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RESUMEN

En Espafia la prevalencia del dolor cronico es del 16.6% (Duenas et al., 2015).
Aproximadamente, el 50% de pacientes, refieren limitaciones en su vida diaria, el 30%
sentimientos de tristeza y/o ansiedad, y el 47.2% que el dolor afecta a su vida familiar.
Teniendo en cuenta esto, no es de extrafar que las patologias relacionadas con el dolor
cronico supongan uno de los gastos econdmicos mas elevados para los sistemas de salud
en las sociedades desarrolladas. Dado el alto impacto que tiene el dolor en la salud, la
Unidad de Tratamiento del Dolor emiti6 en 2011 un informe a través del Ministerio de
Sanidad, Politica Social e Igualdad de Espana en el que sostiene que el dolor es un
problema multidimensional, cuyo abordaje debe ser multidisciplinar, con programas de

intervencion integrales en el que se traten sus distintas dimensiones.

Los estudios fisiolégicos han sido clave en la compresién del dolor y en la
elaboraciéon de tratamientos eficaces. Los estimulos dolorosos provocan cambios en la
sincronizacion entre regiones cerebrales y un incremento de la actividad simpatica.
Cuando la experiencia dolorosa se prolonga en el tiempo, se observa una actividad
simpatica anormal, una conectividad funcional cerebral alterada (entre zonas sensoriales,
atencionales y afectivas) y una sensibilizacion central hacia estimulos nociceptivos. Todos
estos cambios, se traducen en dificultades en el procesamiento de estimulos afectivos,
asi como en el desarrollo de patologias comodrbidas tales como depresion y ansiedad.
Mas aun, los estudios que intentan comprender la influencia del dolor sobre el
procesamiento afectivo, ponen de maniefiesto que los pacientes con dolor cronico,
presentan un sesgo atencional hacia el dolor que dificulta procesar estimulos con carga
afectiva. El modelo de la atencion motivada hacia el dolor (Van Damme et al., 2010),
propone que el dolor mantenido es un potente motivador que capta los recursos
atencionales compitiendo con otros estimulos relevantes. Asi, se observa que, en tareas
puramente cognitivas, los pacientes con dolor crénico muestran una peor ejecucién que
voluntarios sanos. Sin embargo, ¢Como esta sobrecarga atencional puede afectar al
procesamiento de estimulos afectivos? ¢ Es posible modular el dolor mediante estimulos

afectivos?



Actualmente, se han desarrollado tratamientos no farmacoldgicos cuyo objetivo es
ensenar a pacientes a modular su actividad fisiolégica para reducir su dolor. El uso del
neurofeedback muestra potenciales beneficios no sélo para reducir el dolor, sino también
para mejorar el estado de animo, los problemas de ansiedad y las dificultades en el suefio.
Dentro de las distintas caracteristicas de la sefial de electroencefalografia (EEG) que se
puede entrenar, la modulacion de la densidad espectral del ritmo sensoriomotor (SMR) es
de los mas empleados en el tratamiento de sindromes de dolor crénico. Recientemente,
se ha encontrado que el entrenamiento SMR produce cambios en la conectividad
funcional cerebral que se relacionan con una reduccién del dolor en las pacientes. Sin
embargo, se desconoce si el entrenamiento en neurofeedback puede revertir las

alteraciones a nivel autondmico que también presentan estos pacientes.

El objetivo general de la presente tesis es estudiar la conectividad funcional
cerebral y la actividad periférica relacionada con la modulacién del dolor. La conectividad
funcional, es un tipo de medida que refleja la dependencia estadistica que existe entre
dos fuentes de actividad fisioldgica sin necesidad de que exista una conexion fisica. La
conectividad entre dos regiones cerebrales, se interpreta como un reflejo de la integracion
de la informacién que cada area aporta para el procesamiento de una tarea cognitiva o un
estado emocional. Ademas, estas medidas ofrecen la posibilidad de estudiar la
sincronizacion entre regiones cerebrales, las respuestas periféricas y las variables
psicoldgicas. La investigacion de la relacion central-periferia ha dado lugar a nuevos
temas de investigacion, como el Modelo de Integracion Neurovisceral y la network
physiology (Thayer & Lane, 2009; lvanov & Bartsch, 2013), que ponen el foco en el estudio
de la interaccion entre el sistema nervioso central y el sistema nervioso auténomo. Pese
al creciente interés en el estudio holistico de la fisiologia, son escasos los estudios que
exploran la conectividad entre el sistema nervioso central y la actividad periférica,
entendida como una red interconectada y dependiente, y su influencia en la modulacién

del dolor.



La presente tesis se articula en tres estudios presentados en formato articulo. El
primero, esta destinado a poner a prueba la metodologia de analisis en conectividad
funcional mediante EEG, relacionandola con la actividad periférica y variables
psicologicas. En concreto, se estudio la relacidén entre la variabilidad de la tasa cardiaca
(HRV), la variabilidad de la conectividad funcional y la flexibilidad cognitiva. La literatura
previa parece sefialar que existe una relacion positiva entre la HRV en reposo y la
flexibilidad cognitiva (Gillie & Thayer, 2014). Sin embargo, se desconoce la relacién de
estas variables con la actividad cerebral en reposo (Liu et al., 2018). La tarea experimental
consistié en realizar el “Test de Cambios” (Seisdedos, 2004 ) para luego realizar un registro
de la tasa cardiaca y de la actividad cerebral en reposo. Los resultados sefialaron que la
HRV vy la variabilidad de la conectividad en el EEG estuvieron relacionadas entre siy con
la flexibilidad cognitiva. Los analisis de regresion lineal multiple, revelaron que el principal
predictor de la flexibilidad cognitiva era la variabilidad de la conectividad del EEG y no la
HRV, tal y como proponen otros autores (Thayer & Lane, 2009). Mas aun, el analisis de
correlaciones parciales revel6é que la relacion entre HRV vy flexibilidad cognitiva estaba
mediada por la variabilidad de la conectividad funcional del EEG. En conclusion, el estudio
de los procesos psicologicos basados unicamente en la actividad fisiolégica central o
periférica puede dar lugar a una vision parcial y sesgada del fendmeno que se pretende
estudiar.

En el estudio segundo, se investigd el efecto del dolor ténico sobre el
procesamiento de estimulos afectivos, a través del analisis de las respuestas periféricas
y la conectividad funcional cerebral. La tarea experimental consistié en el visionado de
imagenes afectivas (agradables, neutrales y desagradables) con y sin dolor mientras se
registraba los cambios en conductancia, tasa cardiaca y actividad eléctrica cerebral. En
la condicién no dolor, los resultados mostraron el patron de respuesta caracteristico a
imagenes afectivas: aumento en conductancia y desaceleracion cardiaca en imagenes
agradables y desagradables, comparadas con imagenes neutrales. Sin embargo, cuando
estas imagenes se presentaron en paralelo con el dolor, el patrén fisiologico cambid, no
encontrandose diferencia entre los tres tipos de imagenes. Por otro lado, la conectividad

funcional cerebral cambio entre la condicidén dolor y no dolor, encontrandose un aumento
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de la conectividad entre regiones cerebrales relacionadas con el procesamiento
atencional. Estos resultados parecen indicar que el dolor reduce la atencion hacia otros
estimulos, apuntando a la existencia de un sesgo atencional hacia el dolor que podria
explicar las dificultades en el procesamiento de estimulos afectivos presentes en

pacientes con dolor crénico.

El objetivo del tercer estudio, fue comprobar como afecta un entrenamiento en
neurofeedback a la conectividad funcional cerebral y a la network physiology en pacientes
con dolor crénico. Un grupo de pacientes con fibromialgia realiz6 un entrenamiento en
autorregulacién del ritmo sensoriomotor (SMR) mientras otro recibia un entrenamiento
falso. El analisis del rendimiento en la tarea de neurofeedback, senalé que
aproximadamente la mitad del grupo de entrenamiento real habian aprendido a modular
su actividad cerebral, mientras que el resto no. El grupo que obtuvo buen rendimiento,
informé de niveles mas bajos de dolor después del entrenamiento comparado con el grupo
qgue no entrend y con el que no aprendié la tarea. Asimismo, se observo una reduccion en
la conectividad funcional entre los electrodos centrales con el resto de electrodos y la
actividad cardiaca después del entrenamiento. Pese a las limitaciones del estudio, los
hallazgos parecen indicar que el neurofeedback es un método eficaz para reducir el dolor
en pacientes con fibromialgia y que el entrenamiento en la autorregulacién del SMR de un
nodo de la network physiology afecta al resto de nodos de la red.



INTRODUCCION

1.-Estudio del dolor y modulacion

1.1.-Dolor Crénico: definicion, causas v fisiologia.

La International Association for the Study of Pain (IASP), define el dolor como “una
experiencia sensorial y emocional desagradable asociada a un dafo tisular actual o
potencial, o descrito en términos de dicho dafio” (Merskey & Bogduk, 1994). De esta
definicion, se infiere que una de las principales funciones del dolor es prevenir o tratar un
dafio fisico. Ademas, pone de manifiesto que el dolor es un fenémeno complejo que debe
ser abordado desde una perspectiva multicausal, teniendo en cuenta factores afectivos y
cognitivos, mas alla de los puramente sensoriales. A pesar del caracter protector del dolor,
cuando no puede identificarse una causa clara o se mantiene mas alla del dafio, el dolor
pierde su funcion adaptativa, pasando a considerarse cronico (Pelaez et al., 2019). Entre
las patologias del dolor crénico se incluye cualquier enfermedad o condicion dolorosa que
persista durante mas de tres meses, como la artritis reumatoide, la osteoartritis, la

lumbalgia, la cefalea crénica o la fibromialgia (Dépelteau et al., 2019; Treede et al., 2015).

Conocer las causas de la cronificacion del dolor resulta complejo. En general, se
han observado profundos cambios a nivel periférico y central que pueden explicar el paso
del dolor agudo a dolor crénico (Apkarian et al., 2011; Rossellé et al., 2015). La
estimulacién dolorosa se caracteriza por producir un aumento de la actividad simpatica,
acelerando la tasa cardiaca (HR), disminuyendo la variabilidad de la tasa cardiaca (HRV)
y aumentando la conductancia eléctrica de la piel (SCR) (Mischkowski et al., 2019;
Tousignant-Laflamme et al., 2005; Treister et al., 2012). Es mas, los pacientes con dolor
crénico presentan una activacion simpatica anormal comparados con los controles sanos,
tanto en reposo como durante estimulacion dolorosa (Tracy et al., 2016; Meeus et al.,
2013; Reyes del Paso et al.,, 2010). A nivel central, se ha observado de manera
consistente que el dolor activa una amplia red de regiones cerebrales (Apkarian, 2005).
Los estudios de neuroimagen sefialan la existencia de cambios en areas tales como la

corteza somatosensorial primaria (Sl) y secundaria (Sll), la insula, la corteza cingulada
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anterior (ACC), la corteza prefrontal, el talamo, la amigdala y la sustancia gris
periacueductal (Apkarian et al., 2005; Tracey & Mantyh, 2007). La Sl y Sll reciben la
informacién nociceptiva proveniente de la periferia a través de nucleos talamicos laterales,
conformando el componente sensorial del dolor. Por otra parte, el componente afectivo y
cognitivo del dolor se refleja en las proyecciones provenientes de nucleos talamicos
mediales hacia la ACC y otras estructuras frontales (Apkarian et al., 2011). Ademas,
existen otras conexiones importantes en el procesamiento del dolor como la proyeccion
de la insula con la ACC (Treede et al.,1999). Los datos obtenidos mediante EEG,
confirman la existencia de redes relacionadas con el procesamiento del dolor que actuan
de manera conjunta. Asi, la estimulaciéon dolorosa tonica, provoca un aumento de la
conectividad funcional entre electrodos frontales y centrales con el resto de electrodos en
las bandas de frecuencias delta, theta, alfa y beta (Gonzalez-Roldan et al., 2016; Huishi
Zhang et al., 2016; Levitt et al., 2017; Nickel et al., 2020). Asi mismo, pacientes con
fibromialgia presentan una menor conectividad entre electrodos frontales (Choe et al.,
2018; Hargrove et al., 2010; Vanneste et al., 2017) y una mayor conectividad entre los
electrodos centrales que voluntarias sanas (Gonzalez-Roldan et al., 2016). El aumento de
conectividad en areas centrales, ha sido relacionado con la sobre activacion del area
sensoriomotora, mientras que la disminucién de la conectividad frontal se relaciona con
los problemas cognitivos presentes en fibromialgia (para una revision ver: Vierck et al.,
2013).

En conjunto, estos estudios sugieren que la experiencia dolorosa mantenida
produce cambios fisiologicos tanto a nivel central como periférico, que afectarian al
procesamiento sensorial, cognitivo y afectivo de estimulos nociceptivos (McCarberg &
Peppin, 2019; Yang & Chang, 2019), Mas aun, estos cambios funcionales se relacionan
con otras patologias que acompafian los trastornos del dolor cronico tales como depresion
y ansiedad (Stahlschmidt et al., J. 2020; Xu et al., 2020), problemas atencionales (Moore
et al., 2012; Moore et al., 2017) y dificultades en la percepcion de estimulos emocionales
(Giel et al., 2018; Rossell6 et al., 2015; Li et al., 2020; Wieser et al., 2014).



1.2.-Modulacion del dolor

Diferentes estudios evidencian la capacidad de las emociones para modular el
dolor (Rudhy et al., 2006; Rudhy et al., 2008; Wiliams & Rhudy, 2009). Rudhy y cols.
(2008), pusieron a prueba la capacidad de un conjunto de imagenes, graduadas en
valencia y arousal, para modular el dolor en voluntarios sanos. Durante el estudio, se
presentd imagenes agradables, desagradables y neutrales, procedentes del International
Affective Picture System (IAPS) mientras se aplicaba dolor. Los autores concluyen que, si
bien la visualizacién de imagenes influye sobre la percepcion de dolor, esto sélo sucede
cuando el arousal de dichas imagenes es superior al arousal evocado por el dolor (Rudhy
etal., 2008). Tal y como senala la literatura (Bradley, 2009; Hajcak & Foti, 2020), estimulos
afectivos altamente activantes capturan la atenciéon por su relevancia bioldgica. Sin
embargo, cuando estimulos afectivos se presentan junto al dolor, ambos estimulos
compiten por los recursos atencionales, modulando la entrada sensorial del estimulo
doloroso. Esto lleva a una segunda pregunta: ;es posible que el dolor afecte al
procesamiento de los estimulos afectivos de la misma manera que los estimulos afectivos

influyen en la percepcion del dolor?

Estudios realizados con pacientes de dolor crénico, ponen de manifiesto
alteraciones en las respuestas afectivas (Giel et al., 2018; Rossell6 et al., 2015). Rosell6
y cols. (2015), estudiaron la modulacién del reflejo de sobresalto en pacientes con
fibromialgia mientras permanecian en entornos virtuales agradables, neutros vy
desagradables. Los resultados sefialaron la ausencia de diferencias en la modulacion del
reflejo de sobresalto entre los tres tipos de entornos virtuales, indicando dificultades en el
procesamiento de estimulos afectivos en pacientes con dolor crénico. Aunque no esta
claro si los déficits en el procesamiento de estimulos afectivos presentes en el dolor
cronico son consecuencia de los trastornos del estado de animo concomitantes, algunos
autores sefialan la existencia de un proceso de atencién motivada hacia el dolor (Van
Damme et al., 2009; Torta et al., 2017). Desde este punto de vista, los cambios
estructurales y funcionales implicados en la cronificacién del dolor, provocan que cualquier
estimulo nociceptivo se vuelva mas relevante, compitiendo por los recursos atencionales

con el resto de estimulos y afectando a la respuesta atencional (Torta et al., 2017). Varios
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estudios han comparado las respuestas cerebrales evocadas por estimulos dolorosos
mientras voluntarios sanos realizan tareas atencionales (Seminowicz & Davis, 2007; Valet
et al., 2004). En estos estudios se observa que la intensidad del dolor tiene una relacion
inversa con la ejecucion en la tarea. En un estudio, Bingel y cols. (2007) exploraron los
efectos distractores de estimulos dolorosos de diferente intensidad en la ejecuciéon en una
tarea de memoria N-back. La administracion de estimulos dolorosos, redujo la actividad
en areas cerebrales (corteza cingulada anterior y la corteza parietal inferior) relacionadas
con la atencion y la memoria de trabajo. Wieser y cols. (2012) empleando la técnica de
potenciales evocados, concluyeron que el dolor reduce los recursos atencionales
dedicados al procesamiento de los estimulos afectivos. Asi, cuando pacientes con dolor
cronico realizan una tarea cognitiva, la carga atencional hacia el procesamiento del dolor
reducira los recursos disponibles para realizar la tarea, observandose los tipicos

problemas cognitivos presentes en esta poblacién (Legrain et al., 2009).

1.3.-Neuromodulacién en el manejo del dolor.

El neurofeedback es una técnica que se basa en el aprendizaje de la modulacién
de la actividad cerebral a través de los principios del condicionamiento operante. En un
entrenamiento de este tipo, los participantes obtienen un feedback visual o auditivo de su
actividad cerebral, incrementando la consciencia del proceso cerebral implicado
(Enriquez-Geppert et al., 2017). Dentro de las distintas caracteristicas de la senal EEG
que se puede modular, una de las mas utilizadas es la modulacién de las bandas de
frecuencia (Gruzelier, 2014a). En lineas generales, el procedimiento consiste en elegir la
banda de frecuencia que se quiere entrenar (alfa, theta, delta, gamma u otras frecuencias
especificas), establecer el tipo de modulacion (potenciacion, inhibicion o ambas) y elegir
la localizacion de los electrodos que se van a entrenar. Por otro lado, también es necesario
definir el nUmero de sesiones de entrenamiento, para lograr el éxito en la intervencién. En
la literatura podemos encontrar protocolos que van desde una unica sesion hasta mas de
treinta, dependiendo del tipo de trastorno, de la poblacion objetivo y de las frecuencias a

entrenar (Gruzelier, 2014b),



El entrenamiento del ritmo sensoriomotor (SMR) es muy usado en los
entrenamientos de neurofeedback para tratar diferentes patologias (Enriquez-Geppert et
al., 2017; Gruzelier, 2014a). Este ritmo se encuentra entre 12 y 15 hercios, observandose
una disminucion de la amplitud del SMR durante el movimiento corporal real (Pfurtscheller
& Aranibar, 1979), o durante la imaginacion motora (Pfurtscheller & Neuper, 1997).
Especificamente, en la tarea de imaginacion del movimiento de una de las manos, se
produce una disminucion de la amplitud del SMR en el hemisferio contralateral y un
aumento de la amplitud en el hemisferio ipsilateral sobre las areas somatomotoras
(Pfurtscheller et al., 1997). Se ha encontrado que este tipo de entrenamiento es capaz de
provocar cambios en la conectividad funcional del EEG en reposo, y se han relacionado
con mejoras del rendimiento cognitivo y atencional (Kober et al., 2015, Reichert et al.,
2016; Gadea et al., 2016). Asi, por ejemplo, el entrenamiento en SMR es usado para
actuar sobre los sintomas de déficit de atencion (Davelaar & Jilek, 2020), para reducir los
problemas de memoria en poblacién anciana (Campos da Paz et al., 2018) o mejorar la

concentracion y la atencion en tiradores profesionales (Liu et al., 2018).

El entrenamiento en SMR, ha demostrado potenciales beneficios en el tratamiento
de sindromes de dolor crénico (Enriquez-Geppert et al., 2017; Gruzelier, 2014a; Terrasa
et al.,, 2020). La utilidad del entrenamiento se basa en alterar la amplitud de SMR
oscilaciones para conseguir transformar los patrones cerebrales asociados al dolor en
patrones asociados al bienestar (Jensen et al., 2008; Jensen et al.,2013). Sin embargo,
no estan claros los mecanismos que explicarian la eficacia del entrenamiento del SMR
para aliviar el dolor. Algunos autores sefialan que el entrenamiento del SMR produce que
los pacientes aumentan su atencion hacia estimulos externos, que compiten por los
recursos atencionales del dolor (Caro & Winter, 2011; Kayiran et al., 2010), mientras que
otros sefialan que la eficacia podria estar relacionada con la inhibicién de la actividad
cerebral somatosensorial y motora asociada con el procesamiento del dolor (Jensen et
al., 2008, 2014). En cualquier caso, los pacientes de dolor cronico que reciben
entrenamiento en modulacion del ritmo SMR, reportan menos dolor y fatiga que grupos

control o con tratamiento farmacoldgico (Caro & Winter; 2011; Kayiran et al., 2010;).



2.-Estudio de la conectividad funcional

Desde el estudio del cerebro, se ha aportado evidencias de la existencia de un
conjunto de regiones especializadas en diferentes funciones mentales. Con el desarrollo
de las técnicas de registro de actividad cerebral, se ha observado que tareas cognitivas,
estados emocionales, y respuestas autonémicas, provocan la activacion de un amplio
conjunto de regiones cerebrales (Aldhafeeri et al., 2012; Shulman et al., 2010; Valenza et
al. 2019). Sin embargo, no basta con conocer qué regiones participan en un determinado
proceso mental, también resulta necesario conocer como se coordinan entre ellas. En este
sentido, la conectividad cerebral nace con el objetivo de estudiar las interacciones entre
regiones cerebrales y la contribucién de cada una para que se produzca un determinado
fendmeno cerebral. Se podria decir que la conectividad permite una aproximacién mas
holistica del estudio del cerebro y es una alternativa al reduccionismo funcional (Fallani et
al., 2014).

La conectividad funcional cerebral, hace referencia a la dependencia estadistica
que existe entre los patrones de actividad neuronal de dos nodos cerebrales
anatémicamente separados (Sporns et al., 2004). En este tipo de conectividad, se asume
que la similitud entre los patrones de actividad neuronal de dos nodos esta relacionada
con el nivel de sincronizacidn entre ambos, y con la participacion en un mismo
procesamiento. La conectividad funcional no implica necesariamente la existencia de una
conexion fisica entre las estructuras cerebrales; la literatura parece sefalar que las
conexiones de una red funcional no correlacionan con la fuerza de las conexiones (numero
de sinapsis) de la red estructural (Khalsa et al., 2014; Straathof et al., 2019). En otras
palabras, la conectividad funcional indica la existencia de sincronizacion entre dos
regiones, pero no informa de la densidad de las conexiones fisicas entre ellas (densidad

de axones).

El analisis de la conectividad funcional implica una serie de pasos bien definidos y
secuenciales (Fallani et al., 2014). De manera resumida podemos separarlos en: registro
y preprocesamiento de la actividad cerebral, calculo de la matriz de conectividad,

extraccion de la red, extraccion de las propiedades de la red y contraste de hipétesis (ver
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figure 1). El tipo de analisis de conectividad funcional vendra determinado por la
procedencia de la sefial (resonancia magnético funcional (fMRI), EEG, espectroscopia
infrarroja o Doppler transcraneal) y definira dos componentes fundamentales de la red: los
nodos y enlaces. Los nodos son los lugares de generacion de la sefial (voxels o sensores),
mientras que los enlaces son las uniones de esos nodos. Durante el preprocesamiento,
las senales se filtran, se segmentan en ventanas y se eliminan aquellas con demasiados
artefactos (Keil et al., 2014). El calculo de la matriz de conectividad consiste en la
obtencién de la conectividad funcional entre cada par de nodos, en base a la técnica de
registro cerebral, el paradigma experimental y las hipétesis de partida (Lee & Hsieh, 2014).
Los métodos de conectividad funcional se dividen principalmente en lineales y no lineales.
Los primeros, asumen que las sefiales que se relacionan son estacionarias y se
distribuyen a lo largo del tiempo de manera normal. Un ejemplo es la coherencia, que
consiste en la relacion estadistica de dos sefiales en cada frecuencia del EEG. Por el
contrario, los métodos de conectividad no lineales, asumen que las sefales que se van a
relacionar no son estacionarias, y no se distribuyen de manera normal a lo largo del
tiempo. Entre las diferentes técnicas de conectividad funcional no lineal, cabe destacar los
métodos de analisis de grafos en el tiempo, que consiste en describir redes cerebrales
complejas a partir de simples abstracciones en forma de nodos y enlaces. Recientemente,
se ha desarrollado el método de analisis de grafos en el tiempo llamado Motif-
Synchronization, que permite estudiar no la conectividad funcional en un momento dado,

si no a lo largo de un periodo temporal (Rosario et al., 2015).

La extraccién de la red, consiste en la seleccion de los enlaces que son
significativos bien mediante un umbral de conectividad o bien mediante la sustraccion de
la actividad basal. El andlisis de caracteristicas de la red (small-world de la red cerebral)
hace referencia al calculo de aspectos distintivos de la red, como el grado de conexiones
que recibe cada nodo, el nivel de agrupamiento, probabilidad de conexion entre nodos
vecinos, o la variabilidad de las conexiones en una unidad de tiempo. Finalmente, en el
contraste de hipoOtesis sometemos a prueba empirica nuestra hipotesis sobre la

diferencia entre redes en las condiciones experimentales definidas.
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Figure 1. Procedimiento de analisis de la conectividad funcional.

2.1-Indice de la parte imaginaria de la coherencia

La coherencia es un indice de conectividad funcional lineal que consiste en hallar
la sincronizacién entre dos sefales dentro de una frecuencia especifica. En primer lugar,
se realiza un analisis de la sefial en el dominio de las frecuencias (mediante la
transformacion de Fourier o filtrado de la frecuencia de interés). A continuacién, se calcula
la densidad espectral de la sefal x (Sxx(f)) y de la sefal y (Syy(f)). También se calcula la
correlacidn cruzada entre las densidades espectrales individuales de ambas sefiales
(densidad espectral cruzada, Sxy(f)). La coherencia, es la ratio entre la densidad espectral
cruzada (Sxy(f)) de las dos senales y las densidades espectrales individuales de cada una
de ellas (Sxx(f) y Syy(f)).

Sxy(f)
Sxx (f)Syy (f)

ny (f) =

Finalmente, se extrae la parte imaginaria de la coherencia y se transforma a valores

absolutos. La extraccion de la parte imaginaria de la coherencia, permite eliminar la
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actividad de otros nodos cercanos de la red debido a las caracteristicas de la

conductividad del propio cerebro (Nolte et al., 2004).

2.2.-indice de la Motif-Synchronization

La Motif-Sychronization es un indice de conectividad funcional no lineal, que
consiste en hallar la sincronizacion entre dos sefiales a partir de los motifs que se generan
en cada una de ellas. Los motifs son pequenos patrones que se forman a partir de dos o
mas muestras de cambios de voltaje, extraidas de una sefial de EEG (Figura 2). En lineas
generales, el procedimiento consiste en segmentar la sefal de EEG en ventanas
temporales, y posteriormente se identifican y clasifican las motifs presentes en dicha
ventana. De este modo, si se realizan motifs basadas en tres muestras de la sefal de
EEG, se pueden obtener 6 tipos de patrones (M1, M2, M3...M6). Una vez obtenidos los
motifs para cada canal de EEG, se calcula la sincronizacion entre los vectores de motif en
una ventana temporal dada. Dicho de otro modo, se establece la coincidencia de motifs
entre dos canales, obteniendo una matriz binaria de coincidencia/ no coincidencia que
serian los enlaces en ese momento temporal (Figura 3). El indice de Motif-Sychronization
seria los valores de sincronizacion entre los vectores de motifs de un canal X y un canal

Y a lo largo de todo el registro de EEG.

Figure 2. Construccion del vector de motifs de una sefial de EEG (basado en Rosario et al., 2015).
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La Motif-Synchronization muestra una alta resolucién temporal, permitiendo
estudiar la evolucién de la conectividad funcional de una red en el orden de milisegundos.
Ademas, corrige los problemas del volumen de conduccion que afectan a la velocidad de
trasmision del impulso nervioso y a su localizacion. Para ello se realiza correcciones del
retraso temporal entre ventanas y se establece un umbral de significacion basado en la

generacion senales subrogadas construidas a partir de las sefiales de EEG originales.

Figura 3. Obtencion de la matriz binaria entre canales (basado en Rosario et al., 2015).

2.3.-Interaccion entre el sistema nervioso auténomoy el central

En los ultimos afios, ha surgido el interés por el estudio de la relacion entre las
respuestas periféricas y cerebrales para comprender de manera integral la fisiologia
humana y fendbmenos complejos, como el envejecimiento (Kumral et al., 2019; Sakaki et
al., 2016), el suefio (Bartsch et al., 2015), trastornos psicologicos (Makovac et al., 2016;
Thome et al., 2017) y estados mentales (Gould van Praag et al., 2017). Estudios con fMRI
y EEG en estado de reposo, sefialan que cambios en la actividad autondmica se asocian
a cambios en la conectividad funcional de redes cerebrales (Chang et al., 2013; de la Cruz
et al., 2019; Ding et al., 2020; Jennings et al., 2016; Kumral et al., 2019; Sakaki et al.,

2016; Palva et al., 2013). Recientemente, Chand y cols. (2020) han examiado la dinamica
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de la conectividad funcional asociada con la HRV en estado de reposo y después de una
tarea de estrés psicosocial. Los resultados sefalan un clara relacion entre la conectividad
funcional y la raiz de la media cuadratica de las diferencias sucesivas entre los periodos
cardiacos (intervalos RR) en milisegundos (RMSSD) en estado de reposo. Estos
resultados indican la relacion funcional dinamica entre el sistema auténomo y las redes

cerebrales que varian segun las condiciones externas.

Desde el Modelo de Integracion Neurovisceral (Thayer & Lane, 2009), se propone
la existencia de una red, conocida como red central-autondmica, que conecta la actividad
del cerebro con la actividad cardiaca. A partir de este modelo, se ha estudiado
principalmente la interaccion de la HRV con otros sistemas del organismo en relacion con
la emocion y las funciones cognitivas. Se ha visto que una alta HRV se asocia a una mejor
respuesta inmune, endocrina y cardiovascular al estrés (Weber et al., 2010). Durante la
realizacion de tareas de regulacion emocional se observa que alta HRV se asocia a un
mayor flujo sanguineo en areas cerebrales relacionadas con las emociones (Lane et al.,
2009). Asimismo, alta HRV también se asocia a un mayor flujo sanguineo en el cortex
prefrontal medial relacionado con funciones cognitivas (Thayer et al.,2012). Segun los
datos que aporta el Modelo de Integracion Neuroviceral, la HRV seria la principal
mediadora en una adaptacion flexible para responder a las demandas del ambiente. Otro
modelo, la network physiology entiende que los distintos sistemas del cuerpo humano
actuan como una red integrada (lvanov et al., 2016). Dentro de la network physiology,
los distintos sistemas fisiologicos interactuan a través de distintos mecanismos de
feedback, para optimizar la funcién del organismo a la hora de regularse y adaptarse. Esta
vision aporta de novedoso al estudio de la relacion cerebro-cuerpo el analisis de la
conectividad funcional entre los sistemas y la asociacion de estas redes con estados de
salud y enfermedad (Bashan et al., 2012). El estudio de la conectividad funcional entre
sistemas fisiologicos ha llevado a describir en la interaccion cerebro-cuerpo canales de
comunicacion que son especificos de sistemas fisiologicos concretos (Bartsch et al., 2015)
y en la red cerebro-corazéon se han identificado nuevos mecanismos de feedback vy

acoplamiento (Valenza et al., 2016).
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Como senaldabamos al principio, la experiencia dolorosa produce cambios
fisiolégicos tanto en el sistema nervioso autonémico como central. La estimulacién
dolorosa acelera la tasa cardiaca, disminuye la variabilidad cardiaca y aumenta la
conductancia eléctrica de la piel (Tousignant-Laflamme et al., 2005; Treister at al., 2012).
Asi mismo, se ha observado que la conectividad funcional de estructuras del sistema
nervioso central implicadas en la modulacion de las respuestas autondémicas esta
relacionada con la sensibilidad hacia estimulos dolorosos (Sprenger et al., 2015; Khan &
Stroman, 2015) y se encuentra alterada en pacientes con dolor crénico cuando se les
compara con participantes sanos (Coulombe et al., 2017; Karafin et al., 2019; Mills et al.,
2018). Incluso se han encontrado indicios de que la interaccion entre las emociones y el
dolor afecta a la conectividad de estructuras del sistema nervioso central que modulan la
actividad periférica (Roy et al., 2009). Estos resultados ponen de manifiesto la relacion
entre redes cerebrales y periferia, y que las alteraciones en la conectividad cerebral
podrian estar relacionadas con la activacion autondmica simpatica que se observa en
pacientes con dolor cronico (Benarroch, 2006). Asi, se ha encontrado que hay cambios
en la actividad y conectividad funcional cerebral asociados a la activacion simpatica
producida por la estimulacion dolorosa ténica en voluntarios sanos (Kobuch et al., 2018;
Hohenschurz-Schmidt et al., 2020; Sclocco et al., 2018). También se ha encontrado que
las alteraciones en la conectividad del area somato-sensorial consecuencia del sindrome
de fibromialgia estan relacionadas con las disfunciones autonémicas propias de dicho
sindrome (Kim et al., 2015). Estos resultados inducen a pensar que resulta necesario
estudiar las interacciones entre las respuesta centrales y periféricas para comprender el
proceso de cronificacion del dolor, asi como entender la interaccion entre las emociones

y la atencién en el procesamiento del dolor.
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OBJETIVOS

A lo largo de la introduccion, se ha expuesto las bases fisioldgicas relacionadas
con el dolor, asi como diferentes aspectos relacionados con su modulacién. El objetivo
general de la presente tesis es estudiar la conectividad funcional cerebral y de la actividad
periférica relacionada con la modulacion del dolor. Para alcanzar dicho obijetivo, se

desarrollaron tres estudios.

e Objetivo_estudio 1. Explorar las relaciones entre la actividad autondémica, los

patrones de conectividad funcional del EEG y variables psicoldgicas.
o Objetivo especifico 1a. Confirmar si la variabilidad de la tasa cardiaca y la
variabilidad de la conectividad funcional del EEG en estado de reposo se

relacionan con el rendimiento cognitivo.

o Objetivo especifico 1b. Comprobar si la correlacion entre variabilidad de la tasa
cardiaca y variabilidad de la conectividad funcional del EEG en estado de

reposo se relaciona con el rendimiento cognitivo.

o0 Objetivo especifico 1c. Establecer cual es el peso de la variabilidad de la tasa
cardiaca y la variabilidad de la conectividad funcional del EEG en el

rendimiento cognitivo.

e Objetivo_estudio 2. Examinar los cambios que produce el dolor ténico en los

patrones de respuestas autondmicas y conectividad funcional del EEG en distintos

contextos afectivos.
o Objetivo especifico 2a. Comparar los patrones de conductancia y tasa cardiaca
ante imagenes afectivas (agradables, desagradables y neutrales) sin dolor y

con dolor.

o0 Objetivo especifico 2b. Comparar los patrones de conectividad funcional del
EEG ante imagenes afectivas (agradables, desagradables y neutrales) sin

dolor y con dolor.
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Objetivo estudio 3. Comprobar si es posible alterar la conectividad central-periférica

(network physiology) mediante un entrenamiento en neuromodulacion del ritmo
sensoriomotor (SMR) en pacientes con fibromialgia.
o0 Objetivo especifico 3a. Comprobar si el entrenamiento en neurofeedback
produce cambios en actividad cerebral.
o0 Objetivo especifico 3b. Comprobar si un entrenamiento en neurofedback
modifica la conectividad del area somatosensorial con el resto del cerebro y

con la actividad cardiaca en estado de reposo.
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The neurovisceral integration model proposes a neuronal network that is related to
heart rate activity and cognitive performance. The aim of this study was to determine
whether heart rate variability (HRV) and variability in electroencephalographic (EEG)
functional connectivity in the resting state are related to cognitive flexibility. Thirty-
eight right-handed students completed the CAMBIOS test, and their heart and EEG
activity was recorded during 6 min in the resting state with their eyes open. We
calculated correlations, partial correlations and multiple linear regressions among HRV
indices, functional brain connectivity variability and CAMBIOS scores. Furthermore, the
sample was divided into groups according to CAMBIOS performance, and one-way
ANOVA was applied to evaluate group differences. Our results show direct and inverse
correlations among cognitive flexibility, connectivity (positive and negative task networks)
and heartbeat variability. Partial correlations and multiple linear regressions suggest
that the relation between HRV and CAMBIOS performance is mediated by neuronal
oscillations. ANOVA confirms that HRV and variability in functional brain connectivity is
related to cognitive performance. In conclusion, the levels of brain signal variability might
predict cognitive flexibility in a cognitive task, while HRV might predict cognitive flexibility
only when it is mediated by neuronal oscillations.

Keywords: HRV, EEG, resting-state, sample entropy, variability of functional connectivity, cognitive flexibility

INTRODUCTION

Cognitive flexibility refers to the ability to flexibly adapt processing to changing environmental
information, to guide thought and behavior and to allow directed action toward a goal (Canas
et al,, 2003; Geurts et al, 2009; Dennis and Vander Wal, 2010; Ionescu, 2012). Flexibility
depends on strong executive control, particularly in terms of efficient shifting of attentional and
cognitive resources to the processing of new information while inhibiting previous irrelevant
information (Miyake et al., 2000). Research has shown a direct link between cognitive flexibility
and the cardiovascular system through the autonomic vagal tone. A simple way of measuring
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this relationship is to examine heart rate variability (HRV),
a non-invasive measurement of the interactions between the
autonomic nervous system (ANS) and central nervous system
(CNS) based on the study of oscillations of the interval
between heartbeats (Malik et al., 1996; Pumprla et al.,, 2002).
The neurovisceral integration model (Thayer and Lane, 2009)
proposes a neuronal network that relates heart rate activity and
cognitive performance. This model assumes that the CNS and
ANS are reciprocally interconnected such that information flows
bidirectionally (Smith et al., 2017). Very compelling evidence
indicates that prefrontal cortex activity is involved in the
modulation of vagal efferent outflow to the heart, and HRV is an
indicator of cardiac activity associated with cognitive flexibility
in tasks involving attention, working memory and inhibitory
control (Thayer et al., 2004; Saus et al., 2006; Hansen et al.,
2009). The high-frequency component of HRV appears to be
positively correlated with perseverative errors in the Wisconsin
Card Sorting Test, as well as inhibition errors in the Color-Word
Interference Test (Hovland et al., 2012). In a series of studies
in which individuals were a priori stratified according to their
resting-state levels of HRV, individuals with high HRV performed
better on tasks involving executive function than those with low
HRV (Hansen et al., 2009). Such findings indicate that individual
differences in HRV are a useful predictor of cognitive flexibility
(Gillie and Thayer, 2014).

Lately, brain signal variability has emerged as a valuable tool
for investigating individual differences in cognitive performance
(Yang et al., 2013; McDonough and Nashiro, 2014). The capacity
of resting-state functional connectivity variability to predict
cognitive performance with different methods and tasks has
been explored (Mennes et al., 2010; Takeuchi et al, 2011;
Mackey et al., 2013; Martinez et al., 2013; Thompson et al,
2016). These studies seem to indicate that executive functions
are correlated with brain activity in the resting state (Fox
et al., 2005, 2006; Seeley et al., 2007). Mennes et al. (2010)
found a task-positive network that included frontal-cingulate-
parietal areas during an Eriksen Flanker task. Fox et al. (2006)
identified two brain networks in the resting state. One network
consists of regions that are routinely positively correlated with
cognitive task performance, and the other includes regions that
are routinely negatively correlated. The presence of significant
positive/negative correlations between a cerebral region and a
task across participants suggests that at least some part of the
cerebral response induced by a particular task is intrinsically
represented in the brain (Mennes et al,, 2010). Similarly, when
variability is disrupted, the brain has little capacity to adapt
to environmental conditions, resulting in neuropathological
diseases such as epilepsy and attention-deficit/hyperactivity
disorder (Mizuno et al., 2010; Catarino et al., 2011; Vakorin et al.,
2011; Ramon and Holmes, 2013; Barttfeld et al., 2014; Alba et al.,
2016; Chen et al., 2017).

Recently, relations between HRV and the endogenous
dynamic of brain regions involved in autonomic control and
emotional regulation during the resting state have been explored.
These studies showed that high- and low-frequency components
of HRV are strongly coupled with functional connectivity (Chang
et al., 2013b; Jennings et al., 2016; Sakaki et al., 2016). However,

these studies have not addressed the relation between the
variability of functional connectivity and HRV or whether both
factors might predict the outcomes of cognitive tasks. Palva
et al. (2013) correlated the variability of functional connectivity
using magneto-encephalography (MEG) and HRV during a
stimulus detection task and during the resting-state period.
Strong correlations were found between neuronal oscillations and
task performance during the task and during the resting-state
period. These results suggest that the variability of functional
connectivity in the resting state is not specific to the task but
is related to the performance of cognitive tasks. Moreover, this
study found that HRV in both task and rest conditions predicted
task performance.

In the present study, we investigated the association between
electroencephalography (EEG) functional connectivity variability
and HRYV in the resting state and subsequent performance on a
cognitive test. Normally, any EEG measure is estimated during
the resting state by averaging its values in a certain number of
EEG segments. This procedure assumes that resting-state EEG
remains static during the recording period. Even in this case,
recent evidence (see, e.g., Kitzbichler et al., 2009; Botcharova
etal., 2014) clearly suggests that brain synchronization as assessed
from neurophysiological signals is not constant, but during
this time, it presents significant variability, which is disrupted
in neuropathological conditions (Ramon and Holmes, 2013;
Alba et al,, 2016). Moreover, some studies suggest that the
variability of functional connectivity in the resting state could
predict cognitive performance (Liu et al., 2018). This association
between variability and variations in mental state seems to
oscillate at different frequency bands, such as theta or alpha
(Chang et al., 2013a). Research on the variability of functional
connectivity can unveil flexibility in the functional coordination
between different neuronal systems and may improve our
understanding of behavioral shifts and adaptive processes (Allen
et al., 2014). In other words, how brain connectivity dynamics
in the resting state might predict the outcome of cognitive tasks
is of interest.

The aim of this study was to determine whether performance
in a switch task is correlated with the interindividual variability
of functional connectivity in the resting state and with HRV.
Thus, we expect that better performance on the CAMBIOS
switch test will be related to high variability of functional
connectivity in the resting state. Furthermore, we expect that
HRV and cognitive performance will be correlated. Because the
literature regarding the relationship between HRV and cognitive
performance shows contradictory results, we do not predict
correlations or anticorrelations between these variables. Also,
we hypothesize that the resting-state variability of functional
connectivity (RSVFC) and HRV are correlated because the
CNS and ANS are reciprocally interconnected. Moreover, to
test whether fluctuations driven by the ANS play a role in
the correlation between cerebral functional connectivity in the
resting state and cognitive performance, we calculated the effect
of HRV on correlations between performance in terms of
CAMBIOS test scores and RSVFC using partial correlations.
Following the previous results, we hypothesize that participants
with better scores on the CAMBIOS test would show higher
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RSVFC. Based on previous studies, we have no hypothesis
regarding the HRV level (higher or lower) of participants with
higher scores on the CAMBIOS test.

MATERIALS AND METHODS

Participants

Thirty-eight right-handed students (22 females and 16 males)
participated in this study. All students attended the University of
Granada (average age = 20.82 £ 9.5) and received extra credit
in return for their participation. Participant exclusion criteria
included cardiovascular problems, ongoing illicit substance use,
mental health problems, or current medical or psychological
treatment. We excluded four participants (2 females and 2
males) from the study due to technical issues with their
recordings. Participants were recruited via information provided
in university classrooms. All participants signed informed
consent forms to participate in the study, which was approved
by the ethics committee of University of Granada and carried
out according to the recommendations of the Declaration
of Helsinki.

Procedure

Data were compiled in an individual session that lasted
approximately 45 min. Upon their arrival at the experimental
session, participants received a brief explanation of the study
before signing their informed consent, followed by a short
interview to verify compliance with the inclusion criteria. Then,
participants performed the CAMBIOS test, and they were moved
to the recording room (quiet and dimly illuminated) and sat in
a comfortable seat. Next, EEG and electrocardiography (EKG)
electrodes were applied, and the experimental session started.
Recordings were performed during a 3 min adaptation period
and a 6 min resting-state period with eyes open. All participants
were instructed to fix their eyes on a fixation cross to reduce
ocular artifacts. Finally, a 3 min period to allow participants to
return to the basal level was included. The instructions for the
experimental conditions and fixation cross were presented with
E-Prime 2.0 software (Psychology Software Tools) and a Canon
LV-53 projector.

Cognitive Test

The CAMBIOS test (Seisdedos, 2004) evaluates cognitive
flexibility. Cognitive flexibility can be described as open,
organized, systematic behavior and the ability to quickly
respond to classification stimuli. During the CAMBIOS test,
participants determine whether there has been a change between
three polygonal figures according to easily learned symbology.
Participants had 7 min to complete the test. Two indices were
used in analysis, errors (number of errors/total number of items)
and hits (number of hits/total number of items).

Physiological Data Acquisition and

Preprocessing
Physiological signals from EKG and EEG were continuously
acquired using Ag/AgCl electrodes and two electro-oculogram

channels with a 32-ch  AN.T. EEG System (Enschede,
Netherlands). The sampling rate was accomplished at a
frequency of 1024 Hz. Electrodes were mounted according to
the 10/20 montage system, and a bilateral electro-oculogram
was recorded from horizontal sites to monitor blinking and
was referenced to ear lobes. All EEG channels were offline-
referenced to the average of the electrodes, and impedance was
maintained at <10 kOhm. Two-lead EKG was recorded using
8 mm Ag/AgCl surface electrodes placed over the wrists and
ankles of participants and filtered with cut-offs above 5 Hz and
below 35 Hz.

EEG preprocessing analysis was performed with the EEGLAB
toolbox for MATLAB (Delorme and Makeig, 2004). The
recordings were resampled to 512 Hz and filtered with a
0.01-40 Hz bandpass filter. Eye movement and blink artifacts
were corrected using independent component analysis. EEG
waveforms were segmented in epochs of 1 s duration (obtained
a total of 360 epochs) for analyses, and artifact rejection
methods consisted of exclusion of epochs with large amplitudes
(over £ 100 wV). After artifact rejection was applied, the largest
recording had 300 epochs, and the shortest recording had 180
epochs. The mean number of epochs rejected was 39.21, and
the standard deviation was 34.20. To equalize the number of
epochs between participants, we selected the first 180 epochs
after rejection in all recordings. Because the literature indicates
that cognitive performance is related to some frequency bands
(Carrillo-de-la-Pefia and Garcia-Larrea, 2007; Cooper et al., 2015;
Sadaghiani and Kleinschmidt, 2016), we explored the variability
of EEG functional connectivity in the frequency domain at delta
(1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz).

HR was estimated from the R-R intervals from EKG filtering
using the ECGLAB toolbox for MATLAB (de Carvalho et al,
2002). Cardiac autonomic activity was obtained from power
spectral analysis of the R-R interval, named HRV by KARDIA
software (Perakakis et al., 2010). We calculated the following
HRV measures: high frequency (HF), low frequency (LF), very
low frequency (VLF), RMSSD, and standard deviation of NN
intervals (SDNN).

Variability in Resting-State Functional
Connectivity

EEG variability functional connectivity analysis was conducted
with a MATLAB self-programmed script. The procedure used to
study RSVFC was as follows. First, coherence was calculated as
the functional connectivity index (FC) in each frequency band
(delta, theta, alpha and beta). This index measures the linear
correlation between two EEG signals, x(t) and y(t), as a function
of the frequency, f. Thus, coherence (C) is the ratio of the cross-
power spectral density, Sxy(f), between both signals and their
individual power spectral densities, Sxx(f) and Syy(f):

Sxy )
VSxx(F)Syy ()

To reject spurious correlations between cortical sources, the
imaginary part of coherence (IC) was extracted. The IC was

ny(f) = (1)
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calculated in each EEG epoch between pairs of electrodes,
yielding 435 links.

Finally, the variability of IC was calculated across 180 epochs
in each frequency using the sample entropy algorithm (Richman
and Moorman, 2000). The sample entropy of FC (SampEn-FC)
allows us to obtain the variability of connectivity over time
and the interdependencies between pairs of nodes (electrodes)
in brain networks. SampEn is the negative logarithm of the
conditional probability that two sequences will remain similar
at the next point (2) where self-matches are not included in
calculating the probability.

2)

Um+1
SampEn(m, r, N) = —In |: (r)]

um(r)

Where m is the embedded dimension, r is the tolerance value
and N is the time series data. In the current work, m = 2 and
r = 0.15*Standard Deviation.

Statistical Analysis

SampEn-FC, HRV, and CAMBIOS scores were initially checked
for a normal distribution by using the Shapiro-Wilk test.
Because these measurements significantly deviated from a
normal distribution, correlations were assessed by using
Spearman correlations.

To study how performance on a switching task is correlated
with interindividual RSVFC and with HRV, we analyzed
Spearman’s correlations between CAMBIOS (Error and
Hit scores) and HRV indices (HE LE VLE RMSSD, and
SDNN) and between CAMBIOS and SampEn-FC links in
each frequency (delta, theta, alpha, and beta). Previous studies
have demonstrated that the brain cognitive performance can
be functionally divided into two networks: task-positive and
task-negative networks (Jia et al., 2014). We built positive and
negative networks in each frequency band. The positive network
consisted of links with positive correlations between SampEn-FC
and CAMBIOS scores. The negative network consisted of links
with negative correlations between SampEn-FC and CAMBIOS
scores. Finally, SampEn-FC means were obtained from the whole
brain in each positive and negative network of all frequency
bands, and partial correlations were calculated to measure the
degree of association between the SampEn-FC means of the EEG
networks, HRV and CAMBIOS scores.

To obtain further insight into the pattern of associations,
multiple regression analyses were conducted, with EEG networks
(in each frequency band) and HRV indices as predictors and
CAMBIOS scores as the dependent variable. Eight separate
regression analyses for each task network (positive and negative)
and frequency band (delta, theta, alpha, and beta) were
computed. A “stepwise” procedure was applied for the entry
and removal of predictors. In this method, the predictor which
explains the largest part of the variance of the dependent variable
is the first to enter the model.

To examine the robustness of the results, we divided the
sample into three subgroups according to CAMBIOS scores
and carried out a one-way ANOVA to study differences
in HRV indices and SampEn-FC. In all analyses involving

repeated measures, the Greenhouse-Geisser epsilon correction
was applied to control for violation of the sphericity assumption.
Post hoc pairwise mean comparisons were performed by using
Bonferroni correction with a level of significance set at 0.05. All
analyses were performed with SPSS v.15.0 (SPSS, Inc., Chicago,
IL, United States).

RESULTS

Correlations and Partial Correlations
Between the CAMBIOS Test, HRV and

SampEn-FCm

Table 1 shows the mean and standard deviation in CAMBIOS
scores and HRV indices. The correlations between CAMBIOS
and HRV indices revealed significant positive correlations
between HF, LE RMSSD, SDNN and the CAMBIOS Error
subscore. No significant correlations between the CAMBIOS Hits
subscore and HRV indices were found (Figure 1).

Correlation analysis between the SampEn-FC of pairs of
electrodes and the Error subscore of the CAMBIOS test revealed
two networks for each frequency band (delta, theta, alpha, and
beta). The positive network was composed of links that were
positively correlated with the Error subscore, and the negative
network was composed of links that were negatively correlated
with the Error subscore (Figure 2). The beta band showed more
links correlated with the Error subscore (negative correlations
21/positive correlations 35), followed by theta (15/24), alpha
(14/24), and delta (7/25) (Table 2). Because the aim of this
research was to study the relation between HRYV, SampEn-
FC and performance, the Hits subscore correlation was not
obtained because HRV indices were not correlated in the
previous analysis.

Because previous studies indicated that executive functions
are positively correlated with frontal connectivity (Fox et al,
2006; Seeley et al.,, 2007), SampEn-FC means (SampEn-FCm)
were calculated by averaging the electrodes for the positive and
negative networks obtained for each frequency band. Six regions
of interest were obtained by grouping the following electrodes:
frontal (Fpl, FPz, Fp2, F7, F3, Fz, F4, and F8), central (Fc5, Fcl,
FCz, Fc2, Fc6, C3, Cz, and C4), temporal left (T7), temporal
right (T8), parietal (Cp5, Cpl, CPz, Cp2, Cp6, P7, P3, Pz, P4,
and P8), and occipital (Ol and O2). One-way ANOVA with
repeated measures was used to compare differences in SampEn-
FCm in each region in the positive and negative networks in
each frequency band. No significant differences in functional
connectivity variability were found between different regions in
the positive [delta F(3, 99) = 0.26, p > 0.05; n; = 0.01; theta F(4,
132) = 0.685, p > 0.05; 12 = 0.02; alpha F(3, 99) = 0.506, p > 0.05;

TABLE 1 | Means and standard deviations (SD) of CAMBIOS and HRV indices.

Hits  Errors HF LF VLF RMSSD SDNN
Mean 0.597 0.123 218.524 288.576 185.669 45.314  59.456
SD 0.205 0.095 206.622 256.571 164.945 22212 18.911
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FIGURE 1 | Bar chart of the correlations between HRV measures and subscores on CAMBIOS (corrects and errors). *p < 0.05; **p < 0.01 (two-tailed).

FIGURE 2 | Positive (red lines) and negative (blue lines) correlations between
SampEn-FC and Error subscore on the CAMBIOS test for delta, theta, alpha,
and beta frequency bands.

nﬁ = 0.02; beta F(4, 132) = 0.821, p > 0.05; nf, = 0.02] or negative
network [delta F(4, 132) = 1.67, p > 0.05; TI;Z; = 0.05; theta F(5,
165) = 1.74, p > 0.05; 17 = 0.05; alpha F(3, 99) = 0.07, p > 0.05;
nf, =0.002; beta F(4, 132) = 0.06, p > 0.05; nf, =0.003].

Next, the SampEn-FCm of the whole brain was calculated
from the positive and negative networks in each frequency band.
In the positive network, the SampEn-FCm values were 2.531 in
delta, 2.549 in theta, 2.538 in alpha, and 2.549 in beta. In the
negative network, the SampEn-FCm values were 2.526 in delta,
2.578 in theta, 2.553 in alpha, and 2.523 in beta.

Figure 3 displays the Spearman correlations and partial
correlations between HRV, SampEn-FCm and the Error subscore
in all frequency bands. The SampEn-FCm values in the delta band
and alpha band showed significant correlations with LF, SDNN
and the Error subscore in the positive network (Figure 3A). The
SampEn-FCm of the theta band correlated with RMSSD, while
the Error subscore and SampEn-FCm of the beta band correlated
with the Error subscore. In the negative network (Figure 3B), the
SampEn-FCm values of the delta band and theta band correlated
with SDNN and the Error subscore, that of the beta band
correlated with HE, LE, SDNN and the Error subscore, and that
of the alpha band correlated only with the Error subscore.

All frequency bands showed significant positive and negative
correlations between SampEn-FCm and the Error subscore when
HRYV indices were partialled out. In contrast to results obtained
for other frequency bands, partial correlations showed significant
negative correlations between SampEn-FCm and SDNN when
the CAMBIOS test was partialled out in the beta band.

In general, HRV indices and Error subscore correlations were
weakened when the SampEn-FCm was partialled out. Similarly,
HRV indices and SampEn-FCm correlations were weakened
when the Error subscore was partialled out. However, SampEn-
FCm and the Error subscore correlation did not decline when
HRV indices were partialled out.

Multiple Linear Regressions

Table 3 displays the standardized beta weights resulting from the
stepwise regression analyses. The positive network in the delta
and alpha bands and the HRV indices used as predictors revealed
a single model, in which SampEn-FCm directly predicted the
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TABLE 2 | Correlations between the SampEn-FC of pairs of electrodes and the
Error subscore.

Delta Theta Alpha Beta
Links Rho Links Rho Links Rho Links Rho
Fp1-Cp5  0.348 Fpi1-FCz -0.365 Fp1-C4 —0.435 Fpl1-F7 0.367
F7-Fz 0.351 Fp2-T8 —-0.355 Fpl1-FCz -0.545 Fpl1-Fz  —0.440
F7-Pz —0.341 Fp2-O1 0.414 Fp1-T8 —0.455 Fp2-FCz 0.344
F3-FCz 0.438 F7-CPz  —0.358 Fp2-Fc5 0.415 Fp2-Pz 0.418
F4-Cp5 0.387 F7-FPz 0.452 Fp2-Fc6  0.403 Fp2-P8 —0.345
F8-Cp5 —0.352 F3-Fci —0.368 Fp2-CPz —-0.347 F7-Cz —-0.417
Fc5-FCz —0.369 Fz-Cp2 0.362 F7-CPz 0.345 F3-F4 0.401
Fc1-Cz 0.478 Fz-P7 0.412 F7-Cp6 0.486 F3-Cz —0.384
Fc1-C4 0.388 F4-FPz  —-0.392 F3-Cp5 —-0.385 F3-O1 0.359
Fc1-02 0.349 F8-FCz —-0.455 F3-FPz  —-0.523 Fz-Fcb —0.496
Fc2-FCz 0.621 F8-Pz —0.549 F4-CPz —-0.371 Fz-Fcl 0.342
Fc6-C3 0.451 Fcb-Fc2 —-0.356 F8-Fci 0.444 Fz-FPz —0.386
Cz-O1 0.498 Fcb-Fc6 —0.373 F8-Cp1 —0.384 F4-Cp5  —0.409
Cz-FPz 0.435 Fc5-P7  —0.403 F8-Cp6 0.353 F4-Cp2 —-0.435
Cz-02 —0.349 Fc5-01  —-0.426 Fc5-P3 0.421 F8-Fc5  —0.393
C4-Cp1 0.370 Fc2-T7  —0.417 T7-FPz 0.381 Fc5-02 —-0.345
C4-FPz 0.431 Fc2-Cz 0.423 C4-FCz —-0.368 Fc1-Fc6 —0.400
FCz-CPz —0.463 Fc2-FCz 0.358 C4-P7 —0.372 Fc1-CPz -0.456
FCz-P7 0.355 T7-Cp2 —-0.366 FCz-Cp6 —0.459 Fc1-Cp6 —0.421
Cp5-Cp1 0.403 T7-P8 0.504 T8-P8 —0.420 T7-Cz 0.375
Cp5-01 0.386 Cp5-Cp2 —0.397 Cpi-P7 0.342 C3-Cz —0.389
Cp2-P3 0.423 Cpi1-P7 —-0.421 CPz-P4 —-0.343 C3-C4 0.469
Cp6-FPz  0.348 Cp1-O1 0.408 P7-FPz 0.426 C3-Cpt —0.396
P7-P3 —0.375 Cp6-Pz 0.416 P3-Pz —-0.379 C3-FPZ -0.376
P4-FPz ~ —0.415 C4-Cpt —-0.386
FCz-P3  —0.342
T8-Cp5 —0.373
Cp1-Cp2 —0.448
Cp1-Pz  —-0.355
Cp1-FPz  0.345
CPz-P7 0.367
Cp6-P7 0.381
P7-P3 0.350
P7-02 0.382
P3-FPz 0.374

number of errors in the CAMBIOS test. Moreover, the positive
network in the theta and beta bands and the HRV indices used as
predictors showed that SampEn-FCm and LF directly predicted
the Errors subscore. The negative network in the theta, alpha and
beta and the HRV indices used as predictors revealed a single
model, in which SampEn-FCm inversely predicted the Errors
subscore. Furthermore, the negative network in the delta band
and the HRV indices used as predictors showed that SampEn-
FCm inversely predicted the Errors subscore, while RMSSD
directly predicted the Errors subscore.

Inter-Group Differences

To test differences in RSVFC networks and HRV between
participants with high, medium and low performance in the
switching task, we divided the sample into three subgroups

according to the distribution of the sample in terms of CAMBIOS
Error scores (low-, medium-, and high-error groups).

The ANOVA results for HRV indices revealed significant
effects of group on LF [F(2, 31) = 4.35, p < 0.05; nﬁ = 0.219]
and SDNN [F(2, 31) = 5.43, p < 0.01; np2 = 0.260]. Bonferroni
tests comparing the CAMBIOS Error scores between the three
groups showed significant differences between the low and high-
error groups in both HRV indices (all p < 0.05). No significant
differences were found between the medium-error group and the
other two groups. Figure 4A depicts the HE, LE, RMSSD, and
SDNN indices corresponding to each group of CAMBIOS Error
score stimuli. As shown, the high-error group showed more LF
and SDNN power than did the low-error group.

ANOVAs for SampEn-FC means across four frequency bands
in the positive network yielded significant differences in delta
[F(2,31) = 35.27, p < 0.001; n; = 0.695], theta [F(2, 31) = 15.81,
p < 0.001; np? = 0.505], alpha [F(2, 31) = 43.87, p < 0.001;
nﬁ =0.739] and beta [F(2, 31) = 19.29, p < 0.001; nf, =0.554]. As
shown in Figure 4B, the Bonferroni test revealed that the high-
error group had a higher SampEn-FC mean than the low-error
group (p < 0.001).

Finally, ANOVAs for SampEn-FC means across the frequency
bands in the negative network yielded significant differences in
delta[F(2,31)=9.83,p < 0.001; 7]1% =0.388], theta [F(2,31) =15.95,
P <0.001;17=0.507], alpha [F(2,31) =33.18,p < 0.001;1n, = 0.682]
and beta [F(2, 31) = 46.74, p < 0.001; n; = 0.751]. The post hoc
comparations yielded significant differences between the high-
error group and low-error group in terms of the SampEn-FC
mean (p < 0.001; Figure 4C) and between the medium-error
group and the low-error group (p < 0.05).

DISCUSSION

The aim of the present study was to determine whether individual
functional connectivity variability in the resting state (RSVFC)
and HRV predicted performance on a cognitive task. Our results
confirm that HRV significantly correlated with performance
on tasks that involved cognitive flexibility. Moreover, RSVFC
correlated with performance on the tasks in all frequency bands.
However, partial correlation showed that the correlation of
heart rate fluctuations with cognitive flexibility was indirect and
was mediated by functional connectivity variability, while the
correlation between functional connectivity variability and task
performance remained significant when the heart rate fluctuation
index was partialled out. Finally, these results were confirmed
when participants were divided into three subgroups according to
their behavioral performance on the task. Significant differences
were found between the high-performance and low-performance
test subgroups on RSVFC, LE, and SDNN indices.

The CAMBIOS test assesses the ability to concentrate while
attending to several changing conditions, e.g., the cognitive
flexibility to determine if different changes are fulfilled and
the speed of this process (Contreras et al., 2003). Our results
revealed positive correlations between HRV (HE LE RMSSD,
and SDNN) and the Error subscore of the CAMBIOS test and
between CAMBIOS test performance and functional connectivity
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FIGURE 3 | Correlations (full lines) and partial correlations (broken lines) among HRV index with higher significant correlations with the SampEn-FCm of positive
networks (A) and negative networks (B) and Error subscore in delta, theta, alpha, and beta frequency bands. *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed).

variability in the resting state. These results are inconsistent
with the classic assumption of an association between higher
levels of cardiac vagal tone and cognitive performance (Albinet
et al., 2010, 2016; Stenfors et al., 2016). Several studies found
a positive correlation between higher levels of cardiac vagal
tone and the number of errors on a cognitive task and
between HRV indices and attentional function during both
resting and task periods (Duschek et al., 2009; Hovland et al,
2012). Duschek et al. (2009) hypothesized that difficult tasks
or tasks executed under time pressure demand higher energetic
resources. Thus, the degree of central activation depends on
the difficulty of the task, and the association between resting

HRV and executive function depends on the requirements of
the cognitive test. Therefore, the inverse association between
resting HRV and CAMBIOS performance suggests that a
pattern of cardiovascular adjustment, including enhanced
sympathetic and reduced vagal cardiovascular influences, may
induce an adaptive state associated with improved cognitive
flexibility functioning.

The relationship between functional connectivity variability in
the resting state and CAMBIOS test performance revealed two
distinct networks; one network comprises regions that presented
positive correlations between variability and the task Error
subscore, while other regions exhibited negative correlations.
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TABLE 3 | Regression analyses for the prediction of the Error subscore from the
physiological parameters assessed during rest (standardized beta weights).

Positive Error Negative Error
network subscore network subscore
Delta Delta

SampEn-FCm 0.764*** SampEn-FCm —0.518**
HF 0.095 HF 0.289
LF 0.017 LF 0.178
RMSSD 0.137 RMSSD 0.322*
SDNN 0.044 SDNN 0.217
Theta Theta

SampEn-FCm 0.742%%* SampEn-FCm —0.742%*
HF 0.131 HF 0.177
LF 0.258* LF 0.161
RMSSD 0.091 RMSSD 0.154
SDNN 0.171 SDNN 0.140
Alpha Alpha

SampEn-FCm 0.787%* SampEn-FCm —0.817%#*
HF 0.168 HF 0.145
LF 0.069 LF 0.077
RMSSD 0.164 RMSSD 0.183
SDNN 0.082 SDNN 0.121
Beta Beta

SampEn-FCm 0.733*** SampEn-FCm —0.779%*
HF 0.207 HF 0.058
LF 0.249* LF 0.035
RMSSD 0.215 RMSSD 0.117
SDNN 0.226 SDNN 0.001

0 < 0.05; **p < 0.01; **p < 0.007 (two-tailed).

No significant differences were found in functional connectivity
variability between the electrode groups of interest (frontal,
central, temporal left, temporal right, parietal, and occipital)
in either network in each frequency band. Previous studies
indicated more dynamic connectivity of the fronto-parietal
localization in response to different frequency ranges during
cognitive task performance, and this connectivity is related to
better cognitive performance (Gonzalez-Herndndez et al., 2002;
Fornito et al., 2012; Cole et al., 2013; Monti et al., 2014; Beatty
et al., 2015; Vatansever et al., 2015). However, research on the
dynamic connectivity between the fronto-parietal localization
in the resting state with respect to the prediction of cognitive
functioning yields mixed results. Both positive and negative
correlations between resting-state dynamic connectivity and
cognitive performance have been reported (Jia et al., 2014; Kucyi
and Davis, 2014; Sadaghiani et al., 2015). Our results yielded no
differences in variability between the electrode groups of interest
and rhythms in resting states in relation to the performance
task. Although this result could be due to the low spatial
resolution of EEG, multiple brain regions are activated in parallel,
and these regions do not generally display pure oscillations
in resting conditions (Mantini et al., 2007; de Pasquale et al.,
2010; Tagliazucchi et al, 2012). In fact, spontaneous brain
activity in the resting state is organized in a finite set of
spatiotemporal patterns that are linked to EEG brain rhythms
(Mantini et al., 2007). Conversely, a combination of delta, theta,

alpha, beta, and gamma rhythms are ascribed to brain networks
during the resting state. This information leads us to think
that high variability between cortical localization and rhythms
could facilitate flexibility in adapting processing to changing
tasks. The variability of functional connectivity is higher in
healthy adults (showing better performance in cognitive tasks)
than in older adults who show worse cognitive performance
(Mclntosh et al., 2008, 2010; Garrett et al., 2011), and default
mode network connectivity (a network activated in the resting
state Laufs et al,, 2003; Raichle and Snyder, 2007) makes the
greatest contribution to executive function/cognitive flexibility
prediction (Liu et al., 2018). Our results suggest that the levels
of variability in connectivity between localization are related to
the effectiveness of performance and suggest beneficial effects of
higher brain signal variability in general.

Very compelling evidence suggests that HRV is an indicator
of the adaptation of the ANS to a variety of psychological and
behavioral situations (Thayer et al., 2010; Zahn et al., 2016).
Higher HRYV is associated with performance on several cognitive
tasks involving attention, working memory, and inhibitory
control (Thayer et al, 2005; Duschek et al., 2009; Hovland
et al., 2012). Similarly, direct correlations show that HRV or
functional connectivity networks in the resting state are related
to cognitive performance (Hansen et al, 2003; Saus et al,
2006; Chang et al., 2013b; Thompson et al., 2016). Our results
revealed that HRV and RSVFC were related to the CAMBIOS
performance, however, partial correlations revealed that RSVFC
in all frequency ranges mediated the relationship between HRV
and the cognitive test. Regression analyses indicated that RSVFC
accounted for the largest portion of CAMBIOS performance
variance in all frequencies. Although direct correlations among
cognitive flexibility, neuronal and heartbeat variability are
significant, partial correlations and multiple linear regressions
suggest that the relation between heartbeat and cognitive
performance is mediated by neuronal oscillations. Palva et al.
(2013) found similar results using power-law form, long-range,
temporal correlations in the resting state and during stimulus
detection tasks. Moreover, neuronal networks that correlated
with performance in the resting state were similar to networks
during the task. Our results extend these findings to cognitive
performance, suggesting that the levels of brain signal variability
might predict cognitive flexibility in a cognitive task.

ANOVA confirmed that HRV and functional connectivity
variability are associated with cognitive performance. The results
yielded significant differences among the high-, medium- and
low-Error subscore groups in LF and SDNN indices and RSVFC
(positive and negative networks). Thus, participants with more
errors on the CAMBIOS test showed more LF and SDNN, more
variability in the positive network and less variability in the
negative network in all frequency ranges. Other studies have
compared resting HRV (Hansen et al., 2004; Albinet et al., 2010,
2016) and the variability of functional connectivity (Takeuchi
et al, 2011; Martinez et al, 2013; Thompson et al., 2016)
between groups with high and low cognitive performance using
ANOVA. Higher resting HRV predicts good performance in
cognitive tasks (Albinet et al., 2016; Stenfors et al., 2016).
However, some studies suggest that the classic assumption of
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*p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed).

FIGURE 4 | (A) ANOVA of HF, LF, RMSSD, and SDNN indices. The HRV indices were log-transformed to equalize the scales. (B) ANOVA of SampEn-FCm of
positive networks obtained in Figure 2 for all frequency bands. (C) ANOVA of SampEn-FCm of negative networks obtained in Figure 2 for all frequency bands.

an association between higher resting levels of cardiac vagal
tone and improved cognitive performance does not universally
hold true. Thus, Hovland et al. (2012) found that HF-HRV
in the resting state was positively correlated with the total
errors and perseverative errors in the Wisconsin Card Sorting
Test and with inhibition errors in the Color-Word Interference
Test. Other studies have used batteries of cognitive tests, and
they observed that not all tests of the battery correlated with
HRV and the resting state (Jennings et al., 2015; Stenfors
et al, 2016). The CAMBIOS test is a task with a high
cognitive load that assesses the ability to handle a changing
condition, similar to the Wisconsin Card Sorting Test, Color-
Word Interference Test and Test D2. Duschek et al. (2009)

hypothesized that the association between resting HRV and
executive function performance may depend on the difficulty of
the cognitive test when the brain is challenged. Therefore, more
demanding tasks involve more cerebral resources, eliciting more
heart rate activity.

In the future, replicating the current study using other
cognitive tasks in which resting HRV has positive correlations
with the studied hits would be interesting. For example, a
continuous performance test or working memory test could
be used because in these tasks, a high HRV group showed a
faster mean reaction time, more correct responses and fewer
errors than a low HRV group (Hansen et al., 2003, 2004).
Partial correlations between HRV and these tasks when neuronal
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oscillations are partialled out have not been studied. The current
study could be replicated using different cognitive tasks if
interconnections between the CNS and ANS are influenced by the
type of task.

In this study, the analysis of EEG sources was not
possible because 32 electrodes were insufficient for the accurate
localization of EEG sources (Lantz et al, 2003). Future
studies should include EEG systems with more electrodes and
source localization analysis. Source localization methods allow
quantitative prediction of the locations of EEG activity inside
the brain. Thus, EEG source localization analysis is necessary
for determining brain areas related to cognitive performance and
heart rate oscillations with enhanced accuracy.

The neurovisceral model proposes that the relationship
between the CNS and ANS is reciprocally interconnected such
that information flows bidirectionally (Thayer and Lane, 2009;
Smith et al,, 2017). Our results seem to show that HRYV,
functional connectivity variability and cognitive flexibility are
related between the CNS and ANS. Nevertheless, the relationship
between HRV and cognitive performance is determined by
the type of task and mediated by the functional connectivity
variability of the brain. More studies using different cognitive
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Abstract: The influence of pain over attentional processing and how affective stimuli modulate
pain is well known. However, the influence of pain over attentional processing of affective
stimuli has been less studied. In this study was investigated the physiological responses related
with this effect of pain. Forty participants (20 men and 20 women) received tonic painful and
non-painful thermal stimulation when they were viewing blocks of pleasant, unpleasant, or
neutral images. Galvanic skin response (GSR), electrocardiogram and electroencephalographic
(EEQ) functional connectivity in delta, theta, alpha, and beta bands were recorded, and
participants had to rate the unpleasantness of pain at the end of each block. Autonomic responses
in no pain condition followed the typical physiological pattern; affective images evoked the
largest GSR and more cardiac deceleration than neutral ones. Pain changed this pattern,
increasing GSR to neutral images and accelerating the cardiac response to affective images. In
addition, pain increased EEG functional connectivity of frontal and central regions in delta and
theta bands when participants viewed affective images. Pain decreased the connectivity of right
central region in alpha band with pleasant images. Our findings suggest that tonic pain induced
attentional biases and reduced the attentional processing of affective stimuli, altering the

emotional experience of pain.

Perspective: Present results give new physiological information about the influence of pain over
attentional processing of affective stimuli. This work hypothesized that the physiological changes
caused by the interactions between attention and pain could explain the emotional dysregulation

observed in chronic pain.
Keywords: Pain, Emotion, Attention, Galvanic Skin Response, Heart Rate, EEG functional

connectivity
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1. Introduction

Threating stimuli capture attentional resources, priming defensive actions whereas
appetitive stimuli capture attentional resource priming approach behaviours [13,14,42,74].
Consistent with this idea, evidence from behavioural and neurobiological studies suggests that
pain-related information captures attentional resources in both healthy persons and chronic pain
patients [20,54,57,65]. Numerous studies have investigated how pain can affect attentional
resources dedicated to the processing of a secondary task. These findings suggest that tasks that
require control over attentional deployment are the most affected by pain [11,50]. Other studies
have focused on the importance of emotion over pain. In general, pleasant context reduce pain
responses, and unpleasant ones increase them [43,63,78,79]. Previous evidence shows that skin
conductance response (SCR) and heart rate (HR) acceleration elicited by painful electrical shocks
are higher during unpleasant picture viewing compared with pleasant images [58,59,78,79]. The
functional connectivity patterns shows that frontal area connectivity subserves the extraordinary

sensitivity of the pain to affective context [56,64].

Interestingly, these studies have focused on the influence of pain over attentional
processing or how affective stimuli modulate pain perception. Much less is known about how pain
influences the attentional processing of affective stimuli. Hints for a possible influence of pain on
affective processing come from the study of chronic pain patients. Rossello et al. [62] found that
patients with fibromyalgia showed deficits in affective processing in virtual environments
compared with healthy controls. These differences were interpreted as a manifestation of impaired
attentional components and inhibition of affective information processing. Other studies have
shown similar results: chronic pain patients reduce engagement and attentional resources to

emotional stimuli [21,25,48,49,60]. However, these results could be a consequence of depression
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and anxiety, which occur together with chronic pain [5,68]. Investigating the effect of pain over
emotion in healthy populations would allow us to understand the attentional deficits in the
processing of affective information present in chronic pain patients without the effects of other
affective disorders. In this sense, Wieser et al. [77] found that tonic pain reduces attentional
processing of facial expressions in healthy volunteers, it could indicate that pain reduces

attentional processing to affective stimuli.

In this study, we investigated the effect of tonic pain over attentional processing of affective
stimuli, focusing on autonomic responses and brain functional connectivity. Autonomic and
central responses have been widely studied in motivational attention to images [12,24]. In general,
physiological results demonstrate that viewing relevant and arousing images garners more
attention and elicits a higher SCR and more HR deceleration than neutral images [12]. In relation
to brain activity, EEG functional connectivity suggests that motivational stimuli captures
attentional resources [29], enhancement of connectivity of prefrontal electrodes in both cerebral
hemispheres in beta and theta bands [45]. We expect that tonic pain will reduce the attentional
processing of affective images and that physiological measures will reflect the reduction of this
attention. Because the literature on the EEG affective brain network functional connectivity
presents heterogeneous results, we do not predict which affective networks will be affected by

tonic heat pain stimulation.

2. Materials and methods

2.1 Participants

Sample size was determined using G*Power, which indicated that N =40 was required to

detect all relevant physiological effects at a medium effect size (f=0.25, a error=0.05,
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power =0.98, and assumed correlation of repeated measures = 0.4). Forty right-handed students
(20 females and 20 males) participated in the study. They were all students at the University of
Granada (average age = 19.86 + 1.839) and received extra credit in return for their participation.
Participant exclusion criteria included chronic pain, cardiovascular problems, ongoing illicit
substance use, reporting mental health problems, or undergoing medical or psychological
treatment. Two participants (2 males) were excluded from the study due to troubles in recordings.
The participants were recruited via information provided in university classrooms. All subjects
signed informed consent forms to participate in the study, which was approved by the ethics
committee of the University of Granada and was performed according to the recommendations of

the Declaration of Helsinki.

2.2 Quantitative sensory testing

Heat stimulation was administered with a computer-controlled thermode of a 4 x 4-cm
Peltier plate and adjusted for each participant individually. Assessment of heat pain tolerance
consisted of the evaluation of increasing temperatures starting at 37°C until participants considered
the heat to be unbearable. The sequence of the pain assessment was as follows. First, participants
were instructed to keep the index finger of their left hand in contact with the thermode for 5 s.
Then, participants had to rate the current unpleasantness of the temperature using a 0—10 Visual
Analogue Scale (VAS; 0 representing ‘no unpleasant temperature’, 5 representing ‘starting to be
an unpleasant temperature’ and 10 representing ‘the unpleasantness of the temperature is
unbearable’). Sequentially, the next temperature (1°C warmer than the previous temperature) was
delivered and evaluated. Each heat pain tolerance measurement was performed thrice, and the

average value was adopted as the subject's heat pain tolerance. The heat-pain stimulation of each
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participant was calculated as 60% of the heat pain tolerance [.6 x (average heat pain tolerance-

37°C) +37°C].

2.3 Affect induction

Sixty digital images that evoked positive, negative, and neutral emotions were chosen from
the Spanish validation of the International Affective Picture System (IAPS; [46,47,75]. For each
of the three emotional conditions, a set of 20 different images was selected. The ‘positive set’
included erotic scenes and sports images (IAPS numbers: 4652, 4658, 4668, 4669, 4670, 4672,
4676, 4681, 8178, 8185, 8186, 8193, 8251, 8300, 8341, 8370, 8400, 8490, 8496, and 8499). The
‘negative set’ included images of mutilation and human and animal attacks (IAPS numbers: 1050,
1113, 2811, 3064, 3100, 3170, 3400, 3550, 6212, 6250, 6263, 6313, 6410, 6550, 6560, 6570.1,
9040, 9120, 9187, and 9400). The ‘neutral set’ included images of mushrooms and household
objects (5530, 5531, 5532, 5533, 5534, 7001, 7002, 7003, 7004, 7006, 7009, 7010, 7012, 7020,
7025,7030,7031, 7032, 7035, and 7040). To control for the effects of arousal, we selected pleasant
and unpleasant slides with similar arousal ratings but markedly different valence ratings. In

contrast, we selected neutral slides with intermediate valence and low arousal.

2.4 Procedure

Data were compiled in an individual session that lasted approximately 90 min. On their
arrival at the experimental session, participants received a brief explanation of the study before
signing their informed consent followed by a short interview to verify compliance with inclusion
criteria. Immediately after consenting to the procedure, participants completed several
questionnaires to characterize the sample in relation to psychological variables, such as state

anxiety (State Anxiety Inventory (STAI) [69]), the subject’s mood state (Positive and Negative
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Affect Schedule (PANAS) [76]), and manual dominance (Edinburgh Handedness Inventory [53]).
Then, participants were moved to a quiet and dimly illuminated room and sat in a comfortable seat
where they performed the quantitative sensory test (explained in section 2.3). Subsequently, SCR,

ECG and EEG electrodes were applied, and the experimental session started.

Before the experimental task started, participants were instructed to keep their index finger
of their left hand in contact with the thermode during all task times, and they had to pay attention
to the images that were going to appear on the wall. The task (see Fig. 1) consisted of 2 baselines
of 3 min each and 8 affective blocks (pleasant, unpleasant pain, neutral, black screen pain,
unpleasant, pleasant pain, black screen and neutral pain) of 2 min each. The presentation order of
affective blocks was counterbalanced in four different orders. The task was divided into two parts
with a baseline and 4 different affective blocks, 2 without pain and 2 with pain. The period between
the two parts involved a 5-min rest period. Pleasant, unpleasant and neutral blocks were composed
of 20 images of IAPS of 6 s each that were continuously presented. The temporal interval (ITI)
between blocks was random, oscillating between 6-24 s, and involved a black screen. Over 24 s,
the temperature increased from 37°C to the heat-pain stimulation point calculated previously. The
temperature ramping started in the last 12 s of the ITI and completed in the first 12 s of the blocks.
At the end of each affective block, participants evaluated unpleasantness in relation to temperature
with a 0-10 Visual Analogue Scale (VAS). In the blocks with heat pain, when this evaluation had
finished, the temperature returned to baseline (37°C). After completion of the task, the participants
evaluated the emotional dimensions (valence and arousal) of each picture using a computerized

version of the SAM scale [41].

INSERT FIGURE 1 HERE
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2.5 Physiological data acquisition and preprocessing

Physiological signals from ECG and SCR were continuously acquired using PowerLab
4/25T equipment (ADInstruments, Australia) and LabChart 5 software (ADInstruments,
Australia). The EEG was continuously acquired using the Geodesic Sensor Net connected to a DC-
coupled amplifier (Net Amp 400, Electrical Geodesics, Inc.) and Net Station 4.5 software
(Electrical Geodesics, Eugene, Oregon). The sample rate of all physiological signals was

accomplished at a frequency of 1000 Hz.

ECG raw signals were recorded using the lead I configuration (positive and negative
sensors were placed on the collarbones, and the ground sensor was placed on the right ankle) and
filtered with a 1- to 35-Hz bandpass filter. The cardiac period (i.e., the R- R interval) was measured
in milliseconds, visually inspected and corrected using an ECG beat detection software program
[3]. Sequentially, the cardiac period was transformed into heart rate (HR) in beats per minute using
KARDIA software [55]. Finally, for each trial, the weighted average of the HR every 6 s was
obtained. Eleven participants were excluded from the HR analysis due to artefacts in the ECG.
SCR was recorded with two electrodes placed in the hypothenar eminence of the left hand. The
SCR in microSiemens was first averaged every 6 s for each block of 2 min. To eliminate basal
levels of SCR, block data were transformed into differential scores by subtracting the average SCR
during 3 s prior to each block. Four participants were excluded from the SC analyses due to

artefacts.

The EEG was recorded from 58 electrodes with reference to the vertex (Cz). Impedance
was maintained at <50 kOhm. EEG preprocessing analysis was calculated with the EEGLAB

toolbox of MATLAB [22]. EEG was re-referenced offline to the average of electrodes and filtered
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with the 0.01-Hz high pass filter, 40-Hz low pass filter and 50-Hz Notch filter. EEG waveforms
were segmented in epochs of 100-ms duration (1200 per block) with a baseline correction of 10
ms prior to each epoch. Those epochs with amplitudes greater than +70 uV were excluded,
retaining between 601 and 935 epochs per block. To equalize the number of epochs between blocks
and participants, we randomly selected 601 epochs in all recordings. EEG data from two

participants were completely discarded due to technical problems during data acquisition.

2.6 Functional connectivity

The Motif-Synchronization (MS) method allows the dynamic study of EEG functional
connectivity by counting the simultaneous appearance of predefined patterns or motifs between
two time series [61]. Using the time varying graph (TVG) approach [9,70], this method allows the
construction of EEG networks based on synchronisations between pairs of electrodes (links of
network) with a high temporal resolution and over time. Thus, a weighted network is obtained
where the weight of each edge represents the number of times that a pair of electrodes has remained

synchronized over time.

First, we calculated the edge weight between pairs of electrodes for each frequency band:
delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz) and beta (13-30 Hz). The functional connectivity
networks were constructed using a time-varying graph structure [9,70], and then the EEG time
series were analysed using a sliding time window of 100 ms with 1-ms steps. Thus, we obtained a
synchronization matrix between pairs of electrodes (58x58 matrix) for each time window. To
reduce spurious correlations, a threshold was selected from the synchronization between electrodes
of the adjacent matrix obtained by shuffling all data points from the EEG signal. A .7

synchronization value means that 70% of the motif fluctuation patterns from both electrode EEG
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signals are the same. The threshold was defined as the value at which a chance lower than or equal
to .1% of times was noted in the adjacent matrix over time. Thus, synchronization values between
electrodes greater or equal to .7 were selected as significant from the correlation matrix, and the
node degree was summed over time. The edge weight was normalized by dividing it by the
maximum edge weight value of the trial. To reduce the number of comparisons in statistical
analysis, weight node degrees were grouped into regions corresponding to anatomical brain lobes
where electrodes were placed [37]: left frontal (Fpl, AF3, F1, F3, F5, F7 and F9), right frontal
(Fp2, AF4, F2, F4, F6, F8 and F10), left central (FC1, FC3, FC5, C1, C3 and C5), right central
(FC2, FC4, FC6, C2, C4 and C6), left temporal (FT7, TP7, T7, T9 and CP5), right temporal (FTS,
TPS8, T8, T10 and CP6), left parietal (CP1, P1, P3, P5, P7 and P9), right parietal (CP2, P2, P4, P6,
P8 and P10), left occipital (PO3 and O1) and right occipital (PO4 and O2). Finally, we calculated

the average edge weight for each region with itself and the other nine regions.

2.7 Statistical analysis

Analysis of the self-reported Valence/Arousal ratings was analysed separately using one-
way repeated measures analysis of variance (ANOVA) using Emotion (pleasant, unpleasant and
neutral category) as a single repeated measures factor. Analysis of VAS scores consisted of a 3x2
repeated measures analysis of variance (ANOVA) using Emotion and Pain (no pain/pain) as

within-subject factors.

Analysis of the SCR and HR response to affective blocks consisted of a 3x2x17 repeated
measures analysis of variance (ANOVA) using Emotion and Pain and Time (17 bins of 6 s each

one) as within-subject factors.

10
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Functional connectivity analysis was performed for the frequency bands delta, theta, alpha
and beta. Analysis consisted of 3x2x10 repeated measures analysis of variance (ANOVA) using
Emotion, Pain and Links as within-subject factors for each scalp region (left frontal, right frontal,
left central, right central, left temporal, right temporal, left parietal, right parietal, left occipital and

right occipital).

In all analyses, the Greenhouse-Geisser epsilon correction was applied to control for
violation of the sphericity assumption. The results are reported with the original degrees of
freedom and the corrected p-values. When significant effects were found, post hoc analyses were
performed using Bonferroni correction with the level of significance set at .05. Partial eta squared

(np?) was used as the effect size for F tests.
3. Results
3.1 Subjective measures

Figure 2 presents the means of the subjective response to affective images (pleasant,
unpleasant, and neutral) from each block in valence and arousal ratings and unpleasantness of
temperature (VAS ratings). The ANOVA revealed significant effects of Emotion for both the
valence (F[2,57]=449.43, p < .001, ny°>=.94) and arousal (F[2,57]=461.92, p< .001, 1y>=.94)
dimensions. Post hoc comparisons indicated that valence ratings for pleasant images were
significantly increased compared with neutral images and unpleasant images (all p<.001), whereas
valence ratings for unpleasant images were significantly reduced compared with those for neutral
images (p< .001) (Fig. 2A). Unpleasant and pleasant images were rated as more arousing than

neutral images (p <.001) (Fig. 2B).

11
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The 3x2 repeated measures ANOVA of VAS scores revealed significant main effects in
Emotion (F[2,74]=3.54, p< .05, n,°>=.09) and Pain (F[1,37]=191.78, p< .001, n,*=.88). The
Bonferroni test showed no significant differences in the Emotion factor but revealed that the
unpleasantness of temperature was higher during the pain condition compared with the no pain

condition (p <.001; Fig. 2C). No significant Emotion x Pain interaction effect was found.

INSERT FIGURE 2 HERE

3.2 Peripheral measures

Figure 3 presents autonomic responses during pain and no pain stimulation. The 3x2x17
repeated measures ANOVA on SCR yielded significant effects of Time (F[16,560]=40.04, p<
.001, npy>=.53), Emotion x Pain (F[2,70]=4.68, p< .05, np°=.12) and Emotion x Pain x Time

(F[32,1120]=3.70, p< .01, np>=.10). Other main or interaction effects were not significant.

The main effect of Time simply indicated that the SCR changed over time. The post hoc
test of the Emotion x Pain interaction revealed that neutral-pain evoked more SCR than neutral-no
pain (p<.05). No significant differences between Pain conditions were found in other affective
categories (all p-values > .05). Regarding each pain condition, a significant difference was only
found between neutral-no pain compared with unpleasant-no pain blocks (p < .05), and a trend
was found between neutral-no pain compared with pleasant-no pain (p=.08). Finally, post hoc
analyses of Emotion x Pain x Time revealed that neutral-pain evoked more SCR than the neutral-
no pain condition for all time intervals (all p-values <.05), and unpleasant-pain evoked more SCR

than unpleasant-no pain in time 1 (p<.05).

The 3x2x17 repeated measures (ANOVA) on HR response yielded significant differences

in Time (F[16,448]=3.31, p< .01, ny*=.10), Pain (F[1,28]=7.21, p< .05, np>=.21) and Emotion x

12



O©CoO~NOOITA,WNPER

Pain (F[2,56]=5.70, p< .01, np>=.17). The main effect of Time simply indicated that the HR
response changed over time. Pain indicated that HR was increased in the pain condition compared
with the no pain condition regardless of the Emotion condition. The post-hoc test of Emotion x
Pain revealed that the neutral-no pain block evoked more HR acceleration than the pleasant-no
pain and unpleasant-no pain blocks (all p-values < .05). Furthermore, HR acceleration was
increased in pleasant and unpleasant pain conditions compared with their respective no pain

conditions (all p-values< .05).

INSERT FIGURE 3 HERE

3.3 Regional functional connectivity

To provide clarity, only significant results related with pain are reported; Emotion effects
are reported in Supplementary Materials. Table 1 shows the results of 3x2x10 (ANOVA) Emotion
x Pain x Links analysis in the delta band (0.5-4 Hz) in each scalp region. Significant effects were
yielded for Links on all Scalp Regions, indicating that the edge weight between regions was
different (all p-values<.001). ANOVA yielded a significant effect of Emotion in the right occipital
and right posterior regions (p<.05; see Supplementary Materials, Table A). Likewise, significant
effects were yielded for Emotion x Links in the left frontal, right frontal, right central, left temporal,
right temporal, left parietal, right parietal, left occipital and right occipital regions (all p-values<

.05; see Supplementary Materials, Table A).

Significant effects of Pain were noted in the right central (F[1,37]=8.16, p< .01, ny,>=.18)
and in right parietal regions (F[1,37]=4.69, p< .05, np>=.11); pain condition increased the edge
weight of the right central and right parietal regions with all regions and with themselves compared

with no pain. A significant interaction effect was found for Emotion x Pain interaction in the right

13
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parietal region (F[2,74]=3.36, p< .05, n,°=.08). A follow-up post hoc test revealed that the edge
weight of the right parietal region with the rest of the scalp region was greater in the pain condition
compared with no pain in pleasant blocks. Significant interaction effects were found for Emotion
x Pain x Links in the right frontal, left central and right central regions (p-values<.05; see
Table 1). The post-hoc test indicated that Pain increases the edge weight between the right frontal
and the right central region for the unpleasant blocks. The edge weight between the left central
and left frontal regions was greater for Pain in unpleasant blocks, whereas the edge weight between
the left central and right central regions and the right parietal region was lower in Pain in
unpleasant blocks. The functional connectivity of the left central region with the right parietal
and right occipital regions was greater for Pain in pleasant blocks. Likewise, the edge weight
between the right central region with the left occipital and right occipital regions was greater in
Pain in pleasant blocks (Figure 4). Supplementary Materials Table E shows post-hoc test regarding

each pain condition.

INSERT TABLE 1 HERE

INSERT FIGURE 4 HERE

The 3x2x10 (ANOVA) applied to the functional connectivity in the theta band (4-8 Hz)
yielded significant effects of Links on all Scalp Regions. The main effects of Links on all scalp
regions simply indicated that edge weight between regions was different (all p-values< .001).
ANOVA yielded significant effects for Emotion in the left frontal, right frontal, left central and
left temporal regions (all p-values< .05; see Supplementary Materials, Table B). Likewise,
significant effects were yielded for Emotion x Links in the left frontal, left occipital and right

occipital regions (all p-values< .05; see Supplementary Materials, Table B). There was a

14
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significant effect of Pain in the right central region (F[1,37]=8.57, p< .01, np>=.19); pain
condition increased the edge weight of the right central region with all regions and with itself
compared with no pain. Significant interaction effects were found for Emotion x Pain x Links in
the right frontal and right central regions (see Table 1). Follow-up post hoc comparisons
revealed that the edge weight of the right frontal region with the right central region was greater
in the pain condition compared with no pain in unpleasant and neutral blocks. Likewise, the edge
weight between the right frontal region with the left occipital and right occipital regions and the
right central region with the left parietal and left occipital regions were greater in pain condition
compared with no pain in pleasant blocks (Figure 4). Supplementary Materials Table E shows

post-hoc test regarding each pain condition.

The 3x2x10 (ANOVA) applied to the functional connectivity in the alpha band (8-13 Hz)
yielded significant main effects of Links on all Scalp regions. ANOVA vyielded significant effects
for Emotion in the right frontal, right central, left parietal and right parietal regions (all p-values<
.05; see Supplementary Materials, Table C). Likewise, significant effects were yielded for Emotion
x Links in the left frontal, right frontal and left temporal regions (all p-values< .05; see
Supplementary Materials, Table C). A significant effect was found for Emotion x Pain x Links in
the right central region (F[18,666]=2.37, p< .05, 1y>=.06). Follow-up post hoc comparisons
indicated that edge weight of the right central region with the right frontal region was greater in
pain condition compared with no pain in the neutral blocks. Conversely, the edge weight between
the right central and right frontal regions was lower in the pain condition compared with no pain
in the pleasant blocks (Figure 4). Supplementary Materials Table E shows post-hoc test regarding

each pain condition.

15
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Finally, 3x2x10 (ANOVA) applied to the functional connectivity in the beta band (13-30
Hz) yielded significant main effects of Links on all Scalp regions. ANOVA yielded significant
effects for Emotion in the left frontal, right frontal, left central, right central, left temporal and left
parietal regions (all p-values<.05; see Supplementary Materials, Table D). There was a significant
effect of Emotion x Links in the left frontal region (p<.05; see Supplementary Materials, Table

D). No significant differences were found in others factors.

4. Discussion

The aim of the present study was to investigate how pain affects the processing of
emotional information to understand the effects of chronic pain in patients. Galvanic skin, heart
rate and EEG functional connectivity responses in delta, theta, alpha and beta were recorded while
healthy volunteers viewed pleasant, unpleasant and neutral images with pain and without pain. The
participants reported higher levels of discomfort in the pain condition compared with the no pain
condition. As expected, GSR were reduced in the neutral images compared with the pleasant and
unpleasant images when pain was not present. HR was accelerated in the neutral images compared
with the pleasant and unpleasant conditions in the no pain condition. However, pain evoked an
increased GSR in the neutral images compared with no pain. Moreover, HR was accelerated in the
pleasant and unpleasant images when pain was present. In relation to functional connectivity
analysis, pain increased the connectivity of the frontal, central and parietal regions in the theta and
delta bands. In general, an opposite pattern was observed in the alpha band when pain was present,
decreases in connectivity in frontal brain regions. These results suggest that pain is a motivational
relevant stimulus, which captures the attentional resources damping emotional processing and the

affective response.

16
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Evaluation of the unpleasantness of temperature (VAS scores) indicated that temperature
only was considered unpleasant during pain conditions. Unpleasantness of temperature was not
influenced by the affective content of stimuli, although the images were evaluated as pleasant or
unpleasant with high arousal and neutral with low arousal. Some studies indicate that painful
stimuli can be influenced by affective stimuli with more arousal than pain [58,59,78]. However,
unpleasantness of temperature is influenced by the affective valence of a secondary stimulus
(images) when temperature is slight but not when temperature is severe and painful [32]. In our
study, the mean level of temperature applied in the experimental session was 47.3°C, which may

overwhelm unpleasant levels and prevent pain from being influenced by emotional stimuli.

As expected, the SCR and HR responses in the no pain condition follow the typical
physiological patterns found in affective images [12,80]. More arousing stimuli evoked the largest
SCR and most pronounced cardiac deceleration, whereas modest SCR and pronounced cardiac
acceleration were evoked by the least arousing stimuli. These responses have been interpreted as
reflecting sustained attention in favour of motivational stimuli [12]; stimuli with higher levels of
activation (threat, mutilations, and erotica stimuli) are relevant stimuli that capture attention and
prompt heightened orienting and information intake [30] compared with neutral stimuli
(mushrooms and household objects). When tonic pain was present, this physiological pattern
disappeared; neutral images evoked the largest GSR and the same cardiac acceleration when pain
was delivered, reaching levels similar to more arousing pleasant and unpleasant images. The lack
of differences between affective categories when tonic pain was present could indicate that
attentional resources are involved in processing arousing and noxious stimuli, blocking emotional

stimuli processing at the moment [48,49,60].

17
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Overall, changes in functional connectivity were observed in the right hemisphere for
affective images, which is consistent with the dominance of the right hemisphere over the left for
processing emotions [31,35,36]. Moreover, when pain was presented, images showed increased
functional connectivity in the delta and theta frequencies compared with no pain in the frontal,
central and parietal regions. A wide group of studies have demonstrated that the activity of the
delta and theta bands in the frontocentral region is positively correlated with attention to affective
stimuli [6,7,40]. Delta oscillations are involved in attentional and decision-making tasks as well as
perception and emotional processing [28,39,40]. In our study, pain evoked an increased
synchronization between the frontal and central regions in the delta band in the unpleasant images.
Additionally, pain evoked an increased delta synchronization between the central, occipital and
parietal regions in the pleasant block. In the theta band, pain condition increases connectivity
between frontocentral regions with occipital and parietal regions in affective images. Increases in
theta power in these regions of the cortex are associated with orientational responses [15,16,18]
and the mechanisms of attention to activating affective stimuli [1,8,82]. Frontal network in these
frequency bands is related with motivated attention and state of alertness to biologically relevant
stimuli [6]. Our results seem to indicate that when tonic pain is sufficiently intense and persistent,
it competes for attentional resources with affective images. These findings support the idea that
tonic pain is a motivational stimulus that kidnaps attentional resources dedicated to processing
emotional information [21,62,71]. This neural network may reflect the great information exchange
between the somatosensory area and the frontal and parietal areas and occipital areas related to
pain salience [33,51,67]. The somatosensory area is a critical component of the nociceptive
pathway, receiving and processing afference information about the body location and the intensity

of nociceptive stimuli [73]. Localizing pain within the body should significantly influence
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attentional focus to processing pain information. Consistent with this interpretation, a recent study
using fMRI recording demonstrated that pain increases central connectivity with the salience
network with greater pain intensity increases associated with greater shifts in these connectivity
patterns [10,38]. Other studies have indicated that the theta and delta bands increase connectivity
mainly over frontal and central brain areas with higher pain perceived in both healthy volunteers
and chronic pain patients [17,26,27,34,44]. This notion could also explain the increase in theta
connectivity between the central and frontal regions in neutral blocks with pain. Thus, an increase
in theta central connectivity might indicate that tonic pain increased pain-related processing

independently of the type of affective context.

Synchronization in the alpha band was observed in the pain condition in the centrofrontal
regions in the neutral images block, while desynchronization in the pain condition was observed
in the centrofrontal regions in the pleasant condition. It has been hypothesized that alpha
oscillations reflect an attention suppression mechanism in which brain regions processing relevant
information exhibit decreased alpha power [4,19,23]. Thus, an inverse relationship exists between
alpha power in frontal and central areas and motivated attention to affective stimuli. Several studies
show that affective stimuli reduce alpha power over central and frontal areas compared with neutral
stimuli [6,66,72]. Recently, it has been observed suppression of alpha power and increases in
connectivity between central areas and the medial prefrontal cortex during pain stimulation [52].
Considering these findings, the increased alpha connectivity in the centrofrontal region in pain
compared with the no pain condition on neutral blocks could reflect that tonic pain captures
attention and reduces attentional resources to other less-activating stimuli. The results observed in

pleasant conditions are difficult to explain. It is possible that the decrease in alpha central
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connectivity indicates that pleasant images collect more attentional resources alone than when

presented with tonic pain [81].

This is study jointly provides autonomic and EEG functional connectivity results about
how tonic pain affects affective processing. We observed that when pain is a tonic stimulus,
peripheral and central changes are consistent with the bottom-up mechanism, which produces an
involuntary demand for attention by pain. Thus, when pain is tonic stimuli-induced attentional
biases, reducing the emotional experience. Van Damme et al. [21] and Van Ryckeghem and
Crombez [65] emphasized that pain occurring during the pursuit of a target captures attention,
hindering the processing of the target. This finding could explain the affective disturbances and
emotional dysregulation observed in chronic pain states, showing that depression and anxiety that

occur together with chronic pain could be a consequence of persistence of pain.

It should be noted that functional connectivity differences in all bands occurred in pleasant
blocks, whereas those in unpleasant blocks were scarce. It has been hypothesised the existence of
two affective networks [2]: a pleasant network characterized mainly by connectivity between
cortical areas and an unpleasant network characterized mainly by connectivity between subcortical
areas. In our study, the lack of changes in connectivity between the unpleasant block and the
unpleasant-pain block could be due to the technical limitations present in our EEG recordings. In
the future, replicating the current study using fMRI could shed light about subcortical brain
connectivity in unpleasant stimuli. We compared passive affective picture viewing without pain
with passive affective picture viewing with pain, and we assumed that tonic pain captures the
attentional resources dedicated to affective processing. However, affective picture viewing is not
an attentional task per se. Replicating the present study using an affective attentional task, could

help to separate the attentional contributions of pain on affective visual processing. Another
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limitation is that the pain stimulation was only delivered on the left hand. Thus, functional
connectivity changes in the right hemisphere could be explained by pain stimulation on the left

hand and not be dominance of the right hemisphere in the processing of emotions.
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Tables and figures
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Fig. 1. Experimental procedure. One baseline of 3 min occurred before the task period. During the
task, participants viewed 3 affective blocks (pleasant, unpleasant and neutral) and one black screen
block for 2 min each. Pain stimuli were delivered in the half of the blocks and 12 s after the blocks
started. Each block was followed by one unpleasantness pain rating and 6-24 s of ITI. This
procedure was repeated after 5 min of rest.
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Fig. 2. A. Means of SAM valence scores for pleasant, unpleasant and neutral images. B. Means
of SAM arousal scores for pleasant, unpleasant and neutral images. C. Means of unpleasantness
pain ratings for no pain and pain stimulation. ***p<.001
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Table 1. Regional functional connectivity Somatosensory condition (2) x affective category (3) x links (10) repeated measures Al
with Greenhouse-Geisser correction of weight degree between EEG electrodes groups in each frequency band. * p <.05; ** p <.0
RF=Right Frontal; LC=Left Central; RC=Right Central; LT=Left Temporal; RT=Right Temporal; LP=Left Parietal; RP=Rig

RO=Right Occipital

Frequencies  Regions Pain r|p2 Emotion x r'|p2 Emotion x Pain x Link I'Ip2 Pair Pa
Bands Pain
RF F(1,37)=2.80 .07 F(2,74)=.09 .00 F(18,666)=2.41* .06
RF-RC UNP (
LC F(1,37)=.45 .02 F(2,74)=1.23 .03 F(18,666)=2.43* .06
LC-LF UNP (
LC-RC UNP (
Delta LC-RP PLE (
0.5-4 Hz UNP(
LC-RO PLE (
RC F(1,37)=8.16** 18 F(2,74)=.09 .00 F(18,666)=2.75* .07 NoPz
RC-LO PLE (.
RC-RO PLE (
RP F(1,37)=4.68* .11 F(2,74)=3.36* .08 F(18,999)=1.11 .02 NoP
PLE(.¢
RF F(1,37)=2.01 .05 F(2,74)=1.17 .03 F(18,666)=3.26** .06
RF-RC UNP (
NEU (.
Theta RF-LO PLE (.
4-8 Hz RF-RO PLE (
RC F(1,37)=8.57* .19 F(2,74)=.18 .01 F(18,666)=2.67* .07 NoPa
RC-LP PLE (
RC-LO PLE (.
RC F(1,37)=.76 .02 F(2,74)=.85 .02 F(18,666)=2.38* .06
Alpha RC-RF NEU (
8-13 Hz PLE (.
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Supplementary Materials

Table A. Regional functional connectivity Emotion (3) x Pain (2) x Links (10) repeated measures
ANOVA significant F-Test results with Greenhouse-Geisser correction of edge weight between
EEG electrodes groups in Delta frequency band. * p < .05; ** p < .01; ***p<.001. LF=Left
Frontal; RF=Right Frontal; LC=Left Central; RC=Right Central; LT=Left Temporal; RT=Right
Temporal; LP=Left Parietal; RP=Right Parietal; LO=Left Occipital; RO=Right Occipital

Regions Emotion Np? Emotion x Link Np? Pair Pairs Comparisons (Mean1SD)
LF F(2,74)=2.85 .07  F(18,666)=2.46* .06
LF-LF PLE (.70 £ .05) < NEU (.71 £ .06)
LF-RC PLE (.41 £.03) > NEU (.40 £ .03)
LF-RT PLE (.36 +.02) > UNP (.36 £ .02)
LF-LO  UNP (.29 +.03) < NEU (.30 + .02)
RF F(2,74)=2.13 .06  F(18,666)=2.59* .07
RF-LC PLE (.41 £ .03) > NEU (.40 £ .03)
RF-RT PLE (.52 +.03) < NEU (.53 £.03)
RF-RP UNP (.37 £.02) < NEU (.38 £.02)
RF-RO UNP (.29 +.02) < NEU (.30 £ .02)
RC F(2,74)=2.57 .07  F(18,666)=2.76* .07
RC-RC  PLE (.74 +.05) < NEU (.74 £ .05)
RC-LT  PLE (.33 +.03) > UNP (.32 £ .03)
RC-RP  UNP (.52 +.03) < NEU (.52 + .04)
LT F(2,74)=1.04 .03  F(18,666)=2.25* .06
RT F(2,74)=2.37 .06  F(18,666)=2.65* .07
RT-LO  PLE (.44 +.02) > NEU (.44 +.03)
LP F(2,74)=.35 .01  F(18,666)=2.60* .07
LP-RP  UNP (.50 +.02) > NEU (.49 +.02)
LP-RO  UNP (.61 +.04) > NEU (.60 + .04)
RP F(2,74)=3.36* .08 F(18,666)=3.18** .07
RP-LO  PLE (.62 +.04) > NEU (.61 +.03)
UNP (.62 +.03) > NEU (.61 +.03)
LO F(2,74)=2.86 .07 F(18,666)=3.49** .09
LO-LC PLE (.39 +.03) < NEU (.40 +.03)
LO-LO  UNP (.82 %.07)> NEU (.81 +.08)
LO-RO  UNP (.81 +.05) > NEU (.80 +.05)
RO F(2,74)=4.53* 11 F(18,666)=2.67* .07 UNP (.52 £.02) > NEU (.51 £.02)
RO-RO  UNP (.83 +£.08) > NEU (.82 £.08)
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Table B. Regional functional connectivity Emotion (3) x Pain (2) x Links (10) repeated
measures ANOVA significant F-Test results with Greenhouse-Geisser correction of edge
weight between EEG electrodes groups in theta frequency band. * p < .05; ** p < .01;
*#%p<.001. LF=Left Frontal; RF=Right Frontal; LC=Left Central; RC=Right Central; LT=Left

O©CoO~NOOITA,WNPER

Temporal; RT=Right Temporal, LP=Left Parietal; RP=Right Parietal; LO=Left Occipital;

RO=Right Occipital

Regions Emotion Np? Emotion x Link Np? Pair Pairs Comparisons (Mean#SD)
LF F(2,74)=13.62*** 27  F(18,666)=2.12* .06 PLE (.49 £ .01) < NEU (.50 £ .02)
UNP (.49 £ .02) < NEU (.50 £ .02)
LF-LF PLE (.78 £.06) < NEU (.79 £ .06)
UNP (.79 £.05) < NEU (.79 £ .06)
LF-RF UNP (.61 £.05) < NEU (.61 £ .05)
LF-LC PLE (.67 £ .05) < NEU (.67 £ .05)
PLE (.67 +.05) < UNP (.67 £ .04)
LF-LT PLE (.59 +.04) < NEU (.60 £ .04)
LF-LO PLE (.33 £.03) < NEU (.33 £.03)
RF F(2,74)=13.60*** 27 F(18,666)=1.15 .03 PLE (.49 +.01) < NEU (.50 .02)
LC F(2,74)=10.46*** 22  F(18,666)=1.57 .04 PLE (.52  .01) < NEU (.52 % .02)
UNP (.52 +.01) < NEU (.52 £.02)
LT F(2,74)=6.34** .15 F(18,666)=1.33 .04 PLE (.53 £.01) < NEU (.53 £.02)
UNP (.53 £.01) < NEU (.53 £.02)

LO F(2,74)=.97 .03  F(18,666)=3.38** .07
LO-LC  UNP (.44 +.03) < NEU (.45 + .03)
LO-RC  PLE (.37 +.03) < NEU (.38 £ .03)
LO-LT  UNP (.55 +.03) < NEU (.55 + .03)
LO-RO  PLE (.86 % .04) > NEU (.85 + .04)

RO F(2,74)=.24 01  F(18,666)=2.18* .06
RO-LC  PLE (.38 +.03) < NEU (.38 +.03)
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Table C. Regional functional connectivity Emotion (3) x Pain (2) x Links (10) repeated
measures ANOVA significant F-Test results with Greenhouse-Geisser correction of edge
weight between EEG electrodes groups in alpha frequency band. * p < .05; ** p < .01;
*#%p<.001. LF=Left Frontal; RF=Right Frontal; LC=Left Central; RC=Right Central;
LT=Left Temporal; RT=Right Temporal; LP=Left Parietal; RP=Right Parietal, LO=Left
Occipital; RO=Right Occipital

Regions
LF

RF

RC
LT

LP
RP

Emotion ne? Emotion x Link ne? Pair Pairs Comparisons (MeanSD)
F(2,74)=1.08 .03  F(18,666)=4.11*** .10

LF-LF PLE (.84 +.05) < NEU (.85 * .05)

UNP (.84 +.04) < NEU (.85 + .05)

LF-RF PLE (.72 £.04) > UNP (.72 £ .04)

UNP (.72 £ .04) < NEU (.73 £ .05)

LF-RP PLE (.56 £.03) > NEU (.55 £ .04)
F(2,74)=3.49* .09 F(18,666)=2.99* .08

RF-RF PLE (.84 +.04) < NEU (.84 +.04)

UNP (.83 +.04) < NEU (.84 + .04)

RF-LP  PLE (.56 +.04) > NEU (.55 + .04)

RF-RP  PLE (.63 +.03) > UNP (.6 3+ .03)

PLE (.63 +.03) > NEU (.62 +.03)

F(2,74)=3.92* .10 F(18,666)=1.07 .03 PLE (.68 +.03) > NEU (.68 £ .03)
F(2,74)=2.17 .06 F(18,666)=2.37* .06

LT-RC PLE (.58 £.03) > NEU (.58 +.03)

UNP (.58 +.03) > NEU (.58 +.03)

F(2,74)=4.50* A1 F(18,666)=1.00 .03 PLE (.71 £ .03) > NEU (.70 £ .03)
F(2,74)=3.23* .08 F(18,666)=1.25 .03
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Table D. Regional functional connectivity Emotion (3) x Pain (2) x Links (10) repeated measures
ANOVA significant F-Test results with Greenhouse-Geisser correction of edge weight between
EEG electrodes groups in Beta frequency band. * p <.05; ** p <.01; ***p<.001. LF=Left Frontal;

O©CoO~NOOITA,WNPER

RF=Right Frontal; LC=Left Central; RC=Right Central; LT=Left Temporal; RT=Right Temporal;
LP=Left Parietal; RP=Right Parietal; LO=Left Occipital; RO=Right Occipital

Regions Emotion ne? Emotion x Link ne? Pair Pairs Comparisons (Mean1SD)

LF F(2,74)=10.01*** 21  F(18,666)=2.33* .06 PLE (.53 £ .02) < NEU (.54 £ .02)

UNP (.53 #.02) < NEU (.54 £ .02)

LF-LF PLE (.65 £ .06) < NEU (.66 * .06)

UNP (.65 £ .06) < NEU (.66 * .06)

LF-RF UNP (.52 £.01) < NEU (.52 £ .01)

LF-LC UNP (.56 £.03) < NEU (.57 £ .04)

LF-RC UNP (.51 £.02) < NEU (.52 +.02)

LF-LT ~ UNP (.53 +.02) < NEU (.53 £.02)

LF-LP  UNP (.49 +.02) < NEU (.50 * .03)

RF F(2,74)=5.01* 12 F(18,666)=1.22 .03 UNP (.53 +.02) < NEU (.54 + .03)

LC F(2,74)=6.65** .15 F(18,666)=.88 .02 PLE (.55 1 .03) < NEU (.56 +.03)
RC F(2,74)=4.03* .10 F(18,666)=.88 .02

LT F(2,74)=4.44* A1 F(18,666)=.98 .03 UNP (.53 £.03) < NEU (.54 £ .03)

LP F(2,74)=6.41** .15 F(18,666)=1.21 .03 PLE (.56 * .03) < NEU (.56 +.03)

UNP (.56 * .03) < NEU (.56 * .03)
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Table E. Regional functional connectivity Emotion (3) x Pain (2) x Links (10) repeated
measures ANOVA significant F-Test results with Greenhouse-Geisser correction of weight
degree between EEG electrodes groups in each frequency band. * p < .05; ** p < .01;
***p<.001. LF=Left Frontal; RF=Right Frontal; LC=Left Central; RC=Right Central;

O©CoO~NOOITA,WNPER

LT=Left Temporal; RT=Right Temporal; LP=Left Parietal; RP=Right Parietal; LO=Left

Occipital; RO=Right Occipital

Frequencies Pair of Pairs Comparisons (MeanSD)

Bands Regions

No Pain RF-LC PLE (.41 % .03) > NEU (.40 + .04)*

RF-RP UNP (.37 +.02) < NEU (.38 + .02)*

LC-RP PLE (.32 +.03) < UNP (.33 +.03)*

LC-LO PLE (.39 +.04) < NEU (.40 + .03)*

- LC-RO PLE (.34 +.04) < NEU (.35 +.03)*

0.5.4 Hy RC-RP UNP (.51 +.03) < NEU (.52 + .04)*

Pain RF-RC PLE (.58 +.06) < UNP (.60 * .06)**

PLE (.58 +.06) < NEU (.60 + .06)*

RF-RT PLE (.52 % .03) < NEU (.53 +.04)*

LC-LF PLE (.58 +.04) < UNP (.59 + .05)*

No Pain RF-LP PLE (.31 % .04) < NEU (.32 +.04)*

RF-LO PLE (.30 +.03) < UNP (.31 +.03)*

PLE (.30 +.03) < NEU (.31 £ .03)**

RC-LP PLE (.35 +.05) < UNP (.36 + .04)*

PLE (.35 £.05) < NEU (.36 +.05)*

Theta RC-LO PLE (.37 +.03) < UNP (.38 + .03)**

4-8 Hz PLE (.37 £.03) < NEU (.38 £ .03)**

Pain RF-RF PLE (.77 +.05) < NEU (.79 +.06)**

UNP (.78 £ .05) < NEU (.79 * .06)*

RF-RC PLE (.67 % .05) < NEU (.68 + .06)*

RF-RT PLE (.59 +.04) < NEU (.60 + .04)**

RC-LT PLE (.36 +.04) > NEU (.36 +.04)*

No Pain RC-RF PLE (.78 +.04) > NEU (.77 +.04)*

Alpha RC-RT PLE (.77 % .05) > NEU (.76 * .05)*

S i3 Pain RC-LC PLE (.64 * .04) > NEU (.63 +.05)*

RC-LT PLE (.58 +.03) > NEU (.58 +.04)*
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Abstract

Objectives

Previous research has found that neurofeedback can induce long-term changes in brain
functional connectivity and peripheral activity. However, the influence of neurofeedback
on the connectivity between different physiological systems is unknown. We analyze the
electroencephalography (EEG) connectivity and EEG-heart rate (HR) connectivity before
and after the neurofeedback training.

Materials and Methods

Seventeen patients with a diagnosis of fibromyalgia were divided in two groups:
sensorimotor rhythm (SMR) training and fake training (SHAM). Training consisted in six
sessions to learn to synchronize and to desynchronize the SMR (12-15 Hz) power at left
sensory-motor related electrodes. Before the first training (Pre-resting state) and sixth
training (Post-resting state), an open-eyes resting state EEG and electrocardiography
were recorded.

Results

The analyses of the task performance revealed that only some participants of the SMR
training group were able to achieve a success rate above 50%. Thus, SMR participants
were divided in: Good SMR responders and Bad SMR responders. Good responders
showed reduced connectivity between central areas with frontal, central, occipital and
heart activity after SMR neurofeedback training. While, SHAM group showed increases
in EEG functional connectivity and bad SMR responders showed both decreases and
increases. The physiological changes of Good SMR responders were related with a
decrease of pain in these patients.

Conclusions

Neurofeedback training led to changes in the network physiology connectivity between
Central Nervous System and Cardiac System. Our results are modest, but they seem to
indicate that neurofeedback training is a promising tool for a better understanding of the
interactions between the different systems of the organism.



INTRODUCTION

Brain is a complex network of dynamic connections between local and distant brain
areas’. Interregional neural communication is thought to be accompanied by a
synchronization of oscillations between different brain regions?. This synchronization can
be analyzed by mean of functional connectivity, which is a measure of the statistical
dependency between activity in different brain regions. In recent years, investigations in
the field of functional connectivity have been extended from brain regional relations to
integration with peripheral systems®*. This approach proposes the analysis of the
interactions between different physiological signals (for example: electromyography,
electrocardiography (EKG), electroencephalography (EEG), electrodermal activity...) as
a biomarker of neuropathological and mental states®®7. The underlying rationale is that
the organisms consist of an integrated network, where multi-component systems
continuously interact through various feedback mechanisms to optimize its function?. In
this line, it has been demonstrated that central functional connectivity is related with
cardiovascular homeostasis at rest®''. However, to our knowledge, there are no studies
about the synergistic effects from manage a node from of physiological systems over

other physiological systems.

Neurofeedback (NFB) is a non-invasive technique which allows to learn to self-
regulate brain activity by showing visual or acoustic information about certain parameters
of cortical activity'®'4. An increasing number of studies have demonstrated that
neurofeedback is a potential non-pharmacological treatment for the management of

several neuropathological conditions, such as chronic pain diseases'2°. Many studies



have shown both structural?® and functional®> changes in brain networks after
neurofeedback training?*-2¢. Moreover, the influence of neurofeeback training is not
limited to neural activations related to the single trained channel, but changes the
functional connectivity involving other brain areas, extending throughout the brain?’. For
example, it has been found that neurofeedback training in sensorimotor rhythm (SMR,
12—-15 Hz) in C3 and C4 decrease functional connectivity between frontal and temporal
electrodes?®. Similarly, neurofeedback training in somatosensory areas in fibromyalgia
patients showed an increase in functional magnetic resonance imaging (fMRI)
connectivity between somatosensory and motor-related areas in resting state associated

with reduction of subjective pain?®.

If we consider that the human body has a complex interconnected network
physiology, acting on one of these individual systems should lead to changes in the
dynamics of other physiological systems and reorganize the physiologic network
characteristics. Thus, heart rate variability (HRV) has been related with cerebral blood
flow in medial prefrontal cortex and amygdala3®3' and SMR neurofeedback training with
increased HRV and decreased HR3?33. However, these studies consider that central
nervous system and cardiac system are two independent systems that correlate but they
are not considerate as two nodes interconnected which belongs to the same network.
The goal of the present study was to analyse changes in EEG and heart activity functional
connectivity in response to SMR neurofeedback training in fibromyalgia patients. We also
analysed the relation between EEG and EKG activity considering them as nodes of the

same network, before and after the neurofeedback training.

MATERIALS AND METHODS



Participants

Clinical and others physiological variables of the present study were previously
published by our group?®. Seventeen right-handed female patients (aged 54.94 + 10.11)
with a diagnosis of fibromyalgia were recruited from the Asociacion Granadina de
Fibromialgia (AGRAFIM) in Granada (Spain). The diagnosis of fibromyalgia was
confirmed following the American Rheumatology College Criteria34. Exclusion criteria
were: fibromyalgia diagnosis of less than 1 year, pregnancy, vision or auditory deficits,
and neurological or psychiatric diseases (except depression). Thirteen of the seventeen
fibromyalgia patients had a diagnosed and medicated disorders were accepted in the
study. During the experiment, participants were asked to avoid the use of any other non-
pharmacology therapy. The study was conducted in accordance with the Declaration of
Helsinki (1991) and approved by the Ethics Committee of the Balearic Islands (Spain).
Written informed consents were obtained from the participants after the experimental

procedure explanation.
Procedure

The patients were sequentially assigned to either a SMR neurofeedback training
(SMR, n = 9) or a control group that received false feedback during the training (SHAM,
n = 8). All participants underwent a medical and psychological interview, including
assessment of mood state (depression, anxiety) and level of pain experienced.
Neurofeedback training program consisted in 6 session divided in 3 sessions per week
during 2 weeks. Before the first training session (Pre-resting state) and to the start of the
sixth training session (Post-resting state), an open-eyes resting state EEG and EKG were

recorded during 7 minutes.



The EEG neurofeedback task is described in detail elsewhere?®. Briefly, the goal
of the task was to move a ball and impact in a target localized in the right or in the left of
computer screen using the Cursor Task module of BCI2000 platform?>. The participants
learned to synchronize (by increasing power amplitude) and to desynchronize (by
decreasing power amplitude) the SMR at sensory-motor related electrodes (C3, CP1, and
CP5) to move the ball to target. The number of trials in which the ball hit the target
(percentage of hits) was collected as task performance index. The greater the power
variation, the greater the performance index was. In the first and the sixth training session
both SMR and SHAM groups received real feedback on their performance. In the
remaining four training sessions, only the SMR group received real feedback on the SMR
power variations, while the SHAM group received random feedback. For the latter, the

movement of the ball was manipulated to reach the target only in 50% of the trials.

First and sixth training session consisted in a SMR training of 100 trials (50 trials
with the target displayed on each side of the screen) presented in random order with an
interval between the 15s trials; both SMR and SHAM groups received real feedback on
their performance. The remaining four training sessions consisted of four runs with 20
trials (10 trials with the target displayed on each side of the screen) presented in random
order within each run and with an interval between trials of 6s. In these neurofeedback
training sessions, only the SMR group received real feedback on the SMR power
variations, while the SHAM group received random feedback. For the latter, the
movement of the ball was manipulated to reach the target only in 50% of the trials (25%

right, 25% left).

Physiological Data Acquisition and Preprocessing



In this paper, functional connectivity results will be presented only. The EEG during
neurofeedback and others variables were presented in a previous paper?®. Physiological
signals during resting state were continuously acquired using Ag/AgCl electrodes with a
64-ch QuickAmp amplifier (Brain Products GmbH, Munich, Germany). EEG electrodes
were mounted according to the 10/20 montage system and their impedance was
maintained at <10 kOhm and sampling rate was of 1000 Hz. The EKG was recorded with
one electrode located on left side of back (near to the heart). Both physiological signals
were online-referenced to AFz electrode. EEG preprocessing analysis was performed
with the EEGLAB toolbox for MATLAB®. The recordings were filtered offline with the 0.1-
Hz high pass filter, 70-Hz low pass filter. All channels were offline-referenced to the
average of the electrodes. EEG waveforms were segmented in epochs of 2 s duration
(obtained a total of 210 epochs) for analyses. Nine from sixty-three EEG channels (FPz,
AF7,AF8, FT9, FT10, F5, F6, TP7 and TP8) were removed by artifacts (£70 pV amplitude
criterion and visual inspection). After artifact rejection was applied, the largest recording
had 210 epochs, and the shortest recording had 180 epochs. The mean number of
epochs rejected was 12.76, and the standard deviation was 10.92. To equalize the
number of epochs between participants, we selected the first 180 epochs after rejection

in all recordings.

EKG signal was filtered offline with the 5-Hz high pass filter, 45-Hz low pass filter.
R-R intervals were extracted from EKG filtered using the ECGLAB toolbox for MATLAB®’.
Then, the Kardia software3® was used to obtain the weighted average of the HR every 2

s, obtained a total of 210 HR values.

Functional connectivity Central-EEG



Functional connectivity analysis was conducted with a MATLAB self-programmed
script. Firstly, the power spectral density of EEG signals was estimated with Welch’s
averaged periodogram method using a Hamming window that has 500-point Fast Fourier
transformation and without overlapping. Then coherence was calculated as the functional
connectivity index in SMR. This index measures the linear correlation between two EEG
signals, x(t) and y(t), as a function of the frequency, f. Thus, coherence is the ratio of the
crosspower spectral density, Sxy(f), between both signals and their individual power
spectral densities, Sxx(f) and Syy(f):

Sy (f)
Sax (F)Syy (f)

ny (f) =

To reject spurious correlations between cortical sources, the imaginary part of
coherence (iCOH) was calculated in each EEG epoch between central electrodes (Fc5,
Fc3, Fc1, Fe2, Fc4, Fcb, C5, C3, C1, Cz, C2, C4, C6, Cp5, Cp3, Cp1, Cpz, Cp2, Cp4,
Cp6) and the rest of EEG electrodes. The mean of iCOH across the time was obtained
for each link of the Central-EEG network. We decide to use both right and left
hemispheres electrodes in central areas because low spatial resolution of EEG and the
fact that the use neurofeedback training over C3, CP1 and CP5 electrodes shows

contralateral desynchronization and ipsilateral synchronization over central areas
Functional connectivity Central-Heart

This analysis was conducted with a self-programmed MATLAB script. The SMR
power was calculated in each EEG epoch as the sum of power spectral densities between
12 and 15 Hz in central electrodes. Length of HR time series was equalized to SMR power

time series eliminated the epochs rejected during EEG preprocessing. Both time series
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were z transformed to improve normality and stabilize the variance. Finally, Pearson

correlations were done between HR and SMR power of central electrodes.

Statistical Analysis

After the initial statistical analyses, we observed that participants in the SMR group
as a whole could not achieve an average performance above the random level. Therefore,
we decided to subdivide the SMR group in good responders (who achieved a mean
performance level above 50% of success during all the sessions) and bad responders
(who achieved a mean performance level under 50% of success during all the sessions).
Thus, the study was finally conducted with three groups: Good SMR-responders (n = 4)
with 67.76% £ 15.97 of successful trials (mean of the six sessions), Bad SMR-responders
(n = 5) with 48.31% £ 7.26 of successful trials and SHAM group (n = 8). The task
performance (percentage of success) for each group through the six sessions are shown

in Figure 1.

INSERT FIGURE 1

Statistical analyses were carried out using IBM SPSS Statistics v.23. For repeated
measures analyses, normal distributions of the used variables were tested and
Greenhouse—Geisser epsilon corrections were applied to control for violation of the
sphericity assumption. When significant effects were found, post hoc analyses were
performed using Bonferroni correction. Physiological and network measures consisted in
3 x 2 repeated measures analysis of variance (ANOVA) with Group (SHAM, Good SMR-
responders and Bad SMR-responders) as between subject factor and Resting State

Session (Pre-resting state and Post-resting state) as within subject factor.



RESULTS

Functional connectivity Central-EEG

A 3 x 2 repeated measures ANOVA on iCOH was realized for each link between
central electrodes and the rest of EEG electrodes. For clarity, only significant results
related with group by season will be report while main effects of, Resting State Session
or Group will be not reported. Table 1 displays the Fs and partial etas of Group x Resting

State Session interactions in Central-EEG and Central-heart connectivity.

Bonferroni post hoc tests between groups, revealed that Good SMR-responders
presented higher iCOH on 5 links (Fc2Fp1, Fc4P4, Fc2F7, Fc1Fz and Fc2Fz) compared
with SHAM group in Pre-resting state session. In Post-resting state session, Good SMR-
responders had lower iCOH on Fc1F8 link compared with Bad SMR-responders. Bad
SMR-responders presented higher iCOH on 8 links (CzFp1, C1F3, Fc1F8, C1Fz, CzF1,
CzAF4, CpzF1 and C1AF3) and lower iCOH on 2 links (Fc5F2 and Fc5AF3) compared

with SHAM group in Post-resting state session.

Post hoc analysis of the interaction comparing Pre and Post resting state session
on each group yielded significant differences in 42 links in Good SMR-responders, 30
links in Bad SMR-responders and only 11 links SHAM group (Figure 2). In summary,
Good SMR-responders decreased iCOH on central-frontal, central-central, central-
parietal and central-occipital links in Post-resting state session. Bad SMR-responders
presented a random patron of increases and decreases between central, frontal and
occipital links in Post-resting state session. Finally, SHAM group mainly increased iCOH

on some central-frontal, central-central, central-parietal and central-occipital links in Post-
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resting state session. Thus, neurofeedback training changed resting EEG functional
connectivity more than SHAH training condition and good performance in SMR-

modulation was related with a decrease of iCOH after the training.

INSERT TABLE 1

INSERT FIGURE 2

Functional connectivity Central-Heart

The functional connectivity between SMR power in central electrodes and heart
activity reached significant Group x Resting State Session interactions in Fc5, Fc4, C6
and Cp6 electrodes (Table 1). Bonferroni post hoc tests yielded that Good SMR-
responders decreased their connectivity in FC5HR, Fc4HR and C6HR links in Post-resting
state session (Figure 3). However, Bad SMR-responders increased their connectivity on
Cp6HR in Post-Resting State Session. SHAM group showed no significant differences in

functional connectivity between central electrodes and heart activity.

INSERT FIGURE 3

Bonferroni post hoc tests between groups, showed that Good SMR-responders
presented higher Central-HR connectivity of SMR power on FcSHR and Cp6HR
compared with Bad SMR-responders in Pre-resting state session. Moreover, Good SMR-
responders showed higher HR-SMR power connectivity on Fc5HR compared with SHAM
group. No significant differences between groups in Pre-resting state session in Fc4HR

and C6HR, nor differences between groups in Post-resting state session were found.

DISCUSSION
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The aim of the present study was to examine changes on network physiology after
a SMR neurofeedback training. A sample of fiboromyalgia patients were enrolled in a
neurofeedback training based in synchronization and desynchronization of SMR (12-15
Hz) over central areas. Participants were randomly assigned to a SMR training group or
to a SHAM group. The analyses of the task performance during the six sessions revealed
that only some participants of the SMR training group were able to achieve a success
rate above 50%. Thus, SMR participants were divided into those who performed the task
above the chance level (Good SMR responders), and those who performed the task at
the chance level (Bad SMR responders). Good responders showed reduced connectivity
between central areas with frontal, central, occipital and heart activity after SMR
neurofeedback training. However, SHAM group showed increases in EEG functional
connectivity while bad SMR responders showed both decreases and increases. In
relation to connectivity between Central SMR activity and heart activity, Good SMR
responders decreased their connectivity in FC5HR, Fc4HR and C6HR links after
neurofeedback training, while Bad SMR-responders increased functional connectivity on
Cp6HR in after neurofeedback training. Results showed that SMR neurofeedback training
reduced functional connectivity between central electrodes (situated over motor and
sensory areas), EEG and heart activity electrodes. Moreover, functional connectivity
changes remained stable during the resting-state evaluation. Our findings provide new
evidence that neurofeedback can induce long-term changes on brain functional
connectivity and that acting on one of these individual systems can lead to changes in the

dynamics of other physiological systems?4-26,
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Good SMR-responders were able to successfully synchronize and desynchronize
SMR through the sessions. The neural correlate of this successful training was a
decrease of functional connectivity of central with frontal, parietal, occipital and with itself
nodes in SMR when comparing Pre and Post resting state sessions. On the other hand,
bad SMR-responders showed an unclear pattern of increases and decreases in EEG
functional connectivity of central with frontal and occipital nodes and with itself in SMR
when comparing Pre and Post resting state sessions. In contrast, SHAM group showed
an increased functional connectivity of central with frontal, parietal and occipital nodes
comparing Pre and Post resting state sessions, though these changes only affected
eleven links. It is well known that chronic pain patients show overactivation in frequency
ranges between 12 to 15 hz over central areas in resting state3®*2 as well as
strengthened connectivity of somatosensory regions with brain regions involved in pain
processing*3°. Moreover, previous studies suggest that SMR neurofeedback training
reduce the coherence of central electrodes with other EEG areas*6#’. Thus, such as was
reported in Terrasa et al., (2020), our results seem to indicate that a decrease of SMR
connectivity with the rest of the electrodes could be related with neurofeedback training
effectiveness in pain relief!>1848.49 Moreover, neurofeedback SMR training and pain relief
could be related with the learning of an EEG pattern characterized by reduced
connectivity between central areas and areas related with pain processing, while that
EEG pattern characterized by random connectivity could reflect neurofeedback training

learning difficulties.

As far as we know, there are no previous studies testing how neurofeedback

training could modulate the connectivity between central and peripheral systems,
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considering heart activity another node more. It is well known that heart rate has an effect
on EEG activity®'*°. For example, Prinsloo et al. (2011)>! observed that HRV biofeedback
training induces higher theta/beta ratios in the frontal, central and parietal areas. Similarly,
neurofeedback training of HRV increases levels of SMR in central localizations, and SMR
neurofeedback training produces decrease of HR3%33. Thompson and Thompson (2009)
support the existing of neural synergy between physiological systems, which propose that
neurofeedback done at Cz it will affect not just activity at central region but whole
physiological networks (in both central and automatic neural systems). The current study
is the first to show that neurofeedback in central areas could induce long-term changes
on connectivity, not only at functional connectivity of EEG but also at heart activity. Good
SMR-responders decreased the connectivity between three central electrodes (Fc5, Fc4
and C6) and HR after training; while Bad SMR-responders increased the connectivity
between Cp6 electrode and HR. Some studies indicate that there is a close integration of
brain areas related with pain processing and neuronal network involved in cardiovascular
regulation®?-%. Moreover, a recent study evidenced that altered primary somatosensory
cortex connectivity of fibromyalgia patients are related with heart activity®’. Investigation
of the somatic aspects of chronic pain patients have demonstrated that the autonomic
state of fibromyalgia patients is characterized by increased sympathetic and decreased
parasympathetic tone at resting state5-6° with concurrent higher heart activity than heathy
voluntaries. Our result showed that after a neurofeedback training, the functional
connectivity between central localization and heart rate was diminish in Good SMR
responders. Nevertheless, the connectivity changes on Fc5HR and Cp6HR should be

taken with caution because theses links presented differences between groups in the Pre
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resting state session. Thus, physiological network could be shaped by experience driven
modulation of SMR neurofeedback and training could cause long-term changes between

physiological systems.

The design of the current study presents two shortcomings and, therefore, its
findings should be taken with caution. First and most important, the sample size was small
(the statistical power was 50.98% considering f = .25, a error = .05 and correlation of
repeated measures = .4) and this makes the findings only preliminary. Second, the fact
that all participants took regular medication during neurofeedback training could have
biased the results, so their possible effects on the connectivity changes observed in this

study should be further explored.

In summary, the present study revealed that neurofeedback training based on the
synchronization and the desynchronization of the SMR led to changes in the network
physiology connectivity between Central Nervous System and Cardiac System. Our
results are modest, but they seem to indicate that neurofeedback training is a promising
tool for a better understanding of the interactions between the different systems of the

organism, allowing to act in physiological network.
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Figures & Tables

Table 1. Significant F-Test results and partial etas of 3 x 2 repeated measures
ANOVAs for each node of Network Physiology.
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Fc2Po8 | F(2,14)=4.47* | n,*=.39| Cp2Po3 | F(2,14)=3.78* |n,*=.35
Fc5F2 | F(2,14)=3.80* [ n,?=.35| Fc5AF3 | F(2,14)=4.82* |[n,?=.41
Fc5HR | F(2,14)=4.10* [ n,?=.37| Cp5AF3 | F(2,14)=8.10"* | n,?=.54
Cp5Cp4 | F(2,14)=4.09* [ n,>=.37| Cp5Po4 | F(2,14)=4.20* |n,*=.38
Cp6Po3 | F(2,14)=4.59* | n,=40| CpbPo4 | F(2,14)=4.40* [n,?=.39
Cp6Ft7 | F(2,14)=3.75* [n,=.35| CpbHR |F(2,14)=4.50* | n,?=.39
F1Fc3 | F(2,14)=6.11* [ n,?=47 F1C5 F(2,14)=5.69" | n,?=.45
FiCpz | F(2,14)=4.74* | n,*=.40 F2C5 F(2,14)=3.94* [ n,?=.36
C1AF3 | F(2,14)=5.96* |n,=46| C2AF3 | F(2,14)=4.54* [n,?=.39
P1C5 F(2,14)=4.91" [ n,>=41| AF3Fc3 | F(2,14)=6.24* | n, =47
AF4Fc3 | F(2,14)=3.86* | n,>=.36| AF4C5 |F(2,14)=5.10* [n,?=.42
Fc3Po8 | F(2,14)=4.79* |n,=41| Fc4HR |F(2,14)=4.13* [n,?=.37
Cp3C5 | F(2,14)=5.08* | n,=42| Cp4Po3 |F(2,14)=6.78" |n,?=.49
Po3C6 | F(2,14)=9** ne?=56 | C6HR | F(2,14)=4.73* [ n,?=.40
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Figure 2. Means of differences and standard errors of significant differences (p < .05)

between Post and Pre SMR resting state sessions in Central-EEG links. The symbols
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DISCUSION GENERAL

El objetivo de esta tesis fue estudiar la conectividad funcional cerebral y de la
actividad periférica relacionada con la modulacion del dolor. Es bien conocido, que el
dolor afecta tanto a la actividad central como periférica, y que afecta a areas cerebrales
relacionadas con el control de las respuestas autondémicas. Sin embargo, el abordaje
integral de ambos sistemas como pertenecientes a una network physiology, ha sido
escasamente abordado con anterioridad. Por ello, se comenzé explorando la relacion
entre la flexibilidad cognitiva, la actividad periférica y la conectividad funcional central en
un grupo de voluntarios sanos. En primer lugar, los participantes realizaron el Test de
Cambios (Seisdedos, 2004), que evalua la capacidad de concentracién mientras se
atiende a varias condiciones cambiantes. A continuacion, se registraba la actividad
cardiaca y cerebral en estado de reposo. Se calculé el nimero de aciertos y errores de
la tarea cognitiva, la HRV vy la variabilidad de la conectividad funcional del EEG (en las
bandas delta, theta, alfa y beta). Los analisis senalaron que el rendimiento en la tarea
estaba correlacionado tanto con la HRV, como con la variabilidad de la conectividad
cerebral en todas las frecuencias. Sin embargo, se observé que el principal predictor de
la flexibilidad cognitiva fue la variabilidad de la conectividad del EEG. Es mas, la relacion
entre HRV Yy flexibilidad cognitiva estaba mediada por la variabilidad de la conectividad
funcional del EEG.

Nuestros resultados apuntan a que existe una integracion central-autonémica, que
actua de manera sincronizada y que se relaciona con procesos mentales, Ademas, en el
caso del estudio de la flexibilidad cognitiva, los resultados apuntan a que la conectividad
cerebral es mejor predictora de la flexibilidad cognitiva que la HRV. Esto nos lleva a
pensar que, la relacion que se encuentra entre el aumento de la HRV y mayor flexibilidad
cognitiva (Thayer & Lane, 2009) es indirecta y que es la variabilidad de la conectividad
cerebral la que media entre la HRV vy la flexibilidad cognitiva. Asi, para la comprensién

de los procesos psicologicos desde una perspectiva fisioldgica, resulta necesario el
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estudio de la actividad fisiolégica central y periférica como una red integrada de sistemas

que interactuan y se regulan para alcanzar un obijetivo.

A partir de la metodologia propuesta en el estudio primero, nos propusimos
estudiar la relacion entre el dolor y la respuesta afectiva. Para ello, estudiamos los
cambios que produce el dolor ténico en los patrones de respuestas autondémicas y
conectividad funcional del EEG ante diferentes estimulos afectivos. Un conjunto de
voluntarios sanos visualizé tres bloques de imagenes afectivas dos veces (agradables,
desagradables y neutras). En paralelo, se aplicé un estimulo doloroso térmico en uno de
los bloques de cada categoria afectiva. Durante la tarea experimental se registré de
manera continua la conductancia eléctrica de la piel, la tasa cardiaca y la conectividad
funcional del EEG (bandas delta, theta, alfa y beta). Los resultados mostraron que el
dolor altero el patrén de respuesta fisioldgica tipico producido por las imagenes afectivas,
aumentando los niveles de conductancia en imagenes neutras y acelerando la tasa
cardiaca en imagenes agradables y desagradables. En cuanto a la conectividad funcional
de EEG, se observa que el dolor provocé cambios en la conectividad funcional del
hemisferio derecho, durante la visualizacién de imagenes agradables y desagradables
comparadas con las neutrales. En el analisis de la conectividad por regiones y bandas
de frecuencia, se encontré que el dolor aumentd principalmente la conectividad de las
regiones frontal y central en las bandas delta y theta, cuando se estaban visualizando
imagenes agradables y desagradables. Por otro lado, el dolor disminuyé la conectividad
de la region frontal en la banda alfa, cuando se estaban visualizando imagenes
agradables. Respecto a los cambios de conectividad que el dolor provocd durante la
visualizacion de imagenes neutras, tan so6lo se observa un aumento la conectividad entre

la region central derecha y la region frontal derecha en las bandas theta y alfa.

Sabiendo que las imagenes agradables y desagradables empleadas fueron
seleccionadas por su relevancia motivacional, se puede concluir que el dolor ténico se
volvid un estimulo lo suficientemente relevante como para captar los recursos
atencionales dedicados al procesamiento de las imagenes. En consonancia con otros
estudios (Van Damme et al., 2010), cuando el dolor ocurre durante la consecucién de un

objetivo (en nuestro caso era visualizar las imagenes), es capaz de capturar la atencién
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impidiendo el procesamiento de la tarea principal. Asi, nuestros resultados parecen
indicar que los problemas emocionales y de alexitimia que se observan en pacientes con
dolor crénico (Roselld, et al., 2011), son consecuencia de la intensidad y persistencia del
propio dolor, que impide el procesamiento atencional de otros estimulos afectivos. Esto
conlleva como consecuencia que, para modular el dolor, es necesario contar con
estimulos lo suficientemente interesantes para captar los recursos atencionales e impedir
el procesamiento del dolor. Asi, estimulos emocionales complejos, ricos a nivel estimular
y que impliquen diferentes modalidades sensoriales serian potentes moduladores del

dolor.

Finalmente, en el estudio tercero, comprobamos los cambios en la conectividad
central-periférica (network physiology) mediante un entrenamiento neurofedback y su
relacion con la modulacion del dolor. Un grupo de pacientes con fibromialgia realizé un
programa de entrenamiento de neuromodulacién del ritmo sensorimotor (SMR), mientras
que otro grupo de pacientes realizd un entrenamiento falso (SHAM). Antes y después
del entrenamiento, se registrd la tasa cardiaca y la actividad cerebral durante un periodo
de reposo de 7 minutos. Se estudio los cambios en la tasa cardiaca y la conectividad
funcional del EEG en la banda de frecuencia 12_15 Hz (componente imaginario de la
coherencia espectral SMR). Tras el analisis inicial de los resultados de la ejecucién en la
tarea, el grupo de entrenamiento SMR fue subdividido en dos grupos: aquellas
participantes cuyos numeros de aciertos alcanzaban niveles esperados (alrededor del
75%; buenas SMR-respondedoras), y las que no alcanzaron los niveles esperados
(malas SMR-respondedoras). El analisis de las diferencias de conectividad funcional
entre el Pretratamiento y el Postratamiento en cada grupo, revel6 que las buenas SMR-
respondedoras experimentaron una reduccion de la conectividad entre la region central
del EEG con el resto de regiones del cerebro y entre la regidén central y la tasa cardiaca
tras el entrenamiento. El patrén de cambios de conectividad de las malas SMR-
respondedoras no fue claro, observandose tanto reducciones como aumentos en la
conectividad region central-cerebro y region central-tasa cardiaca. El grupo SHAM, sin
embargo, mostréo aumentos de la conectividad EEG en un reducido grupo de enlaces y

no mostré ningun cambio en la conectividad EEG-tasa cardiaca.

109



En lineas generales, el estudio demuestra que el entrenamiento SMR provoca
cambios a largo plazo en la conectividad EEG y, de manera novedosa, encuentra que
también cambia la conectividad entre el EEG y la actividad cardiaca. Conviene sefalar,
que estos resultados son modestos y hay que tomarlos con precaucién, porque se
observan algunas diferencias entre los grupos en el Pretratamiento y el tamafo de la
muestra fue pequefo. Pese a ello, los cambios de la conectividad del EEG en la banda
SMR van en la linea de lo esperado en el grupo de buenas SMR-respondedoras (Kober
et al., 2015; Reicherts et al., 2016), observando reducciones en los autoinformes de dolor
(Terrasa et al., 2020). Nuestros resultados aunque modestos, vuelven a sostener la
necesidad del estudio integral desde un punto de vista fisiolégico. Mas aun, demuestran
las relaciones existentes entre los diferentes sistemas fisiolégicos y cdémo es posible

modificar la relacion entre ellos mediante el aprendizaje de la autorregulacion cerebral.
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CONCLUSIONES

a) La actividad cardiaca y cerebral se relacionan entre si en estado de reposo.

b) La sincronizacién entre la actividad cardiaca y la actividad cerebral influye sobre

el rendimiento cognitivo y la modulacién del dolor.

c) La relacion entre variabilidad de la tasa cardiaca y rendimiento cognitivo esta

mediada por la variabilidad de la conectividad funcional del EEG.

d) El dolor afecta a los patrones de activacion autonémica tipicos provocados por

los estimulos afectivos.

e) El dolor afecta a la conectividad funcional del EEG asociada con la atencién

hacia los estimulos afectivos.

f) El dolor produce cambios fisioldgicos asociados con una captura de la atencion
por parte del estimulo doloroso y con una reduccidén de la atencién hacia estimulos

afectivos.
g) La relacion entre dolor y emocion es a través de los mecanismos atencionales.
h) El neurofeedback es capaz de alterar la conectividad de la network physiology.

i) La reduccion de la conectividad SMR de los electrodos centrales con otros
sistemas de la network physiology ayuda a reducir el dolor de pacientes con dolor

cronico.

j) El estudio de la network physiology es importante para tener una mejor

compresion y menos sesgos en el estudio del dolor.
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MENCION INTERNACIONAL/INTERNATIONAL PhD

AFFECTIVE MODULATION OF BRAIN ACTIVITY TO RELIEVE PAIN:
EEG FUNCTIONAL CONNECTIVITY STUDY

Abstract

In Spain the prevalence of chronic pain is 16.6% (Duefas et al., 2015).
Approximately 50% of patients report limitations in their daily life, 30% feelings of sadness
and / or anxiety, and 47.2% pain affects their family life. Pathologies related to chronic
pain represent one of the highest economic costs for health systems in developed world.
The Pain Treatment Unit issued a report in 2011 through the Ministry of Health, Social
Policy and Equality of Spain where pain is considered a multidimensional problem and it
is specified that the treatment of pain must be multidisciplinary. Moreover, it is proposed
that intervention programs should be comprehensive and treat the different dimensions

of pain.

Physiological studies have been important in understanding pain and in developing
more effective treatments. Painful stimuli cause changes in the synchronization between
brain regions and an increase in sympathetic activity. Patients with chronic pain show in
resting state: abnormal sympathetic activity, altered functional brain connectivity
(between sensory, attentional and affective areas), and sensitization of the central
nervous system towards nociceptive stimuli. These changes are related to difficulties in
the processing of affective stimuli and the existence of comorbid disorders with chronic
pain, such as depression and anxiety. Furthermore, studies that attempt to study the
influence of pain on affective processing show that pain inhibits it. Thus, patients with
chronic pain present alterations in the processing of affective stimuli, which could be
related to an attentional bias towards pain and a reduction in attention to affective stimuli.
The model of motivational account of attention to pain (Van Damme et al., 2010),
proposes that pain is a powerful motivator that captures cognitive resources competing

with other relevant stimuli for attention. Thus, it is observed that, in cognitive tasks,
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patients with chronic pain show worse performance than healthy volunteers. However,
there is no research that studies how these attentional deficits can affect to the attentional

resources to process affective stimuli.

As a result of findings about the physiology of pain, biofeedback treatments have
been developed, whose objective is that patients learn to modulate their physiological
activity and reduce their pain. The neurofeedback for the treatment of chronic pain shows
potential benefits in reducing pain and improving mood. Among the different features of
the electroencephalography (EEG) signal that can be trained, the modulation of the
spectral density of the sensorimotor rhythm (SMR) is one of those that are being largest
used in the treatment of chronic pain syndromes. Recently, some studies found that SMR
training produces changes in functional brain connectivity and these are related with a
reduction of pain in chronic patients (Caro & Winter, 2011; Kayiran et al., 2010). However,
it is unknown whether neurofeedback training can reverse the autonomic alterations that

chronic pain patients also present.

The main objective of this thesis is to study brain functional connectivity and
peripheral activity related to pain modulation. Functional connectivity is a type of measure
that reflects the statistical dependence that exists between two sources of physiological
activity without there is physical connection necessarily. The connectivity between two
brain regions reflects the integration of the information of each region for the processing
of a cognitive task or an emotional state. In addition, these measures offer the possibility
of studying the synchronization between brain regions, peripheral responses and
psychological variables. The research of the relationship between central and peripheral
variables has given rise to new research topics, such the Neurovisceral Integration Model
and the network physiology (Thayer & Lane, 2009; Ivanov & Bartsch, 2013), which focus
on the study of the interaction between the central nervous system and the autonomic
nervous system. Despite the growing interest in the holistic study of physiology, there are
scarce studies that explore the relationship between functional connectivity, peripheral

physiology, and affective modulation in patients with chronic pain.
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The current document is divided into three studies presented in article format. In
the first paper, the objective was to test the analysis methods of EEG functional
connectivity and the relationship between EEG connectivity, peripheral activity and
psychological variables. Specifically, it was studied the relationship between heart rate
variability (HRV), functional connectivity variability, and cognitive flexibility. Previous
literature seems to indicate that there is a positive relationship between HRV in resting
state and cognitive flexibility (Gillie & Thayer, 2014). However, the relationship of these
two variables with the variability of brain functional connectivity in resting state is unknown
(Liu et al., 2018). The experimental task was based on performing the "Test de Cambios"
(Seisdedos, 2004) and then recording the heart rate and brain activity in resting state.
HRV and the variability of EEG functional connectivity were related to cognitive flexibility
and to each other. Multiple linear regression analyzes revealed that the main predictor of
cognitive flexibility was the variability of EEG connectivity and not HRV, as proposed by
the Neurovisceral Integration Model (Thayer & Lane, 2009). Furthermore, the partial
correlation analysis revealed that the relationship between HRV and cognitive flexibility
was mediated by the variability of the EEG functional connectivity. In conclusion, the study
of mental processes based only on central or peripheral physiological activity can lead to

a partial and biased view of the phenomenon to be studied.

In the second study, the effect of tonic pain on the processing of affective stimuli
was investigated, through the analysis of peripheral responses and functional brain
connectivity. The experimental task was based on the viewing of affective images
(pleasant, neutral and unpleasant) with and without pain while the skin conductance
response (SCR), heart rate and brain electrical activity was recording. The results
indicated that the pattern of response to affective images in the non-pain condition was
as expected, an increase in conductance and cardiac deceleration in pleasant and
unpleasant images, compared with neutral images. However, when these images were
presented join with pain, the physiological pattern changed, with no difference being
found between the three types of images. On the other hand, the pattern of brain
functional connectivity changed between pain and non-pain conditions, an increase in

connectivity between brain regions related to attentional processing was found. These
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results seem to indicate that pain reduces attention to other stimuli, pointing to an
attentional bias towards pain that could explain the difficulties in processing affective

stimuli present in patients with chronic pain.

The objective of the third study was to verify the efficacy of neurofeedback training
to modulate EEG functional connectivity and EEG-Heart Rate connectivity in patients with
chronic pain. A group of fibromyalgia patients underwent a neurofeedback training for
learn to modulate the sensorimotor rhythm (SMR) of the brain in central and left central-
parietal regions. Another group of patients received fake training. After the analysis of
neurofeedback performance, the group of patients was divided into two groups: those
who had learned to modulate their brain activity and those who had a bad performance.
Analysis of pain ratings during training revealed that those patients who were successful
in their training reduced their pain. Likewise, the group that was successful in their training
reduced the functional connectivity of the central electrodes with the rest of EEG and with
Heart Rate. Despite the limitations of the study, the findings seem to indicate that
neurofeedback, in addition to affecting brain networks, also affects the brain's networks
with the rest of the body.
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Conclusions

a) Cardiac and brain activity are synchronized in resting state.

b) Synchronization between heart and brain activities are related with pain modulation

and cognitive performance.

c) The relationship between HRV and cognitive performance is mediated by the variability

of EEG functional connectivity.
d) Pain affects typical autonomic patterns elicited by affective stimuli.
e) Pain affects EEG functional connectivity associated with attention to affective stimuli.

f) Pain produces physiological changes associated with a catch of attention by the painful

stimulus and with a decrease of attention to affective stimuli.
g) The relationship between pain and emotion is through attentional mechanisms.
h) Neurofeedback training can change network physiology connectivity.

i) Reducing the SMR connectivity of the central electrodes with other network physiology
systems reduce pain in chronic pain patients.

j) The study of network physiology is important to improve the understanding of pain and
reduce bias in the study of pain.
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