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RESUMO

Introdugado. Fadiga, queixas cognitivas e disfungdo olfativa sdo os sintomas
persistentes mais frequentes em pacientes apds infeccdo pelo coronavirus da
sindrome respiratoria aguda grave 2 (SARS-CoV-2). Este estudo teve como objetivo
avaliar a fadiga e o desempenho neuropsicolégico, bem como investigar alteragbes
na espessura e volume da substancia cinzenta e anormalidades microestruturais na
substancia branca em um grupo de pacientes com doenga do coronavirus 2019
(COVID-19) de leve a moderada gravidade. Além disso, investigamos alteragdes no
volume do bulbo olfatério e na rede de substancia branca cerebral em pacientes com
hiposmia persistente apos a COVID-19.

Métodos. Estudamos 56 pacientes com COVID-19 e 37 controles pareados usando
ressonancia magnética (MRI). A cognicédo foi avaliada usando Montreal Cognitive
Assessment (MoCA) e Cambridge Neuropsychological Test Automated Battery
(CANTAB), e a fadiga foi avaliada usando a Escala de Fadiga de Chalder (CFQ-11).
O teste de identificagdo de odores Sniffin' Sticks (SS-16) foi utilizado para avaliar a
capacidade dos participantes de identificar odores. A MRI ponderada em T1 foi
utilizada para avaliar a espessura e o volume da substancia cinzenta. Os bulbos
olfatérios foram segmentados manualmente a partir da MRI ponderada em T2. Dados
de densidade de fibra aparente especifica ao feixe (FD), indice de agua livre e
imagens de tensor de difusdo foram extraidos usando MRI ponderada em difus&o (d-
MRI). Estatisticas baseadas em rede (NBS) e analise tedrica de grafos foram usadas
para explorar a substancia branca. Os dados de d-MRI foram correlacionados com
medidas clinicas e cognitivas usando correlagdes parciais e modelo linear
generalizado.

Resultados. Os pacientes com COVID-19 tiveram uma doenga aguda leve a
moderada (95% né&o hospitalizados). O periodo médio entre o diagndstico baseado
em reacao em cadeia da polimerase quantitativa da transcricdo reversa em tempo real
(RT-gPCR) e as avaliagdes clinicas/MRI foi de 93,3 (£26,4) dias. O grupo COVID-19
apresentou escores totais mais altos da CFQ-11 em comparagéo com os controles (p
< 0,001). Nao houve diferengas no desempenho neuropsicoldgico entre os grupos. O
grupo COVID-19 apresentou menor FD nos tratos de associagdo, projegao e

comissurais, mas nenhuma alteragcéo na substancia cinzenta. Coroa radiada, trato cor-



ticoespinhal, corpo caloso, fasciculo arqueado, cingulo, férnix, fasciculo fronto-
occipital inferior, fasciculos longitudinais superior e inferior e fasciculo uncinado
estavam comprometidos. O escore CFQ-11 e o desempenho no tempo de reacao e
nos testes de memdria visual se correlacionaram com as mudancas microestruturais
em pacientes com COVID-19.

O grupo de hiposmia persistente por COVID-19 apresentou redugdo no volume dos
bulbos olfatérios em comparacdo com os controles. Na NBS, os pacientes com
COVID-19 mostraram aumento na conectividade estrutural em uma sub-rede
composta por regides cerebrais parietais. Em relagdo as propriedades topoldgicas de
rede global, os pacientes apresentaram menor global efficiency e local efficiency e
maior assortativity em comparagdo com os controles. Em relagdo as propriedades
topoldgicas de rede local, os pacientes apresentaram menor local efficiency (giro
orbital lateral esquerdo e globo palido), aumento no clustering (giro orbital lateral
esquerdo), aumento na nodal strength (giro orbital anterior direito) e redugéao na nodal
strength (amigdala esquerda). A pontuagdo no teste SS-16 se correlacionou
negativamente com o clustering de toda a substancia branca no grupo COVID-19.
Conclusées. A d-MRI quantitativa detectou alteragbes na microestrutura da
substancia branca de pacientes em recuperagcdo da COVID-19. Este estudo sugere
um possivel substrato cerebral subjacente aos sintomas causados pelo SARS-CoV-2
durante a recuperagao de médio a longo prazo. Pacientes com disfungao olfativa apés
a COVID-19 apresentaram alteracado relevante na rede da substancia branca com
aumento da conectividade no cortex sensorial parietal. A redug¢ao da integragéo e o
aumento da segregacao sao observados dentro das areas cerebrais relacionadas ao
olfato, o que pode ser devido a mecanismos de plasticidade compensatéria dedicados
a recuperacgao da funcao olfativa.

Palavras-chave: COVID-19; cérebro; fadiga; cognicdo; olfato; ressonancia

magnética; plasticidade neuronal.



ABSTRACT

Background. Fatigue, cognitive complaints, and olfactory disfunction are the most
frequent persistent symptoms in patients after severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. This study aimed to assess fatigue and
neuropsychological performance and investigate changes in the thickness and volume
of gray matter and microstructural abnormalities in the white matter in a group of
patients with mild-to-moderate coronavirus disease 2019 (COVID-19). Additionally, we
aimed to investigate changes in olfactory bulb volume and brain network in the white
matter in patients with persistent hyposmia following COVID-19.

Methods. We studied 56 COVID-19 patients and 37 matched controls using magnetic
resonance imaging (MRI). Cognition was assessed using Montreal Cognitive
Assessment and Cambridge Neuropsychological Test Automated Battery, and fatigue
was assessed using Chalder Fatigue Scale (CFQ-11). The Sniffin' Sticks smell
identification test (SS-16) was used to evaluate participants' ability to identify odors.
T1-weighted MRI was used to assess gray matter thickness and volume. The olfactory
bulbs were manually segmented from T2-weighted MRI. Fiber-specific apparent fiber
density (FD), free water index, and diffusion tensor imaging data were extracted using
diffusion-weighted MRI (d-MRI). Network-Based Statistics (NBS) and graph theoretical
analysis were used to explore the WM. d-MRI data were correlated with clinical,
cognitive measures, and SS-16 score using partial correlations and general linear
modeling.

Results. COVID-19 patients had mild-to-moderate acute illness (95% non-
hospitalized). The average period between real-time quantitative reverse transcription
polymerase chain reaction-based diagnosis and clinical/MRI assessments was 93.3
(x26.4) days. The COVID-19 group had higher total CFQ-11 scores than the control
group (p < 0.001). There were no differences in neuropsychological performance
between groups. The COVID-19 group had lower FD in the association, projection,
and commissural tracts, but no change in gray matter. The corona radiata,
corticospinal tract, corpus callosum, arcuate fasciculus, cingulate, fornix, inferior
fronto-occipital fasciculus, inferior longitudinal fasciculus, superior longitudinal

fasciculus, and uncinate fasciculus were involved. CFQ-11 scores and performance in



reaction time and visual memory tests correlated with microstructural changes in
patients with COVID-19.

The COVID-19 persistent hyposmia group had reduced olfactory bulb volume
compared to controls. In NBS, COVID-19 patients showed increased structural
connectivity in a subnetwork comprising parietal brain regions. Regarding global
network topological properties, patients exhibited lower global and local efficiency and
higher assortativity than controls. Concerning local network topological properties,
patients had reduced local efficiency (left lateral orbital gyrus and pallidum), increased
clustering (left lateral orbital gyrus), increased nodal strength (right anterior orbital
gyrus), and reduced nodal strength (left amygdala). SS-16 test score was negatively
correlated with clustering of whole-brain white matter in the COVID-19 group.
Conclusions. Quantitative d-MRI detected changes in the white matter microstructure
of patients recovering from COVID-19. This study suggests a possible brain substrate
underlying the symptoms caused by SARS-CoV-2 during medium- to long-term
recovery. Additionally, patients with olfactory disfunction after COVID-19 had relevant
white matter network dysfunction with increased connectivity in the parietal sensory
cortex. Reduced integration and increased segregation are observed within olfactory-
related brain areas might be due to compensatory plasticity mechanisms devoted to
recovering olfactory function.

Keywords: COVID-19; brain; fatigue; cognition; olfaction; magnetic resonance

imaging; neuronal plasticity.
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1. INTRODUGCAO

Desde a sua descoberta em Wuhan, na China, no final de 2019, a doenca de
coronavirus 2019 (COVID-19), causada pelo coronavirus 2 da sindrome respiratoria
aguda grave (severe acute respiratory syndrome coronavirus 2, SARS-CoV-2),
resultou em mais de 600 milhdes de infectados e 6 milhdes de mortes (JOHNS
HOPKINS UNIVERSITY, 2023) e determinou uma pressdo sem precedentes nos
sistemas social, econdbmico e de saude em todo o mundo (AL-ALY; XIE; BOWE,
2021). Mais de trés anos ap6s a pandemia da COVID-19 ter sido declarada, o mundo
ainda esta se recuperando de sua devastacao. Embora as pesquisas sobre o COVID-
19 tenham se concentrado predominantemente em doengas agudas, ficou claro que
ocorrem consequéncias a longo prazo (NALBANDIAN et al., 2021). Muitos
sobreviventes da fase aguda da infeccdo continuam a experimentar sintomas
neurologicos persistentes e debilitantes, que tém implicagdes significativas em termos
socioeconémicos e pessoais. Portanto, é crucial obter uma compreens&o abrangente
das sindromes clinicas em evolugao e dos mecanismos fisiopatoldgicos subjacentes.
Isso permitira a implementacéo rapida de intervengdes terapéuticas baseadas em
evidéncias (AL-ALY; XIE; BOWE, 2021), para atender as necessidades dos pacientes
que sofrem os efeitos de longo prazo da COVID-19.

Embora a COVID-19 seja uma infecgao viral que afeta principalmente o sistema
respiratorio, relatérios iniciais da China ja mostravam que o virus SARS-CoV-2 tem
capacidade de afetar o sistema nervoso central (SNC) (MAO et al., 2020). No entanto,
€ importante ressaltar que esses relatorios se basearam principalmente em dados de
pacientes hospitalizados, o que limita sua representatividade em relacdo ao
verdadeiro impacto das manifestagdes neurolégicas em toda a comunidade apés a
infeccdo por SARS-CoV-2 (PEZZINI; PADOVANI, 2020). Dada a extensdo da
pandemia, é altamente provavel que um numero significativamente maior de
pacientes com COVID-19 tenha experimentado manifestacdes neuroldgicas ao longo
do curso da doencga do que os relatados até o momento. O espectro de manifestagdes
neurologicas na infeccdo por SARS-CoV-2 provavelmente envolve diversas vias
patogénicas. Foram propostos varios mecanismos que contribuem para o
desenvolvimento de manifestacbes neurologicas apos a invasao neurotropica do
virus, incluindo disfungao endotelial, hiperinflamacgao, hipercoagulabilidade, hipoxia e

agravamento da doencga. Ainda ha muito a ser explorado para uma compreensao
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completa da patogenicidade do SARS-CoV-2 e de seus efeitos prejudiciais no sistema
nervoso (BROLA; WILSKI, 2022).

1.1.SARS-CoV-2 e COVID-19

Os coronavirus constituem uma familia diversificada de virus com uma ampla
gama de hospedeiros, incluindo humanos, e estdo predominantemente associados a
infecgdes leves do trato respiratorio superior. O reservatorio e a diversidade de
coronavirus em morcegos parecem ser substanciais (LI et al., 2020). O SARS-CoV-2
provavelmente teve origem em morcegos e foi transmitido aos humanos por meio de
um hospedeiro intermediario, possivelmente pangolins (XIAO et al., 2020). Devido a
semelhanga entre os coronavirus, € provavel que existam varios locais de interacao
entre o SARS-CoV-2 e as células hospedeiras, o que pode contribuir para os diversos
sintomas da COVID-19 e servir como possiveis alvos terapéuticos.

Ha evidéncias na literatura de que o neurotropismo € uma caracteristica comum
entre os coronavirus, devido a suas semelhangas estruturais e mecanismos de
infeccdo (LI; BAI; HASHIKAWA, 2020). A protecdo do SNC contra patdgenos e
agentes quimicos nocivos é realizada principalmente pela barreira hematoencefalica
(BHE), que é formada por células endoteliais que regulam seletivamente a passagem
de substancias presentes na corrente sanguinea, como anticorpos, sistema
complemento e fatores de coagulagdo (ABBOTT et al., 2010). O SARS-CoV-2 tem
potencial de usar mecanismos para invadir o SNC. Esses mecanismos estdo
principalmente relacionados a enzima conversora de angiotensina 2 (ECAZ2), uma
glicoproteina que é produzida em varios 6rgaos, como o endotélio vascular, o coragao,
os rins e o cérebro (NI et al., 2020).

O SARS-CoV-2 é composto por um envelope viral de membrana lipidica que
envolve o nucleocapsideo, que € o material genético do virus que interage com o
material genético da célula hospedeira. A membrana lipidica contém proteinas
estruturais, como a proteina spike (PS), proteina de membrana, glicoproteina de
envelope pequeno e hemaglutinina-esterase (DAS; MUKHERJEE; GHOSH, 2020). O
SARS-CoV-2 entra nas células usando a PS que se liga ao receptor ECA2 na
membrana plasmatica (WANG et al., 2020). Ha outros co-receptores como a protease
transmembrana serina 2 (transmembrane serine protease 2, TMPRSS2), CD147,

GRP78, entre outros, que facilitam a entrada viral em células que nao expressam
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ECA2 (GADANEC et al., 2021). Vale destacar que a neuropilina 1 (NRP1) e CD147
sdo encontrados mais do que ECA2 e TMPRSS2 no cérebro, inclusive no bulbo
olfatério, e atuam como co-receptores para a entrada celular, podendo aumentar a
infectividade viral (BURKS et al., 2021; GADANEC et al., 2021). A patogénese do
SARS-CoV-2 envolve a interagdo entre a PS e receptores nas células, usando varias
vias de entrada endocitica (SHANG et al., 2020).

A infeccéo pelo virus SARS-CoV-2 tem o potencial de causar doenga cerebral
por meio de mecanismos diretos e indiretos. Devido a expressdo de diversos
receptores em partes do SNC, o virus pode potencialmente invadi-lo, levando a
manifestagdes neuroldgicas. Essas manifestagbes também podem ocorrer devido a
efeitos indiretos da infecgao, incluindo respostas imunoldgicas e “tempestades de
citocinas” (LIMA et al., 2020). A infeccao pelo SARS-CoV-2 desencadeia uma cascata
de citocinas. Evidéncias recentes indicam que a interleucina-1ra, interleucina-6,
proteina quimioatraente de mondcito-3 e a proteina induzida por interferon-gama no
soro estdo associadas a desfechos fatais da infecgdo por COVID-19 (YANG et al.,
2020b). Mesmo sem o virus penetrar na BHE, as “tempestades de citocinas” podem
danificar uma BHE intacta e perturbar o funcionamento normal do SNC. Além disso,
COVID-19 tem sido associada a um estado pro-trombético, o que pode resultar em
oclusdo de vasos cerebrais e causar lesdes cerebrais (DIVANI et al., 2020). Por fim,
ECA2 pode promover a invasdo direta de neurbnios e células endoteliais
cerebrovasculares, resultando em apoptose e necrose de neurdnios e células
adjacentes (AGHAGOLI et al., 2021; JACOMY et al., 2006) (Figura 1).
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Figura 1 - Mecanismos provaveis de lesdo do sistema nervoso central.
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1.2.Rotas potenciais de invasao direta do SNC
1.2.1. Rota de invasao neuronal

O principal modo de transmissdo do SARS-CoV-2 é através das goticulas
respiratorias resultantes de tosse e espirro de pacientes com COVID-19 (HOFFMANN
et al., 2020). Para compreender o surgimento de sintomas como anosmia (perda do
olfato) e ageusia (perda do paladar), € crucial entender como o virus pode entrar no
SNC por meio das vias intranasal e oral (MEINHARDT et al., 2021). O virus pode
atingir os pulmdes apos penetrar na cavidade nasal através de goticulas que contém
o virus ou infectar a mucosa nasal e células suscetiveis (HOFFMANN et al., 2020). O



21

epitélio olfatorio na cavidade nasal € composto por diversos tipos de células, incluindo
0S neurdnios sensoriais olfatérios e células basais. As células basais horizontais
expressam ECA2, ao contrario dos neurénios olfatdrios que ndo expressam ECA2. As
células basais horizontais infectadas podem se diferenciar em neurdnios olfatérios e
acessar o bulbo olfatério através da placa cribiforme, potencialmente infectando
outras regides do cérebro por meio de uma via trans-sinaptica (BRIGUGLIO et al.,
2020; MEINHARDT et al.,, 2021). O transporte axonal rapido € um mecanismo
proposto para entender a propagagao do virus dentro do sistema nervoso periférico
(SNP) e neurbnios do parénquima cerebral. O virus é internalizado nos neur6nios
periféricos por meio da endocitose, desencadeando um transporte retrogrado
dependente de microtubulos para o corpo celular e o nucleo. Durante esse transporte
neuronal, o envelope do virus deve permanecer estavel (BRIGUGLIO et al., 2020;
DUBE et al., 2018).

O SARS-CoV-2 pode utilizar outras possiveis vias de nervos periféricos para
chegar ao tronco cerebral e ao SNC, além do nervo olfatério. Duas dessas vias
alternativas s&o a rede pulmonar e o sistema nervoso entérico via nervo vago
(BRIGUGLIO et al.,, 2020). O sistema gastrointestinal apresenta altos niveis de
expressao de proteinas cruciais as quais o virus se liga, incluindo NRP1 e ECA2.
Essas proteinas também sdo expressas por células gliais e neurdnios intestinais,
tornando-os suscetiveis a infecgdo pelo SARS-CoV-2. O nervo vago e as fibras
nervosas simpaticas, que conectam diretamente o sistema nervoso entérico ao SNC,
apresentam potencial de disseminagao da infeccdo para o SNC em modelos animais.
No entanto, a for¢ca dessa ligagédo e a capacidade do virus de se espalhar pelo eixo
intestino-cérebro ainda requerem mais estudos em humanos. Como resultado de sua
proximidade fisica com o SNC, o nervo olfatério € provavelmente a principal rota para
a disseminagdo do SARS-CoV-2 em estagios iniciais (BODNAR et al., 2021;
BRIGUGLIO et al., 2020; ZUO et al., 2020).

1.2.2. Rota de invasao hematogénica

A dispersao de particulas virais por via hematogénica é outra possivel rota de
infecgao pelo SARS-CoV-2. Estudos revelam que até 40% dos pacientes com COVID-
19 apresentam o SARS-CoV-2 em sua corrente sanguinea (ZHENG et al., 2020).
Particulas virais circulantes tém o potencial de atravessar a BHE e entrar no tecido
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cerebral (ZHANG et al., 2021). Os pericitos e as células endoteliais do cérebro contém
receptores ECA2 que facilitam essa entrada (CHEN et al., 2020). Organoides dos
vasos humanos sao suscetiveis a infeccdo pelo SARS-CoV-2 de maneira dependente
de ECA2, de acordo com investigacdes in vitro (CONSTANT et al., 2021). Em
investigagcdes clinicas, células endoteliais de diversos 6rgdos de pacientes com
COVID-19 também apresentaram elementos virais, e micrografias eletrbnicas das
células endoteliais do cérebro revelaram a presenca de proteinas semelhantes a virus
em seu interior (PANIZ-MONDOLFI et al., 2020; VARGA et al., 2020). Além disso, ha
evidéncias de que receptores alternativos do SARS-CoV-2, incluindo NRP1 e CD147,
sdo amplamente expressos na vasculatura cerebral, o que pode facilitar essa via
(IADECOLA; ANRATHER; KAMEL, 2020; TORICES et al., 2021). Além da pneumonia
causada pela COVID-19 que leva a hipdxia, o aumento na liberagao de citocinas pro-
inflamatorias e quimiocinas poderiam aumentar a entrada viral e contribuir para a
invasédo do SNC pelo SARS-CoV-2 (TAY et al., 2020).

O plexo coroide e os o6rgdos circunventriculares sdo potenciais locais de
infiltrac&o no cérebro por particulas circulantes de SARS-CoV-2 (JACOB et al., 2020).
O plexo coroide € uma estrutura seletivamente permeavel que controla o transporte
molecular na interface sangue com o SNC e auxilia na produgdo do liquido
cefalorraquidiano (LCR) (YANG et al., 2020a). Pesquisas in vitro usando organoides
demonstraram que as células do plexo coroide humano s&o altamente suscetiveis a
infeccédo pelo SARS-CoV-2, uma vez que expressam ECA2 e TMPRSS2 (JACOB et
al., 2020). No entanto, € possivel que a quebra da barreira sangue-LCR devido a
infeccdo do plexo coroide desempenhe um papel mais significativo no
desenvolvimento dos sintomas neurolégicos da COVID-19 (JACOB et al., 2020). Vale
destacar que TMPRSS2 e ECA2 podem ser expressos nos 6rgéos circunventriculares,
préximas ao terceiro e quarto ventriculo, especialmente no hipotalamo, o que poderia
facilitar a entrada do SARS-CoV-2 no tecido e sua disseminacdo pelo cérebro
(IADECOLA; ANRATHER; KAMEL, 2020; JACOB et al., 2020).

A disseminagéao de leucocitos infectados pelo virus na corrente sanguinea e a
subsequente penetragao nos tecidos cerebrais representam um mecanismo potencial
para que o virus entre no SNC (BAIG et al., 2020). Esse processo, frequentemente
chamado de "Cavalo de Troia", foi estudado no contexto dos virus neurotrépicos,
como o Virus do Nilo Ocidental (PAUL et al., 2017). Dado que o SARS-CoV-2 pode

infectar linfocitos, granulécitos, mondcitos e suas derivadas, é plausivel que ele possa
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utilizar essa estratégia para infectar globulos brancos que expressam ECA2 e penetrar
no SNC (BAIG et al., 2020; ZUBAIR et al., 2020). Isso, somado a inflamag&o sistémica
e a hipoxia durante a infeccéo, pode facilitar a infiltragao de leucdcitos através da BHE,
aumentando a probabilidade de neuroinvasdo do SARS-CoV-2 por meio desse
mecanismo (ALQUISIRAS-BURGOS et al., 2021; BAIG et al., 2020; SEFIK et al.,
2022).

1.3.“Tempestade de citocinas” e ativagao de microglia

A COVID-19 desencadeia uma resposta inflamatoéria robusta conhecida como
"tempestade de citocinas" no hospedeiro, caracterizada por niveis elevados de
citocinas pro-inflamatorias, como o fator de necrose tumoral alfa, interleucina-6 e
interferon-gama (ALMUTAIRI et al.,, 2021; KOX et al.,, 2020). Essas citocinas
desempenham um papel vital no controle da resposta imunoldgica e s&o liberadas
pelas células do sistema imunoldgico, principalmente pelos leucécitos (KOX et al.,
2020). Essas citocinas pro-inflamatorias s&o produzidas por macrofagos ativados e
recrutam células do sistema imunolégico para o local da infec¢do (YE; WANG; MAO,
2020). No SNC, a interleucina-6 é produzida por astrécitos e microglia, e em alguns
estudos, foi associada ao disturbio da BHE, tornando-a mais permeavel (ALMUTAIRI
et al., 2021).

A invasdo do SNC pelo SARS-CoV-2 leva a ativagdo de microglia, que sao
consideradas marcadores de diversas condigbes neurologicas e inflamagdo no
cérebro (ALMUTAIRI et al., 2021). Embora as células microgliais ndo sejam as unicas
responsaveis pela inflamagdo cerebral (células imunoldgicas sistémicas também
podem iniciar a neuroinflamacéo liberando citocinas pré-inflamatoérias que atravessam
a BHE), elas respondem rapidamente as mudangas ambientais (ALMUTAIRI et al.,
2021). Quando ativadas, as células microgliais n&do apenas englobam células
danificadas, mas também liberam substancias como acido quinolinico, interleucinas,
proteinas do sistema complemento e fator de necrose tumoral alfa (ALMUTAIRI et al.,
2021; BOLDRINI; CANOLL; KLEIN, 2021). Niveis elevados de acido quinolinico, que
€ um agonista do receptor N-metil D-aspartato, podem levar a neurotoxicidade,
afetando a memodria, o aprendizado, a neuroplasticidade e causando alucinagdes
(BOLDRINI; CANOLL; KLEIN, 2021).
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1.4.Efeitos indiretos no sistema nervoso
1.4.1. Quebra da barreira hematoencefalica

A BHE é uma barreira protetora que separa o SNC da circulagéo e regula a
passagem de substancias, protegendo-o de toxinas e patogenos (ZHAO et al., 2015).
No entanto, evidéncias sugerem que o SARS-CoV-2 pode comprometer a integridade
da BHE, levando a um aumento na permeabilidade (BAIG et al., 2020; BELLON et al.,
2021). Estudos demonstraram que a PS do virus pode comprometer a BHE, como
demonstrado em um modelo artificial da BHE (BUZHDYGAN et al., 2020).
Complicagdes neurologicas em pacientes com COVID-19, como encefalopatia e
convulsdes, podem estar associadas a perturbacdo da BHE. A causa exata dessa
perturbagcado, seja uma invasao direta do virus ou uma resposta inflamatoéria, ainda é
desconhecida.

A BHE é composta por células endoteliais cerebrais especializadas que
possuem jungdes estreitas intercelulares e transporte molecular limitado, o que as
distingue das células endoteliais em outros tecidos. A integridade da BHE pode ser
comprometida tanto diretamente quanto indiretamente pela infeccdo por SARS-CoV-
2. A presengca do virus nas células endoteliais microvasculares cerebrais e a
expressao de receptores ECA2 e NRP1 nessas células sugerem lesdes diretas na
BHE (PELLEGRINI et al., 2020). No entanto, o estado hiperinflamatoério induzido pelo
virus provavelmente é a causa mais provavel da perturbagcdo da BHE na COVID-19
(ALQUISIRAS-BURGOS et al., 2021; PELLEGRINI et al., 2020). Niveis elevados de
fatores pré-inflamatoérios, como interleucina-1, foram associados a disfungao da BHE,
resultando em meningite e alteragdes na distribuicdo de proteinas de jungao estreita
(ALMUTAIRI et al., 2016).

A inflamacédo sistémica, desencadeada por citocinas, desencadeia a
superexpressao de diversas proteases, incluindo as metaloproteinases de matriz
(ALQUISIRAS-BURGOS et al., 2021). Essas proteases desempenham um papel
crucial nesse processo, degradando as jungdes estreitas e as proteinas da membrana
basal associadas as células endoteliais. Inumeros estudos tém investigado os efeitos
prejudiciais das metaloproteinases de matriz desreguladas, destacando o papel
fundamental delas em patologias do SNC, como edema cerebral, infiltracdo de
leucdcitos, hemorragias e agravamento das respostas inflamatorias (ALQUISIRAS-

BURGOS et al., 2021). Citocinas pro-inflamatorias como fator de necrose tumoral alfa
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e interleucina-1 estimulam a atividade da ciclo-oxigenase, resultando na produgao de
eicosanoides como prostaglandinas. As prostaglandinas mediadas pela ciclo-
oxigenase-2 podem induzir a expressdo de metaloproteinases de matriz,
comprometendo a integridade das jungdes estreitas e da BHE. A liberagdo de
prostaglandina E nas células endoteliais cerebrais pela ciclo-oxigenase-1 ou ciclo-
oxigenase-2 pode ativar o eixo hipotalamo-hipofisario-adrenal, causando sintomas
como febre e mal-estar (ERICKSON; BANKS, 2018; WU et al., 2015).

1.4.2. Disfungcédo do SNC associada a hipdxia

A infeccéo pelo SARS-CoV-2 pode causar hipdxia, o que pode perturbar a BHE
e contribuir para a infiltracdo de células imunes e proteinas sanguineas, incluindo
citocinas, no cérebro (ERICKSON et al., 2021). Essa perturbagao € o resultado de
insuficiéncia respiratdria e circulatéria, que leva a hipoxemia e lesdo alveolar
(SEREBROVSKA et al., 2020). As células e tecidos respondem a hipoxia ativando os
fatores induziveis por hipoxia, que desempenham um papel fundamental na regulagcéo
do metabolismo de oxigénio (SEREBROVSKA et al., 2020). A infeccédo pelo SARS-
CoV-2 aumenta a expressao do fator induzivel por hipdxia-1 em células imunes,
causando a liberacdo de mais citocinas e resultando na sindrome da angustia
respiratoria aguda (TIAN et al., 2021). Além disso, a estabilizagdo desse fator em
células endoteliais microvasculares aumenta a transcricdo de fator de crescimento
endotelial vascular (vascular endothelial growth factor, VEGF) e integrinas,
aumentando assim a permeabilidade vascular (ERICKSON et al., 2021).

O VEGF tem ampla distribuigdo no SNC e regula angiogénese, proliferagdo de
células endoteliais e permeabilidade vascular (YIN et al., 2020). A hipoxia aumenta a
expressao de fator induzivel por hipéxia-1 e VEGF, o que perturba a BHE e permite
que o SARS-CoV-2 invada o SNC (HOFFMANN et al., 2020). A inibicdo do fator
induzivel por hipéxia-1 pode aprimorar a estabilidade da BHE e reduzir a disfungao do
SNC causada pelo SARS-CoV-2 (HOFFMANN et al., 2020). Pacientes com niveis de
saturagdo de oxigénio acima de 90% tém uma taxa de sobrevivéncia mais alta,
enquanto aqueles com niveis mais baixos de saturagédo de oxigénio podem necessitar

de cuidados mais intensivos e terapias medicamentosas (ERICKSON et al., 2021).



26

1.4.3. Estado hipercoagulavel

Varios estudos identificaram anormalidades na coagulacdo e complicagbes
trombaoticas como manifestagbes comuns da COVID-19 (AL-SAMKARI et al., 2020;
KLOK et al., 2020; LEVI et al., 2020; LODIGIANI et al., 2020). Pacientes com COVID-
19 frequentemente apresentam aumento no tempo de protrombina e niveis elevados
de D-dimero, que os predispdem a eventos tromboticos vasculares (CONNORS;
LEVY, 2020; DIVANI et al., 2020). Em um estudo realizado na China, niveis de D-
dimero foram encontrados elevados em 46,4% dos pacientes, com uma taxa ainda
maior em casos graves (GUAN et al.,, 2020). Pacientes com COVID-19 também
relataram ocorréncias de tromboembolismo e acidentes cerebrovasculares
isquémicos (DIVANI et al., 2020; LODIGIANI et al., 2020).

Ha hipdteses de que a regulagdo negativa do ECA2 pelo SARS-CoV-2, a
hipéxia induzida pela pneumonia e a liberagdo de vesiculas extracelulares de
neutréfilos possam contribuir para a etiologia da hipercoagulabilidade na COVID-19
(CHEN et al., 2022; DOMINGO et al., 2020). No entanto, a hiperplasia endotelial e
uma resposta inflamatéria mediada por macrofagos foram identificadas como duas
das caracteristicas mais proeminentes das manifestagdes pré-tromboéticas associadas
a COVID-19 (IBA et al., 2020). A infecgao viral e uma resposta inflamatoria vigorosa
inibem as fung¢des anticoagulantes e anti-inflamatoérias do endotélio (IBA et al., 2020).
A regulac&o negativa de fatores anticoagulantes em células endoteliais infectadas por
virus, juntamente com a produgao excessiva de citocinas pro-inflamatoérias, resulta em
danos endoteliais e trombose (IBA et al., 2020).

A ativacdo do sistema de complemento também contribui para o estado
inflamatorio e hipercoagulavel da COVID-19 (CONWAY; PRYZDIAL, 2020;
FLETCHER-SANDERSJOO; BELLANDER, 2020; NOOIJER et al., 2020). A infecgdo
pelo SARS-CoV-2 desencadeia a ativacdo de varias vias do complemento, que
culminam em uma cascata comum para produzir moléculas semelhantes a
anafilatoxinas (NOOIJER et al., 2020). Esses componentes do complemento séo
poderosos ativadores de mecanismos inflamatérios e de coagulagao,
desempenhando um papel essencial na resposta imune inata contra infecgdes virais
(NOOIJER et al.,, 2020). No entanto, uma fungdo desregulada do sistema de
complemento pode causar complicagdes tromboembolicas (NOOIJER et al., 2020).
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1.4.4. Neuropatias autoimunes

Com base em relatos de casos de varias neuropatias autoimunes associadas
a COVID-19, foi sugerido que o SARS-CoV-2 pode potencialmente induzir efeitos
autoimunogénicos, principalmente por meio de mimetismo molecular. A perda de
tolerancia imunolodgica a sitios antigénicos criticos em varios componentes neuronais
pode levar a neuropatias autoimunes periféricas. Em outras palavras, 0 mimetismo
molecular entre as proteinas do SARS-CoV-2 e varios autoantigenos de células
humanas, incluindo aqueles no sistema nervoso, pode servir como um possivel gatilho
para a autoimunidade em varios 6érgédos na COVID-19. Essa hipotese é respaldada
pela analise de compartilhamento de peptideos entre o virus e antigenos proteicos
usando a ferramenta de alinhamento local basica de sequéncias. Regides do SNP
contém neurdnios que apresentam proteinas com epitopos semelhantes as proteinas
do SARS-CoV-2, tornando-os capazes de induzir uma resposta autoimune. Além
disso, existem evidéncias de autoimunidade induzida pelo SARS-CoV-2 no SNC
(EHRENFELD et al., 2020; GUPTA; WEAVER, 2021).

A Sindrome de Guillain-Barré no contexto da COVID-19 tem sido observada
como um fendmeno pods-infeccioso, provavelmente mediado pelo sistema
imunoldgico, manifestando-se principalmente na sua forma classica com disfungéo
sensoriomotora, mas também em raras variantes, como a sindrome de Miller Fisher,
na qual insultos oculomotores e ataxia sdo mais comuns. Estudos do LCR nesses
pacientes deram resultados negativos para o RNA do SARS-CoV-2 (ABU-RUMEILEH
et al., 2021). Outras associagdes proeminentes de infecgdes por COVID-19 incluem
paralisia do nervo facial (GUPTA et al.,, 2021). A COVID-19 também mostrou
associagbes raras com a encefalomielite aguda disseminada. Esta condigao
associada as infecgdes por COVID-19 parecia ter um periodo de incubagdo mais
longo apos a infecgdo viral e afetar mais a populagédo adulta em comparagdo com a
encefalomielite aguda disseminada tipica, que afeta criangas. Além disso, esses
pacientes tiveram prognosticos mais desfavoraveis e maior mortalidade em

comparagao com pacientes com quadro tipico (WANG et al., 2022).

1.5.Sintomas neurolégicos na fase aguda da COVID-19

A COVID-19 pode manifestar uma variedade de sintomas neurolégicos em

qualquer estagio da doenca, independentemente da gravidade. Manifestagbes
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neurolégicas agudas da COVID-19 podem incluir sintomas inespecificos, como
cefaleia, tontura, mialgia e fadiga. Sintomas mais especificos podem incluir anosmia
e ageusia. Estudos mostram que a prevaléncia desses sintomas varia, com taxas de
até 53% para anosmia e 44% para ageusia em alguns casos (TONG et al., 2020). E
importante notar que a anosmia e a ageusia podem ser os sintomas iniciais da COVID-
19, e, por vezes, os uUnicos, diferentemente de outras doengas respiratérias, onde a
perda do olfato pode estar associada a rinite ou congestdo nasal (ZUBAIR et al.,
2020). Alguns estudos sugerem que a presenga de anosmia e ageusia pode estar
relacionada a uma forma mais leve da doenga, mas ha ceticismo sobre se isso ocorre
devido ao fato de pacientes mais gravemente afetados ndo conseguirem perceber
esses sintomas (LECHIEN et al.,, 2020; TALAVERA et al., 2020). Variantes
subsequentes do SARS-CoV-2, como a émicron, parecem estar associadas a taxas
significativamente menores de anosmia e ageusia (VON BARTHELD; WANG, 2023),
embora nao esteja claro se isso se deve as altas taxas de vacinagao na populagao
estudada.

A cefaleia € outro sintoma inicial e comum da COVID-19 e se assemelha as
dores de cabeca associadas a muitas infecgbes virais. Frequentemente, é
acompanhada por outros sintomas, como febre e congestao nasal; portanto, ndo é um
sintoma isolado. Em pacientes com COVID-19, a cefaleia tem uma tendéncia a
persistir por mais de trés dias e sao frequentemente resistentes ao tratamento
analgésico (AL-HASHEL et al., 2021). No entanto, em casos raros, a cefaleia pode ser
um sintoma de maior gravidade, indicando doenga cerebrovascular ou
meningoencefalite associada a COVID-19. A fadiga foi outro sintoma comum e
debilitante durante a doenga aguda. A prevaléncia relatada estava em torno de 30%.
No entanto, é provavel que tenha sido subdiagnosticada devido a subjetividade das
notificacdes (LIGUORI et al., 2020).

Os casos graves de COVID-19 tém maior probabilidade de desenvolver
sintomas neurologicos, sendo a encefalopatia a manifestagdo mais comum (CHOU et
al., 2021). Outras manifestagées neuroldgicas graves parecem ser mais raras,
incluindo acidente vascular cerebral isquémico ou hemorragico, convulsio,
meningoencefalite, injuria hipoxico-isquémico e sindrome de Guillain-Barré. A maioria
dos estudos demonstra que o envolvimento neurolégico no COVID-19 ocorre
frequentemente em pacientes idosos, muitas vezes com historia prévia de disturbio

neurologico e frequentemente em pacientes com fatores de risco vasculares (CHOU
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et al., 2021; DIVANI et al., 2020). O acidente vascular cerebral isquémico agudo foi
relatado em pacientes jovens com COVID-19, que pode estar relacionado com
disturbios da coagulagdo (OXLEY et al., 2020). Vale ressaltar que o envolvimento
neurologico parece estar uniformemente associado a piores desfechos, incluindo
maior tempo de internamento na unidade de terapia intensiva, mortalidade e aumento
da incapacidade nos sobreviventes.

Com base na analise dos potenciais mecanismos fisiopatolégicos envolvidos

nas manifestagdes neurologicas do SARS-CoV2, foi proposto um estadiamento da

“‘NeuroCovid” (FOTUHI et al., 2020), conforme Quadro 1.

Quadro 1 - Proposta de estadiamento da NeuroCovid.

Estagios

Estagio NeuroCovid |

(Leve ou Neuroinvasao)

Estagio NeuroCovid Il
(Moderado ou Depuragéo no SNC)

Estagio NeuroCovid Il

(Grave ou Resposta imunoldgica)

Vias de infecgao
cerebral

Nervo olfatério
Corrente sanguinea

Tronco encefalico
Centro respiratoério

Cérebro
Conexéo de nervos dos

cerebral pulmdes com o cérebro
Resposta Baixa e controlada Niveis elevados de “Tempestade de
inflamatoéria citocinas citocinas” extrema
Sintomas Perda do olfato ou do Acidentes vasculares Edema
paladar cerebrais Injaria cerebral
Sintomas respiratérios | Vasculite nos musculos Delirio
leves ou ausentes Fadiga Encefalopatia
Perda sensorial Convulsdes
Viséo dupla Hemorragia
Tetraplegia, afasia intracraniana
Ataxia Hipertensao
Sintomas respiratorios Confusao
Coma

Perda de consciéncia
Sintomas respiratoérios

nasofaringeo

graves
Exame de Liquido Positivo Negativo Positivo / Negativo
cefalorraquidiano

Exame de swab Positivo Positivo Positivo

FONTE: Adaptado de FOTUHI et al., 2020.

1.6.COVID-19 P6s-Aguda

A maioria dos pacientes que sofrem da COVID-19 se recupera totalmente, mas
alguns permanecem com efeitos de longo prazo em varios sistemas, principalmente
os sistemas pulmonar, cardiovascular e nervoso, além de efeitos psicolégicos

(DENNIS et al.,, 2021). Esses efeitos parecem ocorrer independentemente da
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gravidade inicial da infecgdo, com maior frequéncia no sexo feminino. O risco de
sintomas persistentes é relatado como diretamente relacionado a idade (SORIANO et
al., 2021). A fase aguda da COVID-19 geralmente dura até 4 semanas a partir do
inicio dos sintomas. A COVID-19 Pd6s-Aguda é definida como sintomas persistentes
e/ou complicagdes tardias ou de longo prazo além de 4 semanas a partir do inicio dos
sintomas. Os sintomas comuns observados na COVID-19 Pé6s-Aguda estao
resumidos na Figura 2. Esse grupo de sinais e sintomas pode ser denominado
também como: sindrome de COVID longa, COVID longa, condigdo p6s-COVID-19,
COVID crénica, sequelas pés-agudas da infeccdo por SARS-CoV-2 e sindrome
neurologica pés-COVID-19.

Figura 2 - Linha do tempo da COVID-19 Pés-Aguda.

| COVID-19 Aguda | COVID-19 P6s-Aguda

| COVID-19 Subaguda/Continua COVID-19 Crénica/Pés-COVID

Detecgao improvavel [ PCR positivo PCR negativo

N Fadiga
Declinio na qualidade de vida
Fraqueza muscular
Dor articular
:Sf‘; Dispneia
Tosse
[ N idade persi de oxigéni

228 Ansiedade/Depressao
Isolamento viral do
trato respiratério

Distarbios do sono
Transtorno de estresse pés-traumatico
Alteragdes cognitivas (brain fog)
Cefaleia

Cargaviral J -

Palpitacoes
Dor toracica

SARS-CoV-2
exposure

Tromboembolia

Doenca renal crénica

\ Perda de cabelo

| Semana -2 Semana -1 [ Semana 1 Semana 2 Semana 3 Semana 4 ] Semana 12 | [ 6 Meses

Antes do inicio dos sintomas Apbs o inicio dos sintomas

FONTE: Adaptado de NALBANDIAN et al., 2021.

Recentemente a Organizagdo Mundial da Saude (OMS) propds a definicdo de
condicdo p6s-COVID-19 que ocorre em individuos com histérico de infecgado por
SARS-CoV-2, geralmente trés meses apods o inicio da COVID-19, com sintomas que
duram pelo menos dois meses, mas nao explicados por um diagnostico alternativo
(SORIANO et al., 2021). Os sintomas mais comuns sao fadiga, falta de ar e disfungéo
cognitiva, bem como outros que frequentemente prejudicam a funcionalidade diaria.

Os sintomas podem aparecer apos a recuperagao de um episodio agudo de COVID-
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19, persistir por um periodo prolongado (NALBANDIAN et al., 2021), flutuar ou recair
ao longo do tempo (SORIANO et al., 2021). Ndo ha sinais e sintomas especificos da
condigdo p6s-COVID-19 e pode ser dificil separar claramente dos sintomas da fase
aguda da doencga. Vale ressaltar que de acordo com a definigdo da OMS, a condigao
pos-COVID-19 pode incluir individuos com provavel infec¢ao por COVID-19, sem
confirmacéo laboratorial, e isso pode criar dificuldades em cenarios clinicos. Apesar
da extensa pesquisa em andamento em todo o mundo, atualmente ndo existem
metodologias de diagndstico ou tratamentos claros para COVID-19 Pés-Aguda.

Ainda ndo se sabe se esta condicdo € uma apresentacdo continua da fase
aguda da COVID-19 ou uma condig&o patoldgica recente desenvolvida associada a
infeccdo por SARS-CoV-2. Nas diretrizes do Instituto Nacional de Exceléncia em
Saude e Cuidados (National Institute for Health and Care Excellence), o termo COVID
longa € comumente usado para descrever sinais e sintomas que continuam ou se
desenvolvem apos a fase aguda da COVID-19. Inclui COVID-19 sintomatico continuo
(de 4 a 12 semanas) e sindrome pos-COVID-19 (12 semanas ou mais) (NATIONAL
INSTITUTE FOR HEALTH AND CARE EXCELLENCE, 2022).

As manifestagdes clinicas da COVID-19 Pés-Aguda sdo altamente variaveis
em termos de sintomas, intensidade e duragdo. Esses sintomas em curso se
enquadram amplamente em duas categorias: respiratorios/cardiovasculares (por
exemplo, tosse, dispneia, dor toracica) e neuropsiquiatricos (por exemplo, mal-estar
ou fadiga, insOnia e outros disturbios do sono, disfungao cognitiva, cefaleia, perda do
olfato ou paladar, depressao e ansiedade, transtorno de estresse pds-traumatico,
psicose). Dada a heterogeneidade dos sintomas, foi proposto que a COVID-19 Pés-
Aguda pode nao ser uma condigado unificada e, em vez disso, reflete um grupo de
fendtipos distintos ((REESE et al., 2023; THAWEETHAI et al., 2023). Entre essas
sequelas neuroldgicas duradouras, a dificuldade cognitiva persistente conhecida
como "brain fog" da COVID-19 tem sido amplamente relatada, podendo afetar fungbes
cognitivas como atengdo/concentragdo, velocidade de processamento, memoéria e
funcao executiva (KUBOTA; KURODA; SONE, 2023; XU; XIE; AL-ALY, 2022).

1.7.Disfungao Cognitiva apés COVID-19

Numerosos sintomas gerais e neurolégicos, como fadiga, mialgia, anosmia,

disgeusia e comprometimento cognitivo (dificuldade de concentragdo e queixas de
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memoria), foram relatados apds infecgdo por SARS-CoV-2 (GROFF et al., 2021).
Muitos pacientes infectados podem desenvolver alteragdes neurolégicas ou
cognitivas, mesmo em coortes de pacientes ndo hospitalizados com sintomas leves
(BECKER et al., 2021). A reducéo do desempenho foi descrita em atengdo e memoria
de trabalho (GRAHAM et al., 2021), bem como em tarefas de raciocinio, resolucao de
problemas, planejamento espacial, velocidade de processamento (HAMPSHIRE et al.,
2021), fluéncia verbal fonémica e construgdo visuoespacial (MATOS et al., 2021).
Apesar de varias tentativas de investigar as consequéncias neuropsicoldgicas da
COVID-19, a natureza e as causas da disfungao cognitiva em todo o espectro de
gravidade da doenga permanecem controversos.

Testes de triagem cognitiva foram amplamente utilizados nas fases aguda e
pés-aguda da COVID-19 (CRIVELLI et al., 2022; DE ALCANTARA et al., 2023;
TAVARES-JUNIOR et al., 2022). Um exame abrangente realizado em 49 pacientes
com COVID-19, na maioria ndo hospitalizados, com idade média de 60 anos, mostrou
pontuagdes mais baixas no Mini-Exame do Estado Mental em comparagdo com
controles da mesma faixa etaria, e 53% apresentaram comprometimento significativo
em pelo menos um dominio cognitivo (atengdo e fungdo executiva, memoria ou
visuoespacial) usando uma bateria neuropsicoldégica mais abrangente 2—-3 meses
apos a infecgao (CECCHETTI et al., 2022). Uma revisao sistematica e meta-analise
sobre o comprometimento cognitivo em pacientes recuperados da COVID-19 foi
realizada, examinando 6.202 artigos, dos quais apenas 27 estudos, envolvendo 2.049
individuos, atenderam aos critérios de inclusao (CRIVELLI et al., 2022). Os resultados
revelam uma prevaléncia significativa de comprometimento cognitivo em pacientes
recuperados, tanto na fase aguda quanto durante o acompanhamento de curto prazo,
até 6 meses apos a infecgdo. Os dominios mais frequentemente afetados incluem
atengdo, memoéria e fungdes executivas. Surpreendentemente, essas deficiéncias
foram observadas em diversas faixas etarias, independentemente da gravidade da
infecgdo (CRIVELLI et al., 2022). Embora a maioria dos déficits cognitivos tenha sido
leve, a persisténcia ao longo do tempo levanta preocupag¢des, com possiveis
implicagdes a longo prazo nos dominios cognitivos.

Pode-se argumentar que sobreviver a qualquer doenga critica pode resultar em
comprometimento cognitivo duradouro (PANDHARIPANDE et al., 2013), e esse efeito
relatado pode, portanto, ndo ser especifico para a infecgcdo por SARS-CoV-2. Para
abordar essa questdo, um estudo de caso-controle combinado (NERSESJAN et al.,
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2022) encontrou que, em comparagdo com 60 pacientes ndo infectados
emparelhados quanto ao status de internamento em unidade de terapia intensiva, 85
pacientes com COVID-19 tiveram pontuagdes significativamente mais baixas no teste
de avaliagdo cognitiva de Montreal (Montreal Cognitive Assessment, MoCA) seis
meses apos a alta hospitalar, e mais pacientes com COVID-19 pontuaram abaixo do
limite para o comprometimento cognitivo leve.

Durante a pandemia, houve grande interesse em testes cognitivos digitais, nos
quais as pessoas completam testes informatizados remotamente. Em um estudo foi
realizada uma série de testes cognitivos online em 81.337 pessoas (HAMPSHIRE et
al., 2021). Desses, 12.689 pessoas foram confirmadas (n = 518) ou suspeitas de ter
COVID-19, e a maioria havia sido infectada dois meses antes. Pessoas que se
recuperaram da COVID-19, incluindo aquelas que nao relataram mais sintomas,
exibiram déficits cognitivos significativos versus controles quando controlados por
idade, sexo, nivel de escolaridade, renda, grupo étnico-racial, disturbios meédicos pré-
existentes, cansaco, depressado e ansiedade. Os déficits tiveram uma dimensao de
efeito substancial para as pessoas que tinham sido hospitalizadas, mas também para
0s casos nao hospitalizados que tiveram confirmacgao bioldgica da infecgao por SARS-
CoV-2. Uma analise mais detalhada do desempenho em todos os subtestes apoiou a
hipétese de que a COVID-19 tem um impacto em varios dominios na cognigao
humana. Independentemente da gravidade dos sintomas agudos, os dominios mais
afetados foram o raciocinio analégico semantico e o planejamento em multiplas
etapas.

Alguns sobreviventes da COVID-19 podem apresentar déficits de atencéo,
funcao executiva e memoria por mais de 3 meses (CECCHETTI et al., 2022; DOUAUD
etal., 2022), e potencialmente até 2 anos se tiverem sintomas continuos (CHEETHAM
et al., 2023). A prevaléncia do comprometimento cognitivo crénico permanece incerta
na populagdo infectada. E importante ressaltar que, embora as fungdes cognitivas
sejam medidas de forma independente, o comprometimento cognitivo em varios
dominios € mais comum do que em um unico dominio (CECCHETTI et al., 2022). No
geral, os dados de testes objetivos indicam que, para a maioria dos individuos
levemente a moderadamente infectados, a recuperagao ocorre no primeiro ano apos
a infeccdo; no entanto, alguns podem experimentar algum grau de déficit cognitivo
além de 1 ano, semelhante a trajetéria dos sintomas autodeclarados de condi¢gao pos-
COVID-19 (BALLOUZ et al., 2023). A presenca de sintomas continuos também pode
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ser um fator-chave: um estudo de testes digitais que acompanhou 101 pacientes
autodeclarados com condigdo p6s-COVID-19 por 9 meses ndao encontrou sinais de
recuperacédo na cogni¢cdo ao longo desse periodo, e o comprometimento cognitivo
ainda era evidente mesmo 2 anos apos a infecgdo (CHEETHAM et al., 2023).

1.7.1. Fatores de risco para o comprometimento cognitivo

A gravidade aguda da COVID-19 é o fator de risco mais forte para o declinio
cognitivo progressivo ao longo de 1 ano, seguido de hipertensao, doenga coronariana
e doenga pulmonar obstrutiva crénica, de acordo com um estudo longitudinal com
1.458 pacientes infectados com mais de 60 anos (LIU et al., 2022). Com relagdo a
sintomas especificos, individuos com hiposmia e disgeusia durante a fase aguda
tiveram menos recuperacao das fungdes de memoaria apos a infecgado em comparagao
com aqueles sem esses sintomas (CECCHETTI et al., 2022). A idade também
desempenha um papel no comprometimento cognitivo apos COVID-19 (BASELER et
al., 2022; DOUAUD et al., 2022). No entanto, algumas evidéncias apontam para um
desempenho pior em adultos jovens e de meia-idade em comparagao com adultos
mais velhos (BASELER et al., 2022). Atualmente, ndo podemos descartar a hipotese
de que distintos mecanismos possam influenciar o desempenho cognitivo em
diferentes faixas etarias.

Devido a uma combinacédo de taxas reduzidas de deteccdo do SARS-CoV-2,
menor prevaléncia de queixas cognitivas e dificuldades na realizacdo de testes
cognitivos objetivos, a literatura sobre o impacto da COVID-19 na cognigdo de
criangas e adolescentes € menos extensa. A taxa de incidéncia de sintomas cognitivos
apos 6 meses da infeccdo (n = 185.748) foi de aproximadamente 1% nessa
populagdo, em comparagao com 6% em pessoas com mais de 65 anos (n = 242.101)
(HARRISON; TAQUET, 2023). A auséncia de sintomas cognitivos nem sempre indica
uma funcgdo cognitiva normal, o que requer investigagdes adicionais. Adultos mais
velhos (maior que 65 anos) tém um risco maior de receber um diagnostico de
deméncia 2 anos apos a infecgao inicial em comparagdo com adultos mais jovens
(TAQUET et al., 2022). Foram identificadas taxas mais elevadas de deméncia entre
os participantes que foram hospitalizados devido a infecgdes, respaldando a hipdtese
de que as infeccbes estdo associadas a um maior risco de desenvolvimento de
deméncias (BOHN et al., 2023).
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1.8.Disfungao Olfativa apés COVID-19

A disfungdo olfativa pode apresentar gravidade variavel, incluindo anosmia,
hiposmia e parosmia, e afeta 30% a 70% dos pacientes com COVID-19 (AGYEMAN
et al., 2020). A disfungao olfativa ocorre de forma precoce no curso da infecgédo, sem
associagao direta com a gravidade da doencga ou carga viral (LECHIEN et al., 2021).
Em um estudo, foi registrado como o primeiro sintoma de apresentacao clinica em
aproximadamente 12% dos pacientes (SAYIN; YASAR; YAZICI, 2020). Na maioria
dos casos, os sintomas desaparecem espontaneamente em 3 a 4 semanas (LECHIEN
et al.,, 2021; XYDAKIS et al., 2020). Mesmo assim, um subconjunto de pacientes
desenvolveu comprometimento olfativo persistente até 12 meses apos a infecgéo
(LECHIEN et al., 2021), sugerindo que a lesdo do sistema olfatério pode ser grave ou
permanente.

O mecanismo subjacente a disfungdo olfativa na COVID-19 é atualmente
desconhecido. Varias hipéteses sobre lesdo celular direta e inflamagéo secundaria a
infeccédo viral da via olfatoria foram propostas (DE MELO et al., 2021; MEINHARDT et
al., 2021). A teoria mais notavel é a infeccao por SARS-CoV-2 de neurdnios
receptores olfatorios através da mucosa nasal. No entanto, ha evidéncias conflitantes
sobre se 0 SARS-CoV-2 é capaz de infectar estes neuronios (KHAN et al., 2021).
Embora os receptores da ECA2 sejam expressos por células de suporte nao
neuronais no epitélio olfatorio, eles ndo sao expressos em células neurais, o que pode
explicar a rapida recuperagao da fungéo olfativa em muitos pacientes (BRANN et al.,
2020). Em um estudo recente, foi evidenciada que a infecgdo por SARS-CoV-2 esta
associada a alteragdes axonais e microvasculopatia nos bulbos e tratos olfatérios,
principalmente em pacientes com altera¢des olfativas, sem evidéncia de leséo viral
direta, que poderia estar relacionada a inflamacgéo local (HO et al., 2022).

As hipoteses atualmente viaveis que visam explicar a anosmia na COVID-19
podem ser divididas em duas grandes categorias que ndo sdo mutuamente exclusivas
(BUTOWT; BILINSKA; VON BARTHELD, 2023):

(i) eliminacdo de células de suporte com consequéncias para a fungao

neuronal:

(a) redugéo ou alteragdo do muco que cobre o epitélio olfatério;
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(b) perda de energia (glicose) que normalmente alimenta os cilios
olfatérios, devido a morte das células sustentaculares e das células
da glandula de Bowman; e

(c) retracdo dos cilios olfatérios devido a morte das células
sustentaculares e perda de um fator de manutencéo dos cilios;

(i) respostas imunes do hospedeiro que afetam a fungdo dos neurbnios
receptores olfatoérios:

(a) regulacédo negativa da expressao génica para receptores odoriferos
(e outras moléculas de sinalizagdo) em neurbnios receptores
olfatérios; e

(b) inflamacéo e destruicdo do epitélio olfatério causada por citocinas

imunes, incluindo perda ou dano de neurdnios receptores olfatérios.

A variante 6micron do SARS-CoV-2 causa menor prevaléncia de disfungao
quimiossensorial e isso foi confirmado por estudos subsequentes de grande coorte. A
meédia agrupada € de aproximadamente 13%, o que representa uma reducgao de trés
a quatro vezes em relacéo a prevaléncia de anosmia causada pelas variantes alfa e
delta (35-50%). A variante 6micron € mais hidrofobica e, portanto, pode ser menos
soluvel no muco, possivelmente resultando em menos virions atingindo as células de
suporte. Em segundo lugar, a dmicron tem uma menor eficiéncia de entrada em
células que expressam TMPRSS2, aparentemente devido a clivagem menos eficiente
da furina, resultando em menor atividade de fusdo da membrana e uma mudanga em
direcdo a entrada celular através da via endossomal. Omicron parece ser menos
eficiente na infecgdo dessas células, resultando em menor frequéncia de anosmia
(VON BARTHELD; WANG, 2023).

Alguns pacientes que foram infectados com SARS-CoV-2 apresentam déficits
duradouros e provavelmente permanentes na capacidade de cheirar. Um estudo
inicial descobriu que cerca de um ter¢o dos pacientes re-testados objetivamente com
o Teste de ldentificacdo de Olfato da Universidade da Pensilvania continuou a
apresentar disfungéo 6 a 8 semanas apds o inicio dos sintomas. Os estudos sugerem
que aproximadamente um quarto a um terco das pessoas infectadas com o virus
SARS-CoV-2 continuam a ter algum grau de disfung&o olfativa mensuravel durante
meses apos a infeccdo. Com base em pacientes que se recuperam de disfuncao
olfativa de outros virus e disturbios, a quantidade de recuperagdo a longo prazo,
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quando ocorrer, provavelmente dependera de fatores como a idade do sujeito e a
quantidade de perda inicial (BOSCOLO-RIZZO et al., 2022).

1.9.Neuroimagem na COVID-19
1.9.1. Avaliagédo estrutural, microestrutural e funcional cerebral com
ressonancia magnética

Anormalidades cerebrais tém sido relatadas agudamente em pacientes com
COVID-19, possivelmente secundarias a insultos micro e macrovasculares, causas
infecciosas, inflamatérias ou autoimunes (LIN et al., 2020; PATERSON et al., 2020).
Entretanto, a imagem de ressonancia magnética (magnetic resonance imaging, MRI)
€ normal na maioria dos casos, mesmo em pacientes com COVID-19 internados em
hospitais com sintomas neurolégicos agudos (KIM et al., 2021). Um estudo
quantitativo de imagem de ressonancia magnética ponderada na difusao (diffusion-
weighted magnetic resonance imaging, d-MRI) revelou uma reducéo dos volumes intra
e extra-axonais e um aumento significativo na fragcdo de agua livre, sugestivo de
edema vasogénico em 20 pacientes hospitalizados, sendo mais acentuado nas
regides frontoparietais, em média, 30 dias apds o inicio da COVID-19 (RAU et al.,
2022). Esse tipo de edema esta comumente relacionado a um aumento na
permeabilidade da BHE, contudo, é reversivel. Nesse contexto, outro estudo com 58
pacientes hospitalizados com COVID-19 encontrou um aumento na difusividade
meédia tanto na radiagao taldmica quanto no estrato sagital 2-3 meses apds o inicio da
doenca (RAMAN et al., 2021).

As caracteristicas de imagem cerebral na COVID-19 P6s-Aguda também foram
examinadas. Medidas de tratometria e MRI baseada em volume em pacientes 3
meses apdés a COVID-19 mostraram alteragbes na métrica da microestrutura da
substancia branca, especialmente nos sistemas frontal e limbico, em casos leves e
graves (QIN et al., 2021). Em uma grande amostra do estudo UK Biobank, a infecgao
por SARS-CoV-2 foi associada a alteragdes na estrutura cerebral (DOUAUD et al.,
2022). Este estudo examinou 401 pessoas que tiveram MRI cerebral inicial, mas
testaram positivo para SARS-CoV-2 posteriormente, em média 141 dias antes da
segunda MRI, e as comparou com 384 controles n&o infectados (DOUAUD et al.,
2022). Os participantes que tiveram infeccdo por SARS-CoV-2 apresentaram um

declinio cognitivo mais significativo entre os dois momentos e uma redu¢gdo maior no
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volume global do cérebro. Esse estudo revelou ainda uma redugdo na espessura
cortical em areas cerebrais correlacionadas funcionalmente com o cortex olfatorio
primario, como o giro para-hipocampal, cortex orbitofrontal, cértex cingulado anterior,
polo temporal, insula e giro supramarginal, em pessoas que tiveram COVID-19. Foram
observadas mudangas proeminentes nos marcadores de dano tecidual em regides
cerebrais funcionalmente ligadas ao cortex olfatério primario (cértex orbitofrontal,
cortex cingulado anterior, insula e amigdala) 5 meses apds a infecgao (DOUAUD et
al., 2022).

A d-MRI gera trés familias de métricas potencialmente uteis para investigar
alteragdes microestruturais na substancia branca cerebral apés COVID-19. A
primeira, medidas de imagem de tensor de difusédo (diffusion tensor imaging, DTI)
baseada em voxel, relaciona-se ao eigenvector principal e eigenvalue do tensor
unidirecional eliptico (BASSER; MATTIELLO; LEBIHAN, 1994; PIERPAOLI et al.,
1996). A segunda, métricas de imagem de agua livre (free water, FW), permite a
diferenciagao de alteragdes teciduais, separando a contribuicdo da agua extracelular
em difusdo livre do componente tecidual (PASTERNAK et al, 2009). A FW
extracelular pode indicar alteragbes causadas por patologias como neuroinflamagao,
atrofia ou edema. A terceira, métricas de densidade de fibra aparente (apparent fiber
density, AFD), derivada da deconvolugao esférica restrita (constrained spherical
deconvolution, CSD) (TOURNIER; CALAMANTE; CONNELLY, 2007), representam
medidas indiretas de degeneragéo axonal, refletindo um numero aparente de axénios
(RAFFELT et al., 2017).

Usando processamentos avangados das d-MRI (imagens por curtose de
difusdo e de dispersédo e densidade de neuritos), um estudo mostrou reducdo de
densidade axonal cerebral em pacientes um ano apds a recuperagéo de COVID-19,
no entanto, a amostra consistiu principalmente de pacientes hospitalizados (HUANG
et al., 2021). A coroa radiada, o joelho do corpo caloso e o fasciculo longitudinal
superior estavam envolvidos, e os pacientes internados na unidade de terapia
intensiva apresentaram maior envolvimento do corpo caloso (HUANG et al., 2021).
Um estudo com 84 pacientes que apresentam COVID-19 Pds-Aguda apos 1 ano
mostrou reducdo do volume dos hipocampos, especialmente em pacientes
hospitalizados, e relatou uma associagao entre os volumes da cabecga do hipocampo
e o desempenho em testes cognitivos (DIEZ-CIRARDA et al., 2023b).
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Em diferentes modalidades de imagem, foi encontrada uma associagao entre
comprometimento cognitivo e os achados cerebrais. Um estudo recente de MRI
multimodal em 86 pacientes com sindrome po6s-COVID, que em média foram
infectados ha 11 meses (33% previamente hospitalizados), encontrou uma redugéao
na conectividade funcional em repouso entre as regides para-hipocampais, bem como
entre o coértex orbitofrontal e o cerebelo, e as mudangas na conectividade funcional no
cortex orbitofrontal estavam associadas ao desempenho de meméria (DIEZ-
CIRARDA et al., 2023a). Déficits cognitivos, incluindo fungbes executivas, também
foram associados & atrofia da substancia cinzenta nessas areas (DIEZ-CIRARDA et
al., 2023a; RAU et al., 2022) e a alteragbes na substancia branca (CECCHETTI et al.,
2022; RAU et al., 2022). Além disso, a saude mental também pode estar relacionada
a achados anormais nas imagens desses pacientes. Uma investigacdo com 42
pacientes hospitalizados com COVID-19 relatou que, aos 3 meses, a gravidade da
depressao estava correlacionada com a atrofia no cértex cingulado anterior, enquanto
os sintomas poés-traumaticos estavam relacionados com os volumes do cortex
cingulado anterior e insula; ambos os sintomas estavam associados a danos
microestruturais na substancia branca em varias vias e a marcadores inflamatérios no
sangue (BENEDETTI et al., 2021). Esses achados de neuroimagem refletem as

complexas associagdes entre sintomas de saude mental e cognicao.

1.9.2. Avaliacdo funcional cerebral com tomografia por emissao de pdsitrons

Existem alguns relatos de alteragées no metabolismo cerebral observadas em
pacientes com diagnostico confirmado de infecgdo por SARS-CoV-2. Foi identificado
hipometabolismo com predominio frontoparietal em exames de tomografia por
emissao de positrons com fluorodesoxiglicose (fluorodeoxyglucose positron emission
tomography, FDG-PET) ap6s COVID-19, em média 31 dias apds o inicio dos sintomas
(HOSP et al.,, 2021). Houve forte correlacdo desse padrao com o desempenho
cognitivo no MoCA (HOSP et al., 2021).

Um padrédo de hipometabolismo frontoparietal em FDG-PET tem sido
consistentemente relatado em pacientes com COVID-19 que apresentam sintomas
neurolégicos agudos (BLAZHENETS et al., 2021; HOSP et al., 2021; KAS et al., 2021;
MARTINI et al., 2022). Dados transversais na fase crbnica, bem como analises

longitudinais, mostram que isso tende a se resolver ao longo do tempo, e havia um



40

hipometabolismo residual minimo ou ausente apos cerca de 6 meses (BLAZHENETS
et al., 2021; MARTINI et al., 2022). Outras areas que foram encontradas envolvidas
incluem o talamo, insula e lobo temporal medial, incluindo o giro para-hipocampal
(GUEDJ et al., 2021; MORAND et al., 2022). O cerebelo, a ponte e o tronco cerebral
mostraram tanto hipermetabolismo (BLAZHENETS et al., 2021; KAS et al., 2021;
MARTINI et al., 2022) quanto hipometabolismo (GUEDJ et al., 2021; MORAND et al.,
2022).

Os achados metabdlicos cerebrais em sete pacientes pediatricos, com idade
meédia de 12 anos e sintomas persistentes por mais de quatro semanas apos o
diagnodstico de COVID-19, foram confrontados com aqueles obtidos em pacientes
adultos com COVID-19 Pd6s-Aguda. Os sintomas mais frequentemente relatados em
criangas foram fadiga e comprometimento cognitivo, como dificuldades de memoaria e
concentragéo. Apesar de uma gravidade inicial mais baixa na fase aguda da infecgao,
0s pacientes pediatricos demonstraram, em média cinco meses depois, um padrao
hipometabdlico cerebral semelhante ao encontrado em pacientes adultos com COVID
longa, envolvendo lobos temporais mediais (amigdala, uncus e giro para-hipocampal),
ponte e cerebelo (MORAND et al., 2022). O envolvimento proeminente de uma rede
frontoparietal na imagem de FDG-PET seria consistente com os prejuizos na atengéo
e na funcdo executiva relatados nesses pacientes (TONIOLO et al., 2021).

1.9.3. Avaliagdo dos bulbos olfatérios e do sistema olfatorio

A disfuncéo olfativa durante ou apos a COVID-19 representa um marcador de
doenga neuroldgica e pode ser avaliada com imagem do nervo olfatério. A MRI pode
ajudar a avaliar pacientes com anosmia e hiposmia, uma vez que permite a
visualizagao detalhada e a medig&o das estruturas anatébmicas olfatérias. No entanto,
os estudos que descrevem as mudangas anatdmicas baseadas em MRI nas
estruturas olfatorias na COVID-19 sdo escassos e principalmente representados por
relatos de casos (TAN et al., 2022).

No SNC, o bulbo olfatério € um ponto importante no circuito neural olfativo. A
analise de imagens revelou diferencas significativas no volume dos bulbos olfatérios
em pacientes com COVID-19 e perda de olfato em comparagdo com controles
normais. Alguns pacientes apresentaram anormalidades estruturais nos bulbos
olfatérios, como assimetria esquerda-direita, alteragcdes na forma e anormalidades de
sinal (CHIU et al., 2020; FATIMA ARAGAO et al., 2020; KANDEMIRLI et al., 2021).
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Esses achados sao consistentes com a ideia de que o SARS-CoV-2 pode invadir a
mucosa olfatéria e ter acesso ao SNC, levando a alteragdes estruturais nos bulbos
olfatorios (Meinhardt et al., 2020; Khan et al., 2021).

Estudos relataram que pacientes com COVID-19 e anosmia apresentaram
volumes reduzidos nos bulbos olfatorios, indicando uma possivel ligagdo entre
alteracdes nos bulbos olfatérios e o desenvolvimento de anosmia (ALTUNISIK et al.,
2021; TAN et al., 2022; THUNELL et al., 2022). Uma redugdo nos bulbos olfatorios foi
descrita em 36 participantes que tiveram disfuncéo olfativa devido a COVID-19 em
comparagao com um grupo de controle 2 a 8 semanas ap6és a infecgdo (ALTUNISIK
et al.,, 2021) e em 196 individuos que tiveram COVID-19 em comparagdo com
controles de 1 a 582 dias ap06s o inicio da doenga (CAPELLI et al., 2023). A associagao
entre a atrofia dos bulbos olfatérios e a gravidade da disfungéo olfativa nao foi avaliada
nestes estudos. A base para a diminuigdo do volume do bulbo olfatério ndo é clara.
Contudo, tal diminuicdo nao precisa ser devida a invasao viral direta do bulbo olfatorio.
O dano as células receptoras do epitélio olfatério pode levar a diminuicdo do volume
do bulbo olfatério, possivelmente devido a perda de fatores tréficos que resultam na
diminuigdo do numero de axénios das células receptoras que se conectam a ele.

Além disso, em um estudo de MRI, as medidas de conectividade estrutural e
funcional foram significativamente aumentadas nos individuos previamente infectados
pelo SARS-CoV-2 em comparagao com controles. O maior comprometimento olfativo
residual foi associado a um processamento mais segregado em regides mais
funcionalmente conectadas ao cortex piriforme anterior (ESPOSITO et al., 2022). Em
outro estudo funcional, foi identificado aumento da conectividade cerebral entre o
cortex orbitofrontal e o cértex de associagdo visual e giro fusiforme no grupo de
anosmia apos COVID-19 (WINGROVE et al., 2023). Pode-se levantar a hipétese de
gue a auséncia de entrada olfativa para essas areas parietais multissensoriais altera
a constelagao neuronal e promovem uma integragao multissensorial mais eficiente da
percepcao visual e auditiva. De qualquer forma, o impacto nas conexdes cerebrais da
disfuncao olfativa apos COVID-19 é relativamente desconhecido, especialmente nas
regides sensoriais e relacionadas ao olfato.
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2. JUSTIFICATIVA

Apds mais de trés anos, o mundo ainda se recupera da pandemia da COVID-
19, e embora as pesquisas tenham inicialmente se concentrado nos aspectos agudos,
tornou-se claro que existem consequéncias neuroldgicas a longo prazo. Muitos
sobreviventes enfrentam sintomas neuroldgicos persistentes, gerando impactos
socioecondmicos e pessoais significativos. Portanto, é crucial compreender as
sindromes clinicas em evolugdo e 0os mecanismos subjacentes para implementar
intervengdes terapéuticas baseadas em evidéncias e atender as necessidades dos
pacientes afetados pelos efeitos duradouros da COVID-19.

Varios mecanismos que contribuem para o desenvolvimento de manifestacdes
neurologicas foram propostos: invasado neurotrépica do virus, disfungdo endotelial,
hiperinflamagao, hipercoagulabilidade, hipoxia e agravamento da doenga. Ainda ha
muito a ser explorado para uma compreensao completa da patogenicidade do SARS-
CoV-2 e de seus efeitos diretos e indiretos no sistema nervoso. As pesquisas em
neuroimagem desempenham um papel crucial no entendimento das manifestagdes
neurologicas da COVID-19, pois ajudam a visualizar e analisar as alteragées no SNC
e SNP em pacientes afetados pelo virus. Algumas das técnicas de neuroimagem mais
utilizadas incluem a ressonancia magnética e a tomografia por emissao de pésitrons,
que proporcionam informacdes detalhadas sobre a estrutura e a funcédo do cérebro.

Considerando que ha poucos estudos que avaliaram a microestrutura da
substancia branca, a espessura cortical, o volume das estruturas subcorticais e
limbicas e o volume dos bulbos olfatérios apés COVID-19, as técnicas quantitativas
de MRI podem fornecer informagdes relevantes. Nesse sentido, as técnicas
avancadas de d-MRI como AFD e FW podem ser ferramentas relevantes para
investigar os tratos de substancia branca e o sistema olfatério, o que pode permitir
novos entendimentos sobre os danos neuroloégicos causados pela infecgao por SARS-
CoV-2, sobretudo nas disfungdes cognitiva e olfativa relacionadas a COVID-19. Além
disso, o estudo de conectividade estrutural a partir de d-MRI pode ser usado para
explorar mudancgas na rede de substancia branca com base na teoria dos grafos. A
relagcao entre o olfato e as métricas da rede cerebral € intima. No entanto, ainda ha
necessidade de explorar mais as mudancas na rede de substancia branca na

hiposmia ndo neurodegenerativa. O uso da teoria dos grafos para entender as
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mudangas na rede de substancia branca pode ajudar a elucidar os mecanismos

subjacentes da disfungao olfativa.

3. OBJETIVOS
3.1.Geral

Investigar alteragdes na espessura cortical, no volume da substancia cinzenta,
no volume dos bulbos olfatérios e anormalidades microestruturais na substancia

branca cerebral apés COVID-19 em comparagdo com o grupo controle.

3.2. Especificos

= Avaliar o grau de fadiga e o desempenho cognitivo e olfativo no grupo COVID-19
em comparagao com o grupo controle.

» Investigar se existe associacdo entre dados de d-MRI, fadiga, desempenho
cognitivo e olfativo no grupo COVID-19.

» Investigar conectividade estrutural das regides relacionadas ao sistema olfatério,
a partir do tratograma de cérebro inteiro, no grupo com hiposmia persistente apos
COVID-19 em comparag&o com o grupo controle.

» |dentificar se existe associacdo entre volume dos bulbos olfatérios e o
desempenho olfativo no grupo COVID-19.

* |Investigar se existe associagdo entre medidas de conectividade estrutural e o
desempenho olfativo no grupo COVID-19.
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4. MATERIAL E METODOS
4.1. Aspectos éticos

Este estudo foi aprovado pelo Comité de Etica em Pesquisa da Faculdade de
Ciéncias da Saude da Universidade de Brasilia (Parecer: 4.206.706, CAAE:
31378820.1.2006.0030) (Anexo A). Todos os procedimentos seguem as diretrizes e
os regulamentos atuais, como a Declaragao de Helsinque. Os participantes assinaram

um termo de consentimento.

4.2.Delineamento e contexto

Trata-se de estudo analitico prospectivo transversal observacional. Os
participantes foram recrutados entre outubro de 2020 e maio de 2021 em Brasilia,
Brasil, de uma populacao de profissionais de saude e pacientes atendidos no Hospital
Universitario de Brasilia, antes da implementagdo de campanhas de vacinagdo em
massa, com estratégia de amostragem n&o probabilistica. Durante o periodo de
recrutamento, que corresponde aproximadamente a predominancia das variantes alfa
e gama no Brasil, foi realizado contato telefébnico consecutivo com uma lista de 364
pacientes para convida-los a participar do estudo. Esses pacientes foram
diagnosticados com COVID-19 por meio da reagdo em cadeia da polimerase
quantitativa da transcricdo reversa em tempo real (reverse transcription quantitative
polymerase chain reaction, RT-qPCR). No decorrer da pesquisa, houve um constante
acompanhamento dos participantes, realizado por meio de comunicacdes via telefone,
WhatsApp ou e-mail. Isso foi feito com o propésito de coletar informagdes, agendar
avaliagdes presenciais e marcar exames de imagem.

Este estudo foi realizado como parte do Registro Brasileiro NeuroCOVID-19
(NEUROCOVBR STUDY GROUP, 2020). O estudo foi executado em centro unico,
coordenado na Universidade de Brasilia, Faculdade de Medicina, localizada no
Campus Darcy Ribeiro. Para sua execugao, houve colaboragdo técnico-cientifica
entre as seguintes instituigdes: Instituto de Ensino e Pesquisa do Hospital Santa Marta
(ISMEP, Taguatinga, Distrito Federal), Instituto Brasileiro de Neuropsicologia e
Ciéncias Cognitivas (IBNeuro, Brasilia, Distrito Federal), Universidade Estadual de
Campinas (Instituto Brasileiro de Neurociéncias e Neurotecnologia — BRAINN,
Campinas, S&o Paulo) e Universidade de Sherbrooke (Laboratério de Imagem de
Conectividade de Sherbrooke - SCIL, Canada).
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4.3.Participantes

O estudo envolveu um grupo de pacientes diagnosticados com COVID-19 e um
grupo de participantes que nao tinham a condigao (grupo controle). Os critérios de
inclusdo para o grupo COVID-19 foram (a) diagnostico de infec¢gdo por SARS-CoV-2
confirmado pela detec¢cdo de RNA viral por teste RT-gPCR de um swab nasofaringeo,
(b) pelo menos um sintoma relacionado a COVID-19 durante a fase aguda da infecgéo
e (c) 18 a 60 anos de idade. Os pacientes foram avaliados pelo menos 4 semanas
apos o diagnostico de COVID-19 (fase pds-aguda) (NALBANDIAN et al., 2021). O
grupo controle foi recrutado da mesma populagdo (pacientes ou profissionais de
saude do Hospital Universitario de Brasilia) por meio de amostragem por
conveniéncia, com pareamento por idade, sexo e escolaridade. Os individuos do
grupo controle n&o foram previamente infectados com SARS-CoV-2 e tiveram um
teste SARS-CoV IgG/IgM negativo.

Os critérios de exclusdo para ambos os grupos foram (a) disturbios estruturais
cerebrais pré-existentes (acidente vascular cerebral, epilepsia, esclerose multipla,
neoplasia, hidrocefalia, traumatismo cranioencefalico, doenga de Parkinson e
deméncia), (b) doengas psiquiatricas graves, (c) internagdo hospitalar prévia com
tratamento em unidade de terapia intensiva e necessidade de ventilagdo mecanica e
(d) analfabetismo.

Cada participante assinou um termo de consentimento e passou por exames
clinicos, cognitivos e de ressonéncia magnética. Todos os procedimentos foram
realizados na mesma visita. Todos os procedimentos seguiram as regulamentagdes

vigentes.

4.3.1. Participantes com hiposmia persistente relacionada a COVID-19

Uma analise de subgrupo foi conduzida com pacientes do grupo COVID-19 que
tiveram hiposmia subjetiva persistente relacionada a infecgdo por SARS-CoV-2. A
comparacgao foi realizada com participantes do grupo controle que tinham fungao
olfativa preservada. Cabe destacar que os pacientes com uma pontuagdo global no
MoCA menor que 15 foram excluidos desta analise (CESAR et al.,, 2019;
NASREDDINE et al., 2005).
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4.4.Variaveis demograficas, avaliagao clinica e neuropsicolégica

Os dados demograficos e clinicos foram coletados por meio de formularios
eletrbnicos  (https://pt.surveymonkey.com/r/PCR-COVID) (Anexo B). Idade,
escolaridade e sexo e uma lista de comorbidades foram coletadas durante a
anamnese com 0O objetivo de identificar possiveis variaveis de confusdo. Sintomas
neuroldgicos, quimiossensoriais, respiratorios e constitucionais foram avaliados. Os
participantes relataram sintomas que ocorreram durante as fases aguda e pds-aguda
da COVID-19.

4.4.1. Escala de fadiga

A Escala de Fadiga de Chalder (Chalder Fatigue Scale, CFQ-11) (CHALDER
et al., 1993; JACKSON, 2015) foi aplicada em todos os participantes. A CFQ-11 € um
questionario autoaplicavel frequentemente usado em populagdes clinicas e néao
clinicas para avaliar a gravidade e extens&o da fadiga. E dividido em duas dimensdes:
fadiga fisica (questdes 1 a 7) e fadiga mental (questdes 8 a 11). A CFQ-11 utiliza um
formato de escala Likert e a pontuagao global pode variar de 0 a 33 (CHALDER et al.,
1993; JACKSON, 2015).

Com base em um ponto de corte predefinido no escore total da CFQ-11, igual
ou superior a 16, os participantes foram categorizados em dois grupos distintos:
aqueles sem fadiga e aqueles com fadiga aumentada (CELLA; CHALDER, 2010;
NJSTDAHL et al., 2019).

4.4 2. Teste olfativo

O teste olfativo de identificagdo Sniffin' Sticks (SS-16) foi utilizado para avaliar
a habilidade dos participantes em identificar odores. E um teste olfativo psicofisico,
desenvolvido por Burghardt® (Wedel, Alemanha) e adaptado a versao brasileira do
SS-16 (SILVEIRA-MORIYAMA et al., 2008), composto por 16 canetas preenchidas
com odorantes comuns e familiares (HUMMEL et al., 1997). As canetas medem 14
cm de comprimento e tém um didmetro interno de 1,3 cm. Estas canetas tém uma
tampa de 4 mL cheia de liquidos inodoros ou odoriferos dissolvidos em propilenoglicol.
Para evitar uma possivel contaminag&o cruzada viral entre individuos, empregamos o
paradigma das "curvas de odor no papel". Nesse paradigma, um médico treinado
realizava curvas em um pedaco de papel com canetas perfumadas. O participante foi



47

entdo solicitado a identificar o odor cheirado usando um paradigma de escolha forgada
com quatro alternativas (Quadro 2). Cada estimulo foi separado por um intervalo de
20 a 30 segundos.

Quadro 2 - Tradugao brasileira adaptada culturalmente para o teste olfativo de identificagdo Sniffin'
Sticks (SS-16).

Item SS-16  Descritores de Odor Item SS-16 Descritores de Odor

1 laranja, morango, amora, abacaxi 9 cebola, alho, repolho, cenoura

2 fumaga, couro, cola, grama 10 cigarro, vinho, café, fumaca

3 mel, chocolate, baunilha, canela 11 meldo, laranja, péssego, maga

4 cebolinha, “pinho-sol”, menta, 12 cravo, canela, pimenta,
cebola mostarda

5 coco, nozes, banana, cereja 13 pera, péssego, ameixa, abacaxi

6 péssego, limao galego, maca, 14 camomila, rosa, framboesa,
laranja lima cereja

7 alcaguz, menta, cereja, bolacha 15 anis, mel, pinga, “pinho-sol”
mostarda, bala de menta, borracha, 16 pao, queijo, peixe, presunto
solvente de tinta

Legenda: Os descritores de odor (resposta alvo e distratores) estao descritos em portugués brasileiro.
As respostas corretas estdo destacadas em negrito.

Usando um ponto de corte predefinido no escore total do SS-16 menor ou igual
a 12, foi possivel categorizar os participantes de maneira objetiva em hiposmia e
normosmia. (HUMMEL et al., 2007).

4.4.3. Avaliagdo Cognitiva de Montreal

Sob a supervisdo de médicos treinados, todos os participantes realizaram o
exame de triagem cognitiva MoCA (NASREDDINE et al., 2005). Este teste, que pode
ser realizado com papel e caneta, é de aplicacao rapida, levando até 10 minutos, e
avalia um espectro de habilidades cognitivas, como habilidades
visuoespaciais/executivas (0-5 pontos), nomeacéao (0-3 pontos), memoria operacional
(0-2 pontos), atencdo (0-1 ponto), concentragao/calculo (0-3 pontos), repeticdo (0-2
pontos), fluéncia verbal (0-1 ponto), abstragédo (0-2 pontos), memoria de curto prazo
(0-5 pontos) e orientagao temporal e espacial (6 pontos). Normas especificas para a
populagdo brasileira foram recentemente publicadas, levando em consideragao
estratificacdes por idade e nivel de escolaridade (CESAR et al., 2019) (Anexo C).
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4.4.4. Avaliagcado Neuropsicologica Computadorizada Automatizada de
Cambridge

A Avaliagdo Neuropsicolégica Computadorizada Automatizada de Cambridge
(CANTAB) foi aplicada usando tablets do tipo iPad e seguiu a seguinte sequéncia de
subtestes: RTI, VRM, PAL, PRM, SWM e OTS, conforme descrito em estudos
anteriores (ROBBINS et al., 1998; ROBBINS et al., 1994). Esta bateria avalia as
funcdes executivas (One Touch Stockings of Cambridge - OTS), memoria verbal
(Verbal Recognition Memory - VRM), memoria visual (Paired Associates Learning -
PAL, Pattern Recognition Memory - PRM), memoria de trabalho (Spatial Working
Memory, SWM) e tempo de reagao (Simple and Five-choice Reaction time, RTI).

Esses testes computadorizados sédo de facil realizacdo, tém padrées bem
definidos e sdo independentes de fatores culturais. Além disso, existem dados
normativos disponiveis internacionalmente que abrangem uma ampla faixa etaria, de
4 a 90 anos. Eles sao aplicados em um tablet com tela sensivel ao toque. Uma das
vantagens notaveis € a capacidade de ajustar a dificuldade dos testes, o que evita
limitagdes no desempenho dos participantes. As principais variaveis cognitivas estao
descritas na Quadro 3.

Quadro 3 - Principais medidas dos subtestes cognitivos da Avaliagdo Neuropsicolégica

Computadorizada Automatizada de Cambridge (CANTAB).

Abreviagdo Nome da Medida Cognitiva Descrigcdo Resumida

SWMBE Memoria de Trabalho Espacial, erros O nimero de vezes que um sujeito revisita
entre tentativas erroneamente uma caixa onde um token ja foi

encontrado.

SWMS Memodria de Trabalho Espacial, O numero de vezes que um sujeito inicia um

estratégia novo padréao de busca na mesma caixa em

que comegou anteriormente.

OTSPSFC  Meias de Toque Unico de Cambridge, O numero total de tentativas avaliadas em

Problemas resolvidos na primeira que o sujeito escolheu a resposta correta em
escolha sua primeira tentativa.
OTSMDLFC Meias de Toque Unico de Cambridge, Média da laténcia, medida a partir do
Média da laténcia para a primeira aparecimento das bolas nas meias até a
escolha primeira escolha da caixa, feita pelo sujeito.
OTSMCC Meias de Toque Unico de Cambridge, A média do nimero de selegdes de caixa que
Média de escolhas até a correta o sujeito fez antes de escolher a caixa
correta.
OTSMLC Meias de Toque Unico de Cambridge, Média da laténcia, medida a partir do
Média da laténcia até a correta aparecimento das bolas nas meias até a

escolha da caixa correta, feita pelo sujeito.
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PALTEA Aprendizado de Pares Associados, O numero de vezes que o sujeito escolheu a

Erros totais ajustados caixa errada para um estimulo nos problemas
de avaliagéo, mais um ajuste para o numero
estimado de erros que teriam ocorrido em
quaisquer problemas, tentativas e
recordagoes.

PALFAMS Aprendizado de Pares Associados, O numero de vezes que o sujeito escolhe a
Pontuagao de memoria na primeira caixa correta na primeira tentativa para
tentativa lembrar sua localizagao.

PALMETS Aprendizado de Pares Associados, A média do numero de tentativas para
Média de erros até o sucesso completar uma etapa de teste.

PRMPCI Memoria de Reconhecimento de Numero de padrbes selecionados
Padrbes, Porcentagem de respostas  corretamente pelo sujeito na condigéo
corretas, imediatas imediata de "escolha forgada", expressa como

porcentagem.

PRMPCD Memoria de Reconhecimento de O numero de padrdes selecionados
Padrbes, Porcentagem de respostas  corretamente pelo sujeito na condigéo de
corretas, atrasadas "escolha forcada" atrasada, expressa como

porcentagem.

VRMIRTC Memoéria de Reconhecimento Verbal, O numero total de palavras-alvo reconhecidas
Reconhecimento verbal imediato, corretamente na fase de reconhecimento
respostas corretas totais imediato, mais o numero total de palavras

distratoras que o sujeito rejeita corretamente.

VRMDRTC Memodria de Reconhecimento Verbal, O numero total de palavras-alvo reconhecidas
Reconhecimento verbal atrasado, corretamente na fase de reconhecimento
respostas corretas totais atrasado, mais o numero total de palavras

distratoras que o sujeito rejeita corretamente.

VRMFRDS Memodria de Reconhecimento Verbal, O numero total de estimulos diferentes que
Lembranca verbal livre, estimulos séo corretamente lembrados pelo sujeito na
diferentes fase de lembranca livre de palavras.

RTISMDRT Tempo Médio de Reagao de Escolha  Tempo medio para soltar o botao apds a
Unica apresentacao de um estimulo-alvo. Medido

em milissegundos.

RTISMDMT Tempo Médio de Movimento de Tempo médio para soltar o botédo e selecionar
Escolha Unica o estimulo-alvo apds ele piscar na tela.

Medido em milissegundos.

RTIFMDRT Tempo Médio de Reagado de Escolha Tempo médio para soltar o botdo apds o
de Cinco Opgdes estimulo-alvo piscar na tela. Medido em

milissegundos.

RTIFMDMT Tempo Médio de Movimento de Tempo médio para soltar o botédo e selecionar

Escolha de Cinco Opcoes

o estimulo-alvo apds ele piscar na tela.
Medido em milissegundos.

4.5.lmagem por ressonancia magnética
4.5.1. Aquisicdo de MRI

As MRI foram realizadas em um equipamento Philips Achieva 3T (Best,
Holanda), equipado com bobina SENSE de 8 canais, no Hospital Santa Marta, Distrito
Federal. As seguintes sequéncias de MRI foram obtidas:
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(1) Sequéncia ponderada em T1, tridimensional, eco de campo turbo (turbo field
echo, TFE), sagital, com campo de visao (field-of-view, FOV) = 208 x 240 x 256 mm,
resolugéo reconstruida de 1 x 1 x 1 mm, tempo de eco (TE) = minimo eco completo,
tempo de repeticdo (TR) = 2.300 ms, tempo de inverséo (Tl) = 900 ms, aquisigdo com
aceleracao de duas vezes;

(2) Sequéncia ponderada na difusado, axial, com FOV = 232 x 232 x 160 mm,
resolucao reconstruida de 2 x 2 x 2 mm, TE =71 ms, TR = 3.300 ms, 32 dire¢des (b
= 800 s/mm?);

(3) Sequéncia ponderada na difusdo, axial, com FOV = 232 x 232 x 160 mm,
resolucao reconstruida de 2 x 2 x 2 mm, TE = 71 ms; TR = 3.300 ms (b0 codificado
em fase reversa);

(4) Sequéncia de inversdo recuperagdo com atenuacdo de fluidos (fluid
attenuated inversion recovery, FLAIR), tridimensional, sagital, com FOV = 256 x 256
x 160mm, resolugao reconstruidade 1,2 x 1 x 1 mm, TE =119 ms, TR =4.800 ms, Tl
=1.650 ms;

(5) Sequéncia ponderada em T2, coronal, com FOV = 264 x 204, resolugao
reconstruida de 0,25 x 0,25 x 1,5 mm, TR = 2.500 ms, TE = 80 ms; angulo de giro =

90, na fossa craniana anterior com cobertura dos bulbos olfatérios.

4.5.2. Segmentacéo cortical e subcortical automatizada

O pacote FreeSurfer (versado 7.1) (FISCHL, 2012; MARTINOS CENTER, 2022)
foi usado para calcular a espessura cortical e o volume dos nucleos profundos de
substancia cinzenta. A espessura cortical foi extraida medindo-se a distancia entre a
interface da substancia branca-substancia cinzenta e a superficie pial. Mapas de
parcelamento cortical capazes de detectar diferengas submilimétricas entre grupos
foram criados usando gradientes de intensidade espacial. Para suavizar os mapas
corticais, foi aplicado um Kernel Gaussiano circularmente simétrico com largura total
na metade do maximo (full width at half maximum) de 10 mm (Figura 3).

Os volumes das estruturas subcorticais e limbicas foram determinados usando
procedimentos automatizados que atribuiam um rétulo neuroanatémico a cada voxel
em um volume de MRI. Este procedimento € baseado em informagdes probabilisticas
estimadas a partir de um conjunto de treinamento rotulado manualmente. Nucleo

caudado, putamen, globo palido, hipocampo, nucleo accumbens e amigdala foram
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incluidos na analise. A segmentagao das sub-regides da amigdala e subcampos do
hipocampo foi realizada com um mddulo especial no FreeSurfer. Foram obtidos os
volumes totais do hipocampo e da amigdala bilaterais e seus subcampos/sub-regides.
Para evitar vieses causados por tamanhos de cabega desiguais, os volumes obtidos

foram normalizados para o volume intracraniano (VIC).

Figura 3 - Fluxograma de processamento de MRI (andlise de tratometria). (A e B) Imagens brutas
ponderadas em difuséo e ponderadas em T1 sdo processadas pelo TractoFlow. (C) As imagens brutas
ponderadas em T1 s&o processadas pelo pacote FreeSurfer para segmentagéo da substancia cinzenta.
(D) Medidas derivadas de d-MRI e indice de agua livre sdo computadas. (E) A tratografia probabilistica
do cérebro inteiro é realizada usando um algoritmo de filtro de particulas anatomicamente restrito. (F)
Extragdo dos tratos de substancia branca por RecoBundlesX (por exemplo, fasciculo longitudinal
superior). (G) A andlise baseada em voxel foi usada para investigar as métricas de difuséo (indice de
agua livre, imagens de tensor de difusdo corrigidas por agua livre e densidade de fibra aparente
baseada em voxel). (H) A densidade de fibra aparente especifica a fibra (FD) é extraida em cada fixel
(por exempilo, fasciculo longitudinal superior). (I) Tratometria de cada feixe utilizando FD.

A |magens Ponderadas em Difuséo D Métricas de Difusao G  Analise Baseada em Voxel

B Imagens Ponderadas em T1

—-
< “ — *
C  Segmentaggo Cortical e Subcortical F Tratos de Substancia Branca / I Tratometria
”

FONTE: Elaborado pelo autor.

4.5.3. Processamento das d-MRI

TractoFlow (THEAUD et al., 2020) foi usado para analisar as imagens
ponderadas na difusdo e em T1. Como ferramenta automatizada para processamento
de d-MRI, extrai medidas de DTl e CSD, de forma rapida e reprodutivel. Anisotropia

fracionada (fractional anisotropy, FA), difusividade meédia (mean diffusivity, MD),
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difusividade radial (radial diffusivity, RD) e difusividade axial (axial diffusivity, AD)
foram calculadas. Além disso, os valores de AFD baseada em voxel (AFDtotal) foram
extraidos da fungao de distribuicdo de orientagdo da fibra. A tratografia probabilistica
do cérebro inteiro é realizada usando um algoritmo de filtro de particulas
anatomicamente restrito. O processamento automatizado consiste em 23 etapas
diferentes: 14 etapas para o processamento de d-MRI e 8 etapas para o
processamento de imagem ponderada T1 (THEAUD et al., 2020). A AFD especifica
da fibra foi calculada para cada fixel, uma unidade de medida que descreve a
orientagdo, densidade e integridade das fibras neuronais em um determinado ponto
do cérebro. A AFD especifica da fibra representa uma orientacédo especifica da fibra,
e sera doravante denominado “densidade de fibra” (fiber density, FD). O sinal AFD em
um fixel é proporcional ao volume de axénios alinhados naquela dire¢ao (RAFFELT
et al., 2012) (Figura 3).

A analise de imagens de agua livre (free water, FW) foi implementada seguindo
os métodos descritos na literatura (PASTERNAK et al., 2009), utilizando a biblioteca
SCILPY (versdo 1.0) (SHERBROOKE CONNECTIVITY IMAGING LAB, 2022). Os
mapas de FW em cada voxel foram reconstruidos usando um modelo de dois
tensores, com valores variando de 0 a 1. Valores proximos a 0 indicam difusdo de FW
desprezivel no espago extracelular, enquanto 1 indica difusdo de FW irrestrita (ou
seja, agua em um voxel se difundindo livremente). Enquanto o parametro FW
quantifica o volume fracionario de agua livre encontrado no espago extracelular, o
compartimento tecidual € ajustado a um tensor de difusdo que responde pelo sinal
remanescente apos a remogado da agua livre. Como resultado, ele gera medidas
corrigidas por FW, que se espera que sejam mais sensiveis e especificas as
alteracbes teciduais do que as medidas derivadas do modelo de tensor unico. A
anisotropia fracionada tecidual (FAt), MDt, RDt e ADt denotam os mapas DTI
corrigidos por FW.

Ao separar o componente FW extracelular do componente “tecido”, este
meétodo proporciona maior precisao na deteccao de alteragdes estruturais cerebrais e
reduz a variabilidade no parametro relacionado ao tecido, em comparagdo com a
métrica DTl (PASTERNAK et al., 2009).
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4.5.4. Analise de imagem de difusado baseada em voxel

O pacote TBSS (Tract-Based Spatial Statistics) do FSL (verséo 6.0) (SMITH et
al., 2006) foi implementado para comparar métricas de d-MRI entre os grupos controle
e COVID-19. Primeiro, os mapas de FA de todos os sujeitos foram alinhados nao
linearmente ao mapa de FMRIB-58 FA do espaco template do Instituto de
Neuroimagem de Montreal (Montreal Neuroimaging Institute, MNI). O esqueleto da
meédia de FA representando o centro dos tratos WM de todos os sujeitos foi calculado
seguindo o registro deformavel. Os campos de deformacdo dos mapas FA foram
usados para MD, RD, AD, FAt, MDt, ADt, RDt, FW e AFDtotal, e os mapas registrados
foram projetados no esqueleto de FA (Figura 3)

4.5.5. Segmentacédo de tratos de substancia branca

Uma versao multiatlas e multiparamétrica do RecoBundles extraiu tratos de
substancia branca pré-selecionados (GARYFALLIDIS et al., 2018; RHEAULT, 2020).
O RecoBundles reconhece tratos com base nas semelhangas entre streamlines de
um sujeito e um modelo ou atlas. As streamlines s&o representagdes graficas das
trajetorias estimadas das fibras nervosas no cérebro com base nas d-MRI. A versao
utilizada (RecobundlesX) é uma extensdo na qual o algoritmo é repetido com
diferentes parametros, seguido de fusdo de rotulos. Essa ferramenta € baseada na
semelhanga de forma com um modelo construido a partir de regras de delineagao
inspiradas em antecedentes anatbmicos. Para todos os participantes, uma
abordagem de tratografia especifica do feixe foi usada para reconstruir o fornix (“hard-
to-track”) (RHEAULT et al., 2019). O férnix foi segmentado manualmente usando um
modelo de linhas e antecedentes anatébmicos representando sua forma, posicéao e
extremidades. Abaixo dos ventriculos, o rastreamento foi permitido na substancia
cinzenta para maximizar a probabilidade de reconstrugcao completa do fornix, apesar
do efeito de volume parcial. Concluida a extragcao do feixe, foi feita a avaliacdo da
qualidade visual (para cada feixe e sujeito) para garantir a validade da segmentacgao.
A abordagem foi realizada em espacgo nativo e tem a vantagem de gerar tratos unicos
para cada individuo (Figura 3).
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4.5.6. Analise de imagem de difusdo baseada em trato

A quantificagdo das medidas de difusdo em cada trato foi feita utilizando a
biblioteca SCILPY (versdo 1.0) (SHERBROOKE CONNECTIVITY IMAGING LAB,
2022). Os mapas DTI, FW, DTI corrigido por FW e FD foram incluidos na analise. Os
valores médios foram calculados para todos os tratos de interesse.

Posteriormente, cada feixe foi dividido em 50 segmentos ao longo de seu
comprimento para fornecer informagdes topologicas adicionais em relagdo a FD
(COUSINEAU et al., 2017). Em primeiro lugar, os tratos de substancia branca séo
processados independentemente e as streamlines espurias sdo removidas usando
QuickBundles hierarquicos (GARYFALLIDIS et al., 2018). Os centroides sao
calculados como uma streamline média do trato usando a métrica de distancia minima
invertida. O trato € subamostrado em 50 partes equidistantes. Cada voxel € ponderado
pela sua distancia geodésica relativa ao ponto centroide mais préximo. Finalmente,
um perfil do trato € extraido para combinagdo de mapa de FD e feixes. Este método
foi escolhido porque as medidas de FD podem variar ao longo dos feixes estudados,
dependendo da organizag&o subjacente das fibras substancia branca (YEATMAN et
al., 2012). A tratometria fornece maior sensibilidade a microestrutura do trato,
mapeando um conjunto de medidas sobre os feixes de substancia branca. Realizamos
a analise tratométrica apenas para FD porque esta métrica € subvoxel e robusta para

cruzamento de fibras (Figura 3).

4.5.7. Construcao da rede

A saida do TractoFlow foi entdo utilizada por meio de etapas subsequentes
para gerar conectomas estruturais usando a biblioteca SCILPY (versdo 1.0)
(SHERBROOKE CONNECTIVITY IMAGING LAB, 2022). A modelagem de otimizagéao
convexa para tratografia informada pela microestrutura 2 (COMMIT2) foi usado para
filtrar o tratograma bruto, utilizando “ball & sticks”, e calcular os pesos COMMIT2 de
cada streamline (DADUCCI et al., 2015; SCHIAVI et al., 2020). Esse método de
filtragem remove conexdes cerebrais falso-positivas e melhora significativamente a
precisdo dos conectomas estruturais resultantes, aumentando assim a confiabilidade
das descobertas (ZHANG et al., 2022).

A rede cerebral € composta por nés e arestas. Para determinar os nds dentro

da rede, selecionamos 171 regides de substancia cinzenta do cérebro do atlas
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“automated anatomical labeling 3” (AAL3) (ROLLS et al., 2020). Cada regido AAL3 no
espaco MNI padrdo foi retrotransformada para o espag¢o nativo da d-MRI do
participante. O tratograma ponderado por COMMIT2 e as parcelas AAL3 foram
utilizados para derivar matrizes de conectividade estrutural ponderadas por COMMIT2
(Figura 4). O peso COMMIT2 de uma streamline € uma medida que quantifica a
contribuigdo para o sinal da d-MRI de cada streamline e é proporcional a area
transversal das fibras biolégicas ao longo do seu trajeto. Por sua vez, o peso
COMMITZ2 de uma conexao corresponde a soma dos pesos individuais atribuidos pelo
COMMITZ2 a cada streamline que conecta duas regides da matriz e foi usado como
um marcador da forca de conectividade. Devido a sua capacidade de levar em
consideragao o viés de rastreamento relacionado a variagdes na largura do feixe, o
peso COMMIT2 constitui um proxy mais bioldégico do que a contagem de streamlines
frequentemente usada (YEH et al., 2021). A possibilidade de inserir informagdes
prévias sobre a anatomia cerebral e sua organizagdo, e nao apenas sobre
propriedades microestruturais, representa uma maneira poderosa e inovadora de
abordar o problema de falso-positivos na tratografia e na conectividade estrutural do
cérebro (DADUCCI et al., 2015; SCHIAVI et al., 2020). Foram calculadas matrizes
ponderadas por COMMIT2 de 171 x 171 para todo o cérebro (Figura 4).
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Figura 4 - Fluxograma de processamento de MRI (analise de conectividade estrutural). (A e B) O
pipeline TractoFlow processa imagens ponderadas em difusdo e T1. (C) As imagens ponderadas em
T1 sao rotuladas em 171 regibes cerebrais do atlas AAL3. (D) Sao calculadas medidas derivadas de
ressonancia magnética de difuséo. (E) A tratografia probabilistica em todo o cérebro é realizada usando
um algoritmo de filtro de particulas com restrigdo anatémica. (F) Extragdo da matriz de conectividade
ponderada por COMMIT2. (G) Analise baseada em voxel investigou métricas de difusdo (imagens de
tensor de difusdo). (H) Analise de estatisticas baseadas em rede. (I) Analise de teoria dos grafos: rede
global e local.

A Imagens Ponderadas em Difusao Métricas de Difusao G Anilise Baseada em Voxel

Imagens Ponderadas em T1 E Tractograma de Cérebro Inteiro (filtrado)

8-

C Segmentagao Subcortical e Cortical Matriz de Conectividade
(Atlas AAL3)

FONTE: Elaborado pelo autor.

As projegdes tridimensionais das conexdes estruturais e dos nos foram
visualizadas utilizando o BrainNet Viewer (versédo 1.4) (BEIJING NORMAL
UNIVERSITY, 2022) para a comparagao de matrizes de peso COMMIT2 e para

analises de teoria dos grafos (Figura 4).

4 .5.8. Estatisticas baseadas em rede

A analise NBS (Network-Based Statistics) foi realizada seguindo os métodos
de Zalesky com o NBS Connectome (versao 1.2) (UNIVERSITY OF MELBOURNE,
2022) para determinar as diferentes conexdes (ZALESKY; FORNITO; BULLMORE,
2010). NBS é um método estatistico baseado na teoria dos grafos e é frequentemente
utilizado para explorar diferengcas na conectividade estrutural na rede de substancia
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branca do cérebro. Tipicamente, a analise NBS € conduzida para identificar sub-redes
compostas por pares de nos e conexdes cuja forca de conectividade estrutural varia
significativamente entre grupos (Figura 4).

4.5.9. Medidas de rede

O pacote Brain Connectivity Toolbox (RUBINOV; SPORNS, 2010) calculou
medidas de rede cerebral para cada individuo. Para redes globais, foram analisadas
as seguintes métricas: betweenness centrality (fracdo de todos os caminhos mais
curtos na rede), modularity (medida de segregacéo da rede), assortativity (tendéncia
de nos se conectarem com outros de forgca semelhante), participation (medida da
diversidade de conexdes intermodulares), clustering coefficient (fracao de triangulos
conectados ao redor de um no), mean strength (média de todas as nodal strengths,
onde a nodal strength € a soma dos pesos das ligagdes conectadas ao no), density
(fracdo de conexdes presentes em relagéo as possiveis conexdes), characteristic path
length (média do comprimento do caminho mais curto entre todos os nds), global
efficiency (média do inverso do comprimento do caminho mais curto na rede), edge
count (contagem de conexdes da rede) e small-worldness (razdo da média do
clustering coefficient pelo characteristic path length).

Analisamos medidas de rede regionais, calculadas para cada nd, incluindo:
betweenness centrality (numero de caminhos mais curtos que passam por um no),
clustering (fragao de tridngulos conectados ao redor de um no), edge count (contagem
de conexdes em cada no), local efficiency (média do inverso do comprimento do
caminho mais curto na vizinhanga de um no), nodal strength (soma dos pesos das
ligacbes conectadas ao no), path length (comprimento do caminho mais curto entre
0S Nos) e participation (medida da diversidade de conexdes intermodulares de um no).

Medidas de rede locais foram calculadas para as regides cerebrais
relacionadas ao olfato (cortex olfatorio, giro reto, giro orbital medial, giro orbital
anterior, giro orbital posterior, giro orbital lateral, insula, hipocampo, giro para-
hipocampal, amigdala, nucleo caudado, putdmen, globo palido, talamo [nucleo medial
dorsomedial e nucleo medial dorsolateral], cortex cingulado anterior [subgenual,
pregenual e supracaloso], e nucleo accumbens) (HAN et al., 2019; SEUBERT et al.,
2013).
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4.5.10. Segmentacdo manual dos bulbos olfatorios

Dois avaliadores independentes que desconheciam os dados clinicos e
olfativos segmentaram manualmente os bulbos olfatorios, utilizando o programa ITK-
SNAP (versao 3.8) (YUSHKEVICH et al., 2006). Os limites do bulbo olfatério no plano
coronal foram determinados pelo LCR circundante, enquanto uma mudancga abrupta
no diametro definiu o limite posterior do bulbo olfatério na transicdo com o trato
olfatério (PASCHEN et al., 2015). As medidas volumétricas dos bulbos olfatérios
direito e esquerdo foram tomadas independentemente e depois somadas. Os valores
meédios estabelecidos pelos dois avaliadores foram utilizados em todas as analises
subsequentes. A concordéancia entre observadores foi avaliada pelo coeficiente de
correlagcdo de Pearson e pelo coeficiente de similaridade de DICE (DSC) (Figura 5).
O VIC foi utilizado para a normalizagdo dos volumes dos bulbos olfatérios, a fim de

eliminar possiveis vieses decorrentes de variagdes no tamanho da cabeca.

Figura 5 - Segmentagdo manual dos bulbos olfativos. (A) Imagem coronal ponderada em T2 de um
participante. (B) Imagem coronal ponderada em T2 com segmentagéo dos dois avaliadores. Vermelho:
Avaliador 1; Verde: Avaliador 2; Amarelo: Sobreposi¢do das segmentacgdes.

. OBSERVADOR 1 - OBSERVADOR 2 . SOBREPOSICAO

FONTE: Elaborado pelo autor.

4.5.11. Controle de qualidade de MRI

Todas as MRI foram inspecionadas quanto a distorgdo geomeétrica grosseira

significativa, movimento em massa ou artefatos de queda de sinal. Imagens
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ponderadas em T1 e d-MRI foram analisadas usando Dmrigc-flow (versdo 0.1)
(SHERBROOKE CONNECTIVITY IMAGING LAB, 2022), um pacote Nextflow para
controle de qualidade de d-MRI. A inspecdo visual foi realizada em todas as
segmentacgdes corticais e subcorticais e tratos de substancia branca para garantir a

precisao.

4.6. Analise estatistica
4.6.1. Avaliagdo demografica, clinica e neuropsicologica

As caracteristicas demograficas e clinicas dos grupos foram comparadas por
meio de teste t de amostra independente para variaveis continuas com distribuicao
normal, teste de Mann-Whitney para variaveis continuas sem distribuicdo normal e
teste x? para variaveis categoricas. A normalidade foi avaliada com a inspecao visual
das distribuicdes das variaveis e o teste de Shapiro-Wilk. A significancia estatistica foi
estabelecida em valor de p < 0,05. As analises estatisticas foram realizadas no R
(versao 4.1) (THE R FOUNDATION FOR STATISTICAL COMPUTING, 2022).

4.6.2. Analise das segmentagdes da substancia cinzenta

A analise da espessura cortical baseada no vértice de cada hemisfério cerebral
foi calculada em um modelo linear generalizado (generalized linear model, GLM). O
grupo COVID-19 foi comparado ao grupo controle usando o comando "mri gimfit" do
FreeSurfer (FISCHL, 2012; MARTINOS CENTER, 2022). Simulagbes de Monte Carlo
com um valor de p definido para 0,001 foram usadas para corrigir comparagdes
multiplas. Idade e sexo foram incluidos como covariaveis na analise.

GLM foi usado para analisar as diferengas no volume dos nucleos subcorticais
de substéancia cinzenta, subcampos hipocampais e nucleos das amigdalas entre os
grupos COVID-19 e controle, usando idade, sexo e VIC como covariaveis. Todos os
resultados foram corrigidos usando o método de taxa de descoberta falsa (false
discovery rate, FDR) (BENJAMINI; HOCHBERG, 1995).

4.6.3. Analise de imagem de difusado baseada em voxel

A analise baseada em voxel foi realizada por meio de um GLM com contrastes
para testar as diferengas dos grupos COVID-19 e controle. O pacote TBSS (SMITH et
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al., 2006) foi usado com teste de permutagdo ndo paramétrica (5.000 permutagdes)
para corrigir comparagdes multiplas e aprimorar clusters usando realce de aglomerado
sem limiar (threshold-free cluster enhancement, TFCE). |dade e sexo foram usados
como covariaveis. Os resultados foram considerados significativos em valor de p <
0,05, corrigido por TFCE para comparagdes multiplas. O atlas “JHU white-matter
tractography” foi usado para identificar regides estatisticamente significativas (HUA et
al., 2008).

4.6.4. Analise de imagem de difusdo baseada em trato

As comparacdes dos valores médios de FA, MD, RD, AD, FW, FAt, MDt, RDt,
ADt e FD dos tratos de substancia branca entre os grupos COVID-19 e controle foram
realizadas com GLM, controlando por idade e sexo. Os valores de p < 0,05 foram
considerados estatisticamente significantes e corrigidos para comparag¢des multiplas
com FDR (BENJAMINI; HOCHBERG, 1995), considerando os 35 tratos testados.

Para uma analise mais aprofundada, cada trato foi dividido em 50 secdes, e a
diferenga entre os dois grupos foi calculada com testes t para cada uma das
subsecdes do feixe (COUSINEAU et al, 2017; YEATMAN et al., 2012). O
procedimento visa identificar segmentos do trato que diferem significativamente entre
os grupos COVID-19 e controle. Para aumentar a robustez estatistica e levar em conta
multiplas comparagdes, cada teste t foi repetido 10.000 vezes usando permutacgdes
de cada uma das duas populag¢des. Além disso, um limiar de significancia corrigido foi
calculado usando os valores t das 10.000 permutag¢des (NICHOLS; HOLMES, 2002).
Um teste t foi considerado estatisticamente significativo se o valor de p fosse menor
que 0,05 e seus valores t absolutos excedessem o limite calculado. O objetivo desta
analise foi garantir que as mudangas observadas fossem distribuidas uniformemente
ao longo do feixe, pois o leque das fibras nas extremidades de um feixe poderia
influenciar as medidas de difusao.

Em cada grupo, realizamos uma analise de correlagao parcial entre as medidas
meédias do trato, a pontuagcdo do CFQ-11 (fadiga total, fisica e mental), a pontuagéao
global do MoCA e os resultados cognitivos dos subtestes do CANTAB, ajustando para
idade, sexo, escolaridade e tempo entre o diagnostico de COVID-19 e os
procedimentos clinicos/imagem do estudo. Os dados sofreram uma transformagéao

nao paranormal e foram analisados pelo coeficiente de Pearson. A significancia
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estatistica foi definida como valor de p bicaudal menor que 0,05, com corregcao de
FDR para comparagdes multiplas (BENJAMINI; HOCHBERG, 1995).

4.6.5. Estatisticas baseadas em rede

Diferengas entre grupos foram testadas em matrizes de conectividade
estrutural para uma série de limiares primarios (det=2,5at = 3,5), com idade e sexo
como variaveis de interferéncia. Foram utilizadas 5.000 permutacdes, com a
intensidade como medida do tamanho da rede e um limiar de significancia estatistica
definido em p < 0,05.

4.6.6. Métricas de rede

As diferengas entre grupos foram testadas com o teste de Mann-Whitney
(modularity, clustering e nodal strength) ou testes t independentes (outras métricas
globais de rede). GLM foi utilizado para analisar as diferengas entre os grupos nas
métricas de rede local nas areas cerebrais relacionadas ao olfato, usando idade e
sexo como covariaveis. Todos os resultados foram corrigidos usando o método de
FDR (BENJAMINI; HOCHBERG, 1995).

Realizamos uma analise de correlagédo parcial entre medidas de rede global,
pontuagdo no teste SS-16 e volumes totais normalizados dos bulbos olfatorios,
ajustando para idade, sexo, educagao, comorbidades (rinite alérgica e enxaqueca) e
o tempo entre o diagndstico de COVID-19 e os procedimentos clinicos/imagem do
estudo. Os dados foram analisados utilizando o coeficiente de Spearman. A
significancia estatistica foi definida como p < 0,05 bilateral.

4.6.7. Segmentacgéo dos bulbos olfatérios

Os volumes dos bulbos olfatérios foram comparados usando um teste t para
amostras independentes. O VIC corrigiu os volumes obtidos com a férmula: (volume
do bulbo olfatério / VIC) x 100.

Foi realizada uma analise de covaridancia (ANCOVA) para comparar o volume
total dos bulbos olfativos normalizados entre os grupos, controlando variaveis como
sexo, idade e rinite alérgica. Conforme necessario, valores de p significativos foram
ajustados usando testes de Bonferroni post hoc (p < 0,05).
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A concordéncia entre observadores da segmentagédo dos bulbos olfatérios foi
determinada pelo coeficiente de correlagdo de Pearson e coeficiente de similaridade
de DICE. O coeficiente de similaridade de DICE é um indice de similaridade de
sobreposigao que reflete a concordancia de tamanho e localizagéo e varia de 0 (sem
sobreposigao) a 1 (sobreposigdo completa) (Figura 5). Uma boa sobreposi¢céo ocorre
quando o coeficiente de similaridade de DICE > 0,700 (ZIJDENBOS et al., 1994).

4.6.8. Calculo do tamanho da amostra

O tamanho da amostra a priori foi determinado usando o software G*Power
(verséo 3.1) (FAUL et al., 2007). Uma amostra de 84 participantes &€ necessaria para
detectar uma diferenga entre duas médias independentes (Wilcoxon-Mann-Whitney)
usando um alfa de 0,05, um tamanho de efeito médio de 0,65 e um poder de 0,8, com
50 participantes no grupo COVID-19 e 34 participantes no grupo controle. A amostra
necessaria para a analise de correlacdo de Pearson r (bicaudal) € 84, sendo 50 no

grupo COVID-19 e 34 no grupo controle.
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5. RESULTADOS E DISCUSSAO
5.1.Estudo 1: Alteragdes microestruturais cerebrais e fadiga apés COVID-19
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Brain microstructural changes
and fatigue after COVID-19
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Background: Fatigue and cognitive complaints are the most frequent
persistent symptoms in patients after severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. This study aimed to assess fatigue and
neuropsychological performance and investigate changes in the thickness and
volume of gray matter (GM) and microstructural abnormalities in the white
matter (WM) in a group of patients with mild-to-moderate coronavirus disease
2019 (COVID-19).

Methods: We studied 56 COVID-19 patients and 37 matched controls using
magnetic resonance imaging (MRI). Cognition was assessed using Montreal
Cognitive Assessment and Cambridge Neuropsychological Test Automated
Battery, and fatigue was assessed using Chalder Fatigue Scale (CFQ-11).
T1-weighted MRI was used to assess GM thickness and volume. Fiber-specific
apparent fiber density (FD), free water index, and diffusion tensor imaging
data were extracted using diffusion-weighted MRI (d-MRI). d-MRI data were
correlated with clinical and cognitive measures using partial correlations and
general linear modeling.

Results: COVID-19 patients had mild-to-moderate acute illness (95%
non-hospitalized). The average period between real-time quantitative reverse
transcription polymerase chain reaction-based diagnosis and clinical/MRI
assessments was 93.3 (+£26.4) days. The COVID-19 group had higher
total CFQ-11 scores than the control group (p < 0.001). There were
no differences in neuropsychological performance between groups. The
COVID-19 group had lower FD in the association, projection, and commissural
tracts, but no change in GM. The corona radiata, corticospinal tract,
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corpus callosum, arcuate fasciculus, cingulate, fornix, inferior fronto-occipital
fasciculus, inferior longitudinal fasciculus, superior longitudinal fasciculus, and
uncinate fasciculus were involved. CFQ-11 scores, performance in reaction
time, and visual memory tests correlated with microstructural changes in
patients with COVID-19.

Conclusions: Quantitative d-MRI detected changes in the WM microstructure
of patients recovering from COVID-19. This study suggests a possible
brain substrate underlying the symptoms caused by SARS-CoV-2 during
medium- to long-term recovery.

KEYWORDS

brain, diffusion magnetic resonance imaging, fatigue, cognition, COVID-19

Introduction

The sequelae of coronavirus disease 2019 (COVID-19)
beyond the acute phase of infection are being increasingly
understood as scientific research and clinical experience
accumulate, and, in this sense, studies that include the
identification and characterization of clinical, serological, and
imaging of COVID-19 in the acute, subacute, and chronic
phases of the disease are needed (1). People with post-COVID
conditions can have a wide range of symptoms, lasting for more
than 4 weeks, but commonly for months after infection. These
symptoms must not be explained by an alternative diagnosis (2).
Several symptoms, such as fatigue, myalgia, anosmia, dysgeusia,
and cognitive impairment (difficulty concentrating and memory
complaints) have been reported in post-COVID (3). Symptoms
may appear following recovery from acute COVID-19, persist
for an extended period, fluctuate, or relapse over time (1, 4).

Perceived fatigue following severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection is more
pronounced than in the general population and does
not depend on initial COVID-19 severity (5). Cognitive
deficits seem to occur even in non-hospitalized individuals
with mild acute symptoms (6). Decreased performance in
attention and working memory has been reported (7), as
well as in reasoning, problem-solving, spatial planning,
processing speed (8), verbal fluency, and visuospatial
construction (9). The nature and causes of fatigue and cognitive
dysfunction across the COVID-19 severity spectrum remain,
however, disputed.

Numerous hypotheses have been proposed to explain the
mechanisms underlying post-COVID symptoms. Direct viral
infection effects, systemic inflammation, neuroinflammation
(due to cytokine-induced microglial activation), microvascular
thrombosis, blood-brain barrier disruption, and even viral-
induced neurodegeneration may play a role (10). In critical
cases, hypoxic-ischemic changes are associated with infarcts,
microhemorrhage, microglial activation, microglial nodules,
and neuronophagia (11). However, hypoxic-ischemic changes
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and microglial-induced damage may not occur in mild-to-
moderately symptomatic patients with no hypoxia, a fact that
encourages alternative biological explanations.

Post-COVID brain imaging characteristics were also
examined. Tractometry and volume-based magnetic resonance
imaging (MRI) measurements in patients 3 months after
COVID-19 have shown changes in white matter (WM)
microstructure metrics, especially in the frontal and limbic
systems, in both mild and severe cases (12). In a large
sample derived from the UK Biobank study, SARS-CoV-2
infection was associated with changes in brain structure
(13). Significant longitudinal effects were identified: a
more substantial reduction in the cortical thickness of
the orbitofrontal and parahippocampal gyrus, as well as
prominent changes in tissue damage markers in brain
regions functionally linked to the primary olfactory cortex.
Furthermore, stronger overall brain atrophy was observed in
those infected with SARS-CoV-2 than in the control cohort
examined at similar time intervals (13). With regard to nuclear
medicine techniques, frontoparietal hypometabolism was
identified in fluorodeoxyglucose-positron emission tomography
examinations studying post-COVID, correlating with the
Montreal Cognitive Assessment (MoCA) performance (14).
Neuroimaging techniques, thus, seem to serve as surrogate
biomarkers of post-COVID neurological abnormalities.

Diffusion-weighted MRI (d-MRI) generates three families
of potentially useful metrics to investigate post-COVID
structural brain damage. The first, voxel-wise diffusion tensor
imaging (DTI) measures, relate to the main eigenvector and
eigenvalue of the elliptical unidirectional tensor (15, 16).
The second, free water (FW) imaging, investigates tissue
changes by separating the contribution of freely diffusing
extracellular water from the tissue component (17). In this
two-compartment model, extracellular FW represents changes
caused by neuroinflammation, atrophy, or edema. The third,
apparent fiber density (AFD), derived from constrained
spherical deconvolution (CSD) (18), represents an indirect
measure of axon degeneration, reflecting an apparent number
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of axons (19). AFD is computed in two distinct ways. AFDtotal
represents the total number of axons in a voxel, integrating
all the diffusion orientations. On the other hand, FD stands
in for a fiber population within a single voxel, overcoming the
“crossing-fibers” interpretation issue (20).

The current study assessed fatigue and general cognitive
performance, examined changes in GM thickness and volume,
and investigated WM microstructural abnormalities after
COVID-19 compared to a control group using FW imaging,
voxel-based analysis, and fixel-based analysis. Our secondary
objective was to determine whether microstructural changes
were associated with clinical and cognitive data.

Materials and methods

Participants

This cross-sectional prospective analytical study was
conducted as part of the NeuroCOVID-19 Brazilian Registry
(21). Participants were recruited between October 2020 and May
2021 in Brasilia, Brazil, from a population of health professionals
and patients assisted at the Brasilia University Hospital, before
the implementation of mass vaccination campaigns, with a
non-probabilistic sampling strategy. During the recruitment
period, a timeframe that corresponded approximately to
alpha and gamma (P1) variants predominance in Brazil, we
consecutively reached out by phone to a list of 364 patients
who were diagnosed with COVID-19 by real-time quantitative
reverse transcription polymerase chain reaction (QRT-PCR) to
invite them to participate in the study.

The inclusion criteria for the COVID-19 group (COV+)
were (a) diagnosis of SARS-CoV-2 infection confirmed by
detection of viral RNA by qRT-PCR testing of a nasopharyngeal
swab, (b) at least one COVID-19-related symptom during the
acute phase of infection, and (c) 18-60 years of age. Patients
were evaluated at least 4 weeks after diagnosis of COVID-
19 (2). The control group (COV-) was recruited from the
same population (patients or health professionals from Brasilia
University Hospital) through convenience sampling, matching
for age, sex, and education level. Subjects in the COV- group
were not previously infected with SARS-CoV-2 and had a
negative SARS-CoV IgG/IgM test.

The exclusion criteria for both groups were (a) pre-existing
brain structural disorders (stroke, epilepsy, multiple sclerosis,
neoplasia, hydrocephalus, traumatic brain injury, Parkinson’s
disease, and dementia), (b) severe psychiatric diseases, (c)
previous hospital admission with treatment in an intensive care
unit who required mechanical ventilation, and (d) illiteracy.

Each participant signed a consent form and underwent
clinical, cognitive, and MRI examinations. All the procedures
were performed on the same visit. This study was approved
by the Local Ethics Committee of the University of Brasilia.
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All procedures adhered to current regulations, such as the
Helsinki Declaration.

Clinical assessment

Demographic and clinical data were collected using an
electronic form. Age, education, sex, and a comorbidity
checklist were collected during anamnesis with the aim of
identifying potential confusion variables. Current neurological,
chemosensory, respiratory, and constitutional symptoms were
evaluated. The participants reported symptoms that occurred
during the acute and post-acute phases of COVID-19.

The Chalder Fatigue Scale (CFQ-11) was used to evaluate
fatigue severity and extent (22, 23). This scale is often divided
into two components: one that measures physical fatigue
(questions 1-7) and one that measures mental fatigue (questions
8-11). Using a prespecified total CFQ-11 cut-off greater than
or equal to 16, we dichotomized participants into no fatigue vs.
increased fatigue (24, 25).

Cognitive assessment

All participants underwent a
examination, MoCA (26), followed by a comprehensive
cognitive assessment using the Cambridge Neuropsychological
Test Automated Battery (CANTAB) (27, 28). This battery
assesses executive functions (One Touch Stockings of

cognitive  screening

Cambridge), verbal memory (Verbal Recognition Memory),
visual memory (Paired Associates Learning, Pattern Recognition
Memory), working memory (Spatial Working Memory), and
reaction time (simple and five-choice Reaction Time).
Supplementary Table 1 summarizes the key cognitive variables.

MRI data acquisition

MRI was performed using a Philips Achieva 3T scanner
(Best, Netherlands) equipped with an 8-channel SENSE coil. The
following sequences were obtained: (a) Three dimensional (3D)
T1-weighted sequence, turbo field echo, sagittal, with field of
view (FOV) = 208 x 240 x 256 mm, reconstructed resolution of
1 X 1 x 1 mm, echo time (TE) = min full echo, repetition time
(TR) = 2,300 ms, TI = 900 ms, two times accelerated acquisition;
(b) Diffusion-weighted sequence, axial, with FOV 232 x 232 x
160 mm, reconstructed resolution of 2 x 2 x 2mm, TE =71 ms;
TR = 3,300 ms, 32 directions (b = 800 s/mm?2); (c) Diffusion-
weighted sequence, axial, with FOV 232 x 232 x 160 mm,
reconstructed resolution of 2 x 2 x 2mm, TE = 71 ms; TR =
3,300 ms (reversed phase encoded b0); (d) 3D-fluid attenuated
inversion recovery (FLAIR) sequence, sagittal, with FOV 256 x
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256 x 160 mm, reconstructed resolution of 1.2 x 1 x 1 mm, TE
= 119ms, TR = 4,800 ms, TI = 1,650 ms.

Automated cortical and subcortical
segmentation

MRI data were processed using the FreeSurfer suite
(version 7.1) (29) to estimate cortical thickness and deep GM
nuclei volume. Cortical thickness was extracted by measuring
the distance between the WM and GM boundary and the
pial surface. Cortical parcellation maps capable of detecting
submillimeter differences between the groups were created using
spatial intensity gradients. To smoothen the cortical maps, a
circularly symmetric Gaussian kernel with a full width at half
maximum of 10 mm was applied.

The volumes of subcortical and limbic structures were
measured using automated procedures that assigned a
neuroanatomical label to each voxel in the MRI volume. This
procedure is based on probabilistic information estimated
from a manually labeled training set. The caudate, putamen,
globus pallidum, hippocampus, nucleus accumbens, and
amygdala were bilaterally segmented. To avoid biases related
to unequal head size, the volumes were normalized to the
intracranial volume.

Diffusion-weighted MRI processing

TractoFlow (30) was used to analyze d-MRI and T1-
weighted images (Figure 1). As an automated tool for processing
d-MRI, it extracts DTI and CSD measures. The fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD),
and axial diffusivity (AD) were calculated. In addition, voxel-
wise AFD (AFDtotal) values were extracted from the fiber
orientation distribution function. Whole brain probabilistic
tractography is performed using an anatomically constrained
particle filter algorithm. The standardized processing steps have
been detailed elsewhere (30). Fiber-specific AFD was computed
for each fixel, representing a particular fiber orientation, and will
be hereafter referred to as “fiber density” (FD). The AFD signal
in a fixel is proportional to the volume of axons aligned in that
direction (20).

The FW imaging analysis followed the methods described
in the literature, using the SCILPY library version 1.0.0 (17,
31). The FW maps at each voxel were reconstructed using a
two-tensor model, with values ranging from 0 to 1. Values
close to 0 indicate negligible FW diffusion in the extracellular
space, whereas 1 indicates unrestricted FW diffusion (ie.,
water in a voxel diffuses completely freely). While the FW
parameter quantifies the fractional volume of free water found
in the extracellular space, the tissue compartment is fitted to
a diffusion tensor that accounts for the remaining signal after
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the removal of free water. As a result, it generates FW-corrected
measures, which are expected to be more sensitive and specific
to tissue changes than single tensor model-derived measures.
Tissue fractional anisotropy (FAt), mean diffusivity (MDt),
radial diffusivity (RDt), and axial diffusivity (ADt) denote the
FW-corrected DTI maps. By separating the extracellular FW
component from the “tissue” component, this method provides
greater accuracy in detecting brain structural changes and
reduces the variability in the tissue-related parameter, compared
to the DTI metric (17).

Voxel-based diffusion imaging analysis
(VBA)

The tract-based spatial statistics (TBSS) pipeline in FSL
(version 6.0) (32) permitted the investigation of d-MRI metric
contrasts between the COV+ and COV- groups. The FA maps
were non-linearly aligned to the FMRIB-58 map from the
Montreal Neuroimaging Institute template space. The mean FA
skeleton was computed following the deformable registration.
The deformation fields from the FA maps were used for MD,
RD, AD, FAt, MDt, RDt, ADt, FW, and AFDtotal. The registered
maps were projected onto the FA skeleton.

Segmentation of WM tracts

A multi-atlas and multi-parameter version of RecoBundles
extracted preselected WM bundles
tractography (33, 34). RecoBundles recognizes bundles
based on the similarities between a subject’s streamline and a
template or atlas. In RecobundlesX, the algorithm was repeated
with different parameters, followed by label fusion. This tool
is based on shape similarity to a template constructed from

from whole-brain

anatomical prior-inspired delineation rules. For both groups, a
bundle-specific tractography approach was used to reconstruct
the “hard-to-track” fornix pathway (35). The overall approach,
entirely performed in native space, has the advantage of
generating unique bundles for each individual (Figure 1).

Tract-wise analysis

The quantification of diffusion measures in each tract was
done using the SCILPY library version 1.0.0 (31). DTL, FW, FW-
corrected DTI, and FD maps were included in the analysis. The
mean values were calculated for all tracts of interest.

Subsequently, each bundle was divided into 50 segments
along its length to provide additional topological insight
regarding FD (36). Firstlyy, WM tracts are processed
independently and spurious streamlines are removed using
hierarchical QuickBundles (33). The centroids are computed
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Raw diffusion images D Diffusion metrics G Voxel-based analysis

Raw T1-weighted images

C  Gray matter Segmentation F White matter Tracts 1 Tractometry

FIGURE 1

MRI processing pipeline. (A,B) Raw diffusion-weighted and T1-weighted images are processed by the TractoFlow pipeline. (C) Raw T1-weighted
images also are processed by the FreeSurfer suite for gray matter segmentation. (D) Diffusion MRI-derived measures and free-water fraction are
computed. (E) Whole brain probabilistic tractography is performed using an anatomically constrained particle filter algorithm. (F) Extraction of
the white matter tracts by RecoBundlesX (e.g., SLF). (G) Voxel-based analysis was used to investigate the metrics FW, FAt, MDt, RDt, ADt, and
AFDtotal. (H) Fiber-specific apparent fiber density (FD) is extracted at each fixel (e.g., SLF). (1) Tractometry of each bundle using the FD. FW, free
water; FAt, tissue fractional anisotropy; MDt, tissue mean diffusivity; RDt, tissue radial diffusivity; ADt, tissue axial diffusivity; AFDtotal, voxel-wise
apparent fiber density; FD, fiber-specific apparent fiber density; SLF, superior longitudinal fasciculus.

as a mean streamline of the pathway using the minimum- using Dmriqc-flow (38) for d-MRI quality control. The
distance-flipped metric. The tract is subsampled into 50 cortical and subcortical segmentations and WM tracts were
equidistant parts. Each voxel is weighted by its relative geodesic visually reviewed by a board-certified neuroradiologist to
distance to the closest centroid point. Finally, a tract profile ensure accuracy.

is extracted for combination of FD map and pathways. This

method was chosen because FD measures may vary throughout

the studied bundles depending on the underlying WM fiber Statistical analysis

organization (37). Tractometry provides higher sensitivity to

the pathway’s microstructure by mapping a set of measures Demographic, clinical, and cognitive

over the WM bundles. We performed the tractometric analysis assessments
only for FD because this metric is subvoxel and robust to The clinical characteristics were compared between
crossing fibers. the groups using independent-sample t-tests for normally

distributed continuous variables, the Mann-Whitney test
for non-normally distributed data, and x2 for categorical

MRI quality control inputs. Normality was assessed by visual inspection of

histograms and the Shapiro-Wilk test. Statistical significance

Every raw and processed MRI dataset was inspected for was set at p < 0.05. Statistical analyses were performed

gross geometric distortion, bulk motion, or signal dropout using R, v4.1.0 (R Foundation for Statistical Computing,
artifacts. T1-weighted and d-MRI datasets were examined Vienna, Austria).
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(RT-qPCR+, Signed consent) C°":;‘i'3(;)'°“p
(n=58) B
I EXCLUSION:
EXCLUSION: ——» -
Contraindication to MRI (n=2) Positive IgG test (n=1)
l Brain structural change (n=1)
Clinical and cognitive assessments
(n=93)
Magnetic Resonance Imaging (MRI)
(n=93)
EXCLUSION:
l »| MRI acquisition artifacts
v (n=10)
Cortical thickness and Diffusion-weighted MRI
subcortical volume (FreeSurfer) processing (TractoFlow)
(n=93) (n=83)
FIGURE 2
Flowchart with the enrollment of participants in the COVID-19 (COV+) and control (COV-) groups and the investigations that were carried out.

FreeSurfer

Each hemisphere’s vertex-wise cortical thickness was
computed using generalized linear models (GLM). Patients
were compared to controls employing FreeSurfers “mri
gimfit” (29). Monte Carlo simulations with a p-value set to
0.001 corrected for multiple comparisons. Age and sex were
used as nuisance covariates. A GLM was used to analyze
differences in the volume of GM subcortical nuclei between
the two groups, using age, sex, and intracranial volume as
covariates. All results were corrected using the false discovery
rate (FDR) method.

VBA

For VBA, GLM with contrast was performed to test for
group differences. The TBSS framework (32) includes non-
parametric permutation testing (5,000 permutations) to correct
for multiple comparisons and threshold-free cluster enhancement
(TFCE). Age and sex were used as nuisance covariates. Results
were considered significant at p < 0.05, TFCE corrected for
multiple comparisons. WM regions were named according
to the Johns Hopkins University white-matter tractography
atlas (39).

Tract-wise analysis

Comparisons  of  tract-average = FA, MD, RD,
AD, FW, FAt, MDt, RDt, ADt, and FD values
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between the groups were performed using GLM,
adjusting for age and sex. FDR correction was
performed for the 35 tracts tested using the

Benjamini-Hochberg procedure.

Each tract was divided into 50 sections for further
examination. Contrasts between groups were calculated with
t-tests for each bundle subsection (36, 37). The procedure
aimed to explore bundle segments that were contrasted between
the COV+ and COV- groups. To increase the statistical
robustness and account for multiple comparisons, each t-
test was repeated with 10,000 permutations to generate a
corrected significance threshold (40). A t-test was considered
statistically significant if the p-value was <0.05, and its t-
absolute values exceeded the computed threshold. The purpose
of this analysis was to ensure that the observed changes
were distributed uniformly along the bundle, as fanning of
the fibers at the extremities of a bundle could bias the
diffusion measurements.

In each group, we performed a partial correlation analysis
between tract-average measures, CFQ-11 scores (total, physical,
and mental fatigue), MoCA, and CANTAB cognitive outcomes,
adjusting for age, sex, education, and time between COVID-
19 diagnosis and study clinical/imaging procedures. Data
underwent a non-paranormal transformation and were analyzed
using Pearson’s coefficient. Statistical significance was defined
as a two-tailed p-value < 0.05, with FDR correction for
multiple comparisons.
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TABLE 1 Demographic and clinical features (COV+ and COV- groups).

Demographic and clinical characteristics

Age

Sex

Male, n (%)

Female, n (%)

Years of formal education
Self-reported comorbidities n (%)
Hypertension

Diabetes mellitus

Obesity

Asthma/COPD

Allergic rhinosinusitis

Thyroid disorder

Mood disorder

Migraine

Chalder fatigue scale (CFQ-11)

Total score CFQ-11

Cut-off > 16 n (%)

Physical fatigue

Mental fatigue

Average time between positive qRT-PCR and clinical assessment/MRI (days)
Acute phase treatment scenario n (%)
Inpatient

Outpatient

Oxygen supplementation n (%)
Non-invasive ventilation or high flow mask
Low flow nasal catheter

None

COVID-19 (COV+)

10.3389/fneur.2022.1029302

Control (COV-) Statistic

(n =56, 60%) (n=37,40%)

37.2 4 9.4 (20, 57) 40.2 + 11.8 (22, 60) U =885 p =0.237°
X2 =0.22;p =0.638"
20 (36.0%)
36 (64.0%)

153 +3.3(11,24)

15 (41.0%)
22 (59.0%)

15.0 +3.3(8,21) U =1010; p = 0.840°

5 (8.9%) 3(8.1%) X2 = 0.02; p = 0.890°
5 (8.9%) 3(8.1%) X2 =0.02; p = 0.890°
1(1.8%) 3(8.1%) x? =2.16;p = 0.141°
2 (3.6%) 2 (5.4%) X% =0.18; p = 0.670
15 (27.0%) 10 (27.0%) X2 = 0.00; p = 0.980"
3 (5.4%) 1(2.7%) X2 =038 p=0.537"
4(7.1%) 2 (5.4%) X2 =0.11;p = 0.739"
14 (25.0%) 7 (19.0%) X% = 0.47; p = 0.492°

16.3 £ 7.5 (0, 29)
33 (58.9%)
10.4 +£5.2(0,19) 5.3+4.5(0,15)
59+3.2(0,11) 3.8+3.3(0,11) U = 669; p = 0.004*
93.3 4 26.4 (31, 167) - -

9.2+7.4(0,26)
8 (21.6%)

t = 4.502; p = <0.001°
x? =12.58; p = <0.001°
t =4.840; p = <0.001¢

3(5.2%)
53 (94.6%)

2(3.6%)
3(5.4%)
51 (91.0%)

CFQ-11, Chalder Fatigue Scale; COPD, chronic obstructive pulmonary disease; qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; MRI, magnetic

resonance imaging.
Data are shown as mean = standard deviation (minimum, maximum) or n (%).
aMann-Whitney U test, ®Chi-square test, “independent-sample t-test.

Results

Demographic and clinical characteristics

Initially, we recruited 97 participants (Figure 2). In the
COV+ group, two participants were excluded because of MRI
contraindications. Two participants from the COV- group were
excluded: one due to a positive SARS-CoV-2 IgG test result and
another because of a brain structural change on MRI.

Ninety-three participants underwent clinical examinations,
cognitive tests, and MRI: 56 in the COV+ group and 37 in
the COV- group. All the procedures for each patient were
performed on the same visit. The groups did not differ in
age (p = 0.237), sex (p = 0.638), education (p = 0.840),
or comorbidity profiles (Table 1). The average time between
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COVID-19 diagnosis and study clinical/imaging procedures was
93.3 (426.4) days, ranging from 31 to 167 days. Most patients
(95%) did not require hospitalization. None of the patients
required mechanical ventilation.

All COV+ patients had at least two COVID-19-related
symptoms during the acute phase of infection. The main acute-
phase symptoms were headache (80.4%), hyposmia (80.4%),
myalgia (73.2%), dysgeusia (67.9%), fatigue (60.7%), hyporexia
(53.6%), fever (50.0%), dry cough (46.4%), sore throat (44.6%),
nasal discharge (44.6%), and dyspnea (39.3%).

The prevalence of post-acute COVID-19 symptoms was also
estimated. Of 56 COVID-19 patients, 52 (92.8%) had at least one
post-COVID symptom. Hyposmia occurred in 71.4%, fatigue
in 51.8%, headache in 44.6%, sustained attention complaints
in 39.3%, memory complaints in 37.6%, dysgeusia in 33.9%,
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TABLE 2 Cognitive function comparison between COV+ and COV- groups.

Cognitive measure

Spatial working memory

SWMBE (between-errors)

SWMS (strategy use)

One touch stockings of Cambridge
OTSPSFC (number of attempts)
OTSMDLEFC (average latency, ms)
OTSMCC (average of choices)
OTSMLC (average latency, ms)

Paired associates learning

PALTEA (total error adjusted)
PALFAMS (first attempt memory score)
PALMETS (number of attempts)
Pattern recognition memory
PRMPCI (% correct, immediate)
PRMPCD (% correct, delayed)

Verbal recognition memory
VRMIRTC (immediate, total correct)
VRMDRTC (delayed, total correct)
VRMEFRDS (free recall distinct stimuli)

Reaction time

RTISMDRT (single choice reaction time, ms)
RTISMDMT (single choice mov. time, ms)
RTIFMDRT (five choice reaction time, ms)

RTIFMDMT (five choice mov. time, ms)
MoCA
Global score

COVID-19 (COV+)
(n =56, 60%)

15(5,22)
8.5 (7, 10)

10 (8.8, 12)
12,770 (8,819, 15,913)
1.50 (1.20, 1.80)
27,908 (18,372, 35,436)

8(5,17)
13.12 (4.23)
2.0(0.4,2.0)

95.8 (83.3, 100.0)
91.7 (75.0,91.7)

31(28,33)
32 (30, 34)
6.5 (5.0, 8.0)

328 (311, 360)
219.73 (64.61)
383 (360, 429)
261.80 (75.10)

25(22,27)

Control (COV-)
(n=37,40%)

12 (4, 17)
8(7,9)

11 (9,12)
12,247 (9,347, 15,530)
1.47 (1.27,1.87)
23,745 (20,138, 29,896)

12 (7,21)
12.27 (3.88)
2.0(1.0,3.0)

100.0 (91.7, 100.0)
91.7 (83.3,100.0)

30 (28, 32)
31(30, 32)
6.0 (4.0, 8.0)

328 (307, 344)
219.35 (55.28)
380 (354, 418)
249.58 (29.29)

25(22,28)

10.3389/fneur.2022.1029302

Statistic

U = 909; p = 0.320°
U = 984; p = 0.683°

U = 1035; p = 0.997*
U = 10215 0.909°
U = 1019; 0.897*

U = 941; p = 0.458*

U = 892; 0.258°
t=0,985; p = 0.327°
U = 823;0.085°

U = 946; p = 0.446"
U = 997; p = 0.756"

U = 961; p = 0.557*
U =887, p=0.241°
U = 900; p = 0.284°

U =914; p =0.338°
t =0.029; p = 0.977°
U = 924;0.379°
t =0.833; p = 0.407°

U = 1031; p = 0.969*

MoCA, Montreal Cognitive Assessment; OTS, One Touch Stockings of Cambridge; PAL, Paired Associates Learning; PRM, Pattern Recognition Memory; RTI, Reaction time; SD, standard

deviation; SWM, Spatial Working Memory; VRM, Verbal Recognition Memory; ms, milliseconds; mov., movement.

PALFAMS, RTISMDMT, and RTIFMDMT are shown as mean (standard deviation).

The other data are shown as median (interquartile range).
*Mann-Whitney U test, *Independent-sample t-test.

daytime sleepiness in 28.6%, dyspnea in 17.9%, and difficulty in
daily activities in 14.3%. The COV+ group scored higher on the

total CFQ-11 scale (p < 0.001), physical fatigue (p < 0.001), and

mental fatigue (p = 0.004) (Table 1).

All participants underwent cognitive assessments and MRL
Ten participants were excluded from the d-MRI analysis because
of head motion artifacts (Figure 2).

Cognitive assessment

The COV+ and COV- groups did not differ with respect
to the MoCA global score. There were no differences in
CANTAB neurocognitive performance between the groups

(Table 2).

Frontiersin Neurology

Cortical thickness and subcortical
structures volume

The vertex-wise cortical thickness did not differ between the

> 0.120).

VBA

COV+ vs. COV- group comparison
To explore AFD total between-group contrasts, whole-
brain TBSS analysis was employed, adjusting for age and sex

groups. The caudate, putamen, pallidum, thalamus, accumbens,
hippocampus, and amygdala volumes did not differ (all p

effects. The COV+ group had lower AFDtotal values than the
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COV- group across 4,515 voxels (p < 0.05, TFCE-corrected;
Figure 3; Supplementary Table 2). The affected tracts included
the left anterior thalamic radiation, corticospinal tract, cingulum
(cingulate gyrus), inferior fronto-occipital fasciculus, inferior
longitudinal fasciculus, superior longitudinal fasciculus, and
superior longitudinal fasciculus (temporal part). No between-
group differences were observed for FA, MD, RD, AD, FAt, MDt,
RDt, ADt, and FW using TBSS.

Tract-wise analysis

COV+ vs. COV- group comparison

In the tract-average analysis, the COV+ group had reduced
FD in the left arcuate fasciculus and superior longitudinal
fasciculus compared with the COV- group after adjusting for
multiple comparisons (Supplementary Table 3). Reduced ADt
in the right arcuate fasciculus and increased RDt in the left
superior longitudinal fasciculus were observed in the COV+
group (Supplementary Table 4). No between-group differences
were observed for FA, MD, RD, AD, FAt, MDt, and FW.

In along-tract statistics (tractometry), decreased FD
was found in bundle sections within the arcuate fasciculus,
cingulum, fornix, inferior fronto-occipital fasciculus, inferior
longitudinal fasciculus, superior longitudinal fasciculus,
uncinate fasciculus, corona radiata, corticospinal tract, and
corpus callosum (posterior genu and rostral body) in the
COV+ group as compared with the controls (Figure4;
Supplementary Figure 1; Supplementary Table 5). Only results
with a p-value less than 0.05 and a t-value greater than the
significance threshold were reported. Most significant regions
had at least 2 or 3 significant direct neighbors as well.

Fiber density and FW-corrected DTI
relationship with fatigue

In the COV+- group, tract-average FD values were negatively
associated with total CFQ-11 score in the right corona radiata
(r = —0.47, p = 0.008), left corona radiata (r = —0.64, p
< 0.001), right corticospinal tract (r = —0.57, p = 0.001),
left corticospinal tract (r = —0.54, p = 0.002), posterior mid-
body of the corpus callosum (r = —0.47, p = 0.008), and the
middle cerebellar peduncle (r = —0.40, p = 0.041). The tract-
average FAt measurements in the corona radiata, corticospinal
tract, and corpus callosum were negatively correlated with the
total CFQ-11 score. The tract-average ADt measurements in
the corona radiata, corticospinal tract, and superior longitudinal
right fasciculus were negatively correlated with the total CFQ-11
score (Figure 5; Supplementary Figure 2).

In the COV+ group, tract-average FD values were
negatively associated with physical fatigue in the corona radiata,
corticospinal tract, corpus callosum, and the middle cerebellar
peduncle. The mental fatigue and FD values were not correlated
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(Supplementary Figure 2). The CFQ-11 scores (total, physical,
and mental) and d-MRI metrics were not correlated in the
COV- group.

Free water imaging relationship with cognitive
performance

In an exploratory manner, we performed partial correlations
to investigate the association between d-MRI measures and
CANTARB results. Tract-average FW values in the right fornix
were associated with visual memory measures - PALTEA
(Total errors adjusted, r = 0.53, p = 0.022) and PALFAMS
(First attempt memory score, r = —0.53, p = 0.022) in the
COV+ group (Supplementary Figure 3). An association of right
fornix microstructural measures with visual memory was also
identified for MDt, RDt, and ADt (Supplementary Figures 4-8).

In the COV+ group, tract-average FW, FAt, and RDt values
correlated with processing speed (single-choice reaction and
movement time - RTISMDRT and RTISMDMT, and five-choice
reaction time, RTIFMDRT). Tract-average d-MRI measures
of the arcuate fasciculus, corpus callosum, cingulum, inferior
longitudinal fasciculus, superior longitudinal fasciculus, and
fornix were associated with these processing speed measures
(Supplementary Figures 4-8). WM measures and MoCA were
not associated.

MoCA, CANTAB subtests, and d-MRI metrics did not
correlate in the COV- group.

Discussion

Our study showed that patients with COVID-19 had
microstructural changes in the WM at a mean follow-up of 3
months. Compared to the control group, the COV+ subjects
had decreased fiber density in the association, projection,
and commissural WM tracts but no significant change in
GM (cortical thickness or subcortical and limbic volumes).
In the COV+ group, brain microstructural changes correlated
with fatigue severity, performance in reaction time, and visual
memory tests. Thus, the study provides evidence for possible
brain substrates underlying symptoms caused by SARS-CoV-
2 during medium-to long-term recovery in a predominantly
non-hospitalized sample.

While DTI is the most frequently used d-MRI model
for assessing WM integrity, it cannot resolve complex fiber
geometries within the brain, which affects the quantification
of related tissues. AFD, on the other hand, is a proxy for
axonal degeneration because it reflects the apparent number
of axons and is robust to crossing fibers (20). The FD for the
fiber population within a single voxel was calculated using a
fixel-based approach (41). We identified WM microstructural
changes in the COV+ group: a reduction in FD in several
bundles, such as the arcuate fasciculus, cingulum, fornix, inferior
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AFD total / Control > COVID-19

FIGURE 3
TBSS analysis. AFDtotal voxel-wise analysis compares patients with COV+ and COV- groups. Areas where AFDtotal values in the COV+ group
are significantly lower than in COV- within WM skeleton (green) are reported on a blue scale (p-values ranging from 0.05 to <0.01).
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FIGURE 4

Results of the between-group comparisons on tractometry analysis (association, projection, and commissural tracts): COV- (red line) and COV+
(green line) groups. Only results with a p < 0.05 and a t-value greater than the significance threshold are reported. The dashed red line indicates
whether the FD values of the COV+ group were significantly lower than those of the COV- group. The figures illustrate the tracts in blue and the
regions with significance in red. AF, arcuate fasciculus; CC, corpus callosum; CG, cingulum; CR, corona radiata; CST, corticospinal tract; SLF,
superior longitudinal fasciculus; L, left; R, right; FD, fiber-specific apparent fiber density.
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FIGURE 5

Associations between diffusion measures and total CFQ-11 score. (A—C) Associations between FD and total CFQ-11 in left corona radiata and
right corticospinal tract. (B—D) Partial correlations between diffusion measures (average diffusion measure in the bundle) and total CFQ-11
score controlling for age, sex, and education were performed in the COV+ group. Partial correlation coefficient for each diffusion measure in
the right and left bundles is reported as bar graphs (*p < 0.05; **p < 0.01, ***p < 0.001), with adjustment for multiple comparisons (FDR).
CFQ-11, Chalder fatigue scale; ADt, tissue axial diffusivity; FD, fiber-specific apparent fiber density; FAt, tissue fractional anisotropy; MDt, tissue
mean diffusivity; RDt, tissue radial diffusivity; FW, free-water index; FDR, false discovery rate.

fronto-occipital fasciculus, inferior longitudinal fasciculus,
superior longitudinal fasciculus, uncinate fasciculus, corona
radiata, corticospinal tract, and corpus callosum, in comparison
to the COV- group. Reduced FD suggests that intra-axonal
volume reduction of specific fiber populations (e.g., axonal loss)
might be a contributing factor to the pathological substrate for
post-COVID symptoms and deserves further exploration. One
caveat is that our MRI protocol is in the clinical range (single-
shell, with low b-values of 800 m/s2). Thus, the interpretation of
these findings must be cautious because the correlation between
axon volumes and FD might not be as straightforward as if the
MRI had a multi-shell DTI acquisition and high b-values (e.g.,
3,000 m/s?).

There are limited publications on post-COVID brain
microstructural changes. In studies performing DTI, increased
FA was found in corona radiata, external capsule, and superior
fronto-occipital fasciculus 3 months after SARS-CoV-2 infection
in hospitalized patients (42), and decreased volume, length, and
FA were found in association, projection, commissural, and
limbic bundles in patients with mild-to-severe symptoms after
COVID-19 pneumonia convalescence (12). Our study identified
relevant changes in FD but did not replicate some of these
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previously described DTI abnormalities. The profile of non-
hospitalized patients with mild to moderate conditions in our
study may explain the differences between the results of the
DTI measurements with those of previous studies. However,
FW-corrected DTI measurements are more sensitive to detect
changes in some tracts (arcuate and superior longitudinal
fascicles). In a recent study, multicompartment diffusion
microstructure imaging in inpatients with subacute COVID-19
with neurological symptoms revealed widespread volume shifts
compatible with vasogenic edema, affecting various white matter
tracts (43). Redistribution with decreasing intra-axonal and
extra-axonal volumes and increasing free water/CSF fraction
was observed at a mean follow-up of 30 days (43). In our study,
we observed a reduction in white matter FD, without an increase
in FW (edema). Our study’s average recruitment time of 3
months may affect the evaluation of FW. In addition, in a sample
of primarily hospitalized patients, reduced axonal densities have
been detected in patients after recovery from COVID-19, 1 year
after infection (44). To our knowledge, there is no serial d-MRI
study following up on a non-hospitalized sample of patients with
milder COVID-19 forms. Such a study is essential to validate and
assess the persistence of WM changes in post-COVID.

frontiersin.org

74



Bispo et al.

Fatigue is well-documented in the post-COVID condition,
even in non-hospitalized cases (45). In our study, the COV+
group had higher fatigue intensity than the control group.
There was a negative correlation between fatigue intensity
and axonal integrity measures (FD, FAt, and ADt) in the
projection bundles, cerebellar tracts, and corpus callosum.
These correlations were stronger in the corticospinal tract
and corona radiata, especially for total and physical fatigue.
These results are comparable to patients with chronic fatigue
syndrome (CFS). Patients with CFS have WM microstructural
changes in the ascending and descending tracts of the
brainstem and the superior longitudinal fasciculus (46). The
studies on CFS point to a reduced WM volume (47-49),
impairments in myelination (49), reduced conduction (46),
and abnormal functional connectivity linking the brainstem
and other brain regions (50, 51). The prolonged motor
conduction velocity (indicative of motor disturbances) may be
attributed to insufficient myelination of tracts from the motor
cortex in CFS (52). A hypothetical fatigue mechanism may
involve abnormal motor system function and also dopaminergic
dysfunction in the basal ganglia (53-55). Patients with fatigue
and cognitive difficulties following mild COVID-19 have altered
excitability and neurotransmission within the motor cortex
and deficits in executive functions and attention (56). In
addition, fatigue induced by multiple sclerosis (MS) associated
with MD values (without correlation with FA) across several
WM tracts bilaterally (corona radiata, corticospinal tracts,
and cerebellar peduncles), suggesting that MS inflammatory
component could produce symptoms of fatigue by inducing
functional alterations in the brain networks (57). Taken
together, these data give insights into the mechanisms of
post-infectious fatigue, which remains a poorly understood
topic (10).

A study including >80,000 participants (>12,000 patients
with suspected COVID-19) identified a small but significant
impairment in the global cognitive composite score for those
infected with COVID-19 (8). Negative effects on cognitive
performance were more substantial for those with respiratory
difficulties, hospitalized, and placed on a ventilator. Our study
found no difference in the MoCA global score and CANTAB
cognitive performance between the COV+ and COV- groups.
A milder COVID severity might explain this lack of effect on
sensitive electronic cognitive tests in our cohort. An alternative
explanation for the negative result is decreased statistical power
due to the modest sample size.

The FW index, an indirect marker of neuroinflammation,
has previously been investigated in the context of
neurodegenerative conditions (58), mental disorders (59),
and infectious diseases (60). In the COVID-19 group, the
FW increase (in several WM tracts) was associated with
attention/psychomotor speed and visual memory impairment.
In a recent study, the magnitude of FW increase was tightly
associated with cognitive impairment, expressed by low MoCA
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performance, in patients with neurological symptoms (43).
We speculate that neuroinflammation contributes to the
pathophysiology of post-COVID cognitive symptoms. Giving
support for that hypothesis, higher systemic inflammatory
markers levels during acute COVID-19 have correlated with
brain microstructural changes (61). Neurons, oligodendrocytes,
and other glial cells may have impaired physiological functions
during SARS-CoV-2 inflammatory insult, leading to a
disturbance of brain homeostasis (62). Microglial dysfunction,
disorders of neuronal plasticity, synaptic function, myelination,
and the blood-brain barrier maintenance could have a role in
impairing cognitive function, bringing short-and long-term
neuropsychiatric consequences (63).

The present study had some limitations. This was a cross-
sectional study using non-probabilistic sampling, thus limiting
the generalizability of the results. The patients were evaluated
only once during the post-acute phase. The subjects were
not serially evaluated at two distinct time points, a caveat
that precludes inferences about the temporal dynamics of
WM abnormalities. The diffusion parameters chosen (e.g.,
low b-values) may limit the analysis of CSD metrics but,
on the other hand, may better reflect the context of a
clinical protocol.

In summary, WM microstructure changes were detected
by d-MRI in patients in the COVID-19 post-acute phase,
providing new insights into the neurological damage directly
or indirectly caused by SARS-CoV-2 infection. Further
follow-up of these patients throughout the recovery process
will contribute to understanding the pathophysiology of
neurological damage and the possible sequelae generated
by COVID-19.
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Supplementary Material

1 Supplementary Figures and Tables

1.1 Supplementary Tables

Supplementary Table 1. Key cognitive outcome measures

Cognitive measure name Abbreviation Brief description
Spatial working memory, between-errors total SWMBE The number of times a subject incorrectly revisits a box in which a token
had already been found.
Spatial working memory, strategy SWMS The number of times a subject starts a new search pattern from the same

box they started with earlier.

One-Touch Stockings of Cambridge, Problems OTSPSFC
solved on the first choice

The total number of assessed trials where the subject chose the correct
answer on their first attempt.

One-Touch Stockings of Cambridge, The OTSMDLFC  Average latency, measured from the appearance of the stocking balls to the
average latency for the first choice first box choice, was taken by the subject.

One-Touch Stockings of Cambridge, Average OTSMCC The average number of box selections that the subject took before choosing
of choices to correct the correct box.

One-Touch Stockings of Cambridge, Average OTSMLC Average latency, measured from the appearance of the stocking balls to the
latency to correct choice of the correct box, was taken by the subject.

Paired Associates Learning, Adjusted total PALTEA The number of times the subject chose the wrong box for a stimulus in

€rrors

assessment problems plus an adjustment to the estimated number of errors
they would have made in any problems, trials, and recalls.

Paired Associates Learning, Memory score on PALFAMS
the first attempt

The number of times the subject chooses the correct box on the first attempt
to remember its location.

Paired Associates Learning, Mean errors to PALMETS
success

The average number of attempts to complete a test stage

Pattern Recognition Memory, the percentage of PRMPCI
correct answers, immediate

Number of patterns correctly selected by the subject in the immediate
"forced-choice" condition, expressed as a percentage

Pattern Recognition Memory, the percentage of PRMPCD
correct answers, delayed

The number of patterns correctly selected by the subject in the delayed
"forced-choice" condition expressed as a percentage.

Verbal Recognition Memory, Immediate verbal VRMIRTC
recognition, total correct answers

Total target words correctly recognized in the immediate recognition phase,
plus the total number of distracting words that the subject correctly rejects.

Verbal Recognition Memory, Delayed verbal VRMDRTC  The total number of target words correctly recognized in the delayed

recognition, total correct answers recognition phase, plus the total number of distracting words that the subject
correctly rejects.

Verbal Recognition Memory, Free verbal VRMFRDS  Total number of different stimuli that are correctly remembered by the

recall, different stimuli subject in the phase of free word list recall

Single-choice median reaction time RTISMDRT  Median time taken to release the button after presenting a target stimulus.
Measured in milliseconds

Single-choice median movement time RTISMDMT  Median time taken to release the button and select the target stimulus after it
flashes yellow on the screen. It is measured in milliseconds.

Five-choice median reaction time RTIFMDRT  Median time taken to release the button after the target stimulus flashes
yellow on the screen. Measured in milliseconds

Five-choice median movement time RTIFMDMT  Median time taken to release the button and select the target stimulus after it

flashes yellow on the screen. It is measured in milliseconds.
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Supplementary Table 2. TBSS results significantly reduced AFDtotal in the COV+ group compared
to the COV- group. The anatomical locations were determined by referring to the JHU white-matter
tractography atlas. The value after each region indicates the percentage probability of the cluster

belonging to the given atlas label.

Cluster ‘White matter tract p-value Voxels MNI (x y z) (mm)

corrected p-value < 0.05

AFDtotal / COV-> COV+

Anterior thalamic radiation L:0.3928
Corticospinal tract L:4.5856

Cingulum (cingulate gyrus) L:0.0829

Inferior fronto-occipital fasciculus L:0.0108
Inferior longitudinal fasciculus L:0.0775 0z LS =59 I o
Superior longitudinal fasciculus L:12.4739
Superior longitudinal fasciculus (temporal part)
L:4.3892

Abbreviations: TBSS, tract-based spatial statistics; MNI, Montreal Neurological Institute; L, an abbreviation for the left hemisphere, R, abbreviation for
the right hemisphere; AFDtotal, voxel-wise apparent fiber density.
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Supplementary Table 3. Comparison of tract-average FW, FAt, and FD measures between control
and COVID-19 groups, adjusting for multiple comparisons (FDR). Age and sex were included as
covariates.

FW FAt FD
Tract N statistic p-value adjp statistic p-value adjp statistic p-value adj p
Association Tracts
AF (L) 83 13404  0.1840 ns -1.4041  0.1642 ns -2.7668  0.0070  0.0176
AF (R) 83  0.0777 0.9382 ns -1.4549  0.1497 ns -1.1706  0.2453 ns
CG (L) 83 04322  0.6668 ns -1.1128  0.2692 ns -2.0862  0.0402 ns
CG (R) 83  0.6208  0.5365 ns  -0.4699  0.6397 ns -1.2945  0.1993 ns
FX (L) 83 -1.2586 0.2119 ns 02182  0.8279 ns  0.0838  0.9334 ns
FX (R) 83 -1.0000  0.2883 ns -0.3594  0.7203 ns -0.8627  0.3909 ns
IFOF (L) 83 02981  0.7664 ns -0.5843  0.5607 ns -1.1916  0.2370 ns
IFOF (R) 83 -1.0898  0.2791 ns -0.5276  0.5992 ns -0.8180  0.4158 ns
ILF (L) 83 0.4894  0.6259 ns -0.3538  0.7245 ns -0.8028  0.4245 ns
ILF (R) 83 -1.2750  0.2060 ns -0.3735  0.7098 ns  0.7067  0.4818 ns
SLF1 (L) 82 0.7935  0.4299 ns -0.2917  0.7713 ns -1.1157  0.2680 ns
SLF1 (R) 82 0.1050 0.9167 ns -0.0680  0.9460 ns -1.0808  0.2831 ns
SLF2 (L) 83 0.7492  0.4560 ns -1.9440  0.0555 ns -4.1441  0.0001  0.0003
SLF2 (R) 83 03672 0.7145 ns -0.5532  0.5817 ns -0.9890  0.3257 ns
SLF3 (L) 83 1.3674 0.1754 ns -1.2180  0.2268 ns -2.4932  0.0147  0.0338
SLF3 (R) 83  0.0050  0.9960 ns -0.6692  0.5053 ns -1.1172  0.2673 ns
UF (L) 83 1.1968  0.2350 ns -0.8132  0.4185 ns -0.9967  0.3219 ns
UF (R) 83 0.8023  0.4248 ns  -0.6405  0.5237 ns  -2.0819  0.0406 ns
Projection Tracts
CR (L) 83  1.0810  0.2830 ns -1.7953  0.0764 ns -1.7566  0.0829 ns
CR (R) 83  0.6288  0.5313 ns -0.9705  0.3348 ns -0.9170  0.3619 ns
CST (L) 83  0.6414  0.5231 ns -1.7264  0.0882 ns -1.7133  0.0906 ns
CST (R) 83  1.1909  0.2373 ns -0.6567  0.5133 ns -0.7963  0.4282 ns
OR (L) 83  0.4395  0.6615 ns -1.1504  0.2534 ns -1.5422  0.1270 ns
OR (R) 83 -1.4913  0.1399 ns  -1.1942  0.2360 ns  -0.2631  0.7932 ns
Corpus Call
Rostrum 83 -0.0750  0.9404 ns -0.7661  0.4459 ns -1.2245  0.2244 ns
Genu (A) 83  0.0628  0.9501 ns -0.4008  0.6896 ns -0.6928  0.4905 ns
Genu (P) 83 02716  0.7867 ns -0.3049  0.7613 ns -0.5060  0.6143 ns
Rostral Body 83  0.4940  0.6226 ns -0.3849  0.7014 ns -1.0515  0.2962 ns
Mid-Body (A) 83  0.8628  0.3909 ns -0.8193  0.4151 ns -1.3758  0.1728 ns
Mid-Body (P) 83  1.7139  0.0905 ns -1.1160  0.2678 ns -1.8233  0.0720 ns
Isthmus 83  0.6921  0.4909 ns -0.1809  0.8569 ns -0.9417  0.3492 ns
Splenium 83 0.8067  0.4223 ns  -2.0815  0.0406 ns -1.8938  0.0619 ns
Cerebellar Tracts
MCP 83 -0.5661  0.5729 ns -1.6840  0.0961 ns  0.7375  0.4630 ns
SCP (L) 83 -0.3679  0.7139 ns -0.7190  0.4742 ns  0.0006  0.9995 ns
SCP (R) 83 0.1060  0.9158 ns  0.2269  0.8211 ns  0.6936  0.4900 ns

Abbreviations: AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF,
superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation; SCP, superior cerebellar
peduncle; MCP, middle cerebellar peduncle; A, anterior; P, posterior; L, left; R, right; FW, free-water; FAt, tissue fractional anisotropy; FD, fiber-specific
apparent fiber density; ns, not significant; adj, adjusted. Significant p values at a threshold of p < 0.05 are indicated in bold font.



Supplementary Table 4. Comparison of tract-average MDt, RDt, and ADt measures between control
and COVID-19 groups, adjusting for multiple comparisons (FDR). Age and sex were included as
covariates.

MDt RDt ADt
Tract N statistic  p-value adjp statistic ~ p-value adjp statistic ~ p-value adj p
Association Tracts
AF (L) 83  2.1929  0.0313 ns  2.0792  0.0408 ns  1.5321  0.1295 ns
AF (R) 83 -0.8679  0.3881 ns  0.2660  0.7909 ns -2.6631  0.0094  0.0285
CG (L) 83  1.3288  0.1878 ns 14035 0.1644 ns 0.2878  0.7742 ns
CG (R) 83  0.0564  0.9552 ns  0.2337  0.8158 ns -0.2846  0.7767 ns
FX (L) 83 -1.8241  0.0719 ns -1.6269  0.1077 ns -1.8417  0.0693 ns
FX (R) 83 -0.7085  0.4807 ns -0.7633  0.4475 ns -0.6263  0.5329 ns
IFOF (L) 83  0.6257  0.5333 ns  0.7522  0.4541 ns -0.1598  0.8734 ns
IFOF (R) 83 -1.1838  0.2401 ns -0.2003  0.8418 ns -1.9240  0.0580 ns
ILF (L) 83  0.6882  0.4934 ns 04707  0.6391 ns  0.5611  0.5763 ns
ILF (R) 83 -1.1994  0.2340 ns -0.5102 0.6113 ns -1.4912  0.1399 ns
SLF1 (L) 82 1.6094 0.1116 ns  1.0080  0.3166 ns 1.8319  0.0708 ns
SLF1 (R) 82 -0.1877 0.8516 ns -0.2141  0.8310 ns -0.0399  0.9683 ns
SLF2 (L) 83  2.0859  0.0402 ns 23632  0.0206  0.0430  0.8378  0.4047 ns
SLF2 (R) 83 -0.6642  0.5085 ns -0.0191  0.9848 ns -1.4407  0.1536 ns
SLF3 (L) 83 2.1166  0.0374 ns 19132  0.0593 ns  1.6985  0.0933 ns
SLF3 (R) 83 -0.8427  0.4019 ns -0.0810  0.9357 ns -19718  0.0521 ns
UF (L) 83  1.1821  0.2407 ns  1.1402  0.2577 ns  0.4096  0.6832 ns
UF (R) 83 0.0332  0.9736 ns  0.5227  0.6027 ns  -0.8499  0.3979 ns
Projection Tracts
LCR 83  1.4985  0.1380 ns 19211  0.0583 ns  0.0287  0.9772 ns
R CR 83 -0.5312  0.5968 ns 03399  0.7348 ns -1.3631  0.1767 ns
L CST 83 1.0825 0.2823 ns  1.6493  0.1031 ns -0.1215  0.9036 ns
R CST 83 -0.3254  0.7458 ns  0.2484  0.8045 ns -0.8342  0.4067 ns
L OR 83  1.0443  0.2996 ns 1.1044  0.2728 ns  0.3050 0.7612 ns
R OR 83 -0.8172  0.4163 ns  0.1995  0.8424 ns  -1.9637  0.0531 ns
Corpus Call
Rostrum 83 -0.0924  0.9266 ns  0.5232  0.6023 ns -0.9860  0.3271 ns
Genu (A) 83 -0.0339  0.9730 ns 04381  0.6625 ns -0.6113  0.5428 ns
Genu (P) 83 04856  0.6286 ns  0.6013  0.5494 ns -0.0025  0.9980 ns
Rostral Body 83 04179  0.6771 ns  0.5382  0.5920 ns -0.0482  0.9617 ns
Mid-body (A) 83  0.4803  0.6323 ns  0.7926  0.4304 ns -0.2377  0.8128 ns
Mid-body (P) 83 14107  0.1623 ns 14722  0.1449 ns  0.5678  0.5717 ns
Isthmus 83  1.2853  0.2024 ns  0.6038  0.5477 ns 13354  0.1856 ns
Splenium 83 1.0173  0.3121 ns  1.8827  0.0634 ns _ -0.6168  0.5391 ns
Cerebellar Tracts
MCP 83  0.1954  0.8456 ns 1.1784  0.2422 ns -1.0125 03144 ns
L SCP 83 -0.1880 0.8514 ns  0.7507  0.4551 ns -0.6707  0.5043 ns
R SCP 83 -0.1208  0.9041 ns _ -0.0771  0.9387 ns _ -0.0611 0.9514 ns

Abbreviations: AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF,
superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation; SCP, superior cerebellar
peduncle; MCP, middle cerebellar peduncle; A, anterior; P, posterior; L, left; R, right; MDt, tissue mean diffusivity; RDt, tissue radial diffusivity; ADt,
tissue axial diffusivity; ns, not significant; adj, adjusted. Significant p values at a threshold of p < 0.05 are indicated in bold font.



Supplementary Table 5. Tract profiles showing significant between-group differences. The t- and p-
values, and the corrected significance threshold computed from permutations (threshold) are shown.
The difference is significant when the p-value is lower than 0.05, and the t-value in absolute value is
greater than the significance threshold. It is a significant increase in control group versus COVID-19
when the t-value is positive, and a significant decrease when it is negative.

[The table is in a separate file]
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1.2 Supplementary Figures
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Supplementary Figure 1. Results of the between-group comparisons on tractometry analysis
(association tracts): control (red line) and COVID-19 (green line) groups. Only results with a p<0.05
and a t-value greater than the significance threshold are reported. The dashed red line indicates whether
the FD values of the COVID-19 group were significantly lower than those of the control group.

Abbreviations: FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; FD,
fiber-specific apparent fiber density. The figures illustrate the tracts in blue and the regions with significance in red.
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Supplementary Figure 2. Heat map showing the partial correlation amongst diffusion measures and
CFQ-11 (total, physical, and mental) in the COV+ group, controlling for covariates, with adjustment
for multiple comparisons (FDR). Results with statistical significance are highlighted (* < 0.05, ** <
0:01, ==* <0,001).

Abbreviations: CFQ-11, Chalder Fatigue Scale; ADt, tissue axial diffusivity; FD, fiber-specific apparent fiber density; FAt, tissue fractional anisotropy;
MDt, tissue mean diffusivity; RDt, tissue radial diffusivity; FW, free-water index; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal
occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST,
corticospinal tract; OR, optic radiation; SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.

84



35 ~ @ R e v b e A v & & & 3 & 85 L e vk",f;’:?"f";;ve\,t
g8y s s & s & ¢ &Y ¢ 8858y sy

&
MoCA |-0.26/-0.05(0.17 | 0.03 [-0.01/-0.06| -0.1 |-0.06/-0.04/-0.14/-0.17|-0.11| -0.2 | 0.04 |-0.26 0.02 |-0.21/-0.13|-0.23/-0.09|-0.06|-0.18|-0.11| 0.01 |-0.08|-0.16/-0.12-0.28/-0.08|-0.33/-0.13/|-0.24/-0.23|-0.07|-0.12]

SWMeE | 0,16 |-0.01/0.08 {0.12(0.05 |-0.03/0.01|0.11|0.06 | 0.02| 0.01|0.03|0.29(0.17 {0.33| 0.2 |0.17| 0.1 |0.13|0.04|0.25|0.04 |-0.02| 0.1 |-0.03|-0.08(-0.03|0.04 |-0.02|0.22|0.03 | 0.29| 0.1 |-0.09|0.02
08

swvs | 0.1 |0.07|0.24|0.27|0.15|0.03|0.05|0.17 | 0.14 | 0.16 | 0.01 | 0.08 |0.38 | 0.35 0.38/0.21/0.24|0.14|0.19/0.26|0.11/|0.16| 0 |-0.05/-0.09|0.04|-0.02(0.02(0.15/0.05|0.39| 0.2 |0.02|0.05

OTSPSFC 1.0.12/-0.05| -0.1 |-0.16/-0.18/-0.11|-0.12|-0.23|-0.14(-0.07|-0.03|-0.07|-0.18/-0.09| -0.2 |-0.13/-0.17|-0.14|-0.14/-0.12-0.18/-0.16(-0.06| -0.1 |-0.15/ 0.05 |-0.06|-0.06 0.03 |-0.15|-0.06| -0.3 |-0.15|-0.04/-0.08 -

OTSMOLFC |0.06 | 0.03|-0.04|0.04 | 0.08|0.19|0.26(0.13(0.19(0.15|0.09 | 0.190.14|0.06 | 0.12| 0.1 |0.05(0.04(0.09| 0 (0.12| 0 | 0 |0.23/0.11|0.07|0.12|0.01|-0.03(0.05(0.07 (0.17 |0.19 |-0.05/-0.09)

oTsmcC |0.160.070.06|0.17|0.21/0.13|0.15(0.24(0.15(0.06 | 0.1 |0.11| 0.2 |0.07|0.23| 0.1 |0.17|0.16(0.16(0.12| 0.2 |0.180.08 0.05|0.15|-0.01/0.09 | 0.12{0.02(0.17 | 0.1 |0.29|0.16|0.13|0.16

04
OTSMLC | -0.1 [-0.09/0.01|0.05|-0.04/0.01|0.14/0.12| 0 |-0.08/-0.06| 0.1 |0.13)|0.12|0.18|0.14|-0.04/-0.05|-0.04|-0.11/0.19 |-0.07(-0.06| 0.2 | 0.01| 0 |-0.07|-0.14/-0.22|-0.09|-0.09| 0.1 (0.16| 0 |-0.01
PALTEA |0.07 |-0.02/0.12{0.16|0.09 | 0.05|0.08 (0.09(0.06 (0.06| 0 |0.02|0.16|0.09|0.15|0.11|0.18(0.12(0.17|0.08 |0.02|0.19|0.09 |-0.04/0.08 | 0.01|0.01|0.13|0.05| 0.1 (0.07 |0.22|0.01 |0.35 02
PALFAMS 1-0.06|-0.04|-0.27|-0.26-0.1 -0.12|-0.13/-0.04/-0.06| 0.02 |-0.08|-0.21|-0.13|-0.16|-0.12| -0.2 |-0.16/|-0.15/-0.14/-0.02/-0.16|-0.11| 0.01 |-0.13| 0.02 |-0.02|-0.13|-0.08| -0.1 |-0.15/-0.29) -0.1 |-0.29
PALMETS |.0.07| 0.1 |0.18|0.15(0.15| 0.2 {0.290.13| 0.1 |0.04-0.02/0.16|0.13|0.01|0.12|-0.03|0.02 |-0.03|-0.03|-0.03|-0.03|-0.14/-0.08|-0.02| 0.01 | 0.01 | 0.02 | 0.05 | 0.01 | 0.01 | 0.1 |0.23|0.07| 0.1 |0.35 r o
PRMPCI |.0.15/-0.06(0.04 (-0.09| -0.1 |-0.13/-0.19/-0.23|-0.15|-0.05/-0.13|-0.13| 0.01 | 0.06 |-0.09/ 0.05 |-0.02|-0.09| 0 |-0.04/-0.11|0.01-0.03|0.07 |0.02 |-0.04(-0.08| -0.1 |-0.07|-0.12/-0.07|0.01 | 0.05 |-0.03|-0.07}
PRMPCD |.0.15|-0.07|-0.06(-0.04(0.01 |-0.04/-0.14| -0.2 |-0.17|-0.05/-0.07|-0.05|-0.16(-0.02|-0.14/ -0.1 |-0.05| -0.1 |-0.01/-0.07| 0.01 0.05|-0.01/0.23 | 0.18 | 0.01 [-0.11/-0.11/-0.09/-0.15/-0.16/-0.19|-0.06|-0.04|-0.05| 02
VRMIRTC |.0,07|-0.02(0.02 |-0.02/0.05|0.11|0.02|0.04|0.13| 0.07 | 0.02 |-0.07(0.19 | 0.25| 0.08 | 0.2 | 0.05|0.09 | 0.06 |-0.02|-0.05| 0.07 -0.03(0.15 | 0.13 |-0.07|-0.09|-0.05/-0.11| -0.1 |-0.01|0.02 | 0.15 |-0.14/-0.29
VRMORTC |.0.18| -0.1 |-0.06(0.01(0.03 (0.11|0.08 | 0.03 | 0.08 | 0.03 |-0.18|-0.04| 0.06 | 0.22 | 0.12 | 0.16 |-0.15/-0.05/-0.12/-0.09|-0.14/-0.13|-0.02| 0.03 |-0.03|-0.25|-0.12/-0.12/-0.08|-0.26/-0.07|-0.15 -0.1 |-0.05|-0.13| i, =

VRMFRDS |.0.11/-0.12/-0.07|-0.09|-0.05|0.05|0.01 {0.07( 0 |-0.15/-0.12/-0.09| -0.1 |0.01|-0.08|-0.02|-0.12(-0.05(-0.08|-0.11/0.08 |-0.07| -0.1 |-0.09/-0.06|-0.14|-0.16|-0.17|-0.09-0.15|-0.13|-0.28/-0.23-0.02/-0.17|

]
RTISMORT |0.27 |0.37 | 0.18 | 0.29 04|04 (032)04 @ 0.39/0.37|0.280.290.28 | 0.24 | 0.22(0.36 | 0.26 | 0.4 0.34 0.04/0.15| 0.3 0.32 0.34. m 0.17| 0.1 |0.18| 0.2

RTISMOMT |0.14|0.28|0.07 | 0.2 | 0.2 |0.16(0.15|0.22|0.21|0.27|0.11/0.11|0.11|0.16|0.13|0.15|0.11 (0.17 (0.3 | 0.29| 0.17 | 0.19 | 0.34|-0.04/0.01 | 0.13 | 0.35 | 0.14 ﬁ 0.13/0.28/0.01/0.04|0.04|0.11

RTIFMORT |0.27 |0.350.29 |0.35 0.29 0.370.410.28 | 0.26 | 0.26|0.19 | 0.22 (0.28 | 0.23 | 0.32| 0.31 | 0.26 | 0.37| 0.17 | 0.23 | 0.23 03 0.3 /0.38/0.210.07 (0.15|0.17

RTIFMOMT |0.11 (0.23 |-0.02(0.07 | 0.1 |0.07| 0.1 |0.08|0.13|0.18 |0.08 |0.06 |0.02 | 0.06 |0.06|0.02|0.03|0.12|0.05|0.21|0.19 | 0.09 |0.29 | 0.02 | 0.05 | 0.14|0.29 | 0.02| 0.3 |0.12|0.23 |-0.05|0.03 -0.15|-0.07

Supplementary Figure 3. Heat map showing the partial correlation amongst FW and cognitive
measures (MoCA and CANTAB outcomes) in the COV+ group, controlling for covariates, with
adjustment for multiple comparisons (FDR). Results with statistical significance are highlighted (* <
0.05).

Abbreviations: FW, free-water index; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior
longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation;
SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.
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Supplementary Figure 4. Heat map showing the partial correlation amongst FAt and cognitive
measures (MoCA and CANTAB outcomes) in the COV+ group, controlling for covariates, with
adjustment for multiple comparisons (FDR). Results with statistical significance are highlighted (* <
0.05).

Abbreviations: FAt, tissue fractional anisotropy; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior
longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation;
SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.
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Supplementary Figure 5. Heat map showing the partial correlation amongst MDt and cognitive
measures (MoCA and CANTAB outcomes) in the COV+ group, controlling for covariates, with
adjustment for multiple comparisons (FDR). Results with statistical significance are highlighted (* <
0.05).

Abbreviations: MDt, tissue mean diffusivity; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior
longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation;
SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.
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Supplementary Figure 6. Heat map showing the partial correlation amongst RDt and cognitive
measures (MoCA and CANTAB outcomes) in the COV+ group, controlling for covariates, with
adjustment for multiple comparisons (FDR). Results with statistical significance are highlighted (* <
0.05).

Abbreviations: RDt, tissue radial diffusivity; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior
longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation;
SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.
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OTSPSFC 10,12 (0.22|0.24-0.01/-0.03/0.07 | 0.06 | 0.06 | 0.09(0.06 | 0.2 (0.14| 0 |0.15/-0.11/0.05|0.12| 0.2 |0.22|0.26|-0.01/0.21 {0.27 | 0.06 |-0.01/0.12|0.14|0.02|0.25 | 0.06 | 0.11 |-0.05| 0.03 |-0.09/-0.11 -

OTSMOLFC |0.07 | 0.05|-0.05|0.12|0.22|0.12|0.13(0.08 | 0.23 | 0.26 |-0.27|-0.03/-0.04/|0.01|-0.01/-0.07| 0 |-0.08(0.12|0.07 |0.17 |-0.08/-0.04/0.14|0.13|0.13| 0.1 {0.08|0.15(0.04 |0.16 |-0.01(0.19 |-0.07|-0.09

oTsmCeC |.0.09/-0.19/-0.26 0.02 | 0.06 |-0.04|-0.02(-0.05( -0.1 [-0.12| 0 |-0.08|0.08 |-0.06| 0.2 |0.02|-0.12|-0.13|-0.24/-0.26/ 0.03 |-0.18/-0.22|-0.15/-0.02|-0.12|-0.16| 0.06 |-0.16|-0.01(0.01 |-0.02|-0.07|0.19| 0.18

04
oTsMLC 1.0.16(-0.15| 0.06 | 0.12 | 0.07 |-0.09| -0.1 |-0.24/-0.15(-0.01|-0.38] -0.2 |-0.18/-0.11(-0.19/-0.15/-0.22/-0.24/-0.08|-0.04| 0.17 |-0.19/-0.04(-0.01|-0.08|-0.11/-0.09-0.12|-0.01| -0.1 |-0.04|-0.14( 0.07 |-0.17| -0.1
PALTEA | 0.04 |-0.23/-0.15|0.16 |-0.01|-0.08| 0.05 [ 0.04 (0.13(0.01 | 0.1 |-0.14/0.260.01|0.23 | 0.15|-0.03|-0.09(-0.06|-0.21/-0.03 -0.1 |-0.14/-0.09|0.07 | 0.01 |-0.09| 0.16 |-0.15(0.08 [-0.13| 0.1 | © o2
PALFAMS |0.020.17 | 0.1 |-0.19|0.04|0.12/-0.01| 0 |-0.05/0.01-0.05/0.07 |-0.17|0.03 |-0.14/-0.12(0.07 | 0.06 | 0.08 | 0.18 | 0.07 | 0.13|0.17 | 0.04 | -0.1 {0.03|0.13|-0.09|0.15 |-0.03| 0.09 |-0.17|-0.05-0.36}
PALMETS |0,01|-0.14|-0.04/0.13 | 0.02 |-0.13|0.08 |-0.07|0.04| 0 |-0.03/0.04|-0.1 |-0.24 -0.1 |-0.17(-0.11|-0.09/-0.09/-0.09|-0.03|-0.31/-0.15|-0.14/-0.01|-0.02|-0.11/{0.09{0.01 | 0.04| 0 |0.09|0.14/0.18|0.35 r o
PRMPCI |.0.07/0.19 (0.15 |-0.06( 0.04 | 0.05|-0.03/-0.02|-0.15| 0.13 |-0.04|-0.04|-0.02( 0.07 -0.11/0.02 | 0.13 | 0.07 | 0.22| 0.1 |0.02|0.290.07 |0.17 | 0.07 |-0.13|-0.06|-0.18/0.15| -0.1 | 0.06 | 0.1 |0.11|-0.11|-0.12]
PRMPCO |.0,15/-0.12| 0 (-0.19|-0.05/-0.02-0.22| -0.2 |-0.34|-0.11/-0.02-0.09|-0.29/-0.23| -0.3 |-0.28 0.14 -0.15/0.22| 0.01 | 0.16 | 0.23 |-0.06| 0.25 | 0.16 |-0.15|-0.22|-0.23|-0.22|-0.16|-0.29|-0.01/-0.08|-0.06-0.13| 02
VRMIRTC |.0.16/-0.13|-0.02/-0.18| -0.1 |-0.14/-0.17|-0.07|-0.11| 0.11 |-0.12|-0.03|-0.15/ 0.13 |-0.14| 0.02 |-0.08|-0.05| 0.01 | 0.07 |-0.11| 0.01 | 0.08 | 0.04 |-0.07|-0.26|-0.01/-0.26|-0.07|-0.26|-0.12| -0.3 |-0.04|-0.28
VRMORTC |.0.23(-0.07|-0.04/-0.02/-0.04/-0.05/-0.08|-0.06|-0.06| 0.02 |-0.09|0.16 | -0.1 | 0.2 |-0.14/0.09 | -0.2 |-0.03|-0.18| 0.05 |-0.08|-0.15| 0.08 |-0.08|-0.22|-0.35| 0.09 |-0.29/-0.08| -0.12/-0.33/-0.11/-0.15| -0.1 % =4

VRMFRDS |.0.12|-0.04|0.08 | 0.02 |-0.12/-0.02|-0.03(0.02 (0.04 | 0.03 | 0.08 | 0.24 -0.06| 0.21 |-0.11/ 0.09 | 0.14 | 0.13 [ 0.05 | 0.09 |-0.08/-0.03| 0.02 | 0.01 |-0.04|-0.08| 0.01 |-0.24-0.06(-0.09( 0.01 |-0.09/-0.04| -0.2 | -0.1

RTISMORT |.0,07(0.04 | -0.3 | 0.03|0.190.15|0.010.03 |-0.03| 0.12 |-0.08| 0.06 |-0.04/0.13 | 0.09 | 0.02 -0.12| 0.02 |-0.15| 0.19 | 0.26 |-0.02( 0.21 |-0.05/ 0.03 | 0.21|0.17 | 0.07 | 0.08 | -0.1 | 0.06 |-0.19|-0.33/0.15|0.18

RTISMOMT |.0.11|0.26 |-0.09|0.19 {0.24 | 0.2 |0.01(0.02|0.020.09 |-0.24/0.06 | -0.1 | 0.06 |-0.05| 0.04 |-0.03(0.15 |-0.15/0.22|-0.03| 0.1 |0.28|0.05|0.08|0.14|0.23 | -0.1 [0.03 -0.09/0.19 | 0.01 |-0.06/-0.06| 0.12

RTIFMORT | 0 |0.05/-0.3| 0 |0.15/0.08|0.04(0.03-0.03|0.12-0.14/0.15|-0.03|0.04 | 0.11 |-0.03|-0.14(-0.01(-0.09/0.16 | 0.13 |-0.07|0.15|0.08 | 0.1 | 0.2 {0.19|0.13|0.05|-0.05|0.09 |-0.17|-0.370.18 | 0.17

RTIFMOMT |.0.080.21 |-0.24/0.010.08 | 0.03 |-0.08|-0.02 0.03 | 0.07 |-0.29/ 0.03 |-0.21/-0.08/-0.12/-0.12| 0.01 | 0.16 |-0.07| 0.25 |-0.02| 0.04 | 0.28 | 0.12 | 0.14 | 0.19| 0.18 |-0.12/-0.03| -0.1 | 0.16 |-0.02|-0.05|-0.17|-0.05

Supplementary Figure 7. Heat map showing the partial correlation amongst ADt and cognitive
measures (MoCA and CANTAB outcomes) in the COV+ group, controlling for covariates, with
adjustment for multiple comparisons (FDR). Results with statistical significance are highlighted (* <
0.05).

Abbreviations: ADt, tissue axial diffusivity; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus; ILF, inferior
longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR, optic radiation;
SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.
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1
MoCA 10,16 |-0.02/0.02 | 0.02 |-0.04/ -0.1 |-0.03|-0.17|-0.35/-0.12|0.01 |0.15| 0 |-0.08/-0.08/ 0 |0.16|0.12|0.23| 0.2 |-0.13| 0.1 |0.02|0.02 |-0.05|-0.22|-0.04/0.02 | -0.1 | 0.03 | -0.1 | 0.19 |-0.03/-0.06

-0.09
SWMEE 10,09/ 0.04 | -0.3 |-0.09/-0.06/-0.06| -0.2 |-0.13|0.07 | 0.11 |-0.12|-0.09|-0.33|-0.26| -0.3 |-0.18/-0.13|-0.12/-0.27|-0.24/-0.23/-0.32|-0.31|-0.01|-0.08| 0.15  0.04 -0.04| 0 |-0.04|0.13|-0.28/-0.04| -0.3 |-0.22]
08

SWMs 1.0.15/-0.02|-0.41/-0.15/-0.14/-0.12| -0.2 |-0.15| 0.1 |0.14 |-0.14| -0.1 |-0.31/-0.2¢ -0.17|-0.15/-0.25/-0.27|-0.22/-0.18| -0.3 | -0.3 |-0.13|-0.12|0.18  0.07 |-0.05/-0.09|-0.09|-0.02|-0.27|-0.04/-0.32|

OTSPSFC 10,17 (0.090.19| 0.1 |0.03|0.06|0.12|0.19|0.01 |-0.19/0.08 |0.07 {0.34 | 0.31|0.230.35| 0.17 | 0.22|0.19|0.17 | 0.19 | 0.23 | 0.2 |-0.04/-0.01/-0.06/ 0 |0.11| 0.1 |0.06|-0.03|0.22(0.17| 0.1 (0.13

06

OTSMOLFC |.0.08/-0.01| -0.2 | 0.06 | 0.16 |-0.01|-0.06(-0.04/0.15 | 0.09 |-0.32/-0.08/-0.17| 0.02 | -0.1 |-0.03| 0.04 |-0.04(0.08 | 0.07 | 0.24 |-0.08/-0.09| 0.12| 0.14| 0.01 | 0.24 |-0.04| 0.05 |-0.16| 0.06 |-0.11/-0.09| 0.22 | 0.17

OTSMCC |.0.18/-0.04/-0.22|-0.14/-0.08|-0.09|-0.14(-0.18/-0.04/ 0.12 | 0.07 |-0.04/-0.24/-0.19|-0.12|-0.25|-0.12|-0.12(-0.16| -0.1 |-0.11/-0.14/-0.09| 0 |0.06| 0 |-0.02|-0.04|-0.03(0.01(0.11-0.22|-0.15/-0.07|-0.06)

04
OTSMLC [.0.25(-0.12|-0.21/-0.07| 0 (-0.07|-0.12/-0.23|-0.18(-0.17|-0.38|-0.09|-0.19/-0.11(-0.16|-0.08|-0.24/|-0.27|-0.17|-0.05/ 0.09 |-0.32-0.16(-0.21|-0.17|-0.14| 0.04 |-0.18|-0.08|-0.23|-0.03|-0.19/-0.25|-0.02| 0.04
PALTEA |-0.13/-0.02/-0.17|-0.06|-0.01/-0.08|-0.11(-0.02( 0.14 | 0.14 | 0.08 |-0.11/-0.02| 0.02| 0.03 | 0.06 |-0.23|-0.06| -0.3 | -0.1 | -0.1 |-0.24/-0.03|-0.01/0.08 |0.24| 0 |-0.05|-0.04(-0.05|0.08 -0.17(0.03 [-0.24| -0.2 o2
PALFAMS 0,18 0.1 |0.22|0.13(0.09 {0.21|0.23 | 0.12-0.06(-0.09|-0.01| 0.1 | 0.1 |0.11/0.05|0.04|0.31|0.13 (0.37|0.16|0.24|0.29|0.11|0.02|-0.04/-0.13/ 0.11 |0.14|0.14|0.13 | 0.04 |0.15|0.04| 0.3 |0.26
PALMETS 1.0.09| 0.03 |-0.16-0.07/(-0.06/-0.25|-0.24/|-0.17| 0.12 | 0.12 |-0.04/-0.03|-0.22|-0.16|-0.18-0.19| -0.1 | 0.07 |-0.17| 0.1 |-0.05/-0.13| 0.06 |-0.07|0.05 | 0.09 -0.08|-0.13| 0 |-0.12|0.07 |-0.06|0.04 |-0.12|-0.07| r o
PRMPCI | 0.05|0.03 (0.14(0.07 (0.05|0.11|0.14|0.15|-0.03|-0.02/0.06 | 0 |0.19| 0.1 (0.13/0.11|0.17|0.03|0.19|0.02|0.07 | 0.18|0.03|0.02 |-0.09| -0.1 {0.08 |-0.17|0.03 |-0.06|-0.04|0.19 | 0.12 |-0.04|-0.05
PRMPCD |.0.26| -0.01(-0.11/-0.11/0.02 0.04 |-0.05/-0.32|-0.29| 0.03 |-0.12|-0.06(-0.14/ -0.1 |-0.16/| 0.07 |-0.16/| 0.12|-0.06/-0.03| 0.01 | -0.1 | 0.06 |-0.04|-0.29/-0.25|-0.33-0.22|-0.17|-0.27| 0.11 |-0.07|-0.26|-0.09} 02
VRMIRTC |0.01 | -0.3 |-0.05/-0.17/-0.15/-0.11/-0.17|-0.14/-0.17| 0.13 |-0.14/ 0.04 | -0.3 |-0.19/-0.23/|-0.25/-0.17|-0.14/0.03| 0 |-0.18|-0.1 |-0.03|-0.08|-0.19/-0.130.08 |-0.21/-0.17|-0.15/-0.29|-0.26|-0.16| 0.1 | 0
VRMORTC |.0,03|-0.26|-0.01(-0.02|-0.04/-0.05/ -0.1 | 0 |-0.09/-0.12/0.07 | 0.2 |-0.12|-0.12(-0.12|-0.19/-0.19/-0.09|-0.11/-0.11|-0.15|-0.11|-0.07|-0.25| -0.3 |-0.05|0.14 |-0.18/-0.28|-0.07|-0.33|-0.19|-0.02| 0.24 | 0.06 % =4

VRMFROS |.0.03| -0.1|0.01/0.13|0.09 | 0.01 |-0.08(-0.02(-0.07(-0.05| 0.05 | 0.21 |-0.08| 0.1 |-0.19|0.02|0.05 | 0.14 {0.09 0.04 -0.11/-0.02|-0.03|-0.13/-0.07|-0.03| 0.16 |-0.02|-0.11| 0.03 |-0.04|-0.04/ 0.06 | 0.18 | 0.11

RTISMORT |.0.27/-0.17|-0.07|0.06 | 0.04 |-0.11/-0.25/ -0.2 |-0.15|-0.03|-0.18/-0.15|-0.17 0.08 |-0.01/-0.06| 0.01| 0.01| 0.03 | 0.08 |-0.03|0.12 | 0.18 | 0.03 | 0.14 | 0.01 |-0.03|-0.22/-0.14|-0.26|-0.09|-0.12|-0.13| 0.03 |-0.06

RTISMOMT | 0.06 | 0.05 | 0.25|0.23 0.18 | 0.14 |-0.02/-0.05/-0.08|-0.07|-0.19| 0.05 |-0.07|-0.08| 0.01 |-0.09/ 0.06 -0.03/0.04| 0 |-0.22|0.17|0.16|0.02|0.01|-0.03(-0.07|-0.06(-0.14| 0.05|0.02 | 0.19|0.09 |-0.12/-0.37|

RTIFMORT |.0.25/-0.18|-0.17|-0.04|-0.05/-0.27| -0.29(-0.16| 0 |-0.24/-0.11/-0.27/-0.06| -0.1 |-0.14| -0.1 [0.01(-0.01| 0.1 [-0.14/0.07 (0.18|0.16|0.18| 0 |-0.04|-0.25|-0.17|-0.28/-0.16(-0.24/-0.22|0.09 |-0.01

RTIFMOMT 10.01(0.02|0.14|0.160.15 | 0.07 |-0.07|-0.07|-0.01|-0.01|-0.19| 0.04 |-0.14| -0.1 |-0.08/-0.12| 0.12| 0.05 | 0.17 | 0.09 |-0.18| 0.18 | 0.22 | 0.15 | 0.13 |-0.05/-0.05/-0.12/-0.11/-0.03| 0.02 | 0.16 | 0.08 | -0.1 | -0.3

Supplementary Figure 8. Heat map showing the partial correlation amongst FD and cognitive
measures (MoCA and CANTAB outcomes) in the COV+ group, controlling for covariates, with
adjustment for multiple comparisons (FDR). Results with statistical significance are highlighted (* <
0.05).

Abbreviations: FD, fiber-specific apparent fiber density; AF, arcuate fasciculus; CG, cingulum; FX, fornix; IFOF, inferior frontal occipital fasciculus;
ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CR, corona radiata; CST, corticospinal tract; OR,
optic radiation; SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; CC, corpus callosum; L, left; R, right.
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5.2.Estudo 2: Conectividade estrutural alterada na disfungao olfativa apés
COVID-19 leve

Este artigo foi publicado no periodico Scientific Reports, em conformidade com
os termos da licenga CC-BY 4.0 (BISPO et al., 2023).
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connectivity in olfactory disfunction after mild COVID-19 using probabilistic
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Altered structural connectivity
in olfactory disfunction after mild
COVID-19 using probabilistic

tractography
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We aimed to investigate changes in olfactory bulb volume and brain network in the white matter
(WM) in patients with persistent olfactory disfunction (OD) following COVID-19. A cross-sectional
study evaluated 38 participants with OD after mild COVID-19 and 24 controls, including Sniffin’ Sticks
identification test (55-16), MoCA, and brain magnetic resonance imaging. Network-Based Statistics
(NBS) and graph theoretical analysis were used to explore the WM. The COVID-19 group had reduced
olfactory bulb volume compared to controls. In NBS, COVID-19 patients showed increased structural
connectivity in a subnetwork comprising parietal brain regions. Regarding global network topological
properties, patients exhibited lower global and local efficiency and higher assortativity than controls.
Concerning local network topological properties, patients had reduced local efficiency (left lateral
orbital gyrus and pallidum), increased clustering (left lateral orbital gyrus), increased nodal strength
(right anterior orbital gyrus), and reduced nodal strength (left amygdala). SS-16 test score was
negatively correlated with clustering of whole-brain WM in the COVID-19 group. Thus, patients with
OD after COVID-19 had relevant WM network dysfunction with increased connectivity in the parietal
sensory cortex. Reduced integration and increased segregation are observed within olfactory-related
brain areas might be due to compensatory plasticity mechanisms devoted to recovering olfactory
function.

Since its discovery in Wuhan, China, in late 2019, coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in more than 600 million infected and 6 million
deaths! and put unprecedented pressure on social, economic and health systems around the world?. While initial
research on COVID-19 has focused on acute illnesses, it lately has become clear that long-term consequences
occur’. Many survivors of acute infection have persistent and disabling neurological symptoms, which can have
socioeconomic and personal consequences. It is, therefore, imperative that there is a thorough understanding
of evolving clinical syndromes and underlying pathophysiological mechanisms, allowing rational therapeutic
interventions to be implemented quickly®.

Olfactory dysfunction has variable severity, including anosmia, hyposmia, and parosmia, and affects 30-70%
of patients with COVID-19* It occurs early in the course of infection, with no direct association with disease
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severity or viral burden®. In one study, hyposmia was the first clinically presenting symptom in around 12% of
patients®. In most cases, recovery is spontaneous within 3 to 4 weeks>’. However, some patients develop persis-
tent olfactory impairment up to 12 months after infection, suggesting that the damage to the olfactory system
may be severe or permanent®.

Several hypotheses were proposed to explain the underlying mechanism for olfactory dysfunction in COVID-
1959, The most notable theory regarding COVID-related hyposmia is the direct infection of olfactory receptor
neurons by SARS-CoV-2 through the nasal mucosa. However, there is conflicting evidence on whether SARS-
CoV-2 can indeed infect these neurons'®. Angiotensin-converting enzyme 2 receptors—the target molecules for
SARS-CoV-2, are not expressed in neural cells but by non-neuronal support cells in the olfactory epithelium. The
lack of direct neuronal damage could justify the rapid recovery of olfactory function in most patients!!. Despite
this, SARS-CoV-2 infection seems to generate axonal pathology and microvasculopathy in the olfactory bulbs
and tracts in those with olfactory alterations, due to local inflammation'?.

Olfactory dysfunction during or after COVID-19 represents a marker of neurological disease and can be
assessed with olfactory nerve imaging. Magnetic resonance imaging (MRI) can help evaluate patients with
anosmia and hyposmia because it allows for elaborate visualization and measurement of the olfactory anatomi-
cal structures. Yet, studies that describe MRI-based anatomical changes in olfactory structures in COVID-19
are sparse and mainly represented by case reports. Despite this, a reduction in olfactory bulbs was described
in 36 participants who had COVID-19 olfactory dysfunction compared to a control group 2 to 8 weeks after
infection'®, and in 196 subjects who had COVID-19 compared to controls 1 to 582 days after disease onset'*.
The association between olfactory bulb atrophy and severity of the olfactory dysfunction was not evaluated in
these studies. Furthermore, the impact on brain connections is relatively unknown, especially in sensory and
olfactory-related regions.

Diffusion-weighted magnetic resonance imaging (AMRI)-derived tractography is an advanced technique that
may be used to investigate the mechanisms underlying anosmia by reconstructing major brain fiber pathways.
This method allows for the mapping of white matter (WM) pathways through voxel-wise fiber orientations. It
enables the reconstruction of structural connectivity matrices, generating networks that represent parts or the
whole brain’s anatomical organization, with streamlines serving as proxies for WM fiber bundles'®. The Convex
Optimization Modeling for Microstructure Informed Tractography 2 (COMMIT2) framework is used to remove
false positive brain connections by assigning to each streamline its contribution to the dMRI signal, while
imposing an anatomical regularization encouraging streamlines to group together as bundles in the connectivity
matrix'®"’, This filtering method significantly improves the accuracy of the resulting structural connectomes,
thereby enhancing the reliability of the findings'®.

Graph analysis is used to explore changes in the WM network based on graph theory'®. After defining the
nodes and edges (connections between regions), graph theory metrics represent distinct aspects of global or local
network connectivity. A small-world architecture, for instance, indicates that the minimum path length between
any pair of nodes is approximately equivalent to a comparable random network, but the network nodes have
greater local interconnectivity or cliquishness than a random network'. The relationship between olfaction and
brain network metrics is intimate. Studies have shown that hyposmia in aging and neurodegeneration relates to
WM disconnection using graph analysis methods'**’, whereas individuals with the highest olfactory abilities,
such as sommeliers, exhibit increased functional network connectivity and higher small-world topology than
controls?!. However, there is still a need for further exploration of WM network changes in non-neurodegener-
ative hyposmia. The use of graph theory in understanding changes in the WM network may help elucidate the
underlying mechanisms of olfactory dysfunction.

The current study used a cross-sectional design to examine changes in the olfactory bulb volume and inves-
tigate brain networks in patients after COVID-19 compared to a control group. Our secondary objective was to
determine whether there was an association between olfactory bulb volume, structural connectivity measures,
and olfactory performance.

Results
Demographic and clinical characteristics. In this study, we recruited a total of 67 individuals, out of
which three participants from the COVID-19 group (COV +) were excluded. Two of the exclusions were due to
MRI contraindications, while the third exclusion was due to a Montreal Cognitive Assessment (MoCA) score of
less than 15. In addition, two participants from the control group (COV-) were excluded from the study. One
exclusion was due to a positive SARS-CoV-2 IgG test result, while the other exclusion was due to the detection
of a brain structural change on MRI. These exclusions were necessary to ensure the integrity and validity of the
data obtained from the study population.

Clinical examinations, cognitive tests, and MRI were administered to a total of 62 participants, comprising
38 in the COV +group and 24 in the COV - group. The groups did not exhibit any significant differences in age
(p=0.520), sex (p=0.550), education (p=0.555), or comorbidity profiles (Table 1). The average time between
COVID-19 diagnosis and study s clinical/imaging procedures was 91.7 (+ 26.0) days, with a range of 31 to
167 days. No subjects in the COV + group required hospitalization during the acute phase or thereafter.

There was a significant difference between the two groups in the Sniffin’ Sticks smell identification test (SS-16)
score (p<0.001). In the COV + group, 50% of patients were hyposmic (SS-16 test score below 12)*% None of the
subjects in the COV - group had hyposmia. MoCA scores did not differ between groups (p=0.663) (Table 1).

Assessment of the olfactory bulbs. The olfactory bulbs of 53 participants (33 in the COV + group and
20 in the COV- group) were manually segmented. Nine participants were excluded due to movement or mag-
netic susceptibility artifacts, usually due to metallic material in the oral cavity. In the assessment of interobserver

Scientific Reports |

(2023) 13:12886 | https://doi.org/10.1038/s41598-023-40115-7 nature portfolio

93



www.nature.com/scientificreports/

COVID-19 (COV +) | Control (COV-)
Demographic and clinical characteristics | (n=38, 61%) (n=24,39%) Statistic
Age 36.4+9.5 (20, 56) 39.3+£12.9(22,60) | U=411;p= 0.520'
Sex
Male, n (%) 10 (26.3%) 8(33.3%) {P=035 p=0550°
Female, n (%) 28 (73.7%) 16 (66.7%)

Years of formal education

15.1+3.2 (11, 24)

15.5+3.0 (11, 20)

U=415; p=0.555"

Comorbidities, n (%)

Hypertension 3(7.9%) 0(0.0%) x2=0.199; p=0.160°
Diabetes mellitus 2 (5.3%) 1(4.2%) Xx>=0.04; p=0.840”
Obesity 1(2.6%) 1(4.2%) X2=0.11; p=0.740?
Asthma/COPD 2(5.3%) 2(8.3%) x2=0.23; p=0.630*
Allergic rhinosinusitis 11 (28.9%) 8(33.3%) x2=0.13; p=0.720*
Thyroid disorder 2(5.3%) 1(4.2%) Xx*=0.04; p=0.840*
Mood disorder 4(10.5%) 2(8.3%) x*=0.08; p=0.780*
Migraine 12 (31.6%) 7 (29.2%) x*=0.04; p=0.840?

Sniffin’ Sticks identification test (SS-16)

11.4+2.1 (6, 15)

13.6+1.1(12, 16)

U=177; p<0.001"

Montreal Cognitive Assessment (MoCA)

24.9+3.2 (17, 30)

25.2+3.4 (17, 30)

U=426; p=0.663'

Table 1. Demographic and clinical features (COV +and COV - groups). COPD chronic obstructive
pulmonary disease. Data are shown as mean + standard deviation (minimum, maximum) or n (%). 'Mann-
Whitney U test. 2Chi-square test.

agreement for manual segmentation of the olfactory bulbs, Pearson’s correlation coefficients were r=0.877 for
the right olfactory bulb and r=0.900 for the left olfactory bulb (two-tailed, p<0.001). The mean and standard
deviation of the Dice similarity coefficient (DSC) for right and left olfactory bulbs were 0.815+ /- 0.0354 and
0.794 + /- 0.0483, respectively, indicating a good agreement between examiners.

The volume of the right (t=—- 4.19, p<0.001), left (t=— 4.42, p<0.001), and both (t=—4.42, p<0.001) olfac-
tory bulbs was significantly reduced in the COV + group when compared to the COV - group (Table 2). This
reduction in the normalized total olfactory bulb volume remained even after controlling for the sex, age, and
allergic rhinosinusitis (F=17.19, p<0.001) (Fig. 1A).In the COV + group, there was no difference in normal-
ized total olfactory bulb volume between participants with SS-16 <12 and SS-162>12 (p =1.000, Bonferroni
correction). The normalized total olfactory bulb volume was smaller in these COV + subgroups compared to
the COV- group (Fig. 1B).

A positive correlation was found between total olfactory bulb volume and SS-16 test performance in the
study sample (n=53) (rho=0.281, p=0.014). In the control group, there was a positive association between the
volume of the olfactory bulbs and the SS-16 test score (tho=0.706, p=0.003) (Fig. 1C). In the COV + group,
there was no association between the volume of the olfactory bulbs and the total score of the SS-16 test score
(rho=0.009, p=0.964) (Fig. 1D).

Voxel-based diffusion imaging analysis. No between-group differences were observed for fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) using Tract-based
Spatial Statistics (TBSS), controlling for age and sex (p >0.05).

Network-based statistics (NBS). Using a whole-brain exploratory analysis, NBS identified significant
differences in structural connectivity between the COV +and COV - groups. Compared to the control group,
COVID-19 patients exhibited significantly higher structural connectivity in a subnetwork composed of three
brain regions (one on the right side and two on the left side) and two interhemispheric connections (threshold
value t=3.0, p<0.05) (Fig. 2, Supplementary Table S1).

COVID-19 (COV +) Control (COV-)
Measure (n=33, 62%) (n=20, 38%) Statistic' Adj p*
Right olfactory bulb volume (mm?®) 32.2(9.5) 43.2(8.8) t=-4.19;p<0.001 |p<0.001
Left olfactory bulb volume (mm?) 31.0 (9.4) 43.1(10.2) t=-4.19;p<0.001 |p<0.001
Total olfactory bulb volume (mm?) 63.2 (18.4) 86.3 (18.4) t=-4.42;p<0.001 |p<0.001

Table 2. Comparison of the olfactory bulb volume between COV +and COV —groups. All data are shown as
mean (standard deviation). 'Independent sample t-test. 2Adjusted p value for FDR.
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Figure 1. (A) Comparison of the normalized total olfactory bulb volume between the COV- and

COV +groups using ANCOVA. (B) Comparison of the normalized total olfactory bulb volume among the
COV-, COV +with S§S-16>12 and COV +with SS-16 < 12 subgroups using ANCOVA. (C) Association between
normalized total olfactory bulb volume and SS-16 test score in the COV - group. (D) Association between
normalized total olfactory bulb volume and SS-16 test score in the COV + group. SS-16 Sniffin’ Sticks smell
identification test, ANCOVA analysis of covariance. *ANCOVA with covariates including sex, age, and allergic
rhinosinusitis.

Graph theory analysis: global network. COV +group showed lower global efficiency (p=0.019) and
local efficiency (p = 0.047) and higher assortativity (p =0.027) than COV- group. No significant differences were
found in other global network metrics (p>0.05) (Table 3). Both groups had sigma> 1, which means they satis-
fied the criteria of a small-world (Table 3). In the COV + group, there was an association between the clustering
and the SS-16 test score (rho=- 0.457, p=0.019), controlling for sex, age, education, comorbidities, and time
between COVID-19 diagnosis and study clinical/imaging procedures. No association was identified between
global network measures and the SS-16 test score in the COV— group.

Graph theory analysis: local network. Compared with controls, patients exhibited reduced local effi-
ciency (left lateral orbital gyrus and pallidum), increased clustering (left lateral orbital gyrus), increased nodal
strength (right anterior orbital gyrus), and reduced nodal strength (left amygdala) after adjusting for multiple
comparisons (Table 4, Supplementary Fig. S1).

Discussion

Our study findings reveal that patients with persistent subjective hyposmia following COVID-19 infection exhib-
ited a 25% reduction in olfactory bulb volume at a mean follow-up of three months. In comparison to controls,
SARS-CoV-2 infected hyposmic subjects demonstrated significant aberrations in the WM network, but no
changes TBSS. The NBS analysis identified a subnetwork in the parietal sensory areas with increased connectivity.
The global and local network topological properties demonstrated reduced integration and increased segregation,
including olfactory-related brain areas (pallidum, amygdala, and orbitofrontal gyrus). Moreover, the SS-16 test
score was negatively correlated with clustering in the COVID-19 group. Therefore, we hypothesize that changes
in connectivity in the parietal sensory regions and olfaction-related brain areas may be due to compensatory
plasticity mechanisms aimed at restoring olfactory function.

Unlike other upper respiratory infections, COVID-19 olfactory dysfunction is not associated with nasal
discharge and conductive obstruction of the olfactory cleft, suggesting a neurological origin?>. SARS-CoV-2
does not infect the sensory neurons, and sustentacular cells are the primary target of this virus in the olfac-
tory mucosa'®?*-?7, Several studies have also reported changes in olfactory bulb volume, olfactory cleft volume,
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Figure 2. Whole-brain network-based statistics results. The connectivity analysis with threshold value t=3.0
showed a subnetwork with greater connectivity in the COV +group compared to the COV— group (red edges).
Significance was thresholded at p <0.05. Permutations =5000. Inf inferior, R right, L left.

COVID-19 (COV+) | Control (COV-)
Measure (n=32,59%) (n=22, 41%) Statistic Cohen’sd
Betweenness centrality 0.00760 (0.00027) 0.00765 (0.00023) t=—0.695; p=0.490' -
Modularity 0.588 (0.577,0.591) | 0.585 (0.580, 0.590) | U=327; p=0.669" -
Assortativity 0.01751 (0.0181) 0.00696 (0.0147) t=2.271; p=0.027"* 0.629
Participation 0.248 (0.0111) 0.247 (0.0115) t=0.532; p=0.597" -
Clustering 1.18 (1.14, 1.25) 1.14 (1.09, 1.19) U=263; p=0.120" -
Nodal strength 91.1 (86.5, 92.0) 89.7 (88.4,91.3) U=329; p=0.694? -
Local efficiency 49.8 (2.36) 51.2 (2.86) t=-2.031; p=0.047"* | -0.562
Global efficiency 39.1(1.96) 40.6 (2.55) t=-2.413; p=0.019"* | —0.668
Density 0.147 (0.006) 0.150 (0.007) t=—1.808; p=0.076" -
Path length 97.4 (3.77) 98.7 (5.23) t=—1.046; p=0.300" -
Edge count 2.40 (0.0422) 2.40 (0.0421) t=-0.268; p=0.790" -
Omega —0.0266 (0.0244) -0.0205 (0.0202) t=-0.966; p=0.339" -
Sigma 1.47 (0.0491) 1.45 (0.0703) t=1.281; p=0.206"' -

Table 3. Comparison of global network metrics between the COV +and COV —. Modularity, clustering, and
nodal strength are shown as median (interquartile range). The other variables are shown as mean (standard
deviation). !Independent sample t-test. 2Mann-Whitney U test. *p <0.05.

olfactory sulcus depth, and olfactory nerve morphology®. In our study, the COVID-19 olfactory bulb volume
was significantly smaller than that of the control group, even after accounting for head size.

In the control group, olfactory bulb volume showed a significant positive correlation with olfactory func-
tion, even after controlling for confounding variables, which is consistent with prior research?. However, this
correlation was not observed in patients with COVID-19. There are several hypotheses that could explain this
absence of correlation. Firstly, many individuals who experienced anosmia or hyposmia during the acute phase of
COVID-19 eventually recovered their olfactory function®. This restoration could be due to the rapid regeneration
of the supporting cells in the olfactory nerve from stem cells*. In addition, there is evidence that SARS-CoV-2
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Right Hemisphere Left Hemisphere
Tract N | statistic |p—vdue |ndjp statistic |p—vnlne |tdjp
Betweenness centrality
Lateral orbital gyrus 54 |0.482 0.632 ns -2314 |0.025 ns
Insula 54 |-0.826 |0.412 ns —2.100 |0.041 ns
Anterior cingulate cortex (supra) 54 [0.916 0.364 ns —-2.044 | 0.046 ns
Clustering
Lateral orbital gyrus 54 |-0.102 |0.919 ns 3.344 0.002 0.006
Insula 54 | 2213 0.031 ns -0.518 | 0.607 ns
Edge count
Anterior cingulate cortex (pre) 54 [2061  [0.044 [ns  [-2576 [0013 [0.049
Local efficiency
Lateral orbital gyrus 54 | -0.664 |0.510 ns -2.824 |0.007 0.025
Hippocampus 54 | -1.024 |0.311 ns -2.139 |0.037 ns
Putamen 54 | -1.287 |0.204 ns -2.063 |0.044 ns
Pallidum 54 |-1.398 |[0.168 ns -2.532 |0.014 0.049
Anterior cingulate cortex (supra) 54 |-1.861 |0.069 ns -2.187 |0.033 ns
Nodal strength
Anterior orbital gyrus 54 | 2477 0.017 0.037 | 1.781 0.081 ns
Lateral orbital gyrus 54 |-0.784 |0.436 ns 2.070 0.044 ns
Amygdala 54 |0.555 0.581 ns -2.703 |0.009 0.028
Anterior cingulate cortex (sub) 54 (0.713 0.479 ns 2.096 0.041 ns
Nucleus accumbens 54 |-1.639 |[0.107 ns —-2.106 |0.040 ns
Path length
Anterior cingulate cortex (pre) | 54 | -0.182 | 0.856 ‘ ns ‘ —2.241 | 0.029 | ns
Participation
Insula |54 [0536 [0594 [ns  [-2507 [0015 [ns

Table 4. Comparison of local network metrics between the control and COVID-19 groups, adjusting for
multiple comparisons (FDR). Age and sex were included as covariates. Supra supracallosal, sub subgenual, pre
pregenual, ns not significant, adj adjusted. Significant p values < 0.05 are indicated in bold font.

can affect WM and gray matter (GM), even in subjects with mild symptoms without hospitalization, which can
impact higher processing in brain regions related to the olfactory system?® .

Reduced global and local efficiency was observed in COV + group, including the olfactory-related regions,
compared to the COV— group indicating potential disruption in brain network connectivity. Consistent with
these findings, a longitudinal imaging study using UK Biobank data revealed a significant detrimental effect
of SARS-CoV-2, mainly on the limbic and olfactory cortical system, as well as changes in diffusion measures
in regions functionally connected to the piriform cortex, olfactory tubercle, and anterior olfactory nucleus.
Moreover, in that study, participants infected with SARS-CoV-2 showed a more pronounced reduction of grey
matter thickness in the left parahippocampal gyrus and lateral orbitofrontal cortex®'. In other studies, WM
microstructural alterations were also observed in the brain during the subacute, post-acute, and chronic phases
of COVID-19%-%, with the potential to disrupt brain network connectivity.

Cerebral plasticity after a sensory loss has been well documented in respect of visual and auditory loss, but
less is known about the effects of olfactory input loss on the adult brain. Previous research has demonstrated
that acquired anosmia alters GM volume or density in olfactory-related areas, such as the piriform cortex and
the orbitofrontal cortex, as well as in non-olfactory-related areas, such as the prefrontal cortex. The higher
assortativity in the COV + group suggests that the network nodes are more interconnected with nodes that have
comparable properties, which may reflect a compensatory mechanism in response to the disruption of brain
network connectivity caused by COVID-19. Our study also showed increased structural connectivity in the
posterior parietal cortex, involving multisensory areas such as the postcentral gyrus, inferior parietal gyri, and
precuneus, in whole-brain analysis. In a functional study, elevated brain connectivity between the orbitofrontal
cortex and the visual association cortex and fusiform gyrus in the COVID-19 anosmia group was identified*.
One could hypothesize that the absence of olfactory input to these parietal multisensory areas alters the neuronal
constellation and promotes a more efficient multisensory-based integration of visual and auditory perception
in anosmic individuals®.

A recent study on patients with olfactory dysfunction following COVID-19 releaved an increased functional
intranetwork connectivity within the default mode network, as well as greater internetwork connectivity between
the olfactory and default mode networks. This suggests that the compensatory mechanism of greater intranetwork
functional connectivity may help to address the deficits in olfactory processing and overall well-being in COVID-
19 patients®. In another study, structural and functional connectivity metrics were significantly increased in
individuals previously infected with SARS-CoV-2. Greater residual olfactory impairment was associated with
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more segregated processing in regions functionally connected to the anterior piriform cortex®. Similarly, we
evidenced an increase in segregation in the orbitofrontal cortex and identified a negative correlation between
clustering of whole-brain WM and the olfactory test in the COVID-19 group, which was not observed in the
control group.

The present study has some limitations that should be acknowledged. Firstly, this was a cross-sectional study
with a non-probabilistic sample, which may limit the generalizability of the findings. Additionally, patients were
evaluated only once during the post-acute phase, and there was no serial evaluation at different time points,
precluding inferences about the temporal dynamics of abnormalities in the olfactory bulbs and WM. Further-
more, the diffusion parameters selected (e.g., low b-values) may have limited the quantitative diffusion analysis,
although they better reflect the clinical protocol context.

In summary, our study highlights the presence of reduced olfactory bulb volume and WM structural net-
work disruption in patients with persistent hyposmia after COVID-19. Our findings suggest that compensatory
mechanisms in the parietal sensory and olfactory-related areas may help alleviate the deficiency in olfactory
processing in COVID-19 patients. While larger brain connectivity studies are needed to confirm these obser-
vations, longitudinal analyses are particularly important to assess the long-term neurological consequences of
COVID-19. Further research is also required to explore the potential impact of olfactory dysfunction on quality
of life and daily functioning.

Methods

Participants. This cross-sectional prospective analytical study was conducted as part of the Neuro-
COVID-19 Brazilian Registry (NeuroCovBr, https://www.neurocovbr.com/), between October 2020 and May
2021 in Brasilia, Brazil. Participants were recruited with a non-probabilistic sampling strategy from a popula-
tion of health professionals and patients assisted at the Brasilia University Hospital before the implementation
of mass vaccination campaigns. We consecutively contacted a list of 364 patients diagnosed with COVID-19 by
real-time quantitative reverse transcription polymerase chain reaction (QRT-PCR) to invite them to the study.

The inclusion criteria for the COVID-19 group (COV +) were: (a) diagnosis of SARS-CoV-2 infection con-
firmed by detection of viral RNA by qRT-PCR testing of a nasopharyngeal swab, without requiring hospitalization
during infection, (b) COVID-19-related persistent subjective hyposmia, and (c) age between 18 and 60 years
old. Patients were evaluated at least four weeks after the diagnosis of COVID-19 to ensure that the acute phase
had already passed. The control group (COV-) was recruited from the same population (patients or health
professionals from Brasilia University Hospital) using convenience sampling, with age, sex, and education level
matched to the COV + group. Subjects in the COV— group had not been previously infected with SARS-CoV-2,
had a negative SARS-CoV IgG/IgM test, and had no olfactory dysfunction.

The exclusion criteria for both groups included (a) pre-existing brain structural disorders (e.g., stroke, epi-
lepsy, multiple sclerosis, neoplasia, hydrocephalus, traumatic brain injury, Parkinson’s disease, and dementia), (b)
severe psychiatric diseases, (c) MoCA global score of less than 15%, (d) MRI contraindications, and (e) illiteracy.

This study was approved by the local ethics committee at the University of Brasilia and adhered to current
regulations, such as the Helsinki Declaration. All participants provided written informed consent and underwent
clinical, cognitive, and MRI examinations during the same visit.

Clinical assessment. Demographic and clinical data were collected using electronic forms, including eval-
uation of neurological, chemosensory, respiratory, and constitutional symptoms. In addition, demographic vari-
ables such as age, education, sex, and a list of self-reported comorbidities were obtained.

The Sniffin’ Sticks smell identification test (SS-16) was used to evaluate participants’ ability to identify odors.
This psychophysical test was developed by Burghardt’ (Wedel, Germany) and previously adapted to Brazilian
Portuguese®>?’. The test comprises 16 pens containing common and recognizable odorants. The length of each
pen is 14 cm (approximately 5.51 in), with an internal diameter of 1.3 cm (about 0.51 in) and a 4 mL cap con-
taining odorless or odorous liquids dissolved in propylene glycol. The participant had to identify the odor using
a four-option forced-choice paradigm.

All participants also responded to a cognitive test, MoCA, to screen for cognitive impairment®»*. It is a
brief 30-point test that assesses attention, executive functions, memory, language, visuoconstructional skills,
conceptual thinking, and calculations.

MRI data acquisition. The MRI was performed using a Philips Achieva 3 T scanner (Best, Netherlands)
equipped with an 8-channel SENSE coil. The following MRI sequences were obtained: (1) Three dimensional (3D)
T1-weighted sequence, turbo field echo (TFE), sagittal, with field of view (FOV) =208 x 240 x 256 mm, recon-
structed resolution of 1 x 1 x 1 mm, echo time (TE) =min full echo, repetition time (TR)=2300 ms, TI=900 ms,
two times accelerated acquisition; (2) Diffusion-weighted sequence, axial, with FOV 232 x 232 x 160 mm, recon-
structed resolution of 2x2x2 mm, TE=71 ms; TR=3300 ms, 32 directions (b=800 s/mm?); (3) Diffusion-
weighted sequence, axial, with FOV 232 x232 x 160 mm, reconstructed resolution of 2 x2x2 mm, TE=71 ms;
TR=3300 ms (reversed phase encoded b0); (4) 3D-fluid attenuated inversion recovery (FLAIR) sequence, sag-
ittal, with FOV 256 x256 x 160 mm, reconstructed resolution of 1.2x 1x1 mm, TE=119 ms, TR=4800 ms,
TI=1650 ms. (5) T2-weighted sequence, coronal, with FOV 264x204 mm, reconstructed resolution of
0.25%0.25x 1.5 mm, TR=2500 ms, TE = 80 ms; flip angle =90, with coverage of the anterior cranial fossa.

Manual segmentation of the olfactory bulbs. Two independent evaluators blinded to clinical and
olfactory data manually segmented the volumes of the olfactory bulbs using ITK-SNAP (version 3.8) (Fig. 3)*..
The limits of the olfactory bulb in the coronal plane were determined by the surrounding cerebrospinal fluid,
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Figure 3. Manual segmentation of the olfactory bulbs. A. Coronal T2-weighted image of a participant. B.
Coronal T2-weighted image with segmentations made by the two evaluators. Red: Rater 1; Green: Rater 2;
Yellow: Overlap.

while an abrupt diameter change defined the posterior boundary of the olfactory bulb at the transition with the
olfactory tract*. The volumetric measures of the right and left olfactory bulbs were taken independently and
then summed. The mean values established by the two evaluators were used in all subsequent analyses. Interob-
server agreement was evaluated using Pearson’s correlation coefficient and the DSC (Fig. 3).

The estimated total intracranial volume (eTIV) was computed using FreeSurfer (version 7.1.1, http://surfer.
nmr.mgh.harvard.edu) which normalized the volumes of the olfactory bulbs to eliminate biases caused by une-
qual head sizes.

Diffusion magnetic resonance imaging processing. TractoFlow was used to analyze dMRI and
T1-weighted images (Fig. 4)**. As an automated tool for processing dMR], it extracts diffusion tensor imag-
ing (DTI) measures. FA, MD, RD, and AD were calculated. Probabilistic whole-brain anatomically constrained
particle filtering tractography was performed on a fiber orientation distribution function (fODF) of maximum
spherical harmonics order of 6*. The output of TractoFlow was then further processed via advanced steps to
generate structural connectomes using SCILPY library version 1.0.0**. Then, COMMIT2 with ball & sticks for-
ward model was used to filter the raw tractogram and compute the COMMIT?2 weights of each streamline'®"”.

Voxel-based diffusion imaging analysis. The TBSS pipeline in FSL (version 6.0)* was used to compare
MRI metric differences between the COV +and COV- groups (Fig. 4). The FA maps were nonlinearly aligned to
the FMRIB-58 map in the template space of the Montreal Neuroimaging Institute (MNI). The FA skeleton mean
was computed following the deformable registration. The FA maps deformation fields were utilized for FA, MD,
RD, and AD. The registered maps were projected onto the FA skeleton.

Network construction. The brain network is composed of nodes and edges. To determine the nodes
within the network, we selected 171 grey matter regions of the brain from the AAL3 atlas*. Each AAL3 region in
standard MNI space was back-transformed to the participant’s native diffusion space. The COMMIT2-weighted
tractogram and AAL3 parcellations were used to derive COMMIT2-weighted structural connectivity matrices
(Fig. 4). The COMMIT?2 weight of a streamline is a measure that quantifies the contribution to the diffusion MRI
signal of each streamline and is proportional to the cross-sectional area of the biological fibers along their path.
By its turn, the COMMIT2 weight of a connection corresponds to the sum of the individual weights assigned
by COMMIT?2 to each streamline connecting two parcels of the matrix and was used as a marker of connectiv-
ity strength. Through its ability to take into account the tracking bias related to variations in bundle width, the
COMMIT2 weight constitutes a more biological proxy than the frequently used streamline count'®. The pos-
sibility to inject priors about brain anatomy and its organization, and not only about microstructural properties,
represents a powerful and novel way to tackle the false-positive problem in tractography and brain structural
connectivity'®!”. COMMIT2-weighted 171 x 171 whole-brain matrices were computed.

Three-dimensional projections of structural connections and nodes were visualized using BrainNet Viewer
(version 1.42)¥, for comparison of COMMIT2 weight matrices and graph theory analyses.
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Figure 4. Processing flowchart. ((A) and (B)). The TractoFlow pipeline processes diffusion-weighted and
T1-weighted images (C) T1-weighted images are labeled in 171 brain regions of the AAL3 atlas. (D) Diffusion
MRI-derived measures are computed. (E) Whole brain probabilistic tractography is performed using an
anatomically constrained particle filter algorithm. (F) Extraction of the COMMIT2-weighted connectivity
matrix. (G) Voxel-based analysis investigated FA, MD, RD, and AD metrics. (H) Network-based statistics
analysis. (I) Graph theory analysis: global and local network. AAL automated anatomical labeling, COMMIT
convex optimization modeling for microstructure informed tractography, FA fractional anisotropy, MD mean

diffusivity, RD radial diffusivity, AD axial diffusivity.

Network-based statistics. NBS was performed following Zalesky’s methods with NBS Connectome (ver-
sion 1.2) to determine the different connections*®*. NBS is a statistical method based on graph theory and is
often used to explore differences in the structural connectivity in the brain WM network. Typically, NBS analysis
is conducted to identify subnetworks consisting of pairs of nodes and connections whose structural connectivity
strength varies significantly between groups.

Network measures. The Brain Connectivity Toolbox (BCT) computed network measures for each
subject™. For global networks, betweenness centrality (corresponding to the fraction of all shortest paths in the
network), modularity (reflecting the segregation of the network), assortativity (reflecting whether nodes tend to
be connected to other nodes with similar strengths), participation (measure of diversity of intermodular con-
nections), clustering coefficient (fraction of connected triangles around a node), mean strength (corresponding
to the average of all the nodal strengths, where the nodal strength is the sum of the weights of links connected
to the node), global efficiency (corresponding to the average inverse shortest path length in the network and
inversely related to the characteristic path length), density (corresponding to the fraction of present connections
to possible connections), characteristic path length (average of the shortest path length across all nodes), edge
count, and small-worldness (ratio of average clustering coefficient to characteristic path length) were analyzed.

We analyzed regional network measures, calculated for each node, including betweenness centrality (number
of shortest paths that pass through a node), clustering (fraction of connected triangles around a node), edge
count, local efficiency (average of the inverse shortest path length in the neighborhood a node), nodal strength
(sum of weights of links connected to the node), path length (shortest path length across the (average of the
shortest path length across all nodes), and participation (a measure of the diversity of intermodular connections
of anode).
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Local network measures were calculated for the olfactory-related brain regions (olfactory cortex, gyrus rectus,
medial orbital gyrus, anterior orbital gyrus, posterior orbital gyrus, lateral orbital gyrus, insula, hippocampus,
parahippocampal gyrus, amygdala, caudate nucleus, putamen, pallidum, thalamus [mediodorsal medial nucleus
and mediodorsal lateral nucleus], anterior cingulate cortex [subgenual, pregenual and supracallosal], and nucleus
accumbens)’!>2,

MRI quality control. The MRI images were inspected for significant gross geometric distortion, mass
movement, and signal drop artifacts to ensure their quality. For T1-weighted and dMRI images, a Nextflow
pipeline for dMRI quality control (Dmriqc-flow) was also utilized*.

Statistical analysis. Demographic and clinical assessments. The demographic and clinical characteristics
of the groups were compared using independent-sample t-tests for normally distributed continuous variables,
Mann-Whitney tests for nonnormally distributed continuous variables, and ? for categorical variables. Fulfill-
ment of the normality assumption was inspected through visual examination of variable distributions and the
Shapiro-Wilk test. The significance level was set at p <0.05. All statistical analyses were performed in R, version
4.1.0 (R Foundation for Statistical Computing, Vienna, Austria).

Segmentation of the olfactory bulbs. 'The olfactory bulb volumes were compared using a t-test for independ-
ent samples. To account for multiple comparisons, the results were adjusted using the False Discovery Rate
(FDR) method®. The eTIV corrected the volumes obtained with the formula: (volume of the olfactory bulb/
€TIV) x 100.

An analysis of covariance (ANCOVA) was performed to compare the normalized total olfactory bulb vol-
ume between groups, while controlling for variables such as sex, age, and allergic rhinosinusitis. As necessary,
significant p-values were adjusted using post hoc Bonferroni tests (p <0.05).

The level of interobserver agreement for the segmentation of the olfactory bulbs was assessed by the Pear-
son’s correlation coefficient and the DSC. The DSC is an overlap similarity index that reflects agreement in size
and location. It ranges from 0 (no overlap) to 1 (complete overlap) (Fig. 3). A satisfactory overlap exists when
DSC>0.70%.

Voxel-based diffusion imaging analysis. To test for group differences, a general linear model (GLM) with con-
trast was performed on VBA data. The TBSS framework® includes nonparametric permutation testing (5000
permutations) to correct multiple comparisons and threshold-free cluster enhancement (TECE). Age and sex were
used as nuisance covariates. Results were considered significant at p <0.05, TFCE corrected for multiple com-
parisons. WM regions were named according to the Johns Hopkins University white-matter tractography atlas.

Network-based statistics. Between-group differences (COV- >COV+and COV-<COV +contrasts) were
tested on structural connectivity matrices for a range of primary thresholds (from t=2.5 to t=3.5), with age and
sex as nuisance variables. Five thousand permutations were used, with intensity as the measure of network size
and a statistical significance threshold set at p<0.05.

Network metrics. Between-group differences were tested with either Mann-Whitney (modularity, clustering,
and nodal strength) or independent-sample t-tests (other global network metrics). A GLM was used to ana-
lyze the local network metrics differences in olfactory-related brain areas between the control and COVID-19
groups, using age and sex as covariates. All results were corrected using the FDR method*.

We performed a partial correlation analysis between global network measures, SS-16 test score, and normal-
ized total olfactory bulb volume, adjusting for age, sex, education, comorbidities (allergic rhinosinusitis and
migraine), and time between COVID-19 diagnosis and study clinical/imaging procedures. Data were analyzed
using Spearman’s coefficient. Statistical significance was defined as a two-tailed p < 0.05.

Data availability

The anonymized dataset that supports these study findings is available upon reasonable request from the cor-
responding author from a qualified investigator if the intent is to increase reproducibility. The data were not
publicly available because of privacy or ethical restrictions.
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Supplementary Information

Supplementary Table S1. Group comparison of COMMIT2-weighted connectivity matrices of the whole-
brain network between COV- and COV+. Significance was thresholded at p < 0.05. Permutations = 5,000.

CONTROL > COVID-19

Node 1 Node 2 t tr = 3.0
Postcentral gyrus R Inferior parietal gyrus L 3.60 X
Postcentral gyrus R Precuneus L 3.83 X

Abbreviations: L, left; R, right; thr, threshold.

CLUSTERING BETWEENESS CENTRALITY NODAL STRENGTH LOCAL EFFICIENCY
OFCant
OFClat OFClat OFClat () r OFClat
[ .ACCsub | [
ACCsup. . ACCsup.
N, cc,
Insula, A
‘mulak . Amygdlla. . Ly &ai’iﬂ
Hippocampus
e

Supplementary Figure S1. Difference of local network metrics in olfactory-related regions between COV+
and COV- (p < 0.05 uncorrected). The size of the node represents the significance of difference between two
groups.

Abbreviations: OFClat, lateral orbital gyrus; OFCant, anterior orbital gyrus; ACCsup, anterior cingulate
cortex (supracallosal); ACCsub, anterior cingulate cortex (subgenual); NAcc, nucleus accumbens, R, right;
L, left.
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6. CONSIDERAGOES FINAIS

A COVID-19 nado impacta apenas os pulmdes, mas também o sistema nervoso,
resultando em uma variedade de manifestagdes neurologicas. Pacientes podem
experimentar desde sintomas leves, como cefaleia, fadiga e hiposmia, até
complicagbes mais graves como encefalite, acidente vascular cerebral e sindrome de
Guillain-Barré. Em alguns casos, o virus foi identificado no SNC, sugerindo um
possivel impacto direto. Além disso, as alteragbes neuroldgicas observadas podem
ser atribuidas a resposta inflamatoria sistémica e a formag&o de coagulos sanguineos.
A compreensado aprofundada do envolvimento do sistema nervoso na COVID-19 é
crucial para orientar estratégias de tratamento e oferecer cuidados adequados aos
pacientes afetados. Pesquisas continuam a investigar os mecanismos precisos e 0s
potenciais efeitos a longo prazo dessa interagcado entre o0 SARS-CoV-2 e o sistema
nervoso.

Nos primeiros meses da pandemia COVID-19, participei de uma colaboracao
para esclarecer um caso de parkinsonismo apds infecgdo por SARS-CoV-2 no
Hospital Universitario de Brasilia. Esse esfor¢o resultou na publicagdo do artigo
intitulado “Coronavirus disease 2019 and parkinsonism: a non-post- encephalitic case”
(FABER et al., 2020) (Anexo D), representando o primeiro relato na literatura de um
caso de parkinsonismo n&o relacionado a encefalite. Através da neuroimagem,
conseguimos detectar o comprometimento do sistema nigroestriatal na COVID-19,
desempenhando um papel crucial nessa descoberta. Paralelamente, observamos um
aumento expressivo de casos de anosmia relacionada a COVID-19 em todo o mundo.
Essas evidéncias substanciais serviram como estimulo para ampliar nossa
investigacdo sobre o sistema nervoso de pacientes com COVID-19, com especial
atencao aos casos menos graves.

No Artigo 1 de nossa pesquisa, intitulado “Brain microstructural changes and
fatigue after COVID-19” (BISPO et al., 2022), mostramos que pacientes com COVID-
19 apresentaram alteragbes microestruturais na substancia branca em um
acompanhamento médio de 3 meses. Os pacientes que tiveram COVID-19
apresentaram uma reducao na densidade de fibras nos tratos de substancia branca
de associagao, projecao e comissurais, em comparagdo com o grupo de controle. Vale
destacar que a amostra do nosso estudo foi composta por pacientes
predominantemente nao hospitalizados. Estes achados corroboram com os de outros
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estudos publicados na literatura. Além disso, no nosso estudo n&o foi observada
alteragao significativa na substancia cinzenta. Ao contrario, a literatura engloba alguns
estudos com amostras maiores e periodos de acompanhamento prolongados,
evidenciando alterag¢des tanto no volume cerebral total quanto na espessura cortical.

Em nosso estudo, observamos que o grupo COVID-19 apresentou uma maior
intensidade de fadiga, sendo que as medidas de integridade axonal nos feixes de
projecao, tratos cerebelares e corpo caloso se correlacionaram com a gravidade da
fadiga. Na literatura, pacientes diagnosticados com sindrome da fadiga crénica
exibem alteragées microestruturais da substéncia branca nos tratos ascendentes e
descendentes do tronco cerebral e em tratos de associacdo. Diversos estudos sobre
a sindrome de fadiga crbénica indicam a presenga de um volume reduzido da
substancia branca, comprometimentos na mielinizagdo, conduc¢do reduzida e
alteragdes na conectividade funcional que interliga o tronco cerebral a outras regides
cerebrais. Assim, € plausivel inferir que a fadiga apos a COVID-19 pode apresentar
correlagdes com a neuroimagem que se assemelham a sindrome da fadiga cronica.

E relevante ressaltar que em nosso estudo n3o foi identificada uma reducéo do
desempenho dos testes cognitivos no grupo COVID-19 quando comparado ao grupo
controle. No entanto, observou-se que medidas de FW correlacionaram-se com o
desempenho em testes de tempo de reagdo e memoria visual no grupo COVID-19. O
indice de agua livre é considerado um marcador indireto de neuroinflamacéo e ja foi
previamente investigado em contextos relacionados a condi¢ées neurodegenerativas,
transtornos mentais e doengas infecciosas. Na literatura, a magnitude do aumento do
FW foi associada ao comprometimento cognitivo em pacientes que apresentaram
sintomas neurologicos apos a COVID-19. Além disso, niveis mais elevados de
marcadores inflamatdrios sistémicos durante a fase aguda da COVID-19
correlacionaram-se com alteragdes microestruturais cerebrais. Acredita-se que
durante o insulto inflamatério do SARS-CoV-2, neurénios, oligodendrécitos e outras
células gliais podem ter suas fungdes fisiolégicas comprometidas, resultando em um
disturbio da homeostase cerebral.

No Artigo 2 intitulado “Altered structural connectivity in olfactory disfunction after
mild COVID-19 using probabilistic tractography” (BISPO et al., 2023), revelamos que
pacientes com hiposmia persistente apés COVID-19 exibiram uma reducéo de 25%
no volume dos bulbos olfatérios em um acompanhamento médio de trés meses. No

grupo controle, observou-se uma correlagéo positiva significativa entre o volume do
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bulbo olfatério e a funcéo olfativa, consistente com pesquisas anteriores. Contudo,
essa correlacdo nao foi observada em pacientes com COVID-19. A possivel
recuperacao da funcédo olfativa em muitos individuos que inicialmente apresentaram
hiposmia durante a fase aguda da COVID-19 poderia explicar essa divergéncia. Além
disso, a infec¢ao por SARS-CoV-2 pode afetar a substancia branca e cinzenta, mesmo
em individuos com sintomas leves sem hospitalizagdo, o que pode impactar no
processamento superior em regides cerebrais relacionadas ao sistema olfativo.

Os pacientes hiposmicos infectados pelo SARS-CoV-2 apresentaram
aberracgdes significativas na rede de substancia branca, em comparagdo com os
controles. Uma sub-rede nas areas sensoriais parietais com conectividade aumentada
foi identificada nestes pacientes. As propriedades topoldgicas globais e locais da rede
revelaram uma integracéo reduzida e uma segregagcéo aumentada, especialmente em
areas cerebrais relacionadas ao olfato. Além disso, o desempenho olfativo
correlacionou-se negativamente com medidas de conectividade no grupo COVID-19.
Neste contexto, embora a plasticidade cerebral apds a perda sensorial tenha sido
amplamente documentada em relagcdo a visdo e audi¢cdo, pouco se sabe sobre os
efeitos da perda da fungao olfativa. Alguns estudos na literatura indicam a existéncia
de mecanismos compensatorios nas areas sensoriais e correlatas ao olfato, visando
mitigar as deficiéncias no processamento olfativo.

Em conclusdo, os resultados de nossa pesquisa proporcionam uma Visdo
abrangente das implicagbes neurologicas decorrentes da COVID-19. Ao identificar
alteragdes microestruturais na substancia branca, correlagdes entre integridade
axonal e fadiga, e aberragbes na conectividade relacionada a perda olfativa,
contribuimos para o entendimento mais profundo dos impactos do SARS-CoV-2 no
sistema nervoso. Enfatizamos a necessidade continua de estudos mais amplos de
conectividade cerebral e analises longitudinais para confirmar e compreender melhor
essas observacgoes, proporcionando entendimentos valiosos sobre as consequéncias
neurologicas de longo prazo da COVID-19. Essa trajetéria de pesquisa ndo apenas
enriquece o campo da neurociéncia, mas também €& essencial para orientar futuras
estratégias de cuidado e tratamento integral dos pacientes afetados por essa

complexa interagao entre o virus e o sistema nervoso.
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8. ANEXOS

Anexo A - Aprovacdo no Comité de Etica em Pesquisa com Seres Humanos

UNB - FACULDADE DE
CIENCIAS DA SAUDE DA Wm
UNIVERSIDADE DE BRASILIA

Continuagao do Parecer: 4.206.706

ao CEP.

Para quaisquer outras duvidas e requisicdes estamos disponiveis pelo e-mail (felipe.vongleh@unb.br) ou tel
(61) 99933-2712.

ANALISE: PENDENCIA ATENDIDA

Todas as pendéncias foram atendidas.
Nao ha ébices éticos para a realizagéo do presente protocolo de pesquisa.

Consideracoes Finais a critério do CEP:

Conforme Resolugdo CNS 466/2012, itens X.1.- 3.b. e Xl.2.d, os pesquisadores responsaveis deverado
apresentar relatorios parcial semestral e final do projeto de pesquisa, contados a partir da data de
aprovacao do protocolo de pesquisa.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documento Arquivo Postagem Autor Situacao
Informacdes Basicas| PB_INFORMACOES_BASICAS_DO_P | 22/07/2020 Aceito
do Projeto ROJETO 1557723.pdf 15:10:05
Brochura Pesquisa |ProjetoPesquisaHUB_Final_CEP.docx 22/07/2020 |Felipe von Glehn Aceito
15:09:27 | Silva

Recurso Anexado | RespostaCEP_UNB.docx 17/07/2020 |Felipe von Glehn Aceito

pelo Pesquisador 11:11:08 | Silva

Outros CVLattes_Bergmann.pdf 17/07/2020 |Felipe von Glehn Aceito
11:09:14 | Silva

Outros CVLattes_Eduardo.pdf 17/07/2020 |Felipe von Glehn Aceito
11:08:49 |Silva

Outros CVLattes_GustavoTakano.pdf 17/07/2020 |Felipe von Glehn Aceito
11:08:18 |Silva

Outros CVLattes_GustavoFreire.pdf 17/07/2020 |Felipe von Glehn Aceito
11:07:50 | Silva

Outros CVLattes_Wagner.pdf 17/07/2020 |Felipe von Glehn Aceito
11:07:16 | Silva

Outros CVLattes_Felipe.pdf 17/07/2020 |Felipe von Glehn Aceito
11:04:25 | Silva

Declaracéo de TermoAnuencia_HUB.pdf 17/07/2020 |Felipe von Glehn Aceito

Instituicao e 10:26:08 |Silva

Infraestrutura

Orcamento Orcamento_HUB_corrigido.docx 17/07/2020 |Felipe von Glehn Aceito
10:20:24 | Silva

Cronograma Cronograma_HUB_corrigido.docx 17/07/2020 |Felipe von Glehn Aceito
10:19:16 | Silva

Endereco: Faculdade de Ciéncias da Satde, Universidade de Brasilia - Campus Darcy Ribeiro
Bairro: Asa Norte CEP: 70.910-900

UF: DF Municipio: BRASILIA

Telefone: (61)3107-1947 E-mail: cepfsunb@gmail.com
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Reronl
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TCLE / Termos de |NC_TCLE_Assentimento.docx 17/07/2020 |Felipe von Glehn Aceito

Assentimento / 10:18:13 |Silva

Justificativa de

Auséncia

TCLE / Termos de |NC_TCLE_HUB.docx 17/07/2020 |Felipe von Glehn Aceito

Assentimento / 10:17:28 |Silva

Justificativa de

Auséncia

TCLE / Termos de |NC_TCLE_PAIS.docx 17/07/2020 |Felipe von Glehn Aceito

Assentimento / 10:16:24 |Silva

Justificativa de

Auséncia

Declaragéo de Anuencia_Pesquisador_HUB.docx 04/06/2020 |Felipe von Glehn Aceito

Pesquisadores 13:17:13 _|Silva

Outros CartaEncaminhamentoCEP_HUB.docx 04/06/2020 |Felipe von Glehn Aceito
13:15:10 | Silva

Solicitagdo CartaEncaminhamentoCEP.pdf 04/06/2020 |Felipe von Glehn Aceito

registrada pelo CEP 13:12:23 | Silva

QOutros TermoConcordancialnstitucional_HUB.d | 04/06/2020 |Felipe von Glehn Aceito

ocx 13:11:00 |Silva

Declaragéo de ANUENCIA_PESQUISADOR.pdf 30/05/2020 |Felipe von Glehn Aceito

Pesquisadores 13:51:40 |Silva

Projeto Detalhado / |Projeto_submissao_HUB_UNB.docx 30/05/2020 |Felipe von Glehn Aceito

Brochura 13:47:37 |Silva

Investigador

Folha de Rosto FolhaRosto_FelipeVonGlehn.pdf 30/05/2020 |Felipe von Glehn Aceito
13:46:02 |Silva

Outros NC_centros_participantes.docx 04/05/2020 |Aline de Moura Brasil| Aceito
10:48:53 | Matos

Situacao do Parecer:

Aprovado

Necessita Apreciacao da CONEP:

Nao

Endereco:
Bairro: Asa Norte
UF: DF

Telefone:

BRASILIA, 11 de Agosto de 2020

Assinado por:
Marie Togashi

(Coordenador(a))

CEP: 70.910-900

Municipio: BRASILIA
(61)3107-1947

Faculdade de Ciéncias da Saude, Universidade de Brasilia - Campus Darcy Ribeiro

E-mail: cepfsunb@gmail.com
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Anexo B - Formulario de dados demograficos e clinicos

SIRIO-LIBANES UnB

BRASILIA

Questionario sobre COVID-19 e sintomas neurolégicos a profissionais da assisténcia em

salde

Informagdes preliminares

Apés preencher este questionario, vocé sera convidado a realizar a coleta de RT-qPCR por swab
(cotonete) nasofaringeo, seguida por uma coleta de sangue venoso (coletado de veia no
antebraco) para quantificacdo dos anticorpos IgA e IgG para o novo coronavirus (SARS-CoV-2), por
método imunoenzimatico (ELISA). As informacdes serdo repassadas a Comissdo de Controle de
Infeccdo Hospitalar (CCIH) de sua instituicdo, para que os resultados desses exames possam ser
fornecidos a vocé. Enfatizamos que os pesquisadores resguardarao sigilo completo sobre todos
estes dados, em qualquer hipétese.

1. Vocé preencheu o termo de consentimento e concorda em participar desta pesquisa?
Sim

Né&o

2. Faremos algumas perguntas sobre vocé e seu estado de satde
oK

3. Digite, por gentileza, seu nome completo

4. Nos informe, por favor, sua data de nascimento (DD/MM/AAAA)

5. ID (cédigo identificador: Primeira letra dos dois primeiros nomes e primeira letra do ultimo sobrenome +
data de nascimento no formato DDMMAAAA).
Exemplo: Fulano Oliveira Silva, nascido em 03/01/1970; ID=FOS03011970

6. Fornega seu enderego de e-mail completo, por gentileza, para que possamos contatar o(a) senhor(a)

7. Qual é o seu nimero de telefone para contato? (DD) NNNNN-NNNN




Anexo C - Avaliagdo Cognitiva de Montreal (MoCA / verséao brasileira)
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MONTREAL COGNITIVE ASSESSMENT (MOCA) Nome: - Data de nasc.imgnto: ==
Versdo Experimental Brasileira Escolaridade: Data de avaliagao: __/ [/
Sexo: ldade:
o cubo (onze horas e dez minutos)
(3 pontos)
Fm o s
Inicio
Contorno  Numeros Ponteiros
-3
m Leia a lista de palawas, Rosto Veludo Igreja Margarida -
0 sujeito de repeti-la, -
faga duas tentativas Pitertaliva :;gﬁ e
Evocar apés 5 minutos 23 tentativa
ATENCAO Leia a seqgiéncia de nimeros 0 sujeito deve repetir a seqiéncia em ordem direta [ ] 21854
(1 ndmero por segundo) 0 sujeito deve repetir a Ueéncia em ordem ind# [ ] 742 7.
Leia a série de letras. O sujeito deve bater com a mao (na mesa) cada vez que ouvrr a letra “A”. Hao se atribuem pontos se > 2 eros.
[ ] FBACMNAAJKLBAFAKDEAAAJAMOFAAB N
Subtragdo de 7 comegandopelo 100 [ ] 93 [ 1 8 [ 1 [ ] 72 [ ] 65
4 ou 5 subtragbes cometas: 3 pontos; 2 ou 3 comretas 2 portos; 1 comreta 1 ponto; 0 coreta 0 ponto
LINGUAGEM Repetir: Eu somente sei que é Jodo 0 gato sempre se de embaixo do
quemsera ajudado hoje. [ ] Sofa quando o cachoro esta na sala. [ ] 12
Fluéncia verbal: dizer o maior niimero possivel de palavras que comecem pela letra F (1 minuto). [ ] (H > 11 palavras) | /1
ABSTRACAO Semehanga p. ex. entre banana e laranja = fruta [ ] trem-bicicleta [ ] relégio-régua /2
EVOCACAO Deve recordar Rosto Veludo Igreja Margarida |Vermeho,
TARDIA as palavras o e Pontuagio 5
SEM PISTAS [ ] [ ] [ ] [ ] [ ] apenas para
= . evocagao
OPCIONAL Pista de categoria SEM PISTAS
Pista de miltipla escoha
OR ACAC [ ] Dia do més [ ] Més [ ] Ano [ ] Dia da semana [ ] Lugar [ ] Cidade 6
©Z. Nasreddine MD www.mocatest.org TOTAL 130
Versio experimental Brasileira: Ana Luisa Rosas Sarmento gg:;;?d;:;e 282 8103
Paulo Henrique Ferreira Bertolucci - José Roberto Wajman J

(UNIFESP-SP 2007)
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Anexo D - Artigo publicado em colaboragéo

Faber |, Branddao PRP, Menegatti F, Bispo DDC, Maluf FB, Cardoso F. Coronavirus
Disease 2019 and Parkinsonism: A Non-post-encephalitic Case. Mov Disord. 2020
Oct;35(10):1721-1722. doi: 10.1002/mds.28277.

") Check for updates

LETTERS: NEW OBSERVATION

Coronavirus Disease 2019 and
Parkinsonism: A Non-post-
encephalitic Case

A 3S5-year-old previously healthy female presented with
fever, cough, sneezing, rhinorrhea, diarrhea, myalgia, anosmia,
and hypogeusia. She was diagnosed with mild coronavirus dis-
ease 2019 (COVID-19) infection (positive quantitative reverse
transcription polymerase chain reaction test for severe acute
respiratory syndrome coronavirus 2 [SARS-COV-2] performed
by nasopharyngeal swab) and did not require hospitalization.
After 10 days, she recovered from respiratory symptoms but
developed paresthesia and difficulty in moving her right arm.
After 1 day, she became unable to move the right arm and
developed a lower voice tone, generalized rigidity, and slow-
ness of movement with gait unsteadiness.

Two weeks after the onset of neurological symptoms, physi-
cal examination revealed decreased facial expression, eyelid
retraction, and slow and hypometric saccades as well as
hypophonia. She also had generalized and asymmetric (right
worse than the left) bradykinesia and cogwheel rigidity,
stooped posture, gait with reduced arm swing, en bloc turning,
and decreased stride length. The Movement Disorder Society
Unified Parkinson’s Disease Rating Scale Part IIl score on the
first evaluation was 49. After 4days of therapy with
200/50 mg of levodopa/benserazide three times a day, there
was significant improvement of facial expression, dysarthria,
bradykinesia, and arm swinging. The Movement Disorder
Society Unified Parkinson’s Disease Rating Scale Part III score
decreased to 32 (see the Supplementary Information for Move-
ment Disorder Society Unified Parkinson’s Disease Rating
Scale Part III detailed description; physical examination fea-
tures are shown in Video S1). Cognition was normal, and
Sniffin’ Sticks confirmed moderate hyposmia (9/16 correct
answers). The proband had no family history of parkinsonism.

Laboratory workup included a normal cerebrospinal fluid
analysis (cells, 0; protein, 36 mg/dL; glucose, 60 mg/dL). The 3-
Tesla magnetic resonance imaging was unremarkable, including
an evaluation of nigrosome-1 and neuromelanin imaging. Brain
fluorodeoxyglucose—positron emission tomography showed nor-
mal glucose metabolism. There was decreased dopamine trans-
porter density on the left putamen (more evident in the mid-

© 2020 International Parkinson and Movement Disorder Society

Key Words: SARS-CoV-2, CNS infection, parkinsonism, COVID-19,
postinfectious parkinsonism
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putamen, different from the posterior involvement usual of idio-
pathic Parkinson’s disease). Such finding contrasted with the
patient’s bilateral symptoms, what could be attributed to micro-
structural changes in other brain pathways (Fig. 1).

Our patient clearly has akinetic-rigid parkinsonism. The
abnormal dopamine transporter scan and levodopa improve-
ment confirm the presynaptic nature of the parkinsonian syn-
drome. As the patient was neurologically normal prior to the
COVID-19 infection, we conclude that SARS-CoV-2 infection
is responsible for the parkinsonism. Méndez-Guerrero and
colleagues’ recently described another case of parkinsonism
associated with COVID-19 affecting a critically ill patient
with pleomorphic neurologic symptomatology.

Neurologic manifestations in COVID-19 most commonly
described include headache, seizures, stroke, hyposmia, and
altered mental status.>* As they may occur regardless of respi-
ratory symptoms, most likely there is direct viral neurotoxic-
ity.* Since the outbreak of encephalitis lethargica in the 1920s,®
an ever-growing number of viruses have been implicated in
postencephalitic parkinsonism, including influenza, Epstein-
Barr, West Nile, and Japanese encephalitis.® In contrast, the
COVID-19 clinical and laboratory pictures of our patient do
not suggest she had encephalitis. In parkinsonism associated
with viral infections, neuropathology varies from direct acute
infection to postinfectious neuroinflammation, both culminat-
ing with dopaminergic cell loss. SARS-CoV-2 might infect neu-
rons in the central nervous system through either retrograde
axonal transport or hematogenic routes.* Our patient probably
had a direct SARS-CoV-2 lesion of the nigro-striatal system.”

In conclusion, we report a case of levodopa-responsive par-
kinsonism probably caused by direct SARS-CoV-2 infection,
broadening the disease clinical spectrum. ®
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FIG 1. Comprehensive neuroimaging ancillary evaluation: fluorodeoxyglucose-positron emission tomography, neuromelanin and nigrosome-1 magnetic
resonance imaging, and 99mTc-TRODAT-1 (Technetium-99m labeled tropane derivative) single-photon emission computed tomography). (A-C)
Fluorodeoxyglucose-positron emission tomography scan axial slices (through the thalamus, striatum, and corona radiata) show cerebral glucose
metabolism within normal limits in the basal ganglia and cortical regions. (D-G) Three-dimensional stereotactic surface projection (3d-SSP) projection
of the cortical radiotracer uptake to a lateral and medial surface perspective of both hemispheres shows normal glucose metabolism. (H) Normal
neuromelanin content is seen in an axial magnetic resonance imaging slice of the midbrain through the substantia nigra. (I) Nigrossome-1 and its
related “swallow-tail” sign are readily identifiable in both cerebral peduncles. (J-M) Nigrostriatal denervation at the left mid-putamen (semiquantification
of dopamine transporter binding—0.60), contralateral to the most significant clinically affected side. The specific dopamine transporter binding potential
in the basal ganglia is calculated as the difference between dorsal putamen activity (PUT) and the reference region, that is, the occipital activity (OA),
divided by the OA: (PUT—OA)/OA. [Color figure can be viewed at wileyonlinelibrary.com]
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