Supplementary Online Content

Braga J, Lepra M, Kish SJ, et al. Neuroinflammation after COVID-19 with persistent depressive
and cognitive symptoms. Published online May 31, 2023. JAMA Psychiatry.
doi:10.1001/jamapsychiatry.2023.1321

eMethods.

eResults.

eDiscussion.

eReferences.

eFigure. TSPO Vr Plotted in Relation to Time of Acute COVID-19.

eTable 1. Relationship of Regional TSPO V1 With Neurocognitive Test Scores in
COVID-DC

eTable 2. Difference in Ventral Striatum and Dorsal Putamen TSPO Vt Between Groups
Relative to TSPO V+ in Other Brain Regions

This supplementary material has been provided by the authors to give readers additional
information about their work.

© 2023 BragaJ et al. JAMA Psychiatry.



eMETHODS

Participants

73 COVID-DC participants consented to participate in the study and completed screening
procedures. 35 were eligible after initial screening, and among them, 25 participants decided to
participate. Of these, the arterial line insertion was unable to be completed in three participants
and there were arterial sampling pump failures in two participants. Hence 20 participants with
COVID-DC completed [*®F]JFEPPA positron emission tomography (PET) scanning.

Recruitment of 20 healthy participants, completed prior to the COVID-19 pandemic, were
described previously®. All COVID-DC cases had at least one previous documented acute episode
of COVID-19 (n=19 one episode, n=1 two episodes). Most (n=17) previously had acute
COVID-19 of moderate severity.

Inclusion/Exclusion Criteria

All participants met additional exclusionary enrollment criteria required for PET scanning with
arterial blood sampling including: not pregnant, not breastfeeding, no blood coagulation
disorders, no ongoing anticoagulant use, no claustrophobia, no history of fainting due to blood
withdrawals, size/weight not exceeding capacity of the PET and magnetic resonance imaging
(MRI) scanners (approximately 160kgs). No presence of metal objects or implanted electrical
devices in the body that would preclude MRI scanning was also required.

Previous acute COVID-19 was required to be of mild or moderate severity as defined by NIH
and World Health Organization. Moderate COVID-19 is presence of clinical symptoms of
pneumonia but not severe enough to require ongoing use of supplementary oxygen; and mild
COVID-19 is symptoms but no evidence of pneumonia or hypoxia. Participants were asked a list
of questions that included whether they had individual symptoms of pneumonia as well as
whether they received supplemental oxygen.

PET and MRI Scanning

[*8F]FEPPA was of high radiochemical purity with a minimum threshold of 95% and high
specific activity (mean+SD, 196+140 terabecquerels/mmol at the time of injection). There was
no significant difference in specific activity between groups. A transmission scan measured
using a single photon point source, $3'Cs (t1=30-2 years, Ey=662 keV) was acquired
immediately before the acquisition of the emission scan. For the emission scan, an intravenous
bolus injection of [*®F]JFEPPA was given and data was acquired for 125 minutes after (34 time
frames: 1 frame of variable length, 5% 30s,1x45s,2x60s,1x90s,1x120s,1x210s, and
22 x 300 s). Attenuation correction was done using a *¥'Cs transmission scan acquired in 64 bit
list mode, which is converted into a 511 keV attenuation correction image.? Emission images
were acquired in 64 bit list mode, and were later reconstructed from 3D sinograms. Key steps in
reconstruction include accounting for the octagonal design of the tomograph,® correction for
photon attenuation, detector normalization, and scatter in the 3D sinograms,* fourier rebinning to
convert 3D into 2D sinograms,® reconstruction into image space using a 2D filtered back
projection algorithm with a HANN filter at Nyquist cut-off frequency and calibration of the
images to nCi/cc.
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Arterial blood was collected for the first 22-5 min after radiotracer injection at a rate of 2-5
mL/min and blood radioactivity levels were measured using an automatic blood sampling system
(Model PBS-101, Veenstra Instruments, Joure, Netherlands). Additionally, 7 mL blood samples
were drawn manually at -5, 2.5, 7, 12, 15, 20, 30, 45, 60, 90, and 120 min following tracer
injection. The delay, dispersion and metabolite corrected input function were created as
previously described®.

Magnetic resonance imaging (MRI) scans were acquired at the CAMH Brain Health Imaging
Centre on a GE Discovery MR750 3T scanner (General Electric Medical Systems, Milwaukee,
WI) equipped with an 8-channel headcoil. Ti-weighted MRI acquired in 3D of slice thickness
0-9mm were obtained (TR 6-7ms, TE 3-0ms, flip angle 8°, NEX=1, acquisition matrix 256 x
256; FOV 23cm, duration 4 min 42 s). Regions of Interest were delineated using in-house image
analysis software ROMI.” In brief, a standard brain template (International Consortium for Brain
Mapping/Montreal Neurological Institute 152 MRI) containing a set of predefined cortical and
subcortical ROIs (based upon the neuroanatomy atlas of Duvernoy?® but consistent with the atlas
of Talairach®; the division of the striatum is from Mawlawi et al.'° and the prefrontal cortex
subregions are derived from the cytoarchitectural definitions of Rajkowska).'**® These ROl are
transformed and deformed (SPM normalization; Wellcome Dept. of Cognitive Neurology,
London, UK; http://www.fil.ion.ucl.ac.uk/spm/) to fit each individual high-resolution T1 MRI.
Each individual's set of automatically created ROISs is then refined by iteratively including and
deleting voxels based on the probability of each voxel belonging to grey matter (SPM8
segmentation, Wellcome Department of Cognitive Neurology, London, UK;
http://www.fil.ion.ucl.ac.uk/spm). Each MRI is co-registered to the summed PET image using
normalized mutual information algorithm implemented under SPM8. ® The resulting
transformation is applied to the individual's refined ROIs and then resliced to match the
dimensions of the PET images. The location of the ROI is verified by visual assessment of the
ROI on the coregistered MRI and summated [*®F]JFEPPA PET image. Time activity curves are
visually inspected and if evidence for motion artifact is present a motion correction algorithm is
applied. Head movement in the dynamic PET acquisition is corrected using frame-by-frame
realignment. A normalized mutual information algorithm is applied with SPM8 (Wellcome Trust
Centre for Neuroimaging, London, UK) to coregister each frame to the 12th frame after the
radioligand arrives to the field of view, which shows a high signal-to-noise ratio. Parameters
from the normalized mutual information are then applied to the corresponding attenuation-
corrected dynamic images to generate a movement-corrected dynamic image.

The two tissue compartment analysis, previously validated for this radiotracer®, was performed
using PMOD Kinetic Modeling Tool (PKIN) version 4-2 (PMOD technologies, Zurich,
Switzerland) to measure translocator total distribution volume (TSPO V7). All statistical
analyses were conducted using IBM SPSS Statistics for Windows version 25-0 (IBM Corp.,
Armonk, N.Y., USA.)

Selection of ROIs

Symptoms of anhedonia, motor retardation and low energy (one component of which is low
motivation'4) are prominent in COVID-DC®™ Y. It is well established that the ventral striatum
participates in anticipating, predicting, valuing reward!®?°, The dorsal putamen participates in
maintaining normal movement speed and motivation?>2, Human diseases with injury to ventral
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striatum are associated with anhedonia such as in PD?4?¢, and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) toxicity?-2%. Similarly, human diseases with injury in dorsal striatum
are associated with motor retardation and amotivation such as in PD??%, progressive
supranuclear palsy3®3!, multiple system atrophy3°-32 and MPTP toxicity?’2°. It is well
established that tests of motor speed like the Finger Tapping Test are impaired in such illnesses.

The PFC and ACC were chosen because of their role in mood regulation circuitry and affect
dysregulation of MDD, Depressed mood induction is known to influence the activity of these
structures® and gliosis in these structures is associated with major depressive episodes®. A
commonly used measure for overall severity of major depressive episodes is the Hamilton
Depression Rating Scale so this was selected as a correlate to evaluate. Hippocampal function is
critical to consolidation of declarative memories and verbal memory®>3%, Moreover, the
magnitude of injury to hippocampus in neurodegenerative diseases is associated with severity of
impaired cognitive functioning®=¢. Since hippocampus function participates in a number of
processes for the present study and at the design phase of the present study cognitive concerns
after COVID-19 were still largely under investigation, we prioritized patient self report of
symptoms via the Cognitive Failures Questionnaire, but as an exploration also conducted a group
of neuropsychological tests, some of which require intact hippocampus functioning
(Supplemental Table 1).

Neuropsychological Assessment

Neuropsychological testing included a broader assessment of different domains including
processing speed; visuospatial functioning; learning and memory; attention and executive
function; and psychological testing assessed a wide range of depressive and anxiety related
symptoms (Supplemental Table 1). The Finger Tapping Test®"®, a well-established measure of
motor speed is prioritized because it is demonstrably affected in injury to the dorsal putamen; a
structure that participates in voluntary movement control®. The relationship between additional
cognitive tests and TSPO V1 within regions implicated in the performance of the cognitive test
were also assessed. Tests related to processing speed and psychomotor functioning included the
Digit Symbol coding subtest of the Wechsler Adult Intelligence Scale-111*", Word and Color
trials on the Stroop Color and Word Test, and Comprehensive Trail Making Test Trails 1 to 3.
Other measures and their respective domains included: CTMT Trails 4 & 5% and Color-Word
trial on the Stroop Test, executive function; Hopkins Verbal Learning Test-Revised (HVLT-R)*
and Brief Visuospatial Memory Test-Revised*?, verbal and visual learning and memory; and
Benton Judgement of Line Orientation (JLO)*, visuospatial functioning. Outcomes for test
performance, decided a priori, were T scores reflecting individual performance relative to
normative peer samples, derived from published demographically stratified or adjusted data:
CTMT, HVLT-R, Stroop Test, and BVMT-R according to participant age, sex, and/or education;
Finger Tapping Test>”** and JLO*® to participant age and sex; and the Digit Symbol coding
subtest to participant age only (Supplemental Table 1).

Power

Detection of a 20% difference, given the standard deviation of TSPO V7 in healthy, corresponds
to an effect size of approximately 0.7. For a repeated measures analysis of variance to detect

© 2023 Braga J et al. JAMA Psychiatry.



between group effects, applying a f value of 0.35, evaluation of TSPO Vr in five regions
correlated with r=0-45 corresponds to a power of 80% in a comparison of 20 versus 20
participants.*®

Multiple Comparisons

For the main analysis, the group effect across the five regions (ventral striatum, dorsal putamen,
prefrontal cortex, anterior cingulate cortex and hippocampus) was considered significant at a
threshold of 0.05. For the correlations with regional TSPO V-, there were 3 main correlates
assessed: motor speed with the Finger Tapping Test, MDE severity with Hamilton Depression
Rating Scale, and Cognitive Failures Questionnaire. However, the Finger Tapping Test
correlated highly and negatively with the Hamilton Depression Rating Scale score (r=-0.70,
p<0.001). So there were two independent correlates and the threshold was adjusted to 0.025.

Voxel Based Analysis

In an exploratory analysis, the logan model was used to measure TSPO Vr at the voxel level for
each participant applying ROMI software*’. Consistent with previous use of this approach for
[*8F]FEPPA*, the TSPO Vr results at the voxel level were highly correlated with TSPO V-
found with the logan model applied to time activity curves from the same regions of interest
across participants, exemplified in the ventral striatum and dorsal putamen (r=0.95 and 0.97,
respectively). Also consistent with previous use of this approach for [*®FJFEPPA, the regional
TSPO Vr found with the logan model correlated highly with the TSPO V1 measured applying
the two tissue compartment model results across participants as exemplified in the same regions
(r=0.91 and 0.97, respectively).

In SPM12, individual participant PD MRI were coregistered to the images composed of the
mean summed counts of each [*®F]FEPPA image with a mutual information algorithm, the latter
which is in the same space as the voxel based V-t images. Then the PD MRI were spatially
normalized to the 152 MNI template in SPM12, applying the default options with the same
transformations and deformations applied to the voxel TSPO V1 PET images. Then the voxel
TSPO Vr images, now in MNI space, were smoothed with the default option. Finally, an
ANOVA was applied evaluating effect of group, after applying a factor of genotype MAB versus
HAB.

eRESULTS

MRI Evaluation

MRI were clinically unremarkable in the COVID group except for 7 cases with mucous retention
cysts in maxillary sinus, sphenoid sinuses or ethmoid air cells which was also associated with
mucosal thickening in 4 of these 7 cases.

Statistical Analyses

Post-hoc analysis showed that differences between participants and controls in VS or DP TSPO
V7 relative to other regions in the group analysis, in which TSPO V+ in the other regions was
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applied as a covariate, were mostly significant or if not, at trend level (Supplemental Table 2).
TSPO Vrin VS and DP were highly correlated in COVID-DC participants with a correlation
coefficient (r) of 0.91 (p<0.001). History of past MDE was not correlated with TSPO V7 in any
region assayed.

Relationship of Other Neurological Symptoms to TSPO V-t

Presence of olfactory symptoms was not associated with orbitofrontal cortex TSPO V-t adjusted
for genotype difference (ANOVA, mean difference, 0.8; 95% ClI, -1.9 to 3.4; p=0.5). Presence of
impaired taste was not associated with insular cortex TSPO VT adjusted for genotype difference
(ANOVA, mean difference, 1.7; 95% CI, -1.1 to 4.5, p=0.2).

Voxel Based Analysis

In the comparison of patients greater than controls in SPM12, no peaks were found to be
significant after correcting for family wise error or false discovery rate. At the uncorrected
threshold of p=0.05, a cluster inclusive of essentially all grey matter regions of the brain was
present (k=146981 voxels) which was significant after applying family wise error (p<0.001). In
the comparison of controls greater than patients, no voxels were significant at the corrected
threshold of p=0.05.

eDISCUSSION

In the present study we found no relationship between TSPO V1 and duration of illness post-
acute COVID-19. While the data is cross-sectional, it suggests that in COVID-DC cases with
persistent symptoms of MDE, TSPO Vr, an index of gliosis, does not decline over months. In a
previous study of MDE secondary to MDD prior to COVID-19, it was found in cross-sectional
data that long durations of untreated MDE, that is, greater than 10 years, were associated with
greater TSPO V7 across most grey matter regions?. This was interpreted as likely reflecting
progressive gliosis in those with chronic MDE of MDD. Since COVID-19 is a relatively recent
event, it is not known whether similarly long durations of COVID-DC beyond 10 years might be
similarly associated with greater TSPO V7.

An asset of the study design was that participants did not have a current MDE at the time of
acute COVID-19. This was to avoid confounding of elevated TSPO V-t predating the episode of
acute COVID-19. There are several lines of evidence to support that presence of a MDE, rather
than a history of MDE is associated with elevated TSPO V. In a [*®F]FEPPA PET study, Li et
al. demonstrated that reductions of symptoms with cognitive behavioural therapy resulted in
normalization of TSPO Vr across brain regions assessed*®. Hannestad et al. compared cases of
major depressive disorder, most of whom did not meet threshold criteria for a major depressive
episode, and found no difference in TSPO V7 in the regions assessed™C. In addition, in
antidepressant free MDE cases of MDD, Setiawan et al. found positive correlations between
severity of MDE and TSPO Vr in most brain regions assessed such as the ACC, PFC and insula’.

In one of the largest post mortem studies of gliosis after COVID-19, Matschke et al. reported
prominent microglial activation in the brainstem whereas the present study did not find a
prominent elevation of TSPO V7 in the midbrain®.. Since, in contrast to the present study, the
sample of Matschke et al. died of COVID-19, one could speculate that prominent gliosis in the
brainstem, which controls key life supporting processes like respiration, might contribute to the
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lethality of COVID-19. Brainstem gliosis has been implicated in other causes of death such as
sudden infant death syndrome®2.

The voxel based analysis found generally greater TSPO V1 in patients than controls, a finding
reasonably similar to region of interest results. No peak changes with a different anatomical
definition, as compared to the ROI, were identified.
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eFigure. TSPO Vr plotted in relation to time of acute COVID-19. Onset time of variants in
Canada is concurrently labelled. TSPO V1 = Translocator protein total distribution volume. HAB

A/MAB A = High-affinity/Mixed-affinity binder based on rs6971 genotype.

© 2023 Braga J et al. JAMA Psychiatry.



eTable 1. Relationship of Regional TSPO Vr with Neurocognitive Test Scores in COVID-DC

16

Psychomotor and Processing Speed

Finger Tapping Test (DH)?
Finger Tapping Test (NDH)?
CTMT Inhibitory Control Index?
STROOP Word Trial?

STROOP Colour Trial?
WAIS-I11 Digit Symbol Coding Task”
Executive Function

CTMT Set-Shifting Index?
STROOP Colour-Word Trial?
Learning and Memory

HVLT-R Total Recall?

HVLT-R Delayed Recall?
HVLT-R Retention?

BVMT-R Total Recall?

BVMT-R Learning?

BVMT-R Delayed Recall?

Visual-Spatial
Benton JLO¢

Region of Interest

Ventral Striatum

Dorsal Putamen

Hippocampus

Anterior Cingulate Cortex

Prefrontal Cortex

r 95% Cl D r 95% ClI P r 95% ClI p r 95% ClI P r 95% ClI P
030 -0.67t0018 021 -053 -079t0-0.09  0.02 -0.31 -0.67100.17 0.20 050  -0.7810-0.06 003 -041 -0.73t00.05 0.08
-0.34 -070t00.15 0.7 -051 -0.79t0-006 0.3 -0.34 -0.69 t0 0.15 0.17 042  -0.74100.06 008 -039 -0.72t00.10 0.1
038 -0.09t00.71 011 020 -0.28100.60 0.40 0.38 -0.09 t0 0.71 0.11 0.18 -0.30 t0 0.58 047 015 -0.32t0057 053
-0.22 -061t0026 037 -0.35 -0.69t00.13 0.15 -0.33 -0.68 t0 0.15 0.17 023 -0.62100.25 035 -023 -0.62t00.25 0.35
-0.07 -050t00.40 079 -0.24 -0.63t00.24 0.31 -0.14 -0.56 10 0.34 0.57 2027  -0.64100.22 027 -029 -0.66t00.19 0.24
-0.04 -049t00.42 086 -0.22 -0.62100.26 0.36 -0.09 -0.520 0.38 0.72 -0.35  -0.69t00.13 015 -0.30 -0.66t00.18 0.2
011 -036t0054 065 013 -0.35t00.55 0.60 0.18 -0.30t0 0.58 0.47 0.00 -0.45 10 0.46 099 -0.04 -048t0043 0.89
017 -058t0031 049 -0.19 -0.59t00.29 0.44 -0.22 -0.62 t0 0.26 0.36 033  -0.68100.15 018 -029 -0.66t00.19 0.23
013 -055t00.34 060 -0.20 -0.60to00.28 0.41 0.05 -0.41t0 0.50 0.83 -0.07  -0.51100.40 077 -022 -0.62t00.26 0.36
010 -054t0039 069 -0.05 -0.51t00.43 0.84 0.07 -0.41 0 0.52 0.77 -0.04  -0.50t00.44 088 -026 -0.65t00.24 0.30
004 -049t00.42 087 023 -0.25100.62 0.34 0.21 -0.27 10 0.61 0.38 0.17 -0.30t0 0.58 048 002 -044t0047 0.95
035 -013t0069 014 017 -0.31t00.58 0.48 0.37 -0.10100.71 0.12 0.17 -0.3110 0.58 050 020 -0.28t00.60 0.41
050 -0.7810-0.06 003 -0.30 -0.661t00.18 0.21 -0.33 -0.68 10 0.14 0.17 039 -0.72100.08 010 -044 -0.75t00.02 0.06
019 -029t0059 044 009 -0.38100.52 0.72 0.28 -0.21 10 0.65 0.26 0.05 -0.41 10 0.49 084 008 -039t0052 0.73
-0.06 -050t00.41 0.82 -0.15 -0.56100.33 0.55 0.03 -0.43 t0 0.48 0.91 007 -0.51100.39 076  -009 -052t00.38 0.71

Data are the correlation coefficients (r) between regional TSPO V+ values and neuropsychological test scores. TSPO V't = Translocator protein total distribution volume. COVID-DC = COVID-19 and depression with/without other
cognitive symptoms. DH = dominant hand. NDH = non-dominant hand. CTMT = Comprehensive Trail Making Test. WAIS = Wechsler Adult Intelligence Scale. HVLT-R = Hopkins Verbal Learning Test-Revised. BVMT-R = Brief
Visuospatial Memory Test-Revised. JLO = Judgement of Line Orientation. TSPO V-t values of mixed-affinity binders are multiplied by 1.4 to adjust for genotype difference. One participant was excluded from data analysis. #T-scores

used for analysis. PAge effect controlled. ¢Age and sex effects controlled.
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eTable 2. Difference in Ventral Striatum and Dorsal Putamen TSPO V-t Between Groups Relative to TSPO

VTin Other Brain Regions

Dependent Variable Independent Variables Effect of Group?
Ventral Striatum TSPO V7 Group, Prefrontal Cortex TSPO Vr 0.01
Ventral Striatum TSPO V+ Group, Hippocampus TSPO Vr 0.02
Ventral Striatum TSPO V7 Group, Anterior Cingulate Cortex TSPO Vt 0.1

Dorsal Putamen TSPO Vr Group, Prefrontal Cortex TSPO Vr 0.003
Dorsal Putamen TSPO V+ Group, Hippocampus TSPO V+ 0.05
Dorsal Putamen TSPO Vr Group, Anterior Cingulate Cortex TSPO V1 0.1

ap-value from analysis of variance with group as predictor of interest and the other region (either prefrontal cortex,
anterior cingulate cortex, or hippocampus) as a covariate
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