Brain, Behavior, & Immunity - Health 17 (2021) 100336

Contents lists available at ScienceDirect BEHAVIOR,
and IMMUNITY

Health

]

Brain, Behavior, & Immunity - Health

LSEVIER

journal homepage: www.editorialmanager.com/bbih/default.aspx

Full Length Article

A pilot ['1C]PBR28 PET/MRI study of neuroinflammation and R

Check for

neurodegeneration in chronic stroke patients

Judith D. Schaechter ', Baileigh G. Hightower, Minhae Kim, Marco L. Loggia

Athinoula A. Martinos Center for Biomedical Imaging Department of Radiology, Massachusetts General Hospital, Harvard Medical School, 13th Street, Building 149, Room
2301, Charlestown, MA, 02129, USA

ARTICLE INFO ABSTRACT

Keywords: Neuroinflammation occurs in response to acute ischemic stroke, and has been speculated to underlie secondary
TSPO poststroke pathologies, such as depression, that often develop over time poststroke. However, no study has

Activated glia examined whether neuroinflammation is present in chronic stroke patients (e.g., > 1 year poststroke). This study

M%Crogha tested whether neuroinflammation is present in chronic stroke patients, and is associated with neurodegeneration,
Middle cerebral artery A 1 . K
Ischemia using [*"C]PBR28 PET and diffusion MRI

Eight patients with middle cerebral artery (MCA) ischemic stroke incurred 1-3 years prior and 16 healthy
controls underwent [1'C]PBR28 PET to measure glial activation and diffusion MRI to measure microstructural
integrity by mean diffusivity (MD) and fractional anisotropy (FA) using an integrated PET/MRI scanner. Group
differences in ['!C]PBR28 binding, MD and FA were analyzed voxelwise across the whole brain excluding the
infarct zone defined as voxels containing the infarct in any patient.

Compared to controls, patients showed elevations in [11C]PBR28 binding in several brain regions outside the
infarct zone, including regions with presumed direct neuroanatomical connections to the infarct (e.g., ipsilesional
internal capsule and thalamus) and those without known direct connections (e.g., contralesional thalamus and
cingulate gyrus). Patients also showed widespread elevations in MD, with a subset of these regions having reduced
FA. In patients, MD was more elevated in regions with co-localized elevations in ['lCIPBR28 binding than in
contralateral regions without elevations in [11C]PBR28 binding.

This pilot study supports the presence of extensive glial activation along with widespread loss in microstruc-
tural integrity in non-infarcted tissue in a cohort of patients with chronic MCA stroke. The loss in microstructural
integrity was greater in regions with co-localized glial activation. It is possible that stroke risk factors (e.g., hy-
pertension) contributed to these tissue changes in patients.

1. Introduction

Acute ischemic stroke is known to trigger a strong inflammatory
response in the infarct core and peri-infarct tissue that involves activation
of resident microglia and astrocytes, together referred to as glial activa-
tion, and infiltration of peripheral immune cells (Myers et al., 1991a;
Rojas et al., 2007; Sette et al., 1993). Over the subsequent weeks post-
stroke, the neuroinflammatory response in the infarct region wanes
(Gulyas et al., 2012; Hughes et al., 2012; Price et al., 2006; Sette et al.,
1993), while preclinical stroke studies have shown that glial activation
develops in non-infarcted regions connected by white matter to the
stroke-damaged tissue (Arlicot et al., 2010; Myers et al., 1991b; Nowicka
et al., 2008; Walberer et al., 2014; Walter et al., 2015). In patient case
studies, elevated levels of the 18 kDa translocator protein (TSPO), a
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mitochondrial protein upregulated in activated glia and considered a
marker of neuroinflammation, have been observed in non-infarcted tis-
sue weeks to months after middle cerebral artery (MCA) ischemic stroke,
most frequently in the ipsilesional thalamus (Gerhard et al., 2005; Pap-
pata et al., 2000; Radlinska et al., 2009; Thiel et al., 2010). While neu-
roinflammation in chronic stroke patients has been speculated to
underlie secondary poststroke pathologies such as depression, fatigue
and accelerated age-related cognitive decline that often develop over
time poststroke (Barritt and Smithard, 2011; Shi et al., 2019; Spalletta
et al., 2006), no study has examined neuroinflammation in a cohort of
chronic stroke patients (e.g., >1 year poststroke).

The primary aim of this pilot study was to test the hypothesis that
neuroinflammation is present in chronic stroke patients. To address this
aim, using the TSPO radioligand [*!C]JPBR28 and an integrated PET/MRI
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scanner, we measured glial activation in patients with MCA stroke
incurred 1-3 years prior compared to healthy controls in brain tissue
undamaged by the stroke in any patient. Furthermore, as several previous
studies in MCA stroke subjects have observed secondary neuro-
degeneration in the thalamus (Justicia et al., 2008; Kuchcinski et al.,
2017; Ogawa et al., 1997; Walberer et al., 2014; Walter et al., 2015), a
region that has also been observed to be affected by neuroinflammation
after MCA stroke, our secondary aim was to examine whether neuro-
degeneration (e.g., Wallerian degeneration, secondary neuro-
degeneration) accompanied neuroinflammation in chronic patients with
MCA stroke. To address this aim, microstructural integrity of brain tissue
undamaged by stroke was measured by mean diffusivity (MD) and
fractional anisotropy (FA) based on diffusion MRI.

2. Materials and methods
2.1. Study design

This study was conducted at the Athinoula A. Martinos Center for
Biomedical Imaging, Massachusetts General Hospital. The Institutional
Review Board and Radioactive Drug Research Committee approved the
protocol. All subjects gave written informed consent.

2.2. Participants

Eight patients completed the study, and 16 healthy controls who
participated in other PET/MRI studies (led by investigator MLL) were
selected to match the patient group in age, sex, and Alal47Thr TSPO
genotype. Inclusion criterion for patients was a unilateral ischemic stroke
in the MCA territory 1-3 years prior. Exclusion criteria for patients were
significant cognitive deficit measured by NIH Stroke Scale (NIHSS) item
1b and 1c score >1 or NIHSS item 9 score >2 (Brott et al., 1989); sig-
nificant pre-stroke disability measured by the modified Rankin Scale
score >3 (scale 0-5) (Bruno et al., 2011); and significant pre-stroke fa-
tigue measured by verbal rating score >3 (scale 0-10). Exclusion criteria
for patients and controls were a PET/MRI contraindication (e.g., certain
metallic implants, claustrophobia); neurological disorder (other than
chronic stroke in patients); and major kidney or liver disease. Enrolled
subjects were subsequently excluded from imaging due to use of a
benzodiazepine with high TSPO binding affinity (e.g., diazepam) or
systemically-acting immunomodulator (e.g., prednisone) within 2 weeks
of scheduled PET/MRI; active infection at time of scheduled PET/MRI; or
Thr/Thr genotype in Alal47Thr TSPO gene that predicts low affinity
binding of ['C]PBR28 (Owen et al., 2012).

Patients were characterized with regard to motor function using the
upper limb subtest of the Fugl-Meyer Stroke Scale (FMSS-UL) that scales
from 0 to 60, indicating poor to good motor recovery of the upper limb
(Woodbury et al., 2007), and the 10-Meter Walk Test (10MWT) that
measures comfortable walking speed (Flansbjer et al., 2005). As a
normative reference for the 10MWT, community ambulation requires
walking speed >0.8 m/s (Middleton et al., 2015). Fatigue was charac-
terized using the general fatigue subtest of the Multidimensional Fatigue
Inventory (MFI) that scales from 4 to 20, indicating low to high fatigue
(Smets et al., 1995). Depression was characterized using the depression
subtest of the Hospital Anxiety and Depression Scale (HADS-D) that
scales from O to 21, indicating low to high depression (Zigmond and
Snaith, 1983).

2.3. Image acquisition

Images were acquired using an integrated PET/MRI scanner that
consists of a brain avalanche photodiode-based PET scanner operating in
the bore of a Siemens 3T Tim Trio MRI and allows for simultaneous
acquisition of PET and MRI data (Kolb et al., 2012). [HC]PBRZS scans
were acquired 60-90 min after intravenous bolus injection of *c
PBR28 and stored in listmode format. T1-weighted images (repetition
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time (TR) 2.53 s; echo time (TE);.4 1.63/3.49/5.35/7.21 ms; voxel size
1 x 1 x 1 mm) were acquired from all subjects. Fluid-attenuated inver-
sion recovery (FLAIR) images (TR 10 s; TE 73 ms; voxel size
1.3 x 1.0 x 5.0 mm) were acquired from patients. Diffusion MRI was
performed on 7 of 8 patients and 11 of 16 controls using a
twice-refocused echo planar spin-echo sequence (TR 8 s; TE 119 ms;
voxel size 2.5 x 2.5 x 2.5 mm; 60 diffusion weightings at b-value
3000 s/mm? and 8 at b-value 0 s/mm?).

2.4. Image analysis

PET data were reconstructed using the three-dimensional Ordinary
Poisson Ordered Subset Expectation Maximization algorithm from
prompt and random coincidences, normalization, attenuation, and scat-
ter coincidence sinograms using 32 subsets and 1 iteration. A statistical
parametric mapping-based, pseudo-computed tomography methodology
was used to conduct MR-based attenuation correction (Izquierdo-Garcia
et al., 2014). Standardized uptake value (SUV) images were calculated
(i.e., radioactivity concentration divided by injected dose per body
weight) from the 60-90 min post-administration [''C]JPBR28 PET data
and processed as we described previously (Albrecht et al., 2018; Loggia
et al.,, 2015). SUV images were spatially normalized to Montreal
Neurological Institute (MNI) space using tools in the FMRIB's Software
Library (FSL, version 6). SUV images from patients with a left hemisphere
stroke (3 of 8 patients) were flipped across the midsagittal plane prior to
spatial normalization to lateralize the infarct to the right hemisphere for
all patients. Each patient's infarct was labeled on the T1-weighted im-
ages, aided by visualizing the infarct on the FLAIR images as needed. This
lesion label was used to measure lesion volume and to mask out the
infarct during the spatial normalization process (Brett et al., 2001).
Spatially normalized SUV images were smoothed with an 8 mm full
width at half maximum (FWHM) Gaussian kernel.

To account for global differences in [*'Cc]PBR28 binding across in-
dividuals, we normalized SUV images by signal in a pseudo-reference
region, yielding SUVR images (Albrecht et al., 2018), with the ipsile-
sional (right) cerebellum serving as the pseudo-reference region. Several
prior TSPO PET studies in MCA stroke patients have used the ipsilesional
cerebellum as the pseudo-reference region because this region is spared
effects of diaschisis (Gerhard et al., 2005; Gulyas et al., 2012; Morris
et al., 2018; Price et al., 2006). We assessed the suitability of the ipsile-
sional cerebellum as the pseudo-reference region for our data, with the
criterion begin the absence of a significant (p < 0.05) difference in mean
SUV in the right cerebellum of patients compared to controls, with the
cerebellum defined by the probabilistic cerebellar label in FSL's MNI
Structural Atlas (thresholded at 50, range 0-100). We found no signifi-
cant between-group difference in right cerebellar SUV after adjusting for
TSPO genotype and age, supporting the suitability of the right cerebellum
as the pseudo-reference region when the statistical model to assess group
differences in SUVR adjusts for TSPO genotype and age.

The diffusion MRI data were processed using software from FMRIB's
Diffusion Toolbox (FDT). These data were corrected for eddy currents
and head motion, then the diffusion tensor and associated eigensystem
were estimated voxelwise using linear least squares regression, from
which MD and FA were calculated. MD is the average of the three ei-
genvalues and quantifies average diffusivity. FA is the fraction of diffu-
sion attributed to anisotropic diffusion, and scales from O indicated
isotropy to 1 indicating anisotropy (Basser and Pierpaoli, 1996). In-
creases in intravoxel MD and decreases in intravoxel FA typically reflect
loss in tissue microstructural integrity and have been used as indices of
neurodegeneration after stroke (e.g., Wallerian degeneration, secondary
neurodegeneration) (Herve et al., 2005; Werring et al., 2000). MD and FA
images were spatially normalized to MNI space using the same procedure
as for the SUV images, then smoothed with a 4 mm FWHM Gaussian
kernel.

To compare ['!C]PBR28 binding, MD and FA in the patients relative
to controls in MNI space, we sought to exclude all voxels containing an
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infarct in any patient. To prepare for this, each patient's lesion label
delineated on the T1-weighted images was spatially normalized, then
these labels were summed voxelwise to create a cumulative lesion map.
The cumulative lesion map was binarized to create a composite lesion
map that defined the infarct zone to be excluded in subsequent analyses.

With time after stroke, the size of an infarct typically shrinks, which
results in a proportionate increase in size of the ipsilesional lateral
ventricle (Egorova et al., 2019). Accordingly, we wished to exclude all
lateral ventricle voxels during group comparison of [1C]PBR28 binding,
MD and FA in MNI space. In preparation for this, lateral ventricle voxels
of each subject were automatically labeled in the T1-weighted images
using Freesurfer software, these labels were spatially normalized, sum-
med voxelwise and binarized to create a composite lateral ventricle map.

2.5. Statistical analysis

Statistical differences in demographic variables between patient and
control groups were assessed by a two-tailed unpaired t-test for contin-
uous data (i.e., age, body weight, molar activity, injected dose, injected
dose/body weight), and two-tailed Fisher's Exact test for nominal data
(i.e., sex, TSPO genotype, stroke risk factors). Pearson's correlation co-
efficient was computed to assess the relationship between [''C]PBR28
binding and lesion volume in patients. The difference in [UC]PBRZS
binding between patients median-split by stroke chronicity was assessed
using a two-tailed unpaired t-test. Testing was performed using JMP Pro
(v15) software with significance level set at 0.05.

Group differences in [11C] PBR28 binding, MD and FA were evaluated
voxelwise by a nonparametric permutation test implemented using FSL's
randomize tool with 5000 permutations, with significance level set at
0.05 using threshold-free cluster enhancement (TFCE) (Smith and
Nichols, 2009). Voxels of the composite lesion and lateral ventricle maps
were excluded from analysis. The model assessing group differences in
[1C]PBR28 binding included TSPO genotype and age as regressors of no
interest. The model assessing group differences in MD and FA included
age as a regressor of no interest because increased age among older adults
has been associated with changes in diffusion (Reas et al., 2020; Salat
et al., 2005; Salminen et al., 2016), and there was a non-significant trend
(p = 0.053) for greater age in the patients (n = 7) compared to the
controls (n = 11) with diffusion MRI data.

For the purposes of displaying scatterplots of group differences in
[''c]PBR28 binding, MD and FA, for correlating ['c]PBR28 binding
against lesion volume in patients, and for testing the difference in [*1C]
PBR28 binding in patients median-split by stroke chronicity, we
computed values adjusted for the effect of covariate(s). To do this, the
mean imaging metric across all voxels of interest (corrected p < 0.05)
was computing for each subject, then these data along with relevant
covariate data were entered into a linear regression model in JMP soft-
ware. Covariates for adjusting [''cIPBR28 binding (SUVR) were TSPO
genotype and age, whereas the covariate for adjusting MD and FA was
age. This process was repeated for selected regions within the group
difference map in [''C]PBR28 binding by intersecting with anatomic
labels extracted from FSL's atlases. The selected regions were the right
and left thalamus and white matter from the Harvard-Oxford Subcortical
Structural Atlas, with each label thresholded at a minimum value of 70
(range 0-100); right precentral gyus from the Harvard-Oxford Cortical
Structural Atlas thresholded at a minimum value of 20; right superior
longitudinal fasciculus from the Johns Hopkins University (JHU) ICBM-
DTI-81 White Matter Tractography Atlas thresholded at a minimum
value of 20; and the corpus callosum body and right cerebral peduncle
from the JHU ICBM-DTI-81 White Matter Label Atlas.

To further explore our finding of significant group differences in tic]
PBR28 binding and diffusion (see Results), we delineated the spatial
overlap between group difference maps (SUVR relative to MD and FA,
separately), with the input maps thresholded at corrected p-level < 0.05
and binarized. We then asked if the magnitude of diffusion differed in
patients relative to the presence or absence of overlapping group
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differences in [''C]PBR28 binding. To address this question in such a
way that accounts for the normal variability in diffusion across the brain,
we constructed symmetric regions-of-interest, with one region-of-interest
comprised of voxels with overlapping group differences [''C]PBR28
binding and diffusion and the contralateral region-of-interest comprised
of voxels with a group difference in diffusion only. Mean diffusion was
calculated for both regions-of-interest for each subject, then these values
were entered into a repeated measures mixed model analysis to test for a
region-of-interest x group interaction effect on mean diffusion, with
planned post-hoc contrast between diffusion in the two regions-of-
interest in patients using the Tukey test. To avoid circularity, the
mixed model analyses were not used to test group effects. These statis-
tical analyses were performed using JMP software with significance level
set at 0.05.

3. Results
3.1. Subject characteristics

Subject characteristics are shown in Table 1. There was no significant
group difference in age, sex or TSPO genotype, reflecting successful se-
lection of controls from an existing dataset. While the dose of *c
PBR28 was higher in patients than controls, and molar activity was
higher in controls than patients, injected dose per body weight was not
significantly different between groups, indicating appropriate normali-
zation of brain radioactivity concentration to calculate SUV. Patients had
a significantly higher incidence of some stroke risk factors (e.g., hyper-
tension) compared to controls, as might be expected given the high co-
morbidity of hypertension and stroke. Infarct volume and location within
the MCA territory varied across patients (Fig. 1a). The cumulative lesion

Table 1
Subject characteristics.
Patients Controls p-value
Age (y) 62+ 6 57 +7 0.06
Sex (female/total) 1/8 8/16 0.18
TSPO genotype (MAB/total) 2/8 6/16 0.67
Body weight (kg) 83 +15 74 £ 19 0.23
Molar activity (GBq/pmol) 51.4+188 81.8+31.4 <0.01
Injected dose (mCi) 14.63 + 12.69 + <0.01
0.15 1.66

Injected dose/body weight 0.18 +0.04 0.18 £0.05 0.96
Stroke Risk Factors

Hypertension (positive/total) 4/8; 3/7 0/16; 0/11 0.01;

0.04
Hyperlipidemia (positive/total) 4/8; 3/7 1/16; 1/11 0.03;
0.25

Diabetes or pre-diabetes (positive/ 1/8;1/7 2/16;1/11 1.00;

total) 1.00

Coronary artery disease (positive/ 3/8;3/7 0/16; 0/11 0.03;

total) 0.04

Atrial fibrillation (positive/total) 0/8; 0/7 0/16; 0/11 -
Stroke Characteristics and Acute

Treatment

Time interval acute stroke to scan (y) 1.7 £ 0.5 -

Infarct volume (cm®) 18 £ 17 -

Hemisphere (right) 5/8 -

Tissue plasminogen activator 1/8 -

(positive/total)

Intra-arterial therapy (positive/total) 1/8 -
Patient Clinical Characteristics

FMSS-UL score (scale 0-60) 59 (40-60) -

10MWT (m/s) 1.4+£0.2 -

MFI score (scale 4-20) 10 (5-15) -

HADS-D score (scale 0-21) 4 (0-7.5) -

Abbreviations: MAB = mixed affinity binder.

Continuous data given as mean and standard deviation; ordinal data given as
median and range; nominal data given as count relative to total.

For stroke risk factors: Values given for all subjects and subset of subjects with
diffusion MRI data.
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map shows partial spatial overlap of the infarcts across patients (Fig. 1b).

The clinical data from the patients indicate that, as a group, they had
good upper and lower limb motor function, mild depression and mod-
erate fatigue.

3.2. [*1C]PBR28 binding in patients compared to controls

Compared to controls, the patients showed significant elevations in
[''cIPBR28 binding in a large volume of brain tissue (109 cm® in MNI
space) outside the infarct zone, including in regions of the ipsilesional
superior corona radiata, ipsilesional supplementary motor area, ipsile-
sional superior longitudinal fasciculus, ipsilesional internal capsule,
contralesional cingulate gyrus, corpus callosum, bilateral thalamus,
bilateral midbrain and bilateral pons (Fig. 2; Table 2). There was no re-
gion with significantly higher ['!C]PBR28 binding in the controls than
patients. These findings provide evidence of extensive neuro-
inflammation in non-infarcted ipsilesional and contralesional regions in
chronic stroke patients.

In patients, ['!CIPBR28 binding (adjusted for TSPO genotype and
age) outside the infarct zone was not significantly correlated with lesion
volume (r = —0.44, p = 0.28). Adjusted [*'Cc]PBR28 binding in the

A Individual Patient Lesions

| I
y=12
z=12
44

B Cumulative Lesion Map

y=-12

1
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contralesional thalamus, a region with no known direct white matter
connections to a stroke in the MCA territory, was not significantly
different in patients median-split by stroke chronicity (high chronicity:
1.27 £ 0.05; low chronicity: 1.21 4+ 0.08; p = 0.20).

3.3. Diffusion in patients compared to controls

Compared to controls, the patients showed significant elevations in
MD in a large volume of tissue (551 cm?® in MNI space) outside the infarct
zone, including white matter of the frontal, temporal, parietal and oc-
cipital lobes bilaterally, corpus callosum, ipsilesional pallidum, bilateral
thalamus, bilateral midbrain and bilateral cerebellum (Fig. 3a). The pa-
tients also showed reductions in FA (35 cm® in MNI space) outside the
infarct zone, in regions of the corpus callosum body, ipsilesional superior
longitudinal fasciculus, ipsilesional precentral gyrus, and contralesional
cingulate gyrus (Fig. 3c). There was no region with significantly higher
MD or lower FA in the controls than patients. The group differences in
diffusion provide evidence of widespread loss in microstructural integrity
in chronic stroke patients when indexed by elevations in MD, though
more spatially restricted microstructural loss when indexed by re-
ductions in FA.

y=-28

4
z=6

Number of patients

4

z=18

Fig. 1. Location of stroke in MCA territory in patients. All lesions shown in the right hemisphere in MNI space A. Slice showing largest lesion extent in each of 8
patients. B. Cumulative lesion map in 8 patients. The blue color scale represents the number of patients with a lesion at the voxel location. . (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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z=230

Corpus callosum, body Superior longitudinal

fasciculus

Thalamus

white matter

&

Whole
Region

Right

Left Corpus Right Cerebral

Thalamus Thalamus Callosum Peduncle

Fig. 2. Evidence of neuroinflammation in stroke patients. A. Median [1C]PBR28 SUVR in controls (n = 16) and patients (n = 8). B. Brain regions with significant
elevations in [!C]PBR28 binding in patients versus controls. C. [\!C]PBR28 SUVR, adjusted for TSPO genotype and age, for each subject across all voxels exhibiting a
significant group difference (whole region), and in selected regions intersecting the group difference map. Adjusted [''C]PBR28 SUVR data are displayed in box-and-
whisker plots, with each box extending from 25th to 75th percentile, whiskers extending from minimum and maximum value, and horizontal line representing

the median.

3.4. Relationship between group differences [*!CJPBR28 binding and
diffusion

We next evaluated the spatial overlap between group differences in
[''CIPBR28 binding and diffusion. The group difference maps in [*'C]
PBR28 binding and MD overlapped by 62 cm®, with 57% of the volume
exhibiting an elevation in ['C]PBR28 binding in patients also exhibiting
an elevation in MD. The overlap volume involved regions of the ipsile-
sional superior longitudinal fasciculus, ipsilesional internal capsule,

corpus callosum, bilateral cingulate gyrus, bilateral thalamus (ipsile-
sional more than contralesional), and bilateral midbrain (Fig. 4a). Of
note, a large portion of the volume exhibiting an elevation in [*'cIPBR28
binding in the patients that did not overlap with an elevation in MD was
located in gray matter regions of the thalamus, midbrain and pons
bilaterally and the contralesional pallidum (Fig. 4b). The group differ-
ence maps in [!'C]PBR28 binding and FA overlapped by 8 cm®, with only
8% of the volume exhibiting an elevation in [*'Cc]PBR28 binding in pa-
tients also having a reduction in FA. This overlap volume involved
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Table 2
Regions exhibiting significantly higher [''C]PBR28 binding in patients
compared to controls.

Cluster size Region within Hemisphere Local Maxima MNI
(voxels) Cluster Coordinates (mm)
X Y VA
8864 Superior corona Ipsilesional 18 0 38
radiata
Superior longitudinal  Ipsilesional 38 -16 32
fasciculus
Parietal-occipital Ipsilesional 42 -50 38
white matter
Supplementary Ipsilesional 12 -8 48
motor area
Corpus callosum, Ipsilesional & 0 2 24
body Contralesional
Cingulate gyrus Contralesional -6 -4 34
Precentral gyrus Contralesional —24 -8 52
3507 Posterior limb of Ipsilesional 16 -8 2
internal capsule
Thalamus Ipsilesional & 12 -10 2
Contralesional
Midbrain Ipsilesional & 0 —26 -18
Contralesional
Pons Ipsilesional & -2 -32 38
Contralesional
1375 Parietal-occipital Contralesional -32 —60 22
white matter
19 Superior precentral Contralesional -8 —28 66

white matter

regions of the corpus callosum body (anterior more than posterior),
ipsilesional superior longitudinal fasciculus, ipsilesional precentral
gyurs, and contralesional cingulate gyrus (Fig. 4c). Overall, these find-
ings indicate that a substantial portion of brain tissue showing evidence
of neuroinflammation in patients (i.e., elevated [11C] PBR28 binding) co-
localized with tissue showing loss in microstructural integrity when
indexed by elevated MD, though not when indexed by reduced FA.

We then tested for an interaction between group and region-of-
interest (co-localized group differences in ['c]PBR28 binding and
diffusion versus group difference in diffusion only) on the magnitude of
diffusion (MD and FA, separately). We found a significant interaction
between group and region-of-interest on MD (p < 0.01, mixed model
repeated measures analysis), with MD significantly higher in the patients
but not controls in the region-of-interest with group differences in both
[11C]PBR28 binding and MD relative to the region-of-interest with a
group difference in MD only (p < 0.001, Tukey testing; Fig. 5). There was
no significant interaction effect between group and region-of-interest on
FA. These findings provide evidence that loss in microstructural integrity
in patients, indexed by elevated MD, was more severe in brain tissue that
also exhibited glial activation.

4. Discussion

The current PET study is the first to demonstrate elevated TSPO
binding in non-infarcted tissue in a cohort of patients with chronic (1-3
years) MCA stroke. To our knowledge, our study is also the first to
evaluate neuroinflammation in stroke patients using [HC]PBR28, a sec-
ond generation TSPO radioligand with 80-fold higher specific binding for
activated brain glia than ['CIPK11195 (Kreis] et al., 2010), the proto-
typical TSPO radioligand used in the great majority of prior TSPO PET
studies in stroke patients (Gerhard et al., 2005; Morris et al., 2018;
Pappata et al., 2000; Price et al., 2006; Radlinska et al., 2009; Thiel et al.,
2010). Our findings provide evidence of extensive glial activation in
chronic stroke patients, leading to the possibility that chronic neuro-
inflammation may play a role in secondary poststroke pathologies such as
depression and fatigue (Barritt and Smithard, 2011; Shi et al., 2019;
Spalletta et al., 2006).
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Previous studies in patients and animal models with subacute MCA
stroke have observed glial activation in the ipsilesional thalamus and
ipsilesional internal capsule, regions with known neuroanatomical con-
nections to the damaged tissue (Arlicot et al., 2010; Gerhard et al., 2005;
Justicia et al., 2008; Pappata et al., 2000; Radlinska et al., 2009; Thiel
et al., 2010; Walberer et al., 2014; Walter et al., 2015). Case studies of
patients who incurred an MCA stroke several months prior have also
observed glial activation in more distal connections of the damaged tis-
sue, including in the midbrain and pons (Gerhard et al., 2005; Walter
et al., 2015). Consistent with these prior studies, the patients in the
current study showed elevations in [!'G]PBR28 binding in the ipsile-
sional thalamus, ipsilesional internal capsule, midbrain and pons. Our
patients exhibited elevations in [*'C]PBR28 binding in additional re-
gions with presumed connections to damaged tissue, including the ipsi-
lesional superior longitudinal fasciculus, ipsilesional superior corona
radiata and corpus callosum body. Notably, our patients also showed
elevated [''C]PBR28 binding in regions with no known direct connec-
tions to an infarct in the MCA territory, including the contralesional
thalamus and contralesional cingulate gyrus. The favorable properties of
[*1CIPBR28, including higher signal-to-noise binding and higher brain
uptake compared to first-generation TSPO radioligands (Briard et al.,
2008; Kreisl et al., 2010), likely contributed to us detecting previously
unseen TSPO signal in stroke patients. The spatial distribution of elevated
[*'Cc]PBR28 binding we observed in the chronic stroke patients might
have resulted from spreading of glial activation after MCA stroke, early
on involving regions with proximal neuroanatomical connections to the
infarct, later involving more distal connections, and also extending
transsynaptically to regions without direct connections to damaged tis-
sue. Transsynaptic spread of glial activation to regions with abnormal
functional activity has been proposed in models of Huntington Disease
(Topper et al., 1993) and epilepsy (Taniwaki et al., 1996). The glial
activation we observed in regions without direct structural connections
to the infarct zone may have similarly been due to altered functional
activity secondary to stroke.

Patients in the current study also showed widespread elevations in
MD, and more spatially restricted reductions in FA. Previous studies in
MCA stroke subjects have observed elevations in MD and reductions in
FA in regions with neuroanatomical connections to damaged tissue,
including in the ipsilesional internal capsule, ipsilesional thalamus, and
corpus callosum (Buffon et al., 2005; Gupta et al., 2006; Herve et al.,
2005; Jason et al., 2011; Liang et al., 2007; Werring et al., 2000). We
found the elevations in MD in the patients to be far more widespread than
previous reports, and to involve regions both with and without known
neuroanatomical connections to an MCA territory infarct, suggesting that
factors in addition to stroke contributed to pervasive loss of tissue
microstructure.

The higher incidence of hypertension in our patients compared to
controls may have contributed to the widespread loss in tissue micro-
structure. Hypertension has been associated with elevated MD and
reduced FA of brain white matter (Gons et al., 2010; Kennedy and Raz,
2009; McEvoy et al., 2015; Salat et al., 2012). Some studies have shown
that increases in blood pressure are associated with widespread eleva-
tions in MD and more spatially restricted reductions in FA (Maclullich
et al.,, 2009; Maillard et al., 2012), similar to the spatial pattern of
diffusion abnormalities we observed in our patients. The presence of
multiple vascular risk factors (e.g., hypertension and diabetes) has been
shown to amplify MD elevations and FA reductions compared to indi-
vidual risk factors (Cox et al., 2019). Our observation of widespread MD
elevations and more spatially restricted FA reductions in the patients may
reflect combined effects of long term neurodegenerative changes due to
stroke risk factors and secondary neurodegenerative changes due to
stroke.

Our diffusion MRI protocol acquired the diffusion-weighted images at
a high b-value (3000 s/mmz), which is higher than a conventional b-
value of 700-1000 s/mm?. High b-value diffusion MRI (i.e., >2000 s/
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Fig. 3. Evidence of neurodegeneration in patients. A. Brain regions with significant elevations in MD in patients relative to controls. wm = white matter. B. MD,
adjusted for age, for each subject across all voxels exhibiting a significant group difference (whole region), and in selected regions intersecting the group difference
map. C. Brain regions with significant reductions in FA in patients relative to controls. D. FA, adjusted for age, for each subject across all voxels exhibiting a significant
group difference (whole region), and in selected regions intersecting the group difference map. Box-and-whisker plots displayed as in Fig. 2.

mm?) has been shown to improve the sensitivity to detect differences in
diffusivity (measured by MD or apparent diffusion coefficient, ADC) in
several patient populations compared to conventional b-value diffusion
MRI (Baumann et al., 2012; Hyare et al., 2010; Shiraishi et al., 2005;
Yoshiura et al., 2003), while not conferring improved sensitivity to dif-
ferences in FA (Baumann et al., 2012; Hagmann et al., 2010). Biophysical
modeling suggests that high b-value diffusion MRI increases the pro-
portion of signal coming from a slow-diffusing compartment, whereas
conventional b-value diffusion MRI detects signal mostly from a
fast-diffusing compartment (Assaf and Cohen, 2000). The slow-diffusing
compartment is highly restricted and thought to represent movement of

water within axons or between myelin membranes (Assaf and Cohen,
2000). Taken together, the widespread elevations in MD observed in
patients relative to controls revealed using high b-value diffusion MRI
may represent diffuse axonal pathology due to longstanding effects of
stroke risk factors.

A substantial portion (57%) of brain tissue showing an elevation in
[''C]PBR28 binding in patients also showed an elevation in MD. This
finding is consistent with prior immunohistochemical studies in animal
models of stroke (Justicia et al., 2008; Schroeter et al., 1999) and im-
aging studies in stroke patients (Thiel et al., 2010) indicating
co-localization of neuroinflammation and neurodegenerative changes
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in MD (areas outlined in red). C. Brain regions with elevations in [''C]PBR28 binding in patients overlapping reductions in FA in patients (aqua areas). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

after stroke. Notably, we also observed that substantial portions of
subcortical gray matter (e.g., thalamus, midbrain, pons) that showed
elevations in [HC]PBRZS binding in patients did not also show elevations
in MD. At face value, this result might represent non-infarcted tissue with
neuroinflammation but not neurodegeneration. However, it is also
possible that microstructural loss in these subcortical gray matter regions
was underestimated due to use of high b-value diffusion MRI that is
particularly sensitive to axonal pathology, and less sensitive to gray

matter pathology (Assaf et al., 2003). Future studies that utilize
multi-shell diffusion MRI analyzed using a non-Gaussian model of water
diffusion, an approach demonstrating gray matter neurodegeneration in
other studies (Fukutomi et al., 2019; Vogt et al., 2020), may help clarify
the extent of co-localized neuroinflammation and neurodegeneration in
gray matter in chronic stroke patients.

Patients were found to have a greater elevation in MD in voxels that
also exhibited an elevation in [*!C]PBR28 binding compared to voxels
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exhibiting an elevation in MD only. While it is recognized that activated
glia can have either neurorestorative or neurodegenerative functions
depending on time and location after brain insult (Hu et al., 2015; Skaper
et al., 2012), the increase in MD in voxels with a co-localized elevation in
[11C]PBR28 binding suggests that glial activation may be associated with
net loss in tissue microstructure in chronic stroke patients. This rise in
MD might reflect phagocytosis by activated glia to clear debris generated
by stroke-induced secondary neurodegeneration. As chronically acti-
vated glia may have neurotoxic effects due to constitutive secretion of
pro-inflammatory cytokines and other cytotoxic factors (Block et al.,
2007), it is also possible that the rise in MD reflects progressive neuro-
degeneration due to neurotoxic activity of chronic glial activation in the
stroke patients.

The current study has some limitations. First, the patient sample size
was relatively small, in part because we required a specific stroke terri-
tory (MCA) and relatively narrow window of stroke chronicity (1-3
years). While these inclusion criteria increased patient homogeneity and
thereby aided data interpretation, the patient cohort was too small to
validly test associations between neuroinflammation and clinical char-
acteristics such as fatigue and depression. Future [*1C]PBR28 PET studies
with a large patient group is warranted in order to understand the clinical
significance of neuroinflammation in chronic stroke patients. The patient
group happened to have relatively few females (1/8), which while not
statistically different from the proportion of females in the control group,
might have affected the magnitude of group difference in [''C]JPBR28
binding. However, recent studies suggest that TSPO binding availability
(Tuisku et al., 2019) and TSPO binding in response to a pro-inflammatory
challenge (Murtaj et al., 2019) might be higher in females than males,
leading to the possibility that [!C]JPBR28 binding in stroke patients
relative to controls might be more elevated than observed in this pilot
study. A second limitation is that to reduce the burden to patients, we
used a semi-quantitative ratio metric of ['c]PBR28 binding (SUVR)
rather than quantitative kinetic modeling that relies on repeated arterial
blood sampling. While kinetic modeling is considered the gold standard
for quantifying TSPO binding, the validity of [''C]JPBR28 SUVR as a
metric for glial activation is supported by a growing number of studies
(Albrecht et al., 2018; Alshelh et al., 2020; Herranz et al., 2016; Van
Weehaeghe et al., 2020). Third, while elevated TSPO binding is a well
recognized marker of neuroinflammation, it is possible that increased
uptake of the radioligand across the blood-brain-barrier contributed to
the elevated [11C]PBR28 binding in our patients. However, since neu-
roinflammation often causes changes in blood-brain-barrier permeability
(Albrecht et al., 2016), an increase in [*'C]PBR28 brain uptake would
not invalidate our conclusion that neuroinflammation is present in pa-
tients with chronic MCA stroke. Fourth, while we detected group dif-
ferences in MD and FA, our use of high b-value diffusion-weighting likely
induced some non-Gaussian diffusion effects that were not well
accounted for by the diffusion tensor model. And fifth, the patients had a
higher incidence of some stroke risk factors than controls, which could
have affected the magnitude of group differences in glial activation and
diffusion abnormalities. Future studies should consider enrolling as

[ Group difference in MD
[ ] Group difference in ['"C]PBR28 + MD
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Fig. 5. Greater elevation in MD in regions with co-
localized elevations in [1'C]PBR28 binding. Mean
MD (+standard deviation) is shown for patients and
controls in a region-of-interest with group differ-
ences in both [''C]PBR28 binding and MD, and the
contralateral region-of-interest with a group differ-
ence in MD only. A significant interaction between
group and region-of-interest on MD was found
(p < 0.01, mixed model repeated measures anal-
ysis), with MD greater in patients, and not controls,
in the region-of-interest with co-localized group
differences in [''C]PBR28 binding and MD
compared the region-of-interest with a group dif-
ference in MD only (*p < 0.001, Tukey testing).

controls persons with a history of transient ischemic attack, a cohort that
would be expected to have stroke risk factors at the same frequency as
stroke patients.

In conclusion, this pilot study is the first to demonstrate extensive
neuroinflammation in a cohort of patients with chronic MCA stroke.
Future longitudinal studies will be required to determine whether neu-
roinflammation in stroke patients plays a causal role in the development
of secondary poststroke pathologies such as fatigue, depression and
accelerated cognitive decline.
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