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Abstract

Background and Objectives
Our aim was to investigate whether 18-kDa translocator protein (TSPO) radioligand binding in
gray matter (GM) predicts later disability progression in multiple sclerosis (MS).

Methods

In this prospective imaging study, innate immune cells were investigated in the MS patient brain
using PET imaging. The distribution volume ratio (DVR) of the TSPO-binding radioligand
["'C]PK11195 was determined in 5 GM regions: thalamus, caudate, putamen, pallidum, and
cortical GM. Volumetric brain MRI parameters were obtained for comparison. The Expanded
Disability Status Scale (EDSS) score was assessed at baseline and after follow-up of 3.0 + 0.3
(mean * SD) years. Disability progression was defined as an EDSS score increase of 1.0 point or
0.5 point if the baseline EDSS score was >6.0. A forward-type stepwise logistic regression model
was constructed to compare multiple imaging and clinical variables in their ability to predict
later disability progression.

Results

The cohort consisted of 66 patients with MS and 18 healthy controls. Patients with later
disability progression (n = 17) had more advanced atrophy in the thalamus, caudate, and
putamen at baseline compared with patients with no subsequent worsening. TSPO binding was
significantly higher in the thalamus among the patients with later worsening. The thalamic DVR
was the only measured imaging variable that remained a significant predictor of disability
progression in the regression model. The final model predicted disability progression with
52.9% sensitivity and 93.9% specificity with an area under the curve value of 0.82 (receiver
operating characteristic curve).

Discussion
Increased TSPO radioligand binding in the thalamus has potential in predicting short-term
disability progression in MS and seems to be more sensitive for this than GM atrophy measures.
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Glossary

ARR = annualized relapse rate; AUC = area under the curve; BIC = Bayesian Information Criterion; DVR = distribution volume
ratio; EDSS = Expanded Disability Status Scale; GM = gray matter; MS = multiple sclerosis; NAWM = normal-appearing WM;
PF = parenchymal fraction; ROI = region of interest; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS;

TSPO = translocator protein; WM = white matter.

Gray matter (GM) atrophy is increasingly recognized as a po-
tential imaging biomarker for disease progression in multiple
sclerosis (MS)."> GM atrophy has been shown to associate more
closely with clinical disability than conventional white matter
(WM) radiologic measures and to predict MS disease
progression.}7 However, GM atrophy, as we understand it to-
day, represents a late-stage phenomenon of MS pathology, being
a consequence of irreversible axonal loss and neuronal death.”
Hence, even if usable for prediction of later disability accrual,
therapeutic alternatives are limited to affect this outcome. Other
in vivo-measurable elements of MS disease pathology, such as
innate immune cell-related pathology within the GM, may serve
as an earlier indicator of progression-promoting pathology and
potentially a therapeutically modifiable target.

["'C]PK11195 is a first-generation translocator protein (TSPO)-
binding radioligand, which presents increased binding to micro-
glial cells and macrophages in various pathologic settings.”"
TSPO-PET-measurable innate immune cell-related pathology is
increased in the normal-appearing WM (NAWM) areas of the
MS brain compared with healthy controls."'"'* Increased TSPO-
PET signal in the NAWM associates with more severe
disease'*'* and predicts disability progression.'> TSPO-PET can
likewise be used to elucidate the inflammatory component of GM
pathology that is invisible to conventional MRL,'® and patients
with MS have been shown to exhibit elevated TSPO-PET signal
in GM regions with concomitant more severe disability and
cognitive impairment.'”"® In this study, we addressed the value of
GM TSPO-PET in predicting clinical disability progression in
MS and demonstrate that thalamic neuroinflammation predicts
short-term disease worsening,

Methods

Participants

Sixty-six patients with MS and 18 age-matched healthy
controls were included in the final evaluation. The patients
were selected from all patients with MS (n = 97) who have
undergone TSPO-PET imaging in the Turku PET Centre
between 2009 and 2017, whose follow-up duration was be-
tween 2.5 and 5.0 years, and who had an EDSS score eval-
uation within this follow-up time period. 47 patients had
relapsing-remitting MS (RRMS), and 19 patients had sec-
ondary progressive MS (SPMS). The patients were recruited
from the outpatient clinic of the Division of Clinical Neu-
rosciences at the University Hospital of Turku, Finland, and
all patients with TSPO-PET imaging and suitable follow-up
time were included.
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Disability was evaluated with the Expanded Disability Status
Scale (EDSS) score. The EDSS scores were determined at
baseline and after a follow-up period of 2.5-5.0 years (3.0 £ 0.3,
mean * SD). Information on relapses and medication during
the follow-up was recorded. Confirmed disability progression
was defined as an EDSS score increase of 1.0 point (or 0.5 point
if the baseline EDSS score was >6.0) that was sustained over a
6-month period. The annualized relapse rate (ARR) was de-
termined for the entire disease history from the diagnosis to the
time of PET imaging and for the follow-up period. To eliminate
the effect of acute focal inflammatory activity on TSPO imaging
results or EDSS score, patients were excluded if they had had a
clinical relapse and/or corticosteroid treatment within 30 days
of imaging or of reevaluation of the EDSS score. Other ex-
clusion criteria were gadolinium contrast enhancement in the
baseline MR, active neurologic or autoimmune disease other
than MS, another significant comorbidity, inability to tolerate
PET or MR, and current or desired pregnancy.

MRI Acquisition and Analysis

MRI was performed at baseline. The majority of the MRIs (56
patients with MS and 10 healthy controls) were acquired with
a 3T Ingenuity TF PET/MR scanner (Philips). The following
sequences were used: axial T2, 3D fluid attenuated inversion
recovery (FLAIR), 3D T1, and 3D T1 with gadolinium en-
hancement. For a subset of 10 patients with MS and 8 healthy
controls, a 1.5-T Nova Duel scanner (Philips) was used. Here,
the sequences were axial T1, axial T2, coronal FLAIR, and
axial 3D-T'1 with gadolinium enhancement.

Lesion Segmentation Tool (statistical—modelling.de/ Isthtml, a
toolbox running in SPM8)'® was used for semiautomated T2
lesion segmentation, and the resulting mask was then manually
corrected. T1 lesion mask was manually edited from the fi-
nalized T2 lesion mask, and T1 and T2 lesion volumes were
obtained from these masks as described previously.”® T1 im-
ages with lesion filling were used for autosegmentation of GM
regions of interest (ROI) with FreeSurfer 6.0.0 software
(surfer.nmr.mghharvard.edu/). Five ROIs were chosen for this
study: cerebral cortex, thalamus, caudate, putamen, and pal-
lidum. Their volumes were analyzed as parenchymal fractions
(PFs), which were calculated for each ROI by dividing the ROI
volume by the total intracranial volume. Intracranial volume
was calculated in FreeSurfer as a sum of WM, GM, and CSF.

PET Acquisition and Analysis

PET imaging was performed at baseline. The radiochemi-
cal synthesis of ["'C]PK11195 and imaging with this radio-
ligand were performed as described previously.11 PET was
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Table 1 Demographic Information and Clinical Variables of the Study Population

Variable HC MS RRMS SPMS RRMS vs SPMS?  Progression No progression  Progression vs no progression®
n 18 66 47 19 17 49
Females, n (%) 13 51(77) 39(83) 12 (63) 0.11 12(71) 39 (80) 0.5
Age,y 429 (11.4) 45.2(9.9) 42.8 (9.1) 51.1(9.6) 0.006 47.8 (6.9) 44.3(10.7) 0.3
Disease duration, y N/A 12.4(7.4) 10.5 (6.8) 17.1(6.9) 0.001 15.6 (6.0) 11.3(7.6) 0.017
EDSS score at baseline (median, IQR) N/A 3.0 (2.0-3.9) 2.5(2.0-3.0) 6.0 (3.8-6.5) <0.001 5.0 (3.5-6.5) 2.5(2.0-3.5) <0.001
Follow-up duration, y N/A 3.0(0.3) 3.0(0.3) 3.1(0.5) 0.7 3.1(0.3) 3.0(0.3) 0.5
ARR before baseline (median, IQR) N/A 0.36 (0.23-0.56) 0.41 (0.24-0.58) 0.30(0.21-0.46) 0.2 0.41(0.24-0.47)  0.35(0.22-0.59) 0.8
Patients with relapses during follow- N/A 19 (29) 11 (23) 8(42) 0.15 7 (41) 12 (24) 0.2
up, n (%)
Treatment at baseline or <2 mo before

No DMT N/A 23 1 12 <0.001 9 14 0.2

Moderate-efficacy DMT® N/A 35 32 3 7 28

High-efficacy DMT* N/A 8 4 4 1 7
Treatment within 3 y of MS onset

No DMT N/A 21 10 11 0.013 8 13 0.3

Moderate-efficacy DMT® N/A 40 33 7 8 32

High-efficacy DMT® N/A 5 4 1 1 4

Abbreviations: ARR = annualized relapse rate; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; HC = healthy control; IQR = interquartile range; N/A = not applicable; RRMS = relapsing-remitting
multiples sclerosis; SPMS = secondary progressive multiple sclerosis.
Variables presented as mean (+SD) unless stated otherwise. The Wilcoxon test was used to compare the distributions of continuous variables, and the Fisher exact test was used to compare the distributions of categorical

variables.
2 p Value.

® Interferon beta, dimethyl fumarate, glatiramer acetate, teriflunomide, and fingolimod.
¢ Cladribine, natalizumab, ocrelizumab, and rituximab.



http://neurology.org/nn

Figure 1 Baseline TSPO-PET DVR and MRI Volumes in Patients With MS and Healthy Controls
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(A) Patients with MS had a higher DVR in the thalamus compared to healthy controls. (B) Patients with MS had a lower PF of the thalamus and caudate
compared to healthy controls. The Wilcoxon rank-sum test was used. DVR = distribution volume ratio; HC = healthy control; MS = multiple sclerosis; PF =

parenchymal fraction.

performed with a brain-dedicated ECAT High-Resolution
Research Tomograph scanner (CT1/Siemens) with an intrinsic
spatial resolution of approximately 2.5 mm. The mean injected
dose was 475.0 £ 50.8 MBq (mean + SD) for the MS patient
group and 489.8 + 16.4 MBq for the healthy control group.

PET images were reconstructed using 17 time frames as de-
scribed previously.'' The dynamic data were smoothed using
a Gaussian 2.5 mm postreconstruction filter. Partial volume
correction was performed as described previously using the
Geometric Transfer Matrix method with PETPVE12 toolbox
in SPM12."> Innate immune cell-related pathology was
evaluated as specific binding of [''C]JPK11195 using the
distribution volume ratio (DVR) in prespecified ROIs. The
DVR measurements were determined by comparing the time-
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activity curves of the ROIs to the reference regions using a
supervised cluster algorithm with 4 kinetic tissue classes
(SuperPK software, SVCA4 classification).”"**

Statistical Analysis

The statistical analyses were performed using R (version
4.1.1). The Wilcoxon rank-sum test was used to assess dif-
ferences between subgroups such as patients with MS and
controls. Spearman correlation was used to assess relation-
ships between continuous variables. A forward-type stepwise
logistic regression model was constructed to determine the
best variables predicting disability progression. The main
imaging variables used in the modeling were the DVR values
and PFs of each ROI and the global T2 lesion volume. Other
variables considered were EDSS score at baseline, sex, age,
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Figure 2 Baseline TSPO-PET DVR and MRI Volumes in Relation to Disability Progression
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(A) Patients with EDSS progression at follow-up had a higher DVR in the thalamus at baseline compared to patients with no EDSS progression. (B) Patients with
EDSS progression at follow-up had a lower PF of the thalamus, caudate, and putamen at baseline compared to patients with no EDSS progression. The
Wilcoxon rank-sum test was used. EDSS = Expanded Disability Status Scale; HC = healthy control; PF = parenchymal fraction.

disease duration at baseline, duration of the follow-up, ARR
preceding baseline, ARR during the follow-up, class of the
disease modifying treatment (DMT) at baseline or at most 2
months before, and class of the DMT within the first 3 years
after MS onset. All DMTs were categorized into 3 classes: (1)
no DMT; (2) moderate efficacy DMTs (interferons, glatir-
amer acetate, dimethyl fumarate, fingolimod, and teri-
flunomide); and (3) high-efficacy DMTs (natalizumab,

) L 2
alemtuzumab, ocrelizumab and rituximab).?®

The model building began with a model without any variables,
and in each step, the most suitable of the aforementioned
variables according to the Bayesian Information Criterion
(BIC) was added to the model. This was continued until no
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additional variable improved the model. After the final model
with the lowest BIC value was established, the model was
checked for its assumptions (e.g., multicollinearity and in-
fluential values). ORs for progression risk were obtained from
the parameter estimates. For continuous variables with
smaller ranges, the ORs for a 0.1-unit increase are calculated
instead of ORs for a 1-unit increase.

The final model was further validated using a leave-one-out
cross validation, in which the probability of disability pro-
gression for each observation was predicted using all other
observations. Sensitivity and specificity were calculated using
contingency tables. For this, if the probability of disability
progression based on the model was above 50%, the

| Volume 9, Number 4 | July 2022
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Table 2 Association Between Imaging and Clinical
Variables and Confirmed Later Disability
Progression

Stepwise logistic regression

Predictors in the final model OR p Value
EDSS score at baseline 2.22 <0.001
Thalamic DVR at baseline 2.287 0.024

Abbreviations: DVR = distribution volume ratio; EDSS = Expanded Disability
Status Scale.

The EDSS score was modeled using forward-type stepwise logistic re-
gression. Model building began with no variables in the model, and the
addition of each variable was tested using the Bayesian Information Crite-
rion (BIC). Most significant improvement of the fit determined the inclusion
of the variable. The process was repeated until no variable improved the
model. The table shows the final remaining variables. The first variable to be
chosen according to the BIC was the EDSS score at baseline. Second, the
thalamic DVR at baseline was added, but after that, no variable could pro-
duce a model with a lower BIC value. The predefined variables considered in
model building are detailed in the Methods section.

? For DVR variables, the odds ratio is calculated as 0.1-unit increase due to
the scale of the variables as explained in the Methods section.

observation was classified as a predicted later disability pro-
gression, and if probability of disability progression was below
50%, it was classified as disability progression not predicted.
The receiver operating characteristic curve was also estimated
along with the area under curve (AUC) value. All tests were 2
tailed, and a p value <0.05 was considered statistically signif-
icant for all analyses.

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the Ethics Committee of the
Hospital District of Southwest Finland, and all participants
provided written informed consent according to the Decla-
ration of Helsinki.

Data Availability

Anonymized data not published within the article will be
shared over the next 3 years on request from a qualified
investigator.

Results

Demographic and Clinical Characteristics

of Participants

There were 47 patients with RRMS and 19 patients with
SPMS in the final cohort. The mean age of the patients was
45.2 £ 9.9 years (mean * SD), the mean disease duration at
baseline was 12.4 + 7.4 years, and the median EDSS score at
baseline was 3.0 (interquartile range 2.0-3.9). The follow-up
time for the final EDSS measurement was 3.0 + 0.3 years
(mean * SD) after the initial evaluation. Altogether, 17 pa-
tients experienced disability progression during the follow-up,
6 of them patients with RRMS and 11 patients with SPMS.
Altogether, 20 patients experienced a relapse during the
follow-up. Of the 17 patients with demonstrable progression,
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Figure 3 Receiver Operating Characteristic Curve From the
Regression Model Using Leave-One-Out Cross
Validation
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The regression model predicted disability progression correctly in 9/17 pa-
tients (sensitivity = 52.9%) and no progression in 46/49 patients (specificity =
93.9%). The area under the curve (AUC) value for the model was 0.82.

only 7 experienced a relapse during follow-up. The de-
mographic data and clinical variables of the cohort are shown
in Table 1.

GM Innate Immune Cell-Related Pathology and
Brain Volumetric Variables at Baseline

Patients with MS had a higher TSPO-PET DVR in the thal-
amus at baseline compared with healthy controls (mean + SD
1.43 £ 0.10 vs 1.36 + 0.06, p = 0.0066; Figure 1A). DVRs in
the other deep GM ROIs did not significantly differ between
patients with MS and healthy controls (Figure 1A). Likewise,
the cortical GM DVR did not differ significantly between
patients with MS and healthy controls (eFigure 1A, links.lww.
com/NXI/A720). Patients with MS had lower PFs of the
thalamus (0.0099 + 0.0013 vs 0.0119 + 0.0012, p < 0.001) and
the caudate (0.0055 + 0.0007 vs 0.0060 + 0.0006, p = 0.014) at
baseline compared with healthy controls (Figure 1B). Simi-
larly, cortical GM PF of the patients (0.31 + 0.03 vs 0.33 +
0.02, p = 0.0017; eFigure 1B, links.lww.com/NXI/A720)
differed from healthy controls at baseline. In the putamen and
pallidum, no significant differences between patients with MS
and healthy controls were observed (Figure 1B).

GM Innate Immune Cell-Related Pathology and
Brain Volumetric Variables in Patients With
and Without EDSS Progression

Patients with MS who experienced EDSS progression during
the 3-year follow-up had a higher TSPO-PET DVR in the

Neurology.org/NN
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Figure 4 Visualization of [''C]-PK11195 Uptake Patterns in the Thalamus

(A) High thalamic DVR in a female patient with MS with dis-
ability progression during follow-up. The patient was 43 years
old at baseline with a disease duration of 8.3 years. Her EDSS
score was 6.5 at baseline and 7.0 at follow-up. (B) Low thalamic
DVRin a female patient with MS without disability progression
during follow-up. The patient was 52 years old at baseline with
a disease duration of 9.0 years. Her EDSS score was 6.0 at
baseline and 6.0 at follow-up. An axial TTW MRI slice is used to
illustrate the anatomical position of the thalamus. The scale
represents DVR values. DVR = distribution volume ratio; EDSS
= Expanded Disability Status Scale.

thalamus compared with patients who did not progress (mean +
SD 1.49 +£0.10 vs 1.40 £ 0.09, p = 0.0028; Figure 2A). The DVR
in other ROIs did not associate with disability progression
(Figure 2A and eFigure 1A, linksIww.com/NXI/A720). Re-
garding the MRI volumetric variables, the progressed patients
had lower PFs of the thalamus (0.0092 * 0.0015 vs 0.0102 +
0.0011, p = 0.003), caudate (0.00S1 + 0.0007 vs 0.0056 + 0.0007,
p=0.04), and putamen (0.0060 + 0.0011 vs 0.0069 + 0.0009, p =
0.002) compared with patients who did not progress
(Figure 2B). PFs of the pallidum (Figure 2B) and cortical GM
(eFigure 1B, linkslww.com/NXI/A720) did not associate with
disability progression.

Predictors of Disability Progression in the
Regression Model

The EDSS score at baseline and thalamic TSPO-PET DVR at
baseline remained significant predictors of disability pro-
gression in the forward-type stepwise logistic regression
model (Table 2). No other imaging or clinical variable applied
in the model improved the model further. A high EDSS score
at baseline increased the odds of later disability progression
(OR = 2.22; p < 0.001). Likewise, a high thalamic DVR at
baseline increased the odds of progression (OR = 2.28; p =
0.024; OR calculated for 0.1 unit increase). The final re-
gression model predicted disability progression with 52.9%
sensitivity and 93.9% specificity with an AUC value of 0.82
(Figure 3). Figure 4 demonstrates a PET image from a patient
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with a high thalamic DVR with later disability progression
alongside a patient with a low thalamic DVR and no later
disability progression. The thalamic TSPO-PET DVR corre-
lated significantly with the global T2 lesion volume (p <
0.001; Figure S). No statistically significant correlation was
observed between the thalamic TSPO-PET DVR and cortical
GM DVR or cortical GM volume (eFigure 2, links.lww.com/
NXI/A720).

Discussion

This study provides evidence that thalamic innate immune
cell-related pathology as measured using TSPO-PET predicts
short-term disability progression in MS. The thalamic TSPO-
PET DVR was the best imaging variable in the regression
model to predict disability progression. High TSPO-PET
signal in the MS thalamus has been demonstrated in several
studies,""'*'>172* and thalamic TSPO-PET signal has been
linked with higher concomitant disability.'” The thalamic
TSPO-PET signal reporting on increased innate immune
cell-related pathology potentially reflects various ongoing
disease mechanisms such as active focal inflammatory lesions
in the thalamus or ongoing diffuse inflammation in the thal-
amus. It could also be a response to damage along distant WM
tracts converging in thalamus or reflect inflammatory re-
sponses to neurodegeneration in the thalamus." Thalamic

| Volume 9, Number4 | July 2022
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Figure 5 Association of Thalamic Innate Immune Cell Pa-
thology With T2 Lesion Volume in the White Matter

1.74

r=0.58,p=4.7e”’

Thalamic DVR

T T
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High thalamic TSPO-PET DVR associated with high global T2 lesion volume.
The Spearman correlation was used for statistical analysis. DVR = distribu-
tion volume ratio.

demyelinating lesions are a common finding in neuropatho-
logic studies and are known to exhibit activated innate im-
2526 Deep GM lesions appear to have intermediate
inflammation compared with the abundant inflammation in
the WM or the more scarce inflammatory findings in the
cortical GM.>>?”*® Besides focal lesions, diffuse inflammation
in the normal-appearing thalamus has been reported,* and of
interest, lesional areas in the thalamus do not seem to have
significantly higher TSPO-PET signal compared with the
normal-appearing thalamus.'” Our MRI protocol did not al-
low for reliable identification of thalamic or other GM lesions,
and we were unable to assess this aspect in our cohort.

mune cells.

A pathologic state of microglia and macrophages in the thal-
amus can be a response to damage along distant WM tracts
converging in the thalamus.* Elevated thalamic TSPO-PET
signal has been described in patients with ipsilateral cortical
stroke linking innate immune cell activation with cortico-
thalamic connection damage.*° Likewise, facial nerve axotomy
in rodents results in ipsilateral microglial activation in the
facial nerve nucleus.’’ In patients with MS, higher thalamic
TSPO-PET signal has been associated with global cortical
thinning,'” and decreased neuronal cell density can be seen
histopathologically in individual thalamic nuclei in response
to diffuse damage to the corresponding thalamocortical pro-
jections.*” Radiologically, thalamic atrophy and microstruc-
tural damage has been linked with global WM lesion load.****
A recent study has demonstrated that degeneration of
efferent/afferent thalamic projections may in fact contribute
more to thalamic atrophy than thalamic demyelinating
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lesions.*® Similarly, in traumatic brain injury, thalamic
microglial activation has been observed in response to damage
in distant WM areas.* In line with these findings, we report
that the global T2 lesion volume increases as thalamic innate
immune-cell related pathology increases. Global T2 lesion
volume, however, did not survive as a significant predictor of

disability progression in the regression model.

Compared with the thalamus, other deep GM regions in our
cohort exhibited lower TSPO binding, and their activity was
not associated with disability progression. The thalamus is a
highly connected relay center of the brain®” and may hence be
more susceptible to Wallerian and transneuronal de-
generation than the other deep GM structures. The thalamus
is indeed known as a barometer for diffuse brain parenchymal
damage in MS.*®

Thalamic atrophy has been extensively linked with dis-
ability and disease progression.***" Similarly, atrophy in
the other deep GM structures, including the caudate and
putamen, has been associated with disease progression.””*?
In our cohort, atrophy in the thalamus, caudate, and puta-
men associated with disability progression in the first
evaluations, but these parameters did not survive as signif-
icant predictors of disability progression in the regression
model. This is likely linked to the fact that GM atrophy
measures correlate strongly with the EDSS score® and a
high EDSS score predicts disability progression*
evident in our model. Once the EDSS score at baseline is
added to the model, volumetric variables do not improve
the model further. The thalamic DVR, on the other hand,
remained in the model as an independent predictor, which
suggests that thalamic innate immune cell-related pathol-

as is also

ogy may be more sensitive than the atrophy measures to the
thalamic disease processes that associate with short-term
disability progression. Importantly, the thalamic DVR may
predict progression in patients who have not yet entered the
progressive disease trajectory indicated by atrophy and a
high EDSS score. Inflammation in these patients could be
therapeutically targeted to avoid later permanent neuro-
axonal damage.

Studies addressing TSPO radioligand binding in the MS
cortex have yielded variable results. Patients with MS have
been shown to exhibit more cortical TSPO-PET signal than
healthy controls, and this signal has been linked with higher
disability.”’18 However, some work, including the present
study, have failed to find differences in cortical TSPO-PET
signal between patients with MS and controls.** This might
reflect the lower signal-to-noise ratio of the first-generation
TSPO radioligand ["'C]PK11195 compared with later-
generation ligands.45 On the other hand, the cortical TSPO-
PET signal is highly prone to artifacts. The thin cortical GM is
more abundantly vascularized than the WM*® and anatomi-
cally close to the large meningeal blood vessels. As a conse-
quence of this, the TSPO-PET signal obtained from the
cortex may be significantly affected by both the endothelial
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TSPO expression*” and plasma protein bound radioligand

within the bloodstream.*®

We have recently analyzed the effect of innate immune
cell-related pathology in the NAWM regions of the MS
brain to later disease progression.15 We demonstrated that
innate immune cell-related pathology in periplaque regions
predicted disability progression independent of relapses.
This is in line with the concept that iron-containing innate
immune cells at the edge of chronic active lesions promote
lesion growth and disease progression.*” In the present
study, we focused on innate immune cell-related pathology
in the GM regions of the MS brain. The main difference in
the study design in the present work compared with the
previously published study'® was the duration of the follow-
up. The present cohort was more homogeneous in terms of
the follow-up, with follow-up time ranging from 2.5 to 5.0
years with an average of 3.0 + 0.3 years (mean + SD),
whereas in our previous study, the follow-up time ranged
between 2.0 and 9.5 years with an average of 4.1 + 1.9 years
(mean * SD).'® The time between the EDSS measurements
was included as a covariate in the multiple linear regression
model in both studies. It is plausible that the higher vari-
ability in the follow-up time in the previous study resulted
with an alternative outcome regarding thalamic innate im-
mune cell pathology and disease progression.15 Of interest,
when we performed an additional analysis, where the
NAWM DVR was included in the model, the thalamic DVR
was still the strongest predictor of progression in the present
cohort (data not shown). This implies that the thalamic
DVR may be a better predictor for short-term progression
compared with the NAWM DVR. It is noteworthy that it is
more straightforward to radiologically identify the thalamic
area in comparison to the perilesional areas of the smol-
dering lesions due to challenges in automated chronic WM
lesion identification. Hence,
inflammation in the thalamus using TSPO-PET or poten-
tially other, less technically demanding methods could be
more easily incorporated into clinical practice, if TSPO-PET
was to be used for evaluation of progression risk in a clinical
setting in the future.>®

measurement of neuro-

Our cohort included patients with both relapses and disability
progression during the follow-up. The annual relapse rate
during the follow-up was included in building the final model,
but did not survive as an independent predictor of disability
progression. This suggests that similarly to innate immune cell
activation in periplaque white matter areas, thalamic innate
immune cell activation associates more likely with diffuse
neuroaxonal damage-promoting progression than with re-
lapse-associated disease worsening. Unfortunately, the small
number of patients with no relapses during the follow-up
precluded us from formally testing the effect of the thalamic
DVR on progression independent of relapses.

This study has some limitations. The sensitivity of the model
is relatively low at 52.9%. This suggests that it might be
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advisable to use additional complementary biomarkers to sup-
port thalamic TSPO-PET signal for more sensitive progression
risk assessment. The population represents a real-world cohort
and is heterogeneous in terms of DMTs. However, this was
accounted for in the regression model. The brain MRI protocol
was not optimal. We measured atrophy from a single MRI scan
by using PFs. An atrophy rate calculated from several longitu-
dinal scans could have captured the ongoing atrophy process
more accurately. Finally, 2 different MRI scanners were
used: a 3 T scanner for the majority of the population and an
older 1.5 T scanner for a small subpopulation (10 patients
with MS and 8 healthy controls). This may have induced
noise in the data possibly impairing the performance of the
volumetric variables. Importantly, the same PET camera was
used throughout the study.

In conclusion, our study strengthens the concept of the innate
immune cell-related pathology associating with gradual MS
disease progression. Microglia and macrophages are versatile
cells with a high range of phenotypes depending on the stage
and nature of the ongoing CNS pathology.** Our work con-
firms that TSPO-PET-measurable innate immune -cell-
related pathology in the thalamus is an undesirable signal,
reflecting a worse prognosis for patients with MS. This signal
perhaps largely reflects both the diffuse and focal pathology
affecting thalamic radiations as has been suggested for tha-
lamic atrophy.** We hypothesize that thalamic innate immune
cell-related pathology is an earlier and potentially modifiable
signal of MS pathology (as opposed to thalamic atrophy) and,
if detected, should be an indication for a therapeutic in-
tervention. Future studies will show whether innate immune
cell-targeting drugs will modify the status of these cells in the
thalamus for the benefit of patients with MS.
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