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Microstructural changes in the brain in persons
with mild COVID-19

Larisa V. Lukina, Natalia I. Ananieva, Natalya Yu. Safonova, Yan A. Ershov

V.M. Bekhterev National Medical Research Center of psychiatry and neurology, Saint Petersburg, Russia

BACKGROUND: The purpose of this was to investigate, using voxel-based MR morphometry, changes in the volume
of brain structures in persons who had undergone a new coronavirus disease.

MATERIALS AND METHODS: 34 patients with mild COVID-19 between 4 months and one year were examined. All study
participants were scanned at two-time points: before COVID-19 infection and re-imaging after infection. The comparison group
consisted of 30 healthy volunteers who did not have COVID-19 and were comparable in terms of sex, age, timing, and MRI
protocol.

RESULTS: In the main and control groups a significant increase in the volume of individual segments of the large hemi-
sphere cortex, subcortical gray matter, and white matter of the brain was detected. Signs of the atrophic process were regis-
tered in the cerebellar cortex and left frontal lobe. In the main group, there was an increase of cortical volume practically in all
cerebral lobes with some emphasis on the posterior parts of the right hemisphere. When analyzing changes in subcortical gray
matter in the main group, there was a reliable (p < 0.05) increase in its total volume due to left caudate nucleus, pale ball, right
amygdala body, and ventral diencephalon. Increased volume of white matter in the brain in COVID-19 patients was detected in
the left isthmus and rostral part of the right cingulate gyrus, left paracentral lobe, and right precuneus.

CONCLUSION: the cerebellum is affected quite early by SARS-CoV-2, as we recorded atrophic changes in its cortex at
4-12 months. In COVID-19, the microstructural integrity, predominantly of gray matter and other brain segments, is impaired.
Increased volume of these structures indicates the duration of the inflammatory process. An increase in the volume of these
structures may indicate the duration of the inflammatory process.
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MUKpPOCTPYKTYpHble U3MEHEHUSA roNIOBHOr0 MO3ra
y uu, nepeHecwux nerkyiwo ¢opmy COVID-19

J1.B. Jlykuna, H.U. AHanbeBa, H.H0. CadoHoBa, f.A. EpLuos

HauuoHanbHbIN MeaVLIMHCKMIA UCCeL0BaTeNbCKUI LEHTP ncuxuatpumn u Hesponorum uM. B.M. bextepesa, CankT-leTepbypr, Poccus

AxkmyaneHocme. B cTaTbe NpuBefeHbl AaHHbIE OHTUTIOAHOMO UCCAEA0BAHUS FONIOBHOMO MO3ra JIULL, NePEHECLLNX JIErKyH
dopmy COVID-19.

Llenb — wn3yyeHue C MOMOLUbK MeTOf@ MarHWTHO-PE30HAHCHOW BOKCENb-6a3upoBaHHOW MOphOMETpUM W3MEHEHUS
00bEMOB CTPYKTYpP rOSIOBHOIO MO3ra Y JiuL, NepPeHeCLUMX HOBYH KOpPOHaBMpYCHY0 MHpekumo COVID-19.

Mamepuaner u Memoder. 06cnesoBaHo 34 naumeHTa, nepeHeciumx nerkyo gopmy COVID-19 B cpokm oT 4 Mec Ao roga.
Bce yyacTHukM uccnepoBanusa bbinn obcnefoBaHbl Ao 3aboneBaHus COVID-19 ¢ nosTopHol BM3yanu3aumen nocsie nepe-
HeceHHoW MHdeKumn. Ipynny cpaBHeHust cocTaBunm 30 300poBbIX JobpoBonbLEB, He boneswmx COVID-19 u conocTaBUMBIX
Mo nony, BO3pacTy, CPOKY MPOBEAEHNSA W NPOTOKOTy MarHUTHO-PE30HaHCHOW ToMorpadum.

Pe3ynbmamel. B 0cHOBHOM U KOHTPOMbHOM rpynnax bbiio BbIABNIEHO JOCTOBEPHOE YBENMYEHWe 06beMa OTAEeNbHbIX Cer-
MEHTOB KOpbl BOMbLLMX MOMTyLIApUiA, MOLKOPKOBOro CEPOro BELLECTBa, a Takke benoro Belectsa Mo3ra. B Kope Mo3xeuka
1 neBoil nobHoi fonu Bbinu 3aduKcUpoBaHbl NpU3HaKK aTpoduyeckoro npotecca. B ocHoBHoM rpynne 3auKcUpoBaHo yBe-
NMyeHne 0bbeMa Kopbl NMPaKTUYECKU BO BCEX [OAAX FOOBHOMO MO3ra C HEKOTOPbIM aKLEHTOM Ha 3afHue 0TAeNbl NpaBoro
nonywwapus. Mpy aHanu3e M3MeHeHUN CyBKOPTMKAIBHOMO CEporo BeLecTBa B OCHOBHOMW rpynne bbiio 3aduKcupoBaHo Ao-
ctoBepHoe (p < 0,05) yBenuyeHue ero oblyero obbema 3a cyeT IEBOrO XBOCTAToro AApa, bnegHoro Lwapa, NpaBoro MUHAA-
NEBMJHOTO Tefla U BEHTPaNbHOMo AusHUedanoHa. YeenmueHne obbema benoro BellecTsa ronoBHOro0 Mo3ra y nepeboneBLumx
COVID-19 bbino BbISBAEHO B NepeLLelike NeBOW U POCTPasIbHOM YacTu NpaBoii NOSCHOM U3BUNMHBI, NapaLeHTPanbHON A0MbKe
C/eBa, a TaKKe B MPaBOM MPEeLKIMHbE.

3aksmoyeHue. Mo3xe4oK J0CTaTO4HO paHo nopaxaetcs SARS-CoV-2, Tak Kak B CpokM 4—12 Mec Mbl 3adUKCHMpoBan
atpodmyeckne u3MeHeHus B ero kope. Mpu COVID-19 HapylwaeTcs MUKpOCTPYKTYpHas LieNIOCTHOCTb NpenMYyLLECTBEHHO ce-
poro BeLLecTBa M APYrux CErMEHTOB roJI0BHOMO Mo3ra. YBennyeHe 06beMa 3TUX CTPYKTYP MOXET YKa3biBaTb Ha MPOLOSIKM-
TENbHOCTb BOCMANMTENBHOIO NpoLiecca.

KnioueBble cnoBa: BoKcenb-6asupoBaHHas MopdoMeTpus; ronoBHoi Mo3r; COVID-19; Mosmeuok; MPT, SARS-CoV-2;
CerMeHTauus.
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BACKGROUND

Since the onset of the coronavirus disease 2019
(COVID-19) pandemic, the views of doctors on a coronavi-
rus infection, which was new for everyone, have changed
significantly. Initially, it appears that SARS-CoV-2, which
belongs to the group of respiratory viruses, primarily af-
fects the respiratory system and has only an indirect ef-
fect on other body systems, including the brain. However,
SARS-CoV-2 is now established to have neuroinvasive
and neurotropic potentials.

One of the mechanisms explaining the neurotropic
nature of coronaviruses is the ability of several brain
structures to express the integral transmembrane protein
angiotensin-converting enzyme (ACE) 2. This functional
cellular protein functions as a receptor for the SARS-
CoV-2 receptor-binding domain and ensures its penetra-
tion into the central nervous system. The cerebellum is
one of the brain structures demonstrating high levels of
ACE2 expression and representing a potential target for
SARS-CoV-2 [1].

Systemic dysfunction and direct viral brain injury
cause various neuropathological disorders associated
with COVID-19 [2]. A study revealed that the increase in
neurological symptoms in patients with COVID-19 can
be facilitated by transconnectome diffusion of patho-
logical changes through the structural network of the
brain [3]. However, despite research in this field, which
brain structures are most susceptible to this virus and
which functional connections are affected remain not
completely clear.

Owing to the time factor, most neuroimaging studies
of COVID-19 represent evaluations of structural magnetic
resonance imaging (MRI) of the brain and often present
only a description of individual clinical cases because
large-scale data are still being accumulated. In addition,
most were brain studies in patients with severe COVID-19.
Moreover, whether brain changes are possible in milder
COVID-19 and which specific structures are affected, and
at what time interval remain unclear.

Cerebellar lesions in COVID-19 are more often de-
scribed in the literature as acute conditions that are well
visualized on MRI with acute necrotizing encephalopathy,
acute cerebellitis, posterior reversible encephalopathy
syndrome, ischemia, or hemorrhage in the cerebellum.
However, certain studies have tried to identify micro-
structural changes in the cerebellum. Thus, Guedj et al.
used positron emission tomography with fluorodeoxyglu-
cose (F-FDG PET) and revealed hypometabolism in the
structures of the olfactory analyzer and cerebellum of
patients with a history of COVID-19, regarding the re-
sulting changes as a substrate for the long-term conse-
quences of infection. Hafiz et al. reported a decrease in
functional connectivity in several layers of the vermiform
lobules of the cerebellum in COVID-19 convalescents
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when performing functional MRI (fMRI) at rest, com-
pared with control individuals without COVID-19 [4, 5].
The authors suggested the involvement of these parts of
the cerebellar vermis in the cognition and processing of
emotions, and their lesions can cause chronic fatigue in
patients who have recovered from COVID-19.

Many studies that performed pathoanatomical studies
of the brain of patients who died from COVID-19 have con-
firmed that the cerebellum is one of the main targets of
SARS-CoV-2. In one of these studies, microglia were acti-
vated in the brainstem and cerebellum, and infiltration with
cytotoxic T-lymphocytes was revealed, which indicates
an ongoing neuroinflammation in these structures [6].
Another postmortem study established the presence of
microhemorrhages in the cerebellum, whereas the dis-
tribution and morphology of microcerebral hemorrhages
differed clearly from those associated with hypertension,
severe systemic diseases, and cerebral amyloid angiopa-
thy [7]. The authors suggested that microhemorrhages
may be due to SARS-CoV-2-induced endotheliitis and
more general vasculopathic changes and may correlate
with an increased risk of vascular encephalopathy. In
support of this opinion, several studies have indicated
the detection of viral particles in endothelial cells of
cerebral vessels. In the postmortem examination of the
brain of a patient who died from a cerebellar hemor-
rhage, Al-Dalahmah et al. revealed unique findings and
evident neuronophagia and microglial nodules in the in-
ferior olivary bodies and to a lesser extent in the dentate
nuclei in the presence of mild perivascular lymphocytic
infiltrates [8]. They suggested that the changes result
from synergism between hypoxia and systemic inflam-
mation, leading to cytokine induction of microglial activa-
tion, causing neuronophagia. Previously, phagocytosis of
neurons was described only in epidemic parotiditis and
enterovirus infection.

Unlike previous studies, Vidal et al., who examined
the chronology of brain damage after infection of trans-
genic mice with SARS-CoV-2, noted that the maximum
spread of the virus throughout the brain was registered
6-7 days after vaccination; however, the cerebellum re-
mained intact [9].

For obvious reasons, no data are presented on mor-
phological changes in the brain in the long-term period
following recovery from COVID-19. The question of the
timing of persistent neuroinflammation and hypoxia fol-
lowing recovery from this infection remains unresolved,
and one of the methods that help decide indirectly on this
process is a quantitative assessment of the volume of
brain structures using neuroimaging techniques.

According to these data, still, no single point of view
has been agreed on the specificity of damage to individ-
ual brain structures in COVID-19 and the pathogenesis of
this lesion. The mechanisms of virus penetration into the
nervous system, chronology of the spread of infection,
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Fig. 1. Complaints of patients who had a history of COVID-19

selectivity of damage to individual brain structures and
their influence on the clinical presentation of the acute
period, and formation of long-term consequences of this
new infection must be substantiated.

The study aimed to analyze, using magnetic resonance
(MR) voxel-based morphometry (VBM), changes in the
volumes of brain structures and assess the specificity of
their damage in people with a history of mild COVID-19.

MATERIALS AND METHODS

To assess changes in the overall volume of the
brain and its structures, a longitudinal research model
was used with mathematical processing of MRI fin-
dings of the brain using MR VBM. The participants were
scanned twice, that is, before diagnosis of COVID-19 and
4-12 months after diagnosis. The control group included
healthy volunteers without a history of COVID-19.

The initial model used for comparison was the data-
base of morphometric indicators “Gender characteristics
of normal age-related aging of the central nervous sys-
tem"*. The inclusion criteria were as follows: availability
of high-quality neuroimaging data obtained before the
pandemic, absence of structural changes in the brain
of any origin in the primary scanned images, and ab-
sence of factors that could potentially cause structural
changes in the brain substance in the period between
scans.

After the screening, the main study group included
34 patients (13 men, 21 women) aged 20-71 years, who
had mild COVID-19 within 4 months to 1 year and re-
ceived outpatient treatment. In the assessment, 21 pa-
tients had complaints that arose during the acute pe-
riod of COVID-19 and persisted until the study period.
The nature of the complaints of the main study group is
presented in Fig. 1.

* Certificate of state registration of the database No. 2021621983
Russian Federation. N.Il. Ananyeva, L.V. Lukina, E.V. Andreev, and
P.M. Tikhonov, Gender Aspects of Normal Age-Related Aging of the Central
Nervous System, No. 2021621830, decl. 09/02/2021, publ. 09/17/2021;
applicant V.M. Bekhterev National Research Medical Center for Psychiatry
and Neurology of the Ministry of Health of Russia, EDN JCJJLQ.
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The most frequent complaints in the main group were
frequent fatigue, decreased attention, insomnia, myalgia, and
arthralgia. Other common included hyposmia, asthenia, and
memory impairment. The neurological examination revealed
no abnormalities in the neurological status. In addition, the
patients did not have chronic diseases in the acute stage.

The control group included 30 healthy volunteers from
the same database, without a history of COVID-19, who
had no health complaints, or diseases in the acute stage,
and were comparable in sex, age, and rescanning time
with the main group.

The first and second brain scans were performed
on an Atlas Exelart Vantage XGV MRI scanner (Toshi-
ba, Japan) with a magnetic field induction of 1.5 Tesla.
A standard 8-channel coil for the head was used. All
study participants underwent initial and repeated scan-
ning of the brain using a similar neuroimaging protocol,
which included T1 in-phase (IP), T2-IP, T2 fluid-attenuat-
ed inversion recovery-IP, and three-dimensional magne-
tization-prepared rapid gradient-echo (3D-MPRAGE)-IP.
In the next stage, 3D-MPRAGE-IP was performed accord-
ing to the following protocol: repetition time = 12, echo
time = 5, field of view = 25.6, MTX = 256, ST = 2.0, and
FA = 20. The resulting 3D-MP-RAGE sequence files in the
DICOM format were converted to NIFTI FSL format. The files
were converted using the MRI Convert software package.
Post-processing of data to determine the total brain volume
and its segmented parts was performed using the MR VBM
in the Free Surfer in Linux Ubuntu 16.04.1 LTS.

General statistical analysis of the results of MR VBM
was performed using the Microsoft Excel software pack-
age. Before the comparative analysis, the samples were
tested for normality using the Kolmogorov—Smirnov test.
To assess the significance of differences, Student's t-test
was used. Differences p < 0.05 were considered significant.

RESULTS

Our cross-sectional study of the brain in individuals
with a history of COVID-19, with post-processing of MRI
data using MR VBM, revealed significant changes in both
the overall volume of the brain and its structures.
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Using the MR VBM method, in the period from
4 months to 1 year after COVID-19 diagnosis, the vo-
lumes of the gray matter in certain brain structures de-
creased significantly (Fig. 2).

In patients who recovered from COVID-19, a loss of
the gray matter was recorded in the cortex of the right
(p <0.01) and, to a lesser extent, left (p < 0.05) hemi-
spheres of the cerebellum. In addition to the cerebellum,
microstructural volume reductions were noted in the left
frontal lobe, namely, in the orbital part of the inferior
frontal gyrus (p <0.05) and the frontal pole (p < 0.05).
In the control group, the second scan revealed a decrease
in the volume of the cortex of the left cerebellar hemi-
sphere (p < 0.05); however, an increase in its volume was
recorded in the orbital part of the inferior frontal gyrus.

When analyzing microstructural changes in other
brain areas in the main and control groups, a significant
change in individual segments was revealed; however,
unlike changes in the cerebellum and left frontal lobe,
these changes included an increase in the volume of both
gray and white matter.

When detailing changes in brain structures separate-
ly for the gray and white matter, differences were also
found in the morphology of its segments (Fig. 3).

The volume of the cortical gray matter was also in-
creased in nearly all lobes of the brain, with some em-
phasis on the posterior parts of the right hemisphere, in
patients who recovered from COVID-19. In the control
group, the considered segments remained intact.

When analyzing changes in the subcortical gray mat-
ter in patients who recovered from COVID-19, a signifi-
cant (p < 0.05) increase in its total volume was recorded
owing to a microstructural increase in the left caudate
nucleus, globus pallidus, right amygdala, and ventral di-
encephalon, which included hypothalamic and red nuclei.
In the control group, only an increase in the volume of
the left ventral diencephalon was detected.

Left parahippocampal gyrus*

Around the left calcarine fissure*

Around the right calcarine fissure**

Right precuneus**

Opercular part of the right inferior frontal gyrus**
Right medial orbital gyrus*

Right entorhinal area*

Right sphenoidal lobule**

Right superior temporal gyrus*
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Lesions to the white matter of the brain in COVID-19
survivors were associated with an increase in the volume
of the isthmus of the left and rostral parts of the right
cingulate gyrus, paracentral lobule on the left, and right
precuneus. The described segments in the control group
did not differ significantly in the first and second scans.

DISCUSSION

This longitudinal MRI study of patients before and af-
ter COVID-19 diagnosis showed the presence of micro-
structural changes in the brain, indicating that following
clinical recovery, the pathophysiological component of
the infectious process persists.

Lu et al. noted brain changes in patients who recov-
ered from COVID-19, 3 months after clinical and labora-
tory recovery, even in the absence of neurological symp-
toms [10]. The present study showed that microstructural
changes in both total volumes and individual segments
of the brain are longer and can persist for 4—12 months
after recovery from COVID-19. These long-term changes
may result from various pathogenetic mechanisms such
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as direct viral infection, cerebrovascular changes, sys-
temic inflammation, and persisting somatic dysfunction.

The distribution of microstructural changes in brain
segments demonstrated major damage to the gray mat-
ter of the hemispheres, with some emphasis on the pos-
terior sections and predominantly right-sided lateraliza-
tion. Such a distribution of changes in volumes suggests
a greater vulnerability of the cortex than the white matter
in the presence of COVID-19. Other authors also reported
the predominance of changes in the right parts of the
brain, which may depend on the different functional activ-
ity of the cerebral hemispheres and requires clarification
using functional neuroimaging methods.

Historically, the cerebellum has been considered
a structure solely responsible for the coordination and
control of fine movements. Such conclusions were made
at the beginning of the XIX century and were based on
the monitoring of experimental animals with damaged
cerebellum. However, in the last 25 years, in connection
with the development of both structural and functional
neurocimaging methods, a paradigm shift has occurred
toward the concept of the cerebellum’s multiple func-
tionality [11]. Many studies have provided evidence of the
role of the cerebellum not only in motor control but also
in the implementation of non-motor functions, namely,
attention, speech, working memory, pain, emotions, cog-
nitive control, and social cognition, and the formation of
addictions [12, 13]. Data confirm the involvement of the
cerebellum in nociception [14], which confirms the mul-
titasking of this brain structure.

According to the classical motor concept, the cerebel-
lum is connected to the contralateral hemisphere of the
brain through two polysynaptic circuits, namely, an input
channel that synapses with the pontine nuclei and then
enters the cerebellum, and an output channel that proj-
ects to the deep cerebellar nuclei, then to the thalamus,
and finally to the motor areas of the cerebral cortex.
However, the accumulated neuropsychological and neu-
roimaging data reveal an extensive functional network
connecting the cerebellum with virtually the entire neo-
cortex. Cerebellum connections originate not only from
the motor areas but also from the prefrontal, parietal,
superior temporal, and parahippocampal areas, and the
conductors from the dentate nuclei return to the associa-
tive areas of the cortex, forming closed loops [15]. These
loops represent a functional unit of cerebrocerebellar in-
teractions and allow the cerebellum to participate in the
control of both movement and cognition [16]. Based on
the hypothesis of the cerebellum’s multiple functions,
various pathological processes affecting the cerebellum
may be clinically expressed not only by motor disorders
but also by neuropsychiatric disorders.

At the start of the COVID-19 pandemic, data
on neurotropism and neuroinvasion of the new vi-
rus were insufficient; moreover, the possibility of
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SARS-CoV-2 influencing the cerebellum was not considered.
However, the pathanatomical data accumulated over
the past 2 years indicate the specificity of damage to
individual brain structures, particularly the cerebellum.
Thus, Siddiqui et al. described the enhanced penetration
of SARS-CoV-2 into the parietal cortex and cerebellum,
suggesting that these brain areas may be specific targets
for the virus [17]. In 2020, German scientists published
in Lancet Neurology data on a postmortem study of the
brain tissue of patients who died from acute COVID-19;
accordingly, they detected heart attacks only in 14% of
cases, whereas the majority of patients had astrogliosis.
Moreover, the activation of microglia and infiltration with
cytotoxic T-lymphocytes were recorded in the brainstem
and cerebellum [6]. Perivascular lymphocytic inflam-
mation of CD8-positive T-cells mixed with CD8-positive
macrophages detected in the brainstem and cerebellum
causes microvascular damage to these structures [18].
Cerebellar injury is also caused by hypoxia [19]. The data
presented indicate some specificity of cerebellar lesions
in COVID-19, which is also probably due to the high ex-
pression of ACE2 in this brain region. The above changes
result in the atrophy of the cortex, which can manifest as
neurological disorders.

This study using MR VBM enabled us to establish that
from 4 to 12 months after recovery from COVID-19, neu-
ron loss occurs in the cortex of both hemispheres of the
cerebellum, as evidenced by a significant decrease in its
volume. Atrophic changes in the cortex also affected the
orbital part of the left inferior frontal gyrus and frontal
pole. The loss of cortical volume in these structures is
most probably associated with neuronal death caused by
direct or indirect neurotropism of SARS-CoV-2. The fron-
tal lobes are connected to the contralateral hemisphere
of the cerebellum via the frontopontocerebellar pathway,
which supports the hypothesis of Parsons et al. about
the transconnectome spread of the pathological process
through the functional networks of the brain in patients
with COVID-19 [3]. Damage to the frontopontocerebellar
pathway in patients with a history of COVID-19 can lead
to ataxia, astasia-abasia, adiadochokinesis, intentional
tremors in clinical presentation, changes in emational re-
sponse, and cognitive and speech disorders. These data
can help neurologists in monitoring patients in the long
term after recovery from COVID-19.

In the course of this study, we registered differences
in the volumes of seven common brain segments, nine
segments of the gray matter, and four segments of the
white matter. These brain areas, in varying degrees, be-
longed to the hippocampal complex, cortical centers of
vision, and olfactory complex. In contrast to the cerebel-
lum and left frontal lobe, these structures showed an
increase in volume on rescanning, suggesting an ongoing
neuroinflammatory process that persists 4—12 months
after recovery from COVID-19.
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CONCLUSIONS

Since the onset of the pandemic, the opinion of the
medical community about COVID-19 as a purely respira-
tory disease has completely changed. To date, a charac-
teristic aspect of COVID-19 is the multisystemic lesion
with high individual specificity of the clinical presenta-
tion. Moreover, there is no doubt about the neuroinva-
siveness of this virus and the possibility of mediated
damage to the central nervous system through systemic
mechanisms.

The influence of SARS-CoV-2 on the central nervous
system was extremely diverse and prolonged over time.
Our study and analysis of the current literature show that
the cerebellum may be one of the targets of SARS-CoV-2
with early damage since atrophic changes in its cortex
are evident already within 4-12 months. These data
should be taken into account when drawing up individual
plans for the follow-up of patients who had a history of
COVID-19.

Our data indicate that SARS-CoV-2 disrupts the mi-
crostructural integrity of not only the cerebellum but also
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other segments of the brain. An increase in the volume
of these structures indicates the duration of the inflam-
matory process.

To clarify the nature of the cerebellar lesion and its
functional integrity, we plan to analyze functional neuro-
imaging data and compare the results of radiation diag-
nostic methods with neurological and pathopsychological
data. In addition, three scans are required to assess the
dynamics of microstructural changes.
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