the values were similar between the two sexes. The
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nullification of this difference in pwMS may indicate a more
significant increase in thalamus ''C-ER176 PET uptake in
male pwMS than in female pwMS when compared with con-
trols. This higher gradient of difference in men may not be
surprising based on our results of more severe and progres-
sive disease being associated with increased thalamus
"C-ER176 PET uptake in MS and because men are known
to have more severe and progressive MS course than women.
Similarly, in another MS study, males had higher thalamic
TSPO PET uptake than females,?” which supported the high-
er susceptibility of and acceleration in disability worsening and
progression in male pwMS. We cannot make any claims to ex-
act genetic or hormonal mechanisms of the observed sex differ-
ences in TSPO PET uptake in multiple studies, but we can
conclude that it is necessary to account for sex as a biological
variable between study groups in future studies or clinical trials
using ''C-ER176 PET.*®

Interestingly, there is no consensus on the association be-
tween TSPO PET uptake and age. We did not find an associ-
ation between thalamus ''C-ER176 PET uptake and age in
MS nor in controls. Similarly, some of the previous studies
showed no correlation between TSPO PET and age in the
WM, GM and thalamus in normal aging, Alzheimer’s dis-
ease or MS.>”*' In contrast, other studies showed that
TSPO PET uptake increased with age in multiple regions in
normal aging,*®*>** and Alzheimer’s disease,** and in the
normal-appearing WM (NAWM) in pwMS.** TSPO PET
uptake may be expected to increase with age because both
age and microglia, particularly aging microglia, associate
with biomarkers of neurodegeneration, which tend to over-
lap between aging and neurodegenerative diseases.’’*!
However, sex distributions, sample sizes and variations in
mean ages and linear analyses of age may contribute to in-
conclusive results. Particularly in women, there may be an
age-associated threshold for microglia activity that may be
further impacted by hormonal status during menopausal
transition. Our study falls short in answering the specific
question on an age association with thalamic innate immune
activation.

In pwMS, higher thalamus ''C-ER176 PET uptake corre-
lated with multiple MRI biomarkers of neurodegeneration
in the GM and WM, which included thalamus (a critical cen-
tral CNS relay, which is strongly related to disability and
progression), cortical GM and corpus callosum (the largest
interhemispheric connection WM tract) that are all typically
and immediately affected in MS. The association of higher
thalamus 'C-ER176 PET uptake with smaller thalamic vol-
ume on MRI highlights the contribution of high microglia
density and innate immune activity on the gradual neuronal
damage and loss in the thalamus.

BRAIN COMMUNICATIONS 2025, fcafl41 | I

The contribution of microglia to neurodegeneration and
demyelination*® was further supported by diffusion MRI,
which provided a more detailed assessment of neurodegen-
eration and demyelination at the microstructural level.
Higher thalamus ''C-ER176 PET uptake correlated with
lower WM integrity on diffusion MRI in thalamus and cor-
pus callosum in pwMS. Similarly, in a previous study, in
NAWM, higher TSPO PET uptake was associated with re-
duced WM integrity (higher MD) in pwMS.**

In the current study, we also showed that higher
"'C-ER176 PET uptake correlated with higher thalamus
and corpus callosum neurite (axon + dendrite) damage on
NODDI. Using NODDI to evaluate neurite integrity was an-
other novelty of the current study, which provided a more com-
prehensive and specific assessment of multiple tissue
microstructures.*’

It was previously shown that in MS, higher thalamic TSPO
PET uptake correlated with cortical thinning®? and, in indi-
viduals with cortical ischaemic stroke, TSPO PET uptake
was elevated in the ipsilateral thalamus.*® These data indi-
cate that the increased microglia activity leads to thalamic
changes either as adaptation/compensation or as a signal of
neurodegeneration in response to corresponding projections
distant from the primary damage.*”*° We did not find a cor-
relation between thalamus ''C-ER176 PET uptake and cor-
tical thickness. A more benign disease course without
sufficient time for cortical atrophy or a smaller representa-
tion of progressive pwMS and male patients could have con-
tributed to this lack of association. However, if these
explanations were confirmed, our study would also suggest
that thalamic microglia changes on ''C-ER176 PET likely
precede cortical atrophy in MS.

Thalamus constantly relays motor and sensory signals and is
a key station for numerous networks supporting cognitive
function.’*? It was previously shown that using first- or
second-generation radioligands, higher TSPO PET uptake
in deep GM, NAWM and cortex correlated with disabil-
ity>>°3>* and cognitive impairment in MS.>* In line with
this, in the current study, in the entire MS cohort, the thal-
amus 'C-ER176 PET uptake was closely associated with
characteristic MS-specific disability metrics captured by
EDSS and MSFC as well as PASAT.

The persistent microglia activity in the thalamus likely as-
sociates with motor disability. It also associates with cogni-
tive impairment, more specifically with deterioration in
information processing, attention and working memory
measured by PASAT. The correlation between higher thal-
amus 'C-ER176 PET uptake and worse arm/hand function
showed a similar direction observed in EDSS, MSFC and
PASAT, but this correlation was not statistically significant.
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Fine motor skills of hand function require sensory coordin-
ation, but the relevant motor function may more likely to
be represented in higher cervical spinal cord changes and
not as well represented in thalamic changes. We also did
not find a correlation between thalamus ''C-ER176 PET
uptake and 25FWT, which is often prominently impacted
by motor and cerebellar function, whereas lower extremity
motor function and associated motor progression may be
more critically related to spinal cord changes and again less
represented in thalamic changes. In the current study, it is
also possible that the insufficiency of 25FWT in distinguish-
ing minor leg function differences in a cohort with mostly
milder motor deficit may have played a role.

Microglia are sentinel cells of the CNS, which continuously
monitor their microenvironment and quickly respond to
threats.> However, interestingly, microglia become a threat
to the CNS when they are overactivated. Inflammatory
microglia promote neurodegeneration by inducing neuro-
toxicity through inflammatory cytokines, iron deposition
and oxidative stress,’® and they are mediated by multiple
proteins including BTK.°

The increase in innate immune activity plays a key role in
progression in MS' and the microglia PET can detect the per-
sistently active microglia density.’” The widespread path-
ology of MS is reflected in the thalamus, a key CNS relay
that is affected early in the disease course. Our study sup-
ports that microglia PET can evaluate the widespread brain
pathology associated with progressive MS, and thalamus is
an optimal location to quantify increased innate immune ac-
tivity in MS.

Our study findings show how continuous and increased
innate immune system activity contributes to other disease
mechanisms leading to tissue loss, disability and, ultimately,
progression in MS while accounting for the moderating ef-
fect of sex. They also suggest ''C-ER176 PET as a candidate
biomarker in quantifying treatment outcomes in clinical
trials targeting inflammatory microglia, such as BTK inhibi-
tors, an emerging group of therapeutics for relapsing and
progressive MS*® as well as in future novel therapy trials to
delay or stop progression in MS.%’

Regarding current DMTs, in pwMS, we did not observe any
differences in thalamus '"C-ER176 PET uptake among high-
efficacy DMT, moderate-efficacy DMT and no-DMT groups.
These findings may suggest that there is no significant overall
DMT effect on thalamus C-ER176 PET uptake. Sample
size, age and sex differences might have contributed to this
lack of difference in thalamus ''C-ER176 PET uptake between
the DMT groups. Furthermore, expectedly, no individual DMT
effect was detected on thalamus ''C-ER176 PET uptake, pos-
sibly due to not having enough power. Similarly, in a previous
study, longitudinally, no change was observed in the thalamus

B. Zeydan et al.

TSPO PET uptake after 6 months of natalizumab treatment
in pwMS.*°

This study had some limitations. A group of participants
did not have TSPO single nucleotide polymorphism analysis.
However, the low-affinity binding is rare and only 2 of the 27
participants with DNA available in our study had low-
affinity binding. However, the thalamus '"C-ER176 PET
uptake of these participants (1.294 SUVR and 1.261
SUVR) were higher than the mean thalamus ''C-ER176
PET uptake of the whole cohort (1.194 +0.078 SUVR).
This further confirms that the third-generation radioligand
1C-ER176 is significantly less affected by affinity than
second-generation radioligands. Binding measurements
must still be corrected post-hoc for genotype, particularly
for following individuals in a longitudinal analysis in a clin-
ical trial setting. However, this should not impact our results
as discussed above. Furthermore, DMT use in the MS group
varied because pwMS were prospectively enrolled from the
MS clinic and were not randomized in a clinical trial setting.

Based on our data, we can conclude that thalamus
"C-ER176 PET is a valid molecular imaging biomarker of
progression in MS, reflecting the present global disease sever-
ity stemming from distant and diffuse neurodegenerative
changes as well as local lesional damage. It remains to be
seen if glial changes precede or parallel neurodegenerative
changes, which would require serial TSPO PET studies.
Such a longitudinal approach would be similar to
amyloid-B PET studies, which demonstrated that amyloid-f
pathology starts early in Alzheimer’s disease, before the
emergence of cognitive symptoms.°!
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