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ARTICLE INFO ABSTRACT

Keywords: While COVID-19 research has seen an explosion in the literature, the impact of pandemic-related societal and
PET lifestyle disruptions on brain health among the uninfected remains underexplored. However, a global increase in
Neuroimaging

the prevalence of fatigue, brain fog, depression and other “sickness behavior’-like symptoms implicates a
Pandemic possible dysregulation in neuroimmune mechanisms even among those never infected by the virus.

Mental health We compared fifty-seven ‘Pre-Pandemic’ and fifteen ‘Pandemic’ datasets from individuals originally enrolled
MRS as control subjects for various completed, or ongoing, research studies available in our records, with a confirmed
negative test for SARS-CoV-2 antibodies. We used a combination of multimodal molecular brain imaging
(simultaneous positron emission tomography / magnetic resonance spectroscopy), behavioral measurements,
imaging transcriptomics and serum testing to uncover links between pandemic-related stressors and
neuroinflammation.

Healthy individuals examined after the enforcement of 2020 lockdown/stay-at-home measures demonstrated
elevated brain levels of two independent neuroinflammatory markers (the 18 kDa translocator protein, TSPO,
and myoinositol) compared to pre-lockdown subjects. The serum levels of two inflammatory markers (inter-
leukin-16 and monocyte chemoattractant protein-1) were also elevated, although these effects did not reach
statistical significance after correcting for multiple comparisons. Subjects endorsing higher symptom burden
showed higher TSPO signal in the hippocampus (mood alteration, mental fatigue), intraparietal sulcus and
precuneus (physical fatigue), compared to those reporting little/no symptoms. Post-lockdown TSPO signal
changes were spatially aligned with the constitutive expression of several genes involved in immune/neuro-
immune functions.

This work implicates neuroimmune activation as a possible mechanism underlying the non-virally-mediated
symptoms experienced by many during the COVID-19 pandemic. Future studies will be needed to corroborate
and further interpret these preliminary findings.
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1. Introduction

Beyond the staggering number of infections and deaths, the Coro-
navirus Disease 2019 (COVID-19) pandemic (Cucinotta and Vanelli,
2020) has caused lifestyle, societal, and other disruptions, impacting the
lives of a large swath of the world population in multiple ways. For
instance, behavioral data show that the severity and/or prevalence of
symptoms of psychological distress have increased considerably in the
United States since the pandemic onset (CDC, 2020; Abbott, 2021).
Likewise, an increased prevalence of fatigue, dyscognition (i.e., “brain
fog”) and other symptoms has been reported, including among the non-
infected. As such, the scientific and medical communities are urgently
calling for studies promoting a better understanding of the effects of the
pandemic on brain and mental health (Holmes et al., 2020; Goncalves de
Andrade et al., 2021; Kar Ray et al., 2021).

While the mechanisms underlying the non-virally mediated effects of
the COVID-19 pandemic on brain health are currently unknown, we
hypothesized that an elevation in neuroinflammatory responses might
play a role. In fact, exposure to social stressors, including social isolation
(a state experienced by many during the pandemic), has been previously
linked to elevations in serum levels of pro-inflammatory cytokines
(Smith et al., 2020) and activation of brain glial cells (Stein et al., 2017;
Calcia et al., 2016), involving mechanisms largely overlapping with
those observed during infection-induced inflammation (Eisenberger
et al., 2017). Such “sterile” forms of (neuro)inflammation -much like
their pathogen-associated counterparts- have been linked to produce a
constellation of “sickness behaviors”, including fatigue, depressive
symptoms, social withdrawal, etc (Dantzer, 2009; Fleshner et al., 2017).
Indeed, sterile-(neuro)inflammation is thought to be a key neurobio-
logical process in the pathophysiology of mood disorders (Setiawan
et al., 2018; Albrecht et al., 2021; Troubat et al., 2021). Thus, results
from both clinical and preclinical literature raise the possibility that
(neuro)inflammation might be a potential mechanism underlying the
symptoms experienced during the pandemic by healthy individuals that
were not infected by SARS-CoV-2.

Here we have hypothesized that subjects examined after the onset of
the pandemic and the implementation of lockdown/stay-at-home mea-
sures rendered necessary to limit its spread would demonstrate
increased (neuro)inflammatory markers. To test this hypothesis, we
conducted a retrospective analysis of advanced, multimodal [*!C]PBR28
Positron Emission Tomography/Magnetic Resonance (PET/MR) imag-
ing data collected at the A. A. Martinos Center for Biomedical Imaging in
the last decade. Specifically, we investigated brain levels of the 18 kDa
translocator protein (TSPO) (Cosenza-Nashat et al., 2009); and
myoinositol (mIns) (Datta et al., 2017), in subjects evaluated after
pandemic onset, compared to subjects scanned pre-pandemic. TSPO and
mlns are two putative glial markers that can be detected with PET and
MR spectroscopy, respectively. To assess the clinical significance of our
findings, we performed a preliminary investigation of the link between
neuroinflammatory signals and scores on a questionnaire assessing
mental and physical impacts of the pandemic. Then, to understand the
genetic underpinnings of our imaging results, we evaluated their spatial
association with constitutive brain gene expression in post-mortem brains
(Allen Human Brain Atlas) (Hawrylycz et al., 2012). Finally, in order to
evaluate possible links between central and circulating inflammatory
markers (Wang et al., 2015), we quantified serum levels of cytokines and
chemokines from venous blood measurements.

Because the focus of this study was on “sterile”, and not virally-
mediated, neuroimmune activation, only individuals with a confirmed
negative test for SARS-CoV-2 antibodies at the time of the scan (indi-
cating a remote probability of infection prior to the study (Choe et al.,
2021) were included among those tested after the onset of the pandemic.

2. Methods

This research study was conducted at the Athinoula A. Martinos
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Center for Biomedical Imaging, Massachusetts General Hospital. Data
were pooled for several protocols, which were approved by the Partners
Healthcare / Mass General Brigham Institutional Review Board. All
participants gave written informed consent at the time of their
screening.

2.1. Study design and participants

We conducted a retrospective brain imaging study of healthy in-
dividuals, originally enrolled as control subjects for various completed
or ongoing, research studies investigating the role of neuroinflammation
in various disorders.

In total, this study included fifty-seven ‘Pre-Pandemic’ datasets (ac-
quired between 04/2012 and 02/2020) and fifteen ‘Pandemic’ datasets
(acquired between 08/2020 and 07/2021) (Supplementary Fig. 1). See
Supplementary materials for details on study design. At the time of the
study, subjects from the Pandemic group were all residents of Massa-
chusetts, where the lockdown lasted approximately for two months
(March-May 2020). Several social-distancing restrictions (such as
limited social gathering) remained active in the following year, even
after the stay-at-home order was lifted. Over the time-period of this
study, the average COVID-19 positivity rate in Massachusetts ranged
between 0.5% (July 2021) and ~ 9% (January 2021).

All subjects in the Pandemic cohort had a negative COVID-19 anti-
body test (Elecsys® Anti-SARS-CoV-2, Roche Diagnostics; 99.81%
specificity; 100% sensitivity 14 + days post infection) at the time of the
scan. This broad-spectrum test is sensitive to both IgM, IgA and IgG
antibodies, allowing the detection of SARS-CoV-2 infections occurred
over a period of at least several months prior the scan (Choe et al., 2021).
No COVID-19 antibody testing was available for any of the participants
within the Pre-Pandemic group.

Demographics for the participants used in the PET and 'H-MRS an-
alyses are displayed in Table 1.

2.2. Data acquisition and processing

During an initial screening visit, participants were consented, and
genotyped for the Ala147Thr polymorphism in the TSPO gene, which is
known to affect binding affinity for several TSPO radioligands, including
[11C]PBR28 (Owen et al., 2015; Kreisl et al., 2013). Individuals with the
Ala/Ala or Ala/Thr genotypes (predicted high- and mixed-affinity
binders -HABs and MABs-, respectively) were included, and the geno-
type was modeled as a covariate in the statistical design (see below).
Individuals with the Thr/Thr genotype (predicted “low-affinity
binders™) were excluded at the time of the screening and therefore not
represented in our dataset.

At the beginning of the imaging visit, a subset of subjects (n = 24; 11
Pre-Pandemic; 13 Pandemic; Table 1) had venous blood collected to
measure the level of circulating inflammatory cytokines (IFN-y, IL-15,
IL-16, IL-1RA, IL-6, IL-8, MCP-1, MDC, MIP-1a, and TNF-a). See Sup-
plementary materials for further details.

Dynamic PET/MR scans were performed with two different Siemens
scanners: a 3 T Tim Trio whole-body MRI with a dedicated brain PET
insert (BrainPET; Scanner 1) (Kolb et al., 2012) and a 3 T Verio whole-
body, MRI whole-body PET tomograph (Biograph mMR; Scanner 2)
(Delso et al., 2011). Participants were injected with up to ~ 15 mCi
(mCi) ["'CIPBR28 as an intravenous bolus and dynamic PET was ac-
quired as described in previous studies (Albrecht et al., 2021; Alshelh
et al., 2020). [''C]PBR28 is a second-generation radioligand commonly
used to image the glial marker TSPO for the study of neuroinflammation
in various conditions (Albrecht et al., 2016). All participants were
scanned for a time-period that included ~ 60-90 min post-injection (the
framing window used in our PET analyses; see below). See Supple-
mentary materials for further details on PET data acquisition and
processing.

SUV ratio (SUVR) images were obtained via intensity-normalization
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Table 1

Demographics from both main and matched cohorts. Categorical variables
are summarized as frequencies (proportions) and continuous variables are
summarized as mean (standard deviation). HAB = high affinity binders; MAB =
mixed affinity binders; mCi = millicuries. *=p < 0.05; **=p < 0.01.

[*'C]PBR28 PET cohorts

Pre-Pandemic Pre- Pandemic
Pandemicuatched
N 57 29 15
Sex Male 30 (52.6) 19 (65.5) 12 (80)
Female 27 (47.4) 10 (35.5) 3(20)
Age [y] 42.85(15.36) 55.72(9.49) 60.73(10.7)
k¥
TSPO HAB 33(57.9) 16(55.1) 7 (46.6)
genotype MAB 24(42.1) 13(44.9) 8(53.4)
Scanner Scanner 44(77.2) 21(72.4) 9 (60)
1 13(22.8) 8(27.6) 6 (40)
Scanner
2
Weight [kg] 73.71(16.0) 73.86(16.94) 78.04(19.7)
Inj. dose 13.28(1.57) 13.26(1.66) 13.86(1.69)
[mCi]
Blood samples cohorts
Pre-Pandemic Pre- Pandemic
Pandemicyatched
N 11 9 13
Sex Male 6 (54.5) 5 (55.5) 11 (84.6)
Female 5 (45.5) 4 (44.5) 2(15.4)
Age [y] 47.2(17.7) * 51.33(17.7) 60.61
(11.47)
Weight [kg] 78.24(11.53) 77.38(12.7) 78.78
(21.10)
'H-MRS cohorts
Pre-Pandemic Pre- Pandemic
PandemicCyiatched
N 13 9 11
Sex Male 7 (53.8) 6 (66.7) 8 (72.7)
Female 6 (46.2) 3(33.3) 3(27.3)
Age [y] 46.34(13.51) 55.25(7.95) 60.36(12.2)
*
Scanner Scanner 2(15.4) * 2(22.2) 6 (54.5)
1 11(84.6) * 7(77.8) 5 (45.5)
Scanner
2
Weight [kg] 77.4(11.69) 78.03(13.76) 76.73
(22.61)

using the occipital cortex as a pseudo-reference region, as done in pre-
vious research (Alshelh et al., 2020; Albrecht et al., 2019). This region
demonstrated no statistically significant group differences in mean SUV
(p = 0.18; GLM, correcting for age, scanner and genotype; see below),
indicating that the use of this signal as a normalizing factor did not bias
our results. To support findings from SUVR measurements, distribution
volume (V1) and ratio (DVR) outcomes were determined using kinetic
modeling in a subset of subjects for whom a radiometabolite-corrected
arterial input function was available (n = 24; 16 Pre-Pandemic; 8
Pandemic), as described in the Supplementary materials.

Simultaneously to the PET data collection, a subset (13 Pre-
Pandemic; 11 Pandemic) was also scanned with 1H-MRS, allowing us
to quantify the brain concentration of myoinositol (mlns), another pu-
tative glial marker (Datta et al., 2017), and -for reference- Creatine (Cr; a
cellular energetic marker) and N-Acetyl Aspartate (NAA; a marker of
neuronal integrity). See Supplementary materials for details on H-MRS
data acquisition and processing.

To interrogate the possible clinical significance of our results, we
retrospectively administered a questionnaire assessing the impact of the
COVID-19 pandemic on mental and physical well-being, specifically
assessing mental/physical fatigue, dyscognition and mood alterations
(n = 11; See Supplementary Table 3).
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2.3. Statistical analysis

Descriptive summaries were computed by group (Pre-Pandemic,
Pandemic). Continuous variables were summarized as mean and stan-
dard deviation (SD) and categorical variables were summarized as fre-
quencies and percentages (Table 1). Group differences in demographics
were assessed with Student’s t-tests for continuous variables (age,
injected dose, weight) and Chi-Square (y?) tests for categorical variables
(sex, TSPO polymorphism, scanner).

Covariate imbalance was assessed in all the analyses by adjusting for
confounding variables but was also accounted for via matching. In
particular, given the significant difference in age across Pre-Pandemic
and Pandemic groups, we re-ran all group analyses using smaller sub-
sets of the Pre-Pandemic group who were better demographically
matched to the Pandemic cohort (p’s > 0.11) (Table 1). Specifically, all
Pre-Pandemic subjects with an age range 20-40 (n = 28) were removed,
resulting in a non-statistical difference in age (p > 0.1) between groups.

Pre-Pandemic and Pandemic [''C]PBR28 signals were compared in
both a-priori region-of-interest (ROI) analysis (in areas previously asso-
ciated with stress or depression: hippocampus (Calcia et al., 2016;
DiSabato et al., 2020), thalamus (Kang et al., 2018), and anterior
cingulate cortex (ACC) (Albrecht et al., 2021), using a General Lineal
Model (GLM), including TSPO genotype, scanner type and age as
covariates. The same analyses were performed in a non-parametric
voxel-wise analysis of the whole brain. The significant cluster ob-
tained from the whole brain analysis was parcellated by intersecting it
with anatomical labels in standard space. From these parcels, the mean
PET signal was extracted for visualization purposes, as well as correla-
tional and support/sensitivity analyses (see Supplementary materials).
Coefficient of variation (CV:;—’*IOO; o=standard deviation; y=mean),

was computed to compare inter-individual variability across various
PET metrics (SUVR, DVR, V).

Further, clinical indicators from behavioral measurements and
serum testing, as well as imaging transcriptomics statistical analyses
were used to uncover links between pandemic-related stressors and
neuroinflammation. 'H-MRS data were also tested for group differences
using a GLM, including scanner type and age as covariates in the model.
See Supplementary materials for further details.

3. Results

Participants from the Pandemic cohort reported experiencing
various symptoms since the onset of the pandemic, including mood al-
terations (54% of respondents), mental (36%) and physical (27%) fa-
tigue, and dyscognition (18%). Paralleling these behavioral findings,
[*c]PBR28 signal was higher in the Pandemic vs the Pre-Pandemic
group, as was apparent in both ROI and voxelwise analyses (including
in all support/sensitivity analyses performed).

The a priori ROI analyses revealed that, compared to the Pre-
Pandemic group, the Pandemic group demonstrated higher [*'C]
PBR28 signal in all the four ROI evaluated (p’s < 0.05). Whole-brain
voxelwise analyses (Fig. 1, Supplementary Fig. 2) confirmed the *cy
PBR28 signal elevation in the Pandemic cohort, identifying a large
cluster encompassing both grey and white matter regions, including
portions of the anatomical regions used as our a-priori ROIs as well as
additional regions (precental, postcentral, superior, middle and inferior
frontal gyri, precuneus, superior parietal lobule, anterior and posterior
insula, amygdala, putamen, supplementary motor cortex, anterior,
middle, posterior cingulate and subcallosal cortex; see Table 2).

Notably, ['1C]PBR28 signal elevation in the Pandemic group could
be observed irrespective of scanner, age, genotype, sex, injected dose
and body weight (Supplementary Fig. 3). In all the evaluated sub-
clusters, [c]PBR28 signal elevations in the Pandemic group were
also confirmed by DVR, computed from the small sample (~30%) of
participants with available arterial blood data (n = 24) (0.009 < p <
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Fig. 1. [*'C]1 PBR28 PET signal elevations in the Pandemic group. (A) Mean
images computed from 57 Pre-pandemic and 15 Pandemic subjects are dis-
played as maximum intensity projections. (B) Significant cluster from the
Pandemic > Pre-Pandemic voxel-wise contrast is shown in a red-yellow color
scale. There were no significant regions for the Pre-Pandemic > Pandemic
contrast. (G) Visualization of mean [''C]JPBR28 SUVR extracted from sub-
portions of the cluster statistically significant in A. IPS = Intraparietal Sulcus,
PCUN = Precuneus, IC = Insular Cortex, SCC = Subcallosal Cortex, ACC =
Anterior Cingulate Cortex, NAc = Nucleus Accumbens, SMA = Supplementary
Motor Area, MFG = Middle Frontal Gyrus, HIPP = Hippocampus. Error bars
denote 25th to 75th inter-quartile range. Triangles denote data from Scanner 1
and circles denote data from Scanner 2. (D) Case study of one subject scanned
before- (September 2016) and during the pandemic (October 2020) in Scanner
1. Bar graph of mean [*'C]PBR28 SUVR are extracted from the cluster sub-
portions in (C) and difference image (post-pre) are reported in red-yellow
and cyan-blue color bars. E) Mean [*'C]PBR28 SUVR extracted from sub-
clusters in (C) and sorted by scan date. The range of the color scale was set
for each region independently to best illustrate the pandemic PET signal in-
crease, for visualization purposes.

0.04; Supplementary Fig. 4A). In all regions, DVR was strongly corre-
lated with SUVR (r > 0.77; p < 0.001; Supplementary Fig. 4B). The V¢
values, computed from the same subsample of participants, demon-
strated larger interindividual variability (CV ranging from 34.6% (IPS)

92

Brain Behavior and Immunity 102 (2022) 89-97

Table 2
Peak coordinates from brain regions significant in whole-brain ['C]PBR28 PET
voxel-wise group analyses.

Cluster size (#  Clusterp-  Peak Anatomical
voxels) value Location
VA X y z
Pandemic >
Pre-
Pandemic
31,504 0.0006 3.54 -20 -36 -1 L Hippocampus
354 -6 2 57 L Supplementary
Motor Cortex
3.54 10 5 36 R Anterior
Cingulate Cortex
354 —-40 -23 37 L Postcentral Gyrus
3.54 -32 -7 46 L Precentral Gyrus
3.54 -29 47 43 L Superior Parietal
Lobe
3.54 —-40 4 -6 L Anterior Insula
354 -19 -27 54 L White Matter
3.54 -9 11 -12 L Nucleus
Accumbens
354 7 23 —16 R Subcallosal
Cortex
3.54 -46 6 17 L Inferior Frontal
Gyrus
354 -25 3 0 L Putamen
335 -20 8 48 L Superior Frontal
Gyrus
323 -16 6 -22 L Frontal Orbital
Cortex
3.23 -37 =22 1 L Posterior Insula
323 4 -5 0 R Thalamus
3.09 35 -1 55 L Middle Frontal
Gyrus
3.03 22 —4 —24 R Amygdala
2.98 18 —53 25 R Precuneus Cortex

Pre-Pandemic
> Pandemic
n.s.

to 39.2% (HIPP), as opposed to 5.9-9.1% for SUVR and 5.8-12.1% for
DVR (see Supplementary Table 4) and did not statistically differ across
groups (p’s > 0.6). No significant correlation was found between SUVR
or DVR and Vt (p’s > 0.1).

The results of the group analyses were replicated within-subject in
the single participant scanned before and after the pandemic onset in the
same scanner. Indeed, during the pandemic this subject demonstrated
widespread PET signal elevation in all brain regions significant in the
group analyses (Fig. 1C), ranging up to 22.6% (Nucleus Accumbens),
compared to the Pre-Pandemic scan.

Fig. 1D displays the PET signal across subjects, indicating relatively
low between-subject variability for nearly a decade (as corroborated by
time-stability and scan-re-scan reliability tests; Supplementary Fig. 5A,
Fig. 5B), followed by a noticeable increase during the pandemic.

When categorizing the Pandemic group subjects based on their
symptom burden (higher vs lower), we found the PET signal in the IPS
and precuneus to be associated with physical fatigue (p < 0.01 and p <
0.05 uncorrected, respectively), whereas the hippocampal PET signal
was more closely linked to mental fatigue and mood alterations (p <
0.01 and p < 0.05 uncorrected, respectively) (see Fig. 2). Of these re-
sults, the IPS-physical fatigue association remained statistically signifi-
cant after correction for multiple comparisons. No association was found
with dyscognition symptoms (although the very small sample size of
participants reporting an increase in this symptom, n = 2, rendered this
analysis inconclusive).

Fig. 3 shows that IL-16 and MCP-1 were significantly higher in the
Pandemic cohort than in the Pre-Pandemic cohort (p’s < 0.03) and that
higher levels of those inflammatory markers were correlated with
increased [HC]PBRZS uptake, when tested across the entire dataset
(although these correlations did not reach significance when tested only
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Fig. 2. [''C]1PBR28 PET signal elevations
in the Pandemic group are proportional
to symptom burden. [!C]PBR28 signal in
the subset of Pandemic subjects who
completed the questionnaire on the impact
of the pandemic con physical and mental
health (n = 11) shows elevations in the IPS,
PCUN and HIPP for those individuals who
showed higher symptom burden (physical
fatigue, mental fatigue and/or mood alter-
ations). Pre-pandemic data (n = 57) are also
displayed as reference, for visualization
purposes only. Data are adjusted for TSPO
genotype. Error bars denote 25th to 75th
inter-quartile range, and the horizontal line
represents the median. Triangles denote
data from Scanner 1 and circles denote data
from Scanner 2. *=p < 0.05; **= p < 0.01.
Abbreviations: Mood Alter. = Mood Alter-
ations. See Fig. 2 caption for abbreviations.
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Fig. 3. Plasma inflammatory marker elevations in the Pandemic group. Plasma inflammatory marker (IL-16 and MCP-1) elevation in the Pandemic group (n =
13) compared to Pre-Pandemic group (n = 11) (A), and their correlation with [1'C]JPBR28 signal (B). Error bars denote 25th to 75th inter-quartile range, and the
horizontal line represents the median. GLM group difference accounts for age as regressor of no interest. Partial correlations are computed adjusting for TSPO
genotype. Triangles denote data from Scanner 1 and circles denote data from Scanner 2. *=p < 0.05.

in the Pandemic group). Elevations in IL-16 and MCP-1 did not reach
statistical significance after correcting for the number of cytokines/
chemokines evaluated (n = 5) (p’s = 0.075 and 0.13, corrected). Results
were consistent when using cohorts matched in demographics (Sup-
plementary Fig. 8).

Regional vulnerability to changes in [1!C]PBR28 signal between Pre-
and Pandemic groups was predicted by regional variability in the human
brain transcriptome: PLS; alone explained 37.33% of variance in [*ic
PBR28 T-statistics and did so above chance (pspatiar, < 0.01; see Sup-
plementary materials for details). As Fig. 4A illustrates, PLS; regional
scores correlated positively with ['!C]PBR28 contrast map, i.e. genes
with positive weights in PLS; have higher-than-average expression
where [''C]PBR28 signal showed the largest increases and lower-than-
average expression in regions with minimal changes. Among the genes
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with the highest PLS; weights were AQP4 (24th out of 15,633) and
CSF1R (32th), two genes strongly expressed in glial cells (Fig. 4B), as
well as CCR1, a monocyte marker. Indeed, our analyses revealed sig-
nificant enrichment for genes: i) highly expressed in glial cells, including
astrocytes and microglia (first and second hits respectively; Fig. 4C and
Supplementary Table 1); ii) belonging to several biological pathways
related to immune/neuroimmune functions, including “macrophage
activation”, “leukocyte activation involved in inflammatory response”,
“purinergic receptor signaling pathway”, “neuroinflammatory
response”, “gliogenesis”, “mast cell activation”, “T cell activation”,
“chemokine production”, “acute inflammatory response”, “cytokine
secretion” and “interleukin-1 production” (Supplementary Table 2).
Paralleling the [*1C]PBR28 PET results, the subset of Pandemic
cohort with 'H-MRS data also demonstrated significantly higher
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Fig. 4. Imaging transcriptomics analyses. (A) First component of the PLS analyses (PLS1; weight scores), AQP4 (astrocyte marker) and CSF1R (microglia marker)
gene expression (normalized units) plotted against [!CIPBR28 contrast t-stat (Pandemic > Pre-pandemic; see Fig. 1) in the 41 regions of left hemisphere regions (34
cortical plus 7 subcortical regions) of the Desikan-Killiany atlas. Genes with positive weights in PLS; have higher-than-average expression where [*!C]PBR28 showed
the largest increases and lower-than-average expression in regions with minimal changes. Of note, pspariaL is obtained via spatial permutation testing (spin test) to
account for the inherent spatial autocorrelation of the imaging data (see Supplementary materials). (B) Histogram (150 bins) of gene weights in PLS; with the highly-
ranked positions of AQP4 and CSF1R highlighted (scores 4.31 and 4.40 respectively). (C) Brain cell-type gene set enrichment analysis. Positive normalized
enrichment ratios (in orange-red shades) indicate enrichment for genes of a certain cell-type among those genes with high expression in regions with the largest
increases in [!C]PBR28 signal (positive weights in PLS;). Negative normalized enrichment ratios (in blue shades) indicate enrichment for genes of a certain cell-type
among genes with high expression in regions with minimal or negligible increases in [1'C]PBR28 signal (negative weights in PLS1). *=p < 0.05, after FDR correction
for the total number of cell-types tested. Abbreviations: OPCs = Oligodendrocyte Precursor Cells; Oligodendroc. = Oligodendrocytes; Neuron Exc. = Excitatory
Neurons; Neuron Inb. = Inhibitory Neurons.

thalamic concentration of the glial metabolite mIns, measured using 'H- NAA (a marker of neuronal integrity) concentrations were not statisti-
MRS, compared to the Pandemic cohort (p < 0.01; Fig. 5). The increases cally significant (p > 0.2). Notably, the elevations in mIns remained
in mIns concentration in the Pandemic group appeared to be metabolite- statistically significant after correcting for the number of metabolites
specific, since group differences in Cr (a cellular energetic marker) and evaluated (n = 3). No significant correlation was found between
A B Fig. 5. Elevations in the Pandemic group
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thalamic mIns and SUVR signal (p = 0.31).

Ancillary analyses replicated both [11C]PBR28 and "H-MRS results
when 1) including only a subset of participants from the Pre-Pandemic
group better demographically matched to the Pandemic cohort
(Table 1, Fig. 6A, 7A); 2) using alternate datasets (i.e., datasets collected
in individuals scanned twice and not used in the primary analyses;
Supplementary Fig. 6B, 7B); or 3) excluding subjects who had received
the vaccine against the SARS-CoV-2 virus (Supplementary Fig. 6C, 7C)..

4. Discussion

This study provides novel evidence of elevated neuroinflammatory
markers in healthy, non-infected individuals during the COVID-19
pandemic. Subjects evaluated after the onset of the pandemic onset
and the implementation of necessary lockdown/stay-at-home measures
showed elevations in the brain levels of [\'C]PBR28 (measured PET) and
mins (measured using 'H-MRS), thus providing multimodal evidence for
neuroinflammation in cortical and subcortical regions including sen-
sory, motor and higher order association areas, and white matter. *cy
PBR28 signal elevations were positively associated with physical fatigue
(IPS/precuneus), mental fatigue and mood alterations (hippocampus)
and with pro-inflammatory blood markers (IL-16 and MCP-1). Collec-
tively, these findings provide support to neuroimmune responses as
mechanisms underlying stress, depression and other symptoms of psy-
chological distress (Calcia et al., 2016; DiSabato et al., 2020). Further,
the regional variability in increased [1'C]PBR28 signal could be pre-
dicted by constitutive expression of genes related to glial neuroimmune
response in healthy post-mortem human brains. Overall, our results
indicate a possible link between pandemic-associated stressors and
neuroimmune responses.

While several studies have recently raised the urgent need for
research to quantitatively address consequences of COVID-19-related
disruptions on human health, (Holmes et al., 2020; Goncalves de
Andrade et al., 2021) neuroinflammatory responses in non-infected in-
dividuals during the pandemic so far have not been explored. However,
a wealth of pre-clinical studies has shown that inflammatory processes
and social behaviors are deeply connected: as inflammatory processes
can affect social behaviors, exposure to chronic stressors can also
upregulate inflammation (Liu et al., 2017). Specifically, it has been
recently proposed that chronic stress can trigger the sympathetic ner-
vous system to release catecholamine and glucocorticoids (Sapolsky
et al., 2000), and that microglia can respond to those elevations by
altering their density and triggering upregulation of pro-inflammatory
molecules (Tian et al., 2017), ultimately promoting sickness behaviors
(Dantzer, 2009; Konsman et al., 2002). Further, clinical research has
provided evidence for neuroinflammation in subjects with major
depression (Setiawan et al., 2018) or depressive symptoms comorbid to
chronic pain (using the same simplified ratio metric employed in the
current study (Albrecht et al., 2021). Likewise, glial activation has been
recently implicated in the pathophysiology of fibromyalgia (Albrecht
et al., 2019) and Gulf War Illness (Alshelh et al., 2020), both conditions
characterized by several symptoms including excessive fatigue and
“brain fog”, which are symptoms reported by many during the
pandemic. As such, preclinical and clinical work provide support the
investigation of neuroinflammation as a mechanism of the symptoms
observed with increasing frequency during the COVID-19 pandemic,
-importantly- even among the non-infected.

TSPO is a five-transmembrane domain protein mostly expressed on
the outer membrane of mitochondria which is dramatically overex-
pressed in activated microglia and astrocytes (Cosenza-Nashat et al.,
2009), in the context of neuroinflammatory responses. Indeed, a strong
colocalization between TSPO upregulation and activated glial cells has
been found across multiple preclinical and human studies of various
disorders, including in rodent and human studies of multiple sclerosis,
(Airas et al., 2015; Sucksdorff et al., 2020) human immunodeficiency
encephalitis (Cosenza-Nashat et al., 2009), ischemia (Li et al., 2017),
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depression (Richards et al., 2018), and Alzheimer’s disease (Cosenza-
Nashat et al., 2009; Albrecht et al., 2016; Richards et al., 2018). How-
ever, TSPO is also expressed by circulating immune cells and, as such, it
is possible that some of the observed central TSPO signal may be
explained by TSPO-rich peripheral immune cells, such as monocytes and
macrophages, infiltrating the brain (Zhao et al., 2020). Indeed, the
elevation of MCP-1 and IL-16, both molecules regulating migration and
infiltration of monocyte/macrophages (Deshmane et al., 2009; Hridi
et al., 2021), may provide some support to this view. For instance, data
in knock-out mice suggest that MCP-1 may be required for glia to mount
an effective neuroinflammatory response, and that MCP-1 may be crit-
ical in transferring inflammatory signals from the periphery to the brain
(Thompson et al., 2008).

It should be noted that the specificity of TSPO upregulation to
(neuro)inflammatory responses has been questioned (Nutma et al.,
2019). However, the co-occurrence of elevations in the Pandemic cohort
also in the brain concentration of miIns (a metabolite that is more
abundant in glial cells rather than other cell types) (Datta et al., 2017),
the elevation in serum levels of pro-inflammatory cytokines, as well as
our imaging transcriptomics analyses (which map the TSPO signal in-
creases to the constitutive architecture of genes implicated in immune/
neuroimmune signaling) corroborate a neuroinflammatory interpreta-
tion of our imaging findings.

Interestingly, our results have shown that the mean thalamic levels
of mIns and [''C]PBR28 were not correlated, albeit we did previously
observe an association between the two glial markers in patients with
amyotrophic lateral sclerosis (Ratai et al., 2018). It is possible that
changes in ['!C]PBR28 and mins levels observed in our study may
reflect distinct neuroinflammatory processes or two elements of a
common process with different time courses (as previously suggested)
(Datta et al., 2017).

When interpreting the results of our study, the reader should be
mindful of several limitations. First, the Pandemic cohort had a rela-
tively small sample size (a limitation largely imposed by the COVID-19
pandemic-related disruption on clinical research) (Mitchell et al., 2020).
However, multiple factors provide high confidence in the solidity of our
observations, including the consistency of our observations across in-
dividuals, scanners, age groups, genotypes, and sexes (see Supplemen-
tary Fig. 3), the relative stability of the markers prior to the pandemic
onset, the observed elevation of two separate imaging markers measured
using independent imaging modalities and the finding of significant
enrichment in genes highly expressed in glial / immune cells.

Second, our analysis was largely based on unpaired comparisons of
groups of individuals scanned either before or after the pandemic onset.
While the data from our single subject scanned in both periods
demonstrated PET signal elevations in the same regions observed in the
group comparison, thus supporting a causal relationship between
pandemic-related factors and neuroinflammation, longitudinal assess-
ments of more individuals scanned in the same manner will be needed to
better understand the impact of the COVID-19 pandemic on brain
health.

Third, the insight offered by our pandemic-specific questionnaire
was limited, for several reasons. For instance, these data were not
collected at the time of the scan visits, but retrospectively, and only from
a subset of subjects. Furthermore, these data were focused on physical
and mental symptoms, but did not allow us to isolate the effect of spe-
cific factors contributing to those symptoms (e.g., social isolation,
financial strain, overall changes in lifestyle, etc). We also note that some
of the items might have been difficult to tease apart by participants (e.g.,
brain fog vs. mental fatigue). As such the link between neuro-
inflammation and clinical symptoms presented in this report should be
regarded as preliminary and will need validation in larger studies, and
with additional behavioral assessments.

Fourth, only five out of ten of the collected cytokines/chemokines
were detectable, limiting the number our ability to evaluate to what
extent circulating inflammatory markers can be linked to
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neuroinflammatory processes.

One additional limitation is given by the fact that only ~ 30% of the
subjects included in this study had available arterial blood data, yielding
limited power to detect significant differences in absolute metrics such
as Vr. Future studies including a larger number of participants with
arterial blood available for V calculation, will be needed to provide
further support to our conclusions.

Finally, in spite of a negative SARS-Cov-2 antibody test in all the
subjects in the Pandemic group, it is worth mentioning that we cannot
completely exclude the possibility that at least some of our participants
might still have been exposed to the virus in the past. In fact, there re-
mains considerable controversy about the persistence of antibodies as a
marker of previous infection. However, recent studies confirming the
persistence of neutralizing antibodies several months after of an infec-
tion (Choe et al., 2021) would exclude this scenario with some confi-
dence. At the same time, none of our Pre-pandemic subjects completed a
SARS-Cov-2 antibody test at the time of their participation in our study,
which means that we cannot categorically exclude that perhaps a small
number of subjects scanned in early 2020 might have been infected. This
scenario would suggest that the difference in neuroinflammatory signals
between Pre-pandemic and Pandemic groups we described might actu-
ally have been somewhat underestimated, although the large sample
size of the Pre-pandemic group would likely allay this concern.

This study presents preliminary evidence of pandemic-related neu-
roinflammation in non-infected participants, providing an example of
how broad the impact of the pandemic has been on human health,
extending beyond the morbidity directly induced by the virus itself. As
prolonged inflammation can be implicated in the pathogenesis of a va-
riety of conditions, including breakdown of immune tolerance (Furman
et al., 2019), future studies are needed to assess the long-term impli-
cations of COVID-19-pandemic related neuroinflammatory responses.
Extending these observations to a larger cohort of healthy subjects fol-
lowed up longitudinally and/or subjects with pre-existing medical
conditions (De Marchi et al., 2021; Colizzi et al., 2020) would represent
a valuable objective of future research. Moreover, comparing our find-
ings with those from other studies conducted in world regions with
different lockdown lengths, positivity and death rates would be a valu-
able way to better understand the relationship between pandemic-
related stressors and neuroinflammation.
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