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Introduction

Abstract

Objective: The aim of this study was to assess COVID-19-related gray matter
(GM) structural alterations in two distinct groups of patients presenting with
the prevailing and distinctive COVID-19-related neurological symptoms — iso-
lated olfactory disorders as sole neurological manifestation (COVID-OD) and
cognitive disorders (COVID-CD) — as compared to a control group of unaf-
fected individuals. Methods: The study included 61 COVID-CD patients (57
[60-63] years, 62% females), 84 COVID-OD patients (49 [35-57] years, 60%
females), and 17 controls (51 [41-52] years, 41% females). Region-based mor-
phometry (RBM) and voxel-based morphometry (VBM) were performed on
T1-weighted MRI scans to assess GM regional volume and voxel-wise density
differences between COVID-19 patients and controls. Surface-based morphome-
try (SBM) was applied to investigate cortical thickness alterations. The statistical
models built to assess GM structural differences among groups included total
intracranial volume and age as nuisance variables. Results: The
multi-morphometric analysis revealed statistically significant (p < 0.05 corrected
for multiple comparisons) reduction in GM regional volumes, in voxel-wise
GM density and in cortical thickness in both COVID-CD and COVID-OD
patient groups as compared to controls. Across all three analyses, COVID-CD
patients showed more distributed and severe GM loss than COVID-OD
patients. The most prominently affected GM regions in the COVID-CD group
included the hippocampus, putamen, cingulate gyrus, precuneus, precentral and
postcentral gyri, amygdala, lingual gyrus, and caudate nucleus. Interpretation:
Our MRI findings show that COVID-19-related olfactory and cognitive disor-
ders both induce GM atrophy, although at different degrees of severity, likely
indicative of neurodegeneration and neuroinflammation.

respiratory manifestations. Notably, a growing body of
research has provided evidence that SARS-CoV-2 affects

In the 3 years since the initial outbreak of coronavirus dis-
ease 2019 (COVID-19), caused by the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), increasing
scientific evidence has emerged, shedding light on the
extensive impact of this viral infection beyond its primary

the central nervous system (CNS), giving rise to a spectrum
of neurological consequences.' '

A wide range of neuroimaging alterations have been
reported in COVID-19 patients,"> ' and the relevance of
brain magnetic resonance imaging (MRI) in assessing
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both structural and functional cerebral changes occurring
in COVID-19 patients with neurological symptoms has
become increasingly evident.** >’

One of the most prevalent — reported in about 40%°
of cases — and distinctive neurological symptoms associ-
ated with COVID-19 is olfactory loss, typically occurring
as hyposmia (or hypogeusia), anosmia (or ageusia), or
dysosmia (or dysgeusia). This symptom frequently occurs
early in the disease, also in patients who are otherwise oli-
gosymptomatic or even asymptomatic, and it can persist
after other symptoms have subsided.

Although widely reported, the specific pathophysiologi-
cal mechanism underlying olfactory loss in COVID-19 is
still unclear. Previous studies showed that this symptom is
not linked to nasal obstruction or rhinitis. Instead, it may
be attributed to the virus’s neurotropism: angiotensin-
converting enzyme 2 (ACE2) is widely present in the olfac-
tory system and, serving as a viral receptor, it may provide
SARS-CoV-2 access to the CNS.?"** Propagation of viruses
by retrograde axonal transport to the olfactory bulbs and
to the CNS has also been described.”® Such interpretation
is also supported by one of our earlier studies in which sig-
nificant olfactory bulbs’ atrophy was found in COVID-19
patients experiencing neurological complications, as com-
pared with normal controls.*®

Among the neurological manifestations of COVID-19,
cognitive impairment, occurring in the acute phase and/
or persisting after resolution of the disease, is one of the
most concerning. Cognitive disorders include difficulty
concentrating, confusion, forgetfulness, tip-of-the tongue
word-finding problems, semantic disfluency, diminished
alertness or mental sharpness, and attention deficits.”* >
They are often referred to as “brain fog,” a nonmedical
term widely used to indicate such a state of “clouded
consciousness.””’

Also in this case, the precise mechanisms underlying
cognitive disorders in COVID-19 are not fully under-
stood. Previous studies®® reported alterations in brain dif-
fusivity in COVID-19 patients with neurological disorders
(including cognitive decline), especially in the white mat-
ter (WM), suggesting a massive microglia activation
following SARS-Cov-2 infection, prompting neuroinflam-
mation and ultimately causing cerebral damage.

The link between cognition and gray matter (GM)
structures is well-established in neuroscience, as many
cross-sectional and longitudinal studies have demon-
strated clear relationships between cognitive decline and
the atrophy of specific brain regions, both in normal
aging and in neurodegenerative diseases.’®*’ Over the
past decade, GM volume and cortical thickness have
emerged as relevant biomarkers for brain development,
aging, and plasticity, and to monitor the evolution of a
number of neurological diseases.** *
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Brain volume is commonly assessed in vivo, noninva-
sively, using high-resolution T1-weighted MRI scans. GM
regional atrophy can be quantified by region-based mor-
phometry (RBM), a technique providing the volume of
individual regions of interest (ROI), based on their a
priori definition by manual segmentation or atlas
parcellation.*®** Voxel-based morphometry (VBM) allows
to investigate whole-brain differences in GM density,
voxel-wise, without focusing on a priori-defined
ROIs.**°>* [n addition, surface-based morphometry
(SBM) is specifically designed for evaluating cortex
morphology™® and in particular allows to assess cortical
thickness (also referred to as cortical depth) by measuring
the voxel- or surface-based distance between the inner
and outer boundaries of the GM ribbon.**

Previous studies investigating brain morphometry in
COVID-19 revealed GM loss in patients developing a
wide range of neurological symptoms,”™ ® and a few
studies reported cortical thinning.®"**

The objective of this study was to explore COVID-19-
related GM  structural  alterations  using a
multi-morphometric approach encompassing GM volume
and cortical thickness analysis. Two distinct groups of
patients were investigated, representing the prevailing and
distinctive COVID-19-related neurological symptoms: (i)
isolated olfactory disorders as sole neurological manifesta-
tion, and (ii) cognitive disorders — and compared to a
control group of unaffected individuals. To the best of
our knowledge, a comprehensive investigation of GM
structural alterations in these well-characterized COVID-
19 patient subgroups has not been previously performed,
and could complement previous evidence, providing addi-
tional insight into the multifaceted impact of COVID-19
on the brain.

Methods

Patient population

This is a retrospective, observational study. Individuals
with confirmed COVID-19 and related neurological disor-
ders who underwent brain MRI at ASST Papa Giovanni
XXIII hospital in Bergamo, Italy, between March 2020
and October 2021, were considered eligible for
participation.

The confirmation of COVID-19 diagnosis followed one
of the following criteria: (1) nasopharyngeal specimens
testing positive for the virus wusing real-time
reverse-transcriptase polymerase chain reaction (RT-
PCR); or (2) bronchoalveolar lavage (BAL) samples being
positive for SARS-CoV-2 by RT-PCR in cases where there
was a strong clinical suspicion of infection, along with
negative results from at least two nasopharyngeal swabs
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taken at least 24 hours apart; or (3) presence of radiologi-
cal signs of interstitial pneumonia consistent with charac-
teristic symptoms (such as fever, dry cough, and difficulty
breathing), even with negative RT-PCR test.

Subjects with preexisting neurological disorders (e.g.,
multiple sclerosis, previous vascular lesions, and psychiat-
ric conditions) and/or preexisting brain tissue abnormali-
ties (e.g., chronic stroke and tumors) were excluded.
Additionally, individuals who exhibited cerebrovascular
disorders with brain tissue abnormalities (e.g., stroke,
cerebral venous thrombosis) following COVID-19 were
also excluded.

From the pool of patients who fulfilled the inclusion
criteria, individuals who exhibited isolated olfactory disor-
ders (OD) as their sole neurological manifestation were
grouped and referred to as COVID-OD. Among the
remaining patients who presented with other neurological
disorders (with or without olfactory disorders), those with
cognitive disorders (CD) as the primary neurological
manifestation were grouped and referred to as COVID-
CD.

OD was intended as a self-reported reduced or dis-
torted ability to smell during sniffing (orthonasal olfac-
tion) and/or eating (retronasal olfaction),”> while CD
included confusion, memory impairment, delirium, hallu-
cinations, and attention deficits.

The flowchart (Fig. 1) provides a visual representation
of the steps involved in patient recruitment and subgroup
assignment.

Individuals with no prior record of COVID-19 (includ-
ing confirmed diagnosis or symptoms related to COVID-
19) and no reported impairment in their sense of smell
or taste, who underwent brain MRI at the Neuroradiology
Department of the Bergamo hospital for reasons unrelated
to COVID-19 complications and exhibited unremarkable
MRI findings were included in the study as normal
controls.

The use of patient data was granted ethical approval by
the local ethics committee as part of a broader observa-
tional study protocol (Reg. 118/22). Informed consent
was acquired from patients or from their next of kin (in
the case of ICU patients).

MRI acquisition

Both COVID-19 patients and controls underwent brain
MRI at the Neuroradiology Department of the ASST Papa
Giovanni XXIII hospital in Bergamo, Italy, on a 3-Tesla
MRI scanner manufactured by General Electric (Discovery
MR 750w GEM).

A T1-weighted scan was acquired using an axial Multi Echo
Multi Planar (MEMP) sequence, using the following parame-
ters: matrix = 288 x 244, field of view = 250 x 250 mm,
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thickness/gap = 3.0/0.4 mm, TE/TR = 9/600 ms (COVID-19
patients) and matrix = 320 x 256, field of
view = 250 x 250 mm, thickness/gap = 4.0/0.4 mm, TE/
TR = 480/9 ms (control subjects).

MRI processing

To perform RBM, VBM, and SBM, the CATI12 toolbox
(Computational Anatomy Toolbox 12, http://www.neuro.
uni-jena.de/cat/) was used. CATI12 is a computational
framework developed by the Structural Brain Mapping
Group at the Departments of Psychiatry and Neurology of
the Jena University Hospital, Germany, running as a tool-
box in SPM12 (Statistical Parametric Mapping, Wellcome
Centre for Human Neuroimaging, UCL Queen Square
Institute of Neurology, London, UK), and its routines are
implemented in MATLAB (Natick, MA, USA). CAT12,
SPM12, and MATLAB versions used for this study were
2170 CAT12.8.2, v7771, and R2022b, respectively.

RBM and VBM were performed to assess GM regional
volume and voxel-wise density differences, respectively,
between COVID-19 patients and controls, while SBM was
applied to investigate the cortical thickness.

The technical details of preprocessing procedures per-
formed with CATI2 are described in prior publications.™
Briefly, they include application of a spatial adaptive
non-local means (SANLM) denoising filter, bias correc-
tion, and affine registration, followed by brain skull-
stripping, and the final adaptive maximum a posteriori
(AMAP) segmentation.®* Segmentations are finally refined
by applying a partial volume estimation®® and the tissue
segments are spatially normalized to the standard MNI
space using Geodesic Shooting registrations.®

When performing SBM with CATI12, preprocessing
includes the cortical thickness estimation and reconstruc-
tion of the central surface, which occurs in one step using
a projection-based thickness (PBT) method.®” Topological
correction and surface refinement are also performed. As
a last step, the local thickness values are transferred onto
the Freesurfer “FsAverage” template (Athinoula A. Marti-
nos Center for Biomedical Imaging, Charlestown,
Massachusetts, USA).

After preprocessing, prior to conducting the statistical
analyses, GM segmentations were spatially smoothed
using a Gaussian kernel to reduce individual variance and
ensure normal distribution of the data, thereby increasing
the validity of parametric statistical tests. For GM volume
analysis (RBM and VBM), full width at half maximum
(FWHM) of the Gaussian kernel was set to 8 mm. Simi-
larly, the cortical thickness maps (SBM) were smoothed
with a 12 mm Gaussian kernel.

During preprocessing, total intracranial volume (TIV),
that is the overall volume, in cubic millimeters, of the
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COVID-19 adult patients admitted to
Papa Giovanni XXIII hospital between
March 2020 and October 2021

Control subjects
(n=17)

(n =5203)

Y

who underwent brain MRI
(n =238)

Patients with neurological disorders

Excluded: patients with neurological

> disorders prior to COVID-19
(n=4)

Excluded: patients showing
cerebrovascular disorders with

Y

parenchymal lesions due to COVID-19
(n=19)

Patients considered for inclusion in

the study population
(n = 215)

Y

Y

Patients with smell/taste disorders as
the unique neurological manifestation
(n = 84)

Patients with other neurological disorders
(with or without smell/taste disorders)

(n=131)

\4

\

Patients with cognitive and memory
disorders as main neurological manifestation

(n=61)

Patients with main neurological manifestation
other than cognitive and memory disorders
(n =80)

Figure 1. Flowchart providing visual representation of patients and controls recruitment, exclusion criteria, and subgroup assignment. Gray-filled
boxes indicate the patient and control groups ultimately included in the study.

space within the skull, was calculated for each subject.
GM, WM, and CSF volumes were also computed.

The Neuromorphometrics atlas (Neuromorphometrics,
Inc. http://Neuromorphometrics.com/) was used in this
study for the evaluation of GM volume and density (in
both RBM and VBM) due to its high level of detail with
138 cortical and subcortical structures, its integration with
the CAT12 toolbox, and its wide validation and use in

the neuroimaging community. The Desikan-Killiany
atlas®® was utilized in the assessment of cortical thickness
with SBM.

Statistical analysis

Wilcoxon rank-sum test was employed to assess differ-
ences in age, TIV, and GM volume between the control
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group and each COVID-19 patient subgroup. Pairwise
comparisons in terms of sex were performed with the
Fisher test. R software (R Core Team, Vienna, Austria,
https://www.r-project.org/) version 4.2.2 was used for
such statistical analyses.

To compare GM volume and cortical thickness between
controls and each COVID-19 subgroup, the general linear
model (GLM) approach implemented in CAT12 was
employed.”” Among the statistical tests available in
CAT12, the two-sample t-test was chosen to assess statis-
tical significance.

While assessing GM volume (in both RBM and VBM
analyses), TIV and age were included as nuisance vari-
ables in order to remove the related variance. Sex was not
included as covariate in the GLM, as it has been shown
that adjusting data using TIV eliminate differences due to
sex. 7071

Given that cortical thickness does not exhibit scaling
proportional to brain size, as established by Barnes
et al.,”? correction for TIV was not employed in the SBM
analysis, and age was included as the only nuisance vari-
able in the GLM.

To account for multiple comparisons, the false discov-
ery rate (FDR) method was utilized to adjust the results
of RBM (level of significance: prpr <0.05), as brain
regions are correlated and the family-wise error method
(FWE) could have been too conservative.”> VBM and
SBM results were corrected for multiple comparisons with
the family-wise error method (FWE) applying a signifi-
cance level of prwg <0.05 at the peak level.

In both VBM and SBM, cluster-extent based threshold-
ing was applied to exclude results stemming from noise
and control for false-positives. The threshold was empiri-
cally defined relying on the expected number of voxels per
cluster automatically computed during model estimation.

Results

A total of 84 COVID-19 patients with olfactory loss as
the only neurological disorder (COVID-OD), 61 COVID-
19 patients with cognitive disorders as the main neurolog-
ical manifestation (COVID-CD), and 17 control partici-
pants were enrolled in the study. Within the COVID-CD
cohort, 19 patients also reported various forms of olfac-
tory disorders such as anosmia, hyposmia, dysosmia,
ageusia, hypogeusia, or cacosmia.

Demographic features, TIV, and normalized GM vol-
ume in the COVID-CD, COVID-OD, and control
patients included in the study are summarized in Table 1.

COVID-CD patients were significantly older than con-
trols (57 [50-63] vs. 51 [41-52] vyears, respectively;
p =0.003) and than COVID-OD patients (57 [50-63]

Gray Matter Atrophy in COVID-19

Table 1. Demographic features, total intracranial volume, and gray
matter volume in the COVID-CD patients, COVID-OD patients, and
control subjects included in the study.

COVID-CD COVID-OD Control
n 61 84 17
Age, years 57 [50-63]* 49 [35-57] 51 [41-52]
Sex, F 38 (62%) 50 (60%) 7 (41%)
v, mL# 1398 1431 1513
[1303-1483] [1344-1536] [1385-1568]
Normalized 0.383 0.401 0.393

GM volume™* [0.361-0.404] [0.383-0.427] [0.390-0.414]

Data are shown as median [IQR] or number (%). Pairwise comparisons
between each patient group and controls were performed by Wil-
coxon rank-sum test — independent samples test (continuous vari-
ables) or Fisher's test (binary variables). *p < 0.05. *corrected for sex;
#corrected for age and sex, normalized by TIV.

Abbreviations: GM, gray matter; OD, olfactory dysfunction; CD, cogni-
tive disorders; TIV, total intracranial volume.

years vs. 49 [35-57] years, p < 0.001). Age did not differ
between COVID-OD patients and controls (p = 0.989).

There were no statistically significant differences in
terms of sex, TIV (corrected for sex), and normalized GM
volume (computed as wholebrain GM volume/TIV ratio
and corrected for age and sex), between each patient
group and the control group.

The MRI time, defined as number of days between
COVID-19 onset and MRI acquisition, was not statisti-
cally significantly different between the COVID-CD and
COVID-OD patient groups (210 [53-446] vs. 237 [180—
323] days, p = 0.346).

Regional gray matter atrophy: RBM Results

Out of the 138 GM regions encompassing the cortex and
the main subcortical structures within the Neuromorpho-
metrics  atlas  (Neuromorphometrics, Inc. http://
Neuromorphometrics.com/), a total of 73 regions exhib-
ited significant atrophy in COVID-CD patients compared
to controls (p < 0.05, FDR-corrected, age and TIV
adjusted volumes). In the COVID-OD group, only 41
GM regions showed significant atrophy compared to the
control group (p < 0.05, FDR-corrected, with adjustments
for age and TIV).

Figure 2 illustrates the color-coded representation of GM
regions based on the statistical significance of volume reduc-
tion. Table 2 provides a summary of the most significant
regions (p < 0.001, FDR-corrected, age and TIV adjusted
volumes) while a comprehensive list of regions displaying
significant atrophy (p < 0.05, FDR-corrected, with age and
TIV adjustment), can be found in Tables S1 and S2.
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Figure 2. Gray matter regions with statistically significant atrophy in the 61 COVID-19 patients with cognitive disorders (COVID-CD) (A) and the
84 COVID-19 patients with olfactory dysfunction (COVID-OD) (B), as compared to controls. Gray matter regions were defined using the
Neuromorphometrics atlas (Neuromorphometrics, Inc. http://Neuromorphometrics.com/) and color-coded based on the statistical significance
(FDR-corrected p-value <0.05) of the atrophy. The color-coded findings are overlaid on the axial sections of the MNI152 brain template.

All 41 GM regions showing statistically significant atro-
phy in the COVID-OD group also exhibited a significant
atrophy in the COVID-CD group. However, in 25 out of
these 41 regions, GM atrophy in the COVID-CD group
was significantly more severe than in the COVID-OD
group (Table S3, Fig. S1).

Conversely, no regions showed a statistically significant
increase in GM volume in either the COVID-CD or the
COVID-OD group, as compared to controls.

Gray matter density: VBM Results

In the whole-brain VBM analysis, 12 clusters (extent
threshold = 100 voxels) of statistically significant GM loss
were observed in COVID-CD patients as compared to
controls (p < 0.05, FWE-corrected). The statistical peaks
of the largest clusters are located in the right fusiform
gyrus, the right putamen, and the medial segment of the
precentral gyrus.

In the COVID-OD group, the VBM analysis unveiled
statistically significant GM reduction in 12 clusters (extent

threshold = 100 voxels) as compared to controls
(p < 0.05, FWE-corrected). The statistical peaks of the
largest clusters are located bilaterally in the putamen and
in the left thalamus.

Differences between patient groups and controls are
reported in terms of T-statistics in Table 3 and graphi-
cally represented through statistical maps reporting the
T-values in Figure S2, centered on the three largest
clusters.

No statistically significant increase in GM density was
found in either the COVD-CD or the COVID-OD group,
as compared to controls.

Cortical thickness: SBM results

The vertex-wise cortical thickness analysis showed signifi-
cant cortical thinning in COVID-CD patients as com-
pared to controls, in both brain hemispheres, especially in
the medial parts. Twenty-five clusters of vertices were
found to have significantly thinner cortex (p < 0.05,
FWE-corrected, cluster-extent threshold = 20 vertices).
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Table 2. Differences in regional gray matter volume between COVID-19 patient groups and the control population.

ROI COVID-CD Control p

R hippocampus 2.509 [2.172-2.769] 3.138 [2.961-3.348] <0.0001
R posterior cingulate gyrus 2.317 [2.141-2.521] 3.042 [2.880-3.111] <0.0001
R putamen 1.575 [1.389-1.821] 2.197 [1.795-2.602] <0.0001
R precentral gyrus (medial segment) 1.410 [1.257-1.684] 1.958 [1.726-2.135] <0.0001
L precentral gyrus (medial segment) 1.490 [1.256-1.709] 2.034 [1.899-2.164] <0.0001
R precuneus 6.882 [6.236-7.570] 8.553 [8.066-8.733] <0.0001
R transverse temporal gyrus 0.779 [0.707-0.869] 1.068 [0.985-1.136] <0.0001
R postcentral gyrus 5.803 [5.278-6.514] 7.261 [6.781-7.486] <0.0001
L posterior cingulate gyrus 2.618 [2.366-2.899] 3.507 [3.027-3.627] <0.0001
R amygdala 0.588 [0.538-0.662] 0.782 [0.738-0.831] <0.0001
R lingual gyrus 4.719 [4.387-5.109] 5.601 [5.097-6.474] <0.0001
L precentral gyrus 7.333 [6.687-8.350] 9.341 [8.693-10.36] <0.0001
L amygdala 0.639 [0.559-0.694] 0.791 [0.734-0.888] <0.0001
L putamen 1.723 [1.463-1.925] 2.008 [1.664-2.631] <0.0001
L caudate 1.353 [0.937-1.573] 2.071 [1.683-2.271] < 0.0001
R accumbens area 0.232 [0.181-0.256] 0.297 [0.255-0.347] <0.0001
R caudate 1.497 [1.089-1.773] 2.280 [1.920-2.690] <0.0001
R precentral gyrus 6.918 [6.114-8.039] 8.793 [8.198-9.807] <0.0001
R fusiform gyrus 5.185 [4.550-4.488] 6.159 [5.907-6.507] 0.0001
R calcarine cortex 1.349 [1.089-1.641] 1.911 [1.626-2.313] 0.0002
R inferior temporal gyrus 8.123 [7.348-8.713] 9.845 [8.530-10.120] 0.0002
R planum temporale 1.263 [1.196-1.419] 1.587 [1.413-1.724] 0.0002
L thalamus proper 2.566 [2.136-3.08] 3.592 [2.861-3.951] 0.0002
R supramarginal gyrus 5.182 [4.697-5.649] 6.315 [6.016-6.667] 0.0003
R cuneus 2.564 [2.317-2.817] 3.36 [2.903-3.466] 0.0003
R angular gyrus 7.184 [6.546-7.780] 8.503 [7.605-9.141] 0.0003
R superior occipital gyrus 2.606 [2.252-2.757] 2.963 [2.842-3.212] 0.0003
L postcentral gyrus 6.622 [6.212-7.457] 8.191 [7.276-8.853] 0.0004
L accumbens area 0.242 [0.205-0.266] 0.310 [0.252-0.363] 0.0004
R inferior occipital gyrus 3.914 [3.497-4.327] 4.657 [4.335-5.248] 0.0006
ROI COVID-OD Control p

R putamen 1.609 [1.435-1.822] 2.197 [1.795-2.602] <0.0001
L putamen 1.721 [1.504-1.899] 2.008 [1.664-2.631] <0.0001
R caudate 1.753 [1.406-2.010] 2.280 [1.920-2.690] <0.0001
R precentral gyrus (medial segment) 1.532 [1.374-1.698] 1.958 [1.726-2.135] <0.0001
L precentral gyrus (medial segment) 1.574 [1.410-1.787] 2.034 [1.899-2.164] <0.0001
R hippocampus 2.689 [2.368-2.924] 3.138 [2.961-3.348] <0.0001
L caudate 1.647 [1.271-1.868] 2.071[1.683-2.271] 0.0002
R precuneus 7.535 [6.791-8.025] 8.553 [8.066-8.733] 0.0002
R posterior cingulate gyrus 2.468 [2.306-2.696] 3.042 [2.88-3.111] 0.0002
R accumbens area 0.254 [0.216-0.283] 0.297 [0.255-0.347] 0.0003
L thalamus proper 2.745 [2.174-3.251] 3.592 [2.861-3.951] 0.0003

GM ROIs were defined using the Neuromorphometrics atlas (Neuromorphometrics, Inc. http://Neuromorphometrics.com/). Volumes are in mL and
shown as median [IQR]. TIV and age were included as covariates in the GLM. Only brain regions displaying the most pronounced and statistically
significant reduction in volume (p < 0.001, FDR-corrected) in COVID groups as compared to controls are shown. The comprehensive list of 73
GM regions exhibiting a significant decrease in volume (p < 0.05, FDR-corrected) identified through the RBM analysis are reported in Table S1.

Abbreviations: CD, cognitive disorders; FDR, false discovery rate; GLM, general linear model; GM, gray matter; L, left; OD, olfactory disorders; R,
right; RBM, region-based morphometry; TIV, total intracranial volume.

The statistical peaks of the largest clusters with signifi-

cantly thinner cortex are located bilaterally in the para-
central lobule and within the right lingual gyrus.

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

The SBM analysis unveiled significant cortical thinning
also in the COVID-OD group as compared to controls.
Eleven clusters were found to have significantly lower
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Table 3. Clusters of gray matter voxels with significant volume reduction in the patient groups as compared to controls (cluster p < 0.05, FWE-
corrected; extent threshold = 100 voxels).

Peak MNI coordinates (mm)

Cluster size X y z Region T P

COVID-CD

16627 23 —48 -13 R fusiform gyrus 8.48 <0.001

4 =21 50 R precentral gyrus (medial segment) 7.97 < 0.001

-2 —28 46 L posterior cingulate gyrus 7.06 <0.001

1958 25 6 -5 R putamen 6.59 <0.001

1888 -2 -26 52 L precentral gyrus (medial segment) 8.14 <0.001

-3 -19 48 L precentral gyrus (medial segment) 6.45 <0.001

-3 -20 64 L precentral gyrus (medial segment) 6.45 <0.001

901 52 -17 52 R postcentral gyrus 6.36 <0.001

58 -1 43 R postcentral gyrus 5.45 0.009

830 41 -25 12 R postcentral gyrus 7.25 <0.001

726 —22 7 -7 L putamen 5.87 0.002

593 —23 -25 64 L precentral gyrus 6.03 0.001

-20 -22 75 L precentral gyrus 5.47 0.008

410 25 —24 64 R precentral gyrus 5.88 0.001

24 —24 73 R precentral gyrus 5.54 0.007

397 -9 2 10 L caudate 6.00 0.001

-6 16 1 L caudate 5.66 0.004

-1 -7 17 L thalamus 5.60 0.005

376 6 -14 30 R middle cingulate gyrus 6.86 <0.001

-4 -15 29 L middle cingulate gyrus 5.36 0.013

4 -25 31 R middle cingulate gyrus 5.13 0.029

342 -15 -19 18 L thalamus 5.39 0.011

-18 =25 13 L thalamus 5.34 0.014

113 64 —47 =21 R inferior temporal gyrus 5.50 0.008
COVID-OD

3526 23 7 -1 R putamen 7.56 <0.001

2801 -26 4 4 L putamen 6.67 <0.001

—24 8 -5 L putamen 6.22 < 0.001

1683 —-16 =27 13 L thalamus 5.83 <0.001

-12 -5 17 L caudate 5.82 0.001

1523 6 =21 50 R precentral gyrus (medial segment) 6.71 <0.001

2 —31 54 R precentral gyrus (medial segment) 6.14 <0.001

2 —13 71 R supplementary motor cortex 5.26 0.012

947 20 —-49 -13 Cerebellar vermal lobules -V 5.81 0.001

22 —42 -20 R cerebellum exterior 4.97 0.035

889 21 -58 3 R lingual gyrus 5.91 <0.001

17 —60 1 R cuneus 5.24 0.013

690 31 -12 -19 R hippocampus 5.56 0.004

554 -5 -19 72 L precentral gyrus (medial segment) 6.01 0.001

530 10 1 15 R caudate 5.91 0.001

465 14 =25 13 R thalamus 5.59 0.003

375 -3 -29 52 L precentral gyrus (medial segment) 5.94 0.001

182 -30 —22 63 L precentral gyrus 5.71 0.002

GM regions were defined using the Neuromorphometrics atlas (Neuromorphometrics, Inc. http:/Neuromorphometrics.com/). Reading example:
the first line denotes the presence of a 3D cluster made of 16627 contiguous voxels of significant atrophy in COVID-CD group as compared to
controls. The most significant voxel of the cluster has stereotactic coordinates of (23, —48, —13) and is located in the right fusiform gyrus. Within
the same cluster there are two other peaks of significance distant more than 8 mm from the former and located at (4, —21, 50) and (-2, —28,
46), falling within the medial segment of the right precentral gyrus and in the left posterior cingulate gyrus, respectively.

Abbreviations: CD, cognitive disorders; FWE, family-wise error; L, left, OD, olfactory disorders; R, right.

2464 © 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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cortical thickness (p < 0.05, FWE-corrected, cluster-extent
threshold = 20 vertices), mainly in the medial part of
both brain hemispheres. The largest clusters with signifi-
cantly thinner cortex are centered in the bilateral paracen-
tral lobule and in the right lingual gyrus.

Table 4 details the group differences in terms of T-
statistics, while Figure 3 provides a graphical representa-
tion of the results on the FreeSurfer FsAverage surface.

No statistically significant increase in cortical thickness
was found in either the COVD-CD or the COVID-OD
group when compared to controls.

Discussion

In this study, we investigated GM structural alterations in
a dual population of COVID-19 patients exhibiting the
most highly prevalent COVID-19-related neurological
symptoms — cognitive disorders as primary neurological
manifestation (COVID-CD) or olfactory impairments as
sole neurological complication (COVID-OD) — as com-
pared to a control population, using a multi-
morphometric approach.

The analysis, accounting for age and sex differences,
showed statistically significant GM loss and reduced corti-
cal thickness in both COVID-CD and COVID-OD patient
groups when compared to normal controls. Specifically,
COVID-CD patients exhibited a more pronounced and
more widespread tissue depletion than COVID-OD
patients, suggesting that in patients with cognitive disor-
ders SARS-CoV-2 triggered a stronger inflammatory
response than in those experiencing loss of smell as sole
neurological symptom.

At a regional level, COVID-CD patients exhibited sta-
tistically significant volume reduction in 73 GM regions,
mainly in the hippocampus, the putamen, the cingulate,
the precuneus, the precentral and postcentral gyri, the
amygdala, the lingual gyrus, and the caudate nucleus.
These regions, also showing lower GM density and/or
cortical thinning, are known to be associated with mem-
ory impairment, which was the most recurring symptom
in COVID-CD patients.

Different types of memory can be impaired, alterna-
tively or in combination, pointing to the involvement of
multiple brain systems. The putamen and caudate
nucleus, collectively referred to as the striatum, sit at a
key location in the motor loop, and have been shown to
be critical for the procedural memory.”*”® Within the
medial temporal lobe, the hippocampus is mostly
involved in episodic memory.”*”” The precuneus, as well
as some surrounding areas including the posterior cingu-
late, is believed to play a crucial role in episodic memory
retrieval.”*”® Recognition memory is thought to be han-
dled by the diencephalon, especially by the anterior and

Gray Matter Atrophy in COVID-19

dorsomedial nuclei in the thalamus and the mammillary
bodies in the hypothalamus.”*® Lastly, atrophy of the
amygdala has been shown to associate with the severity of
cognitive impairment at early stages of dementia® and,
being one of the most widely connected regions of the
brain, is considered to play a crucial role in prioritization
of declarative memories® as well as in memory for emo-
tional experiences.”*

Besides memory impairment, many COVID-CD
patients also reported attention deficits. The thalamus,
apart from being associated with high-level cognition —
working memory, rule-based learning, and decision mak-
ing — is also thought to be involved in directing
attention.®®> Furthermore, individuals with damage to the
pulvinar region of the thalamus were found to exhibit
atypically delayed responses to stimuli, which may indi-
cate a diminished capacity to concentrate attention on
objects.74 In line with these findings, we found the thala-
mus to be atrophic in the COVID-CD patient group as
compared to controls.

COVID-OD patients exhibited a statistically significant
volume reduction in 41 regions, all of which were also
found atrophic in the COVID-CD group. This overlap can
be explained by the fact that, same as for other senses,
olfactory abilities rely on both sensory and cognitive
processes,”* with many GM regions being involved in both.
Odorants bind to receptors of olfactory sensory neurons,
which project to the olfactory bulbs that in turn directly
connect to the primary olfactory cortex. This process
encompasses various regions of the medial temporal and
basal frontal lobe, such as the piriform cortex (which com-
prises the uncus and the anterior parahippocampal gyrus)
and the amygdala, both intimately associated to memory
functions.®® Previous evidence also suggested that the hip-
pocampus may play a crucial role in integrating informa-
tion derived from multiple sensory and cognitive sources
to generate associative and explicit memory.*® The inter-
connection between olfactory identification and spatial
memory is thought to be attributed to shared brain regions,
including the orbitofrontal cortex and — again — the
hippocampus.®” Moreover, according to Cerf-Ducastel and
Murphy,® the right hippocampus, parahippocampal, lin-
gual, fusiform and middle frontal gyrus might play a spe-
cific role in olfactory recognition memory.

Such close anatomical connection between olfactory
and memory structures is believed to make odor exposure
a powerful trigger for memory retrieval and emotion.®
Our findings, showing significant cortical thinning in the
parahippocampal gyrus and notable atrophy of the amyg-
dala and hippocampus in both COVID-19 patient groups,
is in line with this widely acknowledged hypothesis.

Finally, it has long been known that olfactory loss is a
common feature accompanying cognitive impairment or

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2465
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Table 4. Clusters of brain cortex vertices with significant thickness reduction in the patient groups as compared to controls (p < 0.05, FWE-
corrected; extent threshold = 20 vertices).

Peak MNI coordinates (mm)

Cluster size X y z Region T P

COVID-CD

2580 10 -22 48 R paracentral lobule 7.57 <0.001

3 -33 30 R isthmus-cingulate cortex 7.06 <0.001

6 —-56 30 R precuneus cortex 6.65 <0.001

2557 -7 —22 56 L paracentral lobule 7.30 <0.001

—4 -24 42 L posterior-cingulate cortex 6.83 <0.001

-33 -20 46 L precentral gyrus 6.73 < 0.001

587 26 -59 -7 R lingual gyrus 7.42 <0.001

28 —43 -9 R lingual gyrus 5.60 0.001

7 —61 4 R lingual gyrus 4.95 0.010

327 -27 -13 60 L precentral gyrus 5.52 0.001

—27 5 52 L caudal middle frontal gyrus 5.29 0.003

-28 -3 46 L caudal middle frontal gyrus 5.22 0.004

322 35 —65 48 R superior parietal cortex 5.85 <0.001

34 —49 38 R inferior parietal cortex 5.35 0.002

208 46 —32 41 R supramarginal gyrus 6.53 <0.001

201 —14 —-40 —1 L isthmus-cingulate cortex 5.59 0.001

-15 -50 —4 L lingual gyrus 5.47 0.002

199 36 1" 35 R caudal middle frontal gyrus 5.60 0.001

34 12 26 R pars opercularis 5.52 0.001

169 35 -23 45 R precentral gyrus 5.21 0.004

36 -27 51 R postcentral gyrus 4.96 0.010

153 29 -23 61 R precentral gyrus 5.61 0.001

76 —48 —43 26 L supramarginal gyrus 5.61 0.001

61 48 -39 -23 R inferior temporal gyrus 6.09 <0.001

58 30 -25 =27 R parahippocampal gyrus 511 0.006

51 -17 -75 29 L precuneus cortex 4.92 0.011

50 51 —36 20 R superior temporal gyrus 5.46 0.002

50 52 -20 55 R postcentral gyrus 4.79 0.017

42 -30 —64 -16 L fusiform gyrus 5.43 0.002

41 —40 -1 35 L precentral gyrus 4.83 0.015

34 23 -3 63 R superior frontal gyrus 4.59 0.034

22 —-10 58 R precentral gyrus 4.55 0.038

33 59 -50 -20 R inferior temporal gyrus 5.22 0.004

28 -55 -2 6 L precentral gyrus 4.86 0.014

28 57 -2 39 R precentral gyrus 4.78 0.018

26 30 -2 47 R caudal middle frontal gyrus 4.68 0.025

24 —22 —61 7 L precuneus cortex 4.84 0.015

22 42 -1 —31 R inferior temporal gyrus 5.03 0.008
COVID-OD

3073 7 -20 49 R paracentral lobule 8.81 <0.001

16 -81 34 R superior parietal cortex 6.77 <0.001

7 —31 29 R isthmus-cingulate cortex 6.32 <0.001

1415 -4 —-14 52 L paracentral lobule 6.67 <0.001

-3 -20 41 L posterior-cingulate cortex 6.54 <0.001

-5 —58 22 L precuneus cortex 6.43 <0.001

328 26 -59 -7 R lingual gyrus 6.48 <0.001

24 —-41 -1 R parahippocampal gyrus 5.01 0.005

229 —24 —24 61 L precentral gyrus 5.50 0.001

—34 —21 48 L precentral gyrus 5.18 0.003

—15 —28 65 L precentral gyrus 4.97 0.006

163 —48 -10 26 L postcentral gyrus 511 0.004

(Continued)
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Table 4 Continued.

Peak MNI coordinates (mm)

Cluster size X y z Region T p

—-40 -15 35 L precentral gyrus 5.01 0.005
91 43 -30 39 R supramarginal gyrus 5.48 0.001
90 -1 —48 1 L isthmus-cingulate cortex 5.07 0.004
32 -12 -70 -8 L lingual gyrus 4.91 0.008
27 32 —21 -30 R parahippocampal gyrus 4.84 0.010
27 33 -50 38 R inferior parietal cortex 4.78 0.012
24 42 -1 -34 R inferior temporal gyrus 4.67 0.018

Regions of the cerebral cortex were defined using the Desikan-Killiany atlas.®® Reading example: the first line denotes the presence of a 3D cluster
made of 2580 contiguous vertices of significant cortex thinning in COVID-CD group as compared to controls. The most significant vertex of the
cluster has stereotactic coordinates of (10, —22, 48) and is located in the right paracentral lobule. Within the same cluster there are two other
peaks of significance distant more than 8 mm from the former and located at (3, —33, 30) and (6, —56, 30), falling in the right isthmus-cingulate

cortex and in the right precuneus cortex, respectively.

Abbreviations: CD, cognitive disorders; FWE, family-wise error; L, left, OD, olfactory disorders; R, right.

T-value
9.0

Figure 3. Statistically significant cortical thinning in the 61 COVID-19 patients with cognitive disorders (COVID-CD) (A) and in the 84 COVID-19
patients with olfactory dysfunction (COVID-OD) (B), as compared to controls. Significant vertex-wise difference is color-coded based on statistical
significance (FWE-corrected p-value <0.05). Cluster extent threshold was set at 20 vertices. Age was included as covariate in the GLM. The

color-coded findings are superimposed on the FreeSurfer FsAverage surface, in the lateral and medial views.

dementia  (especially ~ Alzheimer’s and Parkinson’s
diseases),” with several studies showing that olfactory
deficits often coincide with or even precede impairments
in nonolfactory cognitive tests.** In particular, Kjelvik
et al.”' reported significantly smaller hippocampal volume
in patients with amnestic mild cognitive impairment or
early Alzheimer’s disease with reduced odor identification
ability, as well as a significant association between odor
identification scores and hippocampal volume. This may
further explain the fact that numerous GM regions
showed reduced volume in both the COVID-CD and
COVID-OD groups.

Our findings are also in line with previous studies show-
ing reduced GM volume and/or cortical thinning in
COVID-19 patients with subjective cognitive complaints,’
depression and post-traumatic distress,”’” fatigue,”>*> per-
sistent headache,®” and olfactory dysfunction,”®”* as well as
in COVID-19 patients with heterogeneous neurological
symptoms.”>°"*>® In particular, GM atrophy in the limbic
system has been consistently observed.

The main added value of this study is that, to the best
of our knowledge, it is the first one comprehensively
investigating GM structural alterations in two distinct and
well-defined subgroups of COVID-19 patients exhibiting
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very different — although both highly prevalent —neuro-
logical disorders. A further strength is the adoption of a
multi-morphometric  approach, encompassing RBM,
VBM, and SBM, providing complementary information,
and thus allowing to obtain comprehensive and solid
results on brain structural alterations. ROI analyses
(RBM) are denoted by low sensitivity to effects occurring
at a fine spatial scale, such as within specific subregions.
On the other hand, VBM allows to objectively investigate
tissue density with an exceptional level of regional speci-
ficity at the voxel level,”” but it is more dependent on the
quality of MR images, which can lower its accuracy.
According to Dusi et al.”® the ROI approach is a confir-
matory analysis for the validation of VBM findings.

The main limitation of the present study is the small
number of controls, which was mainly due to technical rea-
sons. For MRI protocol consistency, it was not possible to
include controls with MRI scans acquired on scanners dif-
ferent from the one used for COVID-19 patients or with
very different acquisition parameters, although minor dif-
ferences were unavoidable due to the retrospective nature
of the study. However, as controls are expected to have
lower variability than patients, the choice of including
fewer controls than COVID-19 patients was justifiable. Sec-
ond, since patients were retrospectively enrolled, the MRI
time was heterogeneous, although not statistically signifi-
cantly different between COVID-19 patient groups. Last,
this study was also limited by the lack of neuropsychologi-
cal tests allowing to evaluate the severity of cognitive
impairment in the COVID-CD group, as well as the lack of
smell tests to assess the degree of olfactory dysfunction in
the COVID-OD group. This prevented the stratification of
the cases and the investigation of possible correlations
between the severity of cognitive or olfactory disorder and
varying degrees of GM atrophy.

Future longitudinal studies are needed to investigate
GM structure alterations’ trend overtime and clarify their
transient or permanent nature, as well as to investigate
possible correlations between brain structural alterations
and the severity of neurological symptoms in COVID-19.

Conclusion

In conclusion, our multi-morphometric MRI analysis
revealed that COVID-19 induces GM atrophy in both
patients with olfactory and cognitive disorders, with the
latter group exhibiting more extensive and severe struc-
tural alterations. The affected regions, which include the
hippocampus, putamen, cingulate gyrus, and amygdala
among others, are critical for cognitive functions and
olfactory processing. These findings suggest that the neu-
rological impact of COVID-19 may be driven by underly-
ing neurodegeneration and neuroinflammation, with

S. Capelli et al.

cognitive symptoms being associated with more pro-
nounced brain damage.
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