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RESUMEN 

La toma de decisiones es un proceso complejo sustentado por múltiples redes cerebrales 

encargadas de valorar las alternativas de acción, controlar la conducta y evaluar los 

resultados para aprender de la experiencia. Los modelos neurobiológicos de toma de 

decisiones establecen que el sistema socioemocional o de recompensa cerebral 

desempeña un papel fundamental en la asignación de valor a las diferentes opciones de 

conducta. Durante este proceso, se valoran los posibles resultados en función de los 

beneficios y los costes esperados, de la incertidumbre asociada a la decisión y del tiempo 

transcurrido entre la acción y las consecuencias. Es por esto, y dado su carácter subjetivo, 

que ciertos factores de personalidad, como la impulsividad y la sensibilidad a las 

recompensas y castigos, también desempeñan un rol decisivo en la valoración de las 

opciones de elección.  

Una vez que se han evaluado los cursos de acción posibles, el sistema de control 

cognitivo facilita la implementación de la conducta. Sin embargo, no todas las decisiones 

llevan a acciones adaptativas, como ocurren en el comportamiento de riesgo que, en 

cualquiera de sus dimensiones, implica elegir una alternativa que conlleva una alta 

probabilidad de que ocurran consecuencias negativas para la persona. Debido a la 

importancia de este tipo de conductas, diversos modelos de toma de decisiones han 

postulado la existencia de un mecanismo dual de procesamiento en su intento de explicar 

el comportamiento de riesgo. En esencia, se han postulado dos redes cerebrales, una de 

control cognitivo y otra de procesamiento de las recompensas. Además, debido a la 

complejidad de este proceso, factores como el contexto social, las emociones y los rasgos 

de personalidad influyen de manera fundamental en las decisiones arriesgadas.  
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Una vez que la acción se ha realizado, se evalúan sus consecuencias, para asignarle 

un valor y aprender de la experiencia. Las áreas cerebrales encargadas de procesar las 

recompensas y castigos intervienen durante la exposición al resultado y muestran 

actividad anticipatoria, previa a la obtención del mismo. De hecho, la anticipación de las 

situaciones futuras es un elemento clave para la conducta adaptativa, más aun ante 

resultados inesperados cuyas consecuencias no se puedan predecir. 

Teniendo en cuenta lo anterior y dada la influencia que ejercen los estados 

emocionales y las características personales en las diferentes etapas de la toma de 

decisiones, no es de extrañar que las intervenciones diseñadas para regular estos factores, 

como los programas basados en mindfulness, sean efectivas para mejorar la conducta 

adaptativa. Más concretamente, la práctica de la atención plena se ha demostrado eficaz 

para reducir el comportamiento de riesgo y para mejorar las habilidades de regulación 

emocional, el bienestar y la salud psicológica general. 

A pesar de la evidencia sobre los factores, tanto contextuales como personales, 

que determinan que la elección de la conducta sea más o menos funcional, falta 

investigación para esclarecer cómo se configuran los sistemas neurocognitivos y de 

personalidad implicados en las distintas etapas de la toma de decisiones, y cómo los 

cambios que se producen en estos sistemas permiten anticipar y procesar resultados 

inesperados y prevenir la conducta desadaptativa. El objetivo principal de la tesis es 

arrojar luz en los aspectos citados, utilizando contextos de riesgo reales y cotidianos. Un 

ejemplo diario de toma de decisiones donde pueden observarse comportamientos de 

riesgo, con resultados impredecibles y catastróficos, son los entornos de tráfico. Por ello, 

y debido a su gran validez ecológica y posibilidad de generalización, se utiliza la 

conducción para abordar los objetivos de los estudios de la tesis. 
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El estudio 1 explora las bases neuroanatómicas del comportamiento de 

conducción arriesgado en situaciones de la vida real, y su relación con la impulsividad 

cognitiva y la sensibilidad a las recompensas y castigos. Los resultados indican que existe 

una tendencia a presentar un menor volumen de materia gris total cuanto mayor es el nivel 

de riesgo. También se observa que las personas que conducen de manera arriesgada 

muestran un menor volumen en regiones que forman parte de las redes de control 

cognitivo y de recompensa cerebral, como la corteza frontal, parietal y temporal superior, 

los giros parahipocampal y fusiforme, la ínsula, el cerebelo y el estriado ventral. Por otro 

lado, observamos que, incluso ante la ausencia de diferencias en los rasgos de 

personalidad, la impulsividad y la sensibilidad a las recompensas y castigos se relacionan 

de manera distinta con las estructuras de las redes de control y recompensa, en función 

del nivel de riesgo en conducción, encontrando, en las personas más arriesgadas, 

correlaciones absolutas más bajas entre el volumen cerebral y los rasgos de personalidad. 

En conjunto, los resultados apoyan el modelo dual del comportamiento de riesgo e indican 

que existe una alteración en la configuración de los circuitos neurales implicados en la 

valoración de las recompensas, implementación de la acción y regulación del 

comportamiento en personas arriesgadas. 

El estudio 2 investiga el procesamiento cerebral de los eventos catastróficos. Para 

ello se han utilizado los periodos previos y posteriores a la ocurrencia de accidentes en 

contextos de conducción simulada. En ambos periodos se ha analizado la actividad 

cerebral, estimada mediante el registro de electroencefalografía de alta densidad (EEG), 

y la conectividad efectiva de las siete redes principales del cerebro (VN: visual; SMN: 

somatomotora; LN: límbica, DAN: atencional dorsal; VAN: atencional ventral; FPN: 

frontoparietal y DMN: red por defecto). Los resultados indican que durante el periodo 

previo a la ocurrencia de un accidente se activan las cortezas parietal inferior y cingulada 
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anterior y la ínsula. Además, se produce un flujo de activación causal, o conectividad 

efectiva, entre los nodos de las redes atencionales, VAN y DAN, y dentro de los nodos 

de la red límbica. Por otro lado, cuando el accidente acaba de ocurrir, las cortezas 

orbitofrontal, parietal inferior y cingulada anterior, y los giros frontal superior y medio se 

activan, y se produce una mayor conectividad efectiva entre redes, desde la VAN hasta la 

SMN, y entre nodos, desde nodos de las redes visual, VAN y DMN, hasta nodos de las 

redes frontoparietal, atencionales y límbica. Estos patrones de actividad cerebral y 

conectividad efectiva sugieren que la activación de procesos relacionados con la saliencia 

y el procesamiento emocional permite la anticipación de la ocurrencia de eventos 

catastróficos, como los accidentes. Además, una vez que el accidente ha ocurrido, se 

inician los procesos de control necesarios para adaptar el comportamiento a las nuevas 

demandas del ambiente. 

El estudio 3 explora los efectos de una intervención basada en mindfulness a nivel 

neuroanatómico y su relación con el mindfulness disposicional y la impulsividad. 

Nuestros resultados indican que el entrenamiento en mindfulness mejora el mindfulness 

disposicional, Además, el cambio en las habilidades de atención plena, después de la 

intervención, se relaciona con cambios en los niveles de impulsividad. Asimismo, 

observamos que el entrenamiento en mindfulness produce una reducción en el volumen 

del núcleo caudado que, su vez, se relaciona con una menor urgencia positiva. Es decir, 

el entrenamiento en mindfulness mejora la habilidad de observar las propias sensaciones 

y percepciones y la capacidad para dejar pasar los pensamientos y las emociones, sin 

aferrarse ni reaccionar ante su ocurrencia. Además, produce cambios a nivel de estructura 

cerebral que se relacionan con una disminución en los niveles de impulsividad, 

reduciendo la tendencia a actuar de manera precipitada ante situaciones que generan 

emociones positivas. 
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En conjunto, nuestros resultados muestran que los sistemas de control cognitivo, 

procesamiento emocional y recompensa cerebral actúan de manera interconectada en las 

diferentes etapas de la toma de decisiones, desde la formación de preferencias y selección 

de la acción, hasta la anticipación y valoración de resultados y la regulación de la 

conducta. Además, la impulsividad, la sensibilidad a las recompensas y castigos y la 

atención plena disposicional también se sustentan en estos sistemas neurocognitivos e 

influyen en el proceso de toma de decisiones y en la conducta adaptativa. 
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SUMMARY 

Decision-making is a complex process supported by multiple brain networks responsible 

for valuing action alternatives, controlling behavior, and evaluating outcomes to learn 

from experience. Neurobiological models of decision-making posit that the 

socioemotional or reward brain system plays a crucial role in assigning value to different 

behavioral options. During this process, potential outcomes are evaluated based on the 

expected benefits and costs, uncertainty associated with the decision, and the time elapsed 

between the action and the consequences. Due to this, and given their subjective nature, 

personality factors such as impulsivity and sensitivity to rewards and punishments also 

play a decisive role in the valuation of choice options. 

Once potential courses of action have been evaluated, the cognitive control system 

facilitates behavior implementation. However, not all decisions lead to adaptive actions, 

as occurs in risk behavior, which in any of its dimensions entails choosing an alternative 

that involves a high probability of negative consequences for the individual. Given the 

importance of such behaviors, various decision-making models have postulated the 

existence of a dual processing mechanism in their attempt to explain risk behavior. In 

essence, two brain networks have been hypothesized, one for cognitive control and the 

other for reward processing. Additionally, due to the complexity of this process, factors 

like social context, emotions, and personality traits fundamentally influence risky 

decisions. 

Once the action has been performed, its consequences are evaluated to assign it a 

value and learn from the experience. Brain areas responsible for processing rewards and 

punishments come into play during outcome exposure, showing anticipatory activity 

before obtaining the outcome. In fact, anticipation of future situations is a key element 
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for adaptive behavior, especially in the face of unexpected outcomes with unpredictable 

consequences. 

Considering the above and given the influence of emotional states and personal 

characteristics throughout decision-making stages, it is not surprising that interventions 

designed to regulate these factors, such as mindfulness-based programs, are effective in 

improving adaptive behavior. Specifically, mindfulness practice has been shown to be 

effective in reducing risk behavior and enhancing emotional regulation skills, well-being, 

and overall psychological health. 

Despite the evidence regarding both contextual and personal factors that 

determine whether the choice of behavior is more or less functional, further research is 

needed to clarify how the neurocognitive and personality systems involved in the different 

stages of decision-making are configured. Additionally, understanding how changes in 

these systems allow anticipation and processing of unexpected outcomes, and prevent 

maladaptive behavior is crucial. The main aim of this thesis is to shed light on the 

aforementioned aspects using real and everyday risk contexts. A daily example of 

decision-making where risky behaviors can be observed with unpredictable and 

catastrophic outcomes may be provided by traffic environments. For this reason, and due 

to its high ecological validity and generalizability, driving is used to address the aims of 

the thesis studies. 

Study 1 explores the neuroanatomical bases of risky driving behavior in real-life 

situations and their relationship with cognitive impulsivity and sensitivity to rewards and 

punishments. The results indicate a trend towards lower total gray matter volume as the 

level of risk increases. It is also observed that risky drivers show a lower volume in 

regions that are part of the cognitive control and reward brain networks, such as the 
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frontal, superior parietal and temporal cortices, parahippocampal and fusiform gyri, 

insula, cerebellum, and ventral striatum. On the other hand, we observe that even in the 

absence of differences in personality traits, impulsivity and sensitivity to rewards and 

punishments are differently related to the structures of the control and reward networks, 

depending on the level of risk in driving. In individuals with a higher propensity for risk-

taking, we find lower absolute correlations between brain volume and personality traits. 

Overall, results support the dual model of risk behavior and indicate that there is an 

alteration in the configuration of neural circuits involved in reward valuation, action 

implementation, and behavior regulation in risky individuals. 

Study 2 investigates the brain processing of catastrophic events. For this purpose, 

the periods before and after the occurrence of accidents in simulated driving contexts have 

been studied. Brain activity, estimated through high-density electroencephalography 

(EEG) recording, and the effective connectivity of the seven main brain networks (VN: 

visual network; SMN: somatomotor network; LN: limbic network, DAN: dorsal attention 

network; VAN: ventral attention network; FPN: frontoparietal network; DMN: default 

mode network) were analyzed during both periods. The results show that before the 

accident occurs, the inferior parietal and anterior cingulate cortices and the insula are 

activated. Additionally, causal activation flow or effective connectivity between nodes of 

the VAN and DAN, and within nodes of the limbic network occurs. On the other hand, 

immediately after the accident, the orbitofrontal, inferior parietal, and anterior cingulate 

cortices, and the superior and middle frontal gyri are activated. Greater effective 

connectivity between networks, from the VAN to the SMN, and within nodes, from nodes 

of the visual network, VAN, and DMN to nodes of the frontoparietal, attentional, and 

limbic networks, also occurs. These patterns of brain activity and effective connectivity 

suggest that the activation of salience and emotional processing enables the anticipation 
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of catastrophic events such as accidents. Moreover, once an accident has occurred, control 

processes are initiated to adapt behavior to the new environmental demands. 

Study 3 explores the neuroanatomical effects of a mindfulness-based intervention 

and its relationship with dispositional mindfulness and impulsivity. Our results indicate 

that mindfulness training improves dispositional mindfulness. Additionally, the change 

in mindfulness skills after the intervention is related to changes in impulsivity levels. 

Furthermore, we observe that mindfulness training leads to a reduction in the caudate 

nucleus volume, which in turn is related to lower positive urgency. That is, mindfulness 

training improves the ability to observe one's own sensations and perceptions and the 

ability to let thoughts and emotions pass, without clinging or reacting to them. In addition, 

it produces changes in brain structure that are related to a decrease in impulsivity levels, 

reducing the tendency to act rashly in situations that generate positive emotions. 

Overall, our results show that cognitive control, emotional processing, and reward 

brain systems act interconnectedly in the different stages of decision-making, from 

preference formation and action selection to anticipation and valuation of outcomes and 

behavior regulation. Moreover, impulsivity, sensitivity to rewards and punishments, and 

dispositional mindfulness are also underpinned by these neurocognitive systems and 

influence the decision-making process and adaptive behavior. 
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INTRODUCCIÓN 

Modelos de toma de decisiones 

La toma de decisiones es un proceso deliberativo complejo que implica valorar diferentes 

opciones para elegir la alternativa que se considera más adecuada (Gold y Shadlen, 2007; 

Rangel et al., 2008). Tanto las decisiones perceptivas como las basadas en el valor de las 

alternativas buscan el comportamiento más adaptativo, en función de las circunstancias 

de la situación, y comparten correlatos neurales (Izakson et al., 2023). Las decisiones 

perceptivas, como por ejemplo decidir si un semáforo está en rojo o en verde, son juicios 

sobre la información sensorial que describen los estados objetivos del ambiente (Gold y 

Heekeren, 2014), mientras que las decisiones basadas en valor, como por ejemplo decidir 

parar o pasar ante un semáforo en ámbar, implican juicios subjetivos, determinados por 

las propias preferencias, experiencias y creencias (Morelli et al., 2022). 

Las decisiones basadas en valor, según Rangel et al. (2008), se sustentan en 

diferentes sistemas de valoración que se distinguen en función del tipo de aprendizaje 

asociado y los procesos cognitivos que activan. El sistema Pavloviano, mediante el 

aprendizaje asociativo, asigna un valor a algunos comportamientos que se han convertido 

en respuestas apropiadas a diversos estímulos del ambiente. Sin embargo, cuando las 

señales o estímulos predicen la ocurrencia de reforzadores o castigos, adquieren la 

propiedad de incentivos. Es decir, influencian el comportamiento para conseguir 

recompensas o evitar consecuencias negativas (Rescorla, 1994). Por eso es frecuente 

reducir la velocidad ante una señal que informa sobre la presencia de un control de 

velocidad. Este tipo de acciones, que pueden basarse en un sistema de hábitos o dirigido 

a objetivos, siguen un aprendizaje instrumental, donde se establece una relación causal 

entre conducta y consecuencia. Las acciones rutinarias, o hábitos, son conductas que se 
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inician y se llevan a cabo cuando el ambiente tiene unas características particulares. 

Además, son relativamente insensibles a la devaluación del reforzador y al cambio en la 

contingencia de acción-resultado (Balleine y Dezfouli, 2019). Esto ocurre, por ejemplo, 

cuando cada mañana se sigue la misma ruta para ir al trabajo, aunque ya no sea la 

alternativa más rápida. Por último, en las acciones basadas en objetivos, las decisiones se 

toman teniendo en cuenta el valor de los resultados que produce la conducta (Rangel 

et al., 2008). Es decir, se utiliza de manera flexible el conocimiento de la estructura de la 

situación y de sus posibles resultados para hacer predicciones y tomar decisiones. Por lo 

tanto, dado el caso, elegiremos una carretera de peaje para llegar al trabajo si lo que 

queremos es llegar antes. 

Los modelos neurocognitivos de toma de decisiones conceptualizan las decisiones 

con una estructura genérica de “input-process-output-feedback”, donde se representan los 

estímulos que predicen resultados aversivos o reforzantes, se evalúan los mismos para 

formar las preferencias de acción, se ejecuta la conducta y se experimentan y evalúan los 

resultados para aprender sobre el valor de los estímulos (Ernst y Paulus, 2005). Gold y 

Shadlen (2007) establecen las decisiones como un proceso donde la variable de decisión 

representa la evidencia, las probabilidades y el valor; la regla de decisión indica cómo se 

interpreta la variable de decisión para elegir una alternativa y la monitorización de la 

ejecución analiza la eficacia de la acción respecto a sus objetivos particulares. Rangel 

et al. (2008) proponen cinco etapas secuenciales en la toma de decisiones: representar la 

situación, asignar un valor a las opciones, seleccionar la acción y ejecutarla, evaluar el 

resultado y actualizar los procesos anteriores para aprender de la experiencia. Por último, 

basándose en un modelo unificado de toma de decisiones (Coutlee y Huettel, 2012; Ernst 

y Paulus, 2005), Verdejo-Garcia et al. (2018) describen los procesos cognitivos 

interactivos que tienen lugar durante las diferentes etapas: en la formación de preferencias 
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se analiza la información sobre las recompensas y los riesgos; en la implementación de la 

elección se ponen de manifiesto los recursos motivacionales, la inhibición y la 

autorregulación comportamental; y en el procesamiento del feedback se integran los 

errores de predicción y la historia previa para guiar el comportamiento futuro. 

Los estudios que componen la presente tesis doctoral se enmarcan en el modelo 

de toma de decisiones propuesto por Ernst y Paulus (2005), incidiendo en los correlatos 

neurales y en los factores que afectan a las distintas etapas del proceso decisional, así 

como en las estrategias de prevención de las posibles decisiones disfuncionales. 

 

Neurobiología y factores relacionados con el proceso de toma de decisiones 

Formación de preferencias y factores de personalidad 

La formación de las preferencias sobre las distintas alternativas en un proceso de decisión 

requiere, en primer lugar, representar la situación y las diferentes opciones de elección. 

Para ello, es necesario identificar los cursos de acción posibles (ej. pararse en un semáforo 

o saltárselo), así como los estados externos (ej. presión temporal) e internos (ej. búsqueda 

de sensaciones) que conforman el contexto de la situación (Rangel et al., 2008). En 

segundo lugar, es necesario asignar un valor a las diferentes alternativas de 

comportamiento. El valor puede definirse como los beneficios y costes subjetivos que se 

atribuyen a los potenciales resultados de las distintas opciones de conducta y que tienen 

un componente afectivo (Gold y Shadlen, 2007). Por ejemplo, pararse ante un semáforo 

puede conllevar llegar tarde a una cita y evitar una multa, donde el beneficio y/o coste 

asignado a cada resultado varía en función de las preferencias individuales. El sistema 

socioemocional o de recompensa cerebral, compuesto fundamentalmente por el estriado 

dorsal y ventral, el hipocampo, la corteza orbitofrontal y la corteza cingulada, junto con 

la amígdala y la ínsula desempeñan un papel fundamental en la valoración de posibles 
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resultados, ya que estas regiones están implicadas en la representación y prospección de 

las expectativas de refuerzo y castigo, basadas en la experiencia previa, en la sensibilidad, 

detección y procesamiento de las señales de incentivo, en la evaluación de la valencia y 

la saliencia emocional de los estímulos y en la búsqueda y aproximación a los 

reforzadores (Balleine et al., 2007; Bartra et al., 2013; Knutson y Cooper, 2005; J. Peters 

y Büchel, 2010; Rolls, 2023; Yao et al., 2023).  

Además, en la asignación final del valor a las diferentes alternativas intervienen 

otros sistemas neurocognitivos encargados de evaluar la probabilidad o la incertidumbre 

asociada a una decisión (el nivel de riesgo), así como la demora temporal entre la acción 

y el resultado (Rangel et al., 2008). En las acciones o decisiones de riesgo, donde se 

conocen las probabilidades de los resultados, los valores pueden calcularse teniendo en 

cuenta una aproximación normativa o descriptiva (van der Pligt, 2015). La aproximación 

normativa conceptualiza la utilidad esperada, donde el valor de las opciones se pondera 

en función de la probabilidad de ocurrencia de las posibles consecuencias (Von Neumann 

y Morgenstern, 1944). Por su parte, la aproximación descriptiva entiende los resultados 

en términos de ganancias y pérdidas y determina los valores en función de un punto de 

referencia y de un peso de decisión asignado a cada probabilidad de ocurrencia 

(Kahneman y Tversky, 1979). Sin embargo, en la mayoría de las situaciones de la vida 

cotidiana las probabilidades de los resultados son ambiguas, es decir, o bien no se 

conocen, o son muy similares entre las diferentes opciones (Krain et al., 2006; Levy et al., 

2010; Paulus et al., 2002). En un metaanálisis donde estudiaron las bases cerebrales de la 

toma de decisiones en contextos de incertidumbre, Poudel et al. (2020) identificaron redes 

cerebrales diferenciales para las decisiones arriesgadas y las ambiguas. Por un lado, el 

núcleo caudado, la ínsula, la corteza cingulada anterior y la corteza parietal inferior 

estaban implicados en las decisiones donde las probabilidades de los resultados son 
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conocidas, y el giro frontal inferior y la ínsula en las decisiones donde las probabilidades 

son ambiguas. 

Además de tener en cuenta las distintas probabilidades de los resultados, en todas 

las situaciones se sucede un intervalo temporal variable entre la acción y las 

consecuencias. Este intervalo también afecta a la formación de preferencias, ya que existe 

una tendencia general a asignar un mayor valor a los resultados inmediatos que a los 

demorados (Frederick et al., 2002). El descuento por demora se entiende como una 

función hiperbólica donde, cuando se tiene que elegir entre una recompensa más pequeña 

e inmediata y una mayor y demorada, el valor de la recompensa demorada se descuenta 

en función de la demora requerida para obtener dicho reforzador y de la propensión 

individual a descontar temporalmente las recompensas futuras (tasa de descuento) (Bickel 

et al., 2014; Kable y Glimcher, 2007). Como parte del proceso de asignación de valor, los 

correlatos neurales del descuento por demora se sustentan en el sistema de recompensa, 

monitorización del conflicto y prospección, estando implicadas regiones como el estriado, 

las cortezas orbitofrontal, prefrontal lateral y medial, parietal inferior y cingulada, el 

hipocampo y la amígdala (Loganathan y Tiego, 2023; McClure et al., 2004; J. Peters y 

Büchel, 2011; Q. Wang et al., 2021; Wesley y Bickel, 2014). 

Como puede observarse, la formación de preferencias es el resultado de un cálculo 

subjetivo donde las diferencias individuales juegan un papel fundamental. Dado que en 

este proceso se valoran los resultados en función del tiempo y de los beneficios y los 

costes esperados, ciertos factores de personalidad, como la impulsividad y la sensibilidad 

a las recompensas y castigos tienen un rol decisivo en la evaluación de las diferentes 

opciones de elección. La impulsividad es un constructo multidimensional que refleja la 

tendencia a elegir alternativas rápidas, pero a menudo prematuras y sin la previsión 

adecuada (Dalley y Robbins, 2017). Desde el punto de vista de los factores de 
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personalidad, el modelo UPPS propone que el rasgo de impulsividad se caracteriza por la 

falta de premeditación y/o perseverancia en la toma de decisiones, la búsqueda de 

sensaciones a la hora de actuar y en la tendencia a tomar decisiones precipitadas en 

situaciones con alta carga emocional (Whiteside y Lynam, 2001). Desde una perspectiva 

más cercana a la ejecución de tareas, de manera simplificada, la impulsividad puede 

dividirse en dos constructos: impulsividad motora (rapid-response impulsivity o 

incapacidad de inhibir respuestas prepotentes) e impulsividad cognitiva (choice 

impulsivity o impulsive decision-making) (Bechara, 2002; Hamilton et al., 2015; 

Reynolds et al., 2006). La impulsividad cognitiva se relaciona con la (falta de) 

deliberación sobre las consecuencias de las acciones, lo que puede hacer que se elijan 

opciones no adaptativas (Perales et al., 2009). En este sentido, la tasa de descuento, o 

preferencia por recompensas inmediatas, se considera una medida de impulsividad 

cognitiva (Kirby y MarakoviĆ, 1996). Además, las medidas de impulsividad cognitiva se 

relacionan con la impulsividad como rasgo y con comportamientos impulsivos en el 

mundo real, como las conductas adictivas (MacKillop et al., 2011; Verdejo-Garcia et al., 

2021). A nivel neuroanatómico la impulsividad cognitiva se asocia con el volumen de las 

regiones cerebrales implicadas en el descuento por demora, aunque el sentido y el número 

de estas asociaciones varían en función del estudio. Por ejemplo, se han observado tanto 

correlaciones positivas como negativas entre el volumen de materia gris y la tasa de 

descuento en regiones prefrontales ventromediales, orbitales y laterales, el estriado y la 

corteza cingulada anterior y posterior, los giros fusiforme, lingual y parahipocampal, la 

ínsula y la corteza occipital lateral (Bernhardt et al., 2014; Bjork et al., 2009; X. Li et al., 

2019; Meade et al., 2020; Mohammadi et al., 2016; Owens et al., 2017; Pehlivanova 

et al., 2018; Tschernegg et al., 2015; Q. Wang et al., 2016). Recientemente, en un intento 

de desarrollar una métrica neurobiológica de la impulsividad cognitiva, Sadeh et al. 
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(2023) han identificado un marcador cortical de la preferencia por las recompensas 

inmediatas (C-DD), donde los valores elevados en C-DD se corresponden con un menor 

grosor cortical y una mayor impulsividad cognitiva. De hecho, los diferentes constructos 

de impulsividad forman parte de redes neurales interconectadas (Dalley y Robbins, 2017). 

En este sentido, las dimensiones de la impulsividad (urgencia positiva y negativa, falta de 

premeditación y perseverancia y búsqueda de sensaciones) también se relacionan con los 

sistemas de valoración, control cognitivo y procesamiento emocional (Baltruschat et al., 

2020; Golchert et al., 2017; Hoptman et al., 2014; Kakoschke et al., 2019; Moreno-

López, Catena, et al., 2012; Moreno-López, Soriano-Mas, et al., 2012; Muhlert y 

Lawrence, 2015; Owens et al., 2020; Ruiz de Lara et al., 2018; H. Wang et al., 2017). 

Por otro lado, la sensibilidad a las recompensas y a los castigos refleja las 

diferencias individuales en los sistemas de activación e inhibición conductual (BAS/BIS), 

los cuales juegan un papel fundamental en la asignación de valor a las alternativas de 

comportamiento ya que controlan las conductas de aproximación y evitación a los 

estímulos apetitivos o aversivos (Gray, 1970). La sensibilidad al castigo se relaciona con 

la inhibición del comportamiento, la evitación pasiva de situaciones novedosas o que 

pueden conllevar consecuencias aversivas, la aversión al riesgo y la preocupación y los 

procesos cognitivos que tienen lugar ante la amenaza de castigo o fracaso (Torrubia et al., 

2001). La sensibilidad a las recompensas, por su parte, se asocia con la búsqueda de 

sensaciones y la aproximación conductual en respuesta a recompensas específicas (ej., 

dinero, parejas sexuales, eventos sociales o poder) y se relaciona con la impulsividad 

como rasgo de personalidad (Aluja y Blanch, 2011; Carroll et al., 2022). Como parte del 

proceso de formación de preferencias, ambos factores se sustentan en estructuras 

cerebrales encargadas del manejo de la experiencia emocional y de la valoración de las 

recompensas (Adrián-Ventura et al., 2019b, 2023; Torrubia et al., 2001). Más 
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concretamente, investigaciones previas han encontrado tanto correlaciones positivas 

como negativas entre la sensibilidad a las recompensas y el volumen del estriado, el 

lóbulo temporal superior y la corteza prefronal lateral y medial (Adrián-Ventura et al., 

2019a; Barrós-Loscertales et al., 2006b; M. Li et al., 2019; Parcet et al., 2020; Urošević 

et al., 2015), y entre la sensibilidad al castigo y la amígdala, la formación hipocampal, la 

ínsula y la corteza orbitofrontal (Adrián-Ventura et al., 2019a; Barrós-Loscertales et al., 

2006a; Fuentes et al., 2012; Holmes et al., 2012; Iidaka et al., 2006; Levita et al., 2014; 

Von Siebenthal et al., 2020). 

Teniendo en cuenta lo anterior podemos concluir que distintos procesos cognitivos 

y factores de personalidad, sustentados en sistemas neurales interconectados, intervienen 

en la formación individual de preferencias, dentro del proceso de toma de decisiones. Por 

lo tanto, una persona con alta sensibilidad a los castigos y que tenga preferencias por 

recompensas demoradas y mayores, asignará más valor a la opción de pararse ante un 

semáforo que a la de saltárselo. Sin embargo, a pesar de la clara influencia de la 

impulsividad y la sensibilidad a las recompensas y castigos en la asignación de valor a las 

distintas alternativas de conducta, aún es necesario profundizar en el conocimiento de los 

sistemas neuroanatómicos que subyacen a este proceso y que se relacionan con ambos 

factores de personalidad. Este objetivo se aborda en el estudio 1 de la tesis. 

Selección de la acción y decisiones disfuncionales 

Una vez que se han evaluado los distintos cursos de acción posibles, se elige la alternativa 

a la que se le haya asignado un mayor valor. La selección y ejecución de la conducta 

implica iniciar, mantener, monitorizar y completar diversas secuencias de acción, 

planificar su implementación, inhibir o suprimir otras acciones competidoras y corregir 

los errores que tengan lugar (Coutlee y Huettel, 2012; Ernst y Paulus, 2005). A nivel 

neurobiológico este proceso se sustenta en el sistema de control cognitivo, formado 
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principalmente por las cortezas prefrontal lateral, cingulada anterior, parietal y temporal 

superior, y el cerebelo (Dosenbach et al., 2006; Luna et al., 2010; Niendam et al., 2012; 

Seeley et al., 2007; Si et al., 2019; Sokolov et al., 2017; Steinberg, 2008; Xie et al., 2017). 

Esta red cerebral, a través de la identificación de los estímulos relevantes, el control 

atencional e inhibitorio, la planificación, la memoria de trabajo, la flexibilidad cognitiva, 

la monitorización del conflicto y del error y la autorregulación del comportamiento, se 

encarga de controlar la implementación de las decisiones para una conducta funcional 

(Dosenbach et al., 2006; Lee et al., 2018; Luna et al., 2010; McClure et al., 2004; Menon 

y D’Esposito, 2022; Niendam et al., 2012; Seeley et al., 2007; Steinberg, 2008; Woolgar 

et al., 2015; Xie et al., 2017).  

Sin embargo, existen decisiones que no son adaptativas. El comportamiento de 

riesgo, como por ejemplo el consumo de drogas o saltarse un semáforo, implica elegir 

una conducta que conlleva una probabilidad incierta, y más o menos alta, de que ocurran 

consecuencias altamente negativas para el bienestar, tanto físico como mental (Reyna y 

Farley, 2006; Yates, 1992). Este tipo de conductas no presentan una tendencia unitaria, si 

no que se conceptualizan en distintas dimensiones que difieren en las actitudes 

individuales, en su forma de manifestación y en el contexto en el que tienen lugar 

(Mischel y Shoda, 1995). En este sentido, podemos diferenciar entre el área financiera, 

ética, de salud/seguridad, recreativa y social, donde una misma persona puede tender a 

asumir riesgos en algunos contextos y en otros no (Weber et al., 2002). Véase el caso de 

alguien que haya invertido en fondos de rentabilidad variable y suela conducir por encima 

del límite de velocidad, y, sin embargo, no se plantee practicar paracaidismo ni defraudar 

en su declaración de impuestos.  

Por otro lado, independientemente del contexto, la importancia de estudiar el 

comportamiento de riesgo radica en las consecuencias, tanto personales como sociales, 
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que derivan de este tipo de conductas y que, en muchas ocasiones, constituyen un 

problema de salud pública. Un claro ejemplo es la conducción arriesgada, responsable, 

en gran parte, de los accidentes de tráfico, los cuales implican 1.2 millones de muertes al 

año, situándose en la doceava posición entre las causas de mortalidad en el mundo (World 

Health Organization, 2023). 

Debido a las graves consecuencias que pueden producir algunas decisiones y a las 

diferencias individuales y contextuales que intervienen en este tipo de conductas, los 

modelos de toma de decisiones han postulado la existencia de un mecanismo 

neurocognitivo de procesamiento dual para explicar el comportamiento de riesgo 

(Epstein, 1994; Evans, 2008; Frankish, 2010; Kahneman y Frederick, 2002; Loewenstein 

et al., 2001; Reyna, 2004; Sanfey y Chang, 2008; Slovic et al., 2007). Por un lado, un 

sistema de procesamiento controlado, consciente, explícito y analítico, que está basado 

en reglas racionales y requiere recursos atencionales, por lo que sigue un proceso serial y 

lento. Por otro lado, un sistema de procesamiento automático, implícito, intuitivo y 

emocional, que está basado en la propia experiencia de aprendizaje y en heurísticos 

cognitivos y afectivos, por lo que es más rápido y, a veces, irracional. A nivel 

neurobiológico, las regiones que conforman la red de control cognitivo -cortezas 

prefrontal, cingulada y parietal y temporal superior-, y de recompensa cerebral -estriado, 

corteza prefrontal medial y orbital, corteza cingulada anterior, amígdala e ínsula- son las 

que sustentan el procesamiento analítico y automático, respectivamente (Edelson y 

Reyna, 2023; Lambert et al., 2014; X. Li et al., 2020; Steinberg, 2010). Por lo tanto, la 

influencia que ejercen estos dos tipos de sistemas de procesamiento en la ejecución de la 

acción va a depender de la interacción entre ambos y de las características personales y 

situacionales que tengan lugar en el momento de la decisión (ej. carga emocional y 

presión temporal). Nuestro grupo de investigación ha evidenciado la existencia de los 
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procesos duales en el comportamiento de riesgo, tanto en tareas de percepción y decisión 

de riesgo como en los correlatos neurales asociados (Megías, Cándido, et al., 2018; 

Megías et al., 2011, 2013, 2015). Otras investigaciones también han observado 

alteraciones en las regiones cerebrales que conforman las redes de control cognitivo y de 

recompensa en el comportamiento de riesgo autoinformado y en contextos de laboratorio 

(Dantas et al., 2023; Goh et al., 2016; Han et al., 2024; Helfinstein et al., 2014; Levy, 

2017; McIlvain et al., 2020; Nasiriavanaki et al., 2015; Nogueira et al., 2017; Xue et al., 

2018). Sin embargo, todavía es necesario profundizar en las bases neuroanatómicas de 

estos sistemas en relación a la conducta arriesgada en contextos más ecológicos, como 

por ejemplo, la conducción. Este objetivo se aborda en el estudio 1. 

En relación a los factores que influyen en que la selección final de la acción sea 

más o menos segura o funcional, es importante tener en cuenta los estados internos y 

externos que rodean a cada situación particular, por lo que el contexto social, las 

emociones y las características de personalidad juegan un rol fundamental. Una de las 

principales características de una conducta adaptativa es la capacidad de interactuar 

socialmente, ya que la mayoría de las decisiones se llevan a cabo en contextos sociales 

complejos que condicionan el comportamiento (Rilling y Sanfey, 2011; Tremblay et al., 

2017). Es decir, una persona puede actuar de manera distinta si conduce sola, a si lo hace 

con su hija o con un amigo. En este sentido, nuestro grupo de investigación también ha 

evidenciado la influencia del contexto social, tanto en la percepción como en el 

comportamiento de riesgo (Baltruschat, Megías-Robles, et al., 2021; Megías, Cándido, 

et al., 2014), encontrando, además, que el tipo de situación social produce una interacción 

diferencial entre las redes cerebrales implicadas en la toma de decisiones (Baltruschat, 

Megías-Robles, et al., 2021).  
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Por otro lado, los modelos duales de toma de decisiones destacan el papel que 

juegan las emociones en la selección y la implementación de la acción, ya que las 

decisiones no siguen un proceso únicamente analítico y racional, sino que están influidas 

por el estado afectivo (Loewenstein et al., 2001; Slovic et al., 2004). El resultado de esta 

influencia puede ser beneficioso o perjudicial para la conducta adaptativa y el rendimiento 

en función de la valencia y de la carga afectiva que domine en cada situación (Angie 

et al., 2011; Engelmann y Hare, 2018; Lerner et al., 2015; Megías, Cándido, et al., 2014; 

Megías, Di Stasi, et al., 2014; Megías et al., 2011). 

Por último, la impulsividad, la sensibilidad a las recompensas y castigos y la 

atención plena disposicional son factores de personalidad que se han postulado en la 

literatura como unos de los más influyentes en la elección de comportamientos 

arriesgados (Reniers et al., 2016; Shook et al., 2021; Zuckerman y Kuhlman, 2000). La 

atención plena o mindfulness es la tendencia natural de cada individuo a prestar atención 

de manera intencionada al momento presente, con apertura, aceptación y sin juicio 

(Brown y Ryan, 2003; Kabat-Zinn, 2005). Como rasgo de personalidad, el mindfulness 

comprende la habilidad para enfocarse en las actividades que se están llevando a cabo, 

observar o prestar atención a las percepciones y sensaciones propias, etiquetar estas 

experiencias con palabras, dejar que los pensamientos y emociones pasen sin aferrarse o 

reaccionar ante ellos y adoptar una postura no evaluativa ante lo que acontece (Baer et al., 

2006). Por ende, este factor de personalidad se ha relacionado de manera positiva con 

conductas adaptativas y de manera negativa con comportamientos que suponen un riesgo 

para la salud, como el consumo de drogas o la conducción imprudente (Black et al., 2012; 

Eberth y Sedlmeier, 2012; Koppel et al., 2018, 2022; Lakey et al., 2007; Liu et al., 2021; 

Shook et al., 2021; Stephens et al., 2018; J. Yang et al., 2019). Además, el mindfulness 

disposicional también se ha relacionado con otros factores implicados en la toma de 
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decisiones y en el bienestar general, como las funciones ejecutivas y la impulsividad, 

aunque la magnitud y la dirección de las asociaciones depende de las dimensiones 

analizadas y varían en función del estudio (Aguerre et al., 2022; Gallo et al., 2021; 

Murphy y MacKillop, 2012; J. R. Peters et al., 2011; Royuela-Colomer et al., 2021; 

Tingaz et al., 2022; Tomlinson et al., 2018). 

A la luz de lo anterior no es de extrañar que la impulsividad y la sensibilidad a las 

recompensas y castigos estén a la base de la toma de decisiones disfuncionales (C. Davis 

et al., 2007). Más concretamente, se encuentran mayores niveles de impulsividad y de 

sensibilidad a las recompensas en diversas manifestaciones del comportamiento de 

riesgo, como el juego patológico, el abuso de sustancias, los atracones, las conductas 

sexuales de riesgo y la conducción arriesgada (Baltruschat et al., 2020; Cosenza et al., 

2017; Dir et al., 2014; MacKillop et al., 2011; Miglin et al., 2019; Navas et al., 2017, 

2019; Scott-Parker y Weston, 2017; Smith et al., 2019; Story et al., 2014; Torres et al., 

2013). La impulsividad también se relaciona con una menor evitación del riesgo (Megías-

Robles et al., 2022) y, junto con la sensibilidad a las recompensas, actúa como una factor 

mediador en las relaciones entre la regulación emocional (otro componente fundamental 

en el proceso de toma de decisiones) y las conductas de riesgo relacionadas con la salud 

(Megías-Robles et al., 2023). Por otro lado, los niveles de impulsividad y de sensibilidad 

a las recompensas y castigos sirven para predecir la propensión al riesgo, y esta se 

relaciona con una menor percepción de riesgo y con un comportamiento de conducción 

más arriesgado (Baltruschat et al., 2020). Además, parece que los sistemas cerebrales que 

se relacionan con estos factores de personalidad comparten correlatos neurales con 

aquellos que subyacen al comportamiento de riesgo y muestran una interacción 

disfuncional durante las decisiones arriesgadas (Brevet-Aeby et al., 2016; Cui et al., 

2022; Kohler et al., 2023; Van Leijenhorst et al., 2010). En este sentido, Baltruschat et al. 
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(2020) encuentran que la tendencia al riesgo modula la asociación entre la impulsividad 

y la sensibilidad a las recompensas y el acoplamiento funcional entre las redes cerebrales 

de recompensa y control cognitivo. Sin embargo, y a pesar de la evidencia previa, se 

necesita más investigación para establecer cómo se relacionan los distintos factores de 

personalidad, entre sí y con el comportamiento de riesgo, y cómo se configuran los 

correlatos neuroanatómicos que sustentan dichas relaciones. Estos objetivos se abordan 

en los estudios 1 y 3 de la tesis. 

Valoración de resultados y eventos catastróficos 

Una vez que la conducta se ha llevado a cabo, se deben evaluar las consecuencias de esa 

acción. De manera similar a lo que ocurre en la formación de preferencias, en este 

momento se analizan las características de los resultados obtenidos y se asigna un valor a 

la experiencia (Ernst y Paulus, 2005). Sin embargo, a diferencia de lo que ocurre en la 

primera fase, la función principal de este proceso es experimentar y aprender cuál es el 

valor real del resultado (no el esperado). En la experiencia del resultado real influye: qué 

podría haber ocurrido si se hubiera elegido otra opción (el arrepentimiento determina el 

comportamiento futuro), el ajuste del valor esperado en función del intervalo temporal 

que ha tenido lugar hasta la obtención de los resultados, o el grado de sorpresa (cómo de 

diferente es el valor esperado del real), ya que tienen mayor impacto emocional los 

resultados inesperados (Ainslie, 1992). De hecho, el desajuste entre cómo nos sentimos 

ante una situación y cómo nos esperábamos sentir determina las elecciones futuras en 

mayor medida que el desajuste en la cantidad de reforzador en sí mismo (Balleine, 2021; 

Heffner et al., 2021). Por eso, si sentimos decepción después de haber comido en un 

restaurante que nos habían recomendado, aunque hayamos comido lo suficiente, es 

bastante probable que no volvamos a ir. En definitiva, la diferencia de valor entre el 
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resultado real-esperado es crucial para el aprendizaje y para el objetivo último de adaptar 

el comportamiento (Rangel et al., 2008).  

Las áreas cerebrales encargadas de procesar las recompensas y castigos muestran 

actividad durante la exposición al resultado, y dicha actividad se modula en función del 

valor real del mismo (Morelli et al., 2022). La corteza prefrontal medial está relacionada 

con el procesamiento de la retroalimentación o feedback (Knutson et al., 2003), la 

amígdala procesa la experiencia de las pérdidas (Gupta et al., 2011a), la corteza cingulada 

anterior codifica los errores de predicción (Grupe y Nitschke, 2013) y el estriado ventral, 

el giro paracentral y la corteza orbitofrontal están implicados en la detección de las 

diferencias entre el valor real y el esperado, y su respuesta ante los reforzadores es mayor 

cuanto más inesperados son (McClure et al., 2004). Además, estas áreas muestran 

actividad anticipatoria, previa a la obtención de recompensas o castigos (Kotani et al., 

2015; Mento et al., 2015). La anticipación de las situaciones futuras normalmente se basa 

en las regularidades del entorno o en la presencia de señales ambientales, y es un elemento 

clave para la conducta adaptativa (Breska y Ivry, 2018; Coull, 2009). Sin embargo, 

existen resultados que no dependen de señales ni de regularidades, ni pueden compararse 

con un valor esperado, porque son acontecimientos impredecibles, lo que, por otro lado, 

no implica que el cerebro no los pueda anticipar. Cuando los eventos impredecibles 

ocurren en situaciones de la vida cotidiana, en muchas ocasiones generan consecuencias 

catastróficas. Un claro ejemplo son los accidentes de tráfico, que conllevan severos daños 

físicos y psicológicos, e incluso la muerte. Investigaciones previas muestran que la 

actividad predictiva anticipatoria cerebral permite distinguir entre situaciones estimulares 

con diferentes características que se presentan de manera aleatoria (Duggan y Tressoldi, 

2018; Mossbridge et al., 2014). No obstante, la mayoría de los estudios que se han 

realizado en este campo se han llevado a cabo en contextos cuyas consecuencias son 
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irrelevantes. Por lo tanto, dada la importancia que tiene para la conducta adaptativa y el 

bienestar la anticipación y el procesamiento cerebral de los resultados impredecibles, es 

necesario profundizar en su estudio en contextos dinámicos ecológicos. Este objetivo se 

aborda en el estudio 2. 

Prevención del comportamiento de riesgo 

Un aspecto fundamental para el aprendizaje y la adaptación del comportamiento futuro, 

es la valoración de las consecuencias de las acciones que se realizan. Desde el punto de 

vista del aprendizaje instrumental, las consecuencias positivas o agradables aumentan la 

probabilidad de que una conducta se repita en el futuro, mientras que las negativas o 

desagradables disminuyen la probabilidad de que esta vuelva a realizarse (Ley del efecto; 

ver por ejemplo, Cándido (2000)). Respecto al comportamiento de riesgo, la aplicación 

de técnicas basadas en estos modelos de aprendizaje, como las sanciones o la 

retroalimentación contingente, se ha demostrado eficaz para reducir las decisiones 

arriesgadas (Maldonado et al., 2016; Megías et al., 2017). El ejemplo más cotidiano del 

uso de estas herramientas para la modificación de la conducta es el permiso de conducir 

por puntos, que ha sido el método más eficaz para reducir el comportamiento de 

conducción imprudente (Novoa et al., 2010). Además, estas estrategias mejoran la 

funcionalidad de las redes cerebrales implicadas en el control cognitivo (Megías, Torres, 

et al., 2018).  

Por otro lado, teniendo en cuenta la influencia de los estados emocionales y de las 

características personales que intervienen en las diferentes etapas de la toma de 

decisiones, una estrategia efectiva para reducir el comportamiento de riesgo puede ser el 

uso de intervenciones que regulen estos factores. Dadas las particularidades del rasgo de 

mindfulness que influyen en la selección de la acción, como son la reorientación de la 

atención al momento presente, la observación de las propias sensaciones y la apertura y 
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la aceptación de la experiencia (Baer et al., 2006; Brown y Ryan, 2003; Kabat-Zinn, 

2005), los programas que entrenan estas habilidades pueden repercutir en la conducta 

adaptativa (Liu et al., 2021; Quaglia et al., 2016; M. Y. Wang et al., 2021; Zuo et al., 

2023). Las intervenciones basadas en mindfulness, como el programa de reducción del 

estrés (Kabat-Zinn et al., 1992), la terapia cognitiva basada en mindfulness (Segal et al., 

2002), el programa de prevención de recaídas (Marlatt y Witkiewitz, 2002), la terapia 

dialéctica conductual (Linehan, 1993) o la terapia de aceptación y compromiso (Hayes 

et al., 2003), entrenan las habilidades de la atención plena mediante diversas prácticas de 

meditación (ej. atención a la respiración, escaneo corporal y meditación guiada) y yoga. 

También incluyen grupos de debate y enseñan herramientas de reestructuración cognitiva 

y gestión emocional, como por ejemplo hacer una pausa y detenerse para respirar, de 

manera que se facilita la observación de la situación, la atención a la experiencia externa 

e interna y la selección de una respuesta adecuada (Baer, 2003). De hecho, los programas 

basados en mindfulness mejoran las habilidades de regulación emocional y el bienestar y 

la salud psicológica general (Eberth y Sedlmeier, 2012; Garland et al., 2017; Gu et al., 

2015; Roemer et al., 2015; Vanzhula y Levinson, 2020).  

Sin embargo, respecto a otros factores que intervienen en la toma de decisiones, 

como la impulsividad, la mayoría de las investigaciones que utilizan los entrenamientos 

basados en mindfulness se han centrado en el tratamiento de trastornos mentales que 

conllevan conductas asociadas a estos rasgos, como el consumo de sustancias, los 

atracones, o el trastorno por déficit de atención e hiperactividad, por lo que los resultados 

son variados y pueden verse afectados por otras variables relacionadas con las 

características de la población clínica (Cairncross y Miller, 2020; Cavicchioli et al., 2018; 

J. P. Davis et al., 2019; Maddox, 2011; Vidrine et al., 2016). Por lo tanto, se necesita más 
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investigación para profundizar en los mecanismos específicos que se relacionan con los 

beneficios de la práctica del mindfulness.  

No obstante, independientemente de los efectos que puedan generar en los 

procesos que subyacen a la toma de decisiones disfuncionales, las intervenciones basadas 

en mindfulness se han demostrado eficaces para reducir el comportamiento de riesgo 

autoinformado, así como las decisiones de riesgo en contextos de la vida cotidiana, como 

la conducción (Baltruschat, 2020; Baltruschat, Mas-Cuesta, et al., 2021; Koppel et al., 

2019). Más concretamente, nuestro grupo de investigación ha observado que un grupo de 

conductores reincidentes mejoraba su ejecución al volante y tenían menos accidentes 

después de cinco semanas de entrenamiento en mindfulness (Baltruschat, Mas-Cuesta, 

et al., 2021). Por lo tanto, no es de extrañar que los mecanismos neurobiológicos de la 

práctica de la atención plena se relacionen con las redes de control cognitivo y de 

recompensa cerebral (Baltruschat, Cándido, et al., 2021; Bursky et al., 2022; Gotink 

et al., 2016; Pernet et al., 2021; Tang et al., 2015). En este sentido, se ha observado que 

el entrenamiento en mindfulness produce cambios estructurales en áreas como la corteza 

cingulada anterior y posterior, la amígdala, la ínsula, el núcleo caudado, el tálamo, las 

cortezas prefrontal y somatosensorial, el precuneus, el lóbulo parietal y la unión temporo-

parietal, el giro lingual y el cerebelo (Fahmy et al., 2018; Hölzel et al., 2011; Melis et al., 

2023; Pickut et al., 2013; Santarnecchi et al., 2014; Siew y Yu, 2023; Weder, 2022; C.-

C. Yang et al., 2019; Yu et al., 2021; Yuan et al., 2020). Sin embargo, la naturaleza de

los efectos en la modificación de la estructura cerebral varía en función del estudio y hay 

pocas investigaciones que los hayan relacionado con los mecanismos que se cree que 

sustentan las habilidades de mindfulness. Por lo tanto, es necesario profundizar en el 

estudio de los cambios, a nivel neuroanatómico, de la práctica de la atención plena y cómo 

estos cambios se relacionan con los procesos cognitivos y de personalidad que intervienen 
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en las habilidades de mindfulness y en el comportamiento de riesgo. Estos objetivos se 

abordan en el estudio 3 de la tesis. 
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JUSTIFICACIÓN Y OBJETIVOS 

La toma de decisiones es un proceso sustentado por múltiples redes cerebrales encargadas 

de valorar las alternativas de acción, controlar la conducta y evaluar los resultados para 

facilitar el aprendizaje. Aunque conocemos los factores contextuales y personales que 

determinan la funcionalidad de la elección de la conducta, todavía es necesaria 

investigación para esclarecer cómo se configuran los sistemas neurocognitivos y de 

personalidad implicados en las distintas etapas de la toma de decisiones y cómo los 

cambios que se producen en estos sistemas permiten anticipar y procesar resultados 

inesperados y prevenir el comportamiento desadaptativo. Es por esto que la presente tesis 

doctoral profundiza en las bases neuroanatómicas del comportamiento de riesgo y de su 

factores de personalidad asociados. También aborda el estudio del procesamiento cerebral 

de las acciones cuyos resultados son impredecibles y conllevan consecuencias negativas 

para el bienestar, y examina cómo las intervenciones que se han demostrado eficaces para 

mejorar la conducta adaptativa producen cambios en los sistemas cerebrales que se 

relacionan con los procesos cognitivos y de personalidad que intervienen en la toma de 

decisiones y en el comportamiento de riesgo.  

Un ejemplo cotidiano de toma de decisiones donde pueden observarse 

comportamientos arriesgados con resultados catastróficos, tanto a nivel personal como 

económico y social, son los entornos de tráfico. Por ello, y debido a su gran validez 

ecológica y posibilidad de generalización, se utiliza la conducción para abordar los 

objetivos de los estudios de la tesis. 

El estudio 1 explora las bases neuroanatómicas del comportamiento de 

conducción arriesgado y su relación con los rasgos de personalidad que se asocian con 

este tipo de conducta. La tendencia al riesgo se ha determinado teniendo en cuenta 
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situaciones de conducción de la vida real y las variables de personalidad se han elegido 

en función de las que la literatura previa ha establecido como más influyentes en la toma 

de decisiones disfuncionales, en general, y en el comportamiento de riesgo en conducción, 

en particular. Por lo tanto, se han evaluado la impulsividad cognitiva y la sensibilidad a 

las recompensas y castigos. 

El estudio 2 investiga el procesamiento cerebral de los eventos catastróficos. Para 

ello se han utilizado los milisegundos previos y posteriores a la ocurrencia de accidentes 

en contextos de conducción simulada. En ambos periodos se ha analizado la actividad 

cerebral, estimada mediante el registro de electroencefalografía, y la conectividad 

efectiva de las siete redes principales del cerebro (visual, somatomotora, límbica, 

atencional dorsal y ventral, frontoparietal y red por defecto) y se han estudiado las 

diferencias tanto a nivel intra-, como inter-sujetos. 

El estudio 3 analiza los efectos neuroanatómicos de una intervención basada en 

mindfulness de cinco semanas. Dada la influencia de algunos factores de personalidad en 

la conducta adaptativa, también se ha investigado si la práctica de mindfulness puede 

afectar a la atención plena disposicional y a la impulsividad y si los cambios estructurales 

producidos por la intervención se relacionan con estos rasgos de personalidad.  
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Por lo tanto, los objetivos generales y específicos de los tres estudios son los siguientes: 

Estudio 1: Explorar la relación entre la estructura cerebral, la conducción arriesgada y los 

rasgos de personalidad.  

- Estudiar las bases neuroanatómicas del comportamiento de conducción 

arriesgado.  

- Investigar la relación entre la impulsividad y la sensibilidad a las recompensas y 

castigos y el volumen de materia gris cerebral.  

- Determinar cómo influye el nivel de riesgo en conducción en la relación entre la 

estructura cerebral y los rasgos de personalidad.  

Estudio 2: Investigar cómo procesa el cerebro la ocurrencia de eventos catastróficos.  

- Explorar los marcadores de la actividad cerebral anticipatoria de los accidentes.  

- Examinar la actividad cerebral asociada al procesamiento de los accidentes. 

- Estudiar cómo evoluciona la conectividad efectiva entre las redes cerebrales a lo 

largo de la ocurrencia de los accidentes.  

Estudio 3: Examinar los cambios neuroanatómicos y en los rasgos de personalidad 

después de una intervención basada en mindfulness.  

- Investigar los efectos de un entrenamiento en mindfulness en el mindfulness 

disposicional y la impulsividad.  

- Estudiar la relación entre los cambios de los rasgos de personalidad.  

- Explorar los efectos de una intervención basada en mindfulness en la estructura 

cerebral.  

- Determinar cómo los efectos en la estructura cerebral se relacionan con los 

cambios en los rasgos de personalidad.  
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Abstract 

Personality traits such as impulsivity or sensitivity to rewards and punishments have been 

associated with risky driving behavior, but it is still unclear how brain anatomy is related 

to these traits as a function of risky driving. In the present study, we explore the 

neuroanatomical basis of risky driving behavior and how the level of risk-taking 

influences the relationship between the traits of impulsivity and sensitivity to rewards and 

punishments and brain gray matter volume. One hundred forty-four participants with 

different risk-taking tendencies assessed by real-life driving situations underwent MRI. 

Personality traits were assessed with self-report measures. We observed that total gray 

matter volume varied as a function of risky driving tendencies, with higher risk 

individuals showing lower gray matter volumes. Similar results were found for volumes 

of brain areas involved in the reward and cognitive control networks, such as the 

frontotemporal, parietal, limbic, and cerebellar cortices. We have also shown that 

sensitivity to reward and punishment and impulsivity are differentially related to gray 

matter volumes as a function of risky driving tendencies. Highly risky individuals show 

lower absolute correlations with gray matter volumes than less risk-prone individuals. 

Taken together, our results show that risky drivers differ in the brain structure of the areas 

involved in reward processing, cognitive control, and behavioral modulation, which may 

lead to dysfunctional decision-making and riskier driving behavior. 

 

Keywords: risky driving, gray matter, reward sensitivity, punishment sensitivity, delay 

discounting. 
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Introduction 

A risky driving style, characterized by driving over the speed limit, not paying attention 

to traffic, driving under the influence of alcohol or drugs, or not wearing a seat belt or 

helmet, are behaviors associated with a history of traffic offenses (Taubman – Ben-Ari 

et al., 2016; Taubman - Ben-Ari & Yehiel, 2012) and is, in part, responsible for traffic 

accident fatalities that rank eighth among the causes of mortality worldwide (World 

Health Organization, 2015, 2018). Certain personality traits, such as impulsivity and 

sensitivity to rewards and punishments, have been linked to risky driving behavior styles 

(Padilla et al., 2018; Panayiotou, 2015). It seems that the brain systems related to these 

personality traits show a dysfunctional interaction when making risky decisions (Ferenczi 

et al., 2016). However, there is still a knowledge gap regarding the neuroanatomical bases 

of risky driving and the relationships between brain anatomy and personality traits such 

as sensitivity to reward and punishment or preference for immediate versus delayed 

rewards. Our main aim was to address this gap using a large sample of individuals with 

different risk tendencies assessed using self-reported real-life driving behaviors.  

The brain networks supporting the processing of the subjective value of rewards 

and punishments and those involved in conflict monitoring in decision-making have been 

linked to risky behavior. These networks are located in brain regions such as the striatum, 

the orbitofrontal cortex (OFC), superior and posterior parietal cortex, the lateral prefrontal 

cortex (LPFC), the medial temporal lobe, the insula, or the anterior cingulate cortex 

(ACC) (Goh et al., 2016; Helfinstein et al., 2014; Lee et al., 2016; Levy, 2017; Peters & 

Büchel, 2009; Vorobyev et al., 2015; Xue et al., 2018). Only a few recent studies have 

investigated the relationship between risky driving behavior and the volume of brain gray 

matter of these structures. In a study with people with multiple sclerosis, Dehning et al. 

(2014) found that the size of the third ventricle, an indicator of thalamic atrophy, was 
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significantly correlated with traffic rule violations and predicted a significant portion of 

the variance in traffic offenses. Kwon et al. (2014) observed, in a computerized driving 

task, that more risky adolescents did not show differences in gray matter volume than less 

risk-prone individuals. However, they observed differences between these two groups in 

the integrity of the white matter in frontal regions. Sakai et al. (2012) found that older 

people with lower executive function had a lower volume in the supplementary motor 

area (SMA) and, more importantly, were prone to risky driving. Dedovic et al. (2016) 

found that men who had driven under the influence of alcohol (without engaging in other 

dangerous drinking patterns) showed a reduced cortical thickness of the posterior 

cingulate cortex (PCC) compared with drivers in the control group. Finally, Aydogan et 

al. (2021) observed that drivers who reported driving faster than the allowable speed limit 

had lower GMV in the ventromedial and dorsolateral prefrontal cortices, amygdala, and 

striatum. The evidence gathered to date shows the need to study further the 

neuroanatomical basis of risk-taking behavior in driving. 

Sensitivity to reward (SR) and punishment (SP) reflect individual differences in 

the behavioral activation system (BAS) and the behavioral inhibition system (BIS), which 

control the approach and inhibitory responses to appetitive or aversive stimuli (Gray, 

1970). Risky behavior has been linked to greater sensitivity to rewards and less sensitivity 

to punishment (Baltruschat et al., 2020). Scott-Parker & Weston (2017) found that drivers 

with high sensitivity to rewards and minor sensitivity to punishment behaved in a riskier 

way while driving and in health-related behaviors. However, other studies appear to 

indicate that sensitivity to punishment has little influence on risky driving and that 

sensitivity to rewards is a distal predictor of this behavior (Castellà & Pérez, 2004; 

Constantinou et al., 2011; Padilla et al., 2018). Therefore, the relationship between 

sensitivity to reward and punishment and risky driving behavior is still unclear. 
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Furthermore, the relationships between SR and SP and brain volume in risky 

driving contexts have not yet been studied, although some studies have explored the 

association between brain volume and personality traits such as SP and SR or impulsivity. 

Regarding SR, positive and negative correlations have been found with the volume of the 

striatum (Adrián-Ventura et al., 2019; Li et al., 2019; Parcet et al., 2020; Urošević et al., 

2015) and negative correlations with the volumes of the lateral and medial prefrontal and 

superior temporal cortices (Adrián-Ventura et al., 2019; Barrós-Loscertales et al., 2006a; 

Parcet et al., 2020). On the other hand, SP has been positively correlated with volumes of 

the amygdala and hippocampal formation and negatively with the insula and OFC 

volumes (Adrián-Ventura et al., 2019; Barrós-Loscertales et al., 2006b; Fuentes et al., 

2012; Holmes et al., 2012; Iidaka et al., 2006; Levita et al., 2014; Von Siebenthal et al., 

2020). Thus, the correlations between brain structure and SR and SP could differ 

depending on the population under study. In this regard, Parvaz et al. (2011) found that 

the P300 (an event-related measure of reward sensitivity) was positively related to the 

volume of the frontostriatal circuit in healthy participants. However, in people addicted 

to cocaine, no relationship was observed between P300 and gray matter volume. 

Therefore, it is critical to determine whether the relationships between reward and 

punishment sensitivity and brain gray matter volumes vary depending on whether or not 

people exhibit risky driving behavior. 

Another related and essential personality factor implicated in risk behavior is 

impulsivity. This personality trait is a multidimensional construct that includes the 

tendency to choose risky options, the inability to assess the risk associated with a decision, 

or the preference for immediate reinforcement (Cherek & Lane, 1999; Eysenck & 

McGurk, 1980). The preference for immediate reward in delayed discounting tasks 

(DDT) has been positively related to risk behavior, such as financial (Beauchaine et al., 
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2017) or risky sexual behaviors (Chesson et al., 2006; Story et al., 2014). In stark contrast, 

other studies have not observed significant relationships between discounting rate and 

risk behavior (Mishra & Lalumière, 2011, 2017). Regarding risky driving behavior, some 

studies have found a positive relationship between the value placed on immediate rewards 

and self-reported risky driving (Murphy & Murphy, 2018; Zimbardo et al., 1997) or errors 

while driving in a simulator (Romanowich et al., 2020). It has also been observed that 

drivers who use a mobile phone while driving have a higher discounting rate than those 

who do not (Hayashi et al., 2015) although this finding was not replicated in subsequent 

studies (Hayashi et al., 2017). Furthermore, in a recent study, Qu et al. (2020) have 

observed no relationship between the preference for immediate reinforcement and risky 

driving behavior. However, these authors demonstrated that a higher discounting rate for 

large rewards significantly predicted safer driving behaviors. Therefore, the type of 

relationship between risky driving and a preference for immediate reinforcement seems 

questionable. 

Regarding the brain correlates of cognitive impulsivity, the neural networks 

involved in valuation (striatum, OFC, medial prefrontal, lateral parietal, and posterior 

cingulate cortices), conflict monitoring and cognitive control (ACC and LPFC) and 

prospection (hippocampus and amygdala), have been assumed to underlie the process of 

delay discounting (Peters & Büchel, 2011; Wesley & Bickel, 2014). Some relationships 

between the preference for immediate reinforcement and gray matter volumes of various 

brain areas have been found at the neuroanatomical level. For instance, positive and 

negative correlations have been observed between the gray matter volume and the 

discounting rate in medial prefrontal regions, superior frontal gyrus, OFC, striatum, and 

ACC (Barry et al., 2020; Bernhardt et al., 2014; Cho et al., 2013; Freinhofer et al., 2020; 

Li et al., 2019; Meade et al., 2020; Pehlivanova et al., 2018; Schwartz et al., 2010; 
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Tschernegg et al., 2015; Wang et al., 2016). The preference for immediate reinforcement 

has also been negatively associated with volumes of the lingual gyrus, LPFC, entorhinal 

cortex, and medial temporal gyrus (Bjork et al., 2009; Owens et al., 2017). Likewise, 

positive relationships have been observed between volumes of the parahippocampal 

gyrus, PCC, insula, and lateral occipital cortex and the discounting rate (Guo et al., 2017; 

Mohammadi et al., 2016; Wang et al., 2016). Finally, regarding the total gray matter 

volume, Owens et al. (2017) have observed that a higher discounting rate is significantly 

associated with a lower total cortical, but not subcortical, gray matter. Despite previous 

evidence, the associations between gray matter volume and delay discounting seem 

inconclusive and vary depending on the population under study. In this regard, Wang 

et al. (2017) found that while impulsivity was negatively related to the volumes of frontal 

and limbic areas in healthy people, no such relationship was found in obese individuals.  

To the best of our knowledge, no research has yet been done to examine the 

neuroanatomical correlates of delay discounting in drivers. Therefore, it is necessary to 

carry out an in-depth study of the associations between preference for immediate 

reinforcement and cerebral gray matter volume, which could be very helpful for 

determining whether these associations vary depending on the extent to which drivers are 

risk-prone. Thus, the main objective of this paper was to study the neuroanatomical bases 

of risky driving behavior and how the level of risk-taking influences the link between 

impulsivity and sensitivity to reward and punishment and the volume of brain gray matter. 

We hypothesized that riskier drivers would have a lower volume of brain gray matter than 

less risky drivers, particularly in areas related to reward and cognitive control processing 

and valuation. Furthermore, according to previous literature (Parvaz et al., 2011; Wang 

et al., 2017), we expect that the relationship between personality traits and brain gray 

matter volume depends on the level of risky driving. 
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Materials and methods 

Participants 

Participants in this study were part of a more extensive study aimed at revealing the brain 

basis of risk behavior in traffic situations. We used structural MRI from 144 participants 

(50 women, 32.06 years old, range= [18, 68]). None of the participants reported a history 

of head injury nor a history of neurological disorders. All participants signed an informed 

consent form, were informed of their rights, and were treated according to the Helsinki 

Declaration (World Medical Association, 2013). All participants were paid for their 

participation in the study. The Ethics Committee of Human Research of the University of 

Granada approved this research (204/CEIH/2016). Participants were then organized into 

three groups, according to their risky driving behavior in real life. 

Risk classification 

Each participant was asked to indicate whether and how many points they had lost in the 

Spanish fine system due to traffic rule violations, whether they have attended a 

rehabilitation course to recover these points, how many fines they had received for 

violating traffic rules, and if they usually exceed the speed limit by 20% or higher when 

driving. All these variables are binary and of different importance, which precludes their 

use as numerical variables or continuous variables. The Non-Risk Group (NR) was 

composed of 28 participants who had received up to two fines but had not lost points, had 

not attended a rehabilitation course, and did not exceed the speed limit by 20% when 

driving. The Medium-Risk (MR) group was composed of 53 participants who had 

retained all their points but had received more than two fines and usually exceed the speed 

limit by more than 20% when driving. Finally, the High-Risk (HR) group was composed 

of 63 participants who had lost more than one point from their driver's license due to 

severe violations of traffic rules. 
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Instruments 

Sensitivity to punishment and sensitivity to reward questionnaire 

The sensitivity to punishment and sensitivity to reward questionnaire (SPSRQ-20; 

Aluja & Blanch, 2011) consists of 20 dichotomic items (Yes/No) divided into two 

subscales: the sensitivity to reward (SR) and sensitivity to punishment (SP). The SR 

measures the BAS, and the SP measures the BIS (Torrubia et al., 2001). 

Monetary Choice Questionnaire 

The Monetary-Choice Questionnaire (MCQ; Kirby & MarakoviĆ, 1996) evaluates 

individual preferences between smaller, immediate rewards (SIRs) and more significant, 

delayed rewards (LDRs) that vary in their value and time to be delivered. Participants are 

presented with a fixed set of 27 choices between SIRs and LDRs. For example, on the 

first trial, participants were asked, "Would you prefer 54 euros today, or 55 euros in 117 

days?" The trial order was arranged so that it did not correlate with the immediate or 

delayed reward amounts, their ratio, their difference, the delay to reward, or the 

discounting rate corresponding to indifference between the two rewards (Kirby & Petry, 

2004). The preference for immediate rewards is calculated by counting the number of 

choices of SIRs. 

Procedure 

Participants came to the research center and, as a part of a broader project, signed the 

informed consent form, completed the questionnaires, and underwent the MRI scan. The 

order of the questionnaires and MRI scanning were arranged according to the availability 

of MRI and the participants’ schedules. 

MRI and data analysis 

The MRI scans were conducted with a Siemens 3T Trio system equipped with a 32-

channel head coil at the Mind, Brain, and Behavior Research Center of the University of 
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Granada. Participants were instructed not to move during the scan. Head restraint and 

foam padding around the head were used to limit head motion. A T1-weighted MPRAGE 

scan was obtained with a TR (repetition time) of 1900 ms, TE (echo time) of 2.52 ms, and 

a flip angle of 9°. For each volume, 176 slices of 1 mm thickness were obtained, which 

provide whole-brain coverage (voxel size = 1 ×1 ×1 mm; FOV = 256 mm; 256 ×256 data 

acquisition matrix). 

The MRI scans were submitted to CAT12 toolbox (http://www.neuro.uni-

jena.de/cat/) to obtain brain volumes, running under the umbrella of SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/), using default parameters. In 

essence, CAT12 corrects for bias inhomogeneity, segmented into gray matter, white 

matter, and cerebrospinal fluid using the AMAP approach, and the images were spatially 

normalized using the Diffeomorphic Anatomical Registration through the Exponentiated 

Lie algebra (DARTEL) algorithm. Volumes were then normalized to the MNI 

neurological space and multiplied by the Jacobian determinant to preserve volume. Gray 

matter volumes were then smoothed using an 8 mm FWHM Gaussian kernel. This 

volumes were submitted to a voxel-wise analysis, as described below. After that, 

neuromorphometric anatomical areas were extracted to perform partial correlation 

analysis (see below for further details). 

SPM 12 was used to perform the voxel-wise statistical analyses. The general linear 

model was used, in which a single factor (three levels) was manipulated between subjects. 

Comparisons between the three groups were made while controlling for age, gender, 

education level, and total intracranial volume (TIV) (results are also provided controlling 

only for age, gender and educational level, for sensitivity analysis and comparative 

purposes). FDR corrected the significance threshold to a cluster q<0.05, we used an 

extended cluster size of 240 voxels based on simulations done with Rest-AlphaSim 
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(FWHM=8, mm=4, voxel threshold=0.001), 1000 iterations, to further control for the 

multiple comparison problem. The automated anatomic atlas (AAL) was used to label the 

significant clusters of interest.  

Our second analysis was aimed at uncovering the relationships between SPSRQ 

and MCQ scores and brain, using a partial correlation approach. For this approach we 

used the anatomic parcellation provided by the computational anatomy toolbox (CAT12). 

This software provide volumetric information according to the neuromorphometric atlas. 

We obtained the volumes of 116 structures (only regions with gray matter were retained, 

so 26 of the 142 regions provided by the neuromorphometric atlas were excluded), which 

were then correlated using the partial correlation coefficients with the SPSRQ and the 

MCQ variables. This analysis also controlled for age, gender, education level and TIV 

(data are also provided controlling only for age, gender and education level, for 

comparative purpose). The differences between correlation coefficients were then 

obtained for the comparisons between non-risk versus medium- and high-risk, and 

medium versus high-risk groups. It is important to note that the size of the correlation 

coefficient is dependent on the sample size used to compute it. In line with a recent 

proposal regarding the significance threshold (Benjamin et al., 2018; Johnson, 2013), we 

adopted a p-value<0.005 to test for the statistical significance of these 348 differences.  

 

Results 

Table 1 displays the means and standard deviations for age, education level, TIV, total 

gray and white matter volumes, the number of women in each group, punishment and 

reward sensitivity, and the preference for an immediate reward. There were differences 

in age between group MR and HR (p<0.05) and in the number of women (p<0.05). No 

other differences were observed. No differences in sensitivity to punishment, sensitivity 
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to reward, or preference for immediate reward were observed between groups (min 

p=0.11).  

No differences in TIV were observed between the three groups (p>0.10). 

However, differences in total gray matter volume were observed between the NR and HR 

groups (p<0.01), indicating larger volumes in the NR than the HR group (Table 1). This 

indicates the general tendency for risky individuals to have a lower total gray matter 

volume. No differences in white matter volumes were observed between the three groups 

(all p>0.22). 

Table 1. Means and standard deviations for age, education level, number of women, total intracranial volume, total 
gray and white matter volumes, punishment and reward sensitivity, and preference for immediate rewards in each 
group. 
Group Age Education Gender TIV GMV WMV SP SR IR N 
NR 30.8 (14.9) 3.5 (0.5) F=9 1614.1 (134.7) 741.5 (66.5) 540.4 (62.4) 2.9 (2.3) 4.4 (2.2) 15.0 (5.0) 28 
MR 25.6 (10.7) 3.6 (0.5) F=30 1541.7 (139.6) 722.4 (73.3) 511.0 (56.1) 3.9 (2.9) 4.4 (2.6) 14.2 (4.5) 53 
HR 38.1 (12.4) 3.3 (0.8) F=11 1565.6 (116.8) 692.1 (60.3) 532.2 (52.8) 3.4 (2.7) 3.8 (2.8) 14.9 (5.5) 63 
Note NR: Non- risk; MR: Medium-risk; HR: High-risk; TIV: total intracranial volume; GMV: gray matter volume, WMV: 
white matter volume; SP: sensitivity to punishment, SR: sensitivity to reward; IR: immediate reward. 

Table 2 displays the peak t-scores for the significant differences, corrected for 

multiple comparisons. Differences were observed in the left superior parietal cortex for 

the contrast NR>MR. Differences were also observed in the right parahippocampal gyrus, 

right cerebellum 6, and left caudate, volumes for the contrast MR>HR. Differences in 

volumes of the vermis, right middle frontal cortex, and left superior parietal cortex were 

observed for the contrast NR>HR. Note, however, that a larger set of differences were 

found significant when no TIV controlling was used.  
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Table 2. Between-group comparisons in brain gray matter volume, adjusted for age, sex and 
cultural level (left) and also by total intracranial volume (right). 

  Controlled by Age, Sex, Education and TIV 

Label Size t-peak X Y Z pFDR Size pFDR 

NR>MR         
Parietal_Sup_L 1138 4,48 -33 -41 63 0,001 793 0,001 
MR>HR         
ParaHippocampal_R 2355 4,72 47 5 -47 0,001 1250 0,001 
Cerebellum_6_R 926 4,09 26 -48 -27 0,001 318 0,03 
Caudate_L 660 4,01 -14 27 0 0,001 245 0,05 
Putamen_R 430 3,9 35 2 0 0,01   
SupraMarginal_R 337 3,64 59 -30 35 0,023   
NR>HR         
Cerebellum_6_R 2014 4,17 35 -71 -30 0,001   
Cerebellum_9_L 412 3,72 15 -57 -56 0,005   
Cerebellum_Crus2_l 819 4,15 -45 -62 -26 0,001   
Vermis_1_2 1808 4,63 -15 -44 -23 0,001 527 0,004 
Frontal_Inf_Orb_L 388 4,03 -53 42 -5 0,006   
Frontal_Inf_Tri_R 502 4,35 41 17 17 0,002   
Frontal_Med_Orb_L 364 3,49 15 5 -17 0,007   
Frontal_Mid_L 1741 4,53 -50 8 39 0,001   
Frontal_Mid_R 3940 4,97 27 29 41 0,001 335 0,014 
Frontal_Sup_Medial_L 495 4,13 -5 56 32 0,002   
Fusiform_R 512 3,82 45 0 -51 0,002   
Heschl_R 368 4,17 63 -11 9 0,007   
Insula_R 1170 4,74 36 -5 -2 0,001   
Lingual_L 1087 4,71 -24 -90 -6 0,001   
Parietal_Sup_L 3092 4,69 -35 -39 53 0,001 435 0,006 
Temporal_Sup_R 1087 4,64 59 -27 30 0,001   
Temporal_Sup_L 461 3,95 -41 14 -14 0,003   
Temporal_Pole_Mid_R 2375 4,13 45 21 -5 0,001   
Note: NR: Non-risk; MR: Medium-risk; HR: High-risk 

 

We then used the neuromorphometric atlas to uncover the relationships between 

scores on the SPSRQ and the MCQ questionnaires and brain parcels (Table 3, Figure 1). 

We observed that for the NR-MR contrast, differences between correlations were 

significant for punishment sensitivity in the right medial precentral cortex, left superior 

medial frontal cortex and right posterior insula, while for the immediate reward 

differences were observed in bilateral nucleus accumbens (nAcc), right amygdala, right 

lingual, right PCC, and left inferior OFC. For the NR-HR contrast, differences were 
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observed for reward sensitivity in the left frontal operculum, left medial postcentral 

cortex, and left superior temporal cortex (STC), while for immediate reward, differences 

were observed in left nAcc and left inferior OFC. Finally, for the MR-HR contrast, 

differences were observed for punishment sensitivity in the bilateral medial precentral, 

reward sensitivity in the left occipital fusiform, and immediate reward in the left occipital 

pole and left PCC. Note that when no TIV control was applied, fewer brain areas remained 

significant. 

Table 3. Between-groups contrast of the correlations between SPSRQ and MCQ scores and gray 
matter volume, after controlling for age, sex and cultural level (left) and also by total intracranial 
volume (right). 

Controlling for age, sex and cultural level And for TIV 

Variable Label r1 r2 z r1 r2 z 

NR-MR 
IR L Accumbens -0,54* 0,18 -3,24 -0,57* 0,26* -3,73
IR R Accumbens -0,48* 0,14 -2,73
IR R Amygdala -0,25 0,39* -2,69
IR R Lingual -0,34* 0,40* -3,18
IR L Inferior Frontal Orbital -0,63* -0,04 -2,86 -0,68* 0,00 -3,40
IR R Posterior Cingulate -0,31* 0,36* -2,88
SP R Medial Precentral 0,32* -0,34* 2,80
SP L Superior Medial Frontal -0,59* 0,02 -2,85
SP R Posterior Insula -0,5* 0,14 -2,83 -0,45* 0,26* -3,09
NR-HR 
IR L Accumbens -0,57* 0,04 -2,89
IR L Inferior Frontal Orbital -0,63* -0,11 -2,65 -0,68* 0,01 -3,51
SR L Frontal Operculum -0,42* 0,17 -2,61
SR L Medial Poscentral 0,43* -0,2* 2,8 0,43* -0,22* 2,90
SR L Superior Temporal 0,50* -0,08 2,63
MR-HR 
IR L Occipital Pole 0,23* -0,3* 2,86 0,35* -0,18 2,85 
IR L Posterior Cingulate 0,25* -0,27* 2,76 0,42* -0,10 2,88 
SP L Medial Precentral -0,38* 0,27* -3,53 -0,36* 0,30* -3,60
SP R Medial Precentral -0,34* 0,15 -2,62
SR L Occipital Fusiform 0,37* -0,13 2,71 0,38* -0,14 2,80
Note. NR: No-risk; MR: Medium-risk; HR: High-risk; r1 is the relationship between the first term of the 
comparison and the volume of gray matter, r2 is the relationship between the second term of the 
comparison and gray matter; SR= sensitivity to reward, SP: sensitivity to punishment, IR: immediate 
reward score. * These correlations were significant at an uncorrected p<0.05. The differences between 
correlations were significant at p<0.005. 
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Fig.1 An illustration of the correlations between brain parcels (left accumbens, left inferior frontal 
orbital gyrus and right posterior insula) and preference for immediate rewards (IR) and sensitivity 
to punishment (SP), for each risk group. 

 

Discussion 

In the present research, we studied the anatomical bases of risky driving behavior and its 

relationships with reward and punishment sensitivity and the tendency to delay rewards. 

The main findings are that total gray matter volume varies as a function of risk proneness, 

with lower brain gray volumes related to higher risk tendencies. This finding applies to 

both total gray matter volumes and volumes of the frontotemporal, parietal, limbic, and 

cerebellar cortices (the total number of areas varies according to TIV control). The 

relationships between reward and punishment sensitivity and the ability to delay rewards 
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and gray matter volumes differ as a function of risk tendency. High risk individuals 

showed, in general, lower absolute correlations with gray matter volumes than the less 

risk-prone individuals. We have also shown that the level of risk is the main factor 

modulating the relationship between personality traits and brain gray matter volume. 

When the TIV control was applied, the relationship between preference for immediate 

reward and gray matter volume was observed to differ between the NR and MR groups 

in the nAcc, amygdala, lingual gyrus, inferior OFC and PCC, between the NR and HR 

groups in the left hemisphere structures (nAcc, inferior OFC) and between the MR and 

HR group in the occipital pole and posterior cingulate cortex. The relationships between 

sensitivity to punishment and brain gray matter volume also differed between the NR and 

MR groups in the right medial precentral cortex, left superior medial frontal cortex and 

right posterior insula, and between the MR and HR groups in the bilateral medial 

precentral cortex. Finally, the partial correlation between reward sensitivity and gray 

matter volume differed significantly between groups NR and HR in the left frontal 

operculum, left medial post-central and left STC, and between groups MR and HR in the 

left occipital fusiform cortex. When no TIV control was applied, fewer brain areas 

remained significant. 

It is important to note that the use of two different control strategies, including or 

not the TIV as a covariate, has been done for comparative and sensitivity analysis 

purposes. The robustness of the data is confirmed by the fact that the control, or not, of 

the TIV does not modify the type of structure in which differences are found, but rather 

increases or decreases the significance of these differences. Regarding the study of the 

anatomical bases of risky driving, both analyses result in differences in GMV between 

the groups in the same structures. When controlling for TIV some differences are no 

longer significant, but no new structures appear, nor is the directionality of the differences 
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reversed. Previous studies confirm our results by finding that the different TIV adjustment 

methods provide different results and these do not eliminate the GMV differences 

between groups, but rather make them smaller and in a fewer structures (Hyatt et al., 

2020; Sanchis-Segura et al., 2019, 2020). Something similar occurs when using the partial 

correlation coefficient to study the relationships between GMV and personality traits as 

a function of risk level. When controlling for TIV, significant relationships appear that 

were not previously significant and those that were already present when TIV was not 

taken into account are maintained. Previous studies have also found differences in the 

statistical power of the relationships between personality traits and GMV depending on 

the control variables used (Hu et al., 2011; Hyatt et al., 2020; Song et al., 2020). The point 

that when not controlling for TIV our results show a reduction in the number of structures 

that are related to personality traits may be due to the fact that these relationships appear 

but cannot be observed because they are masked by a TIV that is not being taken into 

account. 

Risk-proneness in driving depends on differences in GMV 

Our results demonstrate that risky drivers have a lower total gray matter volume than non-

risky drivers. This negative relationship between brain total gray matter and risky 

behavior has also been observed in other measures of risky behavior, such as early use of 

addictive substances (Weiland et al., 2014). Regarding the brain areas, we have observed 

that the riskiest drivers have lower gray matter volume in the left superior frontal, medial 

frontal, triangular inferior frontal, medial and inferior orbital frontal, superior temporal, 

temporal, and superior parietal cortices, cerebellum, fusiform gyrus, insula, 

parahippocampus, caudate and putamen before controlling the TIV. The superior parietal 

and medial frontal cortices, cerebellum, parahippocampus and caudate remained 

significant after controlling the TIV. 
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Some of these regions, such as the OFC, the parahippocampus, the caudate, or the 

putamen, are part of the brain’s socio-emotional or reward system (Albert et al., 2013; 

Bartra et al., 2013; Falk et al., 2012; Knutson & Cooper, 2005; Lambert et al., 2014; Lee 

et al., 2018; Peters & Büchel, 2011; Xie et al., 2017; Yang et al., 2019). This system is 

involved in the sensitivity, detection, and processing of incentive signals, the prospection 

and representation of reward expectations based on previous experience, and in the 

search, evaluation, and approach to reinforcers (Falk et al., 2012; Knutson & Cooper, 

2005; Kohno et al., 2015; Lambert et al., 2014; Levy, 2017; Schweinhardt et al., 2009; 

Yang et al., 2019). Thus, our results suggest an alteration in the detection, processing, and 

valuation of rewards in the riskiest drivers, which may involve maladaptive decision-

making in traffic situations.  

On the other hand, other regions in which we observe lower gray matter volume 

in risky drivers, such as the superior, medial, and inferior frontal cortex, the superior and 

medial temporal cortex, the fusiform gyrus, the cerebellum, and the superior parietal 

cortex, are part of the cognitive control network (Dosenbach et al., 2006; Lee et al., 2018; 

Luna et al., 2010; McClure et al., 2004; Niendam et al., 2012; Seeley et al., 2007; Sokolov 

et al., 2017; Steinberg, 2008; Xie et al., 2017). This network is responsible for controlling 

the general implementation of tasks, particularly during the decision-making phase in 

probabilistic or intertemporal choice tasks (Dosenbach et al., 2006; McClure et al., 2004). 

More specifically, this network is involved in the identification of stimuli relevant for the 

task, inhibitory and attentional control, working memory, conflict and error monitoring, 

and self-regulation of behavior (Dosenbach et al., 2006; Lee et al., 2018; Luna et al., 

2010; McClure et al., 2004; Niendam et al., 2012; Seeley et al., 2007; Steinberg, 2008; 

Ware et al., 2020; Xie et al., 2017). These executive functions related to cognitive control 

have been associated with better execution of driving and less risky behavior while 
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driving (Guinosso et al., 2016; Jongen et al., 2011; León-Domínguez et al., 2017; 

Mäntylä et al., 2009; O’Brien & Gormley, 2013; Ross et al., 2015; Sakai et al., 2017; 

Walshe et al., 2017). Thus, consistent with the previous literature, our results indicate an 

alteration in cognitive control processes in risky drivers, resulting in risky driving 

decisions. 

The reduced volume of brain structures in risky drivers could alter the reward and 

cognitive control brain networks. These networks act as a dual neurobiological system 

that works interactively to modulate the decision-making process (Li et al., 2020). On the 

one hand, the socio-emotional system processes the reinforcers and biases decision-

making based on assessing and predicting possible rewards and punishments. On the 

other hand, the cognitive control system is involved in the selection of actions, conflict 

monitoring, impulse inhibition, and regulation of the influence of the reward system on 

the decision-making process (Barry et al., 2020; Chein et al., 2011; Lambert et al., 2014; 

McIlvain et al., 2020; Nasiriavanaki et al., 2015; Noël et al., 2013; Parvaz et al., 2011; 

Peters & Büchel, 2011; Yang et al., 2019). Gray matter volume alterations in these areas 

have been described in executive functioning alterations (Ramanoël et al., 2018) and 

manifestations of risk behavior in both self-reported and laboratory tasks (Li et al., 2020; 

Lin et al., 2016; Miglin et al., 2019; Nasiriavanaki et al., 2015; Yokoyama et al., 2014). 

With regard to driving, Beeli et al. (2008) observed that transcranial magnetic 

stimulation of the LPFC, one of the most critical areas in the cognitive control system, 

caused drivers to behave in a less risky way (as measured by speed, distance from another 

car, and speed violations) while driving in a simulator. In another study, Chein et al. 

(2011) found that adolescents presented more extensive activation of the brain regions 

involved in reward and took more risks in a driving game in the presence of peers. 

Moreover, compared with adults, they showed less activation of the regions related to 
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cognitive control. However, adolescents with greater activation of the control network 

behaved more safely while driving (Cascio et al., 2015). On the other hand, Aydogan 

et al. (2021) have found that people who reported higher risk behavior related to alcohol, 

smoking, sex, or driving had a lower gray matter volume in areas such as the striatum, 

putamen, ventromedial, and dorsolateral prefrontal cortex, insula, and cerebellum. In 

another recent study, Yamamoto et al. (2020) have evaluated, using realistic driving 

situations, risky driving at intersections with stop signs in a group of older adults without 

cognitive impairment. The best predictors for classifying risky and non-risky drivers were 

age and the gray matter volume of areas related to executive functions, cognitive control, 

and incentive processing in the frontal and parietal cortices. These studies support our 

results regarding the negative relationship between risky driving and gray matter volume 

of the areas involved in the reward and cognitive control circuits. 

The reduced volume of brain structures in risky drivers could also be related to 

different functionality since any alteration of gray matter volumes appears to influence 

functional neural activity (Honey et al., 2007). Aydogan et al. (2021) compared their 

results on brain structure and risk behavior with a meta-analysis of functional magnetic 

resonance imaging and risk behavior studies (https://neurosynth.org/). These authors 

observed that many brain structures that were anatomically associated with risk behavior 

were also functionally related to such behavior. On the other hand, a wide variety of 

studies have observed differential brain activation when performing various laboratory 

tasks depending on the individuals’ level of risk proneness (Barkley-Levenson et al., 

2018; Barkley-Levenson & Galván, 2014; Engelmann & Tamir, 2009; Helfinstein et al., 

2014; Kohno et al., 2015). These results show that people who engage in risky behaviors, 

such as reckless driving, could use a different distribution of cognitive resources to non-

risky people.  
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Thus, our results suggest that, in risky drivers, there is an alteration at the level of 

brain structure in the neural circuits involved in reward processing and cognitive control. 

Furthermore, these alterations could reflect a distinctive brain activation pattern, which 

could imply that these drivers show maladaptive information processing and 

dysfunctional decision making (Baltruschat et al., 2020; Barkley-Levenson et al., 2018). 

Personality factors and risk driving 

Regarding the sensitivity to rewards and punishments, our results are in line with those 

obtained by Brown et al. (2016). These authors examined the personality characteristics 

of three different forms of risky driving: driving while impaired (alcohol-related traffic 

offenses), speed (non-alcohol-related traffic offenses), and mixed (alcohol-related and 

speed-related traffic offenses). They found no differences in SPSRQ scores between any 

of the groups and the control group (no traffic offenses), except for the mixed group, 

which showed greater sensitivity to rewards than the control group. In another study with 

repeat offenders, Padilla et al. (2018) have found that sensitivity to rewards, but not 

sensitivity to punishment, acted as a distal predictor of recidivism. In reference to other 

risk behavior measures, Navas et al. (2016) found that, although obese people made 

riskier choices, there were no differences between them and the control group in terms of 

SPSRQ scores. 

Regarding impulsivity, our results are consistent with those obtained by Qu et al. 

(2020), who found no significant relationships between the preference for immediate 

reinforcements and risky driving behavior. Hlavatá et al. (2020) investigated the 

relationship between impulsivity and impulse control disorder in a group of patients with 

Parkinson's disease. They found that, although the experimental group differed from the 

control group in self-reported impulsivity and risk behavior, the groups did not differ in 

DDT scores. In another study with Parkinson's disease patients, no relationships were 
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observed between performance on various tasks that measure risk behavior (BART; IGT) 

and DDT (Marín‐Lahoz et al., 2020).  

However, many studies have found relationships between personality traits and 

risk behavior (Baltruschat et al., 2020; Beauchaine et al., 2017; Romanowich et al., 2020; 

Scott-Parker & Weston, 2017). It seems that the association between risk behavior and 

certain personality factors, such as sensitivity to rewards and punishments or cognitive 

impulsivity, may depend on the dimension of risk evaluated and the population under 

study. 

In this vein, it is essential to note that most studies that have found relationships 

between risky driving and SPSRQ or delay discounting scores evaluate driving risk 

through self-report measures (Murphy & Murphy, 2018; Scott-Parker & Weston, 2017; 

Zimbardo et al., 1997). We have used a more ecological measure to determine individual 

risk proneness (points lost from the driver's license, attendance to recovery courses, fines 

for traffic violations, and driving over the speed limit), which can influence how risky 

driving relates to the different personality measures. 

Risk as a modulator of the relationships between personality factors and brain gray matter 

Our results show that the relationship between sensitivity to reward and punishment and 

impulsivity and brain gray matter are different for different levels or risky driving. In the 

absence of risk, these personality factors are positively or negatively related to the volume 

of brain areas involved in cognitive control and incentive processing. However, for 

medium and high-risk drivers, the association between gray matter volume and 

impulsivity and reward or punishment sensitivity disappears or is reversed. 

Differences in the association between gray matter volume and personality 

variables were found in the absence of significant group differences in the SPSRQ and 

MCQ scores. Therefore, it seems that these significant differences between the correlation 
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coefficients of the groups genuinely indicate how brain gray matter volume of the areas 

involved in decision-making-related vary as a function of the risk proneness of the 

drivers. This could mean that risky drivers process information differently to non-risky 

drivers. This notion is in line with the results reported by Delgado‐Rico et al. (2013), who 

found no differences in a risky decision-making task between obese people and healthy 

controls. However, during the execution of the task, they observed significant differences 

between the groups in terms of brain activation in the insula and midbrain. 

We observed, after controlling also the TIV, a negative relationship between 

preference for an immediate reward and cerebral gray matter volumes of the nAcc, 

amygdala, OFC, PCC, and lingual gyrus, but a positive relationship between this 

preference and occipital cortex volume in less risky drivers. However, this relationship 

either disappears or is reversed in the riskiest driver groups. Previous studies have shown 

that these brain areas are included within the neural networks associated with the delay 

discounting process (Peters & Büchel, 2011; Wesley & Bickel, 2014). The nAcc is part 

of the ventral striatum, which is involved in the sensory processing and valuation of 

rewards and the anticipation and learning of reinforcement (Bartra et al., 2013; Lambert 

et al., 2014; Schultz et al., 1997; Schweinhardt et al., 2009). Rats with lesions in this area 

were found to make fewer good choices and showed a decrease in gain rates on delay 

discounting tasks (Steele et al., 2018). The OFC integrates the information from the 

limbic areas to determine the value of rewards and to control the decision-making process 

(Lee et al., 2018; Peters & Büchel, 2010; Yang et al., 2019). Several studies have linked 

the gray matter volume of the OFC with cognitive impulsivity or sensitivity to immediate 

reinforcements (Cho et al., 2013; Guo et al., 2017; Li et al., 2019; Matsuo et al., 2009; 

Mohammadi et al., 2016). The PCC, which is connected to the OFC and is part of the 

DMN, is also involved in the subjective value of rewards and is responsible for 
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responding to environmental variations that require behavioral change (Cavada et al., 

2000; Greicius et al., 2003; Leech & Sharp, 2014; Peters & Büchel, 2011). The structure 

and activation of the PCC have been related to the decision-making process in delay 

discounting tasks (Li et al., 2013; Schwartz et al., 2010; Weber & Huettel, 2008; Wesley 

& Bickel, 2014). Furthermore, Dedovic et al. (2016) have found a reduced cortical 

thickness in this area in men who had driven under the influence of alcohol. Regarding 

the occipital cortex, structure and functional connectivity data have related this area to 

delay discounting rates (Mohammadi et al., 2016; Wang et al., 2016).  

Our results agree with those observed on the neural networks involved in delay-

discounting and suggest that the trait-structure association could be altered in risky 

drivers. Numerous studies have concluded that, in pathological gamblers and patients 

with other psychiatric disorders, there is an alteration in the processing and decision-

making related to the delay discounting process, as reflected in activation patterns and 

differential brain structure, when compared with healthy controls (for a review, see Noda 

et al. (2020). More specifically, Hobkirk et al. (2019) found that, in cocaine users, the 

delay discounting rate was not related to resting-state functional connectivity between the 

reinforcement and attentional salience networks, a correlation that was significant in the 

control group. On the other hand, Wang et al. (2017) observed that impulsivity was 

negatively related to the gray matter volume of areas responsible for cognitive control 

and incentive processing in healthy people. However, similar to our results, this 

relationship disappeared in obese people, and this occurred in the absence of significant 

differences between groups on the impulsivity measure. In a similar vein, Freinhofer et al. 

(2020) examined the relationship between DDT performance and brain gray matter 

volume in a group of patients addicted to gambling, and a control group. These authors 

observed a negative correlation between gray matter volume of the medial OFC and the 
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choice of immediate reinforcement in the control group, a relationship that disappeared 

in the group of patients addicted to gambling. Furthermore, they found no associations 

between performance on a risky decision-making task and discounting delay scores in the 

whole sample. Therefore, our results support the idea that there is an alteration in the 

relationship between delay discounting and brain gray matter in various manifestations 

of risky behavior, such as risky driving. 

Regarding the relationship between reward sensitivity and brain gray matter, we 

observed, after controlling also the TIV, that the former is positively related to the volume 

of the STC, occipital fusiform gyrus, and medial postcentral gyrus, but negatively related 

to the left frontal operculum, in less risky drivers. However, this relationship was almost 

non-existent in the riskiest driver groups in all comparisons. Similarly, in less risky 

drivers, sensitivity to punishment was negatively related to the gray matter volumes of 

the insula, the superior medial frontal cortex, and the medial precentral gyrus. Again, 

these relationships were lost or reversed in medium or high-risk level drivers. 

The STC is involved in controlling the decision-making process by integrating the 

results of previous actions, particularly when these entail rewards (Paulus et al., 2005). 

The functional connectivity of this area, such as the nAcc, has been specifically related 

to sensitivity to music reinforcement (Martínez-Molina et al., 2016). Other authors find 

that reward sensitivity is negatively related to the gray matter volume of the STC and, 

therefore, with poorer cognitive control (Adrián-Ventura et al., 2019). The pre and 

postcentral gyrus and the fusiform gyrus have been related to the behavioral activation 

and inhibition systems and have been implicated in the responses to reinforcing and 

aversive stimuli (De Pascalis et al., 2010; Dutra et al., 2015; Fuentes et al., 2012; Li et al., 

2006; Montoya et al., 2012; Pawliczek et al., 2013; Stice et al., 2011). More specifically, 

Sakai et al. (2012) show that, in older people, the volume of the SMA is a good predictor 
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of individual differences in executive functions, and these act as a risk factor for traffic 

accidents. The insula and the superior frontal cortex are part of the cognitive control 

network necessary for driving (Navarro et al., 2018). These areas are responsible for the 

identification of the relevant stimuli, the integration of interoceptive stimuli, the 

prediction of the error to obtain reinforcement or avoid damage, the inhibition of 

responses, and behavioral regulation (Nasiriavanaki et al., 2015; Niendam et al., 2012; 

Noël et al., 2013; Seeley et al., 2007; Weller et al., 2009). Von Siebenthal et al. (2020) 

found that activation of the insula during the decision phase of a roulette task was 

negatively related to punishment sensitivity, regardless of the value of the outcome. These 

authors explain the negative correlation between insula volume and sensitivity to 

punishment by relating sensitivity to punishment with pessimism and with the certainty 

of obtaining negative results. Sensitivity to punishment has also been negatively related 

to the activation of the superior frontal cortex in people with borderline personality 

disorder and healthy controls (Mortensen et al., 2010). 

Our results agree with previous evidence on the neural networks involved in 

reward and punishment sensitivity and suggest that the trait-structure association could 

be altered in risky drivers. Previous studies on other manifestations of risk behavior 

support this idea. Parvaz et al. (2011) found that the P300 potential, used as a measure of 

sensitivity to reinforcement, was positively related to volumes of prefrontal regions 

involved in the brain's reward system in healthy controls. However, no such relationship 

was found in people addicted to cocaine. In another study, Moreno-López et al. (2012) 

observed a negative correlation between the volume of the somatosensory cortex and 

sensitivity to reinforcement in healthy controls. However, this relationship disappeared 

for obese participants. Furthermore, they also found no differences between the groups in 

terms of the SPSRQ scores. 



ESTUDIO 1 
Relationships between personality traits and brain gray matter. 

77 

Taken together, our results show that the differences observed in the relationships 

between sensitivity to reward and punishment and delay of reward and brain gray matter 

volumes, as a function of risk level, could reflect a structural alteration and a change in 

the neural mechanism underlying these personality traits (Wang et al., 2017). In other 

words, in risky drivers, it seems that the function of brain regions involved in reward and 

punishment sensitivity and impulsivity is masked by the specific mechanisms involved 

in risky behavior, which has been demonstrated in functional connectivity studies 

(Baltruschat et al., 2020). Our results support this idea, since the gray matter volumes of 

many of these brain regions, such as the striatum, OFC, STC, fusiform gyrus, lingual 

gyrus, and insula, are lower in riskier drivers. 

Conclusions 

Our results show that drivers with a high-risk proneness in traffic situations have a lower 

total gray matter volume. We have also found that risky drivers have lower gray matter 

volume in the brain structures responsible for cognitive control and incentive processing. 

On the other hand, we found that it is the level of risk that determines how these areas are 

related to personality factors such as impulsivity and sensitivity to reward and 

punishment. This suggests that, in risky drivers, there is an alteration in the brain structure 

of the areas involved in reward processing, cognitive control, and behavioral modulation, 

which could indicate dysfunctional decision-making and riskier driving behavior. 
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Abstract 

Anticipatory brain activity makes it possible to predict the occurrence of expected 

situations. However, events such as traffic accidents are statistically unpredictable and 

can generate catastrophic consequences. This study investigates the brain activity and 

effective connectivity associated with anticipating and processing such unexpected, 

unavoidable accidents. We asked 161 participants to ride a motorcycle simulator while 

recording their electroencephalographic activity. Of these, 90 participants experienced at 

least one accident while driving. We conducted both within-subjects and between-

subjects comparisons. During the pre-accident period, the right inferior parietal lobe 

(IPL), left anterior cingulate cortex (ACC), and right insula showed higher activity in the 

accident condition. In the post-accident period, the bilateral orbitofrontal cortex, right 

IPL, bilateral ACC, and middle and superior frontal gyrus also showed increased activity 

in the accident condition. We observed greater effective connectivity within the nodes of 

the Limbic Network (LN) and between the nodes of the attentional networks in the pre-

accident period. In the post-accident period, we also observed greater effective 

connectivity between networks, from the Ventral Attention network (VAN) to the 

Somatomotor Network and from nodes in the Visual Network, VAN, and Default Mode 

Network to nodes in the Frontoparietal Network, LN, and attentional networks. This 

suggests that activating salience-related processes and emotional processing allows the 

anticipation of accidents. Once an accident has occurred, integration and valuation of the 

new information takes place, and control processes are initiated to adapt behavior to the 

new demands of the environment. 

Keywords: accident, simulator, unpredictable, EEG, effective connectivity, brain 

network. 
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Introduction 

The human brain is primarily designed to predict the future and thus optimize behavior. 

This anticipatory brain activity is triggered by environmental cues or regularities that 

signal an upcoming event (Breska & Ivry, 2018; Coull, 2009). However, there are certain 

situations that are statistically unpredictable due to their very low frequency or lack of 

regularity and can have severe consequences if not avoided. One striking example of such 

situations is traffic accidents, which result in significant physical and psychological harm 

and account for more than 1.3 million deaths per year worldwide (World Health 

Organization, 2021). However, the study of the neural mechanisms underlying the 

anticipation and processing of unexpected events in dynamic ecological contexts, such as 

accidents, has received little attention in the scientific literature, despite its substantial 

practical significance for designing prevention strategies. Therefore, there remains a gap 

in our understanding of what occurs in the brain when we are confronted with situations 

that we could not foresee. 

Electroencephalography studies indicate that contingent negative variation (CNV) 

and stimulus-preceding (SPN), two types of event-related potentials (ERPs), serve as 

reliable indicators of the anticipation of expected events, even in situations of uncertainty 

(Catena et al., 2012; Guo et al., 2019; Mento, 2017). Furthermore, source analysis 

suggests that these ERPs are distributed across brain regions such as the supplementary 

motor area (SMA), insula, anterior cingulate cortex (ACC), and medial and lateral frontal 

cortices (Kotani et al., 2015; Mento et al., 2015). Some studies have raised the question 

of whether anticipatory brain activity can still be observed when events are statistically 

unpredictable. For example, Radin et al. (2011) observed significant differences in 

cortical activity between meditators and non-meditators before the random presentation 

of a light flash or tone, equating this with SPN. In fact, the concept of Predictive 
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Anticipatory Activity (Mossbridge et al., 2014) allows us to distinguish between stimuli 

with different characteristics that are randomly presented (Duggan & Tressoldi, 2018). 

However, it is important to note that most of these studies were conducted with stimuli 

presented in non-real-life settings with irrelevant consequences. Our study focuses on 

accidents, events that have catastrophic consequences when they occur in real life. 

Additionally, these accidents are highly uncommon and unexpected, but this does not 

necessarily preclude the possibility that they can be anticipated. 

Driving is a complex task that relies on visual perception and multi-domain 

executive functioning (Calhoun et al., 2002; Ware et al., 2020). Studies on effective 

connectivity, which examine how one brain node influences another (Friston, 2011), have 

revealed the involvement of various processes in driving, such as visual attention, 

episodic memory retrieval, goal direction, motor planning, and inhibitory control 

pathways (Almahasneh et al., 2018; Choi et al., 2020; Liu et al., 2017). Normal driving 

activates brain regions including the lateral occipital, superior and inferior parietal and 

inferior temporal cortices, as well as the frontal gyrus, motor areas, and cerebellum (Kan 

et al., 2013; Ware et al., 2020; Yan et al., 2019). However, when driving presents 

distractions or becomes more challenging, areas associated with cognitive control 

networks, relevant stimulus processing, and error monitoring, such as the superior frontal 

cortex, ACC, and insula, are also activated (Oba et al., 2022; Yuen et al., 2021). In the 

context of crashes, some studies have noted changes in the power of different EEG 

frequency bands in the moments before and after a simulated crash (Li et al., 2022; Zhang 

& Yan, 2023). Additionally, Sun et al. (2013) observed a rapid shift in ERPs occurring 

500 ms after a collision in a simulated driving task compared to normal driving. 

Furthermore, Duma et al. (2017) observed increased negativity in frontocentral electrodes 

in both the "accident" (where an unpredictable simulated accident occurred) and 
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"baseline" (where there was the certainty that an accident would not occur, inducing a 

strong expectancy about the end of the trial) conditions, in the interval between 1000 and 

0 ms pre-accident. In other words, the authors found anticipation markers in the accident 

condition, which arose before the occurrence of a statistically unpredictable and 

unavoidable stimulus. However, these studies have primarily focused on sensor-level 

analysis, leaving a gap in our understanding about which brain networks are involved in 

these effects, the point at which specific brain areas are recruited, and their connectivity 

during the peri-accident period. 

This study aimed to explore the markers of anticipatory brain activity when 

individuals are confronted with unavoidable, catastrophic events (accidents in simulated 

driving contexts). Additionally, we aimed to investigate how the brain processes the 

occurrence of accidents and how connectivity between different brain networks evolves 

during the peri-accident periods. Based on previous evidence, we hypothesized that brain 

regions associated with expectation and uncertainty would be activated in the pre-

accident period, leading to increased connectivity within the limbic and attentional 

networks responsible for emotional processing and salience. Conversely, all brain 

networks (Yeo et al., 2011) will be involved during the post-accident period, initiating 

the control and regulatory processes inherent to driving (Ware et al., 2020). 

 

Method 

Participants 

A total of 161 (54 women) healthy participants took part in this study, which was carried 

out as part of a larger study on the neural basis of risk behavior in driving. The mean age 

of the participants was 32.6 years, ranging from 18-68 years, with a medium-high 

educational level. After being debriefed on the aims of the study and their rights, all 
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participants signed an informed consent form. All participants were paid for their 

participation in the study and were treated according to the Helsinki Declaration (World 

Medical Association, 2013). The study was approved by the Ethics Committee on Human 

Research of the University of Granada (n° 204/CEIH/2016). The sample size was 

calculated using G*Power 3.1.9.7 (Faul et al., 2009), with a moderate effect size (f=0.25), 

an alpha error of 0.05, and a power of 0.90 (n=130). A further 24% of participants were 

added to the sample to account for potential drop-outs. 

Procedure 

The participants visited the research center and took part in the HRT motorcycle 

simulator, described elsewhere (Di Stasi et al., 2009; Megías et al., 2017). In brief, this 

simulator is a realistic but static setup equipped with a seat, handlebar, pedals, accelerator, 

brakes, turn indicators, and horn. The simulation session consisted of two main parts: a 

practice and a driving task. Following the practice session, participants drove through a 

night circuit featuring eight risky scenarios (e.g., doors opening suddenly, pedestrians 

crossing) while their electrical brain activity was being recorded. The road scenario was 

projected on a screen measuring 110x180cm, positioned 185 cm in front of the driver. 

The screen had a refresh rate of 30 Hz and a resolution of 1024x768 pixels. The duration 

of the driving task, which depended on factors such as speed and the occurrence of 

accidents, averaged approximately 5 minutes. Our analysis focused exclusively on the 

data obtained during the risky scenarios and accident events recorded by the HRT 

motorcycle simulator. 

EEG Recordings 

Electrical activity of the brain (EEG) was recorded during the motorcycle riding task 

using a 64-channel active system (Brain Products, Inc.) mounted on an elastic cap and 

arranged according to the extended 10–20 system. The data were sampled at a rate of 
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1,000 Hz, amplified with a 0.016–1,000 Hz band-pass filter, and referenced online to FCz. 

Electrode impedances were maintained below 25 kΩ, as recommended by the 

manufacturer. 

Data processing 

Seven participants did not fully complete the task and were excluded from the analysis. 

Of the 154 remaining participants, only 90 experienced at least one accident during the 

course (Accident condition). Therefore, these 90 participants were used to compare their 

brain activity before and after having an accident with their non-accident periods (referred 

to as the Baseline condition). The remaining 64 participants (No-accident condition) were 

used for between-group comparisons with the Accident and the Baseline conditions.  

The preprocessing of the continuous EEG signals was conducted using EEGlab 

software (Delorme & Makeig, 2004; https://sccn.ucsd.edu/eeglab) using the following 

protocol: 1) The continuous EEG recording was initially downsampled to 250 Hz; 2) the 

data were then re-referenced offline to the average reference; 3) Any problematic 

channels were identified and removed based on their spectral characteristics using 

EEGlab’s default parameters; 4) Band-pass filtering was applied to the data (0.5-37 Hz); 

and 5) the data were segmented into epoch [-6000 to 1500 ms], which were time-locked 

to the trigger corresponding to either the occurrence of an accident (for participants with 

accidents), or the risky scenario trigger associated with safe segments (for these 

participants and those who did not experience an accident). In cases where an accident 

occurred, the triggers for both the preceding and subsequent scenarios were deleted. This 

was done to ensure a minimum of 20 seconds between the accident and the next trigger, 

or between the risky scene and the next scene trigger. Subsequently, the SOBI ICA 

decomposition was conducted to remove any artifacts using the IClabel plugin 

implemented in EEGlab (https://github.com/sccn/ICLabel). Removed channels were 
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interpolated using the spherical spline method. The online FCz reference was restored, 

and the data were then analyzed using standardized low-resolution brain electromagnetic 

tomography software (sLORETA; Pascual-Marqui, 2002; 

http://www.uzh.ch/keyinst/loreta.htm). This software was employed to calculate the 

current source density (CSD) of brain sources underlying the recorded EEG signals. The 

exact Loreta (eLORETA) approach was used, with sLORETA computing the CSD using 

6239 voxels and using the Montreal Neurological Institute (MNI) template as the solution 

space.  

Next, following Baltruschat et al. (2020), we used the Brainnetome atlas (BNA; 

Fan et al., 2016; http://atlas.brainnetome.org) to determine the effective connectivity 

between and within the seven brain networks identified by Yeo et al. (2011). For this 

purpose, we used the multivariate Granger causality software developed by Seth (2010; 

https://users.sussex.ac.uk/~lionelb/MVGC/html/mvgchelp.html). The time series for 

each network and its nodes were spatially averaged using the first eigenvariate of the 

singular value decomposition of the cluster of voxels.  

Statistical analysis 

Two separate analyses were conducted, one focusing on the estimated brain activities and 

the other on the estimated effective connectivity. In both cases, we employed a 

nonparametric permutation t-test using t-max statistics. This involved generating 5000 

random samples to account for multiple comparisons, while an adjusted significance level 

was set at 0.05. Two main comparisons were conducted. First, a within-subjects analysis 

involved comparing the accident condition against the baseline (Accident-Baseline). 

Second, a between-subjects analysis was conducted to compare the accident condition 

against the No-accident condition (Accident-No accident). Separate comparisons were 

also carried out for the pre- and post-accident periods. For the connectivity analysis, in 
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each case, comparisons were made between the networks and between the nodes within 

the networks. Additionally, as a control test, the No-accidents condition was compared 

with the Baseline condition (Figure 1). 

Figure 1. Timeline and segmentation of the driving task in the Accident (upper part) and No-
accident (lower part) conditions along with comparisons made in the pre-accident (left) and post-
accident (right) periods, and control test. 

Results 

On average, participants experienced 1.16 accidents (SD=0.91, range=1-4). Specifically, 

56 participants had only one accident, 18 had two accidents, 11 had three, five had four, 

and the remaining 64 participants experienced no accidents. The mean age of the 

participants was 32.60 years (SD=13.76), with 54 women, and a mean educational level 

of 3.44 (SD=0.64).  

Brain activity 

During the pre-accident period, significant differences were observed for the within-

subjects comparison Accident-Baseline (Figure 2). At 896 ms before the accident, there 
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was a difference favoring the accident condition in the right area 40 in the inferior parietal 

lobe (IPL). At 144 ms before the accident, the difference was located in the left area 32 

(ACC), and 60 ms before the accident, the difference was found in the right insula. 

For the between-groups comparison Accident-No accident, we observed 

significant differences favoring the accident condition at area 40 (880 ms), at right area 5 

(232 ms), and at left area 32 and right area 40 (approximately 112 ms before the accident). 

Figure 2. Differences between the Accident and Baseline conditions during the pre-
accident period. 

At post-accident (Figure 3, upper panel), we observed a substantial number of significant 

differences between the Accident and Baseline conditions, which can be summarized into 

three distinct time intervals: early (104-192 ms), middle (788-880 ms), and late (1260-

1404 ms). These differences were associated with specific brain regions. The difference 

during the early period was identified in bilateral area 11, in the medial orbitofrontal 

gyrus, and the right area 40. During the middle period, the difference was located in 

bilateral (but mostly left hemisphere) area 24 in the cingulate gyrus, in the right area 6 of 

the middle frontal gyrus, and in bilateral areas 9 and 11 in the medial frontal gyrus. During 

the late period, the difference was located in bilateral areas 10/11 in the medial frontal 

gyrus, and bilateral area 32 (predominantly the right hemisphere). Similar differences 

emerged when comparing the Accident with the No-accidents condition (Figure 3, lower 



ESTUDIO 2 
Brain signatures of catastrophic events. 

115 

panel). The difference during the early period was observed at around 104 ms post-trigger 

and located in bilateral area 11, while differences during the middle period appeared at 

772 ms and were located in the right area 11 and bilateral area 32. Differences during the 

late period emerged at 1264 ms and were located in the right area 32, bilateral area 11/10 

in the medial frontal gyrus, and bilateral area 24 in the anterior cingulate. Interestingly, 

no significant differences were observed in this period when we compared the Baseline 

and No-accident conditions.  

 

 
Figure 3. Profiles of statistical significance and significant brain areas in the post-trigger 
differences between the Accident and Baseline conditions (upper panel), and between the 
Accident and No-accident conditions (lower panel). The LorGFP curve is marked at the three 
most significant points, and differential activations favoring the Accident conditions are displayed 
in the brain maps. 
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Effective connectivity 

Pre-accident period 

In the pre-accident period no significant differences were found between networks for the 

within- or between-subjects comparisons. However, we found significant differences 

within networks when comparing the Accident and Baseline conditions (Table 1; Figure 

4). 

Table 1. Within-network differences in the pre-accident period for the within-subjects comparison 
(Accident-Baseline). 

Node net 1 Net 1 Node net 2 net 2 p 

RH medial area 38 LN > LH area 13 LN 0.05 

RH rostral area 20 LN > LH area 13 LN 0.02 

RH rostral area 35/36 LN > LH area 13 LN 0.04 

RH TI (T agr insular cortex) LN > LH area 13 LN 0.00 

RH TI (T agr insular cortex) LN > LH area 4 VAN 0.05 

LH area1/2/3 (lower limb region) VAN < LH ventrolateral area 37 DAN 0.05 
Note. RH/LH: right/left hemisphere. LN: Limbic network, VAN: Ventral attention network, FPN: 
Fronto-parietal network, DAN: Dorsal attention network. >: causal link from Node 1 to Node 2, <: 
causal link from Node 2 to Node 1. 

Post-accident 

The Accident vs Baseline comparison revealed two significant differences in the 

efficiency of between-network connections. The first difference was directed from the 

ventral attention network (VAN) to the somatomotor network (SMN) (p=0.05). Although 

marginally significant, the second was directed from the default mode network (DMN) to 

the ventral attention network (p=0.07). Additionally, within the same comparison, we 

observed a substantial number of significant connections at the within- network level 

(Table 2; Figure 4). Comparison between the Accident and No-accident conditions 

yielded fewer significant differences (Table 3). 
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Table 2. Significant within-network connections during the post-accident period in the within-subjects 
comparison (Accidents – Baseline). 

Node net 1 Net 1  Node net 2 Net 2 p 

LH area 4ul, (upper limb region) SMN > RH dorsal area 44 DAN 0.02 

LH caudal cuneus gyrus VN > RH opercular area 44 VAN 0.05 

RH lateral area 10 FPN < RH lateral area 11 FPN 0.02 

LH caudal cuneus gyrus VN > RH lateral area 11 FPN 0.01 

LH occipital polar cortex VN > RH lateral area 11 FPN 0.03 

RH area 13 LN > LH medial area 11 LN 0.02 

LH lateral superior occipital gyrus VN > RH medial area 38 LN 0.03 

LH caudal area 39 VN > RH intermediate ventral area 20 LN 0.04 

LH rostrodorsal area 39 FPN > RH rostral area 20 LN 0.02 

LH dorsomedial parietooccipital sulcus  VN > RH rostral area 20 LN 0.04 

LH lateral superior occipital gyrus VN > RH rostral area 20 LN 0.01 

LH caudal area 39 VN > RH intermediate lateral area 20 LN 0.02 

LH lateral superior occipital gyrus VN > RH caudoventral of area 20 LN 0.01 

RH dorsolateral area 37 DAN < RH area TI (T agr insular cortex) LN 0.03 

RH caudoposterior sup temporal sulcus VAN > RH TI (T agr insular cortex) LN 0.01 

LH dorsomedial parietooccipital S  VN > RH area TI (T agr insular cortex) LN 0.03 

RH lateral área 10 FPN < RH rostroventral area 24 - 0.03 

RH orbital area 12/47 DMN < RH rostroventral area 24 - 0.02 

RH lateral area 11 FPN < RH rostroventral area 24 - 0.01 

RH orbital area 12/47 DMN < RH subgenual area 32 DMN 0.05 

RH area 13 LN < RH subgenual area 32 DMN 0.03 
Note. RH/LH: right/left hemisphere. VN: Visual network, SMN: Somatomotor network, LN: Limbic 
network, DAN: Dorsal attention network, VAN: Ventral attention network, FPN: Fronto-parietal 
network, DMN: Default mode network. >: causal link from Node 1 to Node2, <: causal link from Node 
2 to Node 1. 

 

Table 3. Significant within-network connections during the post-accident period in the between-
subjects comparison (Accidents – No-accidents). 

Node net 1 Net 1  Node net 2 Net 2 p 

RH area TI (T agr insular cortex) LN > RH medial area 11 LN 0.05 

RH area TI (T agr insular cortex) LN > RH area 13 LN 0.01 

RH dorsal agranular insula VAN > RH area 13 LN 0.05 

LH medial superior occipital gy VN > RH medial area 38 LN 0.01 

LH lateral superior occipital gyrus VN > RH intermediate ventral area 20 LN 0.02 

LH medial superior occipital gyrus VN > RH area TI (T agr insular cortex) LN 0.02 

LH occipital polar cortex VN > RH dorsal agranular insula VAN 0.04 

RH lateral area 11 FPN < RH rostroventral area 24 - 0.04 

RH lateral area 11 FPN < LH subgenual area 32 DMN 0.04 
Note. RH/LH: right/left hemisphere. VN: Visual network, LN: Limbic network, VAN: Ventral 
Attention network, FPN: Frontoparietal network, DMN: Default mode network. >: causal link from 
Node 1 to Node 2, <: causal link from Node 2 to Node 1. 
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a. b. 
Figure 4. Within-network effective connectivity in the pre-accident (a) and post-accident periods 
(b) for the within-subjects comparison. Note: Node color represents the network they are forming part of:
purple (visual) blue (somatomotor), green (dorsal attention), violet (ventral attention), cream (limbic) orange
(frontoparietal), and red (default mode). Arrow direction represents the causal activation flow from one node
to another. Adapted from Baltruschat et al. (2020).

Discussion 

This study aimed to determine the brain activity and effective connectivity associated 

with the anticipation and processing of catastrophic events that are both unexpected and 

impossible to avoid. For this purpose, we measured brain activation patterns before and 

after a traffic accident in a simulated driving context. In the pre-accident period, we 

observed increased activity in the right IPL, the left ACC, and the right insula in the 

accident condition. In the post-accident period, we detected heightened activity in the 

bilateral orbitofrontal cortex/ventromedial prefrontal cortex (OFC/vmPFC), right IPL, 

bilateral ACC, and middle and superior frontal gyrus in the accident condition. Regarding 

effective connectivity, our analysis revealed a causal activation flow within the various 

nodes of the LN and between the nodes of the attentional networks during the pre-accident 

period. In the post-accident period, we also observed greater effective connectivity 

between networks, from the VAN to the SMN and from nodes in the VN, VAN, and 

DMN to nodes in the FPN, LN, and attentional networks. 
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Brain activity 

Pre-accident period 

Our findings revealed notable activation in the right IPL, left ACC, and right insula when 

comparing Accident and Baseline conditions. We observed similar activation patterns 

when comparing the Accident and No-accident groups. These findings align with 

previous research indicating the involvement of these brain regions during driving and 

the anticipation of unexpected and potentially dangerous situations. Specifically, IPL 

activation has been linked to anticipating outcomes following decision-making processes 

as well as reinforcing or aversive stimuli (Gaudio & Quattrocchi, 2012; Liu et al., 2011; 

Seidel et al., 2015). In this regard, the IPL is associated with monitoring attentional shifts 

in space, and with visuospatial perception and memory functions (Chen et al., 2012; 

Chung et al., 2014). The ACC has been associated with uncertainty processing, conflict 

detection, and error monitoring from the time an action is performed to the results of this 

action (Ernst & Paulus, 2005; Grupe & Nitschke, 2013). In addition, Calhoun et al. (2002) 

also identified the activation of an attentional modulation network during driving, which 

includes the ACC and the IPL. On the other hand, the insular cortex responds to painful 

stimuli and the anticipation of harm (Centanni et al., 2021; Drabant et al., 2011; Seidel 

et al., 2015). Specifically, it represents conscious feelings and body states related to 

interoceptive awareness (Craig, 2009; Uddin et al., 2017). Together with the ACC, this 

structure forms the "salience network" (SN; Seeley et al., 2007) that is activated in 

response to behaviorally relevant and novel stimuli rather than expected events (Corbetta 

et al., 2008). Furthermore, in a functional magnetic resonance study where a group of taxi 

drivers played a driving video game, Spiers & Maguire (2007) found increased activation 

in the medial occipital, posterior middle temporal, posterior parietal and lateral prefrontal 

cortices, ACC, precuneus, and insula when responding to road hazards. Effective 
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connectivity studies have also demonstrated that information enters the salience network 

via the insula, which acts as an "out-flow hub" regulating the interaction between large-

scale networks (Ham et al., 2013; Sridharan et al., 2008). In other words, the insula serves 

as a final step in hierarchical information processing, integrating relevant sensory, 

interoceptive, emotional, and cognitive information (Kurth et al., 2010).  

In summary, the evidence indicates that the IPL, ACC, and insula are activated 

during driving and these structures are also linked to attentional shifts based on stored 

information. These processes enable the interpretation of the environment, detection of 

errors, and monitoring of potential conflicts. Moreover, these brain regions are essential 

for integrating emotional and interoceptive information, allowing individuals to identify 

certain features of the environment that are relevant for anticipating unexpected or 

potentially threatening situations. In line with previous research (Duma et al., 2017), our 

findings support the existence of anticipatory brain activity in response to catastrophic 

events. Specifically, we observed that the IPL, ACC, and insula become active in the 

milliseconds (ms) preceding a simulated driving accident. Therefore, it seems that the 

activation of internal processes, including emotional, cognitive, and interoceptive 

awareness, forms the basis for anticipating unpredictable situations that cannot be 

avoided. 

Post-accident period 

The Accident-Baseline comparison revealed activation in several key brain regions, 

including the bilateral OFC/vmPFC, right IPL and bilateral ACC, and middle and superior 

frontal gyrus. Very similar activation patterns were found in the Accident-No-accident 

comparison. Previous studies have demonstrated the role of several frontal and parietal 

regions in the planning phases that predict good driving performance (Oba et al., 2022; 

Ware et al., 2020). Furthermore, in a computerized driving task where the outcome could 
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be a crash or successful pass, greater activation of the OFC, IPL, insula, and ACC was 

observed during the crash condition (Vorobyev et al., 2015). One of the main functions 

of the OFC/vmPFC is to integrate past and current information to affectively evaluate 

stimuli and guide the decision-making process (Knudsen & Wallis, 2022; Peters & 

Büchel, 2010). This region is involved in comparing real and expected outcomes, 

showing greater activation in response to highly unexpected outcomes (Ernst & Paulus, 

2005). Activation of the premotor area (a6) could reflect unconscious voluntary motor 

planning (Drabant et al., 2011), while the ACC and premotor areas are jointly implicated 

in driving action in response to negative feedback (Klein et al., 2007). The ACC plays a 

pivotal role in task performance across all phases (Dosenbach et al., 2006) and serves as 

a part of the SN, contributing to error monitoring and the hierarchical initiation of control 

signals for activating prefrontal regions (Sridharan et al., 2008; Srinivasan et al., 2013). 

The superior frontal gyrus is a component of the cognitive control network responsible 

for inhibitory and attentional control, flexibility, and decision-making for behavioral self-

regulation (Miller & Cohen, 2001; Niendam et al., 2012; Passingham & Lau, 2023). 

Moreover, some authors have reported changes in brain activity in the milliseconds 

following a simulated crash (Li et al., 2022; Sun et al., 2013). Taken together, these 

findings suggest that the activation of areas responsible for detecting relevant stimuli is 

sustained after an accident. Additionally, frontal regions responsible for the valuation of 

the present experience and initiating the control processes necessary for behavioral self-

regulation are activated. 

Effective connectivity 

Pre-accident period 

The Accident-Baseline comparison revealed a causal activation flow within LN nodes 

and between VAN and DAN nodes. Specifically, somatosensory regions of the VAN (left 
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areas 4 and 1/2/3) received information from the limbic region of the right insula and the 

temporal area of the DAN (left area 37). On the other hand, limbic regions of the right 

insula, parahippocampal (right area 35/36), and superior and inferior temporal (right areas 

38 and 20) gyrus showed effective connectivity to the orbital region of the LN (left area 

13). The VAN is typically activated during attentional orientation and plays a role in 

identifying salient or novel stimuli (Corbetta & Shulman, 2002; Petersen & Posner, 

2012). Previous studies have shown the collaborative interaction between DAN and VAN 

in redirecting attention to unexpected stimuli (Vossel et al., 2014). The insula serves as 

the central node of the SN, which overlaps with the VAN (Menon & D’Esposito, 2022), 

playing a role in event anticipation, among other functions (see above). Area 13, part of 

the OFC, is responsible for the emotional valuation of stimuli by integrating information 

received from other brain areas (Knudsen & Wallis, 2022; Peters & Büchel, 2010; Rolls 

et al., 2023). This area is also responsible for the integration of past and current 

information and shows anticipatory activity before the presentation of stimuli (Seidel 

et al., 2015; Zhou et al., 2021). Other studies have demonstrated activation of the OFC 

when cognitive maps or sets of associations underlying a task are identified, which, in 

turn, facilitates behavioral learning (Schuck et al., 2016) and the prediction of rewards or 

punishments (Zhou et al., 2019). Therefore, the OFC appears to play a pivotal role in 

forming a representation of the structure of the environment to anticipate future outcomes. 

Additionally, anterior, inferior, and medial temporal regions are known to be involved in 

emotional processing, semantic representations, and episodic memory (Herlin et al., 

2021; Wong & Gallate, 2012; Zhang et al., 2022). Previous research has also shown 

evidence of effective and structural connectivity between the insula and parahippocampal 

and temporal areas with the OFC (Fan et al., 2014; Lin et al., 2020; Rolls et al., 2022a). 

Our results on effective connectivity are consistent with those obtained on pre-accident 
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brain activity. Moreover, they are consistent with previous evidence and suggest that 

relevant environmental cues are integrated with information retrieved from memory, 

conceptual knowledge, and interoceptive information related to potential hazards. This 

integration process enables the brain to form a comprehensive representation of the 

structure and emotional value of the situation. Therefore, it seems that the anticipation of 

uncertain or unexpected situations, such as accidents, is strongly associated with the 

activation of affective mechanisms (Seidel et al., 2015). 

Post-accident period 

The increased effective connectivity between networks from the VAN to the SMN in the 

Accident-Baseline comparison is consistent with the findings reported by Duann et al. 

(2009) using an inhibitory control task. Their study revealed effective connectivity from 

the VAN to the SMN, where the VAN was involved in the attentional processing of novel 

information, and the SMN played a role in the inhibitory control of movement. These 

results parallel our findings and suggest that during driving, especially in the milliseconds 

following an accident, there is a shift in attention and an activation of control and 

inhibitory processes that facilitate behavioral adaptation to new environmental demands. 

At the within-network level, the Accident-Baseline comparison revealed the 

involvement of all brain networks. Sensory nodes within the VN, SMN, and VAN 

transmitted information to frontal and orbitofrontal nodes belonging to the VAN, DAN, 

and FPN and to temporal and insular areas of the LN. Additionally, the cingulate regions 

of the DMN showed effective connectivity with orbitofrontal regions belonging to the 

FPN, DMN, and LN, while effective connectivity was observed between nodes belonging 

to the same networks. The accident-no accident comparison showed similar results, 

although with fewer significant differences. Vorobyev et al. (2015) also found increased 

activation in the lateral and medial occipital areas, the junction between temporal polar, 
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orbitofrontal, and insular cortices, and the posterior middle temporal cortex during 

accidents in a simulated driving task. 

The occurrence of a crash (resulting in the fall of the motorcycle) leads to a 

complete alteration of the environmental characteristics of the driving simulator. This is 

reflected in the activation of occipital and parietal nodes of the VN (left occipital polar, 

left cuneus, left lateral occipital, left area 39, and left parietoocipital sulcus), all of which 

are involved in visual attention, object and motion processing, memory, and navigation 

(Grill-Spector et al., 2001; Malikovic et al., 2016; Rolls et al., 2022c). Previous studies 

have identified fixed and reciprocal connections between the VN and VAN, which 

facilitate spatial orientation to relevant stimuli (Vossel et al., 2012, 2014). The inferior 

frontal gyrus (IFG; area 44), which belongs to the VAN and the DAN (Corbetta et al., 

2008), is responsible for the representation of the hierarchical sequential structure of 

ongoing events, using information received from precentral motor areas (Fiebach & 

Schubotz, 2006). These findings indicate that the connectivity from the VN and SMN to 

the VAN and DAN enables the formation of a representation of a sequence of events to 

facilitate an attentional shift from stimulus detection to goal-directed attention (Fox et al., 

2006). The superior and inferior temporal regions of the LN (right areas 38 and 20) are 

involved in affective visual processing, semantic representations, and episodic memory 

(see above), and the anterior temporal cortex is part of the "meaning" network that 

facilitates the understanding of events for executive control (Jouen et al., 2018). Several 

investigations have found structural and effective connections between the 

occipitoparietal regions and the superior and inferior temporal cortices (Baker et al., 

2018; Lin et al., 2020; Rolls et al., 2022c; Wu et al., 2016). These connections suggest 

the occurrence of an abstract representation of the current affective experience, which 

promotes adaptive behavior. These findings are consistent with the results of Choi et al. 
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(2020), who also identified effective connectivity from the VN to the inferior frontal, 

superior temporal, and inferior temporal gyrus during driving. Additionally, the insular 

region of the LN receives information from the superior temporal region of the VAN, 

which is involved in the auditory processing and perception of threatening information 

(Connolly et al., 2016; Rolls et al., 2022b), sending information to the temporal region of 

the DAN (area 37) for processing information from different sensory modalities 

(Hodgson et al., 2022). These patterns of effective connectivity are consistent with the 

idea that the insula plays a fundamental role in switching between different networks and 

shifting the focus from external to internal processes to facilitate the decision-making 

process (Lamichhane & Dhamala, 2015; Sridharan et al., 2008). In support of the above, 

our results suggest that, in the milliseconds following a crash, and following the notion 

of posterior-to-anterior patterns of information flow proposed by Mesulam (1998), the 

sensory association areas detect changes in the environment and relay this information to 

higher-order structures to initiate the information integration and cognitive control 

processes necessary to adapt behavior to the demands of the situation. 

It is important to note that the areas of the LN that are influenced by the VN in the 

post-accident period (right areas 38 and 20 and temporal insular) are the same areas that 

influence the activation of the OFC in the pre-accident period. Before the accident, the 

visual scenes were identical for individuals who would later have an accident and those 

who would not. When the accident occurs, the limbic regions receive information from 

the sensory regions associated with an environment where negative consequences have 

occurred. This influx of new information could assist the OFC in making decisions related 

to the aversive consequences of the accident. In fact, in the post-accident period, the 

fronto-orbital areas (right areas 10, 11, 13, and 12/47) were influenced by different brain 

networks responsible for general task performance (Dosenbach et al., 2006), including 
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the visual network. Previous studies have identified effective connectivity from visual 

regions to the OFC/VPFC when presented with aversive stimuli (Dima et al., 2016; Rolls 

et al., 2023). Furthermore, the effective connectivity we observed from the cingulate 

regions of the DMN (right areas 32 and 24) to the orbitofrontal regions belonging to the 

FPN, DMN, and LN support the idea that the DMN and task-positive systems are not 

antagonistic (Cocchi et al., 2013). The DMN is responsible for self-referential processing 

and internal mental state monitoring (Greicius et al., 2003), while the FPN is involved in 

planning, inhibition, and cognitive flexibility, allowing for goal modification based on 

the environment and the changing demands of a task (Menon & D’Esposito, 2022; 

Woolgar et al., 2015). Studies of effective connectivity have revealed the cooperative 

interactions between the DMN and task-positive networks, with the DMN exerting an 

excitatory influence on the executive networks (De Pisapia et al., 2012; Pu et al., 2016; 

Uddin et al., 2009). In this context, the activation of orbital regions linked to cognitive 

control, through the influence of the cingulate cortex, can facilitate the decision-making 

process based on the valuation of the environment following an accident. 

Conclusions 

The primary objective of this study was to explore brain activity indicators related 

to the processing of unexpected and unavoidable catastrophic events (accidents that 

occurred while driving in a simulator). In summary, our results demonstrated changes in 

brain activation and effective connectivity patterns during different phases of this process. 

During the pre-accident period, we observed activation of LN regions and attentional 

networks, while in the post-accident period, involvement of all brain networks was 

evident, ranging from sensory association regions to higher-order processing areas. These 

findings suggest that the activation of salience-related processes and emotional 

processing allows anticipating the occurrence of accidents. However, once an accident 
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has already occurred, there is an integration and valuation of the new information, and 

control processes are initiated to adapt behavior to the new demands of the environment. 
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Abstract 

Mindfulness training has been shown to improve psychological health and general well-

being. However, it is unclear which brain and personality systems may be affected by this 

practice for improving adaptive behavior and quality of life. The present study explores 

the effects of a 5-week mindfulness-based intervention (MBI) at the neuroanatomical 

level and its relationship with dispositional mindfulness and impulsivity. Sixty-six risky 

drivers were quasi-randomly assigned to a mindfulness training group (MT) or a control 

group (N). Participants underwent magnetic resonance imaging and completed the Five 

Facet Mindfulness Questionnaire (FFMQ) and the UPPS-P impulsivity scale twice, at 

baseline and after receiving the MBI. We observed that MBI changes dispositional 

mindfulness in the non-reactivity and observing facets. Further, we observed that the 

magnitude of change in impulsivity was associated with the change in dispositional 

mindfulness. Whole-brain voxel-wise analysis revealed that the volume of the right 

caudate nucleus of the MT group (n=27) showed a reduction compared to that of the 

control group (n=33), which increased in terms of the pre-post measurement (MT=-1.76 

mm3; N=6.31 mm3). We also observed that reduced caudate nucleus volume correlated 

with decreased positive urgency in the MT group. Taken together, our results show that 

MBI improves the skills of observing and non-reactivity to inner experience, while 

producing changes in the structure of the caudate nucleus. These structural changes are 

associated with a reduction in impulsivity levels, decreasing the tendency to act rashly in 

situations that generate positive emotions and thus facilitating more adaptive behavior. 

 

Keywords: Mindfulness, gray matter, caudate nucleus, positive urgency, FFMQ. 
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Introduction 

Mindfulness is the act of intentionally paying attention to the present moment with 

acceptance, openness, and non-judgment [1]. This ability is conceptualized as a 

momentary condition and a stable characteristic or natural tendency of each individual 

[2]. Dispositional mindfulness has been related to various cognitive and personality 

factors involved in mental health, such as neuroticism, coping strategies, rumination, 

executive functions, and impulsivity [3]. Although dispositional mindfulness is 

independent of mindfulness practice [4], it has been found that mindfulness skills training 

can produce more than short-term state changes, leading to an increase in trait 

characteristics [5] and modifications in brain anatomy [6–8]. In addition, mindfulness 

practice has been shown to produce improvements in psychological health and general 

well-being [9,10]. Although the beneficial effects of mindfulness have been widely 

studied, there is debate regarding which brain and personality systems may be affected 

by this practice to improve adaptive behavior and quality of life [11]. We aim to address 

this gap by further studying the effects of mindfulness training at the neuroanatomical 

level while exploring its relationship with certain personality traits, such as dispositional 

mindfulness and impulsivity.  

As a personality trait, the UPPS model [12] proposes that impulsivity is a 

multidimensional construct characterized by the lack of premeditation and/or 

perseverance when acting, risk-taking or sensation-seeking behaviors, and the tendency 

to act rashly in highly emotional situations. At the brain level, the different dimensions 

of impulsivity have been related, both in a general and clinical population, to the brain 

networks responsible for response inhibition, reward valuation, and emotional regulation 

[13,14]. Nevertheless, previous studies on the association between gray matter volume 

(GMV) and impulsivity have yielded mixed results. For example, lack of perseverance 
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and sensation seeking have been negatively related to the anterior cingulate cortex (ACC) 

and amygdala, respectively [15]. However, both positive and negative associations 

between negative urgency, positive urgency and lack of premeditation with the frontal 

pole and striatum have been found [16–21]. So more research is still needed to clarify the 

neuroanatomical basis of impulsivity. 

As a construct of considerable relevance for mental health, various impulsivity 

factors have been related to mindfulness and its facets. However, the results on the 

magnitude and direction of the associations vary across studies. It is generally observed 

that many of the dimensions of impulsivity are negatively associated with the different 

facets of mindfulness (e.g., negative urgency with non-reactivity or awareness with lack 

of perseverance), whereas others show no significant relationships (e.g., sensation 

seeking with non-reactivity) [22–25]. In addition, positive relationships have also been 

found between the different factors of both variables (e.g., observing with positive 

urgency and sensation seeking [24,25]. Despite the evidence concerning the association 

between mindfulness and impulsivity, studies that have investigated the effects of 

mindfulness-based interventions (MBI) on impulsivity are scarce and were designed to 

address very specific mental disorders, such as ADHD and addictive disorders [26,27]. 

For example, Davis et al. [28] found that young adults who received a Mindfulness-Based 

Relapse Prevention (MBRP) treatment showed significant reductions in all facets of 

impulsivity, except sensation seeking. However, Maddox [29] found that MBRP did not 

improve any of the dimensions of impulsivity. Therefore, further research is needed to 

determine how mindfulness training influences impulsivity. 

Aside from modifying various cognitive and personality processes, MBIs can 

affect brain anatomy. Both increases and decreases in GMV have been observed in 

cortical (e.g. prefrontal, somatosensory, parietal and cingulate cortices) and subcortical 
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(e.g. amygdala, insula, caudate, thalamus, precuneus, hippocampus) structures after MBIs 

[30–36]. However, changes in the anatomical brain configuration after mindfulness 

training have been related to a lesser extent to the cognitive, emotional, or personality 

processes thought to underpin mindfulness skills. For example, Hölzel et al. [37] found 

that a reduction in perceived stress after an 8-week Mindfulness-Based Stress Reduction 

(MBSR) intervention correlated with a reduction in gray matter density in the amygdala. 

Fahmy et al. [30] found that increased prefrontal/ACC network volume after MBSR was 

associated with reduced negative urgency. In contrast, Yu et al. [35] found that brain 

structure changes after mindfulness training did not correlate with changes in different 

cognitive domains, such as attention or working memory.  

Despite the evidence regarding the association between mindfulness and 

impulsivity and the changes of mindfulness practice on brain structure, there is a clear 

need to study further how these changes relate to cognitive or personality processes that 

influence mental health and general well-being. This study aimed to explore the effects 

of a mindfulness-based intervention on brain structure and determine how these effects 

relate to changes in impulsivity and trait mindfulness. We hypothesized that mindfulness 

training might reduce impulsivity levels, increase dispositional mindfulness and affect 

structures related to self-regulation and impulsivity Tang et al. [8]. 

 

Material and methods 

Participants 

Participants in this study were part of a larger study (ERPAT) to determine the brain basis 

of risk behavior in risky traffic scenarios. We used structural MRI from 66 participants 

(19 women, 34.2 years old, age range= [19, 63]). Six participants were discarded due to 

bad quality MRI images and missing data in questionnaires. None of the participants 
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reported a history of head injury nor a history of neurological disorders. All participants 

were scanned twice — at baseline and after receiving a mindfulness intervention devoted 

to correcting their risky behavior. All participants signed an informed consent form, were 

informed of their rights, and were treated according to the Helsinki Declaration [38]. All 

participants were paid for their participation in the study. The Ethics Committee of 

Human Research of the University of Granada approved this research (204/CEIH/2016). 

To have a power of 0.80, the sample size was calculated as 60 participants with G-power, 

with a partial R-square of 0.028 and 0.8 correlation between the repeated measures. 

Procedure 

Participants were risky individuals recruited from the traffic driving school of Granada 

where they were recovering points on their driver license (n=20) or from internet 

advertising (n=46). All of them were asked to complete a questionnaire on traffic 

violations. To establish whether a participant was risky we used the following self-

reported inclusion criteria: attendance of a rehabilitation course for drivers at least once, 

a loss of points according to the Spanish penalty system for traffic rule violations, being 

fined at least twice for risky driving behavior (alcohol or drug use, not using a seat belt, 

or exceeding speed limits), or reporting as having usually exceeded speed limits by more 

than 20% of the permitted speed. Participants were assigned to two groups dependent on 

their weekly availability. The first was a control group (N, n=33, 33.3% females) that did 

not receive an intervention, while the second group received training in mindfulness 

meditation (MT, n=27, 33.3% females). To gather the largest number of participants for 

the training group, the availability of the participants was established prior to testing. At 

four different times over the 2-year period of data collection, we grouped the participants 

with the same availability, resulting in a quasi-randomized controlled trial.  
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The mindfulness meditation intervention was aimed at improving risky driving 

(see Baltruschat et al. [39], for more details) and was based on the Mindfulness-Based 

Stress Reduction program (MBSR; [40]) but adapted to a five weeks duration (3 hours 

sessions) due to the reduced availability of the participants. Sessions were prepared by a 

clinical psychologist (CVL) and were delivered by the clinical herself and another 

sanitary psychologist (ECV). Both were professionally accredited to deliver the MBSR 

program. However, neither of them was involved in the evaluation of data collection 

beyond the mindfulness programs. The sessions were designed to enhance situation 

awareness and included meditation (attention to breathing, body scanning, guided 

meditation) and yoga practice, groups discussion, as well as training in emotion regulation 

and the importance of focusing on what happens in the present moment, pausing to take 

a breath, observing both inside and outside and finally selecting the appropriate response. 

To ensure adherence to the intervention, participants were required to sign an attendance 

sheet and home practices were assigned after each session. The intervention was done 

immediately after the pre-test. The time elapsed between the pre and the post evaluations 

was around four months (mean = 143.07 days, SD = 69.68). There is no specific time 

interval after which the effects of mindfulness are evident [7], although previous studies 

have shown that mindfulness interventions (and others) have delayed effects on brain 

structure change [41–43].  

Measures 

The Spanish version of the Five Facet Mindfulness Questionnaire (FFMQ; [44,45]) 

measured dispositional mindfulness pre and post-intervention. This 39-item questionnaire 

has five scales and is rated on a 5-point Likert-type scale from 1 (never or very rarely 

true) to 5 (very often or always true). The questionnaire has good psychometric properties 

(Cronbach’s: α = 0.88 for the whole scale, minimum Cronbach’s α for the subscales = 
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0.80), and measures five facets of mindfulness: Observing (the attention paid to 

sensations and perceptions of inner and external stimuli); Describing (labeling experience 

and perceptions with words); Acting with awareness (the attention paid to one’s 

activities); Non-judging of inner experience (evaluation of one’s thoughts and feelings); 

and Non-reactivity to inner experiences (the ability to let thoughts and feelings come and 

go without getting caught up in them).  

The Spanish version of the UPPS-P [12,46] was used to measure impulsivity at 

pre and post-intervention. This scale assesses impulsivity across five facets: (lack of) 

premeditation, (lack of) perseverance, sensation seeking, and negative and positive 

urgency. In addition, the scale has good psychometric properties (min Cronbach’s α 

=0.61).  

MRI scanning was conducted with a Siemens 3T Trio system equipped with a 32-

channel head coil at the Mind, Brain, and Behavior Research Center (University of 

Granada). Participants were instructed not to move during the scan. In addition, head 

restraint and foam padding around the head were used to limit head motion. A T1-

weighted MPRAGE scan was obtained with a TR (repetition time) of 1900 ms, TE (echo 

time) of 2.52 ms, and a flip angle of 9°. For each volume, 176 slices of 1 mm thickness 

were obtained, which provide whole-brain coverage (voxel size = 1 ×1 ×1 mm; FOV = 

256 mm; 256 ×256 data acquisition matrix). 

The MRI scans were submitted to the CAT12 toolbox (http://www.neuro.uni-

jena.de/cat/) to obtain brain volumes, running under the umbrella of SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/), using default parameters. In 

essence, CAT12 corrects for bias inhomogeneity, segmented into gray matter, white 

matter, and cerebrospinal fluid using the AMAP approach. The images were spatially 

normalized using the Diffeomorphic Anatomical Registration through Exponentiated Lie 
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algebra (DARTEL) algorithm. Volumes were then normalized to the MNI neurological 

space and multiplied by the Jacobian determinant to preserve volume. Gray matter 

volumes were then smoothed using an 8 mm FWHM Gaussian kernel. 

Data analyses 

SPM 12 was used to conduct the whole-brain voxel-wise statistical analyses. Repeated 

measures factorial statistical analysis was used, in which comparisons between the two 

groups in the pre and post-intervention were made while controlling for age, gender, 

education level, and total gray matter volume. The significance threshold was cluster-

wise corrected to pFWE<0.05 with a minimum cluster size of k=200 to handle the 

multiple comparison problem. FFMQ and UPPS-P scores were transformed to the 

behavior shift index (BSI;[47]), defined as the magnitude of change between baseline and 

post-intervention evaluation, using the formula (Post-Pre)/Pre*100. Previous studies have 

used the BSI to examine the effects of mindfulness in different domains [39,48]. The 

Pearson correlation coefficient was used to evaluate the associations between the FFMQ 

and the UPPS-P scores. SPSS v 24 (IBM SPSS Statistics for Windows, Version 24.0, 

Armonk, NY: IBM Corp.) was used to analyze the effects of the intervention on the 

FFMQ dimensions and UPPS-P scores, using an analysis of covariance approach in which 

we controlled for the effects of age, gender, and education level.  

Results 

Table 1 displays the means (standard errors) for the BSI and baseline scores for the FFMQ 

and the UPPS-P scales. At the baseline, no significant differences were found between 

the MT and N groups in either the FFMQ or the UPPS, when the multiple comparisons 

problem was taken into account. Regarding the BSI, for the FFMQ dimensions, only the 

non-reactivity to inner experience, F(1,56)=7.65, p<0.01, which was greater for the MT 

(BSS= 6.5) than for the N (BSS=-5.1) group, and the observing dimension, F(1,56)=5.24, 
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p<0.026, which was also greater for the MT (BSS=9.3) than for the N (BSS=-.9) group, 

were significant. There were gender differences in the awareness dimension, 

F(1,56)=5.27, p<0.01, this score being higher for women (BSS= 7.9) than men (BSS=-

3.2). There were neither main nor interaction effects on impulsivity scores (p>0.10). 

However, there was an effect of education level on (lack of) perseverance, F(1,56)=9.38, 

p<0.01, and (lack of) premeditation, F(1,56)=6.30, p<0.01. In both cases, the higher the 

education level, the lower the impulsivity score.  

Table 1. Behavioral Change ((post-pre)/pre*100) and baseline scores as a 
function of group and dimensions of the FFMQ and UPPS-P. 

BSI Baseline 
Group MT N MT N 

FFMQ 
Awareness -1.15 (2.80) 2.01 (3.04) 25.8 (1.2) 28.8 (0.8) 
Describing 4.61 (2.83) 2.11 (3.07) 28.0 (1.1) 27.9 (0.8) 

Non Judgment 7,90 (5.71) 13.53 (6.20) 23.7 (1.3) 26.7 (1.1) 
Non React 6.48 (2.96) -5.10 (3.21) 23.1 (0.9) 22.7 (0.7) 
Observing 9.34 (2.93) -0.90 (3.19) 28.7 (0.8) 27.0 (0.7) 

UPPS-P 
(Lack) Pers 0.50 (-11.10) 5.49 (11.09 1.9 (0.1) 1.6 (0.1) 
Lack) Prem -1.46 (-3.12) -0.40 (0.08) 1.9 (0.1) 1.8 (0.1) 

Negat U 0.00 (3.05) -3.96 (-12.18)
2.5 (0.1) 2.3 (0.1) 

Pos U 0.70 (-11.09) -2.77 (8.54) 2.6 (0.1) 2.5 (0.1) 
Sens Seek -2.07 (-11.39) 1.3 (8.95) 2.7 (0.1) 2.8 (0.1) 

Note. MT: mindfulness training, N: control. Standard errors are between 
parentheses. Shaded cells indicate significant differences. 

Table 2 summarizes the results obtained at the brain structural level (changes in 

GMV) in this study. We observed main effects of the intervention group in three clusters, 

one located in the left precuneus and the others located in the left temporal inferior and 

right fusiform, with GMV being larger for the MT group than for the N one group. We 

also observed an effect of the pre>post contrast in clusters located in the right superior 

temporal pole, and the right superior frontal, with GMV being greater in the pre than post-
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measurement. There was also a significantly greater post-pre difference in volume in the 

cluster in the right hippocampus. The group by pre-post interaction was significant at a 

cluster in the right caudate (Figures 1 and 2), embracing parts of the right thalamus, with 

the post-pre difference being greater in the N (6.31 mm3) than in the MT (-1.76 mm3) 

group. Therefore, the right caudate appears to show a reduction in volume (compared 

with the control group) after the mindfulness intervention.  

 

Table 2. Significant effects of the repeated measures factorial on brain structure. 
Label k Peak T X Y Z pFWE 

MT > N       
L Precuneus 325 4.73 -18 -51 65 0.001 

L Temporal Inf 309 4.65 -32 -30 -20 0.001 
R Fusiform 290 4.16 -47 -35 -21 0.001 

Pre > Post       
R Temporal Pole Sup 301 3.77 -21 8 -32 0.001 

R Frontal Sup 232 3.85 36 63 -9 0.005 
Post > Pre       

R Hippocampus 405 4.60 21 -30 9 0.048 
Group by Pre-Post       

R Caudate 417 5.03 15 -15 18 0.001 
Note. K is the size of the cluster in voxels. X, Y, and Z: coordinates in MNI space. MT: 
mindfulness training, N: control. pFWE= cluster-wise corrected p-values. 

 

 

Figure 1. Post-pre comparison of the caudate cluster, showing reduced volume 
in the MT than the N group. 
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Figure 2. Post-Pre differences in volume (mm3) for MT and N group. 

The post-pre change in the volume of the caudate cluster correlated negatively 

with the behavior shift index of impulsivity in the dimension of positive urgency in the 

MT group (r=-0.46, z=-2.43, p=0.05), with a marginal and positive correlation in the N 

group (r=0.35, z=1.79, p=0.08). The difference between these two correlations was also 

significant, using the Fisher Z score (z=3.15, p=0.001). The change in caudate volume in 

the MT group implies that a lower caudate volume is associated with lower impulsivity 

in the post than in the pre-assessment. No correlations were significant for this brain 

cluster and BSI indices in the FFMQ (all p>0.10). 

The partial correlations, controlling for age, gender, and education level, between 

the BSI indices of the FMMQ and those of the UPPS-P, are displayed in Table 3, which 

shows that the BSI indices of positive urgency are positively associated with that of 

awareness and that sensation seeking is positively correlated with awareness and 

describing.  



ESTUDIO 3 
Brain changes following mindfulness. 

157 

Table 3. Partial correlations between BSI indices for UPPS-P and FFMQ. Shaded 
cells indicate significant association. 
  Awareness Describe Non-Judge Non-React Observing 

(lack of) Perseverance -0.11 -0.04 -0.23 -0.04 -0.20 
(lack of) Premeditation -0.01 -0.19 -0.19 -0.09 0.18 
Negative Urgency 0.06 -0.26 0.01 -0.01 -0.15 
Positive Urgency 0.31 -0.14 -0.17 0.08 -0.05 
Sensation Seeking 0.36 0.39 0.13 0.17 0.03 

 

 

Discussion 

This study aimed to reveal the effects of mindfulness training in structural gray matter 

volumes and how these effects are related to impulsivity and dispositional mindfulness 

using a quasi-randomized pre-post mindfulness intervention design. We have observed 

that mindfulness training changes dispositional mindfulness as measured by the FFMQ 

questionnaire in the non-reactivity and observing facets. In both facets, the MT group 

scored higher in the post than in the pre-test compared with the control group. Further, 

we have observed that positive urgency was positively associated with change in 

awareness; the greater the change in positive urgency, the greater the change in 

awareness. Sensation seeking was also positively associated with awareness and 

describing. At the brain level, we found that the volume of the right caudate nucleus of 

the mindfulness training group was smaller than that of the control group in the post-

measurement. We also observed that the change in caudate nucleus volume correlated 

with decreased positive urgency in the MT group. 

After mindfulness training, we found an increase in observing and non-reactivity 

scores in the MT group. This implies that certain facets of dispositional mindfulness could 

be susceptible to change due to mindfulness training. Numerous studies have investigated 

the effect of mindfulness-based interventions on enhancing mindfulness skills, 

understood as personality traits. Although some studies have found that mindfulness-
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based interventions have no specific effects on dispositional mindfulness [49–52], an 

increase in trait mindfulness is generally observed following such interventions [5,22,53–

55]. This enhancement in dispositional mindfulness has been differentially attributed to 

one or more of the dimensions studied, depending on the characteristics of the 

intervention, the degree of control, and the population under study [5]. 

On the other hand, several investigations also conclude that the increase in the 

mindfulness trait is explained by an improvement in the abilities to observe or pay 

attention to one's perceptions and sensations and to let thoughts and emotions pass 

without clinging or reacting to them, observing an increase in the scores of these facets 

after various mindfulness-based interventions [34,56–58]. In addition, non-reactivity is 

the most significant contributor to overall well-being [59]. Therefore, our results are 

consistent with previous studies showing that mindfulness training improves dispositional 

mindfulness by increasing observing and non-reactivity abilities. 

The dispositional mindfulness facets that improve after mindfulness training are 

those that show no significant relationships with the magnitude of change in the various 

dimensions of impulsivity. Previous research has also found inconsistent associations 

between the observing and non-reactivity facets with impulsivity [25,60–62]. Looking at 

the facets of mindfulness related to changes in impulsivity, we observed positive 

correlations between the BSI of awareness with positive urgency and sensation seeking 

and between the BSI of describing with sensation seeking. These results contrast with 

those obtained in previous studies, which found negative associations or no correlation 

between these variables [23–25,61], and indicate that people who tend to be aware of their 

current activities also tend to act rashly in the presence of positive emotions and seek out 

exciting activities. Impulsivity is a heterogeneous construct in which not all its factors are 

related, per se, to problematic behaviors [46]. In fact, and similar to our results, Vinci 
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et al. [61] observed that sensation seeking and positive urgency were positively related to 

the state of mindfulness. Our results also support the notion [24] that mindfulness and 

impulsivity are related constructs with varying associations between the different factors 

that make up the two traits.  

In addition to improving dispositional mindfulness, mindfulness training produces 

changes at the brain structural level. Our results showed a GMV reduction of the caudate 

nucleus in the MT group compared to the control group. The caudate nucleus has 

previously been implicated in mindfulness meditation and dispositional mindfulness. In 

dispositional mindfulness, the right amygdala and the caudate volume correlated 

negatively with the MAAS score [63]. In stark contrast, other authors [64] observed, in a 

cross-sectional study, a greater volume in the left caudate nucleus in an intervention group 

that received an MBSR course compared with an untreated group. In the same vein, 

Fahmy et al. [30] have observed increased volumes of the left caudate in a group of 

opiate-dependent patients receiving a MBI compared with a treatment as usual group. 

Further, a MBI in patients with Parkinson's disease demonstrated that an eight-

week program increased the density of the caudate compared with usual treatment [32]. 

Our data agree with those of Taren et al. [63] but disagree with the rest of the research. 

One possible explanation for these discrepancies could lie in the fact that in two of these 

studies [30,32], participants were from special populations (opioid-dependent and people 

with Parkinson's disease), which could suggest that the structure was already damaged at 

baseline but still recovers to a more normal volume due to the mindfulness intervention. 

Another possibility concerns the sample size and the reliability of the results [65], which 

is very high in the Taren et al. [63] study but low in the remaining studies. Furthermore, 

in line with our results, other research has found that expert meditators, compared to 

groups with no meditation experience, had lower GMV in several cortical and subcortical 
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regions [66,67], including the caudate [67], although in the Korponay et al. [67] study 

these differences were not related to the total number of hours of practice.  

The caudate has also been implicated in studies aimed at uncovering the brain's 

functionality and its association with mindfulness. Stillman et al. [68] found that the 

connectivity of the caudate with the medial temporal lobe (MTL) was negatively 

correlated with dispositional mindfulness during an implicit learning task. Given that the 

caudate-MTL connection is related to performance in implicit learning, this result 

suggests that greater dispositional mindfulness can hinder the acquisition of this type of 

learning and promote a more explicit learning mechanism. In this vein, an asymmetry has 

been found between the left and right caudate, in the sense that the left caudate is involved 

in the acquisition of habitual actions (mechanistic stimulus-response association) whereas 

the right caudate is involved in the acquisition of goal-directed actions [69–71]. Further, 

the caudate nucleus has shown to be a fundamental structure in acquiring stimulus-control 

associations, in which stimuli are associated with control states, such as heightened 

attentional selectivity [72]. In addition, Brefczynski-Lewis et al. [73] found that expert 

meditators had lower activation in the caudate, dorsolateral prefrontal cortex, and 

pulvinar when performing a task with distracting stimuli. In this vein, the right caudate 

might operate as a bottom-up controller [74], which is a more efficient behavioral control 

mechanism than the top-down processing initiated in the dorsolateral prefrontal or 

anterior cingulated cortex [75]. 

On the other hand, meditators have shown reduced activation of the caudate in 

anticipation of monetary rewards [76] and during positive emotional processing [77]. 

Moreover, the connectivity of this area with the posterior insula showed a negative 

association with dispositional mindfulness, [76]. As part of the reward processing 

network, it appears that the caudate — together with the amygdala — forms a microcircuit 
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in which the former seems to represent the incentives and process the magnitude of 

reward, mediated by activity of the amygdala [78,79]. In addition to being part of the 

reward network, the caudate is also involved in processing negative affect [80]. It has 

been observed that both expert meditators and people who had received a mindfulness-

based intervention showed lower activation of the caudate when presented with negative 

images [81,82]. This reduced reactivity to emotional signals or stimuli — both aversive 

and reward-related — could be taken to indicate an improvement in affective self-

regulation [83]. 

The above evidence suggests that reduced caudate volume can be an index of the 

evolving brain [84,85] that promotes a more effective neural computation and enhances 

adaptive behavior [86]. In this regard, it should be noted that the participants were risk-

taking individuals and that the N group showed an increased GMV of the caudate nucleus 

without having received any type of intervention. Several investigations have also found 

greater GMV in the caudate and other subcortical structures in risk-takers [87–90]. Thus, 

the fact that, regarding the control group, there was a reduction of GMV in the MT group 

may be a sign of neural plasticity and imply a recovery of the normal evolution of the 

structure. In addition, previous studies have reported that the improvement of certain 

cognitive processes after training is associated with a decrease in brain gray matter 

volume [91,92]. We might thus speculate that a reduced caudate volume in the 

mindfulness group (compared with controls) may benefit the functioning of this structure 

and promote more efficient control and self-regulation mechanisms.  

Deficits in functions that have been linked to the caudate nucleus, such as 

behavioral control and affect regulation, underlie urgent or impulsive behavior [12]. In 

this regard, our results show that the caudate volume was related to the BSI of positive 

urgency, finding that reductions in GMV in the MT group correlated with lower positive 
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urgency. Positive urgency, defined as the tendency to act impulsively in response to 

intense positive emotions, implies a difficulty in suppressing prepotent responses [93] 

and is strongly related to risk behavior, such as driving errors and reckless driving [94,95]. 

The caudate has been implicated in impulsivity considered as urgency to respond, either 

negative or positive [93,96]. Similar to our results, Tschernegg et al. [97] observed that 

caudate volume correlated positively with impulsivity, independent of age in a delay 

discounting task. More specifically, Owens et al. [20] found a positive relationship 

between caudate GMV and positive urgency in a sample of pre-adolescents. The caudate 

has also shown increased activation when engaging in risky behavior [98]. Research in 

adolescents has found that bilateral activation was highly correlated with the decision to 

engage in risky choices, but more so in the presence than the absence of peers [98]. This 

structure is sensitive to feedback related to risky choices, as taking more risks is 

associated with increased bilateral caudate activity [99]. Therefore, the caudate plays an 

important role in the processing of affective stimuli (both rewarding and aversive), 

inhibitory control, risk-taking, and impulsive behavior, and is part of the cortico-striatal 

circuit comprising structures such as the anterior and posterior cingulate cortex, the 

insula, the amygdala, the striatum and the frontal and orbitofrontal cortices 

[17,69,100,101]. In this sense, alterations of the caudate have been related to various 

mental disorders whose main component is impulsivity, such as substance use and ADHD 

[102,103], and this structure could be an important component of the neural circuit of 

impulsivity, with excessive activity of this area being linked to rash behavior. Thus, if we 

consider the volume-activity relationship [104], our data suggests that the volume 

reduction in the MT group (compared with the control group) could be linked to reduced 

activity, which could in turn be associated with making fewer impulsive choices when 

acting under the influence of positive emotions. This could be applied to adapt 
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mindfulness-based interventions to populations with high levels of impulsivity and 

emotion regulation difficulties.  

However, more research is needed to confirm our findings. The quasi-

randomization process may not have completely equalized the groups. Thus, complete 

randomized trials, with a greater number of participants, as well as study the long-term 

effects of the intervention are also needed to confirm that brain changes are maintained 

over time and are related to improved adaptive behavior. 

In short, our results show that a mindfulness-based intervention produces changes 

in the structure of the caudate nucleus and improves dispositional mindfulness. In 

addition, reductions in caudate GMV in the MT group are related to lower positive 

urgency, and this impulsivity facet is associated with trait mindfulness. Therefore, it 

appears that a mindfulness-based intervention improves the skills of observing and non-

reactivity to inner experience, while producing changes in the structure of the caudate 

nucleus. These structural changes are associated with a reduction in impulsivity levels, 

decreasing the tendency to act rashly in situations that generate positive emotions and 

thus facilitating more adaptive behavior. 
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DISCUSIÓN 

La toma de decisiones es un proceso complejo en el que distintas redes cerebrales trabajan 

de manera conjunta para asignar las preferencias de acción, controlar la conducta, valorar 

los resultados y aprender de la experiencia, con el fin último de adaptar el comportamiento 

futuro (Coutlee y Huettel, 2012; Ernst y Paulus, 2005). Sin embargo, no todas las 

decisiones son adaptativas, ya que algunas implican comportamientos que suponen un 

riesgo para el bienestar. Además, dado su carácter dinámico y subjetivo, existen 

diferencias individuales y contextuales que podrían afectar a la configuración e 

interacción de los sistemas neurocognitivos que intervienen en este tipo de conductas. Es 

por esto que el estudio 1 profundiza en las bases neuroanatómicas del comportamiento de 

riesgo en entornos de tráfico y en la de sus factores de personalidad asociados, como son 

la sensibilidad a las recompensas y castigos y la preferencia por las recompensas 

inmediatas, o impulsividad cognitiva. Nuestros resultados indican que existe una 

tendencia a presentar un menor volumen de materia gris total cuanto mayor es el nivel de 

riesgo. Además, encontramos que las personas que conducen de manera arriesgada 

muestran también un menor volumen en regiones que forman parte de las redes de control 

cognitivo y de recompensa cerebral, como por ejemplo: las cortezas frontal (superior, 

media, medial, inferior y orbital), parietal superior y temporal superior, los giros 

parahipocampal y fusiforme, la ínsula, el cerebelo y el estriado ventral. Investigaciones 

previas muestran que estas redes actúan como un sistema neurobiológico interactivo para 

modular el proceso de toma de decisiones (Edelson y Reyna, 2023; X. Li et al., 2020; 

McIlvain et al., 2020; Steinberg, 2010). Por lo tanto, nuestros resultados apoyan y 

complementan la evidencia del modelo dual del comportamiento de riesgo (Epstein, 

1994; Evans, 2008; Frankish, 2010; Kahneman y Frederick, 2002; Loewenstein et al., 



DISCUSIÓN 

184 

2001; Reyna, 2004; Sanfey y Chang, 2008; Slovic et al., 2007), sugiriendo que, en 

personas arriesgadas, existe una alteración en la configuración de los circuitos neurales 

implicados en la valoración de las recompensas, implementación de la acción y regulación 

del comportamiento. Además, teniendo en cuenta la influencia del volumen cerebral en 

la actividad neural (Aydogan et al., 2021; Harms et al., 2013; Honey et al., 2007), las 

alteraciones estructurales que observamos en las personas que conducen de manera 

arriesgada podrían reflejar un patrón de activación también distinto, resultando en un 

procesamiento desadaptativo de la información y una toma de decisiones disfuncional. 

Por otro lado, observamos que el nivel de riesgo en conducción es el que modula cómo 

algunas de las regiones anteriores, junto con otras que también forman parte de las redes 

de control cognitivo y de recompensa, se relacionan con la impulsividad y la sensibilidad 

a las recompensas y castigos, incluso ante la ausencia de diferencias entre los grupos en 

las puntuaciones de estas variables. En personas con un menor nivel de riesgo, la 

preferencia por las recompensas inmediatas se asocia con el volumen del núcleo 

accumbens, la amígdala y las cortezas cingulada posterior y orbitofrontal. Por su parte, la 

sensibilidad a las recompensas se relaciona con el volumen de la corteza temporal 

superior, los giros fusiforme y postcentral, y la sensibilidad al castigo con el volumen de 

la ínsula, el giro precentral y la corteza frontal superior. Es decir, nuestros resultados 

sugieren que los factores de personalidad que se han demostrado como más influyentes 

en la valoración de las alternativas de conducta y selección de la acción, se sustentan en 

las mismas redes cerebrales que subyacen a estas etapas en el proceso de toma de 

decisiones. Sin embargo, las personas con tendencia a conducir de manera arriesgada 

muestran, en general, correlaciones absolutas más bajas, o incluso ausentes, entre los 

factores de personalidad y el volumen de materia gris cerebral. Estos resultados apuntan 

a que las funciones de las regiones implicadas en la impulsividad cognitiva y en la 
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sensibilidad a las recompensas y castigos están enmascaradas por los mecanismos propios 

del comportamiento de riesgo. Por lo tanto, parece que las alteraciones en los procesos 

neurocognitivos del descuento por demora, la sensibilidad a los reforzadores y la 

inhibición conductual podrían estar a la base de las decisiones de riesgo en conducción. 

Esto se podría aplicar en las intervenciones destinadas a mejorar el comportamiento de 

riesgo, en general, o en los cursos de sensibilización y reeducación vial en particular, de 

manera que adaptaran sus contenidos para trabajar específicamente los procesos 

cognitivos relacionados con el aplazamiento del refuerzo, la apropiada valoración de las 

recompensas y castigos futuros y la autorregulación conductual. 

El sistema de control cognitivo y el socioemocional, o de recompensa cerebral, 

además de estar implicados en la formación de preferencias e implementación de la 

acción, ejercen un rol fundamental en la anticipación y valoración de los resultados de las 

decisiones y en la regulación de la conducta (Grupe y Nitschke, 2013; Gupta et al., 2011b; 

Knutson et al., 2003; McClure et al., 2004; Morelli et al., 2022). Sin embargo, existen 

situaciones donde las consecuencias son impredecibles y, en muchas ocasiones, 

repercuten de manera altamente negativa en la salud física y mental. El estudio 2 explora 

la participación e interacción entre las principales redes cerebrales (Yeo et al., 2011) 

durante el procesamiento de este tipo de eventos, utilizando, para ello, los accidentes de 

tráfico en contextos de conducción simulada. Los resultados indican que, durante los 

milisegundos previos a la ocurrencia de un accidente, se activan las cortezas parietal 

inferior y cingulada anterior y la ínsula. Además, se produce un flujo de activación causal, 

o conectividad efectiva entre los nodos de las redes atencionales ventral y dorsal (VAN y 

DAN), y dentro de los nodos de la red límbica (LN). Por otro lado, cuando el accidente 

acaba de ocurrir, las cortezas orbitofrontal, inferior parietal y cingulada anterior, y los 

giros frontal superior y medio se activan, y se produce una mayor conectividad efectiva 
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entre redes, desde la red atencional ventral (VAN) hasta la somatomotora (SMN), y entre 

nodos, desde nodos de la red visual (VN), VAN y red por defecto (DMN), hasta nodos 

de las redes frontoparietal (FPN), atencionales y límbica. Estos patrones de actividad 

cerebral y conectividad efectiva sugieren que, en el periodo previo a un accidente, se 

activan procesos internos, tanto afectivos como cognitivos e interoceptivos, que se 

integran con la información saliente del entorno. Esta integración permite la 

identificación de la estructura y del valor emocional de la situación y facilita la 

anticipación de la ocurrencia del evento. Además, una vez que el accidente ha ocurrido, 

se produce una agrupación y valoración de la nueva información y se inician los procesos 

de control necesarios para adaptar el comportamiento a las nuevas demandas del 

ambiente. En definitiva, parece que el sistema dual también interviene en las últimas 

etapas del proceso de toma de decisiones, desempeñando un rol fundamental en la 

anticipación y el procesamiento de los eventos catastróficos. Esta mejor comprensión del 

procesamiento neural que tiene lugar en los momentos temporales que preceden y 

prosiguen a los accidentes podría servir de guía en la mejora de los sistemas de vigilancia 

y de alerta del estado de las personas que trabajan en entornos peligrosos o son usuarias 

de la carretera, utilizando los patrones de actividad electroencefalográfica para agilizar y 

optimizar los métodos de asistencia. 

Por último, dada la evidencia sobre los sistemas neurocognitivos que están a la 

base de la toma de decisiones disfuncionales, las intervenciones que se han demostrado 

eficaces para mejorar la conducta adaptativa podrían afectar a la configuración de estos 

sistemas y a los factores que intervienen en las distintas etapas del proceso de toma de 

decisiones. Es por esto que el estudio 3 examina cómo una intervención basada en 

mindfulness puede producir cambios en la estructura de las regiones cerebrales que se 

relacionan con los procesos cognitivos y de personalidad implicados en el 
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comportamiento de riesgo. Nuestros resultados indican que el entrenamiento en 

mindfulness afecta al mindfulness disposicional, mejorando las facetas de observación y 

no reactividad. Además, el cambio en las habilidades de atención plena, después de la 

intervención, se relaciona con cambios en los niveles de impulsividad. Asimismo, 

observamos que el entrenamiento en mindfulness produce cambios en el volumen del 

núcleo caudado que, su vez, se relaciona con una menor urgencia positiva. Es decir, 

nuestros resultados avalan la evidencia previa sobre los efectos de las intervenciones 

basadas en mindfulness en el mindfulness disposicional (Liu et al., 2021; Quaglia et al., 

2016; M. Y. Wang et al., 2021; Zuo et al., 2023) y sugieren que estos efectos podrían 

estar explicados por una mejora en la habilidad de observación de las propias sensaciones 

y percepciones y en la capacidad para dejar pasar los pensamientos y las emociones, sin 

aferrarse ni dejarse llevar por su ocurrencia. Además, teniendo en cuenta que el núcleo 

caudado forma parte de la red de recompensa y desempeña funciones de regulación del 

afecto y control comportamental (Chiu et al., 2017; Delgado, 2007; Watanabe et al., 

2019), la reducción en el volumen que se observa después de la intervención sugiere una 

evolución de la estructura (Coupé et al., 2017; Y. Wang et al., 2019) para un 

funcionamiento neural más eficaz. En este sentido, nuestros resultados muestran que la 

reducción del volumen del núcleo caudado se asocia con una menor urgencia positiva. 

Por lo tanto, si se tiene en cuenta la relación entre volumen y activación (Harms et al., 

2013), los resultados sugieren una menor actividad del núcleo caudado cuando se actúa 

bajo la influencia de emociones positivas, lo que podría reflejarse en una toma de 

decisiones menos impulsiva. Esto podría aplicarse clínicamente para adaptar las 

intervenciones basadas en mindfulness a poblaciones que presenten altos niveles de 

impulsividad y dificultades en la regulación emocional. 
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Los estudios que componen la presente tesis doctoral profundizan en aspectos 

específicos del proceso de la toma de decisiones que, combinados entre sí, enriquecen el 

conocimiento y ofrecen nuevas claves para la investigación en este campo. En conjunto, 

nuestros resultados avalan la evidencia de los modelos duales y muestran que los sistemas 

cerebrales de control cognitivo, recompensa y procesamiento emocional actúan de 

manera interconectada en las diferentes etapas del proceso de toma de decisiones (figura 

1), desde la formación de preferencias y selección de la acción (estudio 1) hasta la 

valoración de resultados (estudio 2) y la regulación de la conducta (estudio 3). Más 

concretamente, se observa una alteración en la estructura de las regiones que conforman 

los sistemas de recompensa cerebral y control cognitivo en aquellas personas con 

tendencia tomar decisiones arriesgadas al volante (estudio 1) y se evidencia que una 

intervención que facilita la toma de decisiones adaptativa, como el entrenamiento en 

mindfulness, produce cambios estructurales en el núcleo caudado, una región que también 

forma parte del sistema de recompensa cerebral y que influye en la autorregulación 

conductual (estudio 3), Así mismo, la participación e interacción entre las áreas y redes 

cerebrales que subyacen a los procesos de saliencia, procesamiento emocional y control 

comportamental permite la anticipación y el procesamiento de resultados catastróficos 

(estudio 2).  
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Figura 1. Estudios de la tesis sobre los sistemas cerebrales involucrados en el proceso de toma de 

decisiones. 

La mayoría de las investigaciones de los modelos duales sobre la toma de 

decisiones se basan en los efectos de la edad, ya que las regiones corticales pertenecientes 

al sistema de control cognitivo se desarrollan más despacio y no maduran completamente 

hasta la mitad de la veintena, mientras que las áreas subcorticales relacionadas con el 

procesamiento emocional y de las recompensas ejercen una mayor influencia en la 

adolescencia y en las primeras etapas de la edad adulta, al madurar a edades más 

tempranas (Edelson y Reyna, 2023; Steinberg, 2010; Zhang, 2022, entre otros). Además, 

cuando se explora la toma de decisiones a lo largo de la vida, se observan cambios 

sustanciales relacionados con la edad, siendo de especial relevancia en edades avanzadas 

(Casey, 2015; Duell et al., 2018; Tymula et al., 2013). Debido a esto, y teniendo en cuenta 

que para 2050 se espera que más del 35% de las personas tengan 65 años o más (Eurostat, 

2023) y que la población de los estudios de la tesis, aunque es variada, no supera en 

ningún caso los 68 años, futuras investigaciones podrían abordar el estudio de los 
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procesos neurocognitivos y de personalidad implicados en la toma de decisiones en 

personas mayores, además de estudiar la eficacia de las intervenciones basadas en 

mindfulness y sus efectos en los sistemas de control cognitivo y recompensa cerebral en 

este grupo de edad. 

Por otro lado, nuestros resultados también muestran que algunos factores de 

personalidad que intervienen en el proceso de toma de decisiones, como la impulsividad 

y la sensibilidad a las recompensas y castigos, se relacionan con regiones que forman 

parte de los sistemas de control y recompensa (estudio 1). Sin embargo las relaciones 

observadas son diferentes en función del nivel de riesgo en conducción, por lo que, en 

personas arriesgadas parece que también existe una alteración en los mecanismos 

neurales que subyacen a estos rasgos de personalidad. Además, el entrenamiento en 

mindfulness afecta a otros rasgos de personalidad que intervienen en el proceso de 

decisión, mejorando la atención plena disposicional (estudio 3). Por último, los cambios 

a nivel de estructura cerebral que produce la práctica de mindfulness se relacionan con 

una menor urgencia positiva, lo que podría reflejarse en una toma de decisiones menos 

precipitada o impulsiva cuando se actúa ante la influencia de emociones positivas (estudio 

3). En definitiva, nuestros resultados evidencian los correlatos neuroanatómicos de la 

inextricable asociación entre las decisiones arriesgadas, la atención plena disposicional, 

la sensibilidad a las recompensas y castigos y la impulsividad (figura 2). Las relaciones 

entre los factores de personalidad que intervienen en la toma de decisiones se han 

evidenciado en la literatura previa, considerando incluso la tendencia al riesgo como un 

rasgo de personalidad más (Baltruschat et al., 2020; Baltruschat, Cándido, et al., 2021; 

Megías-Robles et al., 2023; Tingaz et al., 2022; Zheng et al., 2023). Sin embargo, la 

mayoría de las investigaciones también han estudiado la relación entre los diferentes 

constructos de manera aislada. Por lo tanto, en investigaciones futuras se podría tener en 
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cuenta el peso relativo y conjunto de cada uno de estos factores, para determinar su 

influencia en la toma de decisiones y, de esta manera, facilitar el perfeccionamiento de 

las intervenciones destinadas a mejorar la conducta adaptativa y la calidad de vida.  

Figura 2. Estudios de la tesis sobre los factores de personalidad relacionados con la de toma de 

decisiones y sus correlatos neurales. 
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CONCLUSIONES 

De los estudios que componen la presente tesis doctoral se derivan las siguientes 

conclusiones: 

1. Las personas que conducen de manera arriesgada muestran un menor volumen de 

materia gris en regiones de las redes de control cognitivo y de recompensa cerebral, 

como la corteza frontal, parietal superior y temporal superior, los giros 

parahipocampal y fusiforme, la ínsula, el cerebelo y el estriado ventral. Además, 

existe una tendencia a presentar un menor volumen de materia gris total cuanto mayor 

es el nivel de riesgo en conducción. 

2. La impulsividad y la sensibilidad a las recompensas y castigos se relacionan con 

diferentes regiones de las redes de control y recompensa cerebral. La impulsividad se 

asocia con el volumen del núcleo accumbens, la amígdala y las cortezas cingulada 

posterior y orbitofrontal. Por su parte, la sensibilidad a las recompensas se relaciona 

con el volumen de la corteza temporal superior y los giros fusiforme y postcentral, y 

la sensibilidad al castigo con el volumen de la ínsula, el giro precentral y la corteza 

frontal superior. 

3. El comportamiento de riesgo en conducción modula cómo se relacionan la 

impulsividad y la sensibilidad a las recompensas y castigos con el volumen de materia 

gris cerebral, incluso ante la usencia de diferencias entre los diferentes niveles de 

riesgo en estos rasgos de personalidad. 

4. La activación de redes cerebrales relacionadas con la saliencia y el procesamiento 

emocional permite anticipar resultados catastróficos e impredecibles. En el periodo 

previo a la ocurrencia de un accidente, en un contexto de conducción simulada, se 

activan las cortezas parietal inferior y cingulada anterior y la ínsula. Además, se 
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produce un flujo de activación causal, o conectividad efectiva entre los nodos de las 

redes atencionales ventral y dorsal, y dentro de los nodos de la red límbica. 

5. La activación de redes cerebrales relacionadas con el control cognitivo y la regulación

del comportamiento permiten procesar eventos catastróficos. Inmediatamente

después de la ocurrencia de un accidente se activan las cortezas orbitofrontal, inferior

parietal y cingulada anterior, y los giros frontal superior y medio. Además, se produce

una mayor conectividad efectiva entre redes, desde la red atencional ventral hasta la

somatomotora, y entre nodos, desde nodos de la red visual, atencional ventral y red

por defecto, hasta nodos de las redes frontoparietal, atencionales y límbica.

6. Una intervención basada en mindfulness mejora la atención plena disposicional,

incrementando la capacidad de observación de las propias sensaciones y

percepciones, así como la habilidad para dejar pasar los pensamientos y las

emociones, sin aferrarse ni dejarse llevar por su ocurrencia.

7. Una intervención basada en mindfulness produce cambios en el volumen del núcleo

caudado, una estructura que forma parte de la red de recompensa y desempeña

funciones de regulación del afecto y control comportamental.

8. Los cambios neuroanatómicos en el núcleo caudado después una intervención basada

en mindfulness se relacionan con una menor urgencia positiva y, por lo tanto, con una

menor tendencia a tomar decisiones impulsivas cuando se actúa bajo la influencia de

emociones positivas.
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CONCLUSIONS 

The following conclusions can be drawn from the studies that make up the present 

doctoral thesis: 

1. People who engage in risky driving show a reduced gray matter volume in regions 

of the cognitive control and reward brain networks, such as the frontal cortex, 

superior parietal and temporal cortices, parahippocampal and fusiform gyri, 

insula, cerebellum, and ventral striatum. Furthermore, there is a tendency to show 

a lower total gray matter volume as the level of risk in driving increases. 

2. Impulsivity and sensitivity to rewards and punishments are related to different 

regions of the control and reward brain networks. Impulsivity is associated with 

the volume of the nucleus accumbens, amygdala, and posterior cingulate and 

orbitofrontal cortices. Sensitivity to rewards is related to the volume of the 

superior temporal cortex and fusiform and postcentral gyri, and sensitivity to 

punishment to the volume of the insula, precentral gyrus, and superior frontal 

cortex. 

3. Risk-taking behavior in driving modulates how impulsivity and sensitivity to 

rewards and punishments are related to brain gray matter volume, even in the 

absence of differences between different levels of risk in these personality traits. 

4. The activation of brain networks related to salience and emotional processing 

makes it possible to anticipate catastrophic and unpredictable outcomes. In the 

period before the occurrence of an accident, in a simulated driving context, the 

inferior parietal and anterior cingulate cortices and the insula are activated. In 

addition, there is a causal activation flow or effective connectivity between the 
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nodes of the ventral and dorsal attentional networks, and within the nodes of the 

limbic network. 

5. The activation of brain networks related to cognitive control and behavioral

regulation allows the processing of catastrophic events. Immediately after the

occurrence of an accident, the orbitofrontal, inferior parietal, and anterior

cingulate cortices and the superior and middle frontal gyri are activated. In

addition, there is increased effective connectivity between networks, from the

ventral attention network to the somatomotor network, and within nodes, from

nodes in the visual, ventral attention, and default networks to nodes in the

frontoparietal, attentional, and limbic networks.

6. A mindfulness-based intervention improves dispositional mindfulness, enhancing

the capacity to observe one's own sensations and perceptions, as well as the ability

to let thoughts and emotions pass without clinging or reacting to them.

7. A mindfulness-based intervention produces changes in the volume of the caudate

nucleus, a structure that is part of the reward network and plays a role in affect

regulation and behavioral control.

8. Neuroanatomical changes in the caudate nucleus after a mindfulness-based

intervention are related to a reduced positive urgency and, therefore, to a

decreased tendency to make impulsive decisions when acting under the influence

of positive emotions.
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