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Abstract

Background PET imaging of activated microglia has improved our understanding of the pathology behind disability
progression in MS, and pro-inflammatory microglia at‘smoldering’lesion rims have been implicated as drivers of
disability progression. The P2X R is upregulated in the cellular membranes of activated microglia. A single-tissue
dual-input model was applied to quantify P2X R binding in the normal appearing white matter, perilesional areas and
thalamus among progressive MS patients, healthy controls and newly diagnosed relapsing MS patients.

Results Overall, tracer uptake in the MS brain was not significantly higher compared to HCs. In the 3 mm perilesional
rim of all T1 lesions, tracer binding was higher among relapsing patients compared to progressive patients. Tracer
binding was higher in males compared to females. Disease duration correlated with tracer binding in the normal
appearing white matter. Age correlated negatively with tracer binding in the perilesional rims.

Conclusions Even as binding estimates obtained with the dual-input model were consistent with the expected
distribution of P2X,Rs in the MS brain, the small free fraction of the parent tracer may limit its accuracy and
applicability, and binding estimates between subjects were highly variable. Conclusive evidence for the applicability
of ['"CISMW139 to detect MS-related diffuse smoldering inflammation was not obtained.
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Background

During the last two decades, extensive use of 18-kDa
translocator protein positron emission tomography
(TSPO-PET) [1] in in vivo imaging of activated microg-
lia [2] has improved our understanding of the pathology
behind disability progression [3-5] and treatment out-
comes [6-9] in multiple sclerosis (MS). The translational
applicability of this method is somewhat limited by its
inability to distinctly differentiate between pro-inflam-
matory and anti-inflammatory phenotypes of activated
microglia [10]. Activation of pro-inflammatory microg-
lia at ‘smoldering’ lesion rims has been implicated as a
driver of disability progression in MS [11, 12].

The adenosine triphosphate -gated cation channel
receptor (P2X,R) is upregulated in the cellular mem-
branes of activated microglia [13] and has been identified
as a potential therapeutic [14] and imaging target [10] in
neurodegenerative disease, which offers improved speci-
ficity towards microglia that are in the pro-inflammatory
end of the phenotype spectrum. The P2X R activates the
inflammasome, and results in pro-inflammatory inter-
leukin release and proliferation of activated microglia
[13, 15]. Compared to non-stimulated and homeostatic
microglia in vitro, microglia polarized into an inflamma-
tory phenotype over-express the P2X R 5-folds, whereas
a mere 1.5-fold difference is seen in TSPO expression
[10]. In rodents, bacterial lipopolysaccharide —induced
neuroinflammation leads to significant brain uptake of
P2X - R-specific radiotracers [16, 17], and uptake is also
high at the peak of the MS disease model experimental
autoimmune encephalitis (EAE) [18]. While also found
on neurons and other glial cells, P2XX R signaling is pri-
marily associated with activated inflammatory microglia
[14, 19].

SMW139 is a potent antagonist (Ki 32 nM) of the
P2X-R [20]. A mouse biodistribution study with radio-
labeled [1!C]SMW139 demonstrated rapid brain uptake
and clearance via liver metabolism: brain standardized
uptake values decreased approximately 80-90% fom
5 min to 45 min post injection (p.i.) [21]. According to
Akaike information criterion (AIC) [22], a reversible
90-minute two-tissue compartment model (2TCM) with
a blood volume parameter provided the best fit for ['!C]
SMW139 kinetics in a first in man study. Increased vol-
umes of distribution (V) were observed among MS
patients compared to healthy controls throughout the
cerebral white matter, cortical grey matter (cGM) and
deep gray matter (dGM) including the thalamus [23].

However, the specific tissue compartment of [!'C]
SMW139 is small [23], and rapid metabolism results in
a significant fraction of activity from brain-penetrant
radiometabolites [21, 24, 25]. It is debatable whether a
single-input 2TCM improves the fit by correcting for
unspecific radiometabolite activity, rather than providing
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an accurate estimate of specific parent tracer binding.
To address this, Aarnio et al. [24] utilized a rapid analy-
sis method, which combines thin-layer chromatogra-
phy with digital autoradiography for the parent fraction
analysis. It was concluded that a dual-input (DI) function
improves the quantification of specific [''C]SMW139
binding [25].

In the current study we applied a single tissue com-
partment dual-input (1TDI) model to obtain estimates
for the ratios of parent tracer rate constants between the
blood compartment and the tissue compartment (klp/
k2p; Vp . Vi parent)- We also aimed to further vali-
date [M'C]SMW139 for MS studies by imaging progres-
sive MS (PMS) patients with longer disease duration and
no recent disease activity, and compared tracer binding
in the normal appearing white matter (NAWM), perile-
sional areas and the thalamus to healthy controls, and
to newly diagnosed relapsing MS (RMS). We also tested
whether tracer uptake is increased around MS lesions by
comparing perilesional V to lesional and NAWM V.

Methods

Subjects and procedures

The study was performed at the Turku PET Centre.
Recruitment took place at the Turku University Hospital
Neurocenter between Feb 2019 and Jun 2022. Inclusion
criteria for all MS patients included a confirmed diagno-
sis according to the 2017 McDonald criteria and a writ-
ten informed consent. Additional requirements were at
least one Gd+lesion of at least 0.5 cm in diameter, and a
clinical diagnosis of secondary progression for the RMS
and PMS cohorts, respectively. Key exclusion criteria
included pregnancy, claustrophobia, and other significant
central nervous system pathology besides MS. All MS
patients underwent baseline neurological assessments,
magnetic resonance imaging (MRI) and ["'C]SMW139
PET. Age matched healthy control subjects (HCs) were
imaged for comparison. The study protocol was approved
by the Ethics Committee of the Hospital District of
Southwest Finland. The study was conducted according
to the principles of the Declaration of Helsinki.

[""CISMW139 production and PET

Irradiations were performed with a TR-19 (ACSI, Rich-
mond, Canada) cyclotron to produce the carbon-11
radioisotope according to previously described proce-
dures [8]. The complete synthesis procedure of ['!C]
SMW139 at the Radiopharmaceutical Chemistry Labora-
tory of Turku PET Centre is described in the supplemen-
tary material of Aarnio et al. 2022 [24].

A ninety-minute dynamic PET scan was acquired for
each subject with a high-resolution research tomograph
(HRRT; Siemens Medical Solutions, Knoxville, TN,
USA). The mean (SD) injected specific activity and mass
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of [MIC]SMW139 were 95 (88) MBg/nmol and 2.7 (1.7)
ug, respectively. The mean (SD) injected dose of radio-
activity was 402 (12.2) MBq, 404 (13.5) MBq and 404
(10.7) MBq in the RMS, PMS and HC groups, respec-
tively. List mode data was histogrammed into 21 time-
frames (3x5s, 3%x10s, 4x60s, 2Xx150s, 2x300s, 7 x600s)
and reconstructed using an OP-OSEM3D algorithm
with 16 subsets and 10 iterations and with point spread
function modelling [26] to reduce the partial volume
effect. Reconstructed images were post-processed with a
2.5 mm FWHM (full width at half maximum) Gaussian
filter.

Arterial blood sampling and PET modelling

A hematocrit sample was drawn within 1 h before PET
imaging. An automated blood pump (ABSS, Allogg AB,
Mariefred, Sweden) running at 60 rpm (6 mL/min) was
used to obtain a continuous arterial blood time activity
curve (TAC) from 0 to 5 min p.i., and manual arterial
blood sampling ensued at 5, 10, 20, 40, 60, 75 and 90 min
p.i. Arterial plasma activity were then converted to whole
blood with individual plasma-to-blood ratio curves.
Next, input curves for PET modelling were estimated by
fitting the parent fraction with a monoexponential func-
tion f(x) = (A-B)e" ™ + B, where A=1, B>=0, C>0, and
multiplied with the arterial plasma data to obtain metab-
olite corrected arterial input TACs. The resulting curves
were subtracted from the uncorrected plasma input
curves to obtain the TACs corresponding to the radioac-
tive metabolites in plasma. The differences in appearance
times of radioactivity between PET and plasma, whole
blood and metabolite TACs were corrected by first esti-
mating the delay of the arterial plasma input TAC, which
produced the best fit of two-tissue compartment model
to whole brain TAC, and then shifting all other input
TACs accordingly. Cerebral blood volume was fixed to
5% in all tested models.

The 1TDI model was fitted with five parameters (Vg,
Kp Kyp Kim Konis P=parent, M=metabolite). The distri-
bution volume of [!C]SMW139 was estimated with the
ratio of rate constants of the intact parent tracer between
the plasma compartment and the combined tissue com-
partment; K;p/K,p (Vipp). Additionally, tracer binding
was quantified with the total volume of distribution V-,
of a reversible 2TCM, where the model was fitted with
five parameters (Vg, K, K,, K;, K,) and where Vi, =
K, /Ky(1+K4/K,). The modelling was carried out with in
house software (fitk2di and fitk4; http://www.turkupetce
ntre.net/programs/doc/).

Parent fraction and plasma protein binding of the parent
tracer and its radiometabolites

Arterial blood samples were drawn at 0, 5, 10, 20, 40,
60 and 90 min p.i. and the plasma was separated by
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centrifugation (4 °C, 2118 g, 5 min). The plasma proteins
were precipitated by adding 700 pL of acetonitrile to 500
uL of plasma, vortexing and centrifuging (3370 g, 3 min).
The protein free supernatant was analyzed with high-per-
formance liquid chromatography (HPLC) using a method
described in the supplementary material of Brumberg et
al. [25] to obtain fractions of intact ["'\C]SMW139 and its
radioactive metabolites for correcting the plasma TAC.
A radioactive standard was prepared by spiking the time
point 0 plasma supernatant with [1*C]SMW139 in order
to analyze the correct peak of the chromatograms to cor-
respond to the parent.

Parent and radiometabolite binding to plasma proteins
was analyzed for a subset of subjects from blood samples
drawn prior to [''C]SMW139 injection and from 20 min
p.i. From the time point 0 plasma drawn for in vitro pro-
tein binding analysis, 1 mL was frozen for later duplicate
analysis. The in vitro plasma and in vivo 20 min parent
fraction analysis plasma samples were used to analyze
parent and radiometabolite plasma protein binding with
separate ultrafiltration membrane corrections.

MRI and PET image processing and analysis

A 3T MRI (Philips Ingenia/Philips Ingenuity, Best, The
Netherlands) was acquired for all study participants with
T1, T2, FLAIR, 3DT1, and gadolinium-enhanced T1. The
dynamic PET images were smoothed, realigned, and co-
registered using statistical parametric mapping (SPM12;
Wellcome Trust Center for Neuroimaging, London, UK)
according to a previously described procedure [6]. The
images were resliced to match the 1-mm? voxel size of
the MRI images.

The Lesion Segmentation Toolbox (LST) [27] was used
in SPM to create FLAIR masks, which were manually
edited to correspond to chronic T1 lesions to create T1
masks following a previously described procedure [8].
Perilesional masks were created by dilating the lesion
mask by 3 mm, and then subtracting the core image from
the dilated image. Separate masks were created for the
Gd+lesions. NAWM masks were created for each sub-
ject by subtracting edited FLAIR lesion masks from seg-
mented white matter. Finally, T1 images were filled with
the T1 masks by employing the lesion filling tool of LST
in SPM. The filled T1 image was used to segment whole-
brain volume (BV) and volumes of different brain areas
with FreeSurfer (https://surfer.nmr.mgh.harvard.edu/)
for PET assessments.

Statistical analysis

The statistical analysis was performed with SPSS 28.0
(IBM Corp., Armonk, NY, USA). Figures were created
with Prism 10.1.2 (GraphPad software Inc. La Jolla, CA,
USA). Group level means of V estimates across differ-
ent brain areas were compared between MS patients and
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HCs, and between PMS and RMS with Student’s t-test.
Among MS patients, Group level means of Vi esti-
mates were compared between the T1 lesion masks, the
3 mm perilesional rim masks, and the NAWM masks
with paired t-tests. Normality of the data was confirmed
with the Shapiro-Wilk test. Linear correlations between
V. estimates, lesion volume, BV, thalamus volume, and
demographic variables were measured with the Pear-
son correlation coefficient. The effects of disease dura-
tion and BV on V| were estimated with multiple linear
regression. All tests were two-tailed, and the alpha was
set to 0.05 for all analyses with no correction for multiple
comparisons.

Results

Study subject demographics and other baseline
characteristics

26 subjects underwent the study procedures and the final
analyzed cohorts consisted of 15 MS patients (n=6 for
RMS, n=9 for PMS) and 9 HCs. 2 subjects (1 PMS and
1 HC) were excluded from the analysis due to techni-
cal issues during the PET visits. All RMS patients were
enrolled <0.5 years (mean 0.12 years, SD 0.06) from diag-
nosis and PET imaged with ['!C]SMW 139 approximately
4 months thereafter. PMS patients were imaged>10
years (mean 16.9 years, SD 4.3) from diagnosis imme-
diately after inclusion. Compared to patients with MS,
the HCs were of comparable age [mean (SD) 47,5 (10.1)
vs. 49.6 (14.5) years, p=0.479, respectively]. Compared
to the RMS patients, the PMS cohort had a signifi-
cantly higher EDSS (median 2.0 vs. 6.0, mean 2.5 vs. 5.1,
p=0.005, respectively), and the two patient cohorts were

Table 1 MRI variables and [''CISMW139 V45, (0-60 min)
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of comparable age [mean (SD) 45.0 (11.7) vs. 49.2 (9.3)
years, p=0.712, respectively]. The male to female (M/F)
ratio was unequal between all cohorts but comparable
between all MS and HCs: 6/3 (33% F), 9/6 (40% F), 4/5
(56% F) and 5/1 (17% F) for HCs, MS, PMS and RMS,
respectively. At the time of PET imaging, two patients
in the RMS cohort had started treatment with i.v. natali-
zumab, 1 patient had received a single dose of i.v ocreli-
zumab, and 3 patients had received a single i.v. dose of
rituximab. Three PMS patients were treated with ritux-
imab, one with natalizumab, and one with fingolimod.
MS lesion loads and other imaging characteristics are
displayed in Table 1.

Parent fraction and protein binding of [''CISMW139

The plasma parent fraction decreased steadily down to
approximately 45% over the course of the 90 min sam-
pling time. The mean parent fraction in the PMS group
was indicative of slightly faster metabolism, while metab-
olism of [M'C]SMW139 was non-significantly slower
among the RMS and HC groups (Fig. 1).

The plasma protein binding analysis of frozen and fresh
plasma samples yielded similar results. The mean (SD)
parent free fraction (free parent over all parent in plasma,
£5/p) of ['CISMW 139 was 0.013 (0.004) and 0.013 (0.002)
(n=11 for both) for fresh and frozen samples, respec-
tively, and 0.010 (0.004) (n=9) for the in vivo 20 min
sample. The mean (SD) fraction of free radiometabolites
over all radiometabolites was 0.425 (0.132) and the frac-
tion of free radiometabolites over all free radioactivity
in plasma was 0.88 (0.06) at 20 min. The mean f;,, was

n Min. Max. Mean SD p
Brain Volume (cm?) HC 9 939.20 1267.21 1148.24 109.16 0.665*
Brain Volume (cm?) RMS [§ 1069.40 1231.09 1172.81 61.34 0.276**
Brain Volume (cm?) PMS 9 814.63 1347.18 1055.53 173.10
T1 lesion volume (cm?) RMS 6 212 48.17 17.21 1845 0.940**
T1 lesion volume (cm?) PMS 9 262 4414 16.60 12.57
Number of Gd +lesions RMS 6 1 20 833 797 NA
SMW V5, T1 lesions RMS 6 0.09 0.14 0.1 0.02 0.194%*
SMW Vp, T1 lesions PMS 9 0.02 0.12 0.09 0.03
SMW Vg, 3 mm rim RMS 6 0.11 0.15 0.12 0.02 0.113**
SMW V5, 3 mm rim PMS 9 0.03 0.14 0.10 0.03
SMW Vp, Thalamus HC 9 003 032 0.13 0.09 0.723*
SMW Vp, Thalamus RMS 6 0.10 0.19 0.14 0.03 0.071**
SMW V+p, Thalamus PMS 9 0.04 0.16 0.11 0.04
SMW V-, NAWM HC 9 0.04 0.16 0.11 0.04 0.962*
SMW Vo, NAWM RMS 6 0.09 014 0.12 002 0.121%
SMW Vo, NAWM PMS 9 0.04 0.14 0.10 0.03

*For the comparison all MS vs. HC
**For the comparison RMS vs. PMS

V1p = dual-input distribution volume of parent tracer (K,p/K,p). 3 mm rim=T1 perilesional 3 mm rim. NAWM=Normal appearing white matter. HC=Healthy control.

RMS=Relapsing MS. PMS=Progressive MS



Lehto et al. EINMMI Research (2024) 14:123

Parent fraction -~ HC
100~ —— RMS
- - PMS
X 80
5
5 60
o
g
S 404
c
§
S 204
0 I I I I 1 I I 1 1
0 10 20 30 40 50 60 70 80 90

Time (min)

Fig. 1 The mean percentages of unchanged [''C] SMW139 of the total ra-
dioactivity in the plasma samples (parent fraction) of the healthy controls
(HQ), relapsing MS (RMS) and progressive MS (PMS)
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Fig.2 [11 CJSWM139 V+p, (0-60 min) in the normal appearing white mat-
ter NAWM), thalamus, cortical gray matter (cGM) and T1 perilesional 3 mm
rim (3 mm rim) among healthy controls (HC), relapsing MS (RMS) and pro-
gressive MS (PMS)

0.0138 (n=3), 0.0096 (n=5) and 0.0093 (#n=3) for HCs,
PMS and RMS, respectively.

PET modelling

According to visual inspection (Supplement 1), AIC and
logarithm of mean residual sum of squares (log (1/n)
(model — data)?, where n=no. data points) (Supplement
2), both tested models fitted the data well. Coefficients of
variation (CoV) of V| estimates were substantially higher
with the 2TCM (Supplement 2). Compared to HCs,
the overall performance of 1TDI was better among MS
patients, and 0—40 min and 0-60 min performed simi-
larly according to AIC (Supplement 3). Finally, 0-60 min
data was chosen for the primary analyses based on mar-
ginally lower CoV compared to 0-40 min and 0-90 min
(Supplement 2-3). Additional exploratory analyses
were performed with 0-40 min and 0-90 min data for
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Fig. 3 T1 perilesional 3 mm rim and normal appearing white matter
(NAWM) among relapsing MS (RMS) and progressive MS (PMS). *p =0.049

the 1TDI and 2TCM models, respectively. V| estimates
from thalamus (R=0.800, p<0.001) and cGM (R=0.630,
p<0.001) correlated significantly between the models
(0—-60 min 1TDI and 0-90 min 2TCM), while estimates
from NAWM (R=0.158, p=0.461) and lesional or perile-
sional (R=-0.04, p=0.888) white matter did not.

['"CISMW139 binding in RMS and PMS patients compared
to healthy control subjects

Compared to healthy controls, whole-brain, NAWM,
thalamic and cGM uptake of [M!C]SMW139 was similar
in MS patients (n=15) at group level. After explorative
correction for group level mean fyp (Vyp / fpp), mean
(SD) NAWM Vp; was significantly higher among all MS
compared to HCs [11.15 (3.09) vs. 7.69 (2.80), p=0.012,
respectively].

Vip; estimates were somewhat higher in the RMS
cohort compared to PMS and HCs, but the differences
were not statistically significant (Table 1; Fig. 2). In the
3 mm perilesional rim of all T1 lesions, the mean (SD)
Vopr was 0.123 (0.02) vs. 0.097 (0.03) (p=0.113) in the
RMS and PMS cohorts, respectively. Exploratory analy-
sis with 0—40 min data revealed a significant difference
between the two groups [Fig. 3.133 (0.02) vs. 0.101 (0.03),
p=0.049, respectively]. The 2TCM yielded no significant
differences between the groups, when all MS was com-
pared to HCs (Supplement 4), or when RMS was com-
pared to PMS (Supplement 5).

Exploratory analysis of [''CISMW139 binding in MS lesions
compared with NAWM and the perilesional areas

Compared to MS lesion core areas, Vp; estimates were
significantly higher in the NAWM and perilesional 3 mm
rims among all MS patients (Table 2; Fig. 4). Analyzed
separately, perilesional tracer uptake was significantly
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Table 2 Lesional, perilesional and NAWM [''CISMW139 Vyp,

Comparison Mean SD P

3 mm rim -T1 lesions MS 0.0123 0.0140 0.004
3 mm rim - NAWM MS 0.0017 0.0124 0611

NAWM MS -T1 lesions MS 0.0106 0.0176 0.034
3 mm rim -T1 lesions PMS 0.0097 0.0144 0.078
3 mm rim - NAWM PMS 0.0007 0.0136 0.879
NAWM PMS -T1 lesions PMS 0.0090 0.0178 0.170
3 mm rim -T1 lesions RMS 0.0162 0.0138 0.034
3 mm rim - NAWM RMS 0.0031 00114 0.536
NAWM RMS -T1 lesions RMS 0.0131 0.0185 0.143
Gd+T1 lesions - T1 lesions RMS 0.0067 0.0138 0403
Gd+3 mm rim =3 mm rim RMS 0.0164 0.0510 0.623

3 mm rim=T1 perilesional 3 mm rim, NAWM=Normal appearing white matter
RMS=Relapsing MS. PMS=Progressive MS
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Fig.4 [11 CJSWM139V+p, in the 3 mm perilesional rims, normal appearing
white matter (NAWM) and T1 lesions among relapsing MS (RMS), progres-
sive MS (PMS) and all MS. *p <0.05 (Table 2 for pairwise comparisons)

higher compared to lesions among RMS patients, but
not among PMS patients. Vp; estimates within the
Gd+lesions and in the 3 mm rim around Gd+lesions
were not significantly higher compared to all RMS T1
lesions and the perilesional 3 mm area in general, respec-
tively (Table 2). Lesional V1, estimates were significantly
higher compared to the NAWM and the perilesional area
among all MS patients. (Supplement 6).

Exploratory analysis of [''CISMW139 binding in relation to
demographic characteristics and MRI variables

Age correlated negatively with Vpp; in the 3 mm perile-
sional area among all MS patients (R= -0.558, p=0.031;
Fig. 5B), and non-significantly with NAWM Vp; (R=
-0.465, p=0.081), but no correlation with NAWM V.,
was seen among all subjects (n=24, R=0.024, p=0.91).
Among all MS patients or among RMS or PMS, Vi p,
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estimates did not correlate with EDSS (results not
shown). Among PMS patients, time from diagnosis cor-
related with NAWM V1, (Fig. 5). Of note, BV or age did
not correlate with disease duration among PMS patients
(R= -0.259, p=0.501 and R= -0.350, p=0.365, respec-
tively). Among all subjects, Vp; estimates in the NAWM
correlated with BV, and the same was true for the 3 mm
perilesional rim among all MS (Fig. 5).

Among PMS with NAWM V[, as the dependent vari-
able, both disease duration (3=0.561, t=2.603, p=0.041)
and BV (p=0.547, t=2.536, p=0.044) added significantly
to the prediction (R?*=0.855, F(2,6)=8.166, p=0.019).
Vp; in the perilesional area or NAWM did not correlate
with overall T1 lesion volume (results not shown). No
significant correlations with V., estimates and demo-
graphic variables or brain or lesion volume were found
with the 2TCM model. Vi estimates and BV were
significantly higher among male subjects compared to
females across all examined brain areas. The two groups
were of similar age and EDSS, and lesion volumes were
comparable, but the time from diagnosis among female
subjects was somewhat longer (p>0.05, Supplement 7).
The correlation of NAWM Vi, with BV was abolished
(R=0.076, p=0.791), when all male subjects (n=15) were
analyzed separately.

Discussion

Even though uptake in the 3 mm perilesional rims of T1
lesions suggested in vivo sensitivity towards activated
microglia in MS, tracer uptake in this cohort of MS
patients was not significantly higher compared to HCs.
Exploratory analyses indicated increased tracer bind-
ing in the NAWM among subjects with longer disease
duration, which is consistent with previous MS imaging
studies indicating diffuse activation of microglia in the
NAWM as MS progresses [4, 12], but this finding is to
be interpreted with caution. Despite high affinity of ['!C]
SMW 139 for inflammatory microglia [10], the wide range
of P2X,R-expression across different neural and cellu-
lar targets [28] may have influenced the highly variable
binding estimates, and reduced accuracy with regards to
inflammatory microglia.

Hagens and colleagues reported somewhat improved
single-input 2TCM fits with longer p.i. time and, due to
unreliable estimation of the disassociation rate (k4) in
smaller regions of interest (ROIs), by binding k4 to the
whole-brain value [23]. Even as all kinetic parameters
were fitted with the 2TCM in the present study, higher
Vor inside MS lesions compared to the surrounding
white matter (Supplement 6) was consistent with previ-
ously published findings [23], where a discrepancy with
lesional binding potential estimates was also observed. In
the present study, thalamic and cGM V estimates corre-
lated moderately and strongly between 1TDI and 2TCM,
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Fig.5 Vqp, in the normal appearing white matter (NAWM) among progressive MS (PMS) correlated with disease duration (A; R=0.666, p=0.05). V1, in the
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R=0.577, p=0.003). V1p, in the T1 perilesional 3 mm rim among all MS correlated with brain volume (D; R=0.734, p=0.002)

respectively, while WM estimates did not. Consider-
ing the above, it is deemed likely that two-compartment
models improve AIC with [M'C]SMW 139 by fitting radio-
metabolite build-up between the tissue compartments,
and this effect is accentuated with longer fits. A strong
correlation between the 1TDI and 2TCM was seen in the
c¢GM, an area with a relatively scarce distribution of acti-
vated microglia in MS [29].

In addition, Brumberg and colleagues reported mark-
edly superior 2TDI AIC only in the cGM, whereas the
1TDI was associated with robust fits across all examined
regions, and with somewhat lower %SE [25]. A 2TDI
model does not reliably fit in all cases and smaller regions
of interest with [!C]SMW139, while the 1TDI could be
more sensitive to inaccuracies in plasma input data. The
locus of interest [7, 30-32] in MS brain imaging is pri-
marily in the NAWM, where the 1TDI performed signifi-
cantly better in the present study compared to previous
GM fits [25] according to AIC, and in small perilesional
WM regions, where estimates may also be affected by the
partial volume effect. Based on the above, 1TDI was cho-
sen for the primary analysis. In addition to CoV and AIC,
the 0-60 min fit was preferred based on the theoretically
reduced effect of radioactive metabolites, while it was

also assumed that fits significantly below 60 min would
describe the data inadequately. Together with rapid tracer
metabolism, the 20-min half-life of carbon-11 reduces
the reliability estimates beyond 60 min p.i. even further.

Beyond pharmacokinetic considerations, a viable PET
model is expected to produce estimates of target engage-
ment that are in line with the known distribution of the
tracer’s cognate receptors. In MS, microglia-associ-
ated TSPO expression is concentrated to active lesions
and chronic lesion rims, and to a lesser extent chronic
lesion centers and the NAWM, while inactive lesions
and grey matter lesions are relatively devoid of microg-
lia. HLADR+inflammatory microglia are most abundant
at chronic lesion rims [29]. Similarly, P2X  R-expression
is more prominent in acute active lesions and chronic
active lesion rims [10]. Compared to chronic and chronic
active lesions, acute active MS lesions represent a small
fraction of overall lesion count [33, 34]. The fraction of
early active lesions declines rapidly, and has been esti-
mated to represent<5% of all lesios at 5-10 years after
disease onset [33].

Thus it was postulated that at group level, most spe-
cific binding of ["!C]SMW 139 in the WM of MS patients
would take place in the immediate area around T1
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lesions, and that lesional binding would decline after
the initial phase of the disease. In the current study, per-
ilesional binding was significantly higher than lesional
binding, but not significantly higher than NAWM bind-
ing. In the newly diagnosed cohort of RMS, perilesional
tracer binding was increased compared to PMS patients,
although it is acknowledged that the groups were not
sex-matched. Lesions that Gd-enhanced approximately 4
months prior to PET imaging did not exhibit significantly
higher tracer uptake, which indicates that disruption of
the blood brain barrier did not significantly affect perile-
sional binding estimates among RMS.

The free fraction of [M!'C]SMW139 was low, while
radiometabolites contributed significantly to over-
all radioactivity passing through the blood brain bar-
rier. 88% of the free radioactivity was due to circulating
radiometabolites at 20 min. Estimates obtained by using
protein binding to correct V. are susceptible to minor
errors in f,; analysis, and thus correcting for the group
level mean of the free parent was explored. This resulted
in a significantly higher mean free parent V| among MS
patients compared to HCs, but incomplete protein bind-
ing data precludes conclusions on group level differences
based on this sub-analysis. This approach should be con-
sidered in subsequent studies with ["'C]SMW139.

[MCISMW139 uptake was significantly increased in
male subjects compared to females, and the strong cor-
relation with BV was completely abolished when male
subjects were analyzed separately. A similar sex dispar-
ity in tracer uptake has been observed with the microglial
TSPO tracer [''C]PK11195 [35]. While it is acknowl-
edged that genetic polymorphism of the P2X_R is con-
siderable both between and within species [36], these
findings are in agreement with sex-dependent purinergic
receptor expression [37], and an inflammatory microglial
transcriptome in male mice [38].

Interestingly, MS disease duration correlated with
tracer uptake, and this correlation was not explained
by age or sex, as disease duration was somewhat longer
among females. Significant correlations with MS-related
disability and NAWM uptake of [''C]PK11195 have been
reported previously [3, 4]. Also considering the higher
uptake in RMS, lower tracer uptake in the perilesional
rims among older subjects suggests that P2X . R-signaling
may be significant at the early stages of chronic active
lesion formation. ['!C]SMW 139 uptake peaks at the early
stage of EAE [18].

Conclusions

No conclusive evidence for the applicability of [!!C]
SMW139 to detect MS-related smoldering inflammation
was obtained. Even though disease duration correlated
with tracer binding in the NAWM, overall tracer uptake
in the MS brain was not significantly higher compared
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to HCs. Age and sex are to be matched with a careful
emphasis when studies with this tracer are conducted.
Further information on the applicability of [''C]SMW139
PET in MS could be obtained by correlating the current
results with longitudinal clinical outcomes and progres-
sion-related biomarkers.

Abbreviations

TSPO 18-kDa translocator protein
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AIC Akaike information criterion

CoV Coefficient of variation

cGM Cortical grey matter
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Vo Distribution volume of parent [11 C]SMW139
DI Dual-input
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FWHM  Full width at half maximum
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MRI Magnetic resonance imaging
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