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Summary

Background Cognitive deficits are among the main disabling symptoms in COVID-19 patients and post-COVID
syndrome (PCS). Within brain regions, the hippocampus, a key region for cognition, has shown vulnerability to
SARS-CoV-2 infection. Therefore, in vivo detailed evaluation of hippocampal changes in PCS patients, validated
on post-mortem samples of COVID-19 patients at the acute phase, would shed light into the relationship between
COVID-19 and cognition.

Methods Hippocampal subfields volume, microstructure, and perfusion were evaluated in 84 PCS patients and
compared to 33 controls. Associations with blood biomarkers, including glial fibrillary acidic protein (GFAP), myelin
oligodendrocyte glycoprotein (MOG), eotaxin-1 (CCL11) and neurofilament light chain (NfL) were evaluated. Besides,
biomarker immunodetection in seven hippocampal necropsies of patients at the acute phase were contrasted against
eight controls.

Findings In vivo analyses revealed that hippocampal grey matter atrophy is accompanied by altered microstructural
integrity, hypoperfusion, and functional connectivity changes in PCS patients. Hippocampal structural and functional
alterations were related to cognitive dysfunction, particularly attention and memory. GFAP, MOG, CCL11 and NfL
biomarkers revealed alterations in PCS, and showed associations with hippocampal volume changes, in selective
hippocampal subfields. Moreover, post mortem histology showed the presence of increased GFAP and CCL11 and
reduced MOG concentrations in the hippocampus in post-mortem samples at the acute phase.

Interpretation The current results evidenced that PCS patients with cognitive sequalae present brain alterations
related to cognitive dysfunction, accompanied by a cascade of pathological alterations in blood biomarkers, indicating
axonal damage, astrocyte alterations, neuronal injury, and myelin changes that are already present from the acute
phase.
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Research in context

Evidence before this study

We searched PubMed for articles with the following keywords:
“post-COVID” AND “neuroimaging” AND “cognition” from
2020 to April 2023. Search resulted in 20 articles, from which
only three shared the same objective, but did not focus on the
hippocampus and did not perform a multidisciplinary analysis.
Few studies have been conducted using neuroimaging,
revealing that cognitive dysfunction in COVID-19 patients is
linked to brain alterations, including the hippocampus, from
the acute to post-acute phases, suggesting that hippocampus
might be a target of COVID-19. Previous research includes
studies performed in shorter follow-up periods and lack of
interdisciplinary and multimodal analysis, without blood
biomarkers analysis or comparisons with histopathological
samples of post-mortem patients at the acute phase.

Added value of this study

We conducted an interdisciplinary and multimodal long-term
follow-up analysis of patients with post-COVID syndrome and
compared with post-mortem patients at the acute phase. We
found that patients with post-COVID syndrome at one year

Introduction

SARS-CoV-2 virus infection has been associated with a
wide range of neurological manifestations present from
the acute phase and may persist over time leading to
residual effects. Patients with a history of SARS-CoV-2
infection with persistent symptoms over 12 weeks are
diagnosed with post-COVID syndrome (PCS).! PCS
patients present a wide range of symptoms among
which cognitive dysfunction is one of the most frequent
symptoms,” having a negative impact in patient’s quality
of life.’ Cognitive domains showing greater impairment
in PCS include attention, processing speed, executive
functions, and memory.**

Cognitive deficits in PCS have been related to
structural and functional brain alterations,”” distributed
in cortical and subcortical areas. Particularly, the hip-
pocampus showed changes at 4-month and 6-month
follow-up,”'® but also since the acute and post-acute
phases.”"* These findings suggest that hippocampus
might be a target of COVID-19. However, although
some functional neuroimaging investigations have
suggested the involvement of this region in more
extended follow-up periods,® structural neuroimaging

from the infection present hippocampal volume loss which
was related to other grey and white matter brain alterations,
linked to cognitive impairment. These alterations were
supported by neuroimaging and biomarker analysis, revealing
axonal damage, astrocyte alterations, neuronal injury, and
myelin changes. All these changes were also found in
necropsies from acute COVID-19 patients after death.

Implications of all the available evidence

Presence of several pathophysiological mechanisms are
involved in the hippocampal damage form the acute phase
and some of them still activated in post-COVID syndrome
patients after one year. This damage is linked to
neuropsychological deficits. Results suggest presence of
neuroinflammatory process or neurodegeneration.
Understanding the pathophysiological mechanisms of post-
COVID syndrome is essential for the correct diagnosis and
treatment of patients. Longitudinal follow-up assessments are
needed to establish prognostic profiles of post-COVID
syndrome patients.

with the needed resolution to evaluate the hippocampus
and its subfields is still lacking.

Several pathophysiological mechanisms that may un-
derlie brain alterations following SARS-CoV-2 infection
have been proposed, including neuroinflammation.”” A
recent study evidenced impaired microglial reactivity in
both mice and humans. In mice, alterations in the neu-
rogenesis of the hippocampus and reduced oligoden-
drocytes and axon myelin were observed and
accompanied by increased levels of CSF cytokines,
especially eotaxin-1 (CCL11), which showed associations
with cognitive symptoms in COVID patients.' Indeed, a
previous PCS study reported significant associations be-
tween hippocampal volume atrophy at three months after
infection, and systemic inflammatory marker alterations
in the acute stage in COVID-19 patients.”" In this line,
astrocyte and neuronal injury have also been found
related to SARS-CoV-2 infection, reflected in elevated
neurofilament light chain (NfL), and glial fibrillary acidic
protein (GFAP),”"* and myelin oligodendrocyte glyco-
protein (MOG) alterations"; respective biomarkers of
axonal damage,” astrocyte activation/injury’’ or myelin
changes.”” Additionally, the hippocampus is a grey matter
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region especially susceptible to hypoxia, and hypo-
perfusion, showing greater alterations compared to other
brain regions, especially in the cornus amonis and den-
tate gyrus subfields.”** Neuropathological studies in
postmortem examinations are very helpful in the un-
derstanding and providing insight into the brain pathol-
ogy. In this case, neuropathological studies also
suggested a relationship between COVID-19 symptoms
and a systemic inflammation.”*

Among brain regions, the hippocampus is a core
region for cognition, widely related to memory but also
to attention, processing speed, and executive functions.”
Therefore, because cognitive dysfunction is one of the
main disabling symptoms in PCS patients and given the
susceptibility of the hippocampus to SARS-CoV-2
infection, we considered important to investigate more
in depth hippocampal alterations in PCS in vivo, and in
post-mortem samples from the acute phase. Performing
a comprehensive study of hippocampal abnormalities
in vivo and post mortem may shed light about the
pathophysiological mechanisms underlying PCS. In this
line, analyses of hippocampal subfields, which have its
own specialization, may help elucidate different patterns
of atrophy related to infection and different relation-
ships with cognitive or clinical symptoms.”**” Accord-
ingly, we consider that distinct subfields may be more
vulnerable to different pathophysiological mechanisms
involved in SARS-CoV-2 infection.****

Overall, the present study aimed to investigate hip-
pocampal subfield abnormalities in PCS patients within
about 1-year follow-up, and in post-mortem samples at
the acute phase to test whether hippocampal alterations
were present since the first symptoms of the infection.
The study aims were: 1) to evaluate the hippocampal
subfields volume changes in PCS compared to healthy
controls (HC) and its association with cognition; 2) to
assess hippocampal perfusion and microstructural
characteristics in PCS and HC; 3) to determine hippo-
campal volume associations with further structural and
functional brain alterations in PCS; 4) to investigate
hippocampal volume associations with blood bio-
markers in PCS; 5) finally, to analyze the hippocampal
neuropathology of post-mortem samples after COVID-
19 acute infection.

Methods

Participants

One-hundred and twenty-two participants were
recruited, including 86 PCS with subjective cognitive
complaints after SARS-CoV-2 and 36 HC, after exclu-
sions, final sample size was 84 PCS and 33 HC.
Recruitment flowchart was included in Supplementary
Fig. S1. Patients were consecutively recruited through
the department of Neurology at Hospital Clinico San
Carlos between November 2020 and December 2021,
with mean evolution since first symptoms of
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11.08 + 4.47 months. Serological analysis was conducted
in HC to exclude both anamnestic and serological cases
of previous SARS-CoV-2 infection. Additionally, another
HC group (n = 37) was recruited to compare blood
biomarker data. Inclusion and exclusion criteria can be
found in Supplementary Materials. The main clinical
and demographic characteristics of PCS patients are
shown in Table 1. Regarding post-mortem analysis,
seven autopsies of patients diagnosed with COVID-19
(dead in acute phase), and eight donors considered as
controls were analysed.

Neuropsychological and clinical assessment

PCS patients underwent a comprehensive neuropsy-
chological evaluation. A trained neuropsychologist
administered the cognitive protocol including attention,
working memory, processing speed, executive func-
tions, memory, language, and visuo perceptive and vi-
suospatial abilities. Clinical assessment included
fatigue, depression, olfaction, and sleep disorders. Spe-
cific tests can be found in Supplementary Materials.

Neuroimaging acquisition

Patients were scanned using a 3.0T Magnet (GE Signa
Architect) and a 48-channel head coil. T1-weighted im-
ages, a high resolution in-plane T2-weighted images
perpendicular to the hippocampal axis in order to
adequate the output, diffusion-weighted images, arterial
spin labeling (ASL) and resting-state fMRI, were ac-
quired in a single session. Acquisition parameters are
shown in Supplementary Materials.

Hippocampal segmentation

T1-weighted images were preprocessed and analysed
with freesurfer software version v7.2.0. The processing
of T1 high-resolution images for the cortical surface
reconstruction followed the Freesurfer analysis pipe-
line.”®* Segmentation of hippocampal subfields was
performed with T1 (isotropic 1 mm? voxel) and addi-
tional T2 (high resolution slices in plane transverse to
the hippocampus axis) following the latest automated
algorithm from freesurfer, which addresses the short-
comings from the previous method.* The hippocampal
subfield atlas was derived from a novel atlas algorithm
based on high resolution (0.13 mm) and ex vivo MRI
data from autopsy brains using a 7-T scanner. In the
current study, 19 hippocampal subfields, divided in
head, body and tail, were included for analysis. Sub-
divisions were as follows 1) HEAD: parasubiculum,
presubiculum, subiculum, CA1, CA3, CA4, the molec-
ular and granule cell layers of the dentate gyrus (GC-ML-
DG), molecular layer HP and HATA subfields; 2)
BODY: precubiculum, subiculum, CA1, CA3, CA4, GC-
ML-DG, molecular layer HP and fimbria subfields; 3)
TAIL: hippocampal tail. In addition, hippocampal
fissure volume was also calculated (Supplementary
Fig. S2). Further, whole hippocampal body and head
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Neurological symptoms in the acute stage
Headache (n, %)
Hyposmia + ageusia (n, %)

67 (79.76%)
46 (54.76%)

Values are expressed in mean and standard deviation (SD) otherwise noted.

PCS (n = 84) HC (n = 33) U/Fisher p

Age 50.89 (11.25) 49.18 (16.14) 1332.50 0.746
Sex (women: n, %) 58 (69.04%) 20 (60.60%) - 0.392
Education (years) 14.20 (3.83) 15.39 (3.74) 1137.50 0.107
Premorbid risk factors

Hypertension (n, %) 20 (23.80%) 4 (12.12%) - 0.210
Diabetes (n, %) 9 (10.71%) 1 (3.03%) - 0.280
Dyslipidemia (n, %) 22 (26.19%) 4 (12.12%) - 0.140

Table 1: Sociodemographics of PCS and HC.

and whole hippocampus volume were extracted. All
volumes were extracted for left and right hemispheres
separately, and the mean bilateral volume was calcu-
lated. Each of the hippocampal subfield volumes group
statistical comparison of PCS patients and controls was
performed in SPSS. Analyses were performed with
bilateral hippocampal subfields volume values, and left
and right subfields volume are shown in Supplementary
Table S1.

Quality check

We performed a two-step quality control for the hippo-
campal subfield segmentation process, similar to pre-
vious studies.” First, outliers were considered when
volume was +5 standard deviations of the mean value
for each subfield. In a second step, each patient’s hip-
pocampal segmentation was visually inspected by two
researchers independently, and overlaid on each pa-
tient’s T1 image in order to exclude for errors in the
registration or assignment of the subfields. We excluded
one patient due to outlier detection, and one HC was
excluded due to segmentation errors.

ASL analysis

The ASL acquisition and 3D T1 series from each patient
were processed with the ASAP (Automatic Software for
ASL Processing) 2.0 toolbox. After an initial step of skull-
stripping of the high resolution T1 weighted scan with
tissue segmentation for generation of GM and WM
probability maps, computation of cerebral blood flow
(CBF) map was performed.”’ In order to estimate the CBF
for the gray and white matter independently, the rigid
registration between the low spatial resolution ASL series
and the high resolution T1-weighted scan was followed
by partial volume correction for different tissues, per-
formed using a previously validated algorithm,” with a
regression kernel of 5 x 5 x 1 voxels. The partial volume
correction corrected maps were then normalized to MNI
space. Then, perfusion values from subject-specific
bilateral hippocampus mask were extracted with the
REX toolbox and exported into SPSS for analysis.

Neurite orientation dispersion and density imaging
(NODDI) characteristics

Diffusion data were preprocessed and analysed
following FDT processing pipeline in FMRIB Software
Library (FSL) (v.6.0.5).* First, each subject’s images
were concatenated and radiologically oriented, topup
was applied to estimate and correct susceptibility-
induced distortions (fieldmap estimation),” followed
by BET brain extraction®* and eddy command to correct
for distortion’® with a fieldmap estimated by topup. The
current study examined hippocampal grey matter
integrity using the NODDI Matlab toolbox.” NODDI is
an advanced non-gaussian diffusion model that quan-
tifies the microstructural characteristics of dendrites
and axons, using a three-compartment diffusion model
(intracellular, extracellular and free water compart-
ments). FICVF and ODI maps were obtained from the
subject-specific bilateral hippocampus mask and
included in SPSS for analysis.

White matter volume

Whole-brain white matter volume was calculated with
the DARTEL tool (Diffeomorphic Anatomical Registra-
tion Through Exponentiated Lie Algebra) in SPM12.*
After orientation and segmentation, the mean tem-
plate was created, then performed spatial normalization
into the Montreal Neurological Institute (MNI) template
space. Then, images were modulated, and smoothing
with isotropic Gaussian kernel of 8 mm full-width at
half maximum (FWHM) was applied. Total Intracranial
Volume (TIV) was calculated. Bilateral hippocampal
volume values were included in the statistical model for
correlation analysis with whole-brain white matter vol-
ume, with age and TIV as covariates.

Functional connectivity

Functional connectivity (FC) analysis was performed us-
ing CONN Functional Connectivity Toolbox 18.b.* After
removing the first 5 scans, each subject’ 200 functional
images were realigned and unwrapped, non-linear cor-
egistered with structural data, slice timing corrected
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(interleaved bottom-up), and spatially normalized into the
standard MNI space (Montreal Neurological Institute),
then, outliers were detected (ART-based scrubbing) and
finally, images were smoothed using a Gaussian kernel
of 8 mm FWMH. As recommended, band-pass filtering
was performed with a frequency window of
0.008-0.09 Hz.** Subject’ specific left and right hippo-
campal volume masks were included in CONN toolbox
for analysis. SEED-to-voxel analysis approach was per-
formed, with subject-specific hippocampal volume mask
as SEED and cortical and subcortical areas from the
Harvard-Oxford atlas as targets.

Determination of blood biomarkers measurement
Blood samples were acquired from PCS patients at time of
enrollment in the study. Briefly, for the GFAP, MOG and
CCL11 biomarkers we used patient serum and for NfL we
used plasma. Biomarker concentrations were measured
using a high-sensitivity enzyme-linked immunosorbent
assay (ELISA) kit for human samples. Each plate con-
tained a standard curve. Samples were suitably diluted to
ensure they fell within the range of the standard curve.
FLUOstar Omega plate reader (BMG Labtech) was used to
determine the concentrations of the curves, HC and pa-
tients, using the MARS—Data analysis program, for their
analysis comparing the optical density (OD) of the sam-
ples with the standard curve. Among PCS sample, GFAP,
MOG and CCL11 was analysed from 57 PCS patients and
NfL was analysed from 56 PCS patients (see
Supplementary Table S2). Blood biomarker levels from
PCS patients were compared with a larger sample of HC
(n = 37), equivalent in age (p = 0.168) and sex (p = 0.822).
Outliers were detected and excluded, one HC for GFAP
and MOG, and three patients and two HC for NfL anal-
ysis. Detailed information can be found in Supplementary
Materials.

Brain tissue autopsy

Seven autopsies of patients diagnosed with COVID-19
(dead in acute phase), and eight donors considered as
controls were analysed. Control patients had no history
of neurological disease or with a cause of death unre-
lated to any neurological condition, including 4 women
with an age range of 30-72 years and 4 men from 50 to
65 years of age. COVID-19 patients included 3 women
with an age range of 22-33 years and 4 men from 62 to
73 years of age. All patients died due to complications of
COVID-19 infection. Clinical details of COVID-19 pa-
tients are specified in Supplementary Table S3. Pres-
ence of GFAP, MOG and CCL11 in the hippocampus
was investigated. Autopsy procedure, preparation and
storing of biological material are described in
Supplementary Materials.

Statistics

Statistical analyses were conducted using IBM SPSS
Statistics for Windows, version 26.0 (IBM Corp.,
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Armonk, NY: IBM Corp.). Normality of data was tested
with the Kolmogorov—Smirnov test. Sociodemographic,
clinical, and cognitive characteristics of the sample were
compared using Mann-Whitney U or Chi-squared tests
for quantitative or categorical data, respectively.
Regarding hippocampal subfields volume differences
between PCS and HC, multivariate analysis of covari-
ance (MANCOVA) was performed and results are re-
ported at p < 0.05 FDR-corrected. FC analyses were
reported at p < 0.05 FDR-corrected. Hippocampal vol-
ume correlations with white matter volume were re-
ported at p < 0.05 FWE-corrected and K > 250 voxels.
Neuroimaging analyses included age as covariate and
Total Intracranial Volume (TIV) was also included as
nuisance covariate in brain structural analysis.
Regarding blood biomarkers, measurements were
calculated in pg/ml and significant differences were set
at p < 0.05, and differences between groups were per-
formed with age as covariate. Correlations between
neuroimaging measurements and cognition were per-
formed (p < 0.05). More restricted significance at
p < 0.01 and Bonferroni correction (p < 0.0017) was also
labelled for correlation analyses in the Figures. Partial
correlation analyses were performed with age (and TIV
when required) as covariates (two-sided). R scores were
considered small, moderate, and large when scores were
0.10, 0.30 and 0.50, respectively.* Finally, GFAP, MOG
and CCL11 presence in post-mortem samples was
evaluated with OD values, and significant differences
were computed with U-Mann-Whitney due to the small
sample size. Effect sizes were reported with partial Eta-
Squared (n,2) for MANCOVA analyses, interpreted as
small, medium, or large when scores were 0.01, 0.06
and 0.14, respectively, or r = z/y/N for U-Mann-Whit-
ney analyses, interpreted as 0.10, 0.30 and 0.50,
respectively.

Ethics

The present study was approved by the ethics committee
from Hospital Clinico San Carlos (reference: code 20/
633-E, 21/062-E, and 20/651-E-COVID, Ref Biobank
22001) and participants provided written informed
consent prior to research participation.

Role of funders

The funders had no role in study design, data collection,
data analysis, data interpretation or writing of the report.
All authors accept responsibility for the decision to
submit for publication.

Results

Sociodemographic and neuropsychological profile
of PCS

PCS patients were recruited at mean of 11.08 + 4.47
months after first symptoms, and had a mean of
50.89 + 11.25 years old and 69% (58/84) were women.
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Fig. 1: Hippocampal subfield volume differences in PCS and HC. (A) Mean (z-scores) and standard error of hippocampal subfield volume
differences in PCS and HC. (B) Mean (z-score) of the bilateral whole hippocampus volume in PCS and HG; (C) Visual representation of the effect
size of the hippocampal volume differences between PCS and HC, measured with n2; (D) Correlations between head of the hippocampus and
cognition (p < 0.05); *p < 0.01 and **p < 0.0017 (Bonferroni corrected). Blue = Attention, processing speed and working memory;
Green = Executive Functions; Red = Learning and Memory; Purple = Visuo perceptive, visuospatial and visuoconstructive ability;
Yellow = Language; ROCF = Rey-Osterrieth complex figure; SDMT = Symbol digit modalities test; Stroop W = Stroop word subtest; Stroop C =
Stroop color subtest; Stroop W-C = Stroop word-color interference subtest; FCSRT = Free and cued selective reminding test; VOSP = Visual

object and space perception battery; JLO = Judgment line orientation; BNT = Boston naming test.

PCS patients and HC were equivalent in age, sex, and
education and no significant differences were found in
premorbid risk factors (Table 1). During the acute
phase, 33.33% (28/84) of PCS were hospitalized and
10.71% (9/84) received assisted ventilation. The hospi-
talized patients were older compared to non-
hospitalized patients but similar in clinical symptoms
(Supplementary Table S4).

Neuropsychological profile of PCS is shown in
Supplementary Table S5. PCS patients presented with
cognitive impairment, mostly in attention (42.9%; 36/84),
memory (40.5%; 34/84), executive functions (38.1%; 32/
84), but also in visuospatial ability (31%; 26/84), pro-
cessing speed (28.6%; 24/84), and language (19%; 16/84).

Clinical profile of PCS patients included presence of
fatigue in 80.95% (68/84) of patients (mean
(m) = 53.27 + 14.97), depression in 25% (21/84)
(m = 14.39 + 9.04), sleep quality dysfunction in 82.14%
(69/84) (m = 9.61 + 4.70), and olfactory problems in
69.04% (58/84) (m = 9.18 + 2.34).

Hippocampal subfields volume and cognition

PCS patients presented with lower volume in almost all
subfields of the hippocampus as compared to HC,
except for CA3 body and parasubiculum subfields.

Fig. 1A visualizes the hippocampal subfields that
showed significant volume differences between PCS
and HC, and whole hippocampal volume differences
between PCS and HC are shown in Fig. 1B. All hippo-
campal subfields volume (bilateral, left and right) are
shown in Supplementary Table S1. Effect size of hip-
pocampal subfields volume differences was also calcu-
lated, and shown in Fig. 1C. Hippocampal subfields of
the head of the hippocampus, including CA1, CA3,
CA4, and dentate gyrus showed the largest effect sizes
(CAT: n,2 = 0.248; CA3: 0,2 = 0.253; CA4: 11,2 = 0.292;
dentate Gyrus: n,2 = 0.302), in addition to fimbria
(np2 = 0.383) from the hippocampal body.

Regarding possible effects of disease severity, hip-
pocampal volume differences were more accentuated in
hospitalized patients compared to non-hospitalized pa-
tients in most of the hippocampal subfields. However,
hospitalized patients also showed increased volume in
specific subfields, such as presubiculum and subiculum
of the head and body of the hippocampus.
Supplementary Fig. S3 shows significant volume dif-
ferences between hospitalized and non-hospitalized pa-
tients (p < 0.05).

Focusing on hippocampal volume associations with
cognition, head hippocampal subfield volumes revealed
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stronger and positive associations with cognition, except
for ROCF copy (time) that correlated negatively,
showing the more time to complete the task, the more
reduced volume. Fig. 1D presents the correlations be-
tween the head of the hippocampus and cognition.
Supplementary Fig. S4 shows a correlation heatmap
between whole hippocampal subfields and cognition in
PCS patients.

Hippocampal NODDI characteristics and perfusion
Regarding neurite orientation dispersion and density
imaging (NODDI) characteristics of the hippocampus,
PCS showed higher intracellular volume fraction (FICVF)
(PCS = 0.529 + 0.027; HC = 0.512 + 0.027; F = 21.544;
p < 0.001: n,2 = 0.152), and higher orientation dispersion
index (ODI) values (PCS = 0.356 = 0.017;
HC = 0.351 + 0.017; F = 21.620; p < 0.001; n,2 = 0.279)
compared to HC—reflecting changes of grey matter or-
ganization. Supplementary Fig. S4 shows associations
between FICVF and ODI with cognition. Specifically,
FICVF inversely correlated with attention, working
memory, and memory. Similarly, ODI values showed
negative associations with attention, working memory,
processing speed and memory.

Regarding hippocampal perfusion, PCS patients
showed lower perfusion in the hippocampus compared
to HC (PCS =28.94 + 6.94; HC =30.79 + 7.73; F =9.023;
p <0.001; np2 = 0.137). Reduced perfusion was related to
memory  performance, specifically  to Rey
Figure Recognition (r = 0.267; p = 0.016) and FCSRT
Total Recall (r = 0.218; p = 0.050).

Hospitalized patients compared to non-hospitalized
patients showed lower hippocampal perfusion values
(F =5.413; p = 0.006; np2 = 0.118), and increased FICVF
(F = 7.085; p = 0.001; np2 = 0.152) and ODI values
(F =12.176; p < 0.001; n,2 = 0.236).

Hippocampal volume and white matter volume
Bilateral hippocampal volume was significantly and posi-
tively related to white matter volume adjacent to the left

parahippocampal and fusiform gyrus area (peak coordi-
nate: x = —26; y = —30; z = 15; p < 0.05 FWE-corrected), and
thalamus (peak coordinate: x = —4; y = -16; z = 18; p < 0.05
FWE-corrected) (Fig. 2). This association was not signifi-
cant for HC.

In addition, in PCS patients, white matter volume in
the left parahippocampal and fusiform area showed
significant relationships with attention, processing
speed, memory, and working memory, specifically, with
SDMT (r = 0.298; p = 0.007), Span Backwards (r = 0.233;
p = 0.037), ROCF (time) (r = 0.236; p = 0.035), FCSRT
Free Recall Trial 1 (r = 0.229; p = 0.041), FCSRT total
free recall (r = 0.294; p = 0.008), FCSRT Total Recall
(r = 0.261; p = 0.019), FCSRT delayed free recall
(r = 0.330; p = 0.003), FCSRT Delayed Total Recall
(r =0.236; p = 0.035), Fluency (M) (r = 0.229; p = 0.041),
and VOSP OD (r = 0.244; p = 0.029), showing higher
white matter volume, better cognitive performance.

Functional connectivity of the hippocampus

Due to the stronger associations between hippocampal
head volume and cognition, we aimed to investigate FC
alterations from the hippocampal head. Results revealed
reduced connectivity in PCS patients compared to HC
between the right head of the hippocampus and the left
anterior parahippocampal division (peak coordinate:
x = —18; y = —4; z = —34; 310 voxels; p < 0.05 FDR-
corrected), and the parietal area, including supra-
marginal and postcentral areas, overlapping the dorsal
attention network (peak coordinate: x = 52; y = —24;
z = 46; 254 voxels; p < 0.05 FDR-corrected) (Fig. 2).

Blood-biomarkers associations with hippocampal
characteristics in PCS

PCS patients compared to HC showed increased values
of GFAP (PCS = 68.97 + 31.54; HC = 39.44 + 8.28;

F = 15324, p < 0.001; n,2 = 0.254), MOG
(PCS = 757.36 = 392.49; HC = 33835 + 259.73;
F = 15868 p < 0.001; n,2 = 0.261) and NfL

(PCS = 95.66 + 41.75; HC = 73.90 + 43.73; F = 7.684;

Fig. 2: Hippocampal volume and neuroimaging associations. Schematic representation of hippocampal volume associations with white matter
volume and FC from hippocampal head. Whole bilateral hippocampal volume (represented in light blue) was associated with white matter volume
in left parahippocampal and fusiform gyrus and thalamus (yellow). FC from the head of the hippocampus (dark blue) showed reduced connectivity
with parahippocampal and parietal areas (red) in PCS compared to HC. A = Anterior; P = Posterior; R = Right; L = Left.

www.thelancet.com Vol 94 August, 2023


www.thelancet.com/digital-health

Articles

GFAP N
- | .
£ i o ~010 s =051
£ ’ 4 " / "
! a ° 2 . $
HC PCS 2600 4000 20 a0 40 %0 600
Whole Hippocampal Vol. Days of Evolution
MOG
2000 1500 i
i A 120
B oo, V‘W 1000
R X 750
4 500 2 500
500 .
2 25 250
0 o
HC PCS 2500 3000 3500 4000 100 200 30 400 500 600
ccL11 Whole Hippocampal Vol. Days of Evolution
) » »
= / 2 -'t* 2 ¢
£ i N H
2 * Dl e N
2 P % = 2
2 25 $
2 2
HC PCS 250 3000 3500 4000 G0 200 300 400 500 600
ole Hippocampal Vol. ays of Evolution
i Whole Hippocampal Vol Days of Evoluti
300 300
250 250
< 200 200
ER 180 15 .
o 'y Vo] TSl 0w e
¥ 50 ) 50 tl
o o
HC PCS 2500 10 200 300 400 500 600

3000 3500 4000
Whole Hippocampal Vol. Days of Evolution

B C
S, o3, 4, GFAP
w07, R
Whole Hippocampus &) . : Z:DD;
Whole Hip. Body (D @
Whole Hip. Head ® O
Hip. Fissure
Hippocampal Tail (D) @& MOG
Fimbria @®
Molecular Layer HP Body & parcal E Z zz;
GC ML DG Body ® ::
CA 4 Body . 00
CA1 Body ® o3
Subiculum Body @ ® == CcCL1
Presubiculum Body @) Aga D:: Value
HATA Q@ O o2 M p<os %
Molecular Layer HP Head ® ® 8 Sz: ‘
GC ML DG Head Q@O® o o
CA 4 Head [ XeXo) NiL
CA3 Head [CXeXO)
CATHead © @ o
Subiculum Head = beon
Presubiculum Head Q W <o

. 4

Fig. 3: Blood-biomarkers associations with hippocampal volume. (A) Blood biomarker differences between groups, correlation with whole
hippocampal volume and days of evolution in PCS. Black rhomb indicates mean value; (B) Significant correlations between blood biomarkers
and hippocampal subfields volume in PCS [*p < 0.01; **p < 0.0017 (Bonferroni corrected)]; (C) Visual representation of blood biomarkers

associations with hippocampal subfield areas in PCS.

p < 0.001; n,2 = 0.168), as well as reduced values of
CCL11 (PCS 26.74 = 1.34; HC = 27.50 = 1.82;
F =4.529; p = 0.013; n,2 = 0.091). Distribution of scores
is shown in Fig. 3A. Also, hospitalized patients showed
increased GFAP and NfL values compared to non-
hospitalized patients (GFAP: F = 7.086; p = 0.002;
np2 = 0.208; NfL: F = 4.090; p = 0.023; n,2 = 0.141).

Regarding GFAP, PCS patients showed significant,
positive, and moderate correlation with whole hippo-
campal volume (r = 0.345; p = 0.010) and trends to
significance with days of evolution (r = 0.256; p = 0.057).
Similarly, MOG showed significant, positive, and large
correlation with whole hippocampal volume (r = 0.597;
p < 0.001). On the contrary, CCL11 showed a negative
and significant correlation with days of evolution
(r = —0.282; p = 0.035) (Fig. 3A). Associations between
blood biomarkers and hippocampal volume subfields
were also analysed in PCS patients and shown in
Fig. 3B. GFAP was significantly associated with pre-
subiculum and subiculum body subfields. MOG
revealed significant associations with almost all hippo-
campal volume subfields, CCL11 showed negative and
significant associations with dentate gyrus, CA3 head
and CA4 head volumes of the hippocampus and NfL
showed negative and significant associations with hip-
pocampal head subfields. A visual representation of
hippocampal subfields significantly associated with
blood biomarkers is presented in Fig. 3C.

Associations between blood biomarkers and NODDI
characteristics revealed negative relationships between
MOG and FICVF (r = -0.336; p = 0.012), suggesting that
higher MOG is related with lower FICVF. Additionally,
MOG was positively associated with white matter vol-
ume in the thalamus (r = 0.337; p = 0.013) and with
white matter volume in the parahippocampal area
(r = 0.270; p = 0.049).

Moreover, correlations between blood biomarkers
and cognition were performed. Results revealed signif-
icant and positive correlations between CCL11 and
MOG with cognition, and significant and negative cor-
relations between GFAP and NfL with cognition
(Supplementary Fig. S5).

Histopathology of the hippocampus in the acute
phase

To examine neuropathological features, histological ex-
amination of brain specimens derived from seven
deceased COVID-19 patients (aged from 20 to 73 years
old, median age 49.4) and eight control brains from
normal donors (aged from 30 to 72 years old, median
age 57 was performed (Supplementary Materials). In
general, perivascular infiltrates and an increase in
microglial cells were observed in COVID-19 patients.
An interesting histological finding is the apparent
neuronal loss in the granular neurons of the dentate
gyrus, observing the neuropil loosed and oedematous.
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Regarding the GFAP expression in the hippocam-
pus, we found in patients with SARS-CoV-2 infection a
marked increase in the number of astrocytic cells, which
also showed an increase in the expression of their
cytoskeleton visualized with GFAP immunostaining,
specifically in the CA4-polymorphic layer-granular cell
layer, with histological data compatible with reactive
gliosis (Fig. 4). Significant differences were found,
showing COVID-19 patients elevated GFAP expression
(OD mean 19.86 + 7.48) compared to controls
(mean = 6.57 + 3.43) (p < 0.001).

COVID-19 patients showed low expression of
immunomarking for MOG (mainly in subiculum, CA1,
alveus, fimbria) (OD mean = 7.99 + 4.43) compared to
controls (OD mean = 21.59 + 11.01) (p < 0.001) (Fig. 4).

At the same time, COVID-19 patients presented with
higher expression of CCL11 in neurons and dendrites,
especially in the pyramidal ones of CA1, CA4 and, to a
lesser extent, in the granule neurons of the hippocam-
pus (Fig. 4). Significant differences were found,
showing COVID-19 patients increased CCL11 expres-
sion (mean = 11.18 + 4.10 OD) compared to controls
(mean = 1.17 + 1.85 OD) (p < 0.001).

Discussion

The present study aimed to in vivo investigate hippo-
campal abnormalities in post-COVID syndrome patients
and post mortem samples of patients at acute COVID-19
infection. Findings revealed lower hippocampal sub-
fields grey matter volume accompanied by altered
microstructural integrity, hypoperfusion, and functional
connectivity changes in PCS compared to controls.
Hippocampal subfields volume were correlated with the
levels of GFAP, MOG, NfL and CCL11, which showed
significant changes against controls. Moreover, histo-
logical samples confirmed the presence of increased
GFAP and CCL11 and reduced MOG in the hippo-
campus at the acute phase.

PCS revealed lower volume in most of the subfields of
the hippocampus, including head, body and tail
compared to HC. Previous studies reported hippocampal
volume alterations in COVID-19 patients since the acute
and post-acute phases'"'* and long COVID,”"* which re-
inforces the hypothesis that the hippocampus may be
particularly vulnerable during SARS-CoV-2 infection.

Additionally, these hippocampal abnormalities
were related to cognitive dysfunction in PCS.
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Fig. 4: GFAP, MOG, and CCL11 expression in the hippocampus tissue samples. Top: Mean values of GFAP, MOG and CCL11 expression in
necropsies of COVID-19 patients and controls, measured with O.D. (Optical Density, mean gray value). Mann-Whitney-U test effect size is shown
with “r" values. Black rhomb indicates mean value. Bottom: Images of hippocampus tissue sample of GFAP (green), MOG (white), and CCL11
(red) in patients and controls. Example of control tissue sample is shown in A, C, and E. Example of COVID-19 tissue sample is shown in B, D,
and F. A, B, C, D, E' and F' represent image detail. Scale bar = 150 pm: A, B, C, D, E, and F; Scale bar = 75 um: A", B, ¢, D', £/, and F'

(*p < 0.001).
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Hippocampal head volume showed greater volume
loss and stronger associations with cognitive decline.
This goes in line with previous studies that found
associations between head of the hippocampus and
cognitive deficits in other disorders.”>** Hippocampal
volume reductions were related with attention, pro-
cessing speed, and working memory deficits, as well
as with memory to a lesser extent. Although tradi-
tionally hippocampus was described as a structure that
contributes to memory ability, more recent studies
also report a broader role of the hippocampus in
cognition, including attention,”* information pro-
cessing,* and executive functions.***

The lower hippocampal volume in PCS was accom-
panied by GM microstructural alterations, specifically
with increased FICVF and ODI values. ODI is a mea-
sure of dispersion of dendrites and axons. Usually
FICVF is interpreted as “neurite density” and appears to
be reduced in neurodegenerative diseases.*** However,
in the present study, PCS patients showed higher
FICVF compared to controls, which was more accen-
tuated in hospitalized patients, and inversely correlated
with cognition, suggesting that increased FICVF in PCS
is related to greater cognitive decline. In the same line,
ODI values were elevated in PCS patients compared to
controls, showing hospitalized patients greater ODI
values, which were related to poorer cognitive perfor-
mance. A previous study in ischemic stroke also found
increased FICVF and ODI values during the acute and
post-acute phases, and authors suggested the FICVF not
be interpreted as neurite density, but rather as an
alteration in the intracellular space volume and, thus,
associated with grey matter microstructural alterations.*
Similarly, another hypoxic study also found increased
FICVF and ODI values.”’ The increased intracellular
space volume might represent water accumulation in-
side the cell, consequence of the membrane perme-
ability changes reflected in the altered perfusion, and
linked to the increased axonal and dendrite dispersion
which might not allow good perfusion and possibly
accumulate more water.

In this regard, bilateral hippocampus also revealed
hypoperfusion in patients compared to HC, which was
related to memory deficits in PCS. Previous studies also
reported hypoperfusion in PCS patients in different
brain regions,”** including frontal areas and the hip-
pocampus.”*** In addition, these alterations are likely
linked to the severity of symptoms in the acute phase,
because hospitalized patients showed greater reduction
in perfusion compared to non-hospitalized patients. A
previous study suggested that SARS-CoV-2 infection
may be linked to a vasoconstricting effect which triggers
a reduced blood flow.” In addition, a potential role of
the glymphatic system and the interplay with peri-
vascular spaces and choroid plexus in the homeostasis
of fluid circulation and metabolic waste could be hy-
pothesized to explain these findings.

These results suggest that hippocampal volume loss
was accompanied by microstructural alterations,
showing changes in the intracellular volume, together
with hypoperfusion in PCS. Previous studies indicated
that cerebral blood flow was associated with white
matter microstructural integrity.”® Remarkably, hospi-
talized patients presented with greater hippocampal al-
terations compared to non-hospitalized patients,
showing lower hippocampal volume in most subfields,
accompanied by greater hypoperfusion and grey matter
microstructural alterations. The more accentuated al-
terations in hospitalized patients suggest a relationship
between the severity of symptoms in the acute phase
and increased brain alterations at follow-up. Previous
studies also revealed greater deterioration in hospital-
ized patients after COVID-19 infection.””

The hippocampal volume alterations in PCS were
also linked to alterations in other brain areas. On one
hand, hippocampal volume reduction was associated
with lower white matter volume in adjacent areas to the
parahippocampal area and thalamus. The lower white
matter volume in the parahippocampus was also related
to cognitive deficits, mostly with attention, processing
speed and memory. On the other hand, the head of the
hippocampus showed reduced connectivity with the
right parietal area including postcentral, and supra-
marginal areas and with the left parahippocampal area
in PCS compared to controls. The intraparietal sulcus is
located in the parietal area, next to the postcentral and
supramarginal areas, and is part of the dorsal attention
network.” Interestingly, the volume of the head of the
hippocampus showed greater associations with atten-
tion deficits in PCS. Additionally, the parahippocampal
gyrus has been found to be a mediational structure in
the FC between hippocampus and the default-mode
network,” and previous studies demonstrated relation-
ships between the default-mode network and cognition,
including attention and memory.”

Moreover, blood-biomarkers were also acquired at
follow-up to investigate possible pathophysiological
mechanisms that underlie these brain alterations in
PCS. Previous studies suggested microglia reactivity in
COVID-19 patients, which is related with astrocyte
reactivity, myelin alterations, and impairment of hip-
pocampal neurogenesis.””' In the present study, we
investigated GFAP, MOG, CCL11 and NfL biomarkers.

On the one hand, GFAP, as an indicator of astro-
gliosis,” was increased in PCS patients compared to
controls, showing hospitalized patients higher values
compared to non-hospitalized patients, similar to pre-
vious studies that found increased GFAP values in more
severe patients.”®*' The increment in GFAP values in
PCS was associated with enlarged whole hippocampal
volume, and showed trends to significance with days of
evolution, suggesting that GFAP values may increase
over time in PCS. Noteworthy, GFAP values showed
stronger associations with two specific subfields of the

www.thelancet.com Vol 94 August, 2023


www.thelancet.com/digital-health

Articles

hippocampus, the presubiculum and subiculum. These
subfields revealed greater volume in hospitalized pa-
tients compared to non-hospitalized patients. Unfortu-
nately, no previous study evaluated GFAP values at
longitudinal follow-up (>11 months). Previous studies
in COVID-19 patients found increased GFAP values
compared to HC in the acute phase,’®' and its alter-
ations were associated with disease severity." Longitu-
dinal studies performed assessments at shorter follow-
up periods, and found reduced GFAP values in recov-
ered COVID-19 patients compared to the acute
phase,** but also elevated values at long-term.” How-
ever, patients from the present study present neuro-
logical complications, including cognitive impairment
after 11 months from the infection. A recent PET study
with translocator protein total distribution volume
(TSPO V7) radiotracer, a marker of gliosis, revealed
increased TSPO Vr in PCS patients compared to con-
trols, in several areas including the hippocampus.*

On the other hand, MOG biomarker has been linked
to myelination,”” and PCS patients showed increased
MOG values compared to controls and large associa-
tions with hippocampal volume, showing that the
higher the MOG values, the greater the hippocampal
volume, and this relationship was significant for all the
hippocampal subfields. Moreover, higher MOG values
were also related to higher white matter volume and
lower FICVF. In this case, FICVF change might be
understood as deterioration of the intracellular space
volume, which may suggest neuroinflammation at this
level.

Moreover, CCL11 has been described as an inhibitor
of hippocampal neurogenesis.”” In the present study,
PCS patients at 11 months follow-up revealed reduced
CCL11 compared to controls and inverse associations
with days of evolution, suggesting a reduction in CCL11
over time. Interestingly, CCL11 values showed inverse
and significant associations with subfields of the head of
the hippocampus, with lower CCL11 values indicating
increased volume in the dentate gyrus, CA3 and CA4.
The dentate gyrus subfield has been described as a
neurogenesis area of the hippocampus,* and this region
is directly connected to CA4 and CA3, creating new
axonal and synaptic connections between areas. A pre-
vious study also found elevated CCL11 values in post-
COVID patients with brain fog.'®

Furthermore, NfL, a measure of neuronal injury,*”’
revealed increased values in PCS compared to con-
trols, and these values were more accentuated in hos-
pitalized patients. The combination of increased GFAP
and NfL values in blood has been previously found in
long COVID patients with neurological symptoms."”
Previous studies assessing shorter follow-up periods
also found increased NfL values in severe patients
compared to mild or controls.®** In fact, elevated NfL
values in serum have also been found in hospitalized
patients since the acute infection.® In addition, the
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increased NfL values in the present study were inversely
associated with hippocampal head volume, as previous
findings in other disorders.”

GFAP, MOG and CCL11 concentrations in hippo-
campal necropsies from COVID-19 patients who died at
the acute phase were also analysed. Results showed
increased GFAP concentration in COVID-19 patients
compared to control subjects which goes in line with the
elevated values of GFAP in blood at the acute phase
found in the literature.'**' Moreover, reduced MOG was
found in post-mortem samples compared to controls,
which suggests myelin damage at the acute phase, also
found in mice COVID-19 model.”® In addition, post-
mortem samples revealed increased concentration of
CCL11 compared to controls. Interestingly, biomarker
presence in post-mortem samples was analysed in the
subgranular zone of the hippocampus, which is
consistent with previous studies suggesting its role as an
inhibitor of hippocampal neurogenesis.®

Overall, these results suggest that after 11 months
from the acute infection, PCS patients with cognitive
deficits present brain alterations evidenced by multi-
modal imaging and several blood biomarkers. These
brain alterations are related to neuropsychological defi-
cits. The specific alterations suggest grey and white
matter changes, including axonal damage, astrocyte al-
terations, neuronal injury, and myelin changes. All
these changes appear to be present also in necropsies
from acute COVID-19 patients after death, therefore,
these alterations are present in the acute phase but also
at longitudinal follow-up after 11 months. These find-
ings suggest that several pathophysiological processes
are involved in hippocampal damage in PCS, and this
damage is linked to cognitive deficits. These processes
may be summarised in the following three main hy-
potheses. Firstly, these patients may have experienced
an acute damage, such as hypoxia or acute neuro-
inflammation. This may explain some neuroimaging
findings, such as the involvement of CAl, CA3, CA4
and subiculum subfields and NODDI characteristics,
previously described in stroke.”’°7? However, an iso-
lated acute event would not explain all the findings of
our study, such as the elevation of NfL after several
months, the neuroimaging correlates of blood bio-
markers, or the lack of correlation between NfL and
MOG with time. A second hypothesis is the presence of
some activated mechanisms over time, especially neu-
roinflammatory. The presence of biomarker changes
several months after the infection and the long-lasting
nature of symptoms support this hypothesis. Persis-
tent activation of the immunological system could
induce  blood-brain  barrier disruption, neuro-
inflammation and brain damage and may justify the
elevated values of NfL in the long-term. Parallelly, the
positive association between GFAP with hippocampal
volume, and negative association with CCL11, added to
the reduced CCL11 over time, may also show a possible
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compensatory mechanism driven by astrocyte activation,
and reduction of neurogenesis inhibition in the hippo-
campus. MOG function is still not well understood. In
this case, the association between increased MOG and
increased volume in the hippocampus could be a
consequence of neuroinflammation, but also to a
remyelination process,”””* reinforced by the positive as-
sociations between MOG and white matter volumes in
the parahippocampal and thalamus areas and the
negative associations with FICVF. However, a third
hypothesis should also bear in mind: the possibility of
unchaining neurodegenerative mechanisms. White
matter microstructure findings seem opposite to the
pattern seen in neurodegenerative disorders, but GFAP
and NfL are sensitive and early biomarkers of these
diseases.”* However, these hypotheses are not mutually
exclusive because several mechanisms may be activated.
Interestingly, patients from this study were relatively
young, and recent studies found higher frequency of
cognitive impairment in younger patients with PCS.”>”¢
The fact that these patients are relatively young could
suggest that is less probable the hypothesis of
unmasked neurodegeneration as the main cause of
cognitive deficits in post-COVID syndrome, and points
towards an actual association between PCS and cogni-
tive dysfunction by other mechanisms such as neuro-
inflammation. The interpretation of  the
pathophysiological mechanisms should be taken with
caution and longitudinal follow-up assessments are
needed to better understand the underlying processes
and confirm these hypotheses.

Some limitations should be considered. First, the
present study is a cross-sectional design, and a longi-
tudinal follow-up of these patients could help in the
better understanding of the pathophysiological mecha-
nisms that underlie these brain alterations, and whether
these changes are dynamic. Regarding biomarkers, they
were evaluated in blood, and not in cerebrospinal fluid.
However, correlations between blood biomarkers with
neuroimaging results reinforce their usefulness. Also,
blood-biomarkers were obtained at PCS but not at the
acute phase, which could have helped in the better
interpretation of the results. Nevertheless, histological
samples of post-mortem patients at the acute phase were
assessed. In addition, due to pandemic restrictions, HC
group for neuroimaging analyses was relatively small
and blood biomarkers were assessed in a secondary HC
group. Finally, body mass index may influence GFAP
values and it was not taken into account”; therefore, this
should be considered in future studies.

In conclusion, patients with post-COVID syndrome
at 11 months from the infection present hippocampal
volume loss which was related to other grey and white
matter brain alterations, linked to cognitive impair-
ment. These alterations were supported by neuro-
imaging and biomarker analysis, revealing axonal
damage, astrocyte alterations, neuronal injury, and

myelin changes. All these changes were also found in
necropsies from acute COVID-19 patients after death.
Our findings suggest the presence of several patho-
physiological mechanisms, some of them still activated
in the long-term.
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