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Brain TSPO-PET predicts later disease
progression independent of relapses in
multiple sclerosis

Marcus Sucksdorff,''? Markus Matilainen,' Jouni Tuisku,' ®Eero Polvinen,'"
Anna Vuor'imaa,"2 Johanna Rokka,I ®Marjo Nylund,I Eero Rissanen'? and Laura Airas'"?

Overactivation of microglia is associated with most neurodegenerative diseases. In this study we examined whether
PET-measurable innate immune cell activation predicts multiple sclerosis disease progression. Activation of microglia/macrophages
was measured using the 18-kDa translocator protein (TSPO)-binding radioligand ''C-PK11195 and PET imaging in 69 patients
with multiple sclerosis and 18 age- and sex-matched healthy controls. Radioligand binding was evaluated as the distribution vol-
ume ratio from dynamic PET images. Conventional MRI and disability measurements using the Expanded Disability Status Scale
were performed for patients at baseline and 4.1+1.9 (mean + standard deviation) years later. Fifty-one (74%) of the patients were
free of relapses during the follow-up period. Patients had increased activation of innate immune cells in the normal-appearing white
matter and in the thalamus compared to the healthy control group (P=0.033 and P =0.003, respectively, Wilcoxon). Forward-
type stepwise logistic regression was used to assess the best variables predicting disease progression. Baseline innate immune cell ac-
tivation in the normal-appearing white matter was a significant predictor of later progression when the entire multiple sclerosis co-
hort was assessed [odds ratio (OR) = 4.26; P =0.048]. In the patient subgroup free of relapses there was an association between
macrophage/microglia activation in the perilesional normal-appearing white matter and disease progression (OR = 4.57;
P=0.013). None of the conventional MRI parameters measured at baseline associated with later progression. Our results strongly
suggest that innate immune cell activation contributes to the diffuse neural damage leading to multiple sclerosis disease progression
independent of relapses.
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o disease pathogenesis is driven by the peripheral immune sys-
IntrOdUCtlon tem with lymphocytes and monocytes entering the CNS and
Eighty-five per cent of patients with multiple sclerosis pre- ~ forming chal inflammatory .infiltrates (Compston and Coles,
sent initially with relapsing-remitting disease. Here, the 2008). This aspect of the disease can be reliably monitored
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using conventional MRI, and is efficiently controlled using
immunomodulatory and immunosuppressive treatments.
Recent evidence shows that in addition to the adaptive
immune activity, another simultaneous detrimental patho-
logical mechanism is ongoing from the disease onset. This
second global process of tissue injury is more diffuse and
likely contributes to development of brain atrophy and dis-
ability from early on (De Stefano et al., 2010).

The diffuse, widespread tissue injury becomes clinically
most prominent within 15-20 years from the disease onset,
when the rate of progression seems to increase, while relap-
ses are reduced at the same time (Confavreux et al., 1980;
Minderhoud et al., 1988; Weinshenker et al., 1989; Eriksson
et al., 2003; Vukusic and Confavreux, 2003; Tremlett et al.,
2008; Tutuncu et al., 2013; Cree et al., 2019). Several fac-
tors, such as diminishing oestrogen levels among female
patients with multiple sclerosis, and the inherent tendency of
gradually increasing microglial activation with ageing even
in healthy individuals, likely contribute to the more rapid ac-
crual of disability around the age of 45 (Scalfari et al,
2011). Clinical symptoms related to disease progression in-
clude progressive loss of walking ability, bladder dysfunction
and increasing cognitive impairment. Progression can also
occur from the disease onset (primary progressive multiple
sclerosis) (Thompson et al., 2018).

The mechanisms behind the development of the insidious,
silent progression independent of relapse activity are unclear,
but it appears that in progressive multiple sclerosis, the in-
nate immune system within the CNS adopts a pro-inflamma-
tory phenotype. The current understanding is that microglia,
macrophages and astrocytes in the normal-appearing white
matter (NAWM) and grey matter, and at the rim of chronic
active/smoldering lesions secrete pro-inflammatory cytokines
and reactive oxygen species, which promote increasing
neuro-axonal damage both in the white and grey matter,
and this leads to brain and spinal cord atrophy (Gandhi
et al., 2010; Ransohoff et al., 2015). The exact mechanisms
leading to death of neurons and loss of axons are poorly
understood, but oxidative stress and glutamate toxicity have
been shown to contribute to mitochondrial dysfunction,
which in turn leads to cellular death (Fischer er al., 2012;
Campbell et al., 2014).

The ability to identify and effectively manage patients,
who are at risk of disability worsening and secondary pro-
gressive multiple sclerosis conversion represents a major un-
met need. Disease course of multiple sclerosis is highly
variable, and patients can present with anything from benign
courses that will never convert to secondary progression, to
highly active courses with rapid disability progression. There
are currently no widely applicable validated biomarkers pre-
dicting multiple sclerosis progression, although several
papers have recently shed light on this matter (Soelberg
Sorensen and Sellebjerg, 2016; Barro et al., 2018; Bhan
et al., 2018; Varhaug et al., 2018; Ferraro et al., 2019;
Kuhle er al., 2019). Therefore, predictive biomarkers for
short-term progression are sorely needed.
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Mitochondrial 18-kDa translocator protein (TSPO) is a
marker of inflammation commonly attributed to microglial
and macrophage activation in neurodegenerative and neuro-
inflammatory diseases such as multiple sclerosis (Hogel
et al., 2018; Guilarte, 2019). PET imaging using radioli-
gands binding to the TSPO can be used to detect innate im-
mune cell activation iz vivo in various relevant regions of
interest within the brain of patients with multiple sclerosis.
However, the significance of the PET-measurable microglial/
macrophage activation is not clear in terms of later clinical
disease worsening.

The aim of this single-centre study was to assess the use-
fulness of TSPO-PET imaging for predicting later multiple
sclerosis progression. We investigated whether TSPO bind-
ing, MRI lesion load or the degree of brain atrophy corre-
lated with progression during a 4-year follow-up period.
The findings were confirmed by using stepwise logistic re-
gression where demographic and clinical disease-related vari-
ables, conventional MRI variables and treatments were used
as potential covariates.

Materials and methods

Study subjects and procedures

The study cohort consisted initially of 73 patients with multiple
sclerosis (49 with relapsing-remitting and 24 with secondary
progressive multiple sclerosis). Four patients with relapsing-
remitting multiple sclerosis were lost to follow-up and were
excluded from this study. A group of 18 age- and sex-matched
healthy control subjects was included for imaging comparisons.

Expanded Disability Status Scale (EDSS) score was evaluated
by experienced clinicians (M.S., E.R., L.A., A.V.) at baseline
and after an average of 4.1 (£1.9), mean (+ standard deviation,
SD), years later, using a standardized examination form, the
Neurostatus (neurostatus.net). Confirmed disability worsening
was defined as an EDSS increase of 1.0 point (and 0.5 point if
baseline EDSS was >6.0). In all cases where an EDSS increase
was noted, the EDSS measurement was confirmed by re-evalu-
ation after 6 months. The annualized relapse rate (ARR) was
determined for (i) the follow-up period; and (ii) for the disease
history from the diagnosis to the time of PET imaging. Patients
were recruited from the outpatient clinic of the Division of
Clinical Neurosciences at the University Hospital of Turku,
Finland during 2011-2017. All participants provided written
informed consent according to the Declaration of Helsinki, with
approval by the Ethics Committee of the Hospital District of
Southwest Finland. Exclusion criteria included clinical relapse
and/or corticosteroid treatment within 30 days of evaluation
and of EDSS re-evaluation, and gadolinium contrast enhance-
ment in baseline conventional MRI to avoid confounding effects
of acute inflammation on innate immune cell activation and on
the evaluation of later progression. Exclusion criteria also
included active neurological or autoimmune disease other than
multiple sclerosis or another comorbidity considered significant,
inability to tolerate PET or conventional MRI, and a current or
desired pregnancy.
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MRI acquisition and data analysis

For the evaluation of multiple sclerosis pathology and for the
acquisition of anatomic reference for the PET images, conven-
tional MRI was performed with a 3 T Ingenuity TF PET/MR
scanner  (Philips) at Dbaseline as previously described
(Bezukladova et al., 2020). The following conventional MRI
sequences were used for image acquisition: axial T, 3D FLAIR,
3D Ty, and 3D T; with gadolinium enhancement. A semi-auto-
mated method was used first to create a combined T, lesion
mask. This was a base for a manually shaped combined T; le-
sion mask, which then was used to create the perilesional region
of interest. We have used this method previously (Rissanen
et al., 2018), and is described in brief below. A combined T, le-
sion region of interest mask image was identified using the
Lesion Segmentation Tool (LST) (www.statistical-modelling.de/
Ist.html, a toolbox running in SPM8) (Schmidt et al., 2012) as
described previously (Rissanen ez al., 2018). A combined T; le-
sion region of interest mask image was manually delineated slice
by slice, based on the manually corrected T, lesion region of
interest mask image. The resulting T, lesion region of interest
mask image was used to fill the corresponding Ty image with
the lesion-filling tool in LST. The filled T; was then used for
segmenting grey matter, white matter and thalamus with
Freesurfer 5.3 software (http://surfer.nmr.mgh.harvard.edw/).

Ty and T, lesion loads were measured from manually edited
T, and T, lesion region of interest masks. The perilesional
region of interest was created by dilating the corresponding T,
lesion region of interest mask image by six voxels and then
removing the core from the resulting image (= perilesional
NAWM). Furthermore, a NAWM region of interest was created
by removing the T, lesion region of interest and perilesional re-
gion of interest from the white matter region of interest.

''C-PKI1195 radioligand production
and PET image acquisition

The radiochemical synthesis of *'C-PK11195 was performed as
described previously (Rissanen et al., 2018). The mean injected
dose was 479 (+44) MBq, mean (+SD), for the multiple sclerosis
patient group and 490 (+16) MBq for the healthy control group
with no significant dose differences between the groups.

PET was performed with a brain-dedicated ECAT High-
Resolution Research Tomograph scanner (CTI/Siemens) with an
intrinsic spatial resolution of ~2.5 mm. First, a 6-min transmis-
sion scan for attenuation correction was obtained using a '*’Cs
point source. Thereafter, 60-min dynamic imaging was started
simultaneously with intravenous bolus injection of the radioli-
gand. Head movements were minimized using a thermoplastic
mask.

PET post-processing and analysis

PET images were reconstructed using 17 time frames as
described previously (Rissanen et al., 2018). The dynamic data
were then smoothed using a Gaussian 2.5-mm post-reconstruc-
tion filter (Rissanen et al., 2014, 2018). Possible displacements
between frames were corrected using mutual information re-
alignment in SPMS8. Before modelling, partial volume correction
using the Geometric Transfer Matrix method (Rousset et al.,
1998) was performed for all regional time activity curves with
PETPVE12 toolbox in SPM12 (Gonzalez-Escamilla et al.,
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2017), where Gaussian function with 2.5 mm full-width at half-
maximum was used to approximate the scanner point spread
function. Innate immune cell activation was evaluated as specific
binding of "'C-PK11195 using distribution volume ratio (DVR)
in prespecified regions of interest. For the estimation of the
"C-PK11195 DVR, the time-activity curve corresponding to a
reference region devoid of specific TSPO binding was acquired
for each PET session using a supervised cluster algorithm with
four predefined kinetic tissue classes (SuperPK software)
(Turkheimer et al., 2007; Yaqub et al., 2012). The reference tis-
sue-input Logan method with a time interval of 20 to 60 min,
was applied to the regional time-activity curves using the super-
vised cluster algorithm grey reference input.

Statistical analysis

The statistical analyses were performed using R (version 3.6.1).
Variables are reported as mean (+SD) unless otherwise stated.
Wilcoxon rank-sum test was used to assess the differences in
imaging results between the control group and the multiple
sclerosis group as well as in initial comparisons of variables be-
tween groups with progression or no progression. Spearman
correlation was used to assess the relationships between the con-
tinuous variables, such as baseline DVR measurements, brain
volumes and ARR variables. Forward-type stepwise logistic re-
gression was used to assess which variables were best at predict-
ing EDSS increase. Modelling was done first to the whole
multiple sclerosis group and then to a subgroup of patients who
did not experience relapses during the follow-up. Several DVR,
conventional MRI and clinical variables were considered in the
model building. The DVR variables were NAWM, perilesional
NAWM, T, and T, lesions, cortical grey matter and thalamus.
The volume variables were T and T, lesions, cortical grey mat-
ter and thalamus as parenchymal fractions (PF), and whole
brain volume. Other variables were EDSS, gender, age, disease
duration at baseline, time difference between the EDSS measure-
ments, ARR preceding PET imaging, 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 multiple sclerosis onset. All DMTs were cate-
gorized into three classes: (i) no DMT; (ii) moderate efficacy
DMTs (interferons, glatiramer acetate, dimethyl fumarate, fingo-
limod and teriflunomide); and (iii) high efficacy DMTs (natali-
zumab, alemtuzumab, ocrelizumab and rituximab) (Scolding
et al., 2015).

The model building began with a model without any predic-
tors, and in each step the most suitable variable according to
Akaike Information Criterion (AIC) was added to the model.
After the final model with the lowest AIC value was established,
the model was checked for its assumptions (e.g. multicollinear-
ity, influential values). The estimates for the parameters were
then exponentiated to obtain the odds ratios (OR). Because of
the range of some continuous variables, the odds ratios for a
0.1-unit increase were calculated for those variables instead of
odds ratios for a 1-unit increase.

The chosen model was further validated using a leave-one-out
cross validation, in which the probability of the disease progres-
sion for each observation was predicted using all other observa-
tions. Sensitivity and specificity were calculated using the
contingency tables. For this, if the probability of EDSS increase
based on the model was closer to one, the observation was clas-
sified as a ‘predicted later disease progression’ and if the
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probability of EDSS increase was closer to zero, it was classified
as ‘disease progression not predicted’. Receiver operating char-
acteristic curve was also estimated along with area under curve
(AUC) value.

All tests were two-tailed and a P-value < 0.05 was consid-
ered statistically significant for all analyses.

Data availability

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

Results

Demographic and clinical
characteristics of participants

Sizty-nine patients with multiple sclerosis and 18 age- and
sex-matched healthy controls were included in the study.
Mean age of the patients was 46 (+10) years, mean (+SD),
their disease duration averaged 13 (+7) years and their me-
dian EDSS score was 3.0 [interquartile range (IQR) 2.5-4.5]
at baseline. ARR during the entire disease history before
baseline imaging was 0.58 (£0.97). Of 69 patients, 18
(26%) patients experienced a relapse during the follow-up.
Of the 37 relapses experienced by these patients, three were
within 6 months (range 4-6 months) of the final EDSS meas-
urement. Altogether 20 patients (29%) experienced disability
progression during the follow-up. There were 51 multiple
sclerosis patients free of relapses during the follow-up and
11 of them (22%) experienced disability progression. The
treatments and the demographic and clinical characteristics
and conventional MRI measurements of the different sub-
groups are shown in Table 1.

Brain TSPO-radioligand uptake in
patients with multiple sclerosis and
in healthy controls

Multiple sclerosis patients had significantly higher TSPO-
binding (reflecting innate immune cell activation) at baseline
in the NAWM and thalamus (P =0.033 and P =0.003,
respectively; Wilcoxon; Fig. 1A) compared to the healthy
control group. No significant difference was observed in
TSPO-binding in the cortical grey matter between the groups
(Fig. 1A). The TSPO-binding in the various studied regions
of interest i.e. the NAWM, perilesional NAWM and T, le-
sion area correlated significantly with each other (Fig. 1B).

Brain TSPO-radioligand uptake at
baseline in patients with or without
progression at follow-up

Twenty patients experienced disease progression during the
follow-up. Their DVR was 1.22 (£0.05), mean (£SD), in the
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NAWM and 1.26 (£0.08) in the perilesional NAWM. This
was statistically significantly higher than the respective DVR
values among the 49 multiple sclerosis patients not progress-
ing during the follow-up, whose DVR values were 1.19
(£0.05) in the NAWM and 1.21 (+0.09) in the perilesional
NAWM (P=0.01 and P =0.022, respectively; Wilcoxon;
Fig. 2A and B). In other regions of interest no differences in
innate immune cell activation were observed between these
subgroups (Fig. 2C-F).

Among the 51 patients free of relapses during the follow-
up, those 11 experiencing progression had statistically sig-
nificantly higher mean DVR values in the NAWM and in
the perilesional NAWM compared to the respective DVR
values in the 40 multiple sclerosis patients not experiencing
progression during the follow-up [1.24 (+0.04) versus 1.19
(£0.05) in the NAWM and 1.31 (+0.07) versus 1.21 (+0.08)
in the perilesional NAWM, P =0.006 and P < 0.001 re-
spectively; Wilcoxon; Fig. 3A and B]. In other regions of
interest, no differences in baseline innate immune cell activa-
tion were observed between these subgroups (Fig. 3C-F).

Brain volumetric variables at
baseline in patients with or without
progression at follow-up

T, and T lesion load at baseline conventional MRI imaging
was higher in patients who experienced disease progression,
compared to those who did not progress (P =0.007 and
P =0.018, respectively; Wilcoxon; Fig. 4A and B). Brain
volumetric measurements at baseline imaging did not correl-
ate with progression status (Fig. 4C-F).

In the patient group free of relapses during the follow-up,
there were no statistically significant differences in conven-
tional MRI lesion loads or brain volumetric measurements
between patients experiencing or not experiencing disease
progression during the follow-up (Fig. SA-F).

Prediction of multiple sclerosis
progression using TSPO-radioligand
uptake and other imaging and
clinical variables

In forward type stepwise logistic regression for the entire
multiple sclerosis cohort (n =69), EDSS at baseline, TSPO
binding in the NAWM, class of the DMT at baseline or at
most 2 months before baseline, and ARR during the follow-
up remained in the model as predictors. Higher TSPO bind-
ing in the NAWM predicted later disease progression (OR =
4.26; P =0.048). High efficacy DMT reduced the odds of
later disease progression significantly, compared to no DMT
(OR = 0.04; P =0.038). Higher ARR during the follow-up
also increased the odds of disease progression (OR = 1.41;
P =0.012). In the patient group free of relapses during the
follow-up (1 = 51), higher perilesional NAWM TSPO-bind-
ing predicted later disease progression (OR = 4.57;
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Table | Demographic information, conventional MRI data and clinical variables of the study patients

M. Sucksdorff et al.

Variable All patients Patients with no Patients with relapses Healthy
relapses during during follow-up controls
follow-up

n 69 51 18 18

Females, n (%) 50 (72) 35 (69) 15 (83) 13 (72)

Age, years 46 (10) 46 (9) 47 (13) 43 (11)

Disease duration, years 13(7) 12 (7) 15(9) N/A

EDSS at baseline, median (IQR) 3.0 (2.54.5) 3.0 (2.54.25) 3.25 (2.5-5.13) N/A

T, lesion load (PF), median (IQR) 0.005 (0.003-0.014) 0.005 (0.003-0.013) 0.008 (0.002-0.016) N/A

T, lesion load (PF), median (IQR) 0.003 (0.001-0.008) 0.003 (0.001-0.008) 0.004 (0.001-0.007) N/A

NAWM volume (PF) 0.33 (0.04) 0.33 (0.04) 0.32 (0.04) 0.35 (0.03)*

Grey matter volume (PF) 0.31 (0.03) 0.31 (0.02) 0.31 (0.03) 0.33 (0.02)*

Thalamus volume (PF) 0.010 (0.001) 0.010 (0.001) 0.010 (0.001) 0.012 (0.001)*

Whole brain (cm?) 1134 (109) 1136 (103) 1128 (127) 1205 (110)*

Follow-up duration (years) 4.1 (1.9) 3.9 (1.9) 4.6 (1.8) N/A

ARR before baseline 0.58 (0.97) 0.49 (0.69) 0.83 (1.53) N/A

ARR during follow-up 0.13 (0.26) 0 0.49 (0.29) N/A

DMT at baseline or at most 2 months before, n (%)

No DMT 26 (38) 18 (35) 8 (44) N/A
Moderate efficacy DMT 33 (48) 26 (51) 7 (39) N/A
High efficacy DMT 10 (14) 7 (14) 3(17) N/A

*Statistically significantly different values compared to all multiple sclerosis patients and to patients with no relapses, at a level of P < 0.05 (Wilcoxon rank-sum test). Variables pre-

sented mean (+SD) unless stated otherwise.
N/A = not applicable; PF = parenchymal fraction (= volume/intracranial volume).

Table 2 Association between innate immune cell acti-
vation and EDSS progression

Predictors in the final model  Stepwise logistic regression

Estimate OR P-value
All patients (n = 69)
EDSS at baseline 0.33 1.39 0.102
ARR during follow-up 341 1.417 0.012"
Moderate efficacy DMT® -0.92 0.4 0.228
High efficacy DMT® -3.17 0.04 0.038"
DVR in NAWM 14.5 4.26* 0.048"

Patients not experiencing relapses during the follow-up

(n=51)

DVR in perilesional NAWM 15.2 4.57% 0.013"
Moderate efficacy DMT® -1.92 0.15 0.044"
High efficacy DMT® -0.65 0.52 0.616

EDSS progression was modelled using forward-type stepwise logistic regression.
Here, testing was begun with no variables in the model and the addition of each vari-
able was tested using the Akaike information criterion. 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 variables that remained in the
model at the end. Among the entire multiple sclerosis cohort the first variable chosen
by the Akaike information criterion to add to the model was EDSS at baseline and
each of the other variables listed in the table further improved the model fit to predict
progression. In the cohort with no relapses, the first variable to add to the model was
DVR in the perilesional NAWM.

All variables considered in model building are listed in detail in the ‘Materials and
methods’ section. Estimates are logarithmic odds ratios (OR).

2For DVR variables and ARR, the odds ratio is calculated as 0.1 unit increase due to
the scale of the variables as explained in the ‘Materials and methods’ section.

PClass of the DMT at baseline or at most 2 months before: moderate efficacy DMT
versus no DMT.

Class of the DMT at baseline or at most 2 months before: high efficacy DMT versus
no DMT.

*Statistical significance at a level of P < 0.05.

P =0.013). Also, moderate efficacy DMT reduced the odds
of later disease progression significantly, compared to no
DMT (OR = 0.15; P = 0.044).

In the entire multiple sclerosis cohort, the final logistic re-
gression model predicted disease progression with 55% sen-
sitivity and 90% specificity with an AUC value of 0.78
(Fig. 6A). In the patient group free of relapses during the fol-
low-up, the final logistic regression model predicted disease
progression with 55% sensitivity and 95% specificity with
an AUC value of 0.75 (Fig. 6B).

Discussion

The results from this in vivo TSPO-PET study demonstrate
that increased TSPO-radioligand uptake in the perilesional
NAWM predicts later disability progression independent of
relapse activity during a 4-year follow-up. This strongly sug-
gests that the TSPO-high phenotype of innate immune cells
is a harmful phenomenon contributing to the widespread,
diffuse neuroaxonal damage, and to the development of the
insidious, silent progression independent of relapse activity.
Importantly, the innate immune cell activation seems to have
an impact on multiple sclerosis disease evolution also at the
earliest stages of the disease as it has been demonstrated that
higher microglial/macrophage activation increased the subse-
quent risk of clinically definite multiple sclerosis in patients
with clinically isolated syndrome during a 2-year follow-up
(Giannetti et al., 2015).
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Box plots of the ''C-PK11195 DVR values of patients with multiple sclerosis and healthy controls in the NAWM (top left), in the thalami and in
the cortical grey matter. Evaluation of innate immune cell activation in different brain regions of interest was performed using PET imaging and
the "'C-PK 11195 radioligand in patients with multiple sclerosis (n = 69) and in a healthy control group (n = 18). Innate immune cell activation
was increased in the NAWM and in the thalamus in patients compared to healthy controls. No statistically significant difference was detected in
the cortical grey matter between these groups. Wilcoxon rank-sum test was used for statistical analyses. In box plots the thick horizontal lines
represent the medians, the boxes represent the IQR and the end of the whiskers or the points of the outliers represent the minimum and max-
imum values. (B) Correlation between ''C-PK 11195 DVR measurements in the different brain regions of interest. DVR values in the NAWM, in
the perilesional NAWM and in T, lesions correlated highly with each other. Spearman correlation was used for statistical analyses. GM = grey

matter; MS = multiple sclerosis.

Recent ex vivo immunohistochemical staining and elegant
transcriptional profiling of microglia obtained from various
regions of human autopsy multiple sclerosis brain have dem-
onstrated an abundance of different microglial phenotypes
related to multiple sclerosis pathology (Nutma et al., 2019;
van der Poel et al., 2019). TSPO is known to be upregulated
in activated glia and macrophages but until now, there has
been uncertainty as to the functional nature of the cells de-
tectable by TSPO-PET imaging in multiple sclerosis brain.
Given the plethora of the different glial cell phenotypes
under diverse CNS pathological conditions, a PET

radioligand will always fall short in comprehensively captur-
ing the features of glial pathology associated with neuroaxo-
nal damage. Importantly, the present study confirms that
increased TSPO-binding is an undesired phenomenon, which
predicts more rapid multiple sclerosis disease progression.
The first-generation TSPO ligand ''C-PK11195 is the
most used radioligand to measure neuroinflammation
in vivo (Hogel et al., 2018; Guilarte, 2019). Attempts for
improved signal-to-noise radioligand properties led to devel-
opment of second-generation TSPO ligands, which have
their drawbacks, such as genetic polymorphism leading to
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Figure 2 ''C-PKI1195 DVR values in multiple sclerosis patients with or without progression during follow-up. Innate immune
cell activation was higher both in the NAWM (A) and in the perilesional NAWM (B) in patients who experienced disease progression, compared
to those who did not progress, during an average follow-up of 4 years. In other regions of interest, no differences between disease progression
and baseline innate immune cell activation was observed (B—F). Wilcoxon rank-sum test was used for statistical analysis. GM = grey matter.

variability in binding affinity between individuals (Owen
et al., 2012). Fortunately, the present work, and several ear-
lier studies confirm that ''C-PK11195, despite its shortcom-
ings, can be reliably used to address the ongoing diffuse
CNS pathological processes related to multiple sclerosis pro-
gression. This can be achieved with careful image acquisition
with a high resolution PET camera, and with well validated
post-processing and image analysis (Turkheimer et al., 2007;

Politis et al., 2012; Giannetti et al., 2014; Rissanen et al.,
2014, 2018; Sucksdorff et al., 2019). In accordance to ear-
lier neuropathological studies (Kutzelnigg et al., 2005), our
PET imaging results confirm increased innate immune cell
activation both diffusively in the NAWM and in the perile-
sional area, and activation in both of these regions of inter-
est is associated with later disease progression. While
perilesional NAWM TSPO binding was the strongest
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Figure 3 ''C-PKI11195 DVR values in multiple sclerosis patients with no relapses and with or without progression during fol-
low-up. Innate immune cell activation was higher both in the NAWM (A) and in the perilesional NAWM (B) in patients who experienced disease
progression, compared to those who did not progress. In other regions of interest, no differences between disease progression and baseline in-
nate immune cell activation was observed (B—F). Wilcoxon rank-sum test was used. GM = grey matter.

predictor in the statistical model in the silent progression in-
dependent of relapse activity group, and was thus left in the
model, it is worth noting that had perilesional NAWM been
replaced with NAWM, the TSPO-binding in the NAWM
would also have been a significant predictor in the model
(P =0.023, data not shown).

Despite the promising results of the present study it must
be kept in mind that because of technical challenges and

radiation exposure, TSPO-PET is not a widely usable bio-
marker in clinical practice, and there is therefore a clear
need for biomarkers that relate to innate immune cell activa-
tion, but are more easily measurable. Previous attempts to
predict multiple sclerosis progression include studies using
conventional MRI and blood soluble biomarkers (Goodin,
20065 Fisniku et al., 2008; Kearney et al., 2014; Soelberg
Sorensen and Sellebjerg, 2016; Healy e al., 2017; Barro



3326 | BRAIN 2020: 143; 3318-3330

A P =0.007
i 0.031 .
e
£
3 0.02
]
> .
=
o ]
‘» 0.011
L
'—' *
0.00 A
n =49 n =20
No progression  Progression
C
P=0.12 .
1400
@
E
=2
g 12001
£
o
m
1000
800 - n 2.49 n 2.20
No progression  Progression
E
. P =0.18 !
™y .
T
o 0.351
£
=
S
s 0.301
(G}
™
L
5 0.251
(8]
n =49 n=20

No progression  Progression

M. Sucksdorff et al.

0.06 1
B P =0.018
Iy
e
o 0.041 .
E
2
<]
>
S 0.02-
wn
2
iy
0.00 1
n =49 n=20
No progression Progression
o P=06
E f
e
£ 04
2
<]
>
s
<
Z  0.31
>
<]
=
=
n =49 n =20
No progression  Progression
F P =043
& 0.012
o
E
2
$ 0.010
w
=
E
n
£ 0.008 -
=
[ ]
n=49 n=20

No progression  Progression

Figure 4 Baseline conventional MRI lesion load and brain volume measurements in multiple sclerosis patients with or without
progression during follow-up. T, and T, lesion load at baseline imaging was higher in patients who experienced disease progression,
compared to those who did not progress (A and B). There were no differences in brain volume variables between the groups (C—F). Wilcoxon

rank-sum test was used. GM = grey matter; PF = parenchymal fractions.

et al., 2018; Bhan et al., 2018; Varhaug et al., 2018; Ferraro
et al., 2019). An association between conventional MRI
findings and subsequent disease progression has been dem-
onstrated. Here, brain and upper cervical spinal cord atro-
phy rate and T, lesion volume were the most notable
predictors of later progression (Bermel and Bakshi, 2006;
Goodin, 2006; Bar-Zohar et al., 2008; Fisniku et al., 2008;
Popescu et al., 2013; De Stefano et al., 2014; Jacobsen et al.,

2014; Kearney et al., 2014; Wattjes et al., 2015; Zivadinov
et al., 2016; Healy et al., 2017; Casserly et al., 2018;
Tsagkas et al., 2018; Andelova et al., 2019). Moreover, a re-
cent study showed an association between ‘atrophied brain
T2 lesion volume’ and later disability progression (Genovese
et al., 2019), making this quantitative measurement a prom-
ising tool for predicting future disease progression
(Zivadinov et al., 2018). Neurofilament concentration in
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Figure 5 Baseline conventional MRl lesion load and brain volume measurements in multiple sclerosis patients with no relapses
and with or without progression during follow-up. There were no statistically significant differences on the conventional MRI volumetric
measurements. Wilcoxon rank-sum test was used. GM = grey matter; PF = parenchymal fractions.

blood has similarly been demonstrated as a biomarker for
predicting multiple sclerosis progression (Barro et al., 2018).
A recent MRI study sought to detect chronic lesion rims
with paramagnetic properties, interpreted as presence of
iron-containing activated pro-inflammatory microglial cells
at the chronic lesion rim (Absinta ef al., 2019). In this study,
a higher number of rim-active (rim +) chronic lesions associ-
ated with earlier and more severe past disability accrual. No
prospective analysis of later disability progression following

the detection of rim+ lesions was however performed
(Absinta et al., 2019). In the present study, no association
was identified between greater T; or T, lesion load or brain
atrophy at baseline, and disability progression during the
4-year follow-up. This may be due to the smaller patient co-
hort and/or shorter follow-up of the patients compared to
the other thus far reported studies (Fisniku et al., 2008;
Popescu et al., 2013; Jacobsen et al., 2014; Kearney et al.,
2014).
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Figure 6 Receiver operating characteristic curves with
AUC values based on the predictions from the logistic re-
gression models using leave-one-out cross validation. (A)
The logistic regression model for the whole multiple sclerosis co-
hort (n=69) predicted correctly progression in |1/20 patients
(sensitivity = 55%) and no progression in 44/49 patients (specificity
= 90%). (B) The logistic regression model for the cohort without
any relapses (n=51) predicted correctly progression in 6/11
patients (sensitivity = 55%) and no progression in 38/40 patients
(specificity = 95%).

There are some limitations to our study. The variety of
treatments clearly pose a significant confounding factor for
evaluation of disease worsening in a real-world setting. In
our study, we attempted to carefully control for the con-
founding effects of the treatments in the regression model.
Due to the semi-automated method for identification of
lesions and peri-lesional NAWM areas, we could not investi-
gate the impact of individual lesions on disease progression,
but instead used regions of interest encompassing all lesions
or the entire perilesional area. In future studies it will be im-
portant to address also the impact of individual chronic ac-
tive lesions on disease progression. Another limitation is that
the study focuses on brain white matter changes, and has
limited information on spinal cord abnormalities or focal
grey matter lesions, which are also known to have a signifi-
cant effect on disability measurement outcomes (Lukas
et al., 2013; Harrison et al., 2015).

M. Sucksdorff et al.

To conclude, innate immune cell activation is a critical
pathological element contributing to disease progression.
Our study is, to our knowledge, the first to demonstrate that
higher TSPO binding predicts greater clinical disability.
Because of high inter-individual variability in multiple scler-
osis clinical course and severity, it is a highly attractive pro-
spect to be able to predict which patients have the greatest
likelihood of experiencing progressive disability in the near
future. It would enable more individualized care in the clinic-
al setting if treatments aiming to slow down progression
could be given to a patient population with greatest likeli-
hood of progression. In addition, in clinical trials of progres-
sive disease it would allow more appropriate selection of
patients, and would thus improve the success rate of the tri-
als. TSPO-PET imaging has already been applied in treat-
ment trials of neurological disease as an outcome measure
(e.g. NCT02481674), but to our knowledge it has not yet
been used to enrich the targeted patient population.
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