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Objective: In muItiFIe sclerosis (MS), using simultaneous magnetic resonance—positron emission tomography (MR-
PET) imaging with '"C-PBR28, we quantified expression of the 18kDa translocator protein (TSPO), a marker of acti-
vated microglia/macrophages, in cortex, cortical lesions, deep gray matter (GM), white matter (WM) lesions, and
normal-appearing WM (NAWM) to investigate the in vivo pathological and clinical relevance of neuroinflammation.
Methods: Fifteen secondary-progressive MS (SPMS) patients, 12 relapsing-remitting MS (RRMS) patients, and 14
matched healthy controls underwent ''C-PBR28 MR-PET. MS subjects underwent 7T T;-weighted imaging for cortical
lesion segmentation, and neurological and cognitive evaluation. ''C-PBR28 binding was measured using normalized
60- to 90-minute standardized uptake values and volume of distribution ratios.
Results: Relative to controls, MS subjects exhibited abnormally high "'C-PBR28 binding across the brain, the greatest
increases being in cortex and cortical lesions, thalamus, hippocampus, and NAWM. MS WM lesions showed relatively
modest TSPO increases. With the exception of cortical lesions, where TSPO expression was similar, "C-PBR28
uptake across the brain was greater in SPMS than in RRMS. In MS, increased '"C-PBR28 binding in cortex, deep
GM, and NAWM correlated with neurological disability and impaired cognitive performance; cortical thinning corre-
lated with increased thalamic TSPO levels.
Interpretation: In MS, neuroinflammation is present in the cortex, cortical lesions, deep GM, and NAWM, is closely
linked to poor clinical outcome, and is at least partly linked to neurodegeneration. Distinct inflammatory-mediated
factors may underlie accumulation of cortical and WM lesions. Quantification of TSPO levels in MS could prove to be
a sensitive tool for evaluating in vivo the inflammatory component of GM pathology, particularly in cortical lesions.
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emyelinated cortical lesions and diffuse cortical and The pathophysiological mechanisms leading to cor-
deep gray matter (GM) degeneration are established tical and deep GM degeneration in MS are unknown.
components of multdple sclerosis (MS) pathology, and Early neuropathological descriptions of MS cortical
major substrates of disease progression.' lesions  suggested that the histopathological and
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immunopathological characteristics of cortical demyelin-
ation differ significantly from those in white matter
(WM), based on the evidence that cortical lesions lacked
the inflammatory pattern typical of WM plaques.”> Sub-
sequent pathological examinations, however, suggested
that cortical MS lesions might develop following menin-
geal inflammation accompanied by cortical microglia
activation.®” The role of activated microglia in cortical
MS lesion pathogenesis is not without controversies, and
is not uniformly observed.® Nevertheless, postmortem
studies demonstrate that severe cortical microglia activa-
tion and demyelination are associated with a less favor-
able disease outcome.*™°

Activation of microglia/macrophages, associated
with demyelination and neurodegeneration, has been
pathologically observed in deep GM” and hippocampus
in MS,*? although their exact pathophysiologic role and
clinical implications remain unclear.

The in vivo study of microglia/macrophage activa-
tion in the cortex, particularly cortical lesions, and deep
GM could elucidate the role of neuroinflammation in
the pathogenesis of demyelination and neurodegeneration
of these structures, as they usually lack the blood-brain
barrier abnormalities commonly detected in WM lesions
using  gadolinium  magnetic
(MRI).'>'" " Additionally,
phages can be present even in the absence of the blood—

resonance  imaging

activated  microglia/macro-

brain barrier disruption seen on contrast-enhanced
MRI."?

Activated microglia/macrophages upregulate expres-
sion of the 18kDa translocator protein (TSPO), which
can be imaged in vivo by selective positron emission
tomography (PET) TSPO radioligands, of which e
PK11195 is the best known."> In MS, ''C-PK11195
studies have reported increased TSPO levels in the cor-
tex,'"* thalamus,"”> and central deep GM'®; however,
knowledge of microglia/macrophage activation in MS
cortical lesions is still lacking due to the low sensitivity
of clinical imaging tools to detect cortical demyelination.
Seven-tesla (7T) T;-weighted gradient-echo protocols
demonstrate increased sensitivity to in vivo visualization
of focal cortical lesions in MS, confirmed pathologically
to correspond to cortical areas with the greatest degree of
demyelination.'”'®

"'"C-PBR28 is a second-generation TSPO PET trac-
er'” with ~80 times more specific binding than ''C-
PK11195% and good reproducibility.”’ In experimental
studies, inflammation-induced  microglial  activation
determined ''C-PBR28 signal increase, confirmed patho-
logically to mainly result from microglia binding.**

We combined ''C-PBR28 imaging on an integrat-
ed 3T magnetic resonance (MR)-PET system with 7T

T5-weighted MRI to quantify, in a heterogeneous MS
cohort, microglia/macrophage activation in the (1) cor-
tex, particularly in cortical lesions segmented at 7T; and
(2) thalamus, basal ganglia, and hippocampus.

We investigated the relationship between ''C-
PBR28 uptake in the cortex and deep GM and neurolog-
ical disability, cognition, and structural MRI metrics of
neurodegeneration, to better understand the prevailing
effects of neuroinflammation in MS, whether mainly
harmful or beneficial. Finally, we quantified ''C-PBR28
uptake in lesional and normal-appearing WM (NAWM)
to investigate their MRI and clinical correlates, and to
assess whether similar levels of TSPO expression could
be detected in lesional tissue in the cortex and WM.

Subjects and Methods
Subjects

The institutional review board and the Radioactive Drug
Research Committee approved all study procedures, and sub-
jects gave written informed consent to participate in the study.

Twenty-seven MS subjects (15 secondary-progressive MS
[SPMS], 12 relapsing—remitting MS [RRMS]) were prospective-
ly enrolled from 33 MS subjects who were genotyped for the
TSPO gene Alal47Thr polymorphism, which predicts binding
affinity to ''C-PBR28.* Only high- and mixed-affinity binders
underwent subsequent study procedures. Fourteen age-matched
and TSPO affinity binding-matched healthy individuals were
included as controls. Inclusion criteria were: age between 18
and 65 years, a diagnosis of clinically definite MS, educa-
tion > 8 years, absence of clinical relapse within 3 months, no
use of corticosteroids within 1 month of study enrollment, and
being on stable disease-modifying treatment or no treatment for
at least 6 months. Exclusion criteria were: treatment with ben-
zodiazepines and blood thinners, general PET/MRI contraindi-
cations, and major medical and/or psychiatric disorders. In MS,
major depression was excluded using the Beck Depression
Inventory-II (cutoff score > 28).

In MS subjects, within 1 week from imaging procedures,
neurological disability was assessed using the Expanded Disabil-
ity Status Scale (EDSS),>* and cognitive performance with the
following tests: Symbol Digit Modalities Test (SDMT), Trail
Making Test (Trails A and B), California Verbal Learning Test—
IT (CVLI-II), Brief Visuospatial Memory Test—Revised (BVMT-
R), and Wisconsin Card Sorting Test—64 Card Version
(WCST). For each patient, a z score was calculated to assess
information-processing speed (average SDMT and Trails A z
scores), and executive (average WCST and Trails B z scores)
and memory (average CVLI-II and BVMT-R z scores)
functions.

Imaging Data Acquisition
All subjects underwent a 90-minute ""C-PBR28 MR-PET scan
on a Siemens (Erlangen, Germany) simultaneous MR-PET sys-

tem, BrainPET, a brain PET scanner operating in the bore of a
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3T whole-body MR system equipped with an 8-channel head
coil.?® The spatial resolution of the BrainPET (<3mm in the
center of the field of view) is superior to that of any other
whole-body PET scanner, because of the smaller size of scintilla-
tor crystals and of the scanner diameter, which minimizes the
noncolinearity effect.’® Within 1 week from MR-PET, 24 MS
subjects underwent 7T MRI on a Siemens scanner using a 32-
channel head coil. Three subjects were excluded due to the

presence of implants not approved for 7T.

MR-PET ACQUISITION. All participants received an intrave-
nous bolus injection of ''C-PBR28 produced in-house.”” The
mean = standard deviation (SD) administrated dose was 11.4 *
0.7mCi in MS and 11.7 = 0.5mCi in controls. PET data were
acquired in list-mode format during the 90-minute scan. In 15
MS subjects (10 SPMS, 5 RRMS) and 11 controls, blood data
were sampled from an arterial line during the 90-minute PET
acquisition (2ml every 6 seconds during the first 3 minutes and
at 5, 10, 20, 30, 60, and 90 minutes postinjection) to generate
an arterial plasma input function. Plasma metabolite analysis
was performed as previously outlined.”® In the remaining sub-
jects, blood data were not collected either because subjects pre-
ferred not to undergo arterial line placement (n=13) or
because an anesthesiologist was not available during PET
(n=2).

MRI scans acquired simultaneously during PET included:
(1) multiple gradient echo 3-dimensional (3D) magnetization-
prepared rapid acquisition (ME-MPRAGE) images (Imm iso-
tropic voxels)29 for cortical surface reconstruction, coregistration
to PET/7T data, segmentation of deep GM, and generation of
attenuation correction maps30; (2) conventional 3D fluid-
attenuated inversion recovery (FLAIR) images (Imm isotropic
voxels) for WM lesion segmentation; and (3) diffusion images
(60 diffusion-encoding directions, b value = 3,000s/mm?, 8 vol-
umes without diffusion weighting, 2.5mm isotropic voxels) for
assessing microstructural integrity in the pseudoreference region
used for normalizing PET data. In 9 patients, ME-MPRAGE
and FLAIR images were acquired after administration of a sin-
gle dose (0.1mmol/kg) of gadolinium.

7T MRI ACQUISITION. The 7T protocol included acquisition
of 2D fast low-angle shot-T7 spoiled single-echo and/or multie-
cho images covering the supratentorial brain
(0.33 X 0.33 X Imm° voxels, 25% gap) for cortical lesion seg-

. . . 1
mentation as previously detailed.'®

MRI Data Analysis

LESION SEGMENTATION. White matter lesions were seg-
mented on FLAIR images using a semiautomated method (3D
Slicer v4.2.0), and lesion volume was computed using FSL
(heep://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).

Using Slicer, 2 raters, blinded to patients’ demographic/
clinical data, segmented by consensus on 7T Tj-weighted mag-
nitude images (either from single-echo scans or, in those cases
with motion artifacts in single-echo scans, from an average

high-contrast image from multiecho acquisitions) (1) focal
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intracortical lesions and (2) leukocortical lesions, as previously
detailed,"® and defined as focal cortical hyperintensities extend-
ing over at least 3 voxels across 2 consecutive slices.

No foci of enhancement were observed in either WM or

GM in patients on postgadolinium scans during MR-PET.

CORTICAL AND SUBCORTICAL GM SEGMENTATION. Pial
and WM surface reconstruction and cortical thickness estima-
tion were performed using FreeSurfer (v5.3.0, http://surfer.nmr.
mgh.harvard.edu) on the 3D ME-MPRAGE volume, the rec-
ommended anatomical sequence for FreeSurfer.> Topological
defects in cortical surfaces due to lesions in WM and cortex
were corrected with lesion in-painting.

Automated segmentation of deep GM (thalamus, hippo-
campus, basal ganglia) was performed using FIRST/ESL, and
deep GM fractions were obtained by dividing each volume by
the total intracranial volume in FreeSurfer.

DIFFUSION IMAGING DATA. Diffusion MR images were
processed using FSL/FMRIB’s Diffusion Toolbox according to
the following steps: (1) alignment of all images in the series to
the first non—diffusion-weighted image using affine registration,
(2) eddy current correction, and (3) fitting of the diffusion ten-
sor model at each voxel. Mean diffusivity maps were obtained

in each subject.

Quantification of ''C-PBR28 Binding

In all subjects, ''C-PBR28 binding was assessed across brain
regions using standardized uptake values (SUV) normalized by
a pseudoreference region. In 15 MS and 11 controls, we also
quantified "C-PBR28 volume of distribution (Vi) using a 2-
tissue compartment model with a metabolite-corrected arterial

plasma curve as the input function.

"C-PBR28 SUV. In-house software was used to compute vox-
elwise, for each subject, SUV (mean radioactivity/injected dose/
weight) from the 60- to 90-minute postinjection data following
a 2-step process. A preliminary SUV image was created using
an attenuation correction map computed from the ME-
MPRAGE in its native space.30 To account for possible motion
between the time the ME-MPRAGE and the 60- to 90-minute
PET data were acquired, the ME-MPRAGE was coregistered to
this preliminary image using SPM8. The resulting transforma-
tion matrix was applied to move the attenuation map into the
final PET space. A final SUV map (sampled at 1.25mm isotro-
pic voxel size) was created using the new attenuation map, now
well registered to the 60- to 90-minute PET data. PET data
were reconstructed using 3D ordinary Poisson ordered-subset
expectation maximization —reconstruction, with corrections
applied for attenuation, scatter, random events, dead-time, sen-
sitivity, and normalization.

To account for global signal differences across subjects,
SUV maps were normalized by a pseudoreference region (nor-
malized SUV [SUVR]) with mean SUV in MS around the
mean of SUV in controls. Due to MS being a diffuse disease
that lacks an anatomically consistent reference region, we used

a cluster-based approach. Using FreeSurfer and FSL, we
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TABLE 1. Participants’ Demographic, Clinical, and MRI Characteristics

Characteristic Controls, All MS, SPMS, RRMS,
n=14 n=27 n=15 n=12

Demographics and clinical data

Gender, F/M 6/8 21/6 11/4 10/2

Age, yr, mean (SD) 48 (13) 48 (10) 52 (7) 43 (10)
HAB/MAB 717 16/11 10/5 6/6

EDSS, median [range] — 4 [1-7.5] 6.5 [2-7.5] 2 [1-6]
SDMT, mean (SD) — —0.4 (1.8) —1.4 (1.4) 0.9 (1.3)
Information processing, mean (SD) — —-0.9 (2.1) —-1.9 (1.9) 0.3 (1.8)
Executive function, mean (SD) — —1.3 (2.3) —2.0 (2.6) —0.3 (1.5)
Learning recall, mean (SD) — —0.4 (1.3) —0.70 (1.30) —0.05 (1.2)
Disease duration, yr, median [range] — 7 [1-40] 21 [6-40] 2 [1-33]
Subjects with at least 1 cognitive test — 20 13 7

with z score < —1.5
Subjects with mild/moderate depression — 3/4 2/2 1/2

MS treatments

Dimethyl fumarate — 6 2 4
Natalizumab — 5 3 2
Glatiramer acetate — 4 2 2
p-Interferons — 2 0 2
Rituximab — 2 2 0
Fingolimod — 1 1 0
Teriflunomide — 1 0 1
None — 6 5 1

MRI metrics
WM lesion volume, cm®, mean (SD) — 8.1 (11.5) 12.6 (13.8) 2.6 (3.3)
Cortical thickness, mm?, mean (SD) 2.39 (0.11) 2.33 (0.08)* 2.32 (0.10)* 2.36 (0.06)
Thalamic fraction” 6.1(0.9X107°  55(1.1)X107° 5209 %107 59 (0.1)x10°
Hippocampal fraction” 28 (0.6) X102 27(0.7)X107% 25 (0.6)x107° 2.9 (0.8) X 1072
Intracortical lesions, No. [range] — 10 [2-69] 20 [3-69] 5 [2-32]
Leukocortical lesions, No. [range] — 4 [1-151] 4 [1-151] 5 [1-7]
All cortical lesions, No. [range] — 13 [1-171] 16 [1-171] 8 [3-39]

Beck Depression Inventory—II scores for mild depression = 14-19; for moderate depression = 20-28.

»<0.05 by Mann—Whitney U test.

"Thalamic or hippocampal volume/total intracranial volume (SD).

EDSS = Expanded Disability Status Scale; F = female; HAB = high-affinity binders; M = male; MAB = mixed-affinity binders; MRI = magnetic
resonance imaging; MS = multiple sclerosis; RRMS = relapsing—remitting MS; SD = standard deviation; SDMT = Symbol Digit Modalities Test;
SPMS = secondary-progressive MS; WM = white matter.
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identified clusters (minimum size =9 contiguous voxels) in the
WM of controls and NAWM of patients that were within +0.5
SD of the mean ''C-PBR28 SUV for the global WM in con-
trols. This process was conducted separately for high- and
mixed-affinity binders. In MS, NAWM was defined by sub-
tracting WM lesions from the global WM mask. To exclude in
patients the presence of microstructural changes due to inflam-
mation®' in the pseudoreference region, mean diffusivity values
in the selected NAWM clusters were compared to mean diffu-
sivity values in WM clusters from controls using linear regres-
sion, and covarying for age, and no significant differences were
found (MS=6.1%+05X10"" m?/s
0.5 X 107'° m?s).

In each subject, masks of NAWM, WM lesions, and
deep GM were registered to SUVR maps using FNIRT/FSL to
extract mean SUVR. For deep GM structures, left and right

controls = 6.3 *

SUVR were averaged together. To minimize partial volume
effects due to the thin and circumvolved nature of cortex,
SUVR in the cortex and/or cortical lesions (intracortical, leuko-
cortical) were assessed using a surface-based approach. Using
FreeSurfer, as previously detailed,'® in each subject, whole cor-
tex and cortical lesion (intracortical, leukocortical) SUVR maps
were registered onto their corresponding 3T cortical surface,
thus resulting in 2D cortical maps. Mean SUVR was computed

in each map at midcortical depth.

""C.PBR28Vy. PET data were binned into 28 time frames
(durations: 8 X 10, 3 X 20, 2 X 30 seconds, and 1 X1, 1 X2,
1 X3, 8X5, 4X 10 minutes), and dynamic PET images were
reconstructed following the same procedure detailed above.

Plasma activity and radioactivity were fitted to a 3-
exponential model to derive an input function for the radiotrac-
er injection. The resulting metabolite-corrected plasma input
function, and time—-activity curves data extracted from the same
regions sclected for SUVR analyses, were used to fit a 2-tissue
compartment model of radiotracer binding and calculate Vi for
each region Pixel-wise modeling software (PMOD v3.3) from
the rate constant, as previously described.**%?

To account for (1) global signal differences across subjects
and (2) intersubject variability in the input function,** Vi were
normalized by the same pseudoreference region (normalized
volume of distribution [DVR]) used for SUV. No significant
differences in V1 were found between MS subjects and controls

in the pseudoreference region.

Statistical Analysis

Statistical analysis was performed using R Statistics software
(v2.3). Demographics and conventional MR metrics were com-
pared in MS versus controls using Mann—Whitney U test. Line-
ar regression models were used to: (1) compare, in MS versus
controls, SUVR and DVR across GM (cortical lesions, whole
cortex, deep GM) and WM (lesions, NAWM); (2) investigate
in MS the relationship between SUVR and clinical (EDSS, cog-
nitive scores) and structural MRI (cortical thickness, subcortical
volume fractions) metrics; and (3) determine the relationship

between SUVR and DVR. Age and TSPO affinity were

Month 2016

Herranz et al: Inflammation in GM in MS

A * HC-HAB ¢ SPMS-HAB ¢ RRMS-HAB
s HC-MAB SPMS-MAB O RRMS-MAB
3 —
*
2.5 A
l+|
—_— "
2 . L. I_| l_| [ —
e . ¢ i i % *
> L
2 ’
W1.5-.!%,Stni ‘D;
% E ? é !* ' .
1 4
i it H i i!
*» ﬁ + .
0.5
Cortex ICL LCL Thalamus Hipp BG NAWM WML
B
i MS (N=15) m—
HC (N=11) m—
2
1.5
o
>
o
1 B
0.5
0.

Cortex CL Thalamus Hipp BG NAWM WML

FIGURE 1:(A) Mean normalized ''C-PBR28 standardized
uptake values (SUVR) in healthy controls (HC; n=14) and
multiple sclerosis (MS) patients (n=27) with either relaps-
ing-remitting MS (RRMS; n=12) or secondary-progressive
MS (SPMS, n=15) across different tissue compartments in
gray and white matter. Horizontal bars indicate group aver-
ages for high-affinity binder (HAB) and mixed-affinity binder
(MAB). Connector lines connect brain tissue compartments
that were compared in the whole MS cohort relative to con-
trols using linear regression and covarying for age and affin-
ity binding. In MS, mean SUVR in intracortical and
leukocortical lesions were compared with mean cortical
SUVR from controls. The asterisks denote when the specific
comparison (connector line) between healthy controls and
MS patients was statistically significant. (B) Histogram show-
ing mean ''C-PBR28 normalized volumes of distributions
(DVR) and standard deviations in different brain regions for
both MS subjects (n=15) and controls (n=11). ""C-PBR28
DVR were significantly increased in MS subjects compared
to controls in all regions assessed. DVR cortical lesion analy-
sis was performed in 9 MS patients. *p<0.05, **p<0.005,
by linear regression, adjusting for binding genotype and
age, and corrected for multiple comparisons. BG = basal
ganglia; CL =cortical lesions; Hipp =hippocampus; ICL=
intracortical lesions; LCL = leukocortical lesions; NAWM =
normal-appearing white matter; WML =white matter
lesions.

included as covariates of no interest when appropriate. A cor-
rection for multiple comparisons was performed using the
Holm method with a significance threshold of p <0.05 for
each subset of analyses including (1) SUVR and (2) DVR
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TABLE 2. Corrected Probability Values, ES (Cohen d), and SE for Comparisons by Linear Regression (Covary-
ing for Age and Binding Affinity) of 11C-PBR28 Uptake across Different Brain Tissue Compartments in MS Sub-
jects versus Controls
MS vs Controls SPMS vs Controls RRMS vs Controls
Compartment ? ES* SE ? ES* SE ? ES* SE
SUVR n=27vs 14 n=15vs 14 n=12vs 14
Cortex 0.007 0.9 0.06 0.01 1.3 0.08 0.1 0.8 0.07
NAWM 0.02 0.9 0.07 0.01 1.3 0.08 0.5 0.5 0.07
WML 0.4 0.3 0.07 0.2 0.6 0.08 0.9 0.1 0.07
ICL 0.007 1.4 0.06 0.01 1.6 0.09 0.04 1.4 0.08
LCL 0.02 1.1 0.07 0.02 1.2 0.08 0.1 1.1 0.1
Thal 0.008 1.2 0.1 0.002 1.7 0.2 0.3 0.9 0.1
Hipp 0.006 1.3 0.06 0.003 1.6 0.09 0.1 1.1 0.07
BG 0.02 1.0 0.06 0.01 1.3 0.09 0.3 0.8 0.07
DVR n=15vs 11 n=10vs 11 n=5vs 1l
Cortex 0.0007 1.5 0.07 0.005 1.7 0.09 0.03 1.5 0.07
NAWM 0.001 1.5 0.07 0.004 1.6 0.09 0.1 1.3 0.09
WML 0.05 0.9 0.07 0.05 1.1 0.08 1 0.3 0.06
CL 0.02 1.5 0.1 0.03 3.1 0.1 0.03 1.5 0.07
Thal 0.005 1.3 0.1 0.004 1.9 0.1 0.7 0.8 0.1
Hipp 0.04 1.1 0.1 0.05 1.2 0.1 1 0.8 0.07
BG 0.02 1.1 0.07 0.02 1.4 0.07 0.9 0.5 0.06
*The ES was computed by adjusting the calculation of the pooled standard deviation with weights for the sample size.
°SPMS, n = 6; RRMS, n = 3.
BG = basal ganglia; CL = cortical lesions; DVR = normalized volume of distributions; ES = effect size; Hipp = hippocampus; ICL = intracortical
lesions; LCL = leukocortical lesions; MS = multiple sclerosis; NAWM = normal-appearing white matter; RRMS = relapsing—remitting MS;
SE = standard error; SPMS = secondary-progressive MS; SUVR = normalized standardized uptake values; Thal = thalamus; WML = white matter
lesions.

comparisons in all MS, (3) SUVR and (4) DVR comparisons
in MS subgroups relative to controls, (5) correlations between
SUVR and DVR, (6) correlations between SUVR and EDSS,
(7) information-processing speed, (8) memory functions and,
(9) structural data. The standardized effect size (Cohen 4) was

also calculated.

SURFACE-BASED ANALYSIS. Each individual 2D SUVR cor-
tical map, sampled at midcortical depth, was smoothed along
the surface with a 10mm full-width at half-maximum Gaussian
kernel and normalized to a common template in FreeSurfer. A
general linear model was used to assess vertexwise across the
entire cortex: (1) differences in ''C-PBR28 SUVR between MS
and controls and (2) the relationship in MS between He-
PBR28 SUVR and clinical scores (EDSS, cognitive scores).
Binding affinity, age, and cortical thickness at the vertex level

were used as covariates of no interest. Correction for multiple

comparisons was performed using Monte Carlo simulation with
10,000 iterations and a significance level of p < 0.05. Localiza-
tion of significant cortical clusters was performed using the

Desikan—Killiany atlas in FreeSurfer.

Results

Demographics, Clinical Data, and Conventional
MRI Findings

Subjects’ demographics, binding genotype, MRI, and
clinical data are reported in Table 1. Age was not statisti-
cally different between patients and controls.

Mean cortical thickness was lower in all MS and
SPMS subjects than in controls. There were no differ-
ences in deep GM fractions; only SPMS cases showed
significant thalamic atrophy (see Table 1).
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FIGURE 2: (A) Fused magnetic resonance and positron emis-
sion tomography (MR-PET) images in a subject with
secondary-progressive multiple sclerosis (SPMS) and a high-
affinity binding (HAB) genotype (A;) showing cortical areas
of increased "'C-PBR28 standardized uptake values normal-
ized by a pseudoreference region (SUVR). (A;) Detail of cor-
tical lesions visible on the 3T anatomical scan fused with
SUVR images and (A3) on the coregistered 7T T, images. (B)
Fused ''C-PBR28 SUVR MR-PET images in an HAB MS sub-
ject (B4) and in an HAB age-matched healthy control (HC;
B,) showing increased 1C-PBR28 SUVR uptake in the thala-
mus of the patient.

"C-PBR28 Binding

TSPO LEVELS IN GM. Figure 1A shows ''C-PBR28
SUVR distribution across brain regions in controls and
MS subjects, according to their binding genotype. DVR
comparisons between MS and controls are illustrated in
Figure 1B. Table 2 reports significant differences between
groups, and their effect size. Relative to controls, MS cases
showed increased ''C-PBR28 SUVR in the whole cortex
(23%), thalamus (50%), hippocampus (28%), and basal
ganglia (26%). Thalamic lesions were observed in 12
patients (9 SPMS, 3 RRMS), but not in other deep GM
structures. Thalamic lesions SUVR did not differ from
uptake in normal-appearing thalamus (paired # test).
Twenty MS subjects (SPMS =12, RRMS = 8) had
visible cortical lesions on 7T scans (see Table 1). In 2
patients no cortical lesions could be detected, and in 2
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participants 7T images were discarded due to gross
motion artifacts. Relative to controls’ cortex, ''C-PBR28
SUVR were increased by 28% in intracortical lesions and
by 24% in leukocortical lesions. Increased ''C-PBR28
uptake in cortical lesions did not differ significantly from
that in normal-appearing cortex (paired 7 test).

The ""C-PBR28 DVR were significantly increased
in MS (n = 15) relative to controls (n = 11) in the whole
cortex (30%), thalamus (44%), hippocampus (25%), and
basal ganglia (19%; see Fig 1B, Table 2). Cortical lesion
DVR were also significantly increased (29%) relative to
controls’ cortex in MS patients (n =9). Due to the small
number of cases with both cortical lesions and blood
data, cortical lesion DVR were assessed by grouping
intracortical and leukocortical lesions.

Figure 2 illustrates examples of MS cortical lesions
on 7T scans that colocalized with areas of increased ''C-
PBR28 uptake on fused MR-PET images, and of diffuse
thalamic increased tracer binding in MS.

TSPO LEVELS IN WM. Higher TSPO levels were found
in MS NAWM relative to control WM (see Fig 1, Table
2), with a 20% increase in SUVR, and a 29% increase
in DVR. For WM lesions, we found a modest increase
(7%) in '"C-PBR28 SUVR, and higher TSPO levels
could be detected in ''C-PBR28 DVR (15%).

TSPO LEVELS IN RRMS AND SPMS. Corrected proba-
bility values and effect sizes for comparisons of ''C-
PBR28 SUVR and DVR in each MS subgroup relative
to controls are reported in Table 2. RRMS showed sig-
nificant ''C-PBR28 increases in intracortical lesions
and whole cortex. SUVR were also increased in thala-
mus, and hippocampus by ~29 to 22%, although at an
uncorrected significance level. SPMS showed significant-
ly increased SUVR and DVR in the whole cortex (28%,
32%), cortical lesions (ranging from 24% to 36%),
thalamus (64%, 58%), hippocampus (33%, 30%), and
basal ganglia (34%, 25%). SUVR and DVR were
increased by 27% and 32% in NAWM. Increased ''C-
PBR28 uptake in WM lesions was significant only for
DVR (21%).

ASSOCIATION BETWEEN SUVR AND DVR THROUGH-
OUT THE BRAIN. In all 15 MS subjects (7 with high-
affinity and 8 with mixed-affinity binding) and in 11
controls (5 with high-affinity and 6 with mixed-affinity
binding) with blood data, there was a positive correlation
between SUVR and DVR across all brain tissue compart-
ments (Fig 3).
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FIGURE 3: Plots illustrating, in the whole study cohort, the correlation between 11C-PBR28 normalized volume of distributions
(DVR) and standardized uptake values (SUVR) across different brain tissue compartments by linear regression, adjusting for
binding genotype and correcting for multiple comparisons. HC = healthy controls; MS = multiple sclerosis; NAWM = normal-
appearing white matter; WM = white matter. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4: Plots illustrating, in the whole multiple sclerosis (MS) cohort, correlations between 11C-PBR28 normalized standard-
ized uptake values (SUVR) and neurological disability and cognitive test scores (linear regression analysis, adjusting for binding
genotype and age; all probability values are corrected for multiple comparisons). EDSS = Expanded Disability Status Scale;
NAWM = normal-appearing white matter; RRMS =relapsing-remitting MS; SDMT =Symbol Digit Modalities Test;
SPMS = secondary-progressive MS; WM = white matter. [Color figure can be viewed at wileyonlinelibrary.com]

Correlation with Clinical and Structural MRI Impaired memory function scores were associated
Data with increased TSPO levels in the thalamus, whereas we
In the MS cohort, EDSS correlated positively with did not find any association with information-processing
increased ''C-PBR28 SUVR in the whole cortex, thala- speed function obtained by averaging SDMT and Trails
mus, hippocampus, and basal ganglia. A positive associa- A scores. Looking at individual tests, we found that
tion was also found with ''C-PBR28 uptake in the SDMT z scores negatively correlated with ''C-PBR28
NAWM and WM lesions (Fig 4). SUVR in thalamus, hippocampus, and NAWM (see Fig
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FIGURE 5: (A-C) Overlay of the general linear model significance maps (p<0.05, corrected for multiple comparisons, adjusting
for age, binding genotype, and cortical thickness) on the average pial surface showing, relative to healthy controls (HC;
n = 14), regions of increased 11C-PBR28 normalized standardized uptake values (A) in the whole multiple sclerosis (MS) cohort
(n=27), as well as (B) in the secondary-progressive MS (SPMS; n=15) and (C) in the relapsing-remitting MS (RRMS; n=12)
subgroups. (D, E) Regions in all MS cases where "'C-PBR28 uptake correlated negatively (p<0.05, corrected for multiple com-
parisons) with (D) memory and (E) information-processing speed function.
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TABLE 3. FreeSurfer Surface-Based Analysis of Cortical ''C-PBR28 Normalized Standardized Uptake Values
Hemisphere Surface Area, mm” Corrected p Area of Peak p for
Between-Group Differences
All MS vs controls Right 2,444 0.002 Parahippocampal
16,281 0.0001 Precuneus
1,602 0.04 Superior parietal
1,772 0.02 Lateral orbitofrontal
Left 33,578 0.0001 Supramarginal
RRMS vs controls Right 3,707 0.000 Pericalcarine
Left 1,725 0.009 Fusiform
2,362 0.001 Inferior temporal
SPMS vs controls Right 1,725 0.009 Fusiform
2,362 0.001 Inferior temporal
Left 47,009 0.000 Postcentral
Hemisphere Surface Corrected p Area of Peak p for Correlation
Area, mm> with Cognitive Scores
Memory, Right 2,406 0.001 Isthmus cingulate
CVLT-II-BVMT-R 5,131 0.0001 Temporal pole
4,444 0.0001 Lateral orbitofrontal
6,360 0.0001 Lateral occipital
Left 3,597 0.0001 Paracentral
3,059 0.0001 Superior temporal
Information processing, Right 14,902 0.0001 Inferior parietal
SDMT-Trails A 3,507 0.0001 Posterior cingulate
10,460 0.0001 Precentral
6,888 0.0001 Superior temporal
Left 3,904 0.0001 Superior frontal
BVMT-R = Brief Visuospatial Memory Test—Revised; CVLI-II = California Verbal Learning Test—II; MS = multiple sclerosis; RRMS = relapsing—
remitting MS; SDMT = Symbol Digit Modalities Test; SPMS = secondary-progressive MS; Trails = Trail Making Test.

4). There was no association between ''C-PBR28 uptake
and executive function.

In all patients and in each MS subgroup, cortical
thinning was associated with increased TSPO levels in
the thalamus (p < 0.05 corrected, covarying for age and
binding affinity). In SPMS only, cortical thinning also
correlated with neuroinflammation in the cortex and

NAWM, although at an uncorrected significance level.

Surface-Based Analysis of Cortical ''C-PBR28
Binding

The cortical surface-based analysis revealed several clus-
ters of increased ''C-PBR28 SUVR in both hemispheres
in the entire MS cohort versus controls (Fig 5A-C, Table
3). The increase in 'C-PBR28 cortical uptake was dif-
fuse in SPMS, but more localized in RRMS.
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Negative correlations were detected  between
information-processing speed and memory function and
"'C-PBR28 uptake in widespread frontoparietal, tempo-
ral, and occipital regions, and right cingulate cortex (see
Fig 5D, E, Table 3).

No vertexwise associations were found with execu-

tive function or EDSS.

Discussion

Using ""C-PBR28, a second-generation TSPO radiotrac-
er, we demonstrated diffuse microglia/macrophage activa-
tion in the cortex, including cortical lesions, and deep
GM of MS cases.

Cortical demyelination is a well-established neuro-
pathological feature of MS, and a main substrate of dis-
ease progrc:ssion.z’4 In histopathological examinations,
cortical lesions, particularly in progressive MS, usually
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lacked the typical inflammatory features of WM pla-

>

3 and the prominent cellular population was acti-
4

ques,
vated microglia.”

We used a surface-based analysis to assess, in MS
relative to controls, either in cortical lesions imaged with
ultra—high-resolution 7T MRI or vertexwise across the
whole cortex, differences in TSPO expression sampled at
midcortical depth. Compared to volumetric approaches,
this method has been shown to improve reliability and
detectability of PET cortical signal changes.”> Previous
""C-PK11195 PET data, using a volume of interest
approach, showed increased TSPO levels in MS in fron-
tal, parietal, and occipital cortices.'* Here, we found that
all MS disease stages exhibited abnormally increased
TSPO levels, indicative of microglia/macrophage activa-
tion, in cortical lesions and several areas of the cortical
ribbon. The highest concentration of cortical microglia/
macrophage activation was localized in the occipital and
temporal cortex in RRMS, the latter often reported as
the preferential location for cortical MS demyelination,
whereas it extended to widespread frontal and parietal
regions in SPMS.

In some neuropathological studies of progressive
MS, cortical lesions appeared to be topographically asso-
ciated with meningeal inflammatory infiltrates, leading to
the hypothesis that cortical demyelination may be
induced by soluble factors, which diffuse from the
meninges into the cortex and trigger demyelination
directly or indirectly through microglia activation.>’
The extent of meningeal inflammation correlated with
microglia activation and the severity of demyelination in

4,5

the underlying cortex.™” Meningeal inflammation, by
means of perivascular lymphocytic infiltration, in associa-
tion with cortical lesions, has also been described in
biopsies at MS onset.”” The possibility of quantifying in
vivo TSPO levels in cortical lesions could provide a tool
for assessing the innate immune system inflammatory
component of cortical lesions, its severity, and its associa-
tion with structural cortical integrity. Additionally, it
could offer relevant information on the role of microglia/
macrophage activation in cortical lesions development at
any disease stage. Interestingly, in contrast to WM pla-
ques, RRMS and SPMS showed similarly increased
TSPO levels in cortical lesions.

Histopathological findings on the role of inflamma-
tion in subcortical GM demyelination and neurodegener-
ation in MS are sparse and heterogeneous, and variable
degrees of inflammation by means of activated microglia/
macrophages have been reported in deep GM”® and
hippocampus.”? In this study, we showed that microglia/
macrophage activation extensively involved the thalamus,
hippocampus, and basal ganglia. Previous ''C-PK11195
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PET studies reported increased thalamic TSPO levels in
MS.'>1> Abnormally high '"'C-PK11195 binding has
also been observed in clinically isolated syndrome in the
brain central deep GM, although no significant differ-
ences were found in any single deep GM structure rela-
tive to controls.”” Here, neuroinflammation in thalamus
and deep GM was seen at both disease stages, although
more prominently in SPMS.

Our MS cohort showed, relative to controls, signifi-
cant global cortical thinning, whereas there were no dif-
ferences in deep GM volumes with the exception of
thalamic atrophy in SPMS. Cortical thinning in MS cor-
related with increased thalamic ''C-PBR28 binding.
Increased thalamic ''C-PK11195 uptake secondary to
distant cortical pathology has been described in stroke,*
implying the existence of a “projected neuro-
inflammatory” response from distant lesions along shared
anatomical pathways. The thalami are major hubs in the
brain, which integrate and process the signal originating
from cortical projections. Spreading of cortical pathology
to the thalami, or vice versa, could occur through thala-
mocortical connections. The direction of such changes
could be tested in MS by assessing, longitudinally, micro-
glia/macrophage activation changes along corticothalamic
pathways.

The exact relationship between cortical neurodegen-
eration and locally activated microglia needs to be eluci-
dated. Pathological evidence suggested that, as for
cortical lesion development, neurodegeneration may be
triggered by meningeal inflammation with cortical micro-
glia activation.”>?” In a series of RRMS and SPMS
cases, leptomeningeal inflammation, as seen on postcon-
trast FLAIR MRI, was found to be associated with more
severe cortical atrophy.*' According to some experimental
studies, microglial activation may also constitute a spe-
cialized danger signal following neuronal death or inju-
ry.* In our cohort, however, especially in RRMS,
neuroinflammation was not strictly associated with neu-
rodegeneration, suggesting that it might not simply rep-
resent an indirect marker or consequence of neuroaxonal
loss.

In line with previous observations, we found
increased TSPO levels in WM lesions®™** and
NAWM.'¢*% We found that TSPO levels in WM
lesions, measured with both SUVR and DVR, were gen-
erally lower than those in cortical lesions. Additionally, in
RRMS, the highest "C-PBR28 uptake, relative to con-
trols, was measured in intracortical lesions and focal cor-
tical areas, whereas it was relatively modest in WM.
Overall, these observations suggest that the innate
immune system—mediated inflammatory events underly-

ing the development of MS lesions might be dissociated
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in cortex and WM, especially at earlier disease stages, or
there may be more heterogeneity in the inflammatory
response associated with WM plaques®® than with corti-
cal lesions. It is possible, however, that even if 7T MRI
was used for cortical lesion detection, some cortical
lesions were missed at visual inspection of scans. Never-
theless, cortical lesions identified on 7T T3-weighted
images likely represent the areas with greatest cortical
demyelination, especially in RRMS.'®

In our MS cohort, neurological disability correlated
with microglial/macrophage activation in deep GM, in
addition to neuroinflammation in the cortex and WM as
previously reported.*'® Here, we also demonstrated that
microglia/macrophage activation correlated with reduced
cognitive performance in MS. Increased TSPO levels in
thalamus, hippocampus, and NAWM were associated
with impaired SDMT function, a measure of
information-processing speed, which is frequently affect-
ed in MS and, thus, commonly evaluated in the clinical
setting. Diffusion imaging data highlighted that hippo-
campal—thalamic—prefrontal ~disruption affects SDMT
performance in RRMS.*” An association between depres-
sion and hippocampal neuroinflammation, as measured
by 'F-PBR11, has been recently reported in RRMS.*
Our study excluded cases with major depression or other
psychiatric conditions, and moderate depression was pre-
sent in only 3 MS patients. Interestingly, in our cohort,
information-processing speed dysfunction also correlated
with increased ''C-PBR28 binding in frontoparietal,
temporal, cingulate, and occipital cortices, in line with
previous functional MRI experiments that described large
areas of activation in the same cortical regions during
SDMT execution.”® Finally, neuroinflammation in the
thalamus, and in widespread temporal and occipital
regions, and extending to the cingulate and prefrontal
cortex, was associated with decreased memory function as
measured by the BVMT-R and CVLI-II, likely reflecting
the different neuroanatomical correlates for memory
processing of verbal and visual material.

It has been hypothesized that microglia may play a
dual role in MS pathogenesis: either detrimental, by
causing neuronal dysfunction and promoting oxidative
burst, or neuroprotective. Our findings suggest that the
prevailing effects, in both GM and NAWM, are detri-
mental. The observation that SPMS cases showed overall
higher brain TSPO levels than RRMS cases further sup-
ports this notion. However, it cannot be excluded that,
at least at early disease stages, microglia might exert pro-
tective functions. Recent data, however, demonstrated
that in clinically isolated syndrome persistently increased
TSPO levels in NAWM predicted conversion to MS."®
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We assessed TSPO levels using ''C-PBR28 SUVR
and quantitative blood analysis, with both measures
showing similar changes in MS. As previously sug-
gested,34 we used DVR to account for ''C-PBR28 inter-
subject variability in the input function. Our and
previous ''C-PBR28 data®' seem to suggest that quanti-
tative blood data may be more sensitive than SUVR to
microglia/macrophage activation in MS WM lesions,
although this needs to be further confirmed. However,
the strong positive correlation between SUVR and DVR
in all tissue compartments assessed indicates that SUVR
estimation is a reliable method for characterizing micro-
glial/macrophage pathology in MS. In humans, ''C-
PBR28 SUVR has also been used to reliably distinguish
healthy individuals from cases with neurological disor-
ders.””*>® This method is expected to improve subject
tolerability by allowing shorter scan time and not requir-
ing arterial catheterization, making it less invasive and
more feasible for clinical studies. The use of an integrat-
ed MR-PET system further increases patients’ compli-
ance, in addition to improving spatial fidelity and
registration accuracy.”

In this study, we could assess blood-brain barrier
integrity with contrast-enhanced MRI only in one-third
of MS subjects; thus, we cannot definitely exclude that
some of the TSPO changes in the remaining patients
were secondary to acute systemic inflammation. However,
blood-brain barrier disruption in cortex and deep GM is
uncommonly observed in MS using contrast-enhanced
MRIL'>"" and all patients were stable in terms of clinical
relapses and MS-related treatments, suggesting that
microglia/macrophage activation likely largely reflected
chronic inflammation, especially in SPMS.

Microglia could constitute a potential target for
monitoring disease course, especially in the compartmen-
talized inflammation in progressive MS, and the effects
of therapies. Our findings could guide longitudinal eval-
uations in larger MS cohorts to definitely establish the
role of neuroinflammation in disease pathogenesis and
progression.
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