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Longitudinal accumulation of glial activation @
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Abstract

In multiple sclerosis (MS), accumulation of disability is driven by CNS-compartmentalized inflammation. This
inflammatory process involves activated microglia and astrocytes, which contribute to neuroaxonal damage which
in turn accelerates disease progression. Activated glial cells express 18-kDa translocator protein (TSPO), and TSPO-
binding radioligands and positron emission tomography (PET) imaging can be used to quantitate glial activation
in vivo. The aim of this study was to evaluate the longitudinal evolution of glial activation in untreated cohorts

of relapsing remitting MS (RRMS) and secondary progressive MS (SPMS) patients over one-year follow-up, and to
explore how a change in glial activation associates with later imaging and clinical outcomes. Eighteen untreated
MS patients (RRMS n=8, SPMS n=10) were studied. Expanded disability status scale (EDSS), brain MRI and TSPO-
PET scans using ["'CIPK11195 were performed at baseline and one year later. Distribution volume ratio (DVR) of
[""CIPK11195-binding, and the proportion of TSPO-high voxels at baseline in the normal appearing white matter
(NAWM) and other regions of interest were compared to the respective parameters in follow-up scans. Chronic
lesions were phenotyped at baseline and at follow-up according to their TSPO-PET-binding patterns, and TSPO-
expressing lesions were further characterized using postmortem immunopathological staining. Extended follow-up
was obtained after 4-11 years with EDSS available for 18 patients and MR imaging available from 13 patients. TSPO-
signal was higher among SPMS compared to RRMS patients at baseline. During one-year follow-up, TSPO uptake
remained stable in RRMS patients in all regions of interest. Among the SPMS patients, the proportion of active
voxels in the NAWM increased significantly over one-year follow-up. A greater proportion of lesions acquired a rim-
active phenotype among SPMS compared to RRMS. According to forward-type stepwise multiple linear regression,
change in the proportion of active voxels in the NAWM over one year and baseline body-mass-index were best
predictors of later development of brain atrophy (R2=0.69). Our study provides novel information about the natural
evolution of CNS-compartmentalized inflammation and demonstrates an important link between NAWM TSPO-
signal and later adverse outcomes among MS patients, supporting the notion that diffuse glial activation in the
NAWM contributes to disease progression.
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Introduction

Multiple sclerosis (MS) is a heterogeneous disease in
terms of clinical outcomes [1]. The disease course is
driven by diverse underlying pathologies including
peripheral activation of adaptive immune cells which
enter the central nervous system (CNS) and initiate the
formation of focal acute inflammatory infiltrates [2, 3].
An additional CNS-contained glial cell activation pro-
cess may start early in the disease course and is consid-
ered a likely driver of progression independent of relapse
activity [3]. The clinical spectrum from benign relapsing
remitting (RRMS) to debilitating progressive MS could
be partly explained by the severity of the CNS-compart-
mentalized inflammation [3].

Conventional magnetic resonance imaging (MRI)
performs well in capturing signs of focal inflammation,
either as acute contrast-enhancing T1 lesions or new/
enlarging T2 lesions, but conventional MRI has lim-
ited applicability in quantitating the widespread glial
cell activation in the CNS [4]. The glial cell-driven CNS
inflammatory burden is however quantifiable in vivo
with positron emission tomography (PET)-imaging and
radioligands that bind to the 18-kDa translocator protein
(TSPO). TSPO is expressed in the brain mainly on the
outer mitochondrial membrane of activated microglia,
macrophages and astrocytes [5]. Following signals of tis-
sue damage or inflammation, the glial cells and immune
cells gather densely at the site of injury [6], and this can
be captured using TSPO-PET imaging [7]. Of the TSPO-
ligands, ["'C]PK11195 has been used most extensively
in PET imaging of people with MS [8]. TSPO-PET-
measurable innate immune cell activation in the normal
appearing white matter (NAWM) [9], in the thalamus
[10], and in association with chronic focal lesions pre-
dicts later MS disease progression [5, 7, 11]. It has been
hypothesized that reversing pro-inflammatory microglial
activation is beneficial for slowing down disease progres-
sion, and microglia-associated inflammation is being cur-
rently investigated as a therapeutic target in progressive
MS [12]. PET imaging is presently the only in vivo tool to
detect dynamic longitudinal changes in the glial cell acti-
vation within the CNS [13, 14], but longitudinal studies
particularly in untreated MS cohorts are missing and the
evolution and kinetics in alteration of glial activation are
not well understood.

In an effort to unfold the association between clini-
cal and radiological correlates and the kinetics of altera-
tion in glial cell activation, we conducted a longitudinal
study comparing a benign cohort of untreated ‘silent’
RRMS patients to a cohort of secondary progressive
(SPMS) patients with accruing disability. We performed
longitudinal TSPO-PET-imaging at one-year interval in
these two cohorts and assessed changes in glial activa-
tion both in association with chronic lesions and in the
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NAWM across both groups. Furthermore, characteristics
of TSPO-expressing chronic lesions were further ana-
lyzed using immunopathological staining of postmortem
MS brain. Finally, we evaluated the associations between
the early imaging parameters and subsequent clinical dis-
ease worsening or brain volume loss evaluated after an
extended follow-up of 4—11 years.

Methods

Subjects and procedures

The study cohort consisted of 18 patients with multiple
sclerosis (8 with RRMS and 10 with SPMS) who under-
went neurological assessment including disability evalu-
ation using expanded disability status scale (EDSS), brain
3T-MR and TSPO-PET imaging at baseline and at one-
year follow-up. Extended follow-up data were collected
4-11 years (mean 7, SD 2) after the baseline, with EDSS
scores available from all 18 patients and MRI data from
13 patients (7 with RRMS and 6 with SPMS). 18 age-and
sex-matched HCs were imaged for comparison at base-
line using both TSPO-PET and MRI with similar proto-
cols as patients with MS.

The study was performed at the Turku University Hos-
pital Neurocenter and Turku PET Centre. Inclusion crite-
ria were a confirmed MS diagnosis and no topical disease
modifying therapy. Recruitment took place between Jun
2012 and Dec 2020. Key exclusion criteria included preg-
nancy, claustrophobia, and other significant CNS pathol-
ogy besides MS. Information on the patient past and
current disease activity and treatment history were col-
lected from the patient record system of the Turku Uni-
versity Hospital. Confirmed disability progression was
defined as EDSS increase of 1.0 point if baseline EDSS
was <5.5, or EDSS increase of 0.5 point if baseline EDSS
was 26.0 [15]. In all cases the EDSS evaluation for pro-
gression was confirmed by re-evaluation after 6 months.

The study protocol was approved by the Ethics Com-
mittee of the Hospital District of Southwest Finland.
Written informed consent was obtained from all partici-
pants according to the principles of the Declaration of
Helsinki.

MR image acquisition and processing
To acquire brain volumetric measurements and ana-
tomical references for the PET images, a 3T-MRI (Phil-
ips Ingenia/Philips Ingenuity, Best, The Netherlands)
with the following sequences: 3D-T1, T2 and 3D fluid-
attenuated inversion recovery (FLAIR). All MR images of
a given subject from baseline and follow-up time points
were co-registered with the respective baseline T1 image
using statistical parametric mapping (SPM8, Wellcome
Trust Center for Neuroimaging, London, UK).
Intracranial volume (ICV) was calculated in SPM12
(Wellcome Trust Center for Neuroimaging, London, UK)
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as sum of grey matter (GM), white matter (WM) and CSF
using > 0.9 probability threshold. Region of interest (ROI)
masks for T1- and T2-lesions were obtained by first cre-
ating an initial mask using LST lesion segmentation tool
[16] in SPM12, and thereafter by manually correcting
the mask slice by slice in Carimas (Turku PET Centre,
Finland) [17]. T1 and T2 lesion volumes were obtained
based on these ROI masks.

Whole brain, cerebral WM, cortical GM and thalamic
volumes were obtained based on the segmented masks
after lesion filling using FreeSurfer (https://surfer.nmr.
mgh.harvard.edu/) and compared between the RRMS
and SPMS cohorts, and MS and healthy controls (HCs).
To estimate glial activation in the NAWM adjacent to
lesions, perilesional NAWM mask 3 mm around the
T1-lesions was created as described [9]. For lesion phe-
notyping 2 mm perilesional rim was used [17]. NAWM
masks were obtained for volumetric evaluation by sub-
tracting T2-lesion masks from WM masks, and for the
NAWM-PET-signal by subtracting the T1-lesion masks
dilated by perilesional area (6 mm from the lesion edge)
from the WM. Volumes of each ROI were determined as
parenchymal fractions (PFs, ROI volume divided by the
intracranial volume presented in percentages). The total
percentage brain volume change (PBVC) was evaluated
using SIENA [18], part of FSL [19] and the annualized
atrophy rate was calculated to account for the variation in
the follow-up times.

['"CIPK11195 PET acquisition and processing
[MC]PK11195 synthesis has been previously described
[20]. Sixty minutes of dynamic list mode PET data was
acquired at baseline and after one year with a high-res-
olution research tomograph (HRRT, Siemens/Control
Technology Incorporated, Knoxville, TN) as reported
earlier [14].

PET images of each subject were co-registered with the
respective baseline T1 image using statistical parametric
mapping (SPM8, Wellcome Trust Center for Neuroimag-
ing, London, UK). Image reconstruction [21] and post-
processing followed previously described procedures
[20]. Specific binding of ['!C]PK11195 was quantified as
distribution volume ratio (DVR) using Logan’s reference
tissue model [22] and time-activity curves representing
a region without specific binding were acquired with the
Matlab (MathWorks Inc.) Super-PK-software [20] and
used as the reference time-activity curves. The active
voxel threshold was determined by first calculating the
mean DVR +1.96 SD (95% confidence interval) threshold
across all cerebral WM voxels for each HC, then com-
puting the group-level mean of these individual values
to define the final threshold DVR>1.56 [17]. Clusters
with less than 3 connected voxels were excluded to avoid
inclusion of random peak values.
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Individual T1-lesions with volume of more than
27mm? were classified into inactive, overall-active, and
rim-active based on the distribution of active voxels
within the lesion core and in the perilesional rim [17].
Rim-active lesions have either less than 5% active vox-
els in the core with at least 5% points more at the rim,
or 5-20% active voxels in the core with at least double
that at the rim. Inactive lesions have 0% active voxels
in both the core and rim. Overall-active lesions show
activity in both regions without a substantial difference
between them [17]. For the cohort-wise comparisons
presented in Table 1, each individual lesion was analyzed
separately. For the longitudinal lesion type analysis pre-
sented in Table 3, only lesions existing both at baseline
and at the one-year follow-up were analyzed. When two
or more lesions grew and fused into a single confluent
lesion during the follow-up, the baseline phenotype was
determined by combining the corresponding individual
lesions into one cohesive lesion.

Immunopathological staining of post-mortem MS brain

One representative active lesion, mixed active and inac-
tive lesion (also termed chronic active lesion) and inac-
tive lesion each were obtained from two donors (1 RRMS
and 1 SPMS) from the well characterized MS autopsy
cohort collected the Institute of Neuropathology in
Minster [6]. Four pm thick formalin fixed and paraffin
embedded sections were stained for myelin basic pro-
tein (MBP) (Abcam, ab7394, dilution 1: 4000, pretreat-
ment with citrate), HLA-DR (Dako, M077501-2, 1: 100,
pretreatment with citrate), GFAP (Dako, Z0334, 1: 4000,
no pre-treatment) and TSPO (Invitrogen, MA5-33203,
1:100, no pretreatment). IHC was performed with the
Dako REALTM Detection System (#K5001, Dako) and an
automatic immunostainer (Autostainer Link 48, Dako)
using the biotin—streptavidin method. In brief, tissue
sections were deparaffinized and the intrinsic peroxi-
dase activity was blocked by incubation with 5% H,O, in
phosphate-buffered saline (PBS). Subsequently, primary
antibodies were applied as described above. Species-
specific biotinylated mouse, rat, or rabbit antibodies were
applied as secondary antibodies and incubated with a
streptavidin/peroxidase complex. To complete IHC, the
reaction product was developed with diaminobenzidine.
For the detection of total (ferric and ferrous) non-heme
iron the diaminobenzidine (DAB)-enhanced Turnbull
staining was used [23]. Sections were deparaffinized and
immersed in 2% aqueous ammoniumsulfide solution for
90 min followed by incubation in an aqueous solution
containing 10% potassium ferrocyanide K4[FE(CN)6]
and 0.5% hydrochloric acid for 15 min. Sections were
washed and incubated in methanol containing 0.3%
hydrogen peroxide for 30 min. After washing with PBS
pH 7.4, iron staining was amplified by a DAB solution
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Table 1 Clinical and imaging variables at baseline in MS cohorts and healthy controls

Variable HC MS RRMS SPMS HCvs.MS  HCuvs. HCvs. RRMS
(p-value) RRMS SPMS vs. SPMS
(p-value) (p-value) (p-value)
n 18 18 8 10
Follow-up time, months 13.1(3.0) 13.8(2.9) 126 (3.1) 04
Sex, female, n (%) 15(83) 13(72) 7 (88) 6 (60) 0.7 1 0.6 0.6
Age, years 45(7) 46(9) 42(7) 50 (9) 07 06 05 04
BMI, median (IQR) 246 229 230 22,1 0.12 07 0.19 0.7
(22.7-26.6)  (20.0-25.0) (22.8-25.6) (19.3-23.2)
Radiation dose (MBq), median (IQR) 496 484 480 484 0.17 03 1 1
(482-499)  (474-494) (474-494)  (466-496)
Time from first symptoms, years, me- 16 (10-20) 14 (10-19) 18 (12-20) 0.6
dian (IQR)
Time since last relapse, years, median 500.7-7.1)  68(22-92) 43(1.7-56) 0.3
(IQR)
EDSS, median (IQR) 3.8(3-6) 28(1-3.1) 6 (4.3-6) 0.001
ARR, median (IQR) 0.23 0.23 0.26 0.8
(0.20-0.40) (0.19-0.34) (0.21-041)
T2 lesion volume (cm?), median (IQR) 135 6.1(29-9.1) 202 0.009
(5.9-21.3) (14.3-39.7)
T1 lesion volume (cm?), median (IQR) 80(3.9-123) 40(2.1-60) 120 0.009
(9.1-27.2)
Brain volume (PF%) 86.7 (2.7) 81.6(4.8) 83.8 (2. 79.8 (5.5) <0.001 0.044 0.004 0.12
NAWM volume (PF%) 35.6(2.6) 31.3(3.3) 33.0(2. 30.0(3.5) <0.001 0.032 <0.001 0.034
Cortical GM volume (PF%) 1(1.9) 31.2(2.9) 31.9 (1. 30.6 (3.6) 0.019 0.18 0.12 04
Thalamus volume (PF%) 1.19(0.12)  0.92(0.13) 1.01(0.171) 0.84(0.11) <0.001 0.002 <0.001 0.003
NAWM DVR 1.17(0.04)  1.23(0.06) 1.19 (0.03) 127 (0.06)  0.005 04 <0.001 0.009
Thalamus DVR 1.28 (0.06) 1.35(0.10) 1.30(0.09) 1.38(0.10) 0.15 0.8 0.047 0.2
% of active voxels in NAWM, median 5.5 (4.2-7.3) 7.8(5.8-120) 58 (4.8-73) 117 0.022 0.7 0.003 0.031
(IQR) (8.6-14.5)
% of active voxels in thalamus, 16 (13-23)  20(13-42) 15(11-19) 29 (20-46) 0.14 0.7 0.022 0.053
median (IQR)
Number of®
rim-active lesions, median (IQR) 4 (2-5) 2(2-4) 4 (3-5) 0.14
overall-active lesions, median (IQR) 13 (7-18) 9(5-12) 15 (14-20) 0.040
inactive lesions, median (IQR) 6 (4-9) 7 (5-8) 5(4-12) 0.7
Volume of®
rim-active lesions, median (IQR) 03(0.1-05) 0.3(0.06-04) 04(0.3-1) 0.2
overall-active lesions, median (IQR) 5(1-9) 2 (0.9-4) 7 (5-19) 0.021
inactive lesions, median (IQR) 04(0.3-0.8) 05(04-09) 04(0.3-0.7) 0.6

Mean (SD) unless otherwise stated. Differences between the groups have been assessed with Wilcoxon rank-sum test. Holm correction for p-values has been used
for variables with all pairwise comparisons HC vs. RRMS, HC vs. SPMS, and RRMS vs. SPMS. 2 Of all lesions > 27 mm?>. ARR=Annualized relapse rate, BMI=body mass
index, DVR=Distribution volume ratio, EDSS =Expanded disability status scale, HC=healthy control, IQR=Interquartile range, GM =Grey matter, NAWM=Normal
appearing white matter, PF =parenchymal fraction, RRMS =Relapsing remitting multiple sclerosis, SPMS =Secondary progressive multiple sclerosis

(DCS Diagnostics) for 10 min. Afterwards, sections were
rinsed in tap water, counterstained with hematoxylin and
mounted. The study was approved by the Ethics Commit-
tee of the University of Minster (Ref: 2011-153-f-S).

Statistical analysis

All statistical analyses were conducted using R soft-
ware version 4.4.0 (https://www.r-project.org/about.ht
ml). Wilcoxon rank-sum test was used for comparisons
between HCs and patients. NAWM and perilesional area
DVRs were compared between patients with confirmed

disability progression (EDSS change) and no progres-
sion (no EDSS change) over time. Wilcoxon signed-rank
test was used to compare baseline and follow-up mea-
surements. Holm correction was used for multiple com-
parisons. Spearman’s correlation coefficient was used
to assess associations between continuous and ordinal
variables.

To compare the effect of changes in different imag-
ing parameters within one-year follow-up on later atro-
phy at extended follow-up, univariate and forward-type
stepwise multivariate linear regression modelling were
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performed. Variables with non-normal distribution were
log-transformed, including the annualized PBVC. The
building of the multivariate model started with no pre-
dictors. All imaging variables listed in Table 2 (at baseline
or the change from baseline to one year) with a signifi-
cant Spearman correlation with annualized PBVC, and
baseline clinical and demographic variables were con-
sidered when the multivariate model was built. Clinical
and demographic variables included disease type, gender,
age, body mass index (BMI), disease duration, EDSS, and
annualized relapse rate (ARR). The first parameter to
be added to the model was the one leading to the low-
est Akaike information criterion (AIC) value. The second
variable added was the one with the lowest AIC value
when the first variable was already in the model. Due to
the low amount of observations (#=13), the number of
predictor variables was restricted to two. Final models
were checked for multi-collinearity and influential values.
If multicollinearity was present, the variable added later
(i.e. variable was not as good as a predictor as the first
one) was removed from the considered variables, and the
process was run again. Regression coefficients were stan-
dardized by multiplying the regression results by twice
the SD of studied variable [24]. All tests were two-tailed
and a p-value less than 0.05 was considered statistically
significant.

Results

Clinical and imaging characteristics of the participants at
baseline

18 patients with MS and 18 HCs participated in the
study. Eight patients had RRMS, and 10 patients had
SPMS. MS patients and HCs had similar age and sex dis-
tribution (Table 1). All patients had discontinued DMT
utilization on average 15 (range 2-136) months prior
to baseline imaging and none of the patients were using
DMT during the study. Treatments within one year of
study onset: During the year before inclusion one RRMS
patient had discontinued glatiramer acetate 2 months
before inclusion, and seven RRMS patients had not used
a DMT. Among the SPMS cohort, two patients had dis-
continued interferon beta, one patient had discontinued
natalizumab, and one patient had discontinued glat-
iramer acetate within two to nine months before inclu-
sion. Six patients with SPMS had not used a DMT during
the previous year before inclusion. Treatments preceding
the year before study onset: Previous treatments among
the RRMS cohort included interferon beta (3 patients),
dimethyl fumarate (2 patients) and teriflunomide, while
the SPMS patients had been earlier treated with mito-
xantrone, azathioprine, interferon beta (2 patients), glat-
iramer acetate, and minocycline. All treatments had been
discontinued due to poor perceived tolerability and/or
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lack of efficacy. Summary of the treatments before base-
line are presented in Supplementary Table 1.

At baseline patients with SPMS had smaller NAWM
and thalamic volumes compared to RRMS and HCs,
and the T1 and T2 lesion volumes were greater among
SPMS compared to RRMS (Table 1). Additionally, EDSS
scores were significantly higher among SPMS compared
to RRMS but there were no significant differences in age
or disease duration (Table 1). One SPMS patient had a
gadolinium enhancing lesion at the baseline MRI but
there were no Gd +lesions at the time of follow-up. The
gadolinium enhancing lesion was excluded from the indi-
vidual lesion phenotype analysis.

Both the [M'C]PK11195 radioligand DVR and the pro-
portion of active voxels were higher in the NAWM of
SPMS patients compared to RRMS and HCs at base-
line (Table 1). No significant differences were observed
between RRMS and HC in the NAWM DVR values or
the proportion of active voxels. Additionally, higher
TSPO-tracer uptake in the NAWM, thalamus and per-
ilesional area all correlated significantly with greater T1
lesion volume and smaller thalamus volume (Fig. 1A-F).
Higher EDSS at baseline correlated strongly with greater
NAWM DVR (Fig. 1G) and the proportion of active vox-
els at baseline (R=0.52, p=0.025, data not shown).

Chronic lesion phenotypes based on TSPO-PET-signal and
immunohistochemical staining

We performed voxel-based automated phenotyping of
lesions based on the analysis of active voxels within the
lesion core and at the perilesional rim [17]. Figure 2A
demonstrates representative TSPO-PET-based examples
of chronic lesion phenotypes rim-active, overall-active
and inactive. Figures 2B-D demonstrate neuropatho-
logical examples of three MS-lesion subtypes with spe-
cial reference to TSPO-expression: a mixed-active/
inactive lesion, an active lesion and an inactive lesion.
Here, mixed-active/inactive lesion shows strong TSPO-
staining at the edge of a chronic demyelinated lesion.
The TSPO-staining co-localizes with HLA-DR staining
for activated microglial cells and with Turnbull staining
for the presence of iron. Active and inactive lesions dem-
onstrate TSPO-staining originating not only from HLA-
DR-positive active microglia/macrophages, but also from
GFAP-positive astrocytes.

At baseline patients with SPMS had a greater number
and volume of TSPO-overall-active lesions compared
to patients with RRMS (Table 1). Of all T1 hypointense
chronic lesions at baseline among RRMS, 14% were rim-
active, 47% were overall-active, and 39% were inactive.
Among the SPMS the proportions were 15% rim-active;
57% overall-active, and 28% inactive. The differences in
the proportions of these different chronic lesion sub-
types between RRMS and SPMS patients did not reach
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Fig. 1 Correlations between TSPO-availability (DVR) and T1 lesion volume, thalamic volume and EDSS at baseline. Higher TSPO-binding in the NAWM,
thalamus and at the perilesional area correlated significantly with higher T1 lesion volume and smaller thalamic volume at baseline (A-F). NAWM TSPO-
binding correlated with EDSS (G). Spearman correlation was used for statistical analyses

statistical significance in this small cohort (Fisher test
p=0.069).

Changes in brain volumetric measures and TSPO-binding
during the one-year follow-up

Cortical GM and thalamic volumes reduced during the
one-year follow-up among SPMS patients, while no sig-
nificant change was observed among the RRMS patients
(Table 2). The reduction in the NAWM and cortical
GM volumes were of greater magnitude among SPMS

patients compared to RRMS (Table 2). Lesion volumes
increased among both RRMS and SPMS cohorts during
the follow-up (Table 2).

Longitudinal TSPO-uptake remained stable during the
follow-up in the RRMS cohort in all regions of interests
(Table 2). Among the SPMS patients, the proportion of
active voxels in the NAWM increased [median (IQR)
11.7% (8.6-14.5) vs. 13.7% (11.2-20.3), p=0.037] but no
statistically significant alteration was observed in NAWM
DVR values (Fig. 3A-B; Table 2).



Marjo et al. Journal of Neuroinflammation (2025) 22:200 Page 8 of 16

Rim-active Overall-active Inactive

Bl 2.2 pvVRIME 2.2 0.6

Fig. 2 (See legend on next page.)



Marjo et al. Journal of Neuroinflammation (2025) 22:200 Page 9 of 16

(See figure on previous page.)

Fig. 2 Examples of chronic lesion phenotypes based on TSPO-PET and postmortem neuropathological immunohistochemical staining. A) An automated
TSPO-PET-based method classifies lesions into rim-active, overall-active, and inactive categories based on the proportion of active voxels in the perile-
sional rim relative to the lesion core. B) The upper panel provides an overview of a mixed active/inactive lesion with a complete loss of MBP-positive
myelin sheaths and a prominent rim of HLA-DR and TSPO positive microglia, likely corresponding to a TSPO-rim-active lesion. The lower panel shows
higher magnifications of the rim stained for TSPO, HLA-DR and GFAP. GFAP staining shows strong fiber gliosis inside and outside of the lesion and single
GFAP positive astrocytes at the rim. Turnbull staining demonstrates the presence of iron positive myeloid cells at the rim. C) The upper panel displays a
completely demyelinated active lesion with a dense myeloid cell infiltrate (immunohistochemistry for MBP and HLA-DR). Within the active lesion, numer-
ous TSPO positive cells are present. The lower panel shows higher magnifications of the immunohistochemical stainings demonstrating the presence of
TSPO-expressing myeloid cells (black arrows) and astrocytes (white arrows). D) The upper panel depicts a completely demyelinated hypocellular inactive
lesions with low numbers of HLA-DR positive myeloid cells that shows some TSPO-immunopositivity. Higher magnifications in the lower panel suggest
that also GFAP-positive astrocytes express TSPO in inactive lesion. The inactive lesion shows a strong GFAP positive fiber gliosis, GFAP positive astrocytes

are indicated by black arrows

Not correcting for other demographic characteristics,
the baseline PET DVR or the change in PET DVR in the
NAWM or at the perilesional area did not significantly
associate with age (<45 years of age; n=9 vs. >45 years
of age; n=9) or with previous relapse activity (relapse
within past 4 years; n=8 vs. relapse over four years ago;
n=10) (data not shown).

Changes in TSPO-PET based chronic lesion phenotypes
during the one-year follow-up

This longitudinal study allowed us to explore the fate of
chronic lesion phenotypes over the one-year follow-up
period. Two patients with RRMS and four patients with
SPMS had individual T1 hypointense lesions at baseline
that fused into a confluent lesion during the one-year
follow-up. The individual lesions in the baseline image
were combined into one cohesive lesion for purposes of
phenotyping. Seven out of eight of these cohesive lesions
were phenotyped as overall-active lesions, and they
retained this phenotype during the follow-up. One was
phenotyped as rim-active and changed to overall-active
during the one-year follow-up. A total of 36/216 lesions
(17% of all inactive or overall active lesions at baseline,
median 3, interquartile range IQR 2-3.75) evolved into
a rim-active phenotype among SPMS patients, whereas
only 9/124 lesions (7%, median 1, IQR 0-1) acquired a
rim-active status among the RRMS cohort (p=0.016,
Fig. 3C). The number and volume of inactive lesions
changing into rim-active lesions were significantly higher
among SPMS compared to RRMS (Table 3), while other
lesion changes were similar among the cohorts.

Three SPMS patients developed one new demyelinated
white matter lesion during the one-year follow-up, two
of which were small (<50 voxels) inactive lesions and one
was a small rim-active lesion. One RRMS patient devel-
oped two new overall active lesions, with no new clinical
symptoms.

Baseline TSPO-binding associates with changes in
volumetric and clinical measures during both one-year
follow-up and 4-11-year extended follow-up

MR images from 13 patients and EDSS assessments from
all 18 patients were available at the extended follow-up
4-11 years (average 7 years) after baseline for long-term
atrophy and progression evaluation (Table 4). Eleven
patients experienced confirmed disability progres-
sion and all demonstrated development of brain atro-
phy [mean annualized PBVC -0.61 (+0.57)] during the
extended follow-up. Five patients (three with later MRI
available) had started disease modifying therapy (ritux-
imab, natalizumab or glatiramer acetate) approximately
2.1 years after baseline. Three of these patients had
already progressed prior to treatment initiation and two
did not have clinical progression during the extended
follow-up.

Baseline TSPO DVRs associated with volumetric
changes. A higher baseline TSPO DVR in the NAWM
associated with greater reduction of cortical GM volume
during the one-year follow-up (R = -0.48, p=0.048, data
not shown). Additionally, higher TSPO DVR in the thala-
mus at baseline correlated significantly with a greater
brain volume reduction over the extended follow-up of
4-11 years measured as annualized PBVC (R = -0.59,
p=0.036, Supplementary Table 2). Other TSPO DVR val-
ues at baseline had no significant associations with brain
volume changes after the one-year or extended 4-11-
year follow-ups.

Baseline perilesional DVR but not NAWM DVR cor-
related significantly with EDSS change during the one-
year follow-up (R=0.5, p=0.036, Fig. 4C) and during
the extended 4-11-year (R=0.56, p=0.016, Fig. 4G)
follow-up. Baseline DVR-values in T1 and T2 lesions
correlated with EDSS change during the one-year fol-
low-up (R=0.52, p=0.028 and R=0.47, p=0.046, respec-
tively, data not shown). TSPO DVR values in other brain
regions at baseline did not correlate significantly with
EDSS increase over the one-year or the extended 4-11-
year follow-ups.

There were six patients (2 RRMS and 4 SPMS) who
experienced confirmed disability worsening during the
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Fig. 3 Longitudinal changes in TSPO-binding among RRMS and SPMS patients over the one-year follow-up. No significant change was observed in
NAWM DVR-values during the one-year follow-up among RRMS or SPMS patients (A). Among SPMS patients the proportion of active voxels increased
significantly in the NAWM, which indicates an enhancement in glial activation during the observation period (B). SPMS patients had significantly more
lesions that evolved into rim-active phenotype during the one-year follow-up compared to RRMS (C). Statistical analyses were performed with Wilcoxon

signed-rank test (A-B) and Wilcoxon rank-sum test (C)

one-year follow-up and eleven patients (3 RRMS and 8
SPMS) who experienced confirmed disability worsening
during the extended follow-up of 4—11 years. Those who
progressed during the one-year follow-up had higher
perilesional DVR at baseline compared to those who
did not progress [mean (SD) 1.27 (0.08) vs. 1.18 (0.08),
p=0.041, Fig. 4D], and those who progressed during the
extended 4-11-year follow-up had higher NAWM DVR
at the baseline compared to those who did not progress
[1.26 (0.07) vs. 1.19 (0.03), p =0.027, Fig. 4F).

Greater change in TSPO-binding over the one-year
follow-up predicts brain atrophy after 4-11-year extended
follow-up

Patients with a greater increase in the proportion of
active voxels in the NAWM or in the whole brain over
the one-year follow-up had significantly greater reduc-
tion in brain volume measured after extended follow-up
as annualized PBVC (R = -0.81, p=0.001 and R = -0.73,

p=0.007, respectively, Fig. 5A-B, Supplementary Table
2). Similar association was observed with increased DVR
values in these ROIs (Fig. 5C-D Supplementary Table 2).
Additionally, greater increases in the cortical GM, T1 and
T2 lesion DVRs during the one-year follow-up correlated
significantly negatively with the annualized PBVC (R =
-0.79, p=0.002; R = -0.73, p=0.006; R = -0.68, p=0.013,
respectively, Supplementary Table 2).

Linear regression model was used to analyse the asso-
ciations between imaging parameters, demographic
variables and later atrophy among the 13 patients with
extended MRI follow-up (Supplementary Table 2). The
imaging parameters which demonstrated significant
Spearman correlation with annualized PBVC included
thalamus DVR at baseline, and change from baseline to
one year in the following variables: brain DVR, NAWM
DVR, T1 lesion DVR, T2 lesion DVR, proportion of
active voxels in the brain, proportion of active voxels in
NAWM, and T2 lesion volume.
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Table 3 TSPO-PET based chronic lesion phenotypes at baseline and during follow-up

Inactive to Overall-active  Overall-active to Rim-active Inactive to Rim-active to
rim-active to rim-active inactive toinactive  overall-active overall-active

Number RRMS 1 0 1 3 0 0 2
of lesions  RRMS 2 0 1 4 4 1 0
(patient  gyps 3 1 0 4 2 0 3
level  pams 4 0 0 0 0 0 0

RRMS 5 0 0 1 2 3 0

RRMS 6 0 0 2 0 2 0

RRMS 7 0 1 0 0 2 1

RRMS 8 1 4 1 1 5 2

SPMS 1 2 2 0 0 0 2

SPMS 2 1 0 0 0 2 0

SPMS 3 2 0 2 0 2 3

SPMS 4 0 4 2 2 0 2

SPMS 5 1 2 3 3 3 1

SPMS 6 1 1 1 0 0 4

SPMS 7 1 2 0 2 0 0

SPMS 8 3 0 4 0 3 0

SPMS 9 0 1 0 0 0 3

SPMS 10 6 7 2 1 1 2
Number  RRMS, median (IQR) 0(0-0.25) 0.5 (0-1) 1.5(0.75-3.25) 0.5 (0-2) 1.5(0-2) 0.5 (0-2)
of lesions SPMS, median (IQR) 1(1-2) 1.5 (0.25-2) 1.5(0-2) 0(0-1.75) 1(0-2.75) 2(0.25-2.75)
(cohort 1 alyex 0.015 02 06 07 09 03
level)
Volume  RRMS, median (IQR) 0(0-8) 16 (0-110) 204 (28-476) 17 (0-105) 112 (0-291) 37 (0-246)
of lesions SPMS, median (IQR) 51 (30-107) 54 (8-170) 186 (0-304) 0(0-62) 43 (0-182) 212 (15-365)
(cohort 1 alyex 0.036 04 07 06 07 04
level)

*Wilcoxon rank-sum test. If two or more lesions grew and fused into a single confluent lesion during the follow-up, the baseline phenotype was determined by
combining the corresponding individual lesions into one cohesive lesion. IQR=Interquartile range, RRMS =Relapsing remitting multiple sclerosis, SPMS =Secondary

progressive multiple sclerosis

Table 4 Longitudinal disability and atrophy outcomes

Baseline 4-11-year extended Baseline vs. 4-11-year extended follow-up
follow-up
Clinical outcome, n=18 Median IQR Median IQR p-value
EDSS 38 3.0-6.0 5.0 3.5-64 0.019
MRI volumetric outcomes, n=13 Mean SD Mean SD p-value
Brain volume, cm? 1132 170 1105 166 0.013
WM volume, cm? 554 386 546 384 0.133
Cortical GM volume, cm? 430 54 402 59 0.001
Thalamus volume, cm? 13 2.3 12 23 0.173

EDSS =Expanded Disability Status Scale, IQR=Interquartile range, MRI=magnetic resonance imaging, WM =White matter, GM = Gray matter

Forward-type stepwise multiple linear regression was
performed to identify significant predictors for annu-
alized PBVC. The final model, with-log(-(annualized
PBVC()) as the outcome, included the change in the pro-
portion of active voxels in the NAWM (p=0.004) and
baseline BMI (p=0.067) as the best predictors (Fig. 5E).
The R? value of the model including only the change in
the proportion of active voxels in the NAWM over the
one-year follow-up as a predictor was 55%, indicating
that this variable accounted for over the half of the vari-
ance in later brain atrophy. Adding the baseline BMI to
the model increased the R* to 69% suggesting that the

combination of the two predictors explain a substan-
tial proportion of the variance in later brain atrophy
development.

Discussion

We demonstrate in this work an increase in TSPO-
PET-signal in the NAWM among untreated SPMS but
not RRMS patients over the one-year follow-up. We
furthermore show that the increase in TSPO-binding
in the NAWM over the one-year follow-up predicts
later adverse outcomes manifested by brain atrophy
development. Additionally, we confirm that higher
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Fig. 4 Baseline TSPO-binding associates with later clinical progression. Higher DVR at the perilesional area at baseline associated with greater EDSS
increase during both one-year (C) and the extended 4-11-year follow-up periods (G). The associations between a greater baseline NAWM DVR and EDSS
increase during either follow-up period were not significant (A and E). Patients with confirmed disability progression during the one-year follow-up
had greater TSPO-binding (DVR) at the perilesional area but not in the NAWM compared to stable patients (B and D). Patients with confirmed disability
progression during the extended 4-11-year follow-up had greater TSPO-binding (DVR) in the NAWM but not at the perilesional area compared to stable
patients (F and H). Statistical analyses were performed with Spearman correlation and Wilcoxon rank-sum test

TSPO-binding at baseline is associated with later clinical
disability progression after both short-term (one-year)
and extended (4—11-year) time periods. These findings
are the first to demonstrate natural evolution in CNS-
compartmentalized glial activation in clinically distinct
MS cohorts. The strong association between the increase
in TSPO-signal over one year and later development of
brain atrophy supports the concept of harmful smolder-
ing inflammation.

Neuropathological studies give a detailed snapshot of
the cellular phenotypes associated with MS pathology
at various disease stages [6, 25], but TSPO-PET-imaging
can be used to capture the presence and dynamic evolu-
tion of glial activation in vivo. Longitudinal TSPO-PET-
imaging has demonstrated either a reduction [13, 14, 26,
27] or no alteration [20] in TSPO-radioligand availability
following treatments but present work is the first demon-
stration of an increase in TSPO-binding among untreated
SPMS but not RRMS patients over the one-year prospec-
tive follow-up. This increase in TSPO-binding among
SPMS patients was observed not only in the NAWM but
also in relation to chronic lesions, as inactive lesions were
shown to acquire rim-activity.

Despite the comparable disease duration and age of
the cohorts, the SPMS cohort comprised a clearly more
advanced group of MS patients with high EDSS, signifi-
cant lesion volume and increased TSPO-binding, while
the RRMS cohort represented a more benign group
of patients with low EDSS and low lesion volume. The
differences in the level of CNS-compartmentalized
inflammation both in a cross-sectional setting and longi-
tudinally in these two cohorts, highlights the importance
of both diffuse and lesion-associated innate immune cell
activation for MS disease progression. While the differ-
ences in the level and evolution of TSPO-availability in
the now studied RRMS and SPMS cohorts were quite
pronounced, we do not doubt the existence of RRMS
patients who demonstrate significantly higher TSPO-
binding and greater proportions of rim-active chronic
lesions already in early disease, and who thereby would
benefit of treatments targeting CNS-contained innate
immune cell activation.

The increase in TSPO-availability in the NAWM over
the one-year follow-up was associated with more pro-
nounced brain atrophy measures after 4-11 vyears.
According to multiple linear regression modelling, the
change in the proportion of active voxels in the NAWM

was the best predictor for later atrophy development.
Importantly, all significant disease-associated and
demographic variables were also tested in the model
predicting later atrophy. Of all tested variables the only
significant parameter surviving in the model was the
increase in inflammatory burden in the CNS measured
as an increase in TSPO-binding. Although baseline BMI
was included in the model and higher BMI has been pre-
viously associated with greater brain atrophy [28] and
lower TSPO-binding [29] among healthy controls, it was
not significantly associated with TSPO-binding or brain
atrophy in this cohort.

While the majority of the increased TSPO-PET-signal
originates from pathologically increased density of acti-
vated microglia and macrophages, a proportion of the
signal comes from astrocytes [30]. Therefore, the deter-
mination of the exact cellular sources of the TSPO-
signal is challenging in the context of clinical imaging.
Particularly among the TSPO overall-active lesions, the
increased TSPO-binding in the core and at rim could
reflect either microglia and macrophage activation
related to a relatively recently evolved active lesion, but
the signal could also reflect reactive astrogliosis or glial
scar formation [6]. Based on the staining data demon-
strating TSPO co-localization with activated microglia
at the rim of mixed-active/inactive lesion, and the high
TSPO-binding at the chronic lesion edge at imaging, we
are tempted to interpret that the increased signal associ-
ated with chronic lesion edge reflects mainly the proin-
flammatory innate immune cell activation.

There are some limitations to this study. The studied
patient number is relatively small, but in the present day
most MS patients in developed countries are treated and
hence in vivo evaluation of natural pathology evolution
using advanced imaging is becoming more challeng-
ing. In addition, the lack of inclusion of susceptibility-
weighted sequences in the MRI protocol prevented us
from addressing the impact of paramagnetic lesions on
disease evolution in these untreated cohorts and can be
considered a limitation of the study.

Glial cell activation seems a remarkably important patho-
logical determinant which promotes neurodegenerative
processes resulting with brain atrophy and clinical disease
progression. Reversing pro-inflammatory innate immune
cell activation may be beneficial for slowing down disease
progression, and microglia-associated inflammation is being
currently investigated as a therapeutic target in progressive
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Fig. 5 A greater increase in TSPO-binding during the one-year follow-up associates with more pronounced brain atrophy outcome over 4-11 years. A
greater increase in the TSPO-binding in the NAWM and whole brain during the one-year follow-up associate with later brain atrophy measured as an-
nualized PBVC (A-D). According to multiple linear regression modelling the increase in active voxels in the NAWM and baseline BMI explain 69% of the
variance in later brain atrophy (E). Statistical analyses were performed with Spearman correlation (A-D) and multiple linear regression (E)

MS [12]. While iron-sensitive MRI-sequences can be used
to identify a subset of chronic active lesions [4], TSPO-PET-
imaging is presently the only applicable in vivo tool to detect
dynamic longitudinal changes in glial activation within the

CNS [14, 20].
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