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ABREVIATURAS

Espafiol

Inglés

AEMPS: Agencia Espafiola de Medicamentos y
Productos Sanitarios

ARN: Acido ribonucleico

ARNmM: ARN mensajero

ECA2: Enzima Convertidora de Angiotensina 2
Enfermedad por coronavirus 2019: COVID-19
FMO: Fallo Multiorganico

IL: Interleuquina

OMS: Organizacion Mundial de la Salud

RMf: Resonancia magnética funcional

RND: Red Neuronal por defecto

SNC: Sistema Nervioso Central

SNP: Sistema Nervioso Periférico

TMPRSS2: Proteasa transmembrana serina 2

UCI: Unidad de Cuidados Intensivos

ACE-2: Angiotensin-Converting Enzyme 2

AD: Alzheimer's disease

ACC: Anterior Cingulate Cortex

BOLD: Blood oxygenation level dependent
BNT: Boston Naming Test

BTA: Brief Test of Attention

DoC: Disorders of Consciousness

fMRI-resting state: Functional Magnetic Resonance
Imaging-resting state

Food and Drug Administration: FDA

FWHM: Full width at half maximum

HCoV: Human Coronavirus

HVLT-R: Hopkins Verbal Learning Test-Revised
ICU: Intensive Care Unit

LCl: Lower-bound of the confidence interval
MERS-CoV: Middle East Respiratory Syndrome
Coronavirus

MMSE: The Mini-Mental State Examination

MOF: Multiorgan Failure
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MRIs: Brain Magnetic Resonance Images
M-WCST: Modified Wisconsin Card Sorting Test
NSI: Neurobehavioral Symptom Inventory

PCR: Polymerase chain reaction

PHQ-9: Patient Health Questionnaire-9

ROCF: Rey-Osterrieth Complex Figure

RSN: Resting State Networks

SBC: Seed-based-correlation

SD: Standard Deviation

SDMT: Symbol Digit Modalities Test

SARS-CoV: Severe Acute Respiratory Syndrome
Coronavirus

SOFA: The Sequential Organ Failure Assessment
TMT: Trail Making Test

UCI: Upper-bound of the confidence interval
VBM: Voxel-based morphometry

VAN: Ventral Attention Network

VFT: Verbal Fluency Test

WM: White matter
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GLOSARIO!

Aparato de Golgi: orgénulo celular que ayuda en la fabricaciéon y empaquetamiento de
las proteinas vy los lipidos, especialmente de aquellas proteinas destinadas a ser

exportadas por la célula.

ARN mensajero (ARNm): es un tipo de ARN de cadena Unica que participa en la sintesis

de las proteinas.

Blood oxygenation level dependent (BOLD): cambios en el nivel de oxigenacion de la
sangre que estan asociados con la actividad neuronal, y que pueden medirse a través de

la resonancia magnética funcional.

Citoplasma: liquido gelatinoso que llena el interior de una célula.

Endocitosis: Proceso por el cual la célula introducen moléculas grandes o particulas a su

interior

Enterocito: tipo de célula del epitelio intestinal que recubre toda la superficie interna

del intestino delgado. Su funcién es la de digerir los alimentos y absorber sus nutrientes.

Exocitosis: Proceso por el cual la célula transporta al exterior moléculas grandes o

particulas a través de su membrana.

Genoma: conjunto del material hereditario de un organismo.

Glicoproteina: moléculas compuestas por una proteina unida a uno o varios glucidos.

! |as palabras incluidas en el glosario se han sefialado en negrita en el texto.
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Patogenicidad: la capacidad de los parasitos para infectar un huésped y causar

enfermedad.

Proteina ARN polimerasa: proteina de caracter enzimatico cuya funcion es copiar el ARN

genodmico viral para permitir la replicacién y transcripcidon de los genes virales.

Proteinas ARN-polimerasas: conjunto de proteinas con caracter enzimatico capaces de
polimerizar los ribonucledtidos para sintetizar ARN a partir de una secuencia de ARN

viral que sirve como patrén o molde.

Protedlisis: degradacion de proteinas ya sea mediante enzimas especificas, llamadas

proteasas, o por medio de digestidn intramolecular.

Reticulo endoplasmico: orgdnulo celular, que puede ser liso o0 rugoso, y cuya principal

funcion es producir proteinas para que el resto de la célula pueda funcionar.

Ribosoma: orgdnulo celular encargado de unir aminoacidos para formar proteinas.

Traduccidn: proceso mediante el cual se produce la sintesis de las proteinas a partir de
la unién de cadenas de aminoacidos. Este proceso tiene lugar gracias a la codificacion

de la informacion del ARNm.

Transcripcién: proceso mediante el cual una célula elabora una copia de ARN a partir de
una pieza de ADN. Esta copia de ARN, que se llama ARN mensajero (ARNm), transporta
la informacion genética que se necesita para elaborar las proteinas en una célula. En el
caso de los virus ARN monocatenario positivos, la transcripcién se realiza del ARN viral

al ARNm.
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Capitulo 1. Marco teorico
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1.1. Coronavirus

Coronaviridae es una familia de virus compuesta por dos subfamilias, Letovirinae
y Orthocoronavirinae. A esta Ultima subfamilia pertenecen los coronavirus, los cuales
pueden ser de cuatro géneros: Alphacoronavirus, Betacoronavirus, Gammacoronavirus y
Deltacoronavirus. Los coronavirus humanos (HCoV) pertenecen a los géneros
Alphacoronavirus y Betacoronavirus. Si bien cada género tiene sus particularidades, esta
familia de virus se caracteriza por tener un genoma de ARN monocatenario (cadena
sencilla) de sentido positivo (ARN sentido +). Esto implica que el genoma del ARN viral es
igual al del ARN mensajero (ARNm) de las células, lo que hace que la célula lo reconozca
como su propio material genético y realice la traduccién directamente a las proteinas
virales en su citoplasma. Esta caracteristica permite a los coronavirus replicarse e infectar
a las células huésped con mayor rapidez que otros virus (1).

A nivel estructural, el viridon o particula virica de la mayoria de los coronavirus
guarda su ARN en una cdpside (cubierta proteica) y se compone principalmente de cuatro
proteinas estructurales: la glicoproteina de espiga (S), la glicoproteina transmembrana
(M), la proteina de la nucleocapside (N) y la proteina de la envoltura (E) (ver Figura 1.1.).
Las glicoproteinas M y S se encuentran en la envoltura del virién, otorgandole el aspecto
de corona, y participan principalmente en la union y ensamblaje del virus a las células. En
particular, la glicoproteina S tiene un papel protagonista en la infeccion ya que es la que
se une al receptor de la célula para mediar la entrada del material virico. Por otra parte,
la proteina N es la que forma la capside que protege el ARN, mientras que la proteina E

participa en el ensamblaje y liberacion del virion de la célula huésped (1).
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Figura 1.1. Estructura del SARS CoV-2

Nota: Imagen creada con BioRender.

Glicoproteina de espiga (S)

ARN genomico
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Existen innumerables tipos de coronavirus, de los cuales solo siete pueden
infectar a los humanos. En estos casos, la infeccion puede darse directamente entre los

humanos o a través de animales, que actlan como vectores para transmitir el virus (2).

Los dos primeros coronavirus humanos (HCoVs), el HCoV-229E y el HCoV-0OC43,
aparecieron por primera vez en la década de los 60, causando sintomas similares a los
del resfriado comun. A pesar de que se consideran virus de baja patogenicidad, y en la
mayoria de los casos, la enfermedad se resuelve sin ninguna complicacion, en personas
mayores o con el sistema inmunoldégico debilitado los sintomas pueden ser graves (3).

En 2002 se detectd en China el Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV), que tal y como indica su nombre, provoca problemas respiratorios graves
(3). Este virus se extendio a 29 paises y regiones, dando lugar a la primera epidemia por
coronavirus, en la que 8098 personas fueron infectadas (4). Desde el 2004 no se ha
reportado casos nuevos de esta enfermedad (5).

Posteriormente, en el 2004 y el 2005 se descubrieron otros dos coronavirus, el
HCoV-NL63 y HCoV-HKU1, respectivamente. En el primer caso, los pacientes suelen
desarrollar infecciones respiratorias que, en algunos casos, pueden llegar a ser graves en
nifios, ancianos o pacientes inmunodeprimidos, mientras que el HCoV-HKU1 provoca
principalmente fiebre, tos, rinorrea y sibilancias, e infecciones respiratorias en pacientes
vulnerables. Estos dos virus también tienen una baja patogenicidad (3).

Siete afios mas tarde aparecié el Middle East Respiratory Syndrome Coronavirus
(MERS-CoV) en Arabia Saudi. Al igual que el SARS-CoV, este virus da lugar, principalmente,
a complicaciones respiratorias, no obstante, también se han reportado alteraciones
gastrointestinales, cardiovasculares, renales y neuroldgicas (3). Si bien la baja tasa de

contagio y la alta letalidad (35% de muertes tras la infeccion) (6) del virus limitd su
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expansion, el MERS-CoV ha sido el protagonista de la segunda epidemia por coronavirus,

que afect a 27 paises en Asia, América, Europa y Africa (3).

Finalmente, en diciembre del 2019 se detectd en Wuhan, China el primer caso de
infeccion por el Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Este
nuevo virus, muy similar al SARS-CoV, se expandié por todo el mundo a gran velocidad,
dando lugar a la pandemia de enfermedad por coronavirus 2019 (COVID-19). Los datos
mas recientes indican que, a nivel mundial, aproximadamente 771,679,618 personas han
sido contagiadas por el virus, de las cuales 6,977,023 han fallecido (7). Durante esta
situacién de emergencia sanitaria internacional, el mundo fue testigo de una carrera, por
parte de toda la comunidad cientifica, en busqueda de la vacuna para la COVID-19. Como
resultado, cinco vacunas han sido aprobadas por la Administracion de Alimentos vy
Medicamentos de los Estados Unidos (FDA, por sus siglas en inglés) (8) y ocho por la
Agencia Espafiola de Medicamentos y Productos Sanitarios (AEMPS) (9), lo que ha
contribuido a que lentamente se haya logrado frenar la expansiéon del virus hasta el punto
de que el 5 de mayo de 2023 se declarase el fin de la pandemia. A pesar de ello, la COVID-

19 sigue siendo un gran problema de salud publica para muchos paises del mundo (3).

1.2. SARS-CoV-2y COVID-19

El SARS-CoV-2 pertenece al género Betacoronavirus y comparte su genoma en un
70% y un 40% con el del SARS-CoV y MERS-CoV, respectivamente. Tal y como se detallara
a continuacion, una parte esencial del mecanismo de infeccion de los coronavirus es la
unién entre la glicoproteina S del virus y un receptor de la célula huésped, el cual es
especifico para cada tipo de coronavirus. Dicho receptor determina el modo en el que el

virus entra a la célula y los 6rganos que son vulnerables a la infeccion. EI SARS-CoV-2, en
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particular, se une Unicamente al receptor de la enzima convertidora de angiotensina 2
(ECA2) (2), que se encuentra principalmente en las células epiteliales del pulmon, las

glandulas salivales y de la lengua, asi como en los enterocitos del intestino delgado (10).

1.2.1. MECANISMO DE INFECCION DEL SARS-COV-2

La infeccion del SARS-CoV-2 inicia con la unidn de la glicoproteina S del virus con
el receptor ECA2 presente en la superficie de la célula huésped. A continuacién, se
produce la fusion de la envoltura viral con la citomembrana de la célula gracias a una
serie de proteasas, principalmente la proteasa transmembrana serina 2 (TMPRSS2), cuya
funcion es cortar la glicoproteina S en dos (11-13).

El virus entra a la célula huésped por endocitosis, libera su genoma viral en el
citoplasma celular, y dado que actia como un ARNm, la célula lo reconoce como su propio
material genético. Esto activa la maquinaria celular, de modo que el ribosoma inicia el
proceso de traduccién del ARN gendmico para formar una serie de poliproteinas, que,
mediante la protedlisis, se dividen en proteinas mas pequefias, entre las que se encuentra
la proteina ARN polimerasa y las proteinas no estructurales. (11-13).

Este conjunto de proteinas forma el complejo de replicacidon y transcripcién, con
el que se inicia el proceso de replicacion del genoma viral. Durante este proceso, a partir
del ARN gendmico (sentido +) que ha ingreso a la célula y que sirve como plantilla, se crea
una copia de ARN gendmico (sentido -). Esta copia se transcribe de nuevo para generar
un ARN gendmico (sentido +), que sera el genoma viral de los nuevos virus, asi como un
ARN subgendmico (sentido +) que traducird y formara las proteinas estructurales (M, S,

Ny E) (11-13).
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Una vez sintetizadas, las proteinas M, Sy E se unen al reticulo endoplasmico,
donde se terminan de formar, mientras que la proteina N envuelve el genoma viral,
dando lugar a la nucleocépside. Después, las proteinas M, Sy E pasan al aparato de Golgi
a través del compartimento intermedio del reticulo endopldsmico-Golgi (ERGIC). En el
aparato de Golgi se ensamblan las proteinas M, Sy E con la nucleocdpside y se finaliza la
maduracion del viridn, el cual es liberado al exterior de la célula a través de una exocitosis

(ver Figura 1.2.) (11-13).
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1.2.2. RESPUESTA DEL SISTEMA INMUNOLOGICO ANTE EL SARS-COV-2

Tras la infeccidn por SARS CoV-2, se produce una respuesta por parte del sistema
inmunoldgico, que puede ser innata o adquirida. Por una parte, la inmunidad innata, es
la primera que sale a combate y proporciona una respuesta inmediata en el momento en
el que se detecta el virus. Si bien este tipo de inmunidad nos protege frente a muchos
patdgenos, es muy poco especifica y activa el mismo mecanismo de accién
independientemente del patdgeno, por lo que no es suficiente en algunos casos. Por ello,
cuando la inmunidad innata no consigue controlar la infeccién, se activa la inmunidad
adaptativa, la cual si es capaz de reconocer las diferencias entre los microorganismos,
toxinas o antigenos y dar una respuesta especifica. Ademds, cuenta con memoria
inmunoldgica, es decir, que reconoce los patdgenos que ya han sido combatidos en

infecciones anteriores para atacarlos con mayor eficacia (14).

En cada uno de los tipos de inmunidad se ponen en accion diferentes células y
proteinas que abordan la infeccién de determinada manera, dando lugar a gran parte de
los sintomas de la enfermedad. Sin embargo, en ambos casos, uno de los principales
mecanismos es la inflamacidén, la cual es posible gracias a la secrecién de un tipo de

proteina llamada citoquina o interleuquina (IL) (14).

En algunos casos, esta respuesta inflamatoria es descontrolada y se produce una
tormenta de citoquinas, en la que no solo se ataca a los virus y células infectadas, sino
gue también se lesiona los tejidos y érganos sanos (14). Esta respuesta es la protagonista
de los casos mas severos de la COVID-19, y puede inducir, a su vez, un fallo multiorganico
(FMO) (15,16), caracterizado por la alteracién de mas de un sistema organico vital,

principalmente los sistemas respiratorio, cardiovascular y nervioso (17).
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1.2.3.  CARACTERISTICAS CLINICAS DE LA COVID-19

La respuesta del sistema inmunoldgico ante el virus es la que determina, en parte,
los sintomas de la enfermedad y su gravedad. Adema3s, la presencia de comorbilidades
(p. ej., obesidad, hipertension, enfermedades pulmonares etc.) y las caracteristicas
demograficas como una edad avanzada, el género masculino, asi como el tabaquismo o
alcoholismo son factores de riesgo para tener sintomas mas graves (18,19). Por lo tanto,
la presentacion de la COVID-19 puede variar desde un cuadro asintomatico, que
representa el 40% de todos los casos, hasta personas que desarrollan sintomas criticos,

o incluso puede causar la muerte (20).

Segun la Organizacion Mundial de la Salud (OMS) (21) los sintomas mas comunes
de la COVID-19 son la fiebre, escalofrios y dolor de garganta, aunque también pueden
aparecer otros sintomas como dolores musculares, fatiga, congestién nasal, dolor de
cabeza, mareo, tos, opresion o dolor en el pecho, dificultad para respirar, anosmia y
ageusia, pérdida de apetito, nduseas, vomitos, dolor abdominal o diarrea. Estos sintomas
suelen ser parte de un cuadro leve de la enfermedad, y normalmente aparecen entre 2y

7 dias después de la exposicion al virus, y suelen durar aproximadamente una semana.

En los casos moderados a graves, los pacientes desarrollan neumonia e/o hipoxia,
y, por lo general, requieren hospitalizacion, mientras que en los casos criticos se puede
producir una insuficiencia respiratoria, shock séptico o un FMO, lo que conlleva el ingreso
de la persona en la Unidad de Cuidados Intensivos (UCI) y, por consiguiente, la asistencia

respiratoria mecdanica, y en casos mucho mas severos incluso la muerte (22,23).

A pesar de que el sistema respiratorio, donde hay una mayor expresion de la ECA2

(24), es el principal afectado en esta enfermedad, existe un porcentaje de pacientes que
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cursan con alteraciones cardiacas, gastrointestinales, renales, hepaticas,

endocrinoldgicas, dermatoldgicas, oculares, neurolégicas o neuropsicoldgicas (25).

1.3. Alteraciones neuroldgicas

Segun la literatura mas reciente, entre un 35% y 85% de los pacientes infectados
por el SARS CoV-2 presentan alteraciones del sistema nervioso, tanto periférico (SNP)
como central (SNC) (26). Las alteraciones del SNP tienden a ser las mas leves e incluyen
principalmente anosmia, ageusia y mialgia (27,28), mientras que las lesiones del SNC dan
lugar a alteraciones mas graves como la pérdida del conocimiento, enfermedad
cerebrovascular isquémica, encefalopatia, encefalopatia hemorragica necrotizante
aguda, encefalitis, meningitis, ataques epilépticos y enfermedades desmielinizantes
como el sindrome de Guillain Barré (27-30). La presencia de estas alteraciones
neuroldgicas en la COVID-19 empeoran el prondstico de los pacientes. Por ejemplo, se ha
visto que la encefalopatia se relaciona con ingresos hospitalarios mas largos, una peor
funcionalidad tras el alta y una mayor tasa de mortalidad. De igual manera, casi un tercio
de los pacientes infectados por SARS CoV-2 y que presentan enfermedad cerebrovascular
fallecen (31).

Aungue los mecanismos que subyacen a la alteracidén neuroldgica tras la infeccion
por el SARS CoV-2 siguen siendo motivo de debate, hay tres teorias que han obtenido un
mayor apoyo cientifico. Una primera hipotesis postula que hay una infeccion directa del
virus al cerebro; algunos autores indican que el acceso se da mediante la mucosa nasal,
la ldmina cribiforme y el bulbo olfatorio, y que por ello uno de los sintomas es la anosmia
(25), mientras que otros sostienen que se produce a través de las terminaciones nerviosas

del SNP o del torrente sanguineo (32,33). Independientemente de la via de acceso, en
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diversos estudios se ha reportado la presencia de particulas viricas tanto en el liquido
cefalorraquideo como en el cerebro de personas infectadas (34,35). La segunda hipotesis
propone que el dafio cerebral es el resultado de la respuesta inflamatoria orquestada por
la tormenta de citoquinas, que altera el sistema vascular del cerebro y la barrera
hematoencefélica (36). Una ultima hipdtesis sugiere que el bloqueo del flujo sanguineo
en el cerebro causa hipoxia, que provoca lesiones en el tejido del cerebro y da lugar a

manifestaciones neuroldgicas y cognitivas (37).

1.4. Alteraciones neuropsicolégicas

De manera similar a lo que sucede tipicamente en estas afecciones, el dafio
neurolégico mediado por el SARS-CoV-2 puede provocar secuelas a corto y largo plazo
gue afectan tanto el funcionamiento cognitivo como la salud mental de los pacientes. No
obstante, se ha visto que incluso las personas que han tenido presentaciones leves de la
enfermedad y que no han requerido de hospitalizacion también pueden presentar
secuelas cognitivas y emocionales tras ser infectados por el virus. De hecho, la presencia
de sintomas como fatiga mental, problemas de concentracién, confusion, olvidos
recurrentes, pensamiento lento e incluso desorientacién hacen parte del cuadro clinico
conocido coloquialmente como “niebla mental” (38,39). Aunque estos sintomas pueden
desaparecer poco después de recuperarse de la enfermedad, muchas personas
continlan experimentandolos durante mas de dos meses después de la infeccién. La
presencia de estos problemas cognitivos, junto con otros sintomas fisicos/somaticos (p.
ej., fatiga, problemas respiratorios y digestivos) y emocionales (p. ej., ansiedad,
depresion, apatia) a largo plazo es lo que se ha denominado como “sindrome post-COVID

persistente” o “COVID persistente” (38,39).
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A pesar de que las secuelas de la COVID-19 tienen un fuerte impacto en el
funcionamiento y la calidad de vida de las personas (40), gran parte de la investigacion
en este ambito se centra principalmente en reportar las alteraciones a través de estudios
de casos (41) y desde una perspectiva puramente diagnostica. Sin embargo, son escasos
los estudios en los que se utilizan otras herramientas para examinar dichas secuelas,
como las pruebas neuropsicoldgicas, la resonancia magnética funcional (RMf) u otros
instrumentos estandarizados/validados.

Por ejemplo, Zhou et al. (2020)(42) encontraron que, en comparacion con los
controles sanos, los 29 pacientes de su muestra obtuvieron peores resultados en las
pruebas que evaluaban atencién sostenida. Por su parte, Ferrucci et al. (2021) (43)
realizaron una evaluacién neuropsicoldgica a 53 pacientes a los 5y 12 meses después de
ser dados de alta del hospital. Los autores encontraron que el 63.2% de los participantes
obtuvo un bajo rendimiento en al menos una de las pruebas. Aunque las puntuaciones
mejoraron al afio, la velocidad de procesamiento y la memoria verbal y espacial
continuaron afectadas. Poletti et al. (2021) (44) reportaron resultados similares, donde
un alto porcentaje de los pacientes con COVID-19 obtuvo puntuaciones bajas en al menos
un dominio cognitivo al mes (79%) y a los 3-6 meses (75%) después de la infeccidn.
Ademas, al compararlos con controles sanos, los pacientes rindieron peor en las pruebas
de velocidad de procesamiento y coordinacion motora. Miskowiak et al. (2021) (45)
también encontraron que entre el 59% y 65% de su muestra de 29 participantes con
COVID-19 mostré alteraciones cognitivas, principalmente en memoria verbal y funciones
ejecutivas 3-4 meses después del alta hospitalaria. Mas recientemente, Schild et al.
(2023) (46), en un estudio transversal, encontraron que de los 52 pacientes con sindrome

post-COVID-19 que evaluaron, mas de la mitad presentaban un trastorno neurocognitivo,
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con alteraciones en la memoria y las funciones ejecutivas (60.7%), atencion (51.6%),
lenguaje (35.5%) y las habilidades perceptivas y motoras (29%).

Otros grupos de investigacién han explorado la presencia de sintomas
persistentes tras la COVID-19 a través de autoreportes en encuestas en linea. Asi pues,
Orru et al. (2021) (47) encontraron que los problemas de concentracion estaban dentro
de los sintomas mas reportados por los 507 pacientes que contestaron a su encuesta,
junto con el dolor de cabeza, la fatiga y la mialgia. Davis et al. (2021) (48) recogieron
informacion sobre la prevalencia de 203 sintomas en una muestra de 3762 personas, de
las cuales 1020 habian tenido COVID-19 confirmado por un test y el resto sospechaba
haber tenido la enfermedad sin haber sido comprobada. Estos autores encontraron que,
incluso 7 meses después de la infeccion gran parte de su muestra continuaba
presentando sintomas, principalmente problemas cognitivos (88%), fatiga (86.7%) y
malestar después de hacer esfuerzo (85.9%). En el estudio de Frontera et al. (2021) (49)
los 999 pacientes con COVID persistente reportaron principalmente ansiedad, confusion
mental, dificultad para concentrarse y olvido. Ademas, encontraron que las mujeres
jovenes hispanas eran mas vulnerables a desarrollar estos sintomas. Ziauddeen et al.
(2022) (50) obtuvieron datos acerca de los sintomas persistentes de 2550 participantes
de Reino Unido, y encontraron que el 88.8% referia sintomas cardiopulmonares,
cognitivos y fatiga. Ademas, una mayor gravedad de los sintomas se asocié con ser mujer,
tener ingresos mas bajos y tener problemas de salud previos a la infeccién por el SARS
CoV-2. En Malasia, Moy et al. (2022) (51) encontraron que el 44% de los 732 pacientes
gue respondieron a su encuesta reportaron sintomas persistentes, siendo la fatiga, la
confusién mental, la depresién, la ansiedad y el insomnio los mas prevalentes. Al igual

que en los estudios de Frontera et al. (2021) (49) y Ziauddeen et al. (2022) (50), estos
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autores también reportaron que las mujeres tenfan mayor riesgo de presentar estas
secuelas. Los resultados de Kim et al. (2022) (52) son muy similares a los de Moy et al.
(2022) (51) en cuanto a que los sintomas persistentes mas reportados por su muestra de
454 personas fueron la fatiga, los problemas de concentracion y memoria, depresién y
ansiedad. Por ultimo, en la encuesta de Mclaughlin et al. (2023) (53) 253 personas de
Escocia indicaron que los sintomas persistentes mas prevalentes eran malestar por
esfuerzo (95%), fatiga (85%) y problemas cognitivos (68%).

Aungue una de las mayores limitaciones del uso de encuestas en linea es que no
se puede garantizar la veracidad de lo informado por los participantes, es una
herramienta muy util y valida para obtener informacién de muestras muy grandes y de
diversas regiones del mundo, lo que facilita la representatividad de la poblacion vy la
generalizacion de los resultados.

Por otra parte, varios estudios de neuroimagen han concluido que estas
alteraciones neuropsicolodgicas podrian estar relacionadas con lesiones estructurales y
cambios metabdlicos en el cerebro, principalmente en la sustancia blanca (54). Asimismo,
algunos estudios han encontrado que la conectividad estructural y funcional también se
encuentra alterada en estos pacientes. Por ejemplo, Fischer et al. (2022) (55) compararon
la conectividad funcional y estructural de 11 pacientes con trastorno de la conciencia
(DoC, por sus siglas en inglés) debido a la COVID-19, 18 pacientes con DoC por
traumatismo craneoencefalico severo (TCE) y 14 controles sanos. Dentro de los hallazgos,
se destaca que, en comparacion con los controles sanos, los pacientes con COVID-19
mostraron una reducida conectividad de la red neuronal por defecto (DMN), asi como
una reduccion en la conectividad entre la DMN vy la red de saliencia (SN). De manera

similar, Diez-Cirarda et al. (2022) (56) realizaron un estudio transversal de neuroimagen
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funcional y estructural, ademas de una evaluacion neuropsicologica a 86 pacientes con
COVID persistente y 36 controles sanos, encontrando alteraciones principalmente en
atencion y memoria, asi como hipoconectividad entre la circunvolucidén parahipocampal
izquierda y derecha, y entre el cerebelo Il izquierdo y la corteza orbital superior frontal
izquierda y derecha.

A excepcion de la investigacion de Fischer et al. (2022) (55) y Diez-Cirarda et al.
(2022) (56), la mayoria de los estudios realizados con neuroimagen, incluidos aquellos
gue combinan esta herramienta con la neuropsicologia (57,58), se centran en la
evaluacion de cambios estructurales o metabdlicos en el cerebro de los pacientes con
COVID-19 (41,54,59,60), sin incluir la evaluacién funcional.

El estudio de la conectividad funcional, y en concreto, en estado de reposo (fMRI-
resting state) ha demostrado tener multiples ventajas tanto en investigacién como en la
clinica y ser una herramienta sumamente Uutil para la evaluacién de diversas
enfermedades del SNC (61), las cuales parecen tener la etiologia en desordenes de la
conectividad cerebral (62—-66). Por ello, el uso de estas técnicas de neuroimagen y su
combinacién con el examen neuropsicolégico podria suponer un avance para la
comprension de alteraciones neuropsicoldgicas que presentan algunas personas que han
tenido COVID-19. Ademas, teniendo en cuenta que muchos de estos pacientes presentan

secuelas a largo plazo, es preciso realizar estudios longitudinales.

1.5. Limitaciones de la literatura

No cabe duda de que la comunidad cientifica se ha volcado en el estudio del SARS
CoV-2 y la COVID-19 desde el momento en el que se reportaron los primeros casos. Asi,

en un tiempo record, los investigadores pudieron secuenciar el genoma del virus y
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conocer su mecanismo de infeccion, algo sumamente importante para la busqueda de
opciones terapéuticas. Ademas, el desarrollo de pruebas diagndsticas con alta fiabilidad
y especificidad facilitd la deteccién de las personas realmente infectadas por el virus,
permitiendo la descripcion de las caracteristicas clinicas de la enfermedad. En Ultima
instancia, el desarrollo de diferentes vacunas en tan poco tiempo ha sido un verdadero
hito de la ciencia.

Por otro lado, la investigacién ha proporcionado informacion muy relevante sobre
las posibles secuelas neuropsicoldgicas de las personas que han tenido COVID-19, no
obstante, se requiere de mas estudios en este tema que suplan las limitaciones que tiene
la literatura disponible hasta la fecha. En primer lugar, la mayoria de los estudios que
evallan la presencia de sintomas persistentes tras la COVID-19 a través de encuestas en
linea no utilizan instrumentos estandarizados/validados, sino que incluyen preguntas
creadas por los propios autores. Ademads, la muestra de la mayor parte de los estudios es
relativamente pequefia a pesar del alcance que puede tener este tipo de disefios, y
proviene principalmente de paises anglosajones, sin incluir personas de otras regiones
del mundo. De hecho, tal y como ocurre en otros en otros ambitos cientificos, los estudios
gue incluyen poblaciones de habla hispana son minimos. Esto supone una gran limitacion
teniendo en cuenta que los paises latinoamericanos, donde se concentra la mayor parte
de los hispanohablantes, han sido gravemente afectados por la pandemia de COVID-19,
tanto a nivel sanitario, quedando patentes las debilidades de los sistemas de salud, como
a nivel socioeconémico, aumentando las desigualdades existentes en estos paises. Cabe
sefialar también que son pocos los estudios que exploran otros aspectos relevantes mas
alla de los propios sintomas, como factores de riesgo para el desarrollo de las secuelas y

variables que intensifican los sintomas.
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En cuanto a los estudios que evaluan las secuelas cognitivas a través de técnicas
mas directas y objetivas como la evaluacién neuropsicoldgica y/o las técnicas de
neuroimagen, es preciso sefialar que son muy limitados los que combinan estas dos
herramientas de evaluacién. Ademas, la gran mayoria de estudios de neuroimagen,
incluidos los pocos que también incluyen medidas cognitivas, evallan cambios

estructurales o metabolicos en el cerebro, dejando de lado la conectividad funcional.

Finalmente, una de las mayores limitaciones se relaciona con el disefio transversal
que tiene la mayoria de los estudios. Teniendo en cuenta la presencia de las secuelas a
cortoy a largo plazo de la enfermedad, se hace necesario realizar estudios longitudinales
gue permitan seguir la evolucién de los sintomas y comprenderlos mejor, con el objetivo
ultimo de poder desarrollar programas de manejo e intervencion que mejoren la

funcionalidad y la calidad de vida de estas personas.

1.6. Justificacion del trabajo

En la presente tesis se han llevado a cabo dos investigaciones paralelas. En la
primera, se recogid informacion, a través de una encuesta en linea distribuida
globalmente, sobre la presencia de sintomas neuroconductuales antes, durante y
después de la infeccién por el SARS CoV-2. Estos sintomas fueron reportados a través del
Neurobehavioral Symptom Inventory (NSI). Ademas, se recogieron datos demograficos e
informacion sobre la gravedad de los sintomas y las intervenciones médicas recibidas. De
esta investigacion se han publicado dos articulos, que se incluyen en el capitulo 2 vy

capitulo 3 de la tesis.

En el primer articulo, se compard la presencia de los sintomas neuroconductuales

reportados por los participantes en los tres tiempos, permitiendo observar su evolucién.
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Ademads, se evaluaron los posibles factores de riesgo para el desarrollo de dichos
sintomas. Finalmente, dado que se cuenta con una muestra grande de personas de
diferentes paises, se hizo una comparacién de la presencia de los sintomas por regiones

del mundo.

En el segundo articulo, se aplicd un novedoso andlisis de redes psicométricas que
permitid6 examinar las interconexiones entre los sintomas neuroconductuales
persistentes de la COVID-19 (cognitivos, afectivos y somaticos). Para ello, se utilizd
Unicamente la muestra de participantes hispanohablantes infectados por el SARS CoV-2
(n=650) y se compard con un grupo de personas, también hispanohablantes, que habian

completado el NSl antes de la pandemia (n=443), como parte de un estudio anterior.

Por ultimo, en la segunda investigacién, la muestra estuvo compuesta por un
grupo de pacientes ingresados en la UCl a causa de un FMO. La mitad de los pacientes
tuvieron el FMO por la infeccion del SARS CoV-2 y la otra mitad por insuficiencia
respiratoria, shock cardiogénico o shock séptico. Ademas, se incluyd una muestra de
participantes sanos. A todos ellos se les evalud, a los 6 y 12 meses después del alta de |a
UCI de los pacientes, mediante una bateria de pruebas neuropsicolégicas y resonancia
magnética funcional, con el objetivo de comparar el rendimiento neuropsicolégico, los

cambios en la conectividad funcional y la relacién entre ambas medidas.
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1.7. Objetivos

1.7.1. OBJETIVO PRINCIPAL

Estudiar los cambios en el funcionamiento neuroconductual, cognitivo y de

conectividad cerebral funcional tras la infeccion por el SARS CoV-2.

1.7.2.  OBIJETIVOS ESPECIFICOS

Estudio 1

Objetivo 1. Comparar la presencia de sintomas neuroconductuales (cognitivos, afectivos
y somaticos), evaluados a través del NSI, en una gran muestra de personas antes de la
infeccion por el SARS CoV-2, durante la infeccion y después (al momento de participar en

el estudio).

Objetivo 2. Examinar los factores de riesgo para el aumento de los sintomas
neuroconductuales de la COVID-19, incluidas las variables demograficas, la gravedad de

la infeccidn y las caracteristicas de la intervencion.

Objetivo 3. Comparar la presencia de los sintomas neuroconductuales de la COVID-19
entre las regiones de Europa y Asia Central, Latinoamérica y el Caribe, Norte América y

Africa Subsahariana.
Estudio 2

Comparar los patrones de interconectividad entre los sintomas neuroconductuales, a
través del andlisis de redes psicométricas, entre una muestra de individuos
hispanohablantes afectados por la COVID-19 y una muestra de personas controles sin

COVID-19.
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Estudio 3

Objetivo 1. Comparar el funcionamiento cognitivo dos grupos de individuos con fallo
multiorganico (FMO), uno por COVID-19 y otro por otra causa, y un grupo de controles

sanos a los 6y 12 meses después del alta de la UCI.

Objetivo 2. Evaluar las diferencias de conectividad funcional entre el grupo con COVID-19

y el grupo de controles sanos, corrigiendo por el grupo FMO.

Objetivo 3. Evaluar la asociacién entre el funcionamiento cognitivo y la conectividad

funcional en los tres grupos.
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CAPITULO 2. MODERATE, LITTLE, OR NO
IMPROVEMENTS IN NEUROBEHAVIORAL
SYMPTOMS AMONG INDIVIDUALS WITH
LONG COVID: A 34-COUNTRY
RETROSPECTIVE STUDY?

2 Ramos-Usuga, D., Perrin, P. B., Bogdanova, Y., Olabarrieta-Landa, L., Alzueta, E., Baker, F. C., lacovides,
S., Cortes, M., & Arango-Lasprilla, J. C. (2022). Moderate, Little, or No Improvements in Neurobehavioral
Symptoms among Individuals with Long COVID: A 34-Country Retrospective Study. International journal
of environmental research and public health, 19(19), 12593. https://doi.org/10.3390/ijerph191912593
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Some individuals who have had COVID-19 develop a range of symptoms that last
for several months after infection, a syndrome known as long COVID. These symptoms,
which vary widely in nature, interfere with the daily functioning of these individuals,
significantly worsening their quality of life. Due to its significant implications, various
research efforts have been undertaken with the goal of obtaining as complete a picture
as possible of this pathology and thus, developing therapeutic options to address this
issue. Therefore, the present study was conducted, in which neurobehavioral symptoms
(cognitive, affective, and somatic) were evaluated in a broad population infected by SARS-
CoV-2, using the Neurobehavioral Symptom Inventory (NSI). This inventory is validated
and is the most widely used tool to assess these types of symptoms in both clinical and
non-clinical populations. Along with the NSI, questions related to demographic variables,
medical interventions, and the severity of the disease were included, which have allowed

for the determination of certain risk factors for the development of these sequelae.

2.1. Methods

2.1.1. PARTICIPANTS

To participate in this retrospective study, the inclusion criteria were: (a) age 18
years or older, and (b) self-report of having tested positive for COVID-19 through a viral
and/or antigen test. A total of 1,049 participants completed the survey. Of those, 23
participants were removed who did not respond to the item asking if they had tested
positive for COVID-19, 8 who did not report a diagnosis year, 10 who reported a diagnosis
date before 1 March, 2020, and 7 who reported a diagnosis date after the date they took
the survey or on a date that had not occurred yet. Therefore, the final sample included

1,001 participants.
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2.1.2. MEASURES

Through an online survey, the following information was collected: (a)
demographic information (gender, age, romantic relationship status, educational
background, work status, and country of residence); (b) pre-existing chronic health
condition status; (c) COVID-19 infection characteristics and treatment (date of diagnosis,

severity of symptoms, and COVID-19 details of medical intervention).

The NSI (67) was used to evaluate persistent symptoms. It is a self-report
guestionnaire used to assess cognitive, affective, and somatic neurobehavioral symptoms
in people with post-concussion syndrome. It consists of 22 items that are scored on a 5-
point Likert scale according to symptom severity (O = None; 1 = Mild; 2 = Moderate; 3 =
Severe; 4 = Very Severe) (See Anexo |). In the current survey, participants were asked to
report the presence of each symptom at three different time-points: before COVID-19
diagnosis, during the infection, and now (when completing the survey). The English and
previously validated Spanish version of the NSI were used (68), depending on the global

region where participants lived.

2.1.3. PROCEDURE

A team of researchers with expertise in COVID-19 from Spain and the United
States of America developed the survey, originally in English and then translated into
Spanish. The survey was hosted on Qualtrics and, once the study was approved by the
Ethics Committee of the Public University of Navarra, it was distributed through (a)
professional mailing lists and collaborators’ contact networks; (b) Facebook groups and
advertisements; and (c) a database of individuals with COVID-19 from one of the

collaborating centers (Icahn School of Medicine at Mount Sinai in New York City, USA).
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Data collection took place from 9 March to 7 June, 2021. Individuals were invited to

participate if they had previously tested positive for COVID-19.

Information about the study was included in the first page of the survey, the social
media advertisements, and the recruitment email. This information emphasized that
participation was voluntary, data would be anonymous, and there was no financial
compensation for participation. To proceed to the survey, informed consent was
provided by an affirmative answer to the question “Do you want to participate in this

study?” The study was conducted in compliance with the declaration of Helsinki.

2.1.4. DATA ANALYSES

All descriptive statistics and analyses were conducted using IBM SPSS Statistics 27.
In order to determine whether there were differences in neurobehavioral symptoms by
domain (subscale) and by symptom (item) as recalled before participants’ COVID-19
diagnosis, during the infection, and now (when completing the survey), a series of paired-
samples t-tests was conducted. In each analysis, the independent variable was time
(before COVID-19 diagnosis, during the infection, and now), and the dependent variable
was the NSI subscale score or item. For each analysis, a Cohen’s d effect size was
calculated taking into account the longitudinal correlation between subtotal scores or
items. Because of the large sample size, Cohen’s d cutoffs and descriptors of 0.2 (small),

0.5 (large), and 0.8 (large) were used rather than p-values.

In order to investigate demographic characteristics, presence of a chronic health
condition, COVID-19 medical intervention characteristics, COVID-19 symptom severity,
and days since COVID-19 diagnosis as predictors of current neurobehavioral symptoms,

three hierarchical stepwise linear regressions were computed with neurobehavioral
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symptom domain (cognitive, affective, or somatic) as the outcome variable. For
reference, a bivariate correlation matrix was created between these sets of relationships
as well. In these regressions, demographic characteristics (man vs. woman or non-
binary/trans, age, education level [with continuous coding as specified in Table 2.1],
employed vs. unemployed [with full-time, part-time, and student coded as “employed”
and all other categories coded as “unemployed”], and romantically partnered vs. not
partnered) and whether participants reported another chronic health condition were
included as Step 1 variables. Step 2 included COVID-19 intervention characteristics
(hospitalization, oxygen therapy, Intensive Care Unit (ICU) stay, noninvasive ventilation,
invasive ventilation, and induced coma), participants’ self-reported level of COVID-19

symptom severity while positive, and number of days since the COVID-19 diagnosis.
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Table 2.1. Sociodemographic characteristics of the study cohort (N=1001).

Variable Value
Age (years), M1, SD? 43.5 12
Gender, N, %
Man 213 21
Woman 782 78
Non-binary, transgender, or other 6 1
Country region, N, %
Europe and Central Asia 147 15
Latin America and the Caribbean 516 51
North America 218 22
South/East Asia and the Pacific 4 0.4
Sub-Saharan Africa 116 12
Work status, N, %
Full-time employed 571 57
Part-time employed 145 14
On leave 63 6
Volunteering 10 1
Student 48 5
Unemployed 56 6
Retired 42 4
Staying at home/homemaker 49 5
Disability 17 2
Highest level of education completed, N, %
Some primary education (elementary school) 5 0.5
Completed primary education (graduated
elementary school) 5 0.5
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Some secondary education (high school)

Completed secondary education (graduated high

school)
Trade/technical/vocational training

Some undergraduate education (college or
university)

Completed undergraduate education

Some postgraduate education

Completed postgraduate education (masters or

doctorate)

Romantic relationship status, N, %
Partnered
Single

Past chronic health condition, N, %
At least one past chronic health conditions
No other chronic health condition

Hospitalized, N, %

Oxygen Therapy, N, %

ICU3 Stay, N, %

Noninvasive Ventilation, N, %

Invasive Ventilation, N, %

Induced Coma, N, %

Days from COVID-19 diagnosis M, SD

Severity of the symptoms while positive for COVID-19,

N, %

No symptoms (asymptomatic)

Some mild symptoms (no need for treatment)

Moderate symptoms (needed treatment, but no

hospitalization)

57

90

121

301

145

267

717

284

586

415

111

82

25

15

175

35

309

546

12

30

15

27

72

28

59

41

11

118

31

55
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Severe symptoms (hospitalization) 84

Critical symptoms (intensive care unit) 27

Note: ! Mean; ? Standard Deviation; 3 Intensive care unit
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Then, neurobehavioral symptom category scores were compared by global region
using analyses of covariance (ANCOVAs). Demographics included in Step 1 of the previous
regressions were included as covariates. Participants from South Asia, as well as East Asia
and the Pacific were excluded from the ANCOVAs because the small group size precluded

meaningful comparisons (n = 4).

2.2. Results

2.2.1. SOCIODEMOGRAPHIC CHARACTERISTICS

A total of 1,001 participants from 34 different countries (see Figure 2.1)
completed the survey. Most of the participants were women (n= 782; 78%) with a mean
age of 43.5 years (SD= 11.9), and with university studies (n= 713; 71%). More details of

the sociodemographic information can be found in Table 2.1.
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they took the survey or on a date that

Reported a diagnosis befoere 3/1/20 (n= 10)

Reported a diagnosis date after the date

Opened survey
{n= 1,049}

hadn’t occurred yet (n=7)

A J

L J

A 4

Total sample
(n=1,001}

No information about having tested
positive for COVID-19 (n= 23)

Did not report diaghosis year (n= 8)

!

South Asia (n= 4)

India, United Arab
Emirates

Figure 2.1. Sample Size by countries.

!
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East Asia and the
Pacific (n=2)

Lebanon, Malaysia
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2.2.2. CHANGES IN NEUROBEHAVIORAL SYMPTOMS OVER TIME

The results of the paired-samples t-tests comparing neurobehavioral symptoms
before the COVID-19 diagnosis, during the infection, and now (when completing the
survey) are presented in Table 2.2. At the symptom domain level, participants reported
large-sized increases during vs. before infection in all domains (somatic, cognitive, and
affective). Participants reported a medium-sized improvement (during infection vs. now)
in somatic symptoms and a small-sized improvement in affective symptoms, but the
improvement in cognitive symptoms was very minor and did not reach a small-sized

effect.

51



Table 2.2. Neurobehavioral symptoms before COVID-19 diagnosis, during infection, and now (N=1001).

M(SD) M(SD) d Before d Before  dDuring

Neurobehavioral Symptom Before During M(SD) Now vs. During vs.Now  vs. Now
Somatic 13.33(3.25) 21.74(7.96) 18.20(6.92) -1.15 -0.76 0.61
Dizzy 1.22(0.51)  2.15(1.09) 1.75(0.92) -0.87 -0.58 0.40
Balance 1.14(0.43)  1.79(1.03) 1.53(0.82) -0.66 -0.51 0.31
Coordination 1.16(0.44)  1.76(1.00) 1.56(0.84) -0.63 -0.51 0.25
Nausea 1.13(0.44)  1.89(1.10) 1.48(0.84) -0.73 -0.43 0.44
Vision 1.36(0.65) 1.86(1.00) 1.82(0.96) -0.57 -0.55 0.06
Light Sensitivity 1.29(0.63)  1.80(1.06) 1.60(0.90) -0.54 -0.40 0.26
Hearing 1.22(0.55)  1.44(0.78) 1.45(0.78) -0.35 -0.37 -0.02
Noise Sensitivity 1.27(0.58)  1.75(1.02) 1.66(0.92) -0.54 -0.48 0.12
Numb/Tingling 1.27(0.55) 1.94(1.09) 1.81(0.99) -0.65 -0.58 0.14
Taste/Smell 1.07(0.38)  2.85(1.45) 1.80(1.07) -1.21 -0.68 0.84
Appetite 1.19(0.52) 2.50(1.20) 1.72(0.95) -1.05 -0.55 0.67
Cognitive 5.09(1.68)  8.74(4.15) 8.21(3.94) -0.91 -0.81 0.17
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Concentration
Forgetfulness
Making Decisions
Slowed Thinking

Affective

Headaches
Fatigue
Sleep
Anxious
Depressed
Irritability

Frustration

1.29(0.56)
1.37(0.59)
1.22(0.49)
1.21(0.51)
10.52(3.57)
1.71(0.87)
1.36(0.63)
1.50(0.78)
1.63(0.78)
1.43(0.72)
1.49(0.68)

1.41(0.64)

2.43(1.22)
2.22(1.17)
1.88(1.09)
2.20(1.21)
17.38(6.04)
2.87(1.19)
3.35(1.18)
2.35(1.29)
2.48(1.19)
2.23(1.19)
1.99(1.03)

2.10(1.16)

2.20(1.15)
2.23(1.11)
1.75(0.98)

2.03(1.12)

15.33(6.13)

2.16(1.08)
2.64(1.20)
2.24(1.18)
2.24(1.09)
2.04(1.10)
1.98(1.01)

2.03(1.10)

-0.95

-0.76

-0.65

-0.85

-1.24

-0.93

-1.61

-0.68

-0.77

-0.74

-0.54

-0.66

-0.80

-0.78

-0.57

-0.75

-0.86

-0.41

-1.05

-0.69

-0.61

-0.60

-0.54

-0.62

0.22

-0.01

0.17

0.17

0.46

0.63

0.62

0.11

0.26

0.20

0.02

0.09
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Within the somatic symptom domain, the largest symptom increase during vs.
before infection occurred with changed in taste/smell, appetite, and dizziness. Changes
in taste/smell and appetite-related symptoms showed large-sized improvements (now
vs. during infection). Estimated marginal means of each somatic symptom can found in
Figure 2.2. Within the cognitive symptom domain, the large-sized symptom increases
during vs. before infection occurred with concentration and slowed thinking. All four
cognitive symptoms showed extremely low levels of improvement (now vs. during
infection) with only concentration symptoms just surpassing the threshold for a small-
sized effect and forgetfulness showing no improvement. Estimated marginal means of
each cognitive symptom can found in Figure 2.3. Within the affective symptom domain,
large-sized symptom increases during vs. before infection occurred with fatigue and
headaches. These two symptoms also showed medium-sized improvements (now vs.
during infection), although improvements in difficulty falling or staying asleep, irritability,
and frustration tolerance failed to reach a small-sized effect. Estimated marginal means

of each affective symptom can found in Figure 2.4.
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Figure 2.2. Estimated marginal means of somatic symptoms.
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Figure 2.3. Estimated marginal means of cognitive symptoms.

Time

Slowed Thinking

Time

56



Estimated Merginal Means

Headaches Fatigue

Estimated Marginal Mearts

Time

Anxious
-
£ H
s o
5 B
H £
E T
[ Wy
..i
1 1
Time
Irritability
s
H -
H H
: f
2 e g
= =
i 2
£ i,
& e a
I

Figure 2.4. Estimated marginal means of affective symptoms.
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In the first hierarchical linear regression predicting current somatic symptom
severity, Step 1 was statistically significant, F(6, 994) = 16.56, R2 =0.091, p < 0.001 (Table
2.3 with standardized B weights). Greater somatic symptom severity was significantly and
uniquely associated with female or trans vs. male gender, lower education level, being
unemployed, and having another chronic health condition. With the addition of COVID-
19 intervention characteristics, COVID-19 symptom severity, and number of days since
the COVID-19 diagnosis as a predictor in Step 2, the overall model was still statistically
significant, F(14, 986) = 18.80, R2 = 0.211, p < 0.001. Within this step, all previously
significant predictors were still statistically significant and associations in the same
directions, with the addition of greater age now significantly predicting lower somatic
symptom severity. Greater somatic symptom severity was uniquely associated with
higher COVID-19 severity while positive and greater number of days since participants’

COVID-19 diagnosis.
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Table 2.3. Neurobehavioral symptom domain multiple regressions with standardized B-weights and p-value (N=1001).

Somatic Cognitive Affective
Predictor B p-value B p-value B p-value
Step 1:
Male Gender -13 <0.001 -.09 0.004 -12 <0.001
Age .00 0.896 -.03 0.364 -.06 0.040
Education -.08 0.013 -.01 0.859 -.10 0.002
Employed -.16 <0.001 -.16 <0.001 -.16 <0.001
Partnered -.06 0.072 -.06 0.071 -.04 0.178
Other Chronic Condition .15 <0.001 14 <0.001 19 <0.001
Step 2:
Male Gender -.15 <0.001 -.10 <0.001 -.14 <0.001
Age -.07 0.031 -.08 0.007 -12 <0.001
Education -11 <0.001 -.04 0.171 -.13 <0.001
Employed -.10 0.001 -11 <0.001 -.10 0.001
Partnered -.04 0.155 -.04 0.162 -.03 0.313
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Other Chronic Condition
Hospitalized

Oxygen Therapy

ICU Stay

Noninvasive Ventilation
Invasive Ventilation
Induced Coma
COVID-19 Severity

Days Since Diagnosis

A2

.08

-.01

-.02

.00

-.02

.04

24

18

<0.001 12
0.198 18
0.898 -.15
0.769 -.05
0.924 -.02
0.707 -.02
0.422 .02
<0.001 27
<0.001 .20

<0.001

0.003

0.006

0.303

0.748

0.744

0.695

<0.001

<0.001

.16

.08

-.06

-.09

.02

-.02

.07

.29

19

<0.001

0.192

0.282

0.062

0.710

0.788

0.223

<0.001

<0.001

60



In the second hierarchical linear regression predicting current cognitive symptom
severity, Step 1 was statistically significant, F(6, 994) = 11.62, R2 =0.066, p < 0.001 (Table
2.3). Greater cognitive symptom severity was significantly and uniquely associated with
female or trans vs. male gender, being unemployed, and having another chronic health
condition. With the addition of the Step 2 predictors, the overall model was still
statistically significant, F(14, 986) = 16.98, R2 = 0.194, p < 0.001. Within this step, all
previously significant predictors were still statistically significant and associations in the
same directions, with the addition of greater age now significantly predicting lower
cognitive symptom severity. Greater cognitive symptom severity was uniquely associated
with having been hospitalized, higher COVID-19 severity while positive, and greater
number of days since participants’ COVID-19 diagnosis. Conversely, lower cognitive

symptom severity was associated with having received oxygen therapy.

In the third hierarchical linear regression predicting current affective symptom
severity, Step 1 was statistically significant, F(6, 994) = 19.16, R2 =0.104, p < 0.001 (Table
2.3). Greater affective symptom severity was significantly and uniquely associated with
female or trans vs. male gender, younger age, lower education, being unemployed, and
having another chronic health condition. With the addition of the Step 2 predictors, the
overall model was still statistically significant, F(14, 986) = 21.23, R2 = 0.232, p < 0.001.
Within this step, all previously significant predictors were still statistically significant and
associations in the same directions. Greater affective symptom severity was uniquely
associated with higher COVID-19 severity while positive and greater number of days since
participants’ COVID-19 diagnosis. Correlations between neurobehavioral symptoms and

predictors can be found in Table 2.4.
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Table 2.4. Bivariate correlations (r) between neurobehavioral symptoms and predictors.

Variable Somatic Cognitive  Affective
Male Gender -0.157** -0.110**  0.153**
Age 0.044 0.022 -0.010
Education -0.123** -0.048 0.142%**
Employed -0.192%** -0.176**  0.187**
Partnered -0.064* -0.064* -0.051
Other Chronic Condition 0.180** 0.166**  0.208**
Hospitalized 0.254** 0.224**  0.216**
Oxygen Therapy 0.218** 0.142** 0.166**
ICU Stay 0.140** 0.069* 0.082**
Noninvasive Ventilation 0.102** 0.035 0.063*
Invasive Ventilation 0.100** 0.044 0.089**
Induced Coma 0.102** 0.050 0.100**
COVID-19 Severity 0.326** 0.306** 0.316**
Days Since Diagnosis 0.198** 0.228**  (0.208**

Note: * = p < 0.05; ** = p < 0.01.

62



2.2.3. DIFFERENCES IN COVID-19 NEUROBEHAVIORAL SYMPTOMS BY

GLOBAL REGION

In the ANCOVA predicting current somatic symptom severity, there was a
statistically significant effect of global region, F(3, 987) = 19.67, p < 0.001, partial-eta2 =
0.056 (Figure 2.5). Bonferroni-corrected post hoc pairwise comparisons showed that
participants from Europe and Central Asia (covariate-adjusted M = 20.13, SE = 0.54) and
North America (covariate-adjusted M = 20.42, SE = 0.44) reported significantly greater
somatic symptom severity than participants from Latin America and the Caribbean
(covariate-adjusted M = 16.99, SE = 0.29) and Sub-Saharan Africa (covariate-adjusted M

=17.10, SE = 0.60), all p < 0.001.
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Somatic Symptom Severity
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Asia Caribbean

Figure 2.5. Covariate-adjusted somatic symptom severity scores (mean with 95%

confidence interval) by global region.

Note: A graphic that shows the differences in somatic symptoms by Global Region. The
participants from Europe and Central Asia and North America reported significantly

greater somatic symptom severity than participants from Latin America and the

Caribbean and Sub-Saharan Africa.
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In the ANCOVA predicting current cognitive symptom severity, there was a
statistically significant effect of global region, (3, 987) = 39.31, p < 0.001, partial-eta2 =
0.107 (Figure 2.6). Bonferroni-corrected post hoc pairwise comparisons showed that
participants from Europe and Central Asia (covariate-adjusted M = 9.12, SE = 0.30)
reported significantly greater cognitive symptom severity than participants from Latin
America and the Caribbean (covariate-adjusted M = 7.22, SE = 0.16, p < 0.001) and Sub-
Saharan Africa (covariate-adjusted M =7.72, SE =0.34, p = 0.013), but lower severity than
participants from North America (covariate-adjusted M = 10.28, SE = 0.25, p = 0.019).
Participants from North America also reported greater cognitive symptom severity than
those from Latin America and the Caribbean (p < 0.001) and Sub-Saharan Africa (p <

0.001).
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Figure 2.6. Covariate-adjusted cognitive symptom severity scores (mean with 95%

confidence interval) by global region.

Note: A graphic that shows the differences in cognitive symptoms by Global Region. The
participants from North America reported the greatest cognitive symptoms. Additionally,
participants from Europe and Central Asia reported significantly greater cognitive
symptom severity than participants from Latin America and the Caribbean and Sub-

Saharan Africa.
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In the ANCOVA predicting current affective symptom severity, there was a
statistically significant effect of global region, F(3, 987) = 29.26, p < 0.001, partial-eta2 =
0.082 (Figure 2.7). Bonferroni-corrected post hoc pairwise comparisons showed that
participants from Latin America and the Caribbean (covariate-adjusted M = 13.87, SE =
0.25) reported significantly lower affective symptom severity than participants from
Europe and Central Asia (covariate-adjusted M = 16.46, SE = 0.47, p < 0.001), North
America (covariate-adjusted M = 17.98, SE = 0.38, p < 0.001), and Sub-Saharan Africa
(covariate-adjusted M = 15.50, SE =0.52, p = 0.030). Participants from Sub-Saharan Africa
also reported lower affective symptom severity than those from North America (p <

0.001).
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Figure 2.7. Covariate-adjusted affective symptom severity scores (mean with 95%

confidence interval) by global region.

Note: A graphic that shows the differences in affective symptoms by Global Region. The
participants from Latin America and the Caribbean reported significantly lower affective
symptom severity than participants from Europe and Central Asia, North America, and
Sub-Saharan Africa. Participants from Sub-Saharan Africa also reported lower affective

symptom severity than those from North America.
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2.3. Discussion

This retrospective study (a) compared the presence of somatic, cognitive, and
affective neurobehavioral symptoms in a large international sample of individuals before
their COVID-19 diagnosis, during the SARS CoV-2 infection, and currently, and (b)
examined risk factors for increased Long COVID neurobehavioral symptoms including
demographic variables, COVID-19 infection severity, and intervention characteristics.
Participants showed large-sized symptom increases in all three neurobehavioral domains
(cognitive, affective, and somatic) during their infection, consistent with commonly
reported COVID-19 symptoms (38,47,69,70). However, there were marked differences in
the patterns of post COVID-19 recovery as a function of symptom domain. Specifically,
changes in taste/smell, appetite, and dizziness (somatic symptoms) showed large
increases during participants’ COVID-19 infection, with only taste/smell showing a large
improvement post COVID-19. Within the affective domain, fatigue and headaches
showed large increases during COVID-19, but also medium-sized improvements post
COVID-19; whereas there were extremely minimal improvements in sleep, irritability, and
frustration. Regarding cognitive symptoms, concentration problems and slowed thinking
demonstrated the largest increases during COVID-19. However, all four cognitive
symptoms showed very low levels of improvement or no improvement (forgetfulness).
The distinct long recovery trajectories in these domains may reflect multiple factors,
ranging from pre-existing individual health conditions and vulnerabilities, to specific
pathway/s of viral attack, or specific brain regions or neural networks affected by the
virus. Further research, and more specifically, longitudinal, neuroimaging, and

neurobiological studies, may provide further evidence and insight into specific
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neurobiological mechanism/s of cognitive impairments associated with COVID-19

infection and help identify additional risk and protective factors.

This study identified several risk factors associated with higher symptom severity.
First, the sociodemographic characteristics consistently associated with greater severity
of symptoms across the three domains were being female, younger, lower education,
being unemployed, and having another chronic health condition. These findings are
consistent with a study by Frontera et al. (49), in which participants reporting prolonged
COVID-19 symptoms were more often younger, female, Hispanic, with a history of a
mental health disorder, unemployed, and with financial insecurity. In fact, several studies
from different geographic regions have also reported that females have been
disproportionately affected by Long COVID as compared to males (50,70-72). Moreover,
other studies have found that females have experienced higher psychosocial distress and
neurobehavioral symptoms than males during the COVID-19 pandemic, even those who
had not contracted COVID-19 (49,73,74). According to Kolakowsky-Hayner et al. (2021)
(75), these differences may be due to genetics or hormonal factors, structural gender
inequity at the societal level, or coping strategies. Therefore, women’s susceptibility to
reporting greater mental health symptoms may exacerbate neurocognitive symptoms

after COVID-19 infection and maintain them over time.

On the other hand, though older adults are at a greater risk for serious
complications of COVID-19, several cross-sectional studies in the general population
reported age differences in mental health outcomes during the COVID-19 pandemic, with
the younger group being the most psychologically impacted by the pandemic (76—78).

Older adults have been shown to have better emotional regulation and engage in
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proactive coping (79,80), as well as better emotional well-being, a more positive outlook,
and emotional resilience, despite prolonged stress of the COVID-19 pandemic (81). This
population also has better coping skills and more stable social/family connections than
younger adults which may serve as protective factors against psychosocial distress during

the pandemic (78). The current findings provide additional evidence of this hypothesis.

The current study results showed that participants with lower education levels
reported higher somatic and affective symptoms. While there were no reports in the
literature directly addressing the association between low educational level and somatic
and affective neurobehavioral symptoms in Long COVID, a cross-sectional study from
Poland (n =1,002) reported that higher education level and male gender were associated
with lower psychopathological symptoms in a general sample during the COVID-19
pandemic. The authors also reported that greater knowledge about COVID-19 was
associated with lower symptom severity (73). Another study showed that greater
knowledge about COVID-19 was associated with a more optimistic outlook and the use
of preventive measures in a general Chinese sample (82). Both studies reported that
greater knowledge was associated with higher education and the male gender in their
respective countries. In many societies and cultures across the globe, higher education is
often a pre-requisite and a pathway to a higher paying job/occupation, and consequently,
may provide better access to medical care, child and elder care, access to information

and support systems, shelter, and food security.

Regarding unemployment, our results coincide with that found by Frontera et al.
(2021) (49), where this variable is associated with persistent symptoms after COVID-19.

Some reports indicated that low socio-economic level, escalated during a public health
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crisis, can have an adverse effect on physical and mental health and has been associated
with higher levels of psychosocial distress (83,84). Additionally, the lack of employment
and low economic resources may mean less access to health care in some regions where
healthcare is private, limiting one’s ability to obtain medical assistance, assistance to
rehabilitation programs, and needed medications, etc. Likewise, being unemployed is a
highly stressful situation for many that may be at the root of many of the affective
symptoms reported by the participants of the present study, such as anxiety. Future
studies should investigate this potential explanation further, comparing the presence of
persistent symptoms in people with high and low socioeconomic status, or employed vs.

unemployed.

Having another chronic health condition was also associated with all three
neurobehavioral domains. This is consistent with previous research that has found that
individuals with previous chronic diseases such as diabetes (85), asthma (86),
hypertension (87), cardiovascular diseases (88), and malignancy (89), or human
immunodeficiency virus (HIV) (90) have more complications from being infected with
SARS-CoV-2 than those without chronic health conditions. This is possibly due to two
mechanisms: a) a deficient immune system, as in the case of HIV or cancer, or b) some
diseases such as diabetes cause an increase in Angiotensin-Converting Enzyme 2 (ACE-2)
receptors (91). The results of the present study increase the evidence of the vulnerability

of individuals with chronic health conditions.

Some studies have documented a relationship between the presence of
persistent symptoms and greater severity of COVID-19, the need for mechanical

ventilation, an ICU stay, and a longer hospitalization (71). For example, Daste et al. (2021)
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(92) found that 3 months after ICU discharge, persons reported clinically relevant physical
impairment (shoulder and peripheral nerve injuries), cognitive alterations (in memory,
attention, processing speed, and executive function), and emotional problems (anxiety,
depression, and posttraumatic stress disorder). Many of these authors have suggested
that people with these characteristics have long-term tissue damage that may be
associated with persistent symptoms. In the current sample, greater SARS CoV-2 infection
severity predicted greater current symptom severity across all three neurobehavioral
domains, however, the other variables such as ICU stay, noninvasive or invasive
ventilation, and induced coma were not associated with Long COVID symptoms. The
inconsistency and variability of reported post-COVID-19 outcomes in the current
literature are likely to reflect the heterogeneity of the population samples, assessment
measures, clinical presentations, and recovery trajectories of individuals with prolonged

COVID-19 symptoms.

The current study results also showed that cross-sectionally across the sample,
greater time since the infection was associated with increased neurobehavioral
symptoms. This finding may potentially reflect the natural course of post-COVID recovery,
where milder symptoms get resolved soon after the infection, and more severe
symptoms continue to develop and/or linger for a longer period of time. However, the
emerging literature investigating post-COVID recovery and Long COVID symptoms
indicates the possibility of different trajectories determined by distinct temporal
subtypes or phenotypes (48). For instance, a study by Davis et al. (2021) (48) reported a
continuous increase in cognitive symptoms (brain fog, attention, and memory
impairment) in the first few months after the infection which is consistent with the

current findings of persistent cognitive symptoms showing no improvement over time in
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the longitudinal analyses. At this point in time, only limited data are available on the
temporal recovery trajectory of Long COVID, and future longitudinal studies using large
samples may provide further insight and help to identify and evaluate potential

phenotypes.

Lower cognitive symptom severity was uniquely predicted by having received
oxygen therapy. Though there is limited literature available on oxygen therapy in
individuals with COVID-19, it has been suggested that oxygen treatment, and hyperbaric
oxygen therapy in particular, may improve oxygenation and reduce tissue inflammation
(93). A systematic review reported that hyperbaric oxygen treatment improved severe
COVID-19 symptoms and increased general wellbeing, while correcting hypoxia and
elevating O2 saturation, in several small samples of individuals with COVID-19 (94). To
the authors’ knowledge, the current study is the first to report an association between
having received oxygen therapy during COVID-19 and lower cognitive symptoms post

COVID-19 infection in a large international sample.

Finally, after controlling for demographics, participants from North America,
Europe, and Central Asia generally reported the highest levels of symptoms across all
domains relative to other global regions. Although it may seem counterintuitive that
people from high-income countries present more sequelae than those from low-income
countries taking into account that they have greater access to resources such as health,
hygiene, food, etc., data from the Institute of Health Metrics and Evaluation (95)
indicated that the incidence of mental disorders in the North American, European, and
Central Asian regions were much higher than in Latin America and Africa. These

alterations, as suggested by Benzakour et al. (2021) (96), can exacerbate cognitive
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problems, which would explain the results obtained in the present study. However,

further research is required in this area.

2.3.1. IMPLICATIONS

Compared to previous literature, this study has a number of strengths that should
be highlighted. Most of the research carried out on COVID-19 or Long COVID is based on
case studies or small samples. The current study presents results obtained from a sample
of more than 1,000 people which facilitates generalization of the results. In addition, the
participants came from different countries, allowing comparisons by global regions which
is unique in the literature to date. Although there is much research on certain risk factors
that promote the development of Long COVID symptomatology, in the present study,
novel factors such as low education and the absence of oxygen therapy were identified
as important that have not been previously taken into account. In fact, these unique
characteristics predictive of Long COVID symptoms underscore risk factors related to
healthcare access, including unemployment, education, and services such as oxygen
therapy. Nonetheless, the sample was a convenience sample and therefore not
representative in terms of age, education, or geographic region, so conclusions must be
tempered accordingly. Clinically, these findings have important implications for Long
COVID, highlighting the necessity to assess, monitor, and treat somatic, cognitive, and
affective neurobehavioral symptoms in the general population during and after COVID-
19, especially targeting the most at-risk groups for higher Long COVID symptom severity
(younger age, female or trans gender, unemployed, and having chronic health conditions,

and lower educational level). In addition, periodic evaluations of these patients must be
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carried out, taking into account that the symptoms, in many cases, tend to persist over

time.

Moreover, these results open the way to new research that investigates the
characteristics of the presentation of symptoms, and taking into account, mainly, the
differences between the different regions of the world. Based on our results, it is possible
that there are other environmental and cultural factors that are not being taken into
account and that may be influencing not only the appearance of symptoms, but also their
reporting. In sum, the risk factors identified provide evidence and future directions for

both research and clinical developments.

2.3.2. LIMITATIONS

The results of current study must be interpreted in light of several limitations. The
inconsistency and variability of reported post-COVID-19 outcomes in the current
literature are likely to reflect the heterogeneity of the population samples, assessment
measures, clinical presentations, and recovery trajectories of individuals with prolonged
COVID-19 symptoms. For instance, first, the survey was distributed online, so the veracity
of what was reported by participants cannot be guaranteed versus if objective indices of
the constructs had been collected (e.g., neuropsychology test performance, sleep
monitoring study, etc.). Second, people with limited or no access to the internet were
unable to participate in this study; previous research has suggested that people from low
or very low socioeconomic areas may be differentially impacted by the COVID-19
pandemic compared to those in higher socioeconomic areas (97). Therefore, the current
study likely over-sampled participants of higher educational and income backgrounds.

Third, as the study was retrospective, participants responded according to their recall of
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symptoms at various stages in the COVID-19 infection course. Participants with greater
psychological distress may have had a more biased, exacerbated recall of their COVID-19
symptoms or premorbid functioning. Fourth, this study was only focused on adults with
COVID-19, and future studies should include adolescents and children to increase the
field’s knowledge about neurobehavioral symptoms in Long COVID among these groups
as well. Fifth, although data were collected from 34 countries, the fact that the survey
was only available in English and Spanish likely limited the number of participants from
Asia, Africa, or Europe. Sixth, participants with severe and critical symptoms are
underrepresented in the cohort since they represent only 11% of the sample. Seventh,
given the study’s recruitment approach, the total number of individuals who saw the
study invitation is unknown, and differences between those who participated vs. did not
participate in the study are similarly unknown. Finally, as vaccine campaigns increase,
future studies should follow up with people who have received the vaccine and become
infected after vaccination to determine whether neurobehavioral symptomatology is

similar or different compared to those who are unvaccinated.

2.4. Conclusions

This study found that COVID-19 might result in long-term neurobehavioral
symptomatology, with medium-size improvements in somatic and affective domains, but
small-sized or non-existent improvements in the cognitive domain. Evaluation and
monitoring of neurobehavioral symptoms after COVID-19 are warranted. Moreover, the
results reported here allow clinicians to identify early individuals who are at an increased
risk of developing long-term neurobehavioral symptoms, and thus start with early

intervention for groups including: younger age, being female or trans, having low
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education, having another chronic health condition, being unemployed, and higher
COVID-19 severity. Finally, global region differences arose, with North America, Europe,
and Central Asia participants generally reported the highest levels of symptoms across all
domains relative to other global regions. This may reflect social inequalities making the

COVID-19 pandemic worse in particular global regions.
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CAPITULO 3. NETWORK ANALYSIS OF

NEUROBEHAVIORAL SYMPTOM PATTERNS

IN AN INTERNATIONAL SAMPLE OF
SPANISH-SPEAKERS WITH A HISTORY OF
COVID-19 AND CONTROLS?
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Neurobehavioral Symptom Patterns in an International Sample of Spanish-Speakers with a History of
COVID-19 and Controls. International journal of environmental research and public health, 20(1), 183.
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Psychometric network analysis provides a novel statistical approach to model
related symptom clusters as a dynamic system. Given that patients with Long COVID
present a broad spectrum of neurobehavioral symptoms, the present study was
conducted with the aim of analyzing the dynamics of these symptoms in a population of
Spanish-speaking persons who have been infected with SARS CoV-2. In addition, in order
to compare the symptom dynamics of patients with Long COVID with those of persons
without this disease, a sample was taken from a pre-pandemic study in which participants

also reported neurobehavioral symptoms through the NSI.

3.1. Methods

3.1.1. PARTICIPANTS

The inclusion criteria to participate in the present study were: (a) age 18 years or
older, and (b) self-report of having tested positive for COVID-19 through a viral and/or
antigen test. For this study, only Spanish-speaking participants have been included. So,
the sample consisted of 1,093 adults; 650 of these participants from 26 countries
reported having previously tested positive for COVID-19 (COVID+) through a viral and/or
antigen test (range: 1-383 days since positive test). The remainder consisted of 443 adults
from 20 countries who participated in other study (68) prior to the COVID-19 pandemic

(COVID-) (Figure 3.1). See Table 3.1 for participant demographic information.
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Total sample = 1,093
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Figure 3.1. Countries included in the sample.

81



Table 3.1. Sociodemographic characteristics of the study cohort (N=1093).

Variable COVID+ COVID-

Age (years), M1, SD? 435 119 339 13.2

Gender, N, %

Man 130 20.0 140 316
Woman 519 79.8 303 68.4
Non-binary, transgender, or other 1 0.2 0 0

Highest level of education completed, N, %

Some school education 12 1.8 54 12.4
Graduated High School 31 49 40 9.1

Some college/Technical degree 145 223 69 15.7
Completed undergraduate education 201 309 47 10.9

Postgraduate education (some or
completed) 261 40.1 230 51.9

Days from COVID-19 diagnosis, M, SD 1476 989 - -

Note: IMean; 2 Standard Deviation



3.1.2. MEASURES

Participants completed items assessing demographic information and in the

COVID-19 group, days since COVID-19 diagnosis.

The Neurobehavioral Symptom Inventory (NSI) (67) is a self-report assessment of
cognitive, affective, and somatic neurobehavioral symptoms. It consists of 22 items
scored on a 5-point Likert scale according to severity (0 = None; 1 = Mild; 2 = Moderate;

3 =Severe; 4 = Very Severe). The NSI was administered in Spanish (68).

3.1.3. PROCEDURE

The Qualtrics survey was distributed online through (a) professional mailing lists
and collaborators’ contact networks; (b) Facebook groups and advertisements; and (c) a
COVID-19 patient database from one of the collaborating centers. The study was
approved by the Ethics Committee of the Public University of Navarra (PI-003/21). An
informed consent document specified that participation was voluntary, data were
anonymous, and there was no financial compensation for participation. The study was

conducted in compliance with the declaration of Helsinki.

3.1.4. DATA ANALYSES

A psychometric network analysis was applied to the 22 items of the NSI. In the
current network analysis, nodes represented cross-sectional variables (e.g., individual NSI
symptoms) and edges represented the regularized partial correlation between any two
nodes. We also estimated the strength centrality of each node in our networks. Strength
centrality refers to the overall influence of a node within a network (e.g., the absolute
sum of all edges connecting to a given node). We estimated our networks using the

estimateNetwork function from the bootnet package for R version 4.1.1 (98,99). We
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implemented the EBICglasso routine which attempts to finds a relatively sparse network
that best fits the data by reducing the smallest edges in the network to zero and
examining the model fit until maximal fit is achieved (98,99). Network stability and
accuracy were examined by two 1,000-sample bootstraps (e.g., case-dropping and non-
parametric) using the bootnet function from the bootnet package (98,99). Pairwise
deletion was used for missing values. The average network layout was computed using
the averagelayout function from the qgraph package prior to visualization to aid in
comparison (100,101). Finally, we compared our networks (COVID+ versus COVID-)
statistically using a 1,000-iteration permutation test from the NetworkComparisonTest

package (102).

To facilitate the graphical representation of the symptom network, some names

were slightly modified with respect to those of the NSI, as presented in Table 3.2.
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Table 3.2. NSI's symptoms names.

NSI name

Network analysis

Concentration
Forgetfulness
Making Decisions

Slowed Thinking

Headaches
Depressed
Anxious
Frustration

Irritability

Taste/smell
Coordination
Light Sensitivity

Noise Sensitivity

Cognitive
Concentrate
Forgot
Decide
Organized
Affective
Head
Sad
Tense
Frustrated
Annoyed
Somatic
Taste
Clumsy
Light

Noise
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3.2 Results

Descriptive statistics are presented in the Table 3.3 and Table 3.4. No variables in
the current study demonstrated substantial skew excepting the Appetite node among the
COVID— participants. Applying the nonparanormal transformation to this variable did not
improve the skew, and thus the original data were retained (103). We screened both
datasets separately for univariate outliers (e.g., beyond +/- 35D from the mean), which
were Winsorized prior to network estimation. Correlation stability coefficients were ideal
for edge weights (CS = .75) and strength centrality estimates (CS = .67) in the COVID+
network. Similar stability was found in the COVID— network for edges (CS = .44) but
strength centrality was relatively lower (CS = .36), though still acceptable. Both networks
demonstrated accuracy in relation to the estimated edges, as only a single edge
(Clumsy—Organize from the COVID+ network) was absent in more than 50% of the
nonparametric bootstrap samples. Full edge weights estimate and related bootstrapped

values are presented in the Table 3.5 and Table 3.6.
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Table 3.3. Descriptive Statistics from the COVID- Group.

Variable M SD Min Max Skew  Kurtosis SE
Annoyed 1.88 0.88 1 4 0.70 -0.37 0.04
Appetite 1.17 0.48 1 4 3.18 11.11 0.02
Balance 1.38 0.67 1 4 1.89 3.47 0.03
Clumsy 1.43 0.68 1 4 1.55 1.96 0.03
Concentrate 1.64 0.86 1 4 1.20 0.54 0.04
Decide 1.88 0.86 1 4 0.69 -0.30 0.04
Dizzy 1.58 0.75 1 4 1.18 0.80 0.04
Fatigue 1.60 0.88 1 4 1.31 0.67 0.04
Forget 1.86 0.97 1 4 0.85 -0.37 0.05
Frustrated 1.77 0.88 1 4 0.95 0.07 0.04
Head 1.52 0.78 1 4 1.44 1.36 0.04
Hearing 1.65 0.85 1 4 1.15 0.44 0.04
Light 1.71 0.85 1 4 0.95 -0.07 0.04
Nausea 2.15 0.91 1 4 0.28 -0.85 0.04
Noise 1.35 0.66 1 4 2.02 3.80 0.03
Numb 1.51 0.79 1 4 1.50 1.51 0.04
Organize 1.63 0.81 1 4 1.13 0.52 0.04
Sad 1.83 0.91 1 4 0.87 -0.16 0.04
Sleep 2.00 0.93 1 4 0.55 -0.64 0.04
Taste 1.67 0.82 1 4 1.10 0.53 0.04
Tense 2.01 0.93 1 4 0.51 -0.72 0.04
Vision 1.37 0.62 1 4 1.65 2.57 0.03
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Table 3.4. Descriptive Statistics from the COVID+ Group.

Variable M SD Min Max Skew  Kurtosis SE
Annoyed 1.87 0.94 1 5 0.98 0.47 0.04
Appetite 1.78 1.02 1 5 1.17 0.55 0.04
Balance 1.46 0.75 1 5 1.69 2.61 0.03
Clumsy 1.50 0.77 1 5 1.67 2.87 0.03
Concentrate  1.66 0.90 1 5 1.21 0.78 0.04
Decide 2.07 1.03 1 5 0.67 -0.33 0.04
Dizzy 1.69 0.84 1 5 1.06 0.47 0.03
Fatigue 2.05 1.11 1 5 0.76 -0.34 0.04
Forget 2.05 1.07 1 5 0.75 -0.28 0.04
Frustrated 1.87 0.99 1 5 1.01 0.34 0.04
Head 1.86 1.03 1 5 1.06 0.34 0.04
Hearing 1.53 0.80 1 5 1.43 1.35 0.03
Light 1.83 0.96 1 5 0.85 -0.28 0.04
Nausea 2.07 1.04 1 5 0.68 -0.3 0.04
Noise 1.40 0.73 1 5 1.93 3.75 0.03
Numb 1.58 0.84 1 5 1.5 2.05 0.03
Organize 1.58 0.86 1 5 1.4 1.19 0.03
Sad 1.94 1.04 1 5 0.87 -0.04 0.04
Sleep 2.43 1.14 1 5 0.42 -0.62 0.04
Taste 1.75 0.93 1 5 1.07 0.47 0.04
Tense 2.11 1.03 1 5 0.62 -0.33 0.04
Vision 1.39 0.74 1 5 1.92 3.05 0.03
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Table 3.5. Edge Weight Estimates and Bootstrap Results for All Edges Included in the
COVID- Network.

Edge Weight Mean SD LCI ucl PO
Annoyed--Frustrated  0.36 0.35 0.05 0.26 0.45 0.00
Appetite--Organize 0.16 0.12 0.10 -0.03 0.36 0.39

Balance--Clumsy 0.24 0.23 0.07 0.10 0.38 0.06
Clumsy--Light 0.18 0.14 0.10 -0.03 0.39 0.34
Concentrate--Forget 0.21 0.19 0.06 0.08 0.33 0.06
Decide--Annoyed 0.13 0.08 0.08 -0.03 0.29 0.49
Decide--Head 0.14 0.10 0.08 -0.03 0.31 0.37
Dizzy--Balance 0.32 0.31 0.05 0.22 0.43 0.00
Dizzy--Nausea 0.27 0.26 0.05 0.16 0.37 0.01
Dizzy--Vision 0.23 0.22 0.07 0.09 0.36 0.05
Forget--Decide 0.32 0.31 0.05 0.22 0.41 0.00
Forget--Head 0.25 0.24 0.05 0.15 0.35 0.01
Forget--Organize 0.13 0.12 0.08 -0.02 0.29 0.29
Head--Frustrated 0.14 0.10 0.08 -0.02 0.29 0.36
Head--Sleep 0.17 0.14 0.08 0.00 0.33 0.23
Hearing--Numb 0.28 0.27 0.06 0.15 0.41 0.02
Light--Hearing 0.25 0.24 0.06 0.13 0.37 0.03
Nausea--Vision 0.19 0.16 0.10 0.00 0.39 0.24
Noise--Numb 0.23 0.21 0.09 0.05 0.42 0.14
Organize--Frustrated 0.20 0.20 0.06 0.09 0.31 0.03
Organize--Head 0.18 0.16 0.08 0.02 0.34 0.16
Organize--Sad 0.17 0.15 0.08 0.01 0.33 0.18
Sad--Annoyed 0.13 0.09 0.08 -0.03 0.29 0.41
Sleep--Sad 0.14 0.09 0.08 -0.03 0.31 0.42
Taste--Appetite 0.17 0.11 0.10 -0.04 0.38 0.44
Tense--Frustrated 0.23 0.22 0.06 0.12 0.34 0.02
Tense--Sad 0.32 0.32 0.06 0.21 0.43 0.00

Note: LCI = Lower-bound of the confidence interval, UCI = Upper-bound of the
confidence interval, PO = proportion of the 1,000 sample bootstrap that did not contain

a given edge.
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Table 3.6. Edge Weight Estimates and Bootstrap Results for All Edges Included in the
COVID+ Network.

Edge Weight  Mean SD LCI Ucl PO
Annoyed--Frustrated 0.31 0.30 0.04 0.22 0.40 0.00
Appetite--Concentrate 0.21 0.19 0.08 0.06 0.36 0.11
Balance--Clumsy 0.33 0.32 0.04 0.25 0.41 0.00
Clumsy--Decide 0.15 0.14 0.04 0.07 0.23 0.03
Clumsy--Organize 0.09 0.06 0.06 -0.04 0.21 0.52
Clumsy--Taste 0.13 0.09 0.08 -0.02 0.28 0.39
Concentrate--Fatigue 0.13 0.09 0.08 -0.03 0.30 0.45
Decide--Fatigue 0.11 0.08 0.06 -0.02 0.23 0.36
Decide--Head 0.23 0.23 0.05 0.14 0.33 0.00
Dizzy--Balance 0.47 0.46 0.04 0.39 0.54 0.00
Dizzy--Nausea 0.15 0.14 0.06 0.04 0.26 0.10
Dizzy--Vision 0.18 0.17 0.06 0.06 0.29 0.07
Fatigue--Tense 0.22 0.22 0.05 0.13 0.31 0.00
Forget--Decide 0.34 0.33 0.05 0.25 0.43 0.00
Forget--Head 0.28 0.28 0.04 0.19 0.36 0.00
Forget--Sleep 0.14 0.14 0.05 0.05 0.24 0.05
Head--Sleep 0.14 0.13 0.05 0.04 0.23 0.06
Hearing--Numb 0.31 0.31 0.04 0.23 0.40 0.00
Light--Hearing 0.28 0.28 0.04 0.20 0.37 0.00
Nausea--Hearing 0.15 0.14 0.06 0.03 0.28 0.13
Nausea--Sleep 0.12 0.08 0.07 -0.02 0.26 0.40
Noise--Numb 0.31 0.30 0.04 0.23 0.40 0.00
Numb--Forget 0.12 0.10 0.06 0.01 0.23 0.18
Organize--Frustrated 0.14 0.12 0.05 0.03 0.24 0.11
Organize--Head 0.41 0.40 0.05 0.32 0.50 0.00
Sad--Annoyed 0.15 0.14 0.05 0.05 0.26 0.07
Sad--Frustrated 0.30 0.30 0.04 0.21 0.38 0.00
Sleep--Tense 0.10 0.07 0.06 -0.03 0.22 0.40
Taste--Fatigue 0.13 0.09 0.08 -0.03 0.30 0.42
Tense--Frustrated 0.23 0.23 0.04 0.15 0.31 0.00
Tense--Sad 0.33 0.33 0.04 0.25 0.42 0.00
Vision--Concentrate 0.17 0.14 0.08 0.00 0.33 0.21
Vision--Hearing 0.20 0.19 0.06 0.09 0.31 0.04

Note: LCI = Lower-bound of the confidence interval, UCI = Upper-bound of the
confidence interval, PO = proportion of the 1,000-sample bootstrap that did not contain
a given edge.
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3.2.1. NETWORK STRUCTURE

The COVID+ network emerged as a relatively sparse, yet well-connected, network
(33/231 possible edges) such that each symptom assessed by the NSI was connected to
the network. The COVID+ network also evinced many connections between the three
symptom groups, and all edges in the COVID+ network were positive in direction (Figure
3.2). Conversely, the COVID— network yielded relatively fewer edges (27/231 possible
edges), and the Fatigue node was not connected to any other node in the network. The
COVID- network was largely disjointed, with most of the Somatosensory symptoms
forming their own cluster with no edges to the other symptom groups. The Cognitive and
Affective items in the COVID— network were also largely connected to symptoms from
within their own groups except for four edges: the Appetite—Organize edge and the
edges shared among the Head node and the Organize, Forget, and Decide nodes (Figure

3.3).
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Figure 3.2. The COVID + network. Solid edges indicate positive associations with width

and depth of color indicating the strength of associations.
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Figure 3.3. The COVID - network. Solid edges indicate positive associations with width

and depth of color indicating the strength of associations.
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3.2.2. GLOBAL NETWORK COMPARISONS

Our network comparison test revealed that the structure of the COVID+ network
differed significantly from the COVID— network, M = .30, p = .010. We also compared the
global strength of the networks, which failed to yield a significant difference, S = 1.34, p

=.074.

3.2.3. EDGE COMPARISONS

Examination of the specific edge comparisons resultant from the network
comparison test revealed several notable differences. The network comparison test
identified nine significantly different edges between the networks. As such, we only
discuss the two significant differences of edges that appeared in both networks here (see
Table 3.7 for all edge comparisons). Of these, the largest difference between networks
was the Organize—Head edge. In the COVID+ network, this edge had a weight of .41, but
was .18 in the COVID— network, less than half the associative strength, p < .001. The
Dizzy—Balance edge was also significantly different across networks. In the COVID+
network this edge yielded a weight of .47, compared to .32 in the COVID— network, p =

.023.
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Table 3.7. Edge Weight Comparisons from the Network Comparison Test.

Edge p-value
Annoyed--Frustrated 0.487
Appetite--Concentrate 0.145
Appetite--Organize 0.005
Balance--Clumsy 0.197
Clumsy--Decide 0.142
Clumsy--Light 0.037
Clumsy--Organize 0.499
Clumsy--Taste 0.191
Concentrate--Fatigue 0.088
Concentrate--Forget 0.022
Decide--Annoyed 0.250
Decide--Fatigue 0.769
Decide--Head 0.200
Dizzy--Balance 0.023
Dizzy--Nausea 0.064
Dizzy--Vision 0.432
Fatigue--Tense 0.025
Forget--Decide 0.758
Forget--Head 0.704
Forget--Organize 0.294
Forget--Sleep 0.210
Head--Frustrated 0.178
Head--Sleep 0.682
Hearing--Numb 0.621
Light--Hearing 0.608
Nausea--Hearing 0.500
Nausea--Sleep 0.210
Nausea--Vision 0.170
Noise--Numb 0.241
Numb--Forget 0.052
Organize--Frustrated 0.337
Organize--Head <.001
Organize--Sad 0.024
Sad--Annoyed 0.715
Sad--Frustrated 0.002
Sleep--Sad 0.063
Sleep--Tense 0.147

Taste--Appetite <.001




Taste--Fatigue
Tense--Frustrated
Tense--Sad
Vision--Concentrate
Vision--Hearing

0.331
0.966
0.840
0.284
0.108
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3.2.4. CENTRALITY COMPARISONS

To quantify the similarity of centrality implied by the global strength invariance
test, we conducted a Spearman’s rank-order correlation analysis using the strength
estimates from each network. This analysis indicated that less than half of the total
variance in centrality overlapped between networks, p=0.69, p <.001. We thus explored
the individual strength centrality comparisons across networks despite our marginal
global test. See Table 3.8 for all strength centrality estimates and comparison p-values.
The network comparison test revealed four significant differences. First, the Tense node
yielded significantly greater strength centrality in the COVID+ network, p = .029. In the
COVID- network, this node was connected only to the Frustrated node, where in the
COVID+ network it was connected to the Sleep and Fatigue nodes in addition to the
Frustrated node. As such, this suggests that feelings of tension among COVID+ patients
played a crucial role in connecting the Affective symptoms measured by the NSI. Next,
the Hearing node had significantly greater strength centrality in the COVID+ network, p =
.034. As observed with the Tense node, this was due to denser connections with other
symptoms within its own group (e.g., Somatosensory symptoms; Vision, Nausea, Numb,
and Light). Third, the Numb node was significantly more central in the COVID+ network,
p = .038. This difference appeared to be due largely to the Numb—Forget edge that
emerged in the COVID+ network, but not COVID— network. Finally, the Fatigue node was
significantly more central to the COVID+ network, p < .001, because it shared no

connections with the COVID— network and thus had a centrality estimate of zero.
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Table 3.8. Strength Centrality Estimates from Both Networks.

Node Symptom Group COVID + COVID -
Annoyed Affective 0.46 0.61
Appetite Somatosensory 0.21 0.34
Balance Somatosensory 0.80 0.56
Clumsy Somatosensory 0.70 0.42
Concentrate Cognitive 0.51 0.21
Decide Cognitive 0.83 0.59
Dizzy Somatosensory 0.79 0.82
Fatigue Affective 0.60 0.00
Forget Cognitive 0.88 0.91
Frustrated Affective 0.97 0.92
Head Affective 1.06 0.87
Hearing Somatosensory 0.95 0.53
Light Somatosensory 0.28 0.43
Nausea Somatosensory 0.42 0.46
Noise Somatosensory 0.31 0.23
Numb Somatosensory 0.75 0.51
Organize Cognitive 0.64 0.85
Sad Affective 0.78 0.76
Sleep Affective 0.49 0.30
Taste Somatosensory 0.27 0.17
Tense Affective 0.88 0.55
Vision Somatosensory 0.54 0.42
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3.3. Discussion

This study applied psychometric network analysis to investigate the patterns of
cognitive, affective, and somatic neurobehavioral symptoms in an international sample
of Spanish-speaking individuals with a history of COVID-19 and non-COVID controls. A
large sample of 1,093 individuals (650 COVID+ and 443 COVID—) completed an online self-
report survey assessing their neurobehavioral symptoms. Relative to the COVID—
network, the COVID+ network was very well-connected such that each neurobehavioral
symptom was positively connected to the network. The COVID— network was largely
disjointed, with most of the somatosensory symptoms forming their own cluster with no
connections to other symptom groups and fatigue not being connected to any symptom.
The cognitive and affective symptoms in the COVID— network were also largely connected

to symptoms from within their own groups.

As an application of dynamic systems theory, psychometric network analysis can
be a compelling approach to understand the associations among constellations of
symptoms that make up clinical syndromes. The most important difference the analysis
uncovered between the two networks was the coherence and well-connectedness of the
COVID+ network compared to the disjointed COVID— network. This difference is likely due
to the fact that a COVID— subsample by definition would not have patterns of lingering
COVID-19 neurobehavioral symptoms. As a result, the subsample’s symptoms, when
present, would be due to other potential health conditions or disabilities and only
interrelate if the symptoms were extremely similar. In contrast, the COVID+ network
showed tremendous cross-talk across symptom types and greater connectivity overall,

indicating that any given symptom has greater associations with other symptoms because
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of a history of COVID-19. This analysis—for the first time in the literature—identified an
interrelated network of lingering COVID-19 symptoms above and beyond those expected
in a COVID—sample simply because specific neurobehavioral symptoms are similar. When
compared to the COVID— network, the coherence of the COVID+ network suggested the
utility of conceptualizing long-term neurobehavioral symptoms as a post-COVID

syndrome.

In terms of specific relations among symptoms, the organize-to-headache bridge
in the COVID+ network was stronger than in the COVID— network. Individuals with a
history of COVID-19 uniquely showed a very strong connection between headaches and
organization; while the COVID— sample showed the same edge, it was much weaker,
perhaps reflecting the difference between a headache that is annoying/distracting
among controls versus one that is truly debilitating among individuals with a history of
COVID-19. Because the data were cross-sectional, it is unknown whether headaches
cause organizational problems after COVID-19, or perhaps whether some other unknown
variable (e.g., brain lesions) causes both. Similarly, the dizzy-to-balance bridge was
stronger in the COVID+ network, consistent with emerging literature demonstrating

vestibular symptoms being a common component of COVID-19 (104).

3.3.1. IMPLICATIONS

Lingering, post-COVID concerns commonly include depressed mood, insomnia,
anxiety, irritability, fatigue, and “brain fog” (42-53,105,106); indeed, a subjective sense
of persistent cognitive impairment is a central feature (47-52). The current findings
suggest the high degree to which these symptoms co-occur after COVID-19. Among such

patients who participated in comprehensive neuropsychological assessment, Krishnan et
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al. (2022) (107) found a general pattern of mild impairment on measures of processing
speed, attention, and executive functioning. Of note, 70% of these authors’ participants
also had a history of mood disorder prior to infection, and approximately 35% of their
sample endorsed moderate-to-severe mood symptoms at the time of assessment. The
current study found hearing, numbness, and tense symptoms were more central to the
COVID+ network with the latter connected to sleep, fatigue, and frustrated symptoms.
These current findings in light of those from Krishnan et al. (2022) (107) implicate an
affective (e.g., mood, tension, frustration) component associated with post-COVID
syndrome and suggest a potential role for psychotherapeutic and rehabilitation strategies
to disrupt this network of affective distress. Given the potential benefit of conceptualizing
post-COVID neurobehavioral symptoms as a syndrome, the current findings also suggest
that the nodes with greater strength centrality estimates could be key targets for
intervention—e.g., headaches, poor frustration tolerance, hearing difficulty,

forgetfulness, and feeling anxious or tense.

The strength of the association between the central symptoms and other items
on the NSI provide a framework for conceptualizing what may be clusters of symptoms
experienced by individuals with a history of COVID-19. As our understanding of persistent
COVID-19 symptoms evolves, these constellations of symptoms can be further
investigated to examine premorbid factors that contribute to greater vulnerability to
ongoing complications so that affected individuals can be triaged for specialized
treatment in a patient-centered model of care. There are a variety of biological,
psychological, and environmental factors that likely contribute to persistent COVID-19
neurobehavioral symptoms (e.g., sensitivity of multiple organ systems to COVID-19 that

could affect cognitive health; pre-infection psychological and social vulnerabilities;
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pandemic-related stress and isolation) (108). Rehabilitation clinicians would likely benefit
from adopting a comprehensive approach targeting as many of these potential influences
on neurobehavioral symptoms as possible. Cognitive and behavioral rehabilitation
strategies targeting in particular these central symptom network features may hold

promise to help those experiencing unresolved post-COVID symptomatology.

3.3.2. LIMITATIONS

Despite the importance of these findings, the current study had several
limitations, and as a result, directions for future research. First, while the NSI has been
used primarily among individuals with concussion, the items contain a wide variety of
symptoms across somatic, affective, and cognitive domains, and the rating structure
includes the degree to which items interfere with functioning, all of which may be useful
to clinicians treating a wide variety of neurological conditions. However, there may be
additional symptoms specific to COVID-19 not tapped by the NSI that future similar
network analysis research should incorporate, such as tingle. Second, the current
Spanish-speaking sample was from an extremely wide array of over 20 countries, and as
a result, the findings have a high degree of generalizability, far more than in traditional
studies. But nonetheless, the internet-based data collection presumed that participants
had access to the internet and were fluent in Spanish. As a result, the findings may have
limited generalizability to participants without internet access or who speak languages
other than Spanish. Finally, the data were cross-sectional and correlational, and as a
result, causal influence of symptoms on each other cannot be ascertained. Future
longitudinal research can better tease apart the relative causal influence of COVID-19

symptoms on each other.
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3.4. Conclusions

Considering these limitations, this study was the first to identify a coherent
network of post-COVID-19 neurobehavioral symptoms and to compare the network to
that of a group of individuals without a history of COVID-19. These findings suggest that
many of the long-term neurobehavioral symptoms of COVID-19 form a discernable
network and that headaches, frustration, hearing problems, forgetfulness, and tension
are the most central symptoms. Cognitive and behavioral rehabilitation strategies
targeting these central symptom network features may hold promise to help fracture the

lingering symptom network of COVID-19.
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CAPITULO 4. COGNITIVE AND BRAIN
CONNECTIVITY TRAJECTORIES IN
CRITICALLY ILL COVID-19 PATIENTS*

4 Ramos-Usuga, D., Jimenez-Marin, A., Cabrera-Zubizarreta, A., Benito-Sanchez, I, Rivera, D., Martinez-
Gutiérrez, E., Panera, E., Boado, V., Labayen, F., Cortes, J. M., Arango-Lasprilla, J. C. Cognitive and brain
connectivity trajectories in critically ill COVID-19 patients. (Under review). Neurorehabilitation.
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Multiple organ failure (MOF) is one of the main reasons for admitting patients
infected with SARS CoV-2 to the Intensive Care Unit (ICU) and can cause short- and long-
term neurological and neuropsychological deficits. Although various studies have been
conducted to describe the sequelae of these critical patients, very few combine
neuroimaging techniques with cognitive tests in the longitudinal assessment of these
patients. Furthermore, to date, there is no study comparing patients with MOF due to
COVID-19 with patients with MOF due to other causes. Since merely being admitted to
the ICU can entail sequelae, comparing these two types of patients may allow for the
identification of characteristics specific to COVID-19. Therefore, in this research, a
neuropsychological evaluation and assessment of the functional connectivity of a group
of patients with MOF due to COVID-19 or other causes have been carried out, and their
functioning has been compared. Additionally, a control group of healthy individuals was

included.

4.1. Methods

4.1.1. PARTICIPANTS

The sample was composed by 12 patients who suffered MOF after COVID-19
infection (COVID-19 group) and 12 MOF patients without COVID-19 infection (MOF
group) who had been treated at the ICU of the Cruces University Hospital, as well as 12
HC, mainly relatives of the patients, matched with them by age, sex, and years of

education.

The inclusion and exclusion criteria for MOF patients were the following: a) age
between 18 and 65 years old; b) report of MOF due to respiratory failure, cardiogenic

shock, or septic shock; c) no structural brain injury detected in T1 (no T1-BD); d) no history
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of developmental problems, learning disabilities, or neurological or psychiatric conditions
prior to admission to the ICU; e) no cerebral hypoxia during ICU admission; f) no previous
chronic organ injury that might alter functional connectivity (109); g) no history of daily
consumption and/or use of an illicit substance or other medications that may impact
cognitive functioning; h) SOFA score > 4 for at least 48 hours during ICU admission,
implying an associated mortality rate of at least 20% (110); i) MMSE score > 23 (111); and
j) no contraindications for magnetic resonance imaging (e.g., morbid obesity, pacemaker,
metal prostheses, or pregnancy); k) no severe visual and/or hearing deficit at the time of
the evaluation; and 1) ability to read and write at the time of evaluation. For COVID-19
participants, the inclusion criteria were the same as the aforementioned criteria for MOF
plus additional criteria of m) diagnosed COVID-19 infection demonstrable by positive PCR

test; and n) not having received any COVID-19 vaccine.

The inclusion criteria and exclusion for the HC were the following: a) age between
18 and 65 years old; b) no history of developmental problems, learning disabilities, or
neurological or psychiatric conditions prior to admission to the ICU; c) no history of daily
consumption and/or use of an illicit substance or other medications that may impact
cognitive functioning; d) MMSE score > 23; e) scored < 4 on the Patient Health
Questionnaire—9 (PHQ-9) for assessing depression; f) no contraindications for magnetic
resonance imaging; g) no severe visual and/or hearing deficit at the time of the

evaluation; and h) ability to read and write at the time of evaluation.

4.1.2. MEASURES

4.1.2.1. Screening tests
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The Sequential Organ Failure Assessment (SOFA) was used to assess the
severity of MOF, quantifying the extent of organ dysfunction in patients after
the failure. Through a 5-point scale (0-4), the functioning of the respiratory,
cardiovascular, hepatic, renal, neurological, and coagulation systems is

assessed (112).

The Mini-Mental State Examination (MMSE) was included to assess the overall
cognitive status of participants. This is a screening test composed of 30 items
that assess temporal and spatial orientation, short-term and long-term
memory, visuoconstructive skills, attention, calculation, reading and writing,
and comprehension of simple commands. A cut-off point of < 23 is often used

to indicate mild cognitive impairment.

4.1.2.2. Neuropsychological evaluation

The assessment protocol included the following neuropsychological tests:

Rey-Osterrieth Complex Figure (ROCF) (113). The ROCF is a tool used to assess
perceptual organization and visual memory, as well as visuoconstructive
ability. In the first part, the examinee is presented with the figure to copy
onto a blank sheet of paper. After completing it, the figure is removed, a
three-minute wait is done, and then the examinee is asked to reproduce the
figure from memory. The figure is composed of 36 elements that are
evaluated independently based on the location and accuracy of the shape, as
follows: 2 points are awarded when the element is correctly drawn and
located; 1 point when the element is correctly drawn but misplaced, or when
it is well-placed but distorted or incomplete, although recognizable; 0.5
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points when the element is distorted or incomplete, but recognizable and
misplaced; O points when the element is absent or unrecognizable. The test
score is the sum of the points awarded to each element, so it ranges from O

to 36 points.

Hopkins Verbal Learning Test-Revised (HVLT-R) (114). This is a verbal learning
and memory test composed of a list of 12 words from three categories:
professions, food, and sports. For verbal learning, the list is read aloud, and
the examinee must say all the words she/he remembers, over three trials.
Once this first part is completed, a 20-minute wait is done before
administering the delayed recall trial, in which the examinee must evoke the
words from the list. Finally, the recognition section is completed, consisting
of the 12 words from the initial list (correct), 12 semantically related words,
and another 12 semantically unrelated words. The examinee's task is to
indicate whether each of the words belongs to the initial list or not. Three
scores are obtained: immediate recall (0-36 points), delayed recall (0-12

points), and recognition (0-12 points).

Stroop Color and Word Test (115). This test measures the inhibitory control of
executive functions through three tasks. In the first task (Stroop-word), the
examinee is asked to read the names of three colors (red, blue, and green)
printed in black ink. In the second task (Stroop-color), the examinee must say
the color of a series of stimuli (XXXX) printed in red, blue, and green ink. Finally,
in the third task (Stroop Word-color), the examinee must say the name of the

color in which the word is written, which in turn, is the name of another color.
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To complete each task 45 second are given, and the score for each one is the
number of items correctly named. In addition, the interference score is

calculated using the following formula: Interference=CxW /C+ W.

Trial Making Test (TMT) (116). The TMT is used to assess various cognitive
functions, such as attention, visual-motor speed, cognitive flexibility, visual
search, and executive functions. The test is divided into two parts: the TMT-A
contains 25 numbered circles distributed on a sheet of paper, which must be
joined in an ascending fashion as quickly as possible. In the TMT-B the circles
include both numbers (1-13) and letters (A-L) and must be joined by
interleaving the numbers in ascending order and the letters in alphabetical
order (1-A-2-B-3-C). The score for each condition is the time taken to complete

the tasks.

Brief Test of Attention (BTA) (117). The BTA is a test of attention consisting of
two tasks. In the first (form N), the participant is read 10 alphanumeric series
(e.g., A-9-3-B-L) that increase in length to increase difficulty, and the examinee
must count the number of numbers in each series. The other task (form L)
contains the same stimuli, but in this case the examinee must count the
number of letters. For each correct item one point is awarded, with 20 being

the maximum score.

Symbol Digit Modalities Test (SDMT) (118). The SDMT assesses processing
speed, attention, visual scanning, and motor speed. In this test, the participant

has 90 seconds to assign the corresponding number to a series of symbols
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according to a reference key. For each correct item, one point is awarded, with

110 being the maximum score.

e Modified Wisconsin Card Sorting Test (M-WCST) (119). The M-WCST is a test
developed to assess abstract reasoning and the ability to adapt cognitive
strategies to the changing environment. In this test the participant must
categorize 48 cards into 4 key cards based on shape (triangle, square, and
circle), color (red, yellow, and green), and number (1-5). Four scores are
obtained: number of correct categories, number of perseverative errors, total

number of errors and percentage of perseverative errors.

e Verbal Fluency Test (VFT) (116). This is a measure of verbal fluency composed
of two independent tests; in the semantic verbal fluency test the examinee
must produce for one minute as many words as he/she can think of that belong
to a certain category (animals and fruits), while in the phonological verbal
fluency test the examinee must say words that begin with a certain letter (F, A,

S, M, P, R).

e Boston Naming Test (BNT) (120). The BNT is a tool designed to measure
vocabulary, consisting of 60 black and white line drawings that the examinee
must name. If the examinee does not give a spontaneous response, a semantic

or phonological cue may be given.

4.1.2.3. Neuroimaging

Imaging acquisition
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The brain Magnetic Resonance Images (MRIs) were acquired in a Philips 3-Tesla Achieva

dStream MRI scanner with a 32-channel head coil and included the following sequences:

e Anatomical data: High resolution T1 images were acquired with a 3D Turbo
Field Echo (TFE): repetition time TR = 7.4 ms, echo time TE = 3.4 ms, inversion
time IT = 850 ms, voxel size = 1.1 x 1.1 x 1.2 mm?3, slice thickness = 1.2 mm,
field of view FOV = 250 x 250 mm?, 300 contiguous sagittal slices covering the

entire brain and brainstem.

e Resting state functional data: A session with a total duration of 7.40 minutes
was acquired, using SENSE (with a factor of 2.2) the following parameters: 214
whole-brain gradient echo echo-planar images with TR/TE = 2100/27 ms, FOV
=240 x 240 mm?, voxel size = 3 x 3 x 3 mm?3, 80 x 80 matrix, slice thickness of

3 mm, 45 axial slices, interleaved in ascending order.

Imaging preprocessing

The resting-state fMRI (rs-fMRI) images were preprocessed using the CONN
toolbox v21a (121). The default pipeline was used only modifying the outlier-frame
criteria, marking as outlier such frames with FD>0.5. The voxel dimensions were also
modified to 3 x 3 x 3 mm?3, and the spatial smoothing were modified to 6mm full width at
half maximum (FWHM). For nuisance regression and temporal filtering, the chosen
option was to do both steps simultaneously. The confounds removed were scrubbing, 12

movement parameters, 5 CSF components, and 5 White matter (WM) components.

Imaging statistical considerations
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Multiple comparisons correction: For any of the image analyses, statistics was
assessed independently for all the number of voxels. To correct for multiple
comparisons, a two-sided parametric correction was applied using a voxel

threshold p-uncorrected < .05 and cluster threshold p-FDR < .05.

Hypothesis contrasts for voxel brain morphometry differences: For addressing
the morphological differences, the contrasts used were [1 -1] (COVID-19 > HC)

and [-1 1] (COVID-19 < HC).

Hypothesis contrasts for functional connectivity differences: For addressing
the connectivity differences, the contrasts used were [1 -1 0] (COVID-19 > HC
controlling by the effect of MOF) and [-1 1 0] (COVID-19 < MOF controlling by
the effect of MOF). This ensured that any possible differences observed
between groups may be due to the COVID-19 condition and not because

participants in the COVID-19 group had also experienced MOF.

Functional connectivity and neuropsychological performance association: For the

association with neuropsychological composites, the contrast used were [0 1 0 0 O]
(group, composite, age, years of education, and SOFA). The reason for including SOFA
variable as covariate is because in Jimenez-Marin et al. (2020) (122) authors reported an
association between SOFA and brain connectivity in critically ill patients and may impact
to the association between neuropsychological performance and connectivity. In this
case, composites were calculated with z-scores of the tests computed using the mean
and standard deviation of each single group, as this association was performed in each

group separately.
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4.1.3. PROCEDURE

The study began in Hospital (Code CEIC E16/52) and was performed in accordance

with the Helsinki Declaration. All participants gave their written informed consent.

4.1.4. DATA ANALYSES

4.1.4.1. Descriptive analyses and neuropsychological performance

Means and standard deviations of demographic and clinical variables were

calculated.

Performance differences on each neuropsychological test were assessed by One-
Way ANOVA. To determine which specific groups differed post hoc tests (Tukey-Kramer
when there was a normal distribution or Games-Howell when there was not a normal
distribution) were run. Effect sizes were also assessed using eta-squared (n?).
Furthermore, each test was grouped into a composite (e.g., executive functioning,
language), which was calculated by the sum of the z-scores of the tests based on the
means and standard deviations of the three groups together, then divided by the square
root of the number of tests included in each composite. Group comparisons among
composites were performed using One-Way ANOVA. All the analyses were run in Matlab

2021b (The MathWorks, Inc.) and SPSS Statistics 20.

3.1.4.2. Imaging analyses

Structural abnormalities

Voxel-based morphometry (VBM) was applied with FSL-VBM (123), FSL version
6.0.1, an optimized VBM protocol carried out with FSL tools. The modulated gray matter

images resulting from the tool were then smoothed with an isotropic Gaussian kernel of
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full width at half maximum of 9.42 mm (0=4 mm). Final images were used for group

comparison.

Functional connectivity analyses

Connectivity maps per each subject for eight resting state networks (RSN)
included in CONN were generated using the seed-based-correlation (SBC) analyses (124).
The seeds were obtained by averaging the fMRI time-series across all regions within each
RSN. As a result, we obtained for each subject a corresponding brain map for each RSN.
These maps were next used for group comparisons and for the association between brain
functional connectivity and cognitive performance as represented by each composite.
For all the details for assessing the statistical significance, see the supplementary

material.

4.2. Results

4.2.1. DESCRIPTIVE ANALYSES

Demographic and clinical variables for the three groups are shown in Table 4.1.
The mean age for the sample ranged from 54.83 to 55.50, and the mean of the years of
education ranged from 12.17 to 13.42. Moreover, more than half of the sample in all
three groups were males. There were no significant differences in terms of age, sex, or
years of education between the HC and COVID-19 groups, nor between the MOF and
COVID-19 groups. During ICU admission, the mean SOFA scores of the MOF and COVID-
19 groups were 9.42 and 6.83, respectively. On the other hand, the mean MMSE scores
of HC, MOF, and COVID-19 groups were 29.22, 28.83, and 28.81, respectively. There were

no significant differences in SOFA and MMSE across the three groups.
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Table 4.1. Demographic and clinical variables

Variables, HC MOF COVID the PHC Effect Size  twmor PMOF Effect
units HC Size
MOF
Demographics
Age, years 55.17 (6.60) 55.50 54.83 - 0.90 -0.05 -0.27 0.79 -0.11
(5.68) (6.46) 0.13
Males, n (%) 6 (50) 7(58.33) 7(58.33) 0.17 0.68 0.16 0 1 0
Education, 12.67 (5.55) 12.17 13.42 0.36 0.72 0.15 0.70 0.49 0.29
years (4.13) (4.58)
MMSE 29.22 (0.83) 28.83 28.81 - 0.40 -0.39 -0.03 0.98 -0.01
(1.46) (1.17)  0.87
SOFA NA 9.42 6.83 (2.08) NA NA NA -1.98 0.06 -0.81
(3.99)
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4.2.2. NEUROPSYCHOLOGICAL PERFORMANCE

The neuropsychological assessment at 6 months from ICU discharge revealed that
the COVID-19 group generally performed worse across all tests compared to HC and MOF
group, although exhibiting fewer pronounced distinctions in comparison to this last
group. The One-Way ANOVAs shown a marginally significant differences in HVLT-R Recall
(F=3.1; p=0.05), with the Tukey-Kramer post hoc showing significant differences between
COVID-19 group and HC (p> 0.05). Additionally, the effect size was large (n?= 0.16). At 12
months after ICU discharge, there were no significant differences between groups,
although scores on most tests were also lower in the COVID-19 group compared to the

other two groups.

4.2.3. BRAIN MORPHOLOGY

Structural brain comparisons using voxel-based morphometry provided no

significant differences between the COVID-19 and HC groups.

4.2.4. FUNCTIONAL CONNECTIVITY

Group differences were assessed in the functional connectivity of eight well-
known RSNs following an image preprocessing pipeline detailed in Figure 4.1. After
multiple comparison correction, the only network with significant differences in the
contrasts COVID-19 > HC controlling for MOF, and COVID-19 < HC controlling for MOF in
both time-points (e.g., 6 and 12 months) was the salience network (see Figure 4.2, brain
plot). These significant connectivity alterations consisted of a combination of decreased
positive correlations from the salience region Anterior Cingulate Cortex (ACC) and
decreased negative correlations between the salience node and DMN in the angular

gyrus, precuneus, ACC, and superior frontal gyrus. For each of the clusters resulting from

116



the group comparisons (represented in different colors in Figure 4.2), we obtained its
median value in the SBC map for each participant and compared the different groups.
Notably, the boxplots illustrate a general trend, indicating that both positive connections
(yellow cluster) and negative connections (green, purple, red, and blue clusters)
increased from HC to MOF and further from MOF to COVID-19, demonstrating a

progressive decrease in connectivity from healthy to MOF and from MOF to COVID-19.
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Figure 4.1. Resting-state fMRI preprocessing and analysis pipeline.

Note: Double acquisition is needed: High resolution anatomical images (T1) and
functional images at rest. Following state-of-the-art CONN pipeline of neuroimaging
preprocessing, time-series of the blood oxygenation level dependent (BOLD) signal were
obtained for each voxel. Using as seeds the average functional dynamics across all the
voxels belonging to each resting state network, and applying seed to voxel analysis (a.k.a.
seed-based correlation), we built functional connectivity brain maps for each RSN, used
for group comparison and for assessing the association with neuropsychological

measures.
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Figure 4.2. Salience connectivity alterations in critically ill COVID-19 patients.

Note: Statistically significant connectivity alterations not present in MOF were found in a
cluster inside the salience network (yellow) and in several clusters belonging to the DMN
(purple, green, red, and blue). For each participant, the median connectivity within each
cluster was calculated and represented in the boxplots (different colors refer to different
clusters). Each dot represents a different participant, being circles for the HC group,
triangles for the MOF group, and squares for the COVID-19 group. No line around the
shapes represents the 6 months” median connectivity, and the dotted line represents the
one at 12 months. NEG-Hypoconnectivity refers to hypoconnectivity occurring in
negative functional connections (green, purple, red, and blue), while POS-

Hypoconnectivity indicates hypoconnectivity in positive functional connections (yellow).
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4.2.5. ASSOCIATION BETWEEN FUNCTIONAL CONNECTIVITY AND

NEUROPSYCHOLOGICAL PERFORMANCE

The SBC maps of the salience network were used for voxel-based associations
with the four different composites. After multiple comparison correction, significant
associations surviving at the two time points only existed for the attention domain (Figure
4.3), in a cluster of voxels located in the superior frontal gyrus. At +12m time point, a
second cluster also emerged in the angular gyrus (colored in red in Figure 4.3). The two
clusters are part of the DMN. The scatterplots in Figure 4.3 represent the association
between median values of salience connectivity and the attention score for both time-
points. Negative correlations (r=-0.83, p=.002 at 6 months; r=-.92, p<0.001 at 12 months)
were found for the COVID-19 group, whereas no associations were found in those regions
in the MOF and HC groups. The negative correlations indicated that the patients with the
highest attention scores had a relatively more negative correlation between salience and

DMN.
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Figure 4.3. Association between functional connectivity of the salience network and

cognitive performance in critically ill COVID-19 patients.

Note: The association between the salience connectivity was correlated with the
attention domain at 6 (blue clusters) and 12 months (red clusters) after ICU discharge.
The two scatterplots show that statistically significant associations were only found in the

COVID-19 group.
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4.3. Discussion

The goals of this study were: 1) to compare the cognitive functioning of the
COVID-19, MOF, and HC groups through a neuropsychological battery; 2) to assess the
functional connectivity differences between the COVID-19 and HC groups, correcting for
the MOF group, and 3) to assess the association between cognitive functioning and

functional connectivity across the three groups.

Firstly, the COVID-19 group performed worse at 6 months after ICU discharge
across almost all neuropsychological tests compared to the other two groups, although
significant differences were only found in the HVLT-R Recall compared to the HC group.
At 12 months there were no significant differences in any of the tests, although the means
of the COVID-19 group continued being, in general, lower than those of the other two

groups. It should be noted that the effect size of the HVLT-R Recall was large (n?= 0.16).

Previous literature has shown that even months after hospital discharge, patients
infected with SARS CoV-2 present cognitive alterations related to memory (43,45,46,56),
attention and processing speed (42-44,46), executive functions (45,46) and even
language (46) and motor skills (44,46). In the present study, significant differences have
only been found in one HVLT-R score that measures verbal learning and memory, which
partially agrees with previous studies (43,45,46,56). Although it is true that it is only a
score, the effect size has been large, so one could speculate that, if the sample size were
increased, the differences would be more evident and significant, even in the rest of the
scores. Furthermore, it should be noted that the evaluation protocols of the present
study and that of Diez-Cirarda et al. (2022) (56) share five neuropsychological tests, and

that the means of COVID-19 patients from both studies are similar. Although the two
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samples may vary in many aspects, they are Spanish patients who have been hospitalized
for COVID-19. One of the factors that most influences the variability of results in research
is the type of tests selected to evaluate the participants, therefore, it would be
recommended to establish a specific neuropsychological evaluation protocol for patients
with COVID-19 who present cognitive complaints, in order to compare the results of the
different studies. This is especially relevant since it is a syndrome that is still very unknown

and still requires further research.

The results of the functional connectivity demonstrated an atypical connectivity
pattern in the COVID-19 group compared to the HC group in both 6 and 12 months,
characterized by hypoconnectivity of the SN to one of its nodes (ACC) and with the DMN
to four of its nodes (angular gyrus, precuneous, ACC, and superior frontal gyrus). These
findings are in agreement to those of (55) who found that the functional connectivity of
patients with COVID-19 was significantly lower than that of HC patients both within the
DMN and between the DMN and the NS. In addition, (56) also found hypoconnectivity
between the left and right parahippocampal gyrus and between the left cerebellum llI
and the left and right frontal superior orbital cortex. The literature on functional
connectivity in populations with neurological disorders is varied, as some studies report
hyperconnectivity (125,126), whereas others find hypoconnectivity (62,63,65) in these
clinical populations. However, a recent study by (127) evaluated people with preclinical
profiles of Alzheimer's disease (AD) with fMRI and PET-tau, finding hyperconnectivity
between the DMN and SN in participants with low TAU levels, yet hypoconnectivity
among participants with higher TAU levels. According to the authors, the initial
hyperconnectivity could be a compensatory mechanism in the early phases of a brain

disorder, such as AD, which would later lead to a decrease in functional connectivity once
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these compensatory mechanisms are saturated by neuronal loss. Future studies are
needed that include larger sample sizes and that evaluate the trajectories of functional
connectivity from the acute phase to more chronic states of the disease, which thus may

be able to replicate the pattern of findings in the present study and those of (55).

Finally, when studying the relationship between cognitive functioning and
functional connectivity, the connectivity between the SN and certain areas of the DMN
(angular gyrus and superior frontal gyrus) was correlated with the attention domain and
information processing speed in the COVID-19 group at both 6 months and 12 months.
The patients who had a more negative connectivity between SN and DMN had better
scores. This association was not present in the HC and MOF groups. The SN, also known
as the ventral attention network (VAN), is comprised mainly by the anterior insula and
the anterior cingulate cortex. The VAN is involved in the detection and integration of
outgoing stimuli, attention, and memory, including exchanging information with other
networks on a large scale, which ultimately makes it possible to initiate behavior in
accordance with the highlighted stimuli (128). VAN and DMN have been shown to have a
mutual negative correlation in healthy populations (129-132), in agreement with our
findings showing that, the patients with better attention functioning have consistently

higher VAN-DMN negative correlations

To date, only the cross-sectional study by (56) has examined both cognitive
functioning and functional connectivity in the resting state among patients with COVID-
19. Their results indicated that hypoconnectivity between the bilateral frontal superior
orbital cortex and the cerebellum was associated with poorer performance on tests of

learning and memory. Both neuropsychological assessment and neuroimaging are
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increasingly used tools in the field of neuroscience research for the study of neurological
diseases and in the clinic for evaluation and diagnostic purposes. For this reason, the
combined use of these tools is essential in future longitudinal studies with people with

COVID-19.

4.3.1. LIMITATIONS

The results of this study must be considered while taking into account several
limitations. First, the study sample size is small. Future research should include larger
sample sizes in a replication of study findings. Second, the neuropsychological evaluation
included measures of processing speed and attention, learning and memory, executive
functioning, and language; however, it is possible that participants also experienced
problems in other areas of cognitive functioning that were not evaluated, such as
perception, motor skills, or orientation. It is recommended that future studies conduct
more comprehensive evaluations. Third, it was not possible to determine if all individuals
who participated had the same type of variant of COVID-19. As has been reported in the
literature, there are some COVID-19 variants that have been associated with the
presence of milder symptoms (133), and for this reason, future studies should try to
homogenize the groups according to the variants that caused the infection to assess
whether the profiles of cognitive functioning and/or functional connectivity varies
between groups. Likewise, this study did not assess if the patients with COVID-19 had
been infected for the first time or if they previously been diagnosed with the disease. This
is important, as some studies have found that COVID-19 reinfections may increase the
severity of lung, heart, and CNS problems, and even the risk of death (134). Fourth, the

patients with COVID-19 who participated in this study did not received any dose of the
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COVID-19 vaccine, which is relevant given that various studies have found that the
number of vaccine doses received significant reduced symptoms in those subsequently
infected people (135), which could also be associated with a neuropsychological and
functional connectivity profile different from that found in this study. Finally, we did not
acquire neuroimaging sequences for determining the presence of microhemorrhages,

previously reported in other studies on COVID-19, which may affect brain connectivity.

4.4. Conclusions

To the best of the authors' knowledge, this is the first study to merge
neuropsychological assessment and functional connectivity examination longitudinally in
critically ill COVID-19 patients, all of whom have experienced multi-organ failure (MOF).
The main result is that patients with COVID-19 present a different functional connectivity
pattern than healthy participants, characterized by hypoconnectivity between the DMN
and SN, which is associated with worse scores on attention and information processing

speed both at 6 and 12 months after discharge from the ICU.

There is an extensive literature on COVID-19, particularly on the neurological
alterations that some patients present. However, most research has been based on case
studies, research with a cross-sectional design, and neuroimaging limited to the study of
brain structure. Given that functional connectivity may provide relevant information on
the neurological alterations of this disease, the present study employed a longitudinal
design to study the neuropsychological functioning and the brain connectivity while also
including two control groups (HC and MOF not due to COVID-19) with which to compare
the outcomes of COVID-19 patients. COVID-19 continues to be a global public health

emergency, and its long-term consequences are largely unknown. Longitudinal,
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multidisciplinary research is essential to understand the nature of the disease and its
sequelae to improve prevention, diagnosis, and treatment and minimize disease burden

in the global population.
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CAPITULO 5. CONCLUSIONES
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A pesar de que la COVID-19 ya no se considera una emergencia sanitaria
internacional, y los casos de infeccion y muerte por este virus han disminuido
considerablemente, existe una preocupacién generalizada por las secuelas que esta
dejando esta enfermedad en un alto porcentaje de personas infectadas. La COVID
persistente o sindrome post-COVID, como asi se le ha llamado a este sindrome, puede
cursar con una amplia variedad de sintomas que difieren de una persona a otra y que
pueden seguir presentes mas de dos meses después de la infeccién. No obstante, seguin
los estudios realizados en este campo, los sintomas mas prevalentes son la fatiga y los
problemas cognitivos, principalmente dificultades atencionales, procesamiento lento de
la informacion y olvidos frecuentes. Ademas, algunos estudios también han reportado
problemas emocionales como ansiedad y depresion. Por otra parte, en las pocas
investigaciones en las que se ha evaluado la conectividad funcional en estos pacientes,
se ha encontrado una hipoconectividad entre diversas redes neuronales, como la red de
saliencia o la red neuronal por defecto (RND), que se asocia con alteraciones cognitivas

medidas con pruebas neuropsicolégicas.

Si bien la literatura en este tema es extensa y no deja de incrementar, aln existen
diversas cuestiones que todavia no han sido abordadas y ciertas limitaciones en la
investigacién actual que deben ser consideradas. Atendiendo a estos aspectos, se
plantearon dos investigaciones con el objetivo principal de examinar la evolucién del
funcionamiento neuroconductual, cognitivo y de la conectividad cerebral funcional de un
grupo de personas infectadas por el SARS CoV-2. De estas dos investigaciones se han

desarrollado tres estudios que forman parte de la presente tesis doctoral.
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En el primer estudio se compard la presencia de los sintomas neuroconductuales
antes de la infeccion, durante y después (al momento de realizar la encuesta), a través
de una escala estandarizada, en una gran muestra internacional. Se encontré un
incremento de todos los sintomas durante la infeccién en comparacion con el estado
premorbido de los participantes, siendo mas notorios la fatiga y los dolores de cabeza
(sintomas afectivos), los mareos y los cambios en el gusto/olfato y apetito (sintomas
somaticos), asi como los problemas de atencién y procesamiento lento de la informacion
(sintomas cognitivos). Al examinar la evolucion de estos sintomas, incluso 5 meses
después de superar la enfermedad, se encontré una ligera mejora de los sintomas
somaticos y afectivos, mas no de los sintomas cognitivos. Ademas, los factores de riesgo
relacionados con el aumento de estos sintomas fueron: ser mujer/trans, estar
desempleado, ser joven, tener menor nivel educativo, tener otra condicién de salud
cronica, mayor gravedad de la COVID-19, mayor numero de dias desde el diagndstico de
la COVID-19, no haber recibido oxigenoterapia y haber sido hospitalizado. Por otra parte,
las personas de América del Norte, Europa y Asia Central reportaron tener mayores
sintomas neuroconductuales tras la infeccién que aquellas personas de América Latina 'y

Africa subsahariana.

En el segundo estudio se quiso complementar los resultados previamente
expuestos estudiando las interrelaciones entre dichos sintomas como un sistema
dinamico. En este caso, tan solo se utilizd una muestra de participantes de habla hispana
con el fin de poder compararla con una muestra de otro estudio en el que se utilizé la
misma escala en participantes sin COVID-19. En la muestra con COVID-19 se obtuvo una
red bien interrelacionada, en la que cada sintoma neuroconductual estaba conectado

positivamente a la red, siendo los dolores de cabeza, la frustracion, los problemas de
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audicién, los olvidos y la ansiedad los sintomas mas centrales. En cambio, la red de la
muestra sin COVID-19 resultd estar en gran medida desarticulada, con la mayoria de los
sintomas somaticos formando su propio grupo, sin conexiones con otros grupos de

sintomas y la fatiga estando desconectada de todos los sintomas.

Los resultados de estos dos estudios recalcan la presencia de secuelas a largo
plazo tras la infeccién por el SARS CoV-2, que coinciden con las reportadas previamente
en la literatura. Ademas, el hecho de que los sintomas estén interrelacionados es un
hallazgo relevante, ya que es muy probable que la presencia de ciertos sintomas influya
en la aparicion o agravamiento de otros. De hecho, los resultados muestran, por ejemplo,
una estrecha conexién entre los dolores de cabeza con la lentitud en el procesamiento
de la informacidn, los olvidos vy las dificultades en la toma de decisiones. Esta relacion
entre el dolor y la cognicidn, particularmente, el efecto negativo que tiene el dolor en
funciones cognitivas como la atencidon, memoria, procesamiento, funcionamiento
ejecutivo y toma de decisiones ha sido ampliamente demostrado en estudios previos
(136). Por lo tanto, conocer estas conexiones podria ser de utilidad a la hora de
determinar qué tratamientos podrian ser mas adecuados para cada paciente, teniendo
en cuenta que un enfoque terapéutico dirigido a un sintoma, como puede ser el dolor,

podria mejorar otros sintomas indirectamente.

Finalmente, en el tercer estudio, se compard longitudinalmente el
funcionamiento cognitivo y la conectividad funcional de un grupo de pacientes
ingresados en la UCI por un FMO debido a la COVID-19 con el de otro grupo de pacientes
con FMO debido a otra causa y un grupo de controles sanos. El principal hallazgo fue un

patron de hipoconectividad entre la RND y la red de saliencia en los pacientes con COVID-
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19, que se asocid con peores puntuaciones en atencion y velocidad de procesamiento de
la informacion. En personas sanas, la RND y la red de saliencia presentan una conectividad
negativa, es decir, que una mayor activacion de una de las redes implica una menor
activacion en la otra. Esto es debido a que la RND se asocia con un estado de reposo o
introspectivo, mientras que la red de saliencia esta implicada en la integracién de
informacion sensorial, emocional y cognitiva para facilitar procesos cognitivos superiores
como la comunicacion, la autoconciencia y el comportamiento social (137). Por lo tanto,
la disminucion de la conectividad funcional entre estas redes, encontrada en los
pacientes con COVID-19, supone un patrén atipico ya reportado en el estudio de Fischer
et al. (2022) (55), y que, de hecho, ha sido observado en otras poblaciones clinicas

(62,63,65).

En conclusién, la evidencia presentada apoya la idea de que, a pesar de ser
principalmente un sindrome respiratorio, la COVID-19 cursa con un amplio abanico de
sintomas de diferente indole, que se relacionan entre si, y que pueden persistir tiempo
después de que el virus ha sido eliminado. Que esto ocurra parece estar influido por una
serie de factores demograficos (p. ej., edad, género, lugar de residencia) y clinicos (p. €j.,
comorbilidades, gravedad de la enfermedad). Dentro de estos sintomas predominan los
problemas cognitivos, particularmente las dificultades atencionales y una lentitud en el
procesamiento de la informacién, lo que concuerda con los criterios de disfuncién
cognitiva en el sindrome post-COVID (IC-CoDi-COVID) propuestos recientemente por
Matias-Guiu et al. (2023) (138). Ademas, estas dificultades atencionales parecen estar
relacionadas con un patron de hipoconectividad funcional entre la RND y la red de

saliencia.
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Si bien estas investigaciones no estan exentas de limitaciones, cabe destacar que
en los dos primeros estudios se cuenta con una muestra grande de personas de
diferentes regiones del planeta, lo que ha permitido hacer comparaciones globales y
conocer parte de la realidad de algunos lugares poco estudiados, como Latinoamérica y
Africa. Ademas, se han encontrado una serie de factores de riesgo para la presencia de
sintomas persistentes que no han sido previamente reportados. Finalmente, a pesar de
incluir una muestra pequefia, en el Ultimo estudio se ha combinado la neuroimageny la
neuropsicologia en un estudio longitudinal, dos disciplinas muy relevantes en la

actualidad en el estudio de las alteraciones cognitivas y neuroldgicas a nivel internacional.
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ANEXO |

Neurobehavioral Symptom Inventory (NSI)
Please rate the following symptoms with regard to how much they have disturbed you IN THE LAST 2 Weeks.
The purpose of this mventory is to track symptoms over time. Please do not attempt to score.

0 = None — Rarely if ever present; not a problem at all

1 = Mild — Occasionally present, but it does not disrupt my activities; I can usually continue what 1'm doing; doesn’t really
CONCern me.

2 = Moderate — Often present, occasionally dismupts my activities; [ can usually continue what I'm doing with some effort; [ feel
somewhat concerned.

3 = Severe — Frequently present and disrupts activities; | can only do things that are fairly simple or take little effort; [ feel [ need
help.

4 = Very Severe — Almost always present and | have been unable to perform at work, school or home due to this problems 1
probably cannot function without help.

[
=

2 3

e

Symptoms

Feeling Dizzy

Loss of balance

Poor coordination, clumsy

Headaches

Nausea

Vision problems, blurring, trouble seeing

Sensitivity to light

Hearing difficulty

Sensitivity to noise

Numbness or tingling on parts of my bady

Change in taste and/or smell

Loss of appetite or increased appetite

Poor concentration, can’t pay attention, easily distracted

Forgetfulness, can't remember things

Difficulty making decisions

Slowed thinking, difficulty getting organized, can’t finish things

Fatigue, loss of energy, getting tired easily

Difficulty falling or staying asleep

Feeling anxious or tense

Feeling depressed or sad

Irritability, easily annoyed

=lie]is]ls]{s]lls]is](s]is]lls]ls]ls]is]ls]s]ia]is]ls]a]lia]lis] e
=lis]is]la]islle] s]ia]is]le] sl ja]is]le]io]ie]ie] (o] (o] o] o] fe
slis]ie]la]is]lle]s]la]is]le]s]ia]is]le]ia]ie]ie]a](a] o] o]}
slis}is]is]s]lle] s]ja]|s]le] (o] a]is]le] o] o] o] (o] (a] o] o]}
=lie]is]{a]{s]le] (o] (e]s]le] o] o] o] o] o] o] o] (o] (o] jo] fo] R

Poor frustration tolerance, feeling easily overwhelmed by things

Date:

Name:
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