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El	aumento	de	la	prevalencia	de	obesidad	en	las	sociedades	contemporáneas	es	uno	de	

los	 principales	 problemas	 de	 salud	 pública	 a	 nivel	 mundial.	 Según	 la	 Organización	

Mundial	 de	 la	 Salud	 la	 obesidad	 se	 ha	 convertido	 en	 una	 epidemia	 global.	 Estudios	

recientes	postulan	que	hábitos	poco	saludables,	como	un	mayor	sedentarismo,	así	como	

los	problemas	existentes	para	controlar	la	ingesta	de	alimentos,	en	nuestros	ambientes	

llenos	 de	 estímulos	 de	 comida	 altamente	 calórica	 y	 barata,	 puede	 ser	 una	 de	 las	

principales	causas	de	este	problema.	Estudios	de	neuroimagen	han	demostrado	que	el	

procesamiento	 de	 comida	 en	 personas	 con	 exceso	 de	 peso	 se	 relaciona	 con	 patrones	

diferenciales	de	activación	y	conectividad,	especialmente	de	regiones	que	forman	parte	

de	los	sistemas	de	recompensa	y	toma	de	decisiones.	Por	tanto	es	relevante	estudiar	el	

funcionamiento	del	 sistema	de	 recompensa	 cerebral	no	 sólo	 ante	 la	 comida,	 sino	ante	

otros	tipos	de	reforzadores	como	el	dinero	o	reforzadores	sociales	que	pueden	tener	un	

mayor	impacto	en	la	calidad	de	vida	de	las	personas	con	exceso	de	peso.	

Basándose	 en	 estos	 corolarios,	 el	 objetivo	 principal	 de	 la	 presente	 Tesis	 Doctoral	 es	

caracterizar	el	procesamiento	cerebral	de	distintos	tipos	de	recompensas	(p.e.,	comida,	

dinero,	 recompensa	 social)	 en	personas	 con	 sobrepeso	y	 obesidad	 frente	 a	 individuos	

con	normopeso.		

Para	ello,	se	realizaron	los	tres	estudios	que	componen	esta	tesis	doctoral.	En	el	primero	

de	 ellos	 se	 compararon	 los	 patrones	 de	 activación	 cerebral	 al	 procesar	 distintos	

estímulos,	alimenticios	y	económicos,	en	adultos	con	obesidad	y	con	sobrepeso	versus	

adultos	con	normopeso.	El	segundo	estudio	tenía	como	objetivo	caracterizar	y	comparar	

la	conectividad	funcional	durante	el	procesamiento	de	los	mismos	reforzadores,	comida	

y	dinero,	en	adultos	con	exceso	de	peso	(sobrepeso	y	obesidad)	versus	normopeso.	Para	

ello	 utilizamos	 una	 metodología	 basada	 en	 la	 teoría	 de	 grafos.	 Finalmente	 el	 tercer	



	

	 3	

estudio	evaluó	el	procesamiento	cerebral	durante	una	tarea	de	recompensas	y	toma	de	

decisiones	en	un	contexto	social;	para	ello,	 se	 seleccionó	una	población	especialmente	

vulnerable	a	las	presiones	sociales	como	son	los	adolescentes	con	exceso	de	peso.	

Los	 resultados	 obtenidos	 mostraron	 alteraciones	 diferenciales	 en	 los	 patrones	 de	

actividad	 y	 de	 conectividad	 funcional	 ante	 los	 distintos	 tipos	 de	 reforzadores.	

Específicamente	se	encontró	una	activación	cerebral	diferencial	en	 función	del	 tipo	de	

reforzador,	siendo	estas	alteraciones	lineales	con	el	IMC	en	el	procesamiento	de	comida,	

y	 siguiendo	 una	 relación	 de	 U	 invertida	 con	 el	 IMC	 cuando	 se	 procesan	 recompensas	

monetarias.	 La	 conectividad	 funcional	 a	nivel	de	 redes	 también	mostró	 características	

específicas	en	 función	del	 reforzador,	encontrándose	una	reducción	de	 la	conectividad	

durante	 el	 procesamiento	de	 comida	 y	 un	 aumento	 al	 procesar	 estímulos	monetarios.	

Finalmente	 los	 adolescentes	 con	 exceso	 de	 peso	 mostraron	 una	 reducción	 en	 la	

activación	 cerebral	 de	 los	 circuitos	 de	 toma	 de	 decisiones	 sociales	 ligada	 a	 rasgos	

negativos	de	personalidad	y	decisiones	interpersonales	desventajosas.	

En	 conclusión,	 los	 individuos	 con	 exceso	 de	 peso	 presentaron	 alteraciones	 en	 la		

activación	 y	 conectividad	 funcional	 del	 sistema	 de	 recompensa	 cerebral	 dependientes	

del	 estímulo	 que	 se	 procesa	 (p.e.,	 comida,	 dinero,	 recompensa	 social),	 y	 del	 grado	 de	

obesidad.	 Estos	 resultados	 indican	 la	 importancia	 de	 diseñar	 tratamientos	 específicos	

para	personas	con	distintos	grados	de	obesidad.		
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Capítulo	1.	Obesidad	

Este	primer	capítulo	de	la	tesis		se	estructura	en	seis	apartados.	En	el	primero	de	ellos	se	

presentan	datos	epidemiológicos	sobre	la	obesidad,	que	reflejan	la	relevancia	clínica	de	

este	 problema,	 y	 se	 introducen	 las	 últimas	 teorías	 neurocientíficas	 que	 han	 intentado	

aportar	información	para	explicar	el	incremento	sustancial	de	la	prevalencia	del	exceso	

de	peso.	En	el	segundo	apartado	se	exponen	las	consecuencias	sociales	que	se	relacionan	

con	la	obesidad	tanto	en	adultos	como	en	adolescentes.	A	continuación,	se	presentan	los	

sistemas	 homeostáticos	 que	 se	 encargan	 de	 regular	 el	 consumo	de	 alimentos,	 y	 cómo	

estos	 mecanismos	 tienen	 relevancia	 en	 otros	 circuitos	 cerebrales	 que	 se	 han	 visto	

relacionados	con	el	exceso	de	peso,	los	sistemas	de	recompensa	y	toma	de	decisiones.	En	

el	cuarto	apartado	se	revisa	la	literatura	sobre	estos	sistemas	cerebrales	de	recompensa	

y	 toma	de	 decisiones,	 indicando	 las	 regiones	 cerebrales	 implicadas	 en	 cada	 uno	 ellos.	

Además,	 se	 describen	 los	 resultados	 obtenidos	 al	 estudiar	 los	 constructos	 de	

sensibilidad	a	la	recompensa	e	impulsividad,	íntimamente	relacionados	con	el	aumento	

de	peso.	En	primer	lugar	se	exponen	las	características	en	personas	con	normopeso	y	a	

continuación	 los	 resultados	 de	 los	 estudios	 en	 adultos	 y	 adolescentes	 con	 exceso	 de	

peso.	En	el	quinto	apartado	de	esta	 introducción	se	expone	el	modelo	de	adicción	a	 la	

comida,	 un	 modelo	 que	 desde	 el	 campo	 de	 la	 neurociencia	 ha	 tratado	 de	 dar	 una	

explicación	al	problema	de	 la	obesidad.	Este	modelo	que	postula	que	 la	obesidad	debe	

tratarse	 como	 un	 trastorno	 del	 cerebro,	 ha	 recibido	 recientemente	 diversas	 críticas	

evidenciando	que	es	necesaria	más	investigación	para	confirmar	su	validez.	Finalmente	

se	introduce	el	concepto	de	la	neuroeconomía,	un	campo	que	a	partir	de	los	procesos	de	

decisión	 económica	 y	 social,	 trata	 de	 aportar	 información	 sobre	 cómo	 los	 sustratos	

cerebrales	 que	 sustentan	 estos	 procesos	 pueden	 estar	 también	 afectando	 a	 las	

decisiones	de	consumo	alimenticio.		
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1.	Epidemiología	

La	obesidad	se	ha	convertido	en	las	últimas	décadas	en	uno	de	los	principales	problemas	

de	 salud	 pública	 a	 nivel	mundial	 (World	Health	 Organization,	 2014).	 La	 Organización	

Mundial	 de	 la	 Salud	 (OMS)	 declaró	 en	 1997	 la	 obesidad	 como	 una	 epidemia	 global	

(World	 Health	 Organization,	 1997),	 y	 en	 los	 últimos	 30	 años	 su	 prevalencia	 se	 ha	

duplicado,	afectando	en	2014	al	11%	de	los	hombres	y	al	15%	de	las	mujeres	mayores	

de	18	años	en	todo	el	mundo	(World	Health	Organization,	2014).			

El	exceso	de	peso	se	ha	relacionado	con	un	aumento	de	la	mortalidad	(Flegal	et	al.,	2005)	

y	 es	 uno	 de	 los	 factores	 que	 incrementa	 el	 riesgo	 de	 padecer	 diabetes,	 hipertensión,	

enfermedades	 coronarias,	 infarto	 y	 ciertos	 tipos	 de	 cáncer	 (Flegal	 et	 al.,	 2013).	

Actualmente,	el	sobrepeso	y	la	obesidad	son	la	quinta	causa	más	frecuente	de	mortalidad	

a	 nivel	 global	 y	 es	 responsable	 de	 al	 menos	 3.4	 millones	 de	 muertes	 al	 año	 (World	

Health	Organization,	2009,	World	Health	Organization,	2014).	En	cifras	absolutas,	2100	

millones	de	personas	en	todo	el	mundo	tienen	exceso	de	peso,	y	los	problemas	asociados	

a	 la	 obesidad	 constituyen	 un	 alto	 porcentaje	 del	 gasto	 sanitario	 (Ng	 et	 al,	 2014).	 En	

España,	según	datos	de	la	OMS,	en	2014	uno	de	cada	cuatro	adultos	es	obeso	(26.5	%)	y	

casi	dos	de	cada	tres	(65.6%)		tienen	sobrepeso	(World	Health	Organization,	2014).		

La	 obesidad	 se	 define	 genéricamente	 como	 un	 exceso	 de	 grasa	 corporal,	 pero	 la	

dificultad	 de	 hacer	 una	 cuantificación	 exacta	 provoca	 que	 diversas	 medidas	

antropométricas	 suelan	 ser	 utilizadas	 para	 determinar	 el	 grado	 de	 obesidad.	

Instituciones	 como	 la	OMS	o	 la	 International	Obesity	Task	Force	 (IOTF),	 recomiendan	

utilizar	el	Índice	de	Masa	Corporal	(IMC),	como	medida	para	estimar	la	prevalencia	de	la	

obesidad.	Este	índice	se	calcula	dividiendo	el	peso,	en	kilogramos,	entre	el	cuadrado	de	

la	altura,	en	metros	(Kg/m2).	La	OMS	definió	los	umbrales	para	personas	adultas,	donde	



	 		
	

	 7	

un	IMC	superior	a	25	Kg/m2	es	considerado	sobrepeso	y	medidas	superiores	a	30	Kg/m2		

obesidad	(World	Health	Organization,	1997).	

En	el	caso	de	los	adolescentes,	esta	clasificación	se	realiza	siguiendo	las	indicaciones	del	

International	 Obesity	 Task	 Force	 (IOTF)	 (Cole	 &	 Lobstein,	 2012)	 que	 sugiere	 utilizar	

niveles	de	IMC	ajustados	por	edad	y	sexo	para	definir	el	sobrepeso	y	la	obesidad.	Según	

sus	indicaciones,	valores	de	percentil	mayores	de	85	se	consideran	sobrepeso	mientras	

que	 el	 punto	 de	 corte	 para	 la	 obesidad	 se	 establece	 en	 el	 percentil	 95.	 Según	 estos	

baremos,	en	2013	casi	uno	de	cada	cuatro	(23,1%)	adolescentes	españoles	de	entre	14	y	

17	años	tenía	exceso	de	peso,	mientras	que	la	tasa	de	obesidad	era	del	6,7%	(Sánchez-

Cruz,	 2013).	 Por	 tanto	 parece	 claro	 que	 el	 problema	 de	 la	 obesidad	 es	 necesario	

afrontarlo	desde	las	primeras	etapas	del	desarrollo	y	no	sólo	en	la	etapa	adulta.	

Otras	medidas	antropométricas	utilizadas	para	determinar	el	grado	de	obesidad	son	el	

perímetro	abdominal	en	centímetros	y	el	índice	cintura-cadera,	calculado	como	el	ratio	

entre	 el	 perímetro	 de	 la	 cintura	 y	 el	 de	 la	 cadera.	 Medidas	 superiores	 a	 102	 cm	 en	

hombres	y	a	88	cm	en	mujeres,	para	el	perímetro	abdominal,	y	mayores	de	1	y	de	0.85	

en	 hombres	 y	 mujeres,	 respectivamente,	 para	 el	 ratio	 cintura-cadera	 se	 consideran	

indicadores	 de	 obesidad	 (World	 Health	 Organization,	 1997).	 Ambas	medidas,	 al	 igual	

que	 el	 IMC,	 se	 han	 relacionado	 con	un	 incremento	 en	 el	 riesgo	de	padecer	problemas	

cardiovasculares	 y	 otros	 trastornos	 metabólicos	 como	 la	 hipertensión	 o	 la	

hipercolesterolemia	(Sardinha	et	al.,	2016).	

La	 obesidad	 es	 un	 trastorno	 complejo	 en	 el	 que	 influyen	 factores	 genéticos	 y	

metabólicos,	así	como	hábitos	de	alimentación	y	de	actividad	física	y	problemas	sociales.	

Debido	a	la	heterogeneidad	y	alta	concurrencia	entre	estos	factores,	resulta	complicado	

establecer	los	motivos	específicos	del	aumento	de	su	prevalencia,	pero	diversos	estudios	
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apuntan	a	que	factores	culturales	y	los	cambios	producidos	en	los	estilos	de	vida,	como	

la	reducción	del	ejercicio	físico	y	el	mayor	sedentarismo,	así	como	la	alta	disponibilidad	

de	alimentos	altamente	calóricos	a	precios	relativamente	asequibles	pueden	ser	algunas	

de	las	principales	causas	de	este	crecimiento	(Finkelstein	et	al.,	2005,	Stice	et	al.2013).	

Desde	 el	 campo	 de	 la	 neurociencia	 se	 ha	 propuesto	 que	 la	 obesidad	 debe	 ser	

considerada	como	un	 trastorno	del	 cerebro,	en	el	que	 las	alteraciones	de	 los	procesos	

neurobiológicos	de	procesamiento	de	recompensas	y	toma	de	decisiones	explicarían	la	

dificultad	 de	 las	 personas	 obesas	 para	 reducir	 peso	 (Koritzky	 et	 al.,	 2014).	 Los	

defensores	de	esta	idea	también	arguyen	los	paralelismos	existentes	entre	la	obesidad	y	

los	 trastornos	 adictivos	 (Volkow	 et	 al.,	 2013).	 La	 ventaja	 de	 esta	 aproximación	

neurocientífica	 es	 que	 permite	 profundizar	 en	 el	 estudio	 de	 circuitos	 cerebrales	

específicos	y,	por	tanto,	puede	ayudar	a	desarrollar	nuevos	y	mejores	tratamientos	para	

la	 obesidad,	 que	 optimicen	 la	 motivación	 y	 las	 decisiones	 de	 los	 pacientes	 obesos	 y	

además	minimicen	 sus	 recaídas	 (Acosta	 et	 al.,	 2008).	 Por	 tanto,	 uno	 de	 los	 objetivos	

claves	 desde	 esta	 aproximación	 es	 conocer	 cuáles	 son	 los	 sistemas	 cerebrales	

encargados	 de	 regular	 las	 recompensas	 y	 las	 decisiones	 asociadas	 al	 consumo	 de	

comida.	

2.	Costes	sociales	asociados	a	la	obesidad	

Las		decisiones	de	consumo	no	sólo	están	determinadas	por	el	balance	entre	sensibilidad	

a	la	recompensa	y	toma	de	decisiones,	sino	que	son	también	sensibles	a	las	influencias	y	

presiones	 sociales,	 que	 afectan	 de	 manera	 distinta	 a	 personas	 con	 normopeso	 y	 con	

exceso	de	peso.	De	hecho,	existen	evidencias	de	numerosos	ámbitos	que	describen	como	

el	exceso	peso	tiene	asociado	una	gran	cantidad	de	costes	sociales	(Puhl	&	Heuer,	2009).	
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Las	personas	con	exceso	de	peso	presentan	una	mayor	dificultad	para	encontrar	pareja	

y	 establecer	 relaciones	 sociales	 (Puhl	 and	 Brownell,	 2001),	 y	 se	 ha	 descrito	 que	 un	

incremento	 del	 10%	 en	 la	 media	 de	 índice	 de	 masa	 corporal	 reduce	 los	 ingresos	

económicos	de	hombres	y	mujeres	en	un	3,27%	y	1,86%,	respectivamente	(Brunello	y	

D'Hombres,	2007).	Asimismo,	el	exceso	de	peso	también	se	asocia	a	menores	niveles	de	

satisfacción	en	el	trabajo,	en	las	relaciones	de	familia,	y	en	las	actividades	sociales	(Ball	

et	 al.,	 2004).	 Además,	 la	 obesidad	 se	 asocia,	 especialmente	 en	mujeres,	 a	 síntomas	 de	

depresión	(McElroy	et	al.,	2004,	Needham	and	Crosnoe,	2005)	y	ansiedad	(Mestre	et	al.,	

2016)	 lo	 cual	 puede	 acompañarse	 de	 episodios	 de	 sobreingesta	 (Rosenbaum	y	White,	

2015).		

Estas	 consecuencias	 sociales	 de	 la	 obesidad	 se	 encuentran	 también	 en	 población	

adolescente	los	cuales	presentan	mayores	niveles	de	estrés	subjetivo	(van	Jaarsveldt	et	

al.,	 2009),	 de	 insatisfacción	 corporal	 (Costa	 et	 al.,	 2016),	 y	 tienen	un	mayor	 riesgo	de	

recibir	 presión	 social,	 burlas	 y	 discriminación	 (Griffiths	 et	 al.,	 2006;	 Hebebrand	 y	

Herpertz-Dahlman,	2009).			

3.	Sistemas	de	regulación	alimentaria	

Tradicionalmente,	el	hipotálamo	ha	sido	considerado	como	el	principal	centro	cerebral	

encargado	del	control	de	señales	fisiológicas	reguladoras	de	la	ingesta	(Horvath,	2005).	

En	concreto,	 lesiones	en	la	región	ventromedial	del	hipotálamo	se	han	relacionado	con	

incrementos	 anormales	 del	 apetito	 y	 de	 la	 cantidad	 de	 alimento	 ingerido,	

considerándose	 esta	 zona	 el	 centro	 homeostático	 de	 la	 saciedad	 (Mayer	 &	 Marshall,	

1956).	Por	el	contrario,	la	zona	del	hipotálamo	lateral	se	considera	la	responsable	de	la	
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reducción	 en	 la	 motivación	 hacia	 los	 alimentos	 y	 su	 actividad	 se	 relaciona	 con	 una	

disminución	en	la	cantidad	de	alimento	ingerido	(Margules	y	Olds,	1962).		

El	circuito	hipotalámico	hace	un	seguimiento	del	equilibrio	entre	la	energía	consumida	y	

las	 necesidades	 corporales	 mediante	 diversas	 señales	 endocrinas	 y	 metabólicas,	 que	

actúan	sobre	el	hipotálamo	medial,	y	ejercen	una	función	reguladora	de	la	homeostasis	

energética.	 Sin	 embargo,	 a	 nivel	 cerebral,	 no	 sólo	 el	 hipotálamo	 está	 implicado	 en	 el	

control	 de	 la	 ingesta	 (Rolls,	 2008).	 Las	 hormonas	 que	 modulan	 la	 actividad	 del	

hipotálamo	 (p.e.,	 leptina,	 grelina	 o	 insulina)	 regulan	 también	 la	 actividad	 neuronal	 en	

regiones	 subcorticales	 y	 límbicas	 del	 cerebro,	 implicadas	 en	 la	 motivación,	 el	

procesamiento	de	 recompensas	 y	 el	 aprendizaje	 de	hábitos,	 las	 cuales	 también	 tienen	

una	repercusión	directa	sobre	el	consumo	de	comida	(Farooqi,	2007,	Thanos,	2008).	En	

concreto,	cuando	el	cuerpo	se	encuentra	en	situación	de	privación,	el	estómago	aumenta	

el	 nivel	 de	 producción	 de	 grelina,	 estimulando	 la	 motivación	 hacia	 el	 consumo	 de	

alimentos.	Por	el	contrario,	la	presencia	de	niveles	altos	de	insulina	y	leptina,	hormonas	

segregadas	 por	 el	 páncreas	 y	 el	 tejido	 adiposo	 respectivamente,	 pueden	 reducir	 la	

motivación	hacia	la	comida	y	modular	los	sistemas	de	neurotransmisores	y	los	circuitos	

neuronales	encargados	de	procesar	las	recompensas	vinculadas	a	la	comida	(Figlewicz	y	

Sipols,	 2010).	 Estos	 circuitos,	 que	 incluyen	 las	 vías	 dopaminérgicas	 con	 origen	 en	 el	

mesencéfalo	 ventral,	 son	 los	 encargados	 de	 promover	 una	mayor	 predisposición	 a	 la	

sobreingesta	 cuando	 se	 visualizan	 alimentos	 altamente	 apetecibles	 o	 con	 gran	 aporte	

energético	(Stice	et	al.,	2013).	Por	tanto,	la	capacidad	de	los	individuos	para	inhibir	estas	

señales	en	nuestras	sociedades	actuales	llenas	de	estímulos	obesogénicos	y	la	habilidad	

para	controlar	la	cantidad	de	alimento	que	se	ingiere	serán	dos	predictores	del	riesgo	de	

desarrollar	exceso	de	peso	(Berthoud,	2007).	
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En	 conclusión,	 debido	 a	 los	 grandes	 cambios	 experimentados	 en	 los	 últimos	 años	 en	

cuanto	 a	 la	 composición	 y	 disponibilidad	 de	 los	 alimentos,	 el	 medio	 ambiente	 y	 los	

estilos	de	vida,	las	decisiones	sobre	la	ingesta	diaria	de	alimentos	han	dejado	de	ser	una	

cuestión	 meramente	 homeostática	 y	 han	 pasado	 a	 ser	 una	 cuestión	 de	 toma	 de	

decisiones,	 donde	 la	 elección	 de	 nuestra	 dieta	 está	 en	 gran	 parte	 guiada	 por	 el	 valor	

recompensante	 que	 le	 asignamos	 a	 estos	 productos,	 tanto	 como	 por	 influencias	

metabólicas.	 Por	 tanto,	 los	 sistemas	 cerebrales	 implicados	 en	 el	 procesamiento	 de	

recompensas	alimenticias,	toma	de	decisiones	e	impulsividad	(p.e.,	la	corteza	prefrontal,	

el	cuerpo	estriado)	pueden	jugar	un	papel	fundamental	en	el	consumo	de	alimentos	y	los	

hábitos	 alimentarios,	 en	 ocasiones	 “puenteando”	 la	 influencia	 de	 los	 sistemas	

homeostáticos	 de	 regulación	 metabólica,	 ya	 que	 éstos	 últimos	 fueron	 originalmente	

establecidos	 para	 asegurar	 la	 supervivencia	 pero	 no	 para	 regular	 el	 consumo	 de	

alimentos	en	un	contexto	medioambiental	y	económico	caracterizado	por	la	abundancia	

y	diversidad	de	productos	(Zheng	y	Berthoud,	2007).	

4.	Sistemas	cerebrales	relacionados	con	obesidad	

En	 los	 últimos	 años,	 numerosos	 estudios	 de	 neuroimagen	 han	 encontrado	 que	 las	

preferencias	y	los	deseos	de	consumo	alimenticio,	la	alta	resistencia	a	las	intervenciones	

dietéticas	de	las	personas	con	obesidad	o	el	consumo	de	grandes	cantidades	de	comida	

podrían	relacionarse	con	la	descompensación	entre	los	sistemas	cerebrales	que	asignan	

el	valor	recompensante	de	los	alimentos	y	los	sistemas	encargados	de	controlar	la	toma	

de	decisiones	en	función	del	contexto	y	los	objetivos	a	medio	y	largo	plazo	(Volkow	et	al.,	

2008a).	Además,	la	descompensación	entre	estos	dos	sistemas	será	mayor	cuanto	mayor	

sea	 índice	de	masa	 corporal	 (Volkow	et	 al.,	 2008b).	De	 acuerdo	 con	 estos	 estudios,	 la	
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ingesta	 excesiva	 y	 la	 obesidad	 estarían	 asociadas	 con	 una	 disfunción	 del	 sistema	 de	

recompensa,	 que	 provocaría	 una	 inflación	 del	 valor	 subjetivo	 asignado	 a	 ciertos	

alimentos	apetitosos	(Rolls,	2011),	a	una	devaluación	de	la	capacidad	de	regulación	de	

los	 sistemas	 prefrontales	 implicados	 en	 	 el	 control	 ejecutivo	 y	 la	 toma	 de	 decisiones	

(Verdejo-García	 et	 al.,	 2010;	 Volkow	 et	 al.,	 2009),	 y	 a	 un	 aumento	 en	 la	 impulsividad	

(Burger	y	Stice,	2011)	lo	cual	provocaría	una	incapacidad	para	inhibir	las	conductas	de	

ingesta	de	alimentos.	

La	descompensación	entre	el	sistema	de	recompensa	y	toma	de	decisiones	se	encuentra	

aún	 más	 acentuada	 en	 la	 adolescencia,	 un	 periodo	 caracterizado	 por	 una	

hipersensibilidad	a	la	búsqueda	de	sensaciones	recompensantes	y	una	falta	de	madurez	

del	 sistema	 inhibitorio	 y	 de	 toma	 de	 decisiones	 (Geier,	 2013).	 Mayores	 niveles	 de	

sensibilidad	a	 la	recompensa	e	 impulsividad	se	han	relacionado	con	exceso	de	peso	en	

adolescentes	(van	den	Berg	et	al.,	2011)	y	estudios	de	neuroimagen	han	concluido	que	

los	 mecanismos	 de	 maduración	 de	 los	 sustratos	 cerebrales	 de	 sensibilidad	 a	 la	

recompensa	 y	 toma	 de	 decisiones	 tienen	 un	 efecto	 sobre	 la	 impulsividad	 en	 la	 etapa	

adulta	(Christakou	et	al,	2011)	lo	cual	sería	un	factor	de	riesgo	de	ser	obeso.	

4.1	Sistema	de	recompensa	cerebral	

El	conocimiento	del	funcionamiento	del	sistema	de	recompensa	cerebral	es	crucial	para	

entender	mejor	el	 fenómeno	de	 la	obesidad.	Como	se	exponía	en	el	apartado	anterior,	

los	 circuitos	 neuronales,	 así	 como	 los	 neurotransmisores	 y	 señales	 periféricas	 que	

informan	al	sistema	nervioso	central	del	estado	metabólico	y	nutricional	del	individuo,	

tienen	un	 impacto	 en	 las	 redes	 cerebrales	de	 la	motivación,	 especialmente	 en	 las	 vías	

dopaminérgicas	 que	 confluyen	 entre	 el	 área	 tegmental	 ventral	 y	 el	 núcleo	 accumbens	
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(Lutter	y	Nestler,	2009;	Figlewicz	y	Sipols,	2010).	Biológicamente,	este	sistema	aumenta	

la	motivación	hacia	 la	 comida	 en	 circunstancias	 de	 carencia	 alimenticia,	mientras	 que	

disminuye	los	aspectos	recompensantes	de	la	comida	cuando	la	persona	se	encuentra	en	

un	 estado	 de	 saciedad	 (Rangel,	 2013).	 Elevados	 niveles	 de	 grasa	 corporal	 pueden	

también	 interrumpir	 la	 correcta	 comunicación	 entre	 las	 hormonas	 reguladoras	 de	 la	

ingesta	 y	 los	 sistemas	de	 recompensa,	 provocando	 alteraciones	 en	 la	 sensibilidad	 a	 la	

recompensa	y	el	control	cognitivo	(Volkow	et	al.,	2011).	

Desde	un	punto	de	vista	neurocientífico,	existe	evidencia	de	que	el	procesamiento	de	la	

recompensa	 en	 el	 cerebro	 depende	 de	 una	 red	 cerebral	 compuesta	 por	 diversas	

regiones,	incluyendo	el	estriado,	la	corteza	prefrontal,	el	cíngulo	anterior,	la	ínsula	o	las	

regiones	 dopaminérgicas	 del	 mesencéfalo	 (Haber	 y	 Knutson,	 2010).	 Estudios	 de	

neuroimagen	 han	mostrado	 cierta	 especialización	 dentro	 de	 este	 sistema,	 donde,	 por	

ejemplo,	la	activación	del	estriado	ventral	es	indicador	del	grado	de	valoración	subjetiva	

que	el	 cerebro	asigna	a	distintos	 reforzadores	 relevantes	 como	 la	 comida	o	 	 el	 dinero	

(Hariri	et	al.,	2006;	Passamonti	et	al.,	2009),	mientras	que	la	ínsula	anterior	parece	estar	

más	 relacionada	 con	 la	 integración	 de	 la	 información	 interoceptiva	 con	 procesos	 de	

recompensa	y	toma	de	decisiones	(Craig,	2009).	

Pese	a	que	el	procesamiento	genérico	de	distintos	tipos	de	reforzadores	suele	involucrar	

la	 mayor	 parte	 de	 las	 regiones	 descritas	 en	 el	 párrafo	 anterior,	 se	 ha	 descrito	 cierta	

segregación	 en	 la	 red	 cerebral	 de	 recompensa	 en	 función	 del	 tipo	 de	 reforzador	

(Sescousse	2013).	Así,	reforzadores	primarios	como	la	comida	o	 los	estímulos	eróticos	

parecen	 involucrar	 más	 a	 regiones	 límbicas	 como	 la	 ínsula	 anterior,	 mientras	 que	 el	

procesamiento	 monetario,	 relacionado	 con	 recompensas	 secundarias,	 muestra	 una	

mayor	relación	con	regiones	orbitofrontales	(Sescousse,	2013).	 	En	este	sentido,	y	con	
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respecto	 a	 la	 obesidad,	 existe	 la	 duda	 de	 si	 las	 posibles	 alteraciones	 de	 este	 sistema	

cerebral	 de	 la	 recompensa	 ocurren	 también	 de	 manera	 segregada	 en	 función	 del	

reforzador	 o	 si	 por	 el	 contrario	 existe	 una	 disfunción	 genérica	 independiente	 del	

estímulo	 a	 procesar.	 La	 existencia	 de	 un	 déficit	 genérico	 predeciría	 que	 las	 personas	

obesas	tendrán	problemas	en	evaluar	cualquier	tipo	de	reforzador	(p.e.,	dinero,	sexo)	y	

por	 tanto	 tendría	 un	mayor	 impacto	 en	 todas	 sus	 decisiones	 y	 en	 su	 calidad	 de	 vida	

(Rangel,	2013).	

	 4.1.1	Sensibilidad	a	la	recompensa	

Desde	un	punto	de	vista	neuropsicológico,	el	constructo	que	se	relaciona	con	la	actividad	

del	sistema	de	recompensa	cerebral	es	la	sensibilidad	a	la	recompensa.	La	sensibilidad	a	

la	recompensa	suele	ser	evaluada	con	una	de	las	escalas	del	cuestionario	“Sensitivity	to	

Punishment	 and	 Sensitivity	 to	 Reward	 Questionnaire	 (SPSRQ)	 (Torrubia	 et	 al	 2001).	

Este	 cuestionario	 evalúa	 tanto	 el	 grado	 de	 expectativa	 durante	 la	 anticipación	 a	 una	

recompensa	 como	 el	 placer	 obtenido	 por	 la	 actividad	 emocional.	 Los	 ítems	 del	

cuestionario	 comprenden	 diversos	 tipos	 de	 reforzadores	 (p.e.,	 dinero,	 drogas,	 sexo	 o		

reconocimiento	social)	por	 lo	que	es	un	buen	 indicador	de	 la	 sensibilidad	general	a	 la	

recompensa.	 De	 manera	 relevante,	 los	 estudios	 de	 neuroimagen	 han	 confirmado	 en	

individuos	 con	 normopeso	 la	 relación	 entre	 puntuaciones	 de	 sensibilidad	 a	 la	

recompensa	 y	 la	 activación	 de	 regiones	 dopaminérgicas	 del	 cerebro,	 como	 el	 núcleo	

accumbens	 y	 el	mesencéfalo	 ventral,	 durante	 la	 visualización	 de	 alimentos	 apetitosos	

(Beaver	et	al.,	2006)	y	durante	una	tarea	con		incentivo	monetario	(MID)		(Costumero	et	

al.,	2013).			

Por	otro	lado,	los	estudios	sobre	sensibilidad	a	la	recompensa	realizados	en	individuos	

con	exceso	de	peso	han	mostrado	que	la	relación	entre	el	índice	de	masa	corporal	y	las	
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puntuaciones	de	esta	variable	muestra	una	relación	en	forma	de	U	 invertida,	siendo	la	

correlación	positiva	en	individuos	con	normopeso	y	sobrepeso,	pero	negativa	en	obesos,	

tanto	 en	 adultos	 como	 en	 adolescentes	 (Davis	 y	 Fox.,	 2008;	 Verbeken	 et	 al.,	 2012	

Dietrich	 et	 al.,	 2014).	 Estudios	 de	 neuroimagen	 realizados	 con	 técnicas	 de	 tomografía	

por	emisión	de	positrones	 (PET)	aportan	evidencias	en	este	 sentido,	 revelando	que	 la	

disponibilidad	 de	 receptores	 de	 dopamina	 D2/D3	 en	 el	 estriado	 siguen	 esta	 misma	

tendencia,	con	una	mayor	respuesta	en	la	población	con	sobrepeso	y	una	reducción	en	

los	 obesos	 (Horstmann	 et	 al.,	 2015).	 Estos	 resultados	 sugieren	 que	 los	 mecanismos	

cerebrales	de	procesamiento	genérico	de	la	recompensa	pueden	ser	distintos	en	función	

del	grado	de	exceso	de	peso.	

4.2	Sistemas	cerebrales	que	regulan	la	toma	de	decisiones	

Los	 cambios	 experimentados	 en	 las	 sociedades	 contemporáneas,	 llenas	 de	 estímulos	

alimenticios	y	comidas	de	alto	contenido	calórico	a	precios	bajos,	ha	provocado	que	las	

conductas	alimentarias	estén	cada	vez	más	guiadas	por	los	procesos	superiores	de	toma	

de	decisiones	tanto	como	por	las	necesidades	homeostáticas	(Zheng	&	Berthoud,	2007).		

Dentro	de	los	circuitos	cerebrales	que	se	han	relacionado	con	la	toma	de	decisiones	en	el	

contexto	de	la	alimentación,	la	corteza	orbitofrontal	medial	parece	estar	implicada	en	el	

proceso	 de	 integración	 de	 la	 información	 visceral,	 motivacional	 y	 afectiva	 que	 guía	

nuestra	 toma	 de	 decisiones	 hacia	 objetivos	 relevantes,	 como	 puede	 ser	 la	 comida	

(Kringelbach,	 2005).	 Esta	 región	 se	 encarga	 de	 regular	 el	 valor	 subjetivo	 de	 los	

reforzadores	en	función	del	contexto	de	decisión	y	de	sus	posibles	repercusiones	a	largo	

plazo,	influyendo	en	las	pautas	de	consumo	(Hare,	et	al.,	2009;	Verdejo-García	y	Bechara,	

2009).	 Estudios	 de	 resonancia	 magnética	 han	 mostrado	 que	 esta	 región	 se	 activa	
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durante	la	elección	de	menús	en	individuos	con	normopeso	(Arana	et	al.,	2003),	y	que	su	

respuesta	ante	comidas	apetitosas	correlaciona	con	la	activación	de	regiones	del	sistema	

de	recompensa	como	el	estriado	o	la	amígdala	(Passamonti	et	al.,	2009).			

Otras	 regiones	 implicadas	 en	 el	 control	 cognitivo	 de	 la	 toma	 de	 decisiones	 son	 las	

cortezas	prefrontal	dorsolateral	y	orbitofrontal	 lateral	que	regulan	 las	respuestas	ante	

estímulos	 inmediatos	 en	 función	 del	 contexto	 y	 los	 objetivos	 a	 largo	 plazo	 (Fellows	 y	

Farah,	 2005).	 La	 activación	 de	 estas	 regiones	 se	 ha	 relacionado	 con	 la	 capacidad	 de	

controlar	 la	 ingesta	durante	una	dieta	(Hare	et	al.,	2009).	 Igualmente,	se	ha	observado	

que	mediante	 la	 aplicación	 de	 estimulación	 transcraneal	 con	 corriente	 continua	 en	 la	

corteza	 dorsolateral,	 es	 posible	 producir	 una	 reducción	 en	 el	 deseo	 subjetivo	 de	

consumir	ciertos	alimentos	(Fregni	et	al,	2008).	

4.2.1	Impulsividad	

Otro	 factor	 que	 se	 asocia	 con	 problemas	 para	 controlar	 la	 ingesta	 es	 la	 impulsividad.	

Genéricamente	 se	 define	 la	 impulsividad	 como	 la	 tendencia	 a	 actuar	 sin	 la	 reflexión	

adecuada	en	el	momento	de	tomar	decisiones.	Cuestionarios	como	el	UPPS-P	(Whiteside	

y	 Lynam,	 2001)	 o	 el	 Barrat	 Impulsiveness	 Scale	 (BIS)	 (Patton	 et	 al.,	 1995)	 o	 tareas	

neuropsicológicas	como	el	go/no-go	o	el	stop-signal	task	(Logan	et	al.,	1997),	han	sido	

utilizados	para	explorar	la	relación	entre	la	impulsividad	y	la	obesidad.		

Los	valores	de	impulsividad	medidos	con	cuestionarios	correlacionan	positivamente	con	

la	cantidad	de	calorías	ingeridas	(Guerrieri	et	al.,	2007),	con	la	activación	del	circuito	de	

recompensa	en	respuesta	a	imágenes	de	comida	(Beaver	et	al.,	2006),	y	con	los	valores	

de	IMC	en	adultos	(Rydén	et	al.,	2003)	y	adolescentes	(Braet	et	al.,	2007;	Thamotharan	

et	al.,	2013)	y	negativamente	con	 la	pérdida	de	peso	durante	un	 tratamiento	dietético	
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(Nederkoorn	et	 al.,	 2006).	 Las	 respuestas	 impulsivas	durante	una	 tarea	de	 stop-signal	

también	correlacionaron	con	la	cantidad	de	alimento	ingerido	(Guerrieri	et	al.,	2007)	y	

con	 el	 	 IMC	 (Bonato	 and	 Boland,	 1983,	 Nederkoorn	 et	 al.,	 2006).	 Además,	 se	 han	

encontrado	 correlaciones	 entre	 el	 índice	 de	 masa	 corporal	 y	 problemas	 de	 control	

inhibitorio	y	los	sustratos	cerebrales	que	los	soportan	(corteza	prefrontal)	durante	una	

tarea	de	go-nogo	(Batterink,	et	al.,	2010).	

Las	tareas	de	descuento	asociado	a	la	demora,	en	las	cuales	los	participantes	tienen	que	

elegir	 entre	 una	 recompensa	 pequeña,	 pero	 inmediata,	 o	 una	mayor,	 transcurrido	 un	

cierto	 tiempo,	 se	 han	 utilizado	 también	 para	 evaluar	 los	 procesos	 de	 impulsividad	 en	

obesos	 (Volkow	 y	 Baler,	 2015).	 Utilizando	 un	 paradigma	 de	 este	 tipo	 y	 reforzadores	

alimenticios,	se	encontró	que	los	sujetos	con	mejor	control	inhibitorio	tenían	más	éxito	a	

la	 hora	 de	 perder	 peso	 y	 que	 esta	 pérdida	 de	 peso	 correlacionaba	 también	 con	 la	

actividad	 en	 las	 cortezas	 prefrontales	 ventromedial	 y	 dorsolateral.	 De	 hecho,	 la	

conectividad	entre	estas	dos	regiones	predecía	el	éxito	en	el	seguimiento	dietético	y	el	

control	de	impulsos	(Weygandt	et	al.,	2013).	Del	mismo	modo	con	un	paradigma	similar,	

pero	 usando	 reforzadores	 económicos,	 se	 encontró	 una	 relación	 significativa	 entre	 la	

impulsividad	 y	 disfunciones	 ejecutivas	 relacionadas	 con	 alteraciones	 de	 la	 corteza	

prefrontal.	 Esta	 asociación	 predecía	 la	 posterior	 ganancia	 de	 peso	 en	 sujetos	 obesos	

(Kishinevsky	et	al.,	2012;	Stoeckel,	2013).	

5.	Modelo	de	adicción	a	la	comida	

Basándose	 en	 las	 evidencias	 que	 muestran	 un	 solapamiento	 en	 las	 alteraciones	

cerebrales	 existentes	 entre	 los	 trastornos	 adictivos	 y	 la	 obesidad,	 se	 ha	 postulado	 un	

modelo	de	adicción	a	la	comida,	similar	a	los	trastornos	adictivos	a	sustancias	del	DSM	
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(Volkow	y	O’Brien,	2007;	Volkow	et	al.,	2008).	Entre	las	características	de	las	personas	

con	obesidad	que	son	comunes	a	las	personas	con	adicción,	y	que	apoyan	este	modelo	se	

encuentran:	el	control	inhibitorio	deteriorado,	un	aumento	de	la	reactividad	cerebral	y	

de	 la	motivación	hacia	el	reforzador	problemático	(comida	o	droga),	alteraciones	en	la	

conducta	y	en	hábitos	y	problemas	de	regulación	emocional	(Volkow	et	al.,	2008).	Por	

tanto,	es	interesante	trasladar	al	contexto	de	la	obesidad	los	estudios	previos	sobre	los	

sistemas	de	recompensa	y	toma	de	decisiones	realizados	en	población	adicta.	

A	pesar	de	la	gran	influencia	de	este	modelo	de	adicción	a	la	comida,	tanto	el	sobrepeso	

como	 la	 obesidad	 son	 estados	 muy	 heterogéneos,	 y	 aún	 es	 necesaria	 mucha	 más	

investigación	para	establecer	claramente	si	este	modelo	es	válido	en	todas	las	personas	

con	 exceso	 de	 peso,	 o	 si	 es	 específico	 de	 determinados	 perfiles	 de	 personas	 obesas	

(Carter	et	al.,	2016).		Estudios	recientes	han	relacionado	las	similitudes	entre	obesidad	y	

adicciones	 a	 patrones	 específicos	 de	 sobreingesta,	 como	 el	 trastorno	 por	 atracón	

(Ziauddeen	y	Fletcher,	2013),		más	que	a	fenotipos	más	típicos	de	obesidad	(Stice	et	al.,	

2013)	y,	si	bien	el	trastorno	por	atracón	está	relacionado	con	la	obesidad,	no	todos	los	

que	 padecen	 este	 problema	 son	 obesos,	 y	 tampoco	 todos	 los	 obesos	 presentan	 este	

trastorno.	

	

6.	Introducción	a	la	neuroeconomía	

Tal	y	como	comentábamos	en	el	capítulo	2	de	esta	tesis,	la	valoración	de	recompensas	y	

la	toma	de	decisiones	están	también	influenciadas	por	presiones	sociales.	Los	problemas	

existentes	en	población	con	exceso	de	peso	al	valorar	y	 tomar	decisiones	alimentarias	

pueden	estar	también	reflejados	en	otros	procesos	de	decisión	social.	En	este	contexto,	
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se	han	comenzado	a	investigar	las	bases	cerebrales	de	la	toma	de	decisiones	económicas	

en	 personas	 con	 exceso	 de	 peso	 en	 contextos	 sociales,	 es	 decir,	 en	 condiciones	 de	

negociación,	 confianza	 y	 reciprocidad.	 Los	 sistemas	 cerebrales	 que	 sustentan	 estos	

procesos	 han	 sido	 estudiados	 en	 sujetos	 sanos	 por	 el	 novedoso	 campo	 de	 la	

neuroeconomía	 (Crockett	 et	 al.,	 2008;	 van	 den	 Bos	 et	 al.,	 2009).	 El	 paradigma	 más	

utilizado	para	evaluar	estos	procesos	de	toma	de	decisiones	en	un	contexto	social	es	la	

tarea	del	Ultimatum	Game	(Sanfey,	2003).	Durante	esta	tarea	se	produce	una	situación	

de	conflicto	entre	dos	personas	que	deben	repartir	una	cantidad	de	dinero.	Una	de	 las	

dos	personas	(el	ofertante)	decide	cómo	repartir	entre	ambos	una	cantidad	de	dinero,	

considerando	que	si	el	receptor	acepta,	los	dos	obtendrán	lo	acordado,	mientras	que	si	

rechaza,	ninguno	obtendrá	nada.	En	la	administración	habitual	de	la	tarea,	las	personas	

evaluadas	toman	el	rol	del	receptor	de	la	oferta	y	deben	decidir	si	aceptan	o	rechazan	un	

conjunto	de	ofertas	 realizadas	por	un	ofertante	 real.	Estas	ofertas	 suelen	variar	desde	

situaciones	 justas	donde	 los	dos	obtienen	alrededor	del	50%	de	 la	cantidad	a	repartir,	

hasta	situaciones	denominadas	muy	injustas	donde	sólo	se	les	ofrece	un	15%	del	total.	

En	 el	 proceso	 de	 toma	de	 decisión,	 especialmente	 en	 ofertas	 injustas,	 se	 produce	 una	

situación	de	conflicto	donde	la	aceptación	de	la	oferta	resulta	en	una	situación	ventajosa,	

puesto	que	siempre	se	obtiene	una	cantidad	de	dinero,	pero	se	puede	experimentar	una	

situación	emocional	negativa,	debido	a	que	el	reparto	no	sea	equitativo,	lo	que	empuja	a	

la	persona	a	rechazar	la	oferta,	pese	a	no	obtener	nada.	De	manera	consistente	con	estos	

datos,	 	 se	ha	encontrado	que	 los	principales	 sustratos	cerebrales	 involucrados	en	esta	

tarea	 son	 la	 ínsula	 anterior,	 	 la	 corteza	 prefrontal	 dorsolateral	 y	 la	 corteza	 cingulada	

anterior,	implicados	en	la	percepción	de	la	injusticia,	la	evaluación	cognitiva	de	la	oferta	

y	 la	evaluación	del	 conflicto	entre	cognición	y	emoción,	 respectivamente	 (Gabay	et	al.,	

2014).	Sin	embargo,	hasta	la	fecha	no	existe	evidencia	de	la	influencia	de	estos	patrones	
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neuroeconómicos	 de	 decisión	 social	 sobre	 la	 conducta	 nutricional	 y	 de	 consumo	 de	

alimentos.	
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Capítulo	2.	Estudios	de	neuroimagen	y	obesidad	

En	los	últimos	años	se	han	realizado	un	gran	número	de	estudios	de	neuroimagen	que	

han	 permitido	 estudiar	 la	 estructura	 y	 el	 funcionamiento	 cerebral	 en	 personas	 con	

exceso	de	peso,	y	que	han	intentado	aportar	evidencia	a	favor	o	en	contra	del	modelo	de	

adicción	a	 la	 comida.	Este	 capítulo	describe	 los	estudios	que	 se	han	 realizado	hasta	 la	

fecha	en	población	con	exceso	de	peso,	tanto	en	adultos	como	en	adolescentes.	

Este	 capítulo	 se	 divide	 en	 cuatro	 secciones	 que	 se	 corresponden	 con	 las	 cuatro	

aproximaciones	 distintas	 que	 se	 han	 utilizado	 para	 evaluar	 la	 estructura	 y	 el	

funcionamiento	del	cerebro:	(i)	estudios	de	medicina	nuclear,	(ii)	estudios	estructurales	

mediante	resonancia	magnética,	(iii)	análisis	de	activación	cerebral	mediante	resonancia	

magnética	funcional	y	(iv)	análisis	de	conectividad	funcional.	Cada	una	de	las	secciones	

comienza	 con	 un	 resumen	 de	 la	 técnica	 utilizada	 en	 cada	 caso	 y	 algunos	 resultados	

obtenidos	en	población	con	normopeso.	A	continuación	se	presentan	 los	resultados	de	

los	 estudios	 realizados	 en	 población	 con	 exceso	 de	 peso	 adulta	 y	 se	 finaliza	 con	 los	

hallazgos	específicos	en	adolescentes,	si	los	hubiera.	

1.	Estudios	de	Medicina	Nuclear	

Los	 estudios	 de	 neuroimagen	 que	 han	 utilizado	 técnicas	 de	 medicina	 nuclear	

comprenden	 principalmente	 dos	 técnicas:	 la	 tomografía	 por	 emisión	 de	 positrones	

(PET)	 y	 la	 tomografía	 computarizada	 de	 emisión	 monofotónica	 (SPECT).	 En	 ambos	

casos,	se	utilizan	distintos	isótopos	radiactivos	unidos	a	determinadas	moléculas,	lo	que	

forma	 un	 radioligando.	 Estos	 radioligandos	 son	 introducidos	 en	 el	 cuerpo	 por	 vía	

intravenosa,	 y	 en	 función	de	 la	molécula	de	 la	 que	 estén	 compuestos,	 interactúan	 con	

determinadas	 moléculas	 del	 organismo,	 permitiendo	 cuantificar	 su	 actividad	 o	
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localización.	 En	 el	 caso	 del	 PET,	 más	 utilizado	 para	 objetivos	 de	 investigación,	 los	

isótopos	 más	 utilizados	 son	 el	 Flúor-18,	 generalmente	 ligado	 a	 moléculas	 de	 glucosa	

(fluorodesoxiglucosa),	 lo	que	permitirá	cuantificar	el	consumo	de	glucosa	cerebral	y	el	

Carbono-11,	 generalmente	 ligado	 a	 moléculas	 relacionadas	 con	 la	 neurotransmisión	

dopaminérgica	 (p.e.,	 raclopride),	 lo	 que	 permitirá	 estudiar	 este	 sistema	 de	

neurotransmisión.	Esta	última	 técnica	es	de	gran	utilidad	en	el	 estudio	del	 sistema	de	

recompensa	 cerebral,	 puesto	 que	 la	 dopamina	 es	 un	 neurotransmisor	 clave	 en	 la	

modulación	de	la	recompensa	y	la	motivación	(Comings	&	Blum,	2000).	

Estudios	previos	en	adultos	sanos	con	normopeso	utilizando	tomografía	por	emisión	de	

positrones	(PET),	mostraron	que	la	ingesta	de	comida	activa	la	actividad	dopaminérgica	

en	diversas	regiones	cerebrales	(p.e.,	corteza	prefrontal,	estriado,	 ínsula,	mesencéfalo),	

siendo	 proporcional	 la	 cantidad	 de	 dopamina	 disponible	 en	 el	 estriado	 dorsal	 con	 el	

grado	de	placer	experimentado	al	comer	(Small	et	al,	2003),		mientras	que	estos	niveles	

disminuyen	con	el	nivel	de	saciedad	(Small	et	al,	2001).		

Los	primeros	estudios	realizados	en	población	obesa	evidenciaron	una	disminución	de	

la	 disponibilidad	 de	 receptores	 de	 dopamina	 D2	 en	 obesos	 mórbidos,	 siendo	 esta	

disminución	 proporcional	 a	 la	 actividad	metabólica	 prefrontal	 y	 al	 IMC	 de	 los	 sujetos	

(Wang	et	al.,	2001;	Volkow	et	al.,	2008).	Estos	resultados	sugerían	que	del	mismo	modo	

que	ocurre	en	adicciones	a	sustancias,	en	 las	personas	obesas	existe	una	alteración	de	

los	 circuitos	 dopaminérgicos	 que	 implicaría	 una	 pérdida	 del	 control	 inhibitorio	 de	 la	

conducta	(Volkow	et	al.,	2012).	Estudios	posteriores	han	confirmado	que	si	se	considera	

un	rango	más	amplio	de	IMC,	la	respuesta	dopaminérgica	del	estriado	sigue	una	relación	

en	 forma	 de	 U	 invertida	 (Horstmann	 et	 al.,	 2015),	 confirmándose	 la	 disminución	 en	
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personas	con	alto	grado	de	obesidad,	pero	encontrándose	un	incremento	a	medida	que	

aumenta	el	IMC	en	los	rangos	de	normopeso	y	obesidad.	

2.	Estudios	con	resonancia	magnética	

Los	 estudios	 realizados	 con	 resonancia	 magnética	 cuentan	 con	 diversas	 ventajas	 con	

respecto	 a	 los	 de	medicina	 nuclear.	 Por	 un	 lado	 son	 estudios	 no	 invasivos,	 ya	 que	 el	

propio	 metabolismo	 actúa	 como	 elemento	 de	 contraste	 y	 no	 es	 necesario	 introducir	

ninguna	 sustancia	 radioactiva	 en	 el	 organismo.	 Además,	 la	 resolución	 espacial	 y	

temporal	 de	 la	 que	 dispone	 es	 sustancialmente	 mejor	 que	 la	 del	 PET	 o	 SPECT	

permitiendo	 la	 localización	 de	 regiones	 más	 específicas	 del	 cerebro	 y	 el	 estudio	 de	

funciones	 cerebrales	 concretas	 mediante	 la	 estimulación	 del	 participante	 con	

determinados	estímulos.	

2.1	Estudios	de	neuroimagen	estructural	

Numerosos	estudios	han	explorado	las	diferencias	morfológicas	cerebrales	en	población	

con	exceso	de	peso,	a	partir	de	adquisiciones	de	imágenes	ponderadas	en	T1,	utilizando	

para	 ello	 técnicas	 de	 “Voxel-Based	 Morphometry”	 (VBM),	 así	 como	 metodologías	 de	

medición	del	grosor	cortical.	Estos	análisis	permiten	cuantificar	el	tamaño	cerebral,	así	

como	el	volumen	de	cada	uno	de	sus	componentes,	materia	gris,	materia	blanca	y	líquido	

cefalorraquídeo.	Además	permite	 la	 segmentación	 cerebral	por	 regiones	de	 interés	de	

modo	que	se	puede	cuantificar	y	comparar	la	cantidad	de	materia	gris	y	materia	blanca	

existente	 en	 determinadas	 regiones	 cerebrales.	 Estos	 estudios	 se	 complementan	 con	

análisis	de	integridad	de	la	microestructura	de	la	sustancia	blanca	realizados	a	partir	de	

adquisiciones	de	 imágenes	por	tensor	de	difusión	(DTI).	Con	este	último	tipo	de	análisis	
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es	posible	 estudiar	 la	 forma	e	 integridad	estructural	de	 los	 axones	que	 conforman	 los	

tractos	de	sustancia	blanca	cerebral.	

Consistentemente,	 se	 ha	 encontrado	 una	 relación	 negativa	 entre	 el	 índice	 de	 masa	

corporal	y	el	volumen	total	de	materia	gris	(Taki	et	al.,	2008;	Raji	et	al.,	2010;	Brooks	et	

al.,	2013;	Karlsson	et	al.,	2013;	Bobb	et	al.,	2014),	así	como	una	reducción	del	volumen	

regional	 de	 diversas	 áreas	 cerebrales,	 relacionadas	 con	 el	 control	 de	 impulsos	 y	 el	

procesamiento	 de	 la	 recompensa	 (p.e.,	 giro	 frontal	 inferior,	 corteza	 orbitofrontal,	

estriado,	 corteza	 cíngulada	 anterior	 y	 regiones	 occipitales)	 	 (Pannacciulli	 et	 al.,	 2006;	

Taki	et	al.,	2008;	Walther	et	al.,	2010;	Raji	et	al.,	2010;	Brooks	et	al.,	2013;	Karlsson	et	al.,	

2013;	 Kurth	 et	 al.,	 2013;	 Opel	 et	 al.,	 2015).	 Con	 respecto	 a	 la	 materia	 blanca	 se	 han	

obtenido	 resultados	 contradictorios	 en	 adultos,	 encontrándose	 correlaciones	 positivas	

entre	 el	 IMC	y	 el	 volumen	global	 (Yokum	et	 al,	 2012)	 y	 el	 volumen	 regional	 en	 zonas	

frontales,	 temporales	 y	 parietales	 (Walther	 et	 al,	 2010)	 y	 correlaciones	 negativas	 en	

regiones	límbicas	(Karlsson	et	al.,	2013).		

Los	 análisis	 de	 grosor	 cortical	 también	 han	 encontrado	 una	 relación	 entre	 elevados	

valores	de	IMC	y	reducciones	de	materia	gris	en	adultos	en	el	cíngulo	anterior	y	la	ínsula		

(Hassenstab	 et	 al,	 2012),	 la	 corteza	 orbitofrontal	 (Marqués-Iturra	 et	 al,	 2013)	 y	 la	

corteza	prefrontal	ventromedial	y	occipital	(Veit	et	al.,	2014).	Estos	hallazgos	sugieren	la	

existencia	de	alteraciones	en	regiones	relacionadas	con	autocontrol,	toma	de	decisiones	

y	 comportamiento	 dirigido	 a	metas	 y	 serían	 consecuencia	 de	 una	 combinación	 de	 un	

incremento	de	la	valoración	de	las	recompensas	y	un	reducido	autocontrol,	conduciendo	

una	vez	más	a	una	mala	toma	de	decisiones	alimentarias.	

Por	último,	 los	análisis	realizados	a	partir	de	 las	adquisiciones	de	DTI	han	encontrado	

alteraciones	 en	 la	 integridad	 de	 la	 materia	 blanca	 cerebral	 de	 adultos	 con	 exceso	 de	
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peso,	principalmente	en	tres	estructuras:	el	cuerpo	calloso,	que	une	ambos	hemisferios	

(Stanek	et	al.,	2011;	Xu	et	al.,	2013;	Mueller	et	al.,	2011;	Verstynen	et	al.,	2013),	el	fornix	

que	conecta	el	hipocampo	con	otras	regiones	cerebrales	 (Stanek	et	al.,	2011;	Xu	et	al.,	

2013)	y	el	cíngulo,	relacionado	tanto	con	procesos	emocionales	como	cognitivos	(Marks	

et	al.,	2011).		

Dentro	del	espectro	del	exceso	de	peso	algunos	estudios	han	comparado	 la	estructura	

cerebral	 de	 adultos	 con	 sobrepeso	 frente	 a	 otros	 con	 obesidad,	 encontradose	

reducciones	de	materia	gris	(Gustand,	et	al.,	2008;	Yokum	et	al.,	2012),	de	grosor	cortical	

en	 zonas	 frontales	 (Medic	 et	 al.,	 2016)	 y	 alteraciones	 genéricas	 en	 materia	 blanca	

(Stanek	 et	 al.,	 2011)	 en	 aquellos	 con	mayor	 IMC.	 Estos	 resultados	 indican	 una	mayor	

afectación	cerebral	relacionada	con	un	mayor	grado	de	exceso	de	peso.	

2.1.1	Estudios	de	neuroimagen	estructural	en	adolescentes	

Con	 respecto	 a	 la	 población	 adolescente,	 dos	 estudios	 realizados	 no	 encontraron	

relación	entre	IMC	y	volumen	global	de	materia	gris	ni	grosor	cortical	(Moreno-López	et	

al.,	2012;	Sharkey	et	al,	2015),	si	bien	si	existía	una	relación	positiva	en	el	grupo	control	

entre	el	volumen	de	materia	gris	en	 las	cortezas	somatosensoriales	y	 los	valores	de	 la	

sensibilidad	a	la	recompensa	e	impulsividad,	que	no	existía	en	los	sujetos	con	sobrepeso	

(Moreno-López	et	al.,	2012).	Por	otro	 lado	se	encontraron	reducciones	de	materia	gris	

local	 en	 la	 corteza	 orbitofrontal,	 relacionada	 con	 disfunción	 ejecutiva	 (Maayan	 et	 al.,	

2011).	 Con	 respecto	 a	 la	 materia	 blanca,	 un	 estudio	 reciente	 halló	 una	mejora	 en	 su	

integridad	relacionada	con	una	 intervención	basada	en	ejercicio	 físico	(Schaeffer	et	al.,	

2014).	
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2.2	Estudios	de	activación	cerebral	

En	 los	 últimos	 años	 ha	 crecido	 enormemente	 la	 cantidad	 de	 estudios,	 que	 utilizando	

resonancia	magnética	funcional,	han	explorado	el	funcionamiento	cerebral	de	personas	

con	 exceso	 de	 peso,	 utilizando	 para	 ello	 distintos	 tipos	 de	 tareas.	 Los	 estudios	 de	

actividad	 cerebral	 se	 basan	 en	 mediciones	 de	 la	 señal	 BOLD	 (blood-oxygen-level-

dependent)	obtenida	durante	adquisiciones	de	resonancia	magnética	funcional	(Ogawa	

et	 al.,	 1993).	 Brevemente,	 la	 actividad	 neuronal	 provoca	 cambios	 en	 la	 ratio	

oxihemoglobina/desoxihemoglobina	 que	 son	 captados	 por	 un	 escáner	 de	 resonancia	

magnética	 y	 transformados	 en	 imágenes.	 Los	 estudios	 de	 resonancia	 magnética	

funcional	permiten,	mediante	 la	realización	de	determinadas	tareas,	obtener	mapas	de	

activación	 cerebral	 que	 reflejan	 las	 regiones	 implicadas	 en	 determinados	 procesos	

cerebrales.	

2.2.1	Tareas	con	reforzador	alimenticio	

La	 mayor	 parte	 de	 los	 estudios	 de	 neuroimagen	 funcional	 y	 obesidad	 han	 utilizado	

paradigmas	de	procesamiento	de	estímulos	alimenticios,		especialmente	aquellos	con	un	

alto	valor	hedónico,	mediante	la	visualización	de	imágenes	o	mediante	la	administración	

de	alimentos	líquidos	en	el	escáner.	

Estudios	 de	 neuroimagen	 en	 participantes	 sanos	 han	 mostrado	 que	 la	 comida	 es	 un	

potente	reforzador	cerebral	y	tanto	la	simple	observación	de	imágenes	de	comida,	como	

el	consumo	de	alimentos	activa	regiones	del	sistema	de	refuerzo	cerebral	(O’Doherty	et	

al.,	2002;	Kringelbach	et	al,.	2003).		

Los	 adultos	 con	 obesidad,	 en	 comparación	 con	 grupos	 control	 con	 normopeso,	 han	

demostrado	 consistentemente	 una	 mayor	 activación	 de	 regiones	 del	 sistema	 de	
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recompensa	 cerebral	 al	 procesar	 estímulos	 de	 comida	 altamente	 calórica,	 en	

comparación	 con	 comida	 baja	 en	 calorías	 o	 con	 estímulos	 neutros	 (Rothemund	 et	 al.,	

2007;	 	 Stoeckel	 et	 al.,	 2008;	 Grosshans	 et	 al.,	 2012;	 Nummenmaa	 et	 al.,	 2012).	 Esta	

respuesta	incrementada	en	individuos	obesos	ante	estímulos	de	comida	se	ha	observado	

tanto	en	estados	de	privación	como	de	saciedad	(Martin	et	al,	2010;	Dimitropoulos	et	al.,	

2012)	y	se	ha	relacionado	con	los	niveles	de	leptina	e	 insulina	(Grosshans	et	al.,	2012;	

Jastreboff	et	al.,	2013;	Simon	et	al.,	2014),	con	altos	niveles	de	estrés	crónico	(Tryon	et	

al.,	2013),	con	un	peor	seguimiento	de	un	tratamiento	de	pérdida	de	peso	(Murdaugh	et	

al.,	 2012),	 con	 incrementos	 de	 peso	 en	 adultos	 con	 bajo	 autocontrol	 (Lawrence	 et	 al,	

2012),	con	niveles	de	deseo	por	la	comida	(Jastreboff	et	al.,	2013)	y	con	puntuaciones	de	

adicción	a	la	comida	medido	con	el	Yale	Food	Addiction	Scale	(Gearhardt	et	al.,	2011).	

Durante	 la	 ingesta	 de	 alimentos	 recompensantes,	 principalmente	 batidos	 o	 chocolate	

líquido,	 se	 ha	 encontrado	 una	 relación	 negativa	 entre	 IMC	 y	 la	 actividad	 del	 caudado	

dorsal	 (Stice	 et	 al.,	 2008;	 Babbs	 et	 al.,	 2013)	 así	 como	 una	 menor	 activación	 cuanto	

mayor	sea	el	aumento	de	peso	en	6	meses	(Stice	et	al.,	2010).	Esta	hipoactivación	en	la	

corteza	orbitofrontal,	es	más	acusada	cuanto	mayor	son	las	puntuaciones	en	la	escala	de	

adicción	a	la	comida	(Gearhardt	et	al.,	2011)	y	las	del	caudado	se	relacionan	con	mayor	

impulsividad	 (Babbs	 et	 al.,	 2013).	 Por	 el	 contrario,	 otros	 estudios	 encontraron	 una	

mayor	activación	en	el	grupo	con	obesidad	durante	el	consumo	de	batido	de	chocolate	

en	regiones	frontales,	operculares,	y	estriatales	(Ng	et	al.,	2011;	Babbs	et	al.,	2013).	

	2.2.1.1	Tareas	con	reforzador	alimenticio	en	adolescentes	

El	visionado	de	alimentos	por	adolescentes	obesos	se	ha	relacionado	principalmente	con	

una	 mayor	 activación	 de	 regiones	 frontales	 y	 estriatales	 implicadas	 en	 recompensa,	

motivación	y	control	cognitivo	(Bruce	et	al.,	2010;	Stice	et	al.,	2010;	Yokum	et	al.,	2011;	
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Jensen	et	al.,	2015)	que	correlacionan	con	menores	puntuaciones	de	autoestima	(Davids	

et	al.,	2009).	En	este	último	estudio,	sin	embargo,	se	encontró	una	menor	activación	del	

caudado,	 el	 cíngulo	 anterior	 y	 el	 hipocampo	 (Davids	 et	 al.,	 2009).	 Finalmente,	 en	 un	

estudio	realizado	con	adolescentes	con	exceso	de	peso,	estos	mostraron	incrementos	de	

activación	tanto	durante	la	espera	como	durante	el	consumo	de	batido	de	chocolate	en	

regiones	 de	 la	 corteza	 gustativa	 (ínsula,	 opérculo	 frontal)	 y	 en	 regiones	

somatosensoriales	 (opérculo	parietal),	 si	bien	 la	activación	del	 caudado	dorsal	mostró	

una	relación	negativa	con	el	IMC	(Stice	et	al.,	2008).	

En	 general,	 estos	 resultados	 apuntan	 a	 una	 respuesta	 incrementada	 tanto	 en	 adultos	

como	en	adolescentes	con	exceso	de	peso	al	procesar	imágenes	de	comida	apetitosa.	Por	

el	 contrario,	 los	 resultados	 durante	 el	 consumo	 de	 alimentos	 es	 más	 controvertido,	

encontrándose	 indistintamente	 relaciones	 positivas	 y	 negativas	 con	 el	 IMC.	 Esta	

discrepancia	puede	deberse	a	la	diversidad	de	paradigmas	utilizados	en	cada	estudio,	así	

como	al	de	sustancias	utilizadas	como	reforzadores.	

2.2.2	Tareas	con	otro	tipo	de	reforzadores	

Como	hemos	 expuesto,	 existe	 una	 gran	 cantidad	 de	 literatura	 sobre	 el	 procesamiento	

cerebral	de	estímulos	alimenticios	en	personas	con	exceso	de	peso,	pero	aún	existe	poca	

evidencia	 sobre	 si	 existe	 la	 misma	 disfunción	 durante	 el	 procesamiento	 de	 otros	

estímulos,	 lo	 cual	 aportaría	 información	 sobre	 si	 los	 obesos	 presentan	 una	 alteración	

específica	con	la	comida	o	un	déficit	general	en	el	procesamiento	de	la	recompensa.		

Los	estudios	que	han	explorado	la	reactividad	cerebral	en	personas	con	exceso	de	peso	

ante	otro	tipo	de	reforzadores	no	han	aportado	evidencia	consistente.	Dos	estudios	han	

utilizado	 la	 tarea	 de	 incentivo	 monetario	 (MID)	 para	 evaluar	 el	 procesamiento	 de	
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reforzadores	 económicos	 en	 adultos	 obesos.	 Balodis	 et	 al.,	 (2013)	 encontró	 un	

incremento	 en	 la	 activación	 cerebral	 en	 el	 estriado	 ventral	 y	 la	 corteza	 prefrontal	

ventromedial	 durante	 la	 anticipación	 de	 la	 recompensa	 en	 los	 adultos	 con	 exceso	 de	

peso	 en	 comparación	 con	 los	 controles	 pero	 no	 encontró	 resultados	 significativos	

durante	la	fase	de	recepción	de	la	recompensa.	Por	el	contrario,	Simon	et	al,	(2015)	no	

encontró	relación	entre	el	índice	de	masa	corporal	y	el	procesamiento	de	recompensas	

monetarias.	 Por	 otro	 lado,	 utilizando	 un	 paradigma	 de	 predicción	 de	 recompensas	 se	

encontró	 un	 incremento	 en	 la	 señal	 BOLD	 en	 diversas	 regiones	 relacionadas	 con	 el	

sistema	de	recompensa:	ínsula,	estriado,	y	corteza	orbitofrontal	(Opel	et	al.,	2015).	

2.2.2.1	Tareas	con	otro	tipo	de	reforzadores	en	adolescentes	

Finalmente,	 la	 literatura	 en	 el	 procesamiento	 de	 recompensas	 económicas	 en	

adolescentes	 tampoco	muestra	 resultados	 consistentes.	Mientras	que	 en	un	 estudio	 el	

grupo	con	exceso	de	peso	mostró	una	menor	activación	de	regiones	cerebrales	sensibles	

al	riesgo,	ínsula	anterior,	y	una	mayor	activación	de	regiones	del	sistema	de	recompensa,	

mesencéfalo,	durante	la	anticipación	de	una	recompensa	(Delgado-Rico,	et	al.,	2013),	en	

otro	no	se	encontraron	diferencias	entre	adolescentes	con	alto	y	bajo	riesgo	de	padecer	

obesidad	durante	la	anticipación,	pero	si	durante	la	recepción	(Stice	et	al.,	2011).		

2.2.3.	Estudios	sobre	función	ejecutiva	en	adultos	y	adolescentes	

La	obesidad	también	se	ha	asociado	con	la	existencia	de	déficits	en	distintos	procesos	de	

control	ejecutivo	como	inhibición,	flexibilidad,	memoria	de	trabajo	y	toma	de	decisiones,	

tanto	 en	 adultos	 como	 en	 adolescentes	 (Fagundo	 et	 al.,	 2012;	 Verdejo-García,	 2010,	

Reinert	 et	 al.,	 2013).	 Basándose	 en	 esta	 evidencia,	 diversos	 estudios	 de	 neuroimagen	

han	estudiado	los	sustratos	neuronales	de	estos	procesos.	Sujetos	obesos	evidenciaron	
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una	mayor	 activación	 de	 regiones	 prefrontales	 y	 límbicas	 (ínsula	 anterior)	 durante	 la	

condición	de	interferencia	en	una	tarea	de	Stroop	(Balodis	et	al.,	2013).	También	se	ha	

encontrado	que	mujeres	adolescentes	obesas	muestran	procesos	inhibitorios	alterados	

así	como	una	reducción	de	 la	actividad	 frontal	en	una	tarea	go/no-go	(Batterink	et	al.,	

2010).	 Por	 último,	 durante	 una	 tarea	 2-back,	 adultos	 obesos	 mostraron	 una	 menor	

activación	 de	 regiones	 parietales	 respecto	 a	 personas	 con	 normopeso	 y	 sobrepeso	

(Gonzales	 et	 al.,	 2010).	 Este	 ultimo	 estudios	 refuerza	 la	 idea	 de	 que	 pueden	 existir	

diferencias	específicas	entre	personas	con	sobrepeso	y	obesas.	

2.3	Estudios	de	conectividad	funcional	

Por	 último,	 la	 conectividad	 funcional	 se	 define	 como	 la	 dependencia	 temporal	 entre	

eventos	 neurofisiológicos	 espacialmente	 distantes	 (Aertsen	 et	 al.,	 1989;	 Friston	 et	 al.,	

1993).	 Los	 análisis	 de	 conectividad	 funcional	 permiten,	 a	 partir	 de	 patrones	 de	

activación,	 realizar	mapas	estadísticos	que	 reflejan	el	nivel	de	 comunicación	 funcional	

entre	distintas	regiones	del	cerebro.	Tres	aproximaciones	son	las	que	usualmente	se	han	

utilizado	para	 los	análisis	de	conectividad	funcional	cerebral.	El	primer	método	que	se	

utilizó,	fue	la	aproximación	basada	en	semilla	(Biswal	et	al.,	1995)	donde	se	correlaciona	

la	 actividad	 durante	 el	 tiempo	 de	 adquisición	 en	 una	 determinada	 región	 cerebral,	 la	

semilla,	 con	 el	 resto	 del	 cerebro.	 Esta	metodología	 cuenta	 con	 el	 hándicap	 de	 que	 es	

necesaria	 una	 hipótesis	 previa	 para	 seleccionar	 la	 semilla	 y	 por	 tanto	 los	 resultados	

están	 restringidos	 al	 funcionamiento	 relacionado	 con	 esa	 región	 (van	 del	 Heuvel	 &	

Hulshoff	Pol,	2010).	Entre	 las	ventajas	de	este	método	está	 la	 relativa	 simpleza	de	 los	

análisis	 y	 la	 directa	 interpretación	 de	 sus	 resultados	 (Buckner	&	 Vincent,	 2007).	 Este	

método	es	útil	en	situaciones	en	 las	que	se	desea	comprobar	un	modelo	 teórico	sobre	
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una	región	cerebral	o	se	desea	explorar	 la	conectividad	cerebral	de	un	área	del	que	se	

conoce	alguna	disfunción.		

Partiendo	 de	 la	 necesidad	 de	 realizar	 análisis	 de	 conectividad	 a	 cerebro	 completo,	 se	

comenzaron	 a	 desarrollar	 metodologías	 sin	 hipótesis	 previa,	 los	 cuales	 permitían	

explorar	los	patrones	de	conectividad	sin	la	necesidad	de	seleccionar	una	región	a	priori.	

Numerosos	 métodos	 han	 sido	 sugeridos	 para	 realizar	 esta	 aproximación,	 como	 por	

ejemplo	 análisis	 de	 componentes	 principales	 (PCA)	 (Friston,	 1993),	 análisis	 de	

componentes	 independientes	 (ICA)	 (Calhoun	 et	 al.,	 2001)	 o	 de	 “normalized	 cut	

clustering”	 (Van	 den	 Heuvel	 et	 al.,	 2009).	 	 Los	 métodos	 basados	 en	 componentes	

independientes,	 ICA,	han	sido	 los	más	utilizados	ya	que	han	mostrado	un	alto	nivel	de	

consistencia	 entre	 estudios	 (Damoiseaux	 et	 al.,	 2006).	 Brevemente,	 los	 métodos	 ICA	

están	 diseñados	 para	 buscar	 una	 serie	 de	 redes	 independientes,	 que	 en	 su	 conjunto,	

expliquen	los	patrones	de	actividad	cerebral	registrados.	La	principal	desventaja	de	los	

métodos	ICA	es	la	dificultad	existente	en	algunas	ocasiones	para	interpretar	los	mapas	

de	conectividad	obtenidos,	lo	cual	complica	la	posible	aplicación	clínica	de	estos	(Fox	&	

Raichle,	2007).			

Por	último,	a	partir	de	la	evidencia	de	que	el	cerebro	se	conecta	formando	redes	(Cajal,	

1995,	Bressler,	1995),	estudios	neurocientíficos	se	han	valido	de	 la	 teoría	de	grafos,	 la	

rama	de	las	matemáticas	que	estudia	redes	de	elementos	interconectados,	para	estudiar	

la	conectividad	funcional	del	cerebro	(Fornito	et	al.,	2015).	Según	la	teoría	de	grafos,	una	

red	es	un	sistema	formado	por	nodos	que	se	conectan	entre	sí	a	través	de	una	serie	de	

conexiones	 y	 por	 tanto	 el	 cerebro	 se	 puede	 modelar	 del	 mismo	 modo	 (Rubinov	 &	

Sporns,	 2010).	 Para	 realizar	 este	 tipo	de	 análisis	 es	 necesario	un	procesado	 laborioso	

que	 consistente	 en	 los	 siguientes	 pasos:	 (i)	 Definición	 de	 los	 nodos	 de	 la	 red:	 tres	
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opciones	se	pueden	utilizar	para	definir	las	regiones	de	interés	cerebrales	que	actuarán	

como	nodos	de	la	red	a	estudiar.	En	adquisiciones	de	EEG	o	MEG	suelen	utilizarse	como	

nodos	las	ubicaciones	de	los	electrodos	sobre	el	cráneo.	Por	el	contrario,	en	estudios	de	

resonancia	se	utilizan	indistintamente	aproximaciones	teóricas,	seleccionando	regiones	

funcionales	de	atlas	existentes,	o	empíricas,	a	partir	de	datos	previos	de	activación.	(ii)	

Definición	 de	 conexiones:	 Dependiendo	 del	 tipo	 de	 datos	 con	 los	 que	 se	 trabaje	 es	

necesario	 definir	 la	 métrica	 que	 cuantificará	 las	 conexiones	 entre	 nodos.	 Algunos	

ejemplos	 pueden	 ser	 la	 coherencia	 espectral	 en	 el	 caso	 de	 Magnetoencefalografía,	 la	

probabilidad	 de	 conexión	 entre	 regiones	 para	 datos	 de	 tractografía	 o	 la	 correlación	

entre	 señales	 temporales	 en	 adquisiciones	 de	 resonancia	 magnética	 funcional.	 (iii)	

Generación	de	 las	matrices	de	asociación	y	adyacencias:	Una	vez	definidos	 los	nodos	y	

los	 valores	 de	 las	 conexiones	 entre	 ellos,	 se	 ordenan	 los	 datos	 formando	 una	matriz,	

matriz	 de	 asociación,	 donde	 cada	 fila/columna	 refleja	 uno	 de	 los	 nodos	 y	 en	 la	

intersección	se	incluye	el	valor	de	conectividad	entre	ellos.	Más	tarde	se	define	un	valor	

umbral	 que	 determinará	 si	 esa	 conexión	 es	 suficientemente	 intensa	 para	 ser	

considerada	significativa,	generándose	una	matriz	binaria,	la	matriz	de	adyacencias.	(iv)	

Cálculo	de	los	parámetros	de	la	red.	El	último	paso	consiste	en	el	cálculo	de	los	valores	

que	 caracterizan	 cada	 red	 de	 modo	 que	 permitan	 la	 comparación	 estadística	 entre	

distintas	redes	(Bullmore	&	Sporns,	2009).	

Al	 igual	que	ocurría	con	los	estudios	de	activación	cerebral	en	obesos,	 la	gran	mayoría	

de	las	investigaciones	realizadas	sobre	conectividad	funcional	en	individuos	con	exceso	

de	 peso	 se	 han	 llevado	 a	 cabo	 durante	 la	 realización	 de	 tareas	 con	 reforzadores	

alimenticios.	En	los	últimos	años	sin	embargo	han	sido	publicados	diversos	artículos	que	
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exploran	 también	 la	 conectividad	 funcional	 en	 personas	 con	 exceso	 de	 peso	 durante	

adquisiciones	en	reposo.	

2.3.1	Tareas	con	reforzador	alimenticio	

Mientras	 que	 algunos	 estudios	 en	 adultos	 obesos	 han	 encontrado	 un	 incremento	 de	

conectividad	 funcional	 en	 áreas	 estriatales	 y	 de	 la	 red	 cerebral	por	defecto	 durante	 el	

procesamiento	 de	 comida	 altamente	 apetitosa	 (Stoeckel	 et	 al.,	 2009;	 Tregellas	 et	 al.,	

2011;	 Nummenmaa	 et	 al.,	 2012;	 Kullmann	 et	 al.,	 2013;	 Carnell	 et	 al.,	 2014)	 otros	

estudios	 encontraron	 reducciones	 de	 conectividad	 funcional	 involucrando	

principalmente	 áreas	 frontales	 (Stoeckel	 et	 al.,	 2009;	 Kullmann	 et	 al.,	 2013;	 García-

García	 et	 al.,	 2013).	 Estos	 resultados	 sugieren	 que	 en	 los	 adultos	 obesos	 existe	 una	

hiperactivación	 de	 redes	 vinculadas	 al	 procesamiento	 de	 la	 recompensa	 alimenticia,	

pero	una	disfunción	en	áreas	implicadas	en	control	de	conducta.	

2.3.2	Tareas	con	otro	tipo	de	reforzadores		

Hasta	 donde	 conocemos,	 en	 el	 estudio	 realizado	 con	 reforzadores	 monetarios,	 los	

estudios	 disponibles	 no	 han	 encontrado	 diferencias	 en	 conectividad	 funcional	 entre	

grupos	(Opel	et	al.,	2015).	

2.3.3	Resting-state	

Una	 de	 las	 opciones	 más	 utilizadas	 para	 el	 estudio	 de	 la	 conectividad	 cerebral	 es	 la	

realización	 de	 adquisiciones	 en	 reposo,	 denominadas	 “Resting-State”,	 que	 permiten	

medir	 la	 actividad	 del	 cerebro	 cuando	 no	 se	 está	 realizando	 ninguna	 tarea	 concreta.	

Durante	 este	 tipo	 de	 adquisiciones	 se	 pide	 a	 la	 persona	 que	 se	 encuentra	 en	 la	

resonancia	 que	 se	 mantenga	 lo	 más	 relajada	 posible,	 sin	 pensar	 en	 nada	 concreto	
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durante	 los	 minutos	 que	 dure	 la	 prueba.	 Las	 imágenes	 obtenidas	 durante	 esta	 tarea,	

permiten	medir	 la	 correlación	 temporal	 de	 pequeñas	 fluctuaciones	 de	 baja	 frecuencia	

(<0.1	Hz)	y	 larga	distancia	que	emergen	en	el	cerebro	durante	 la	adquisición	y	que	se	

pueden	interpretar	como	la	actividad	basal	del	cerebro	sin	que	medie	ningún	estímulo	

(van	del	Heuvel	&	Hulshoff		Pol,	2010).		

Los	estudios	 realizados	durante	adquisiciones	en	resting-state	mostraron	 incrementos	

de	conectividad	funcional	en	obesos	en	 la	red	cerebral	por	defecto	(Frank	et	al.,	2012;	

Kulmann	et	al.,	2012),	en	 la	red	de	saliencia	 (García-García	et	al.,	2013),	en	conexiones	

fronto-estriatales	(Black	et	al.,	2014),	y	en	conexiones	entre	áreas	 límbicas	(Lips	et	al.,	

2014)	y	reducciones	de	conectividad	en	el	cíngulo	anterior	y	la	ínsula	(Kullmann	et	al.,	

2012).	

Debido	 a	 su	 importancia	 en	 la	 función	 homeostática,	 en	 los	 últimos	 años	 se	 han	

realizado	 investigaciones	específicas	sobre	 la	conectividad	cerebral	del	hipotálamo.	En	

general	 se	han	 se	han	 encontrado	 incrementos	de	 conectividad	 funcional	 en	personas	

obesas	entre	el	hipotálamo	y	áreas	visuales	(Hinkle	et	al.,	2013),	áreas	de	procesamiento	

de	recompensas	(Kilpatrick	et	al.,	2014),	áreas	de	control	cognitivo	(Lips	et	al.,	2014)	y	

áreas	interoceptivas	(Wijngaarden	et	al.,	2015).	
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II. JUSTIFICACIÓN,	OBJETIVOS	E	HIPÓTESIS	
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Capítulo	3.	Justificación	y	objetivos	de	la	tesis	

1.	Justificación	y	objetivo	principal	

Los	 estudios	 de	 neuroimagen	 existentes	 han	 demostrado	 que	 el	 procesamiento	 de	

comida	 en	 personas	 con	 exceso	 de	 peso	 se	 relaciona	 con	 patrones	 diferenciales	 de	

activación	y	conectividad,	especialmente	de	regiones	que	forman	parte	de	los	sistemas	

de	 recompensa	 y	 toma	 de	 decisiones	 (Carnell	 et	 al.	 2014).	 Estas	 diferencias	 se	

relacionan	con	alteraciones	en	la	evaluación	del	valor	recompensante	de	los	alimentos	y	

en	la	toma	de	decisiones	dietéticas.	Por	tanto,	el	sistema	de	recompensa	cerebral	parece	

tener	un	rol	fundamental	en	la	modulación	de	la	toma	de	decisiones.	

Hasta	 ahora,	 la	 mayor	 parte	 de	 los	 estudios	 sobre	 la	 población	 con	 problemas	 de	

obesidad	 se	 han	 centrado	 en	 la	 caracterización	 de	 estos	 sistemas	 ante	 estímulos	

alimenticios,	 pero	 resulta	 relevante	 investigar	 si	 las	 alteraciones	 del	 sistema	 de	

recompensa	cerebral	ocurren	de	modo	análogo	ante	otro	tipo	de	reforzadores,	ya	sean	

económicos	o	sociales,	o	si	por	el	contrario	existe	una	disfunción	genérica	independiente	

del	 estímulo	 a	 procesar.	 La	 existencia	 de	 un	 déficit	 genérico	 implica	 que	 las	 personas	

obesas	tendrían	problemas	en	evaluar	cualquier	tipo	de	reforzador	(p.e.,	dinero,	sexo),	

conllevando	un	impacto	más	amplio	sobre	sus	decisiones	y	su	calidad	de	vida	(Rangel,	

2013).	La	existencia	de	distintas	alteraciones	ante	distintos	estímulos	también	puede	ser	

relevante	para	establecer	estrategias	de	intervención	especificas	en	personas	con	exceso	

de	peso,	puesto	que	indicará	si	se	debe	trabajar	su	conducta	sólo	ante	reforzadores	de	

comida,	o	por	el	contrario,	hacerlo	desde	un	punto	de	vista	más	global.		

En	base	a	esto,	una	caracterización	funcional	del	sistema	de	recompensa	cerebral,	tanto	

a	nivel	de	activación	como	en	conectividad,	ante	distintos	tipos	de	reforzadores	puede	



	 		
	

	 37	

aportar	 información	 novedosa	 sobre	 estos	 sistemas	 en	 personas	 con	 exceso	 de	 peso.	

Para	 ello	 resulta	 interesante	 estudiar	 el	 procesamiento	 cerebral	 ante	 estímulos	

directamente	 relevantes	 para	 la	 obesidad,	 como	 la	 comida,	 pero	 también	 ante	

reforzadores	universales,	como	son	el	dinero	o	 las	recompensas	sociales.	Asimismo,	 la	

existencia	 de	 un	marcado	 componente	 de	 problemas	 sociales	 asociados	 a	 la	 obesidad	

hace	que	resulte	interesante	evaluar	el	procesamiento	cerebral	en	un	contexto	social	con	

una	 población	 especialmente	 vulnerable	 a	 las	 presiones	 sociales	 como	 es	 la	

adolescencia.	

Por	otro	 lado,	 la	existencia	de	diferencias	estructurales	entre	adultos	 con	sobrepeso	y	

obesidad	 (Gustand,	 et	 al.,	 2008;	 Yokum	 et	 al.,	 2012;	 Medic	 et	 al.,	 2016;	 Stanek	 et	 al.,	

2011),	así	como	la	evidencia	de	que	la	disponibilidad	de	receptores	de	dopamina	en	el	

estriado,	 un	 marcador	 del	 procesamiento	 genérico	 de	 la	 recompensa,	 	 muestra	 una	

relación	en	forma	de	U	invertida	con	el	IMC	(Horstmann	et	al.	2015),	sugiere	que	sería	

interesante	comparar	los	correlatos	cerebrales	del	procesamiento	de	recompensas	entre	

estos	 dos	 grupos	 de	 población.	 La	 existencia	 de	 diferencias	 entre	 personas	 con	

sobrepeso	y	personas	con	obesidad	nos	podría	mostrar	la	evolución	en	la	severidad	de	

los	 problemas	 asociados	 al	 exceso	 de	 peso	 e	 informaría	 el	 	 diseño	 de	 intervenciones	

específicas	para	personas	con	distintos	grados	de	obesidad.	

Finalmente,	 en	 los	 últimos	 años	 se	 ha	 producido	 un	 gran	 avance	 en	 el	 desarrollo	 de	

metodologías	de	análisis	aplicadas	a	la	neuroimagen.	La	teoría	de	grafos,	una	rama	de	las	

matemáticas	 que	 estudia	 redes	 de	 elementos	 interconectados,	 viene	 siendo	 utilizada	

para	 caracterizar	 la	 conectividad	 funcional	 de	 las	 redes	 cerebrales	 en	 distintas	

patologías	 como	 depresión	 (Peng	 et	 al.,	 2014),	 esquizofrenia	 (Fornito	 et	 al.,	 2011)	 o	

epilepsia	 (Besson	 et	 al.,	 2014)	 (ver	 revisión	 Fornito	 et	 al.,	 2015).	 Pero	 hasta	 donde	
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sabemos	nunca	ha	sido	utilizada	para	caracterizar	 la	conectividad	funcional	durante	 la	

realización	de	una	tarea	en	personas	con	exceso	de	peso.	Como	se	ha	expuesto	a	lo	largo	

del	 capítulo	 2	 de	 esta	 tesis,	 los	 distintos	 estudios	 que	 han	 evaluado	 la	 conectividad	

funcional	en	personas	con	exceso	de	peso	han	aportado	resultados	contradictorios.	Esta	

metodología	permite	realizar	una	caracterización	de	la	conectividad	de	todo	el	cerebro	

por	lo	que	su	utilización	puede	aportar	información	complementaria	a	la	existente	y	que	

aclare	la	disyunción	existente.	Del	mismo	modo,	los	análisis	de	ecuaciones	estructurales	

son	una	herramienta	muy	útil	 para	 intentar	 encontrar	 relaciones	de	 causalidad	en	 las	

correlaciones	existentes	entre	la	respuesta	cerebral	y	distintas	variables	conductuales	y	

neuropsicológicas	por	lo	que	pueden	aportar	información	sobre	cómo	el	procesamiento	

cerebral	está	relacionado	con	distintos	aspectos	de	los	problemas	sociales	asociados	a	la	

obesidad.	

En	este	contexto	donde	la	evidencia	muestra	que	los	circuitos	de	recompensa	cerebral	

tiene	un	papel	fundamental	en	el	aumento	de	la	prevalencia	de	la	obesidad,	el	objetivo	

principal	 de	 la	 presente	 Tesis	 Doctoral	 es	 caracterizar	 el	 procesamiento	 cerebral	 de	

distintos	 tipos	 de	 recompensas	 en	 personas	 con	 sobrepeso	 y	 obesidad	 frente	 a	

individuos	con	normopeso.	

	 2.	Objetivos	específicos	

Del	objetivo	principal	se	derivan	tres	objetivos	específicos	que	se	corresponden	con	los	

tres	estudios	que	componen	esta	tesis.	

1.	 Comparar	 los	 patrones	 de	 activación	 del	 sistema	 de	 recompensa	 cerebral	

evocados	por	distintos	tipos	de	reforzadores,	alimenticios	y	monetarios,	en	adultos	con	
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sobrepeso	 y	 obesidad	 frente	 a	 adultos	 con	 normopeso,	 específicamente	 la	 relación	

existente	entre	estas	activaciones	y	el	índice	de	masa	corporal.	

2.	 Caracterizar	 y	 comparar	 la	 conectividad	 funcional	 cerebral	 durante	 el	

procesamiento	de	reforzadores	alimenticios	y	monetarios	en	adultos	con	exceso	de	peso	

en	 comparación	 con	 adultos	 con	 normopeso,	 utilizando	 para	 ello	 una	 aproximación	

desde	la	teoría	de	grafos.	

3.	Caracterizar	los	sistemas	cerebrales	de	recompensa	y	toma	de	decisiones	en	un	

contexto	social	en	adolescentes	con	exceso	de	peso	frente	a	controles,	y	su	relación	con	

medidas	neuropsicológicas	y		conductuales.	

	 3.	Hipótesis	

Las	principales	hipótesis	que	se	derivan	de	estos	objetivos	son:	

Hipótesis	 1:	 Durante	 el	 procesamiento	 de	 estímulos	 alimenticios	 con	 alto	

contenido	calórico,	los	adultos	con	exceso	de	peso,	en	comparación	con	los	adultos	con	

normopeso,	evidenciarán	una	mayor	activación	del	sistema	de	recompensa	cerebral.	Por	

el	 contrario,	 durante	 el	 procesamiento	 de	 estímulos	 monetarios,	 se	 espera	 encontrar	

una	relación	cuadrática	en	forma	de	U	invertida	entre	la	activación	cerebral	y	el	IMC.	

Hipótesis	 2:	 Los	 adultos	 con	 exceso	 de	 peso	 mostrarán	 una	 disrupción	 de	 las	

redes	 cerebrales	 implicadas	 en	 el	 control	 de	 la	 conducta	 y	 el	 procesamiento	 de	 la	

recompensa	 (principalmente	 conexiones	 fronto-estriatales)	 durante	 el	 procesamiento	

de	recompensas	económicas	y	alimenticias.	
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Hipótesis	3:	 Los	 adolescentes	 con	exceso	de	peso	presentarán	una	disminución	

de	 la	 actividad	 cerebral	 en	 regiones	 implicadas	 en	 el	 procesamiento	 de	 recompensas	

sociales	 (estriado,	 amígdala),	 así	 como	 de	 toma	 de	 decisiones	 (corteza	 cingulada	

anterior,	ínsula).	Estas	disfunciones	mostrarán	relaciones	significativas	con	medidas	de	

sensibilidad	 a	 la	 recompensa,	 rasgos	 de	 personalidad	 relacionados	 con	 obesidad	 y	 el	

comportamiento	durante	la	tarea	(tasa	de	aceptación	de	ofertas).	
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III.	MEMORIA	DE	TRABAJOS	
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Capítulo	4.	

BRAIN	REWARD	SYSTEM’S	ALTERATIONS	IN	RESPONSE	TO	FOOD	AND	MONETARY	

STIMULI	IN	OVERWEIGHT	AND	OBESE	INDIVIDUALS	

Juan	 Verdejo-Román,	 Raquel	 Vilar-López,	 Juan	 F.	 Navas,	 Carles	 Soriano-Mas,	 Antonio	

Verdejo-García.	 (Under	 review)	Brain	 reward	 system’s	 alterations	 in	 response	 to	 food	

and	 monetary	 stimuli	 in	 overweight	 and	 obese	 individuals.	 International	 Journal	 of	
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1. Introduction	

Between	1980	and	2013	the	prevalence	of	overweight	and	obesity	has	 increased	from	

857	million	 to	2.1	billion	people	worldwide,	becoming	a	major	global	health	challenge	

(Ng	et	al.,	2014).	Specifically,	overweight	and	obesity	are	associated	with	increased	risk	

of	cardiovascular	disease,	stroke,	type	II	diabetes	and	different	types	of	cancer,	being	a	

consistent	 risk	 factor	 for	 these	 conditions	 when	 Body	Mass	 Index	 (BMI)	 is	 above	 23	

kg/m2	(Ng	et	al.,	2014).	In	Western	societies,	cheap	availability	of	high	palatable	foods	is	

a	primary	driver	of	the	growing	obesity	epidemic	(Finkelstein	et	al.	2005).	Foods	rich	in	

sugar	 and	 fat	 stimulate	 the	 brain	 reward	 network,	 bypassing	 the	 homeostatic	

mechanisms	that	control	food	intake,	and	hence	fostering	eating,	even	in	the	absence	of	

energetic	needs	(Volkow	et	al.	2011;	Stice	et	al.	2013).	

Current	neurobiological	theories	are	advocating	for	a	“food	addiction	model”	of	obesity,	

given	 overlapping	 neurobiological	 alterations	 between	 individuals	 with	 obesity	 and	

substance	addictions	(Volkow	et	al.,	2007;	Burger	&	Stice;	2011;	Kenny,	2011;	Volkow	et	

al.,	 2013).	 Specifically,	 this	model	 posits	 that	 individuals	with	 overweight	 and	 obesity	

display	increased	responsivity	of	the	brain’s	reward	system	to	food	stimuli,	leading	to	a	

loss	of	control	over	food	intake	(Volkow	et	al.,	2013).	In	spite	of	the	growing	influence	of	

this	 food	 addiction	model,	 overweight	 and	 obesity	 are	 heterogeneous	 conditions,	 and	

more	neurobiological	research	is	needed	to	establish	if	this	notion	is	relevant	across	the	

different	manifestations	of	excessive	weight,	or	 to	particular	phenotypes	(Carter	et	al.,	

2016).	Currently	available	 functional	magnetic	 resonance	 imaging	 (fMRI)	 studies	have	

shown	that	sensory	cues	of	high-palatable	food	evoke	increased	neural	activation	in	the	

striatum	and	related	regions	of	the	brain	reward	network	in	both	overweight	and	obese	

individuals	versus	normal	weight	controls	(Rothemund	et	al.,	2007;	Stoeckel	et	al,	2008;	



	 		
	

	 44	

Fletcher	 et	 al.,	 2010;	 Martin	 et	 al.,	 2010;	 Jastreboff	 et	 al.,	 2013;	 Carnell	 et	 al.,	 2014).	

Positron	 Emission	 Tomography	 (PET)	 studies	 have	 also	 shown	 reduced	 striatal	

dopamine	 D2	 binding	 potential	 in	 severely	 obese	 individuals	 (BMI≥40)	 (Wang	 et	 al.,	

2001).	However,	striatal	dopamine	D2	binding	potential	is	increased	in	individuals	with	

more	moderate	degree	of	excess	weight	for	height	(Guo	et	al.,	2014).	

Altogether,	 PET	 studies	 suggest	 that	 overweight	 and	 obesity	may	 have	 unique	 neural	

underpinnings,	 and	 it	 has	 been	 proposed	 that	 the	 association	 between	 BMI	 and	

dopaminergic/reward	network	 activity	 follows	 an	 inverted	U-shape	 curve;	 that	 is,	 the	

association	 is	 positive	 in	 overweight	 individuals,	 but	 negative	 in	 obese	 individuals	

(Horstamn	 et	 al.,	 2015).	 This	 proposed	model	 is	 clinically	 significant	 and	 needs	 to	 be	

formally	 tested.	 If	 individuals	 with	 overweight	 versus	 obesity	 value	 food	 and	 other	

rewards	via	different	brain	mechanisms,	delineation	of	these	mechanisms	would	lead	to	

better	understanding	of	the	underlying	neurobiology	of	these	disorders	and,	potentially,	

to	more	specific	interventions	for	overweight	and/or	obesity.	

General	reward	sensitivity	has	been	customarily	indexed	in	neuroimaging	studies	with	

the	 Monetary	 Incentive	 Delay	 (MID)	 task	 (Costumero	 et	 al.,	 2013).	 In	 normal	 weight	

individuals,	 MID-evoked	 brain	 activations	 in	 the	midbrain,	 striatum	 and	 orbitofrontal	

cortex	have	been	associated	with	trait	reward	sensitivity	(Costumero	et	al.,	2013),	and	

the	 food	 addiction	 model	 would	 predict	 a	 stronger	 involvement	 of	 these	 regions	 in	

people	 with	 excess	 weight.	 However,	 currently	 available	 studies	 have	 yielded	

contradictory	findings.	Balodis	et	al.	(2013)	showed	increased	reward	system	activation	

during	the	MID	task	in	obese	individuals	versus	controls,	although	no	differences	were	

found	 during	 reward	 feedback.	 Conversely,	 Simon	 et	 al.	 (2015)	 did	 not	 found	 a	

significant	 association	 between	 BMI	 and	 MID-evoked	 neural	 activation.	 Therefore,	
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existing	studies	have	not	yet	clearly	ascertained	the	association	between	excess	weight	

and	 brain	 responses	 to	 monetary	 stimuli,	 or	 overlapping	 and/or	 unique	 patterns	 of	

brain	activation	related	to	monetary	versus	food	stimuli.	The	latter	is	relevant	because	

the	 low	 prices	 of	 highly	 palatable	 foods	 have	 contributed	 to	 increase	 their	 subjective	

value,	and	thus	to	food	choices	leading	to	the	obesity	epidemic	(Rangel,	2013).	

In	 this	 study,	 we	 aimed	 to	 compare	 brain	 activations	 evoked	 by	 food	 and	 monetary	

rewards	 in	 individuals	with	obesity,	overweight	and	normal	weight;	 and	 to	determine	

the	 association	 between	 reward-evoked	 brain	 activations	 and	 BMI.	 We	 hypothesized	

that,	 in	 response	 to	 high	 palatable	 foods,	 excess	 weight	 participants,	 would	 display	

increased	 activation	 of	 key	 regions	 of	 the	 brain	 reward	 system,	 and	 particularly	 the	

striatum	 (Simon	 et	 al.,	 2015).	 We	 also	 hypothesized	 that	 in	 response	 to	 monetary	

rewards,	which	is	a	biological	index	of	generalized	sensitivity	to	reward,	there	would	be	

an	 inverted	 U-shape	 association	 between	 brain’s	 reward	 system	 activation	 and	 BMI	

(Horstman	et	al.,	2015).	

2. Methods	and	Materials		

Participants	

Eighty-one	 healthy	 adults,	 aged	 between	 25	 and	 45	 years	 old	were	 recruited	 for	 this	

study.	 They	 were	 classified	 in	 three	 groups	 on	 the	 basis	 of	 BMI:	 39	 Normal	 weights	

(NW);	 21	 Overweight	 (OW)	 and	 21	 Obese	 (OB).	 Participants’	 sociodemographic	

characteristics,	and	BMI	and	fat	percentage	data	are	displayed	in	Table	1.		

The	 inclusion	 criteria	 were	 defined	 as	 follows:	 (i)	 BMI	 falling	 within	 the	 intervals	

categorized	 as	 overweight	 (BMI	 between	 25	 and	 30	 kg/m2),	 obesity	 (BMI	 over	 30	

kg/m2)	or	normal	weight	 (BMI	between	19	and	25	kg/m2);	 (ii)	 right-handedness.	The	
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exclusion	 criteria	 were:	 (i)	 history	 or	 current	 evidence	 of	 medical	 or	 psychiatric	

disorders	that	co-occur	with	obesity	(e.g.,	diabetes,	hypertension,	binge	eating,	bulimia	

nervosa,	 depression)	 indicated	 with	 clinical	 assessments	 conducted	 by	 professional	

nurses	 and	psychologists;	 (ii)	 abnormalities	on	Magnetic	Resonance	 Imaging	 (MRI)	or	

any	 contraindications	 to	 MRI	 scanning	 (including	 claustrophobia	 and	 implanted	

ferromagnetic	objects).	

Table	1:	Sociodemographic	characteristic	and	body	composition	by	group.	

	 Normal	weight	

(n	=	39)	

Mean	(SD)	

Overweight	

(n	=	21)	

Mean	(SD)	

Obese	

(n	=	21)	

Mean	(SD)	

P-value	

Age	 33.08	(6.73)	 35.00	(6.31)	 32.19	(5.81)	 0.345	

Sex	(male/female)	 18	/	21	 10	/	11	 10	/	11	 0.992	

Years	of	education	 18.18	(3.75)	 17.86	(3.58)	 17.14	(3.75)	 0.599	

Monthly	income	 	 	 	 	

<600€	 20.5%	 9.5%	 10.0%	 	

601-1000€	 10.3%	 9.5%	 15.0%	 	

1001-1500€	 20.5%	 28.6%	 25.0%	 0.650	

1501-2000€	 17.9%	 14.3%	 15.0%	 	

2001-2499€	 10.3%	 9.5%	 30.0%	 	

>2500€	 20.5%	 28.6%	 5%	 	

BMI	(kg/m2)	 22.20	(1.76)	 27.35*	(1.59)	 33.43*	(2.56)	 <0.001	

Fat	(%)	 19.66	(5.96)	 28.23*	(7.56)	 33.99*	(8.97)	 <0.001	

*P	<0.05	compared	to	Normal	Weight	group.	

All	participants	had	normal	or	corrected-to-normal	vision.	They	were	recruited	through	

media	advertisements	and	received	a	financial	compensation.	The	study	was	approved	
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by	 the	Ethics	Committee	 for	Research	 in	Humans	of	 the	University	of	Granada	(Spain)	

and	 was	 conducted	 in	 accordance	 with	 the	 Declaration	 of	 Helsinki.	 All	 participants	

signed	written	informed	consent.	

Experimental	Procedure	

Participants	underwent	two	reward	related	tasks	during	an	fMRI	session.	Each	of	these	

tasks	involved	the	processing	of	different	rewards:	food	and	money.	

To	 ensure	 that	 every	 subject	 knew	all	 the	 food	 stimuli	 to	 be	 used	 in	 the	 food	 reward	

fMRI	task,	two	weeks	before	scanning	participants	attended	to	a	catered	tasting	session.	

During	 that	 session	 subjects	were	gathered	 in	 a	 room	and	allowed	 to	 eat	18	different	

foods.	 These	 products	 had	 been	 previously	 classified	 based	 in	 their	 palatability:	 high	

palatable	food,	including	sweet	and	fatty	food	(e.g.,	chocolate,	cheese	cake,	burger)	and	

plain	 food	 (e.g.,	 yoghurt,	 omelet,	 orange).	 These	 sessions	were	 conducted	 at	 6:00	 pm,	

and	 each	 participant	 should	 taste	 each	 food.	 All	 the	 fMRI	 sessions	 were	 conducted	

between	one	and	three	hours	after	 lunch.	At	 the	beginning	of	 this	session	BMI	and	 fat	

percentage	 were	 obtained	 using	 a	 body	 composition	 analyzer	 TANITA	 BC-420	 (GP	

Supplies	 Ltd.,	 London,	 UK).	 To	 control	 the	 satiety	 level,	 participants	 rated	 their	

subjective	degree	of	appetite	on	a	10-cm	visual	analog	scale	(VAS)	three	times	along	the	

fMRI	session:	prior	 to	scan,	 immediately	before	 the	 food-stimuli	 task	and	 immediately	

after	leaving	the	MRI	room.	

fMRI	Tasks	

Food	reward:	We	used	a	modified	version	of	the	Willingness	to	pay	task	(Plassmann	et	

al.,	 2007).	 Participants	 watched	 each	 of	 the	 18	 previously	 tasted	 foods	 once.	 Each	

stimulus	was	presented	in	the	screen	for	2	seconds	and	after	that,	they	had	4	seconds	to	
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answer:	 “How	 much	 would	 you	 pay	 for	 it?”	 They	 could	 choose	 between	 four	 prices,	

ranging	 from	 20	 cents	 to	 10	 euros.	 Each	 selection	 was	 followed	 by	 a	 variable	 time	

between	3	and	5	seconds	of	baseline	during	which	a	cross	fixation	was	presented	on	the	

screen.	Our	main	interest	was	to	contrast	group	differences	between	high	palatable	and	

plain	food	trials.		

Monetary	reward:	We	used	an	adaptation	of	the	Monetary	Incentive	Delay	task	(Nestor	

et	 al.,	 2010),	 based	 on	 the	 original	 task	 employed	 by	 Knutson	 et	 al.	 (2001).	 At	 the	

beginning	of	each	trial,	participants	were	shown	one	of	two	cues	(green	or	blue	square)	

indicating	 potential	 winnings	 or	 no	 financial	 outcome	 at	 the	 end	 of	 the	 trial.	 The	

incentive	 value	 of	 each	 trial	was	 signaled	by	means	 of	 the	number	 of	 horizontal	 lines	

crossing	 the	 square	 (one	 line	 for	 0.2€,	 two	 for	 1€	 and	 three	 for	 5€).	 Each	 cue	 was	

presented	 for	 a	 fixed	 duration	 of	 750msec.	 Subsequently,	 a	 cross-fixation	was	 shown	

during	a	variable	period	of	3	to	5	sec,	and	after	this	interval	participants	had	to	perform	

a	 reaction-time	 task:	 respond	 to	 a	white	 target	 star	 appearing	 for	 a	 variable	 length	of	

time	(150–450	ms)	with	a	button	press.	Then	participants	received	feedback	(hit/miss)	

about	the	accuracy	of	their	response	for	750ms,	together	with	the	information	about	the	

amount	 of	money	won	 in	 that	 trial	 (when	 adequate,	 i.e.,	 correct	 responses	 in	 reward	

cued	trials)	and	their	cumulative	total	at	 that	point	of	 the	experiment.	Finally,	another	

fixation	 period	 (750	 ms)	 was	 included	 before	 the	 next	 trial.	 Therefore,	 total	 trial	

duration	ranged	between	5700	and	7000	ms.	Participants	performed	24	 trials	of	each	

type	of	cue	yielding	a	total	of	96	trials.		

Imaging	 analyses	 explored	 brain	 activity	 changes	 during	 two	 periods,	 the	 reward-

anticipatory	period,	which	included	the	cue	presentation,	the	variable	waiting	delay	and	

the	actual	response	period,	and	the	reward-feedback	period,	involving	the	presentation	
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of	 visual	 feedback	 (hit/miss).	 Specifically,	 a	 linear	 contrast	 (High	 reward	 >	 Medium	

reward	>	Low	reward	>	No	outcome	trials)	was	defined	at	the	first	level	(within-subject)	

to	explore	brain	activation	during	reward-anticipation,	while	a	Win	>	Miss	contrast	was	

used	for	the	reward-feedback	period.	Therefore,	this	task	yields	two	main	conditions	of	

interest:	 reward	 anticipation	 (High	 vs.	 Medium	 vs.	 Low	 vs.	 No	 reward)	 and	 reward	

feedback	(Win	vs.	Miss).	

Imaging	data	acquisition	and	preprocessing	

A	 3.0	 T	 clinical	MRI	 scanner,	 equipped	with	 an	 eight-channel	 phased-array	 head	 coil,	

was	used	(Intera	Achieva,	Philips	Medical	Systems,	Eindhoven,	The	Netherlands).	During	

task	 performance,	 three	 T2*-weighted	 echo-planar	 imaging	 (EPI)	 sequences	 were	

acquired	according	to	the	following	parameters:	Repetition	time	(TR)	=	2000	ms,	Echo	

time	(TE)	=	35	ms,	Field	of	view	(FOV)	=	230	x	230	mm,	96	x	96	matrix,	flip	angle	=	90°,	

and	a	 total	of	21	axial	slices	of	4	mm	with	a	1	mm	gap).	Specifically,	we	collected	149	

scans	for	the	food	reward	task	and	432	scans	for	the	monetary	reward	task.	A	sagittal	

three-dimensional	T1-weighted	turbo-gradient-echo	sequence	(3D-TFE)	(160	slices,	TR	

=	8.3	ms,	TE	=	3.8	ms,	flip	angle	=	8°,	FOV	=	240	x	240,	1	mm3	voxels)	was	also	obtained	

in	 the	 same	 experimental	 session	 for	 anatomical	 reference.	 Stimuli	 were	 presented	

through	 magnetic	 resonance-compatible	 liquid	 crystal	 display	 goggles	 (Resonance	

Technology	 Inc.,	 Northridge,	 California,	 USA),	 and	 responses	 were	 recorded	 through	

Evoke	Response	Pad	System	(Resonance	Technology	 Inc.,	Northridge,	California,	USA).	

The	 functional	 images	 were	 analyzed	 using	 Statistical	 Parametric	 Mapping	 (SPM8)	

software	(Wellcome	Department	of	Cognitive	Neurology,	Institute	of	Neurology,	Queen	

Square,	 London,	 UK),	 running	 under	 Matlab	 R2009	 (MathWorks,	 Natick,	 MA,	 USA).	

Preprocessing	 included	 re-slicing	 to	 the	 mean	 image	 of	 the	 time	 series,	 slice	 timing	
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correction,	normalization,	using	affine	and	smoothly	non-	linear	transformations,	to	an	

EPI	template	in	the	Montreal	Neurological	Institute	(MNI)	space,	and	spatial	smoothing	

by	 convolution	 with	 a	 3D	 Gaussian	 kernel	 (full	 width	 at	 half	 maximum	 (FWHM)	 =	 8	

mm).	 Data	 were	 high-pass	 filtered	 to	 remove	 low-frequency	 noise	 (1/128	 Hz)	 and	

corrected	for	temporal	autocorrelation	using	an	autoregressive	AR	model.	

Outside	scanner	behavioral	measures	

Sensitivity	to	Reward	was	measured	with	The	Sensitivity	to	Punishment	and	Sensitivity	

to	 Reward	 Questionnaire	 (SPSRQ)	 (Torrubia	 et	 al.,	 2001).	 This	 questionnaire	 has	

demonstrated	internal	consistency;	construct	validity,	and	significant	associations	with	

reward	and	punishment	relevant	brain	systems	(Costumero	et	al.,	2013).	

Statistical	analyses	

Behavioral	analyses:	Behavioral	data	were	analyzed	with	the	Statistical	Package	for	the	

Social	 Sciences	 version	 19	 (SPSS;	 Chicago,	 IL,	 USA).	 We	 tested	 between-group	

differences	in	demographic,	body	composition	and	sensitivity	to	reward	variables	with	

one-way	 ANOVAs,	 followed	 by	 post-hoc	 two	 sample	 t-tests.	We	 conducted	 a	 series	 of	

mixed-design	 ANOVAs	 to	 analyze	 putative	 interactions	 between	 study	 groups	 and	

variables	 of	 interest	 (i.e.,	 fMRI	 tasks	 conditions),	 followed	 by	 post-hoc	 within-	 and	

between-group	analyses.	

Neuroimaging	analyses:	

Task	 regressors	 were	 convolved	 with	 the	 SPM8	 canonical	 hemodynamic	 response	

function.	 To	 prevent	 motion	 artifacts,	 six	 head	 motion	 parameters	 were	 entered	 as	

regressors	of	no	 interest	 in	all	 first-level	 analyses.	One-sample	 t-tests	were	 conducted	
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on	the	resulting	first-level	contrast	images	to	assess	across-group	activations	in	each	of	

the	 contrasts.	Next,	we	 conducted	a	 series	of	 three-group	ANOVAs	 to	assess	between-

group	differences	using	the	same	first-level	contrast	images.	

Due	to	the	existence	of	an	a	priori	hypothesis	about	changes	in	brain	activity	within	the	

reward	system,	all	statistical	analyses	were	spatially	restricted	to	such	region	of	interest.	

Such	mask	was	defined	empirically	according	to	the	results	obtained	from	a	large	series	

of	 previous	 studies	 assessing	 reward	 system	 function	 by	means	 of	 fMRI	 examination.	

Specifically,	 similar	 to	 other	 studies	 (Contreras-Rodríguez	 et	 al.	 2016),	 we	 used	 the	

reward	 system	 mask	 provided	 by	 Neurosynth	 (www.neurosynth.org).	 This	 mask	

includes	 brain	 regions	 that	 have	 shown	 to	 be	 associated	 with	 reward	 processing	 via	

meta-analytic	 research	 (i.e.,	 striatum,	 anterior	 and	 posterior	 cingulate	 cortices,	

supplementary	 motor	 area,	 prefrontal	 cortices,	 insula,	 dopaminergic	 midbrain,	

hippocampus,	 amygdala	 and	 intraparietal	 cortices).	 Statistical	 significance	 threshold	

was	 corrected	 for	 multiple	 comparisons	 using	 a	 combination	 of	 voxel	 intensity	 and	

cluster	extent	thresholds.	The	spatial	extent	threshold	was	determined	by	1,000	Monte	

Carlo	 simulations,	 using	 the	 AlphaSim	 algorithm	 as	 implemented	 in	 the	 SPM	 REST	

toolbox	(Song	et	al.,	2011).	Input	parameters	included	a	brain	mask	of	51517	voxels	(the	

reward	system	mask),	an	 individual	voxel	 threshold	probability	of	0.005	and	a	cluster	

connection	 radius	 of	 5	mm.	At	 11.0	 and	 9.2	mm	FWHM	 smoothness	 for	 the	 food	 and	

monetary	task	contrasts,	respectively,	corresponded	to	a	minimum	cluster	extent	(KE)	

of	220	and	154	voxels	 to	 satisfy	 a	Family-wise	 error	 (FWE)	 corrected	P	value	of	PFWE	

<0.05.	

To	exclude	potential	confounds	linked	to	sex	differences,	we	replicated	all	contrasts	of	

interest	controlling	 for	sex.	Results	were	equivalent,	and	hence	we	only	report	 results	
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for	the	non-covaried	analyses.	We	also	performed	specific	men	vs.	 female	analysis	and	

did	not	find	significant	between-group	differences.	

To	examine	the	association	between	brain	activations	and	BMI,	we	conducted	curve	fit	

analyses	 in	 SPSS.	The	peak	beta	 eigenvalues	 from	each	 cluster	of	 significant	between-

group	differences	was	extracted	and	related	with	BMI	values.	

3. Results	

Behavioral	measures	

Appetite	and	Sensitivity	to	Reward	measurements:	

We	found	no	significant	between-group	differences	or	interactions	between	Group	and	

Time	for	subjective	measures	of	appetite	(F(4,146)	=	0.638,	P	=	0.599).	Likewise,	we	did	

not	found	any	significant	between-group	differences	in	sensitivity	to	reward	scores.	The	

relationship	 between	 BMI	 and	 sensitivity	 to	 reward	 scores	 followed	 a	 non-significant	

inverted	U-shape	curve	(R2	=	0.040,	P	=	0.204).		

fMRI	behavioral	measures	

Food	reward	task	

We	 found	 a	 significant	 “Group	 x	 Food	 Type”	 interaction	 (F(2,77)	 =	 4.162,	 P	 =	 0.019).	

Paired	within-group	 contrasts	 showed	 that	 OB	 and	 OW	 groups	 paid	more	money	 for	

high-palatable	food	than	for	plain	food	(P	=	0.002	and	P	<0.001),	unlike	the	NW	group	(P	

=	0.220).	Paired	between-group	contrasts	showed	that	OB	paid	significantly	less	money	

for	plain	food	compared	to	NW	(t(58)	=	2.24,	P	=	0.020).	We	found	no	group	differences	

for	high	palatable	food.	
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Monetary	reward	

We	 found	 a	 significant	 “Group	 x	 Reward”	 interaction	 (F(6,231)	 =	 2.67,	 P	 =	 0.030).	

Within-group	analyses	showed	a	significant	effect	of	cue	type	(F(2,7)	=	4,608,	P	=	0.013),	

indicating	 that	all	participants	made	 faster	responses	 in	high	 incentive	 trials.	Between	

groups	 comparisons	 showed	 that	 OB	 had	 significant	 slower	 reaction	 time	 in	 neutral	

(t(57)	=	2.315,	P	=	0.028)	and	low	incentive	trials	(t(57)	=	2.160,	P	=	0.035)	compared	to	

NW.	Behavioral	results	are	summarized	in	Table	2.	

Table	2:	Behavioral	data	on	trait	sensitivity	to	reward	and	performance	on	fMRI	tasks.	
	

	

Normal	weight	

(n	=	39)	

Mean	(SD)	

Overweight	

(n	=	21)	

Mean	(SD)	

Obese	

(n	=	21)	

Mean	(SD)	

ANOVA	

P-value	

Sensitivity	to	reward	 10.31	(3.89)	 10.14	(3.81)	 9.76	(4.00)	 0.875	

	 	 	 	 	

Willingness	to	Pay:	Money	paid	(€)	 	 	 	

		High-palatable	food	 2.63	(1.75)	 3.03	(2.26)	 2.49	(1.25)	 0.605	

		Plain	food	 2.36	(1.63)	 1.81	(1.27)	 1.42*	(1.01)	 0.045	

	 	 	 	 	

Monetary	Incentive	Delay:	Response	Time	(s)	

		Neutral	 0.246	(0.038)	 0.252	(0.052)	 0.279*	(0.059)	 0.042	

		Low	 0.227	(0.033)	 0.233	(0.048)	 0.249*	(0.046)	 0.137	

		Medium	 0.231	(0.037)	 0.234	(0.043)	 0.242	(0.047)	 0.612	

		High	 0.219	(0.032)	 0.222	(0.036)	 0.230	(0.040)	 0.507	

*P	<0.05	in	relation	to	Normal	Weight	group.	
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Neuroimaging	

Food	reward	task	

During	 high-palatable	 versus	 plain	 food	 participants	 significantly	 activated	 bilaterally	

the	dorsal	caudate,	the	nucleus	accumbens,	the	ventral	putamen,	the	ventral	tegmental	

area,	the	intraparietal,	ventromedial	and	dorsolateral	prefrontal	and	anterior	cingulate	

cortices,	 and	 the	anterior	 insula	 extending	 to	 the	 lateral	 orbitofrontal	 gyrus	 (Table	 S1	

and	Figure	1).	

Group	 comparisons	 showed	 that	 OB	 subjects	 displayed	 significantly	 increased	

activations	bilaterally	 in	 the	dorsal	 caudate	and	nucleus	accumbens	compared	 to	both	

NW	and	OW	participants.	In	addition,	OB	group	had	significantly	increased	activation	in	

the	anterior	cingulate	cortex	compared	to	the	NW	group	(Table	S1	and	Figure	1).	

Post	hoc	analyses	showed	a	linear	and	positive	correlation	between	BMI	and	bilaterally	

activation	in	the	dorsal	caudate	(Right:	r	=	0.408,	R2	=	0.166,	P	<0.001;	Left:	r	=	0.299,	R2	

=	0.089,	P	=	0.007),	the	nucleus	accumbens	(Right:	r	=	0.333,	R2	=	0.111,	P	=	0.003;	Left:	

r	=	0.312,	R2	=	0.097,	P	=	0.005)	and	the	dorsal	anterior	cingulate	gyrus	(r	=	0.351,	R2	

=0.123,	P	=	0.002).	
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Table	S1:	Activations	and	group	differences	during	high	palatable	versus	plain	food	in	

the	willingness	to	pay	task.	

	
	 BA	 Side	

MNI	coordinates	 CS		
(voxels)	 t-value	X	 Y	 Z	

Activations	 	 	 	 	 	 	 	
	Anterior	Cingulate	Gyrus		 24,	32	 R/L	 -2	 26	 46	 7942	(*)	 5.32	
	Ventromedial	PFC	 10	 R/L	 -10	 48	 -6	 7942	(*)	 4.28	
	Dorsal	Caudate	 	 R/L	 -2	 -2	 10	 7942	(*)	 4.15	
	Nucleus	Accumbens	 	 R	 12	 14	 -2	 7942	(*)	 4.09	
	Nucleus	Accumbens	 	 L	 -12	 18	 -4	 7942	(*)	 5.14	
	Ventral	Tegmental	Area	 	 R/L	 4	 -10	 -10	 7942	(*)	 3.36	
	Anterior	Insula/OFC	 13,	47	 L	 -28	 22	 -8	 7942	(*)	 4.80	
	Anterior	Insula/OFC	 13,	47	 R	 30	 12	 -18	 1611	 4.50	
	Intraparietal	Cortex	 7,	40	 L	 -38	 -54	 50	 574	 4,22	
	Intraparietal	Cortex	 7,	40	 R	 50	 -46	 42	 354	 3,44	
	Middle	Frontal	Gyrus	 9,	46	 R	 42	 4	 32	 432	 4,43	
	Middle	Frontal	Gyrus	 9	 L	 -42	 14	 30	 252	 3,81	
	 	 	 	 	 	 	 	
Obese	>	Normal	weight	 	 	 	 	 	 	 	
	Dorsal	Caudate	 	 R	 12	 6	 8	 1237	(*)	 4,62	
	Dorsal	Caudate	 	 L	 -12	 8	 4	 1237	(*)	 3,78	
	Nucleus	Accumbens	 	 R	 12	 6	 -4	 1237	(*)	 3,57	
	Nucleus	Accumbens	 	 L	 -12	 6	 -4	 1237	(*)	 3,56	
	Anterior	Cingulate	Gyrus		 24,	32	 R/L	 8	 22	 32	 946	 3,80	
	 	 	 	 	 	 	 	
Obese	>	Overweight	 	 	 	 	 	 	 	
	Dorsal	Caudate	 	 R	 16	 8	 6	 556	(*)	 3,76	
	Dorsal	Caudate	 	 L	 -10	 10	 4	 556	(*)	 3,24	
	Nucleus	Accumbens	 	 R	 16	 8	 0	 556	(*)	 3,42	
	Nucleus	Accumbens	 	 L	 -8	 10	 -4	 556	(*)	 3,19	

BA:	Brodmann	area;	CS:	Cluster	Size;	*	part	of	the	large	cluster;		PFC:	Prefrontal	Cortex;	

OFC:	Orbitofrontal	Cortex	
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Figure	1:	Left	panel:	Brain	evoked	activation	and	between-group	differences	during	the	

food	reward	task.	Right	hemisphere	is	displayed	on	the	right.	The	color	bar	indicates	t-

value.	Right	panel:	Scatter	plots	showing	a	linear	relationship	between	BMI	and	the	peak	

activations	from	regions	showing	significant	between-group	differences.	
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Monetary	reward	

Reward	anticipation	contrast	

Parametric	increases	in	reward	magnitude	cues	were	associated	with	higher	activations	

in	 bilateral	 dorsal	 and	 ventral	 striatum,	 midbrain	 (including	 ventral	 tegmental	 area),	

thalamus,	 amygdala-hippocampal	 complex,	 orbitofrontal	 cortex,	 middle	 frontal	 gyrus,	

anterior	 insula,	 and	 anterior	 and	 posterior	 cingulate	 and	 intraparietal	 and	 cortices	

(Table	S2,	Figure	2).	

Group	 comparisons	 showed	 that	 OW	 individuals	 displayed	 significantly	 increased	

activation	 in	 the	 anterior	 cingulate	 cortex/supplementary	 motor	 area	 in	 comparison	

with	both	OB	and	NW	groups.	Likewise,	OW	individuals	(but	not	OB	individuals)	showed	

a	significantly	 increased	activation	 in	 the	ventral	 tegmental	area,	 the	ventral	putamen,	

the	lateral	orbitofrontal	cortex	and	the	hippocampus-amygdala	complex	in	comparison	

with	NW	participants	(Table	S2,	Figure	2).	

Curve	fit	analyses	of	the	association	between	BMI	and	peak	activations	from	the	above	

analyses	showed	inverted-U	associations	for	the	supplementary	motor	area	(R2	=	0.240,	

P	<0.001),	dorsal	anterior	cingulate	(R2	=	0.144,	P	=	0.003),	ventral	tegmental	area	(R2	=	

0.103,	 P	 =	 0.016),	 ventral	 putamen	 (right:	 R2	 =	 0.137,	 P	 =	 0.004;	 left:	 R2	 =	 0.079,	 P	 =	

0.043),	hippocampus	(R2	=	0.135,	P	=	0.004)	and	amygdala	(R2	=	0.115,	P	=	0.009).	Post-

hoc	analyses	showed	that	the	peaks	of	the	inverted	U	ranged	between	27	and	32	Kg/m2.	
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Table	S2:	Activations	and	group	differences	during	reward	anticipation	contrast	in	the	

monetary	incentive	delay	task	

	
	 BA	 Side	

MNI	coordinates	

CS	(voxels)	 t-value	X	 Y	 Z	
Activations	 	 	 	 	 	 	 	
	Ventral	Striatum	 	 R	 18	 -10	 -6	 32253	(*)	 9.12	
	Ventral	Striatum	 	 L	 -14	 -6	 -8	 32253	(*)	 8.96	
	ACC	 24,	32	 R/L	 -2	 -4	 46	 32253	(*)	 8.68	
	Thalamus	 	 R/L	 4	 -22	 6	 32253	(*)	 8.64	
	Midbrain	 	 R/L	 8	 -20	 -14	 32253	(*)	 7.95	
	Nucleus	Accumbens	 	 R	 10	 12	 -4	 32253	(*)	 7.24	
	Nucleus	Accumbens	 	 L	 -10	 6	 -4	 32253	(*)	 5.99	
	Insula	 13	 L	 -26	 26	 12	 32253	(*)	 7.20	
	Insula	 13	 R	 36	 22	 -8	 32253	(*)	 7.10	
	Dorsal	Caudate	 	 R	 20	 0	 16	 32253	(*)	 6.88	
	Dorsal	Caudate	 	 L	 -16	 -4	 18	 32253	(*)	 6.9	
	Hippocampus	 	 R	 36	 -18	 -16	 32253	(*)	 5.15	
	Hippocampus	 	 L	 -34	 -18	 -12	 32253	(*)	 5.60	
	Amygdala	 	 R	 22	 4	 -18	 32253	(*)	 4.97	
	Amygdala	 	 L	 -20	 2	 -16	 32253	(*)	 5.23	
	OFC	 11,	47	 R	 32	 46	 -18	 32253	(*)	 3.89	
	OFC	 11,	47	 L	 -26	 48	 -14	 223	 3.96	
	Intraparietal	Cortex	 7,	40	 R	 36	 -44	 48	 441	 6.07	
	Intraparietal	Cortex	 7,	40	 L	 -26	 -52	 44	 599	 6.24	
	Middle	Frontal	Gyrus	 9,	46	 R	 48	 8	 20	 323	 5.70	
	PCC	 23,	31	 R/L	 -2	 -20	 44	 738	 8.35	
	 	 	 	 	 	 	 	
Overweight	>	Normal	weight	 	 	 	 	
	SFG/SMA	 6,	8	 R/L	 12	 26	 50	 1557	(*)	 5.21	
	ACC	 24,	32	 R/L	 14	 46	 18	 1557	(*)	 4.01	
	Ventral	Tegmental	Area	 	 R/L	 -4	 -10	 -8	 1339	(*)	 4.42	
	Orbitofrontal	Cortex	 47	 R	 32	 32	 -12	 1339	(*)	 3.61	
	Ventral	Putamen	 	 R	 12	 -6	 -10	 1339	(*)	 3.73	
	Ventral	Putamen	 	 L	 -16	 -4	 -8	 1339	(*)	 3.30	
	Hippocampus	 34	 R	 32	 -10	 -10	 1339	(*)	 3.93	
	Amygdala	 	 R	 24	 -4	 -18	 1339	(*)	 3.45	
	 	 	 	 	 	 	 	
Overweight	>	Obese	 	 	 	 	 	 	 	
		SMA	/	ACC	 8,	32	 R/L	 -10	 24	 40	 306	 3.62	
		Dorsal	ACC	 24,	32	 R	 8	 12	 30	 215	 3.29	

BA:	 Brodmann	 area;	 CS:	 Cluster	 Size;	 *	 part	 of	 the	 large	 cluster;	 SMA:	 Supplementary	

Motor	Area;	ACC:	Anterior	Cingulate	Cortex;	SFG:	Superior	Frontal	Gyrus;	PCC:	Posterior	

Cingulate	Cortex;	OFC:	Orbitofrontal	Cortex	
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Figure	 2:	 Left	 panel:	 Brain	 evoked	 activation	 and	 between	 groups	 differences	 during	

monetary	 anticipation	 contrast.	 Right	 hemisphere	 is	 displayed	 on	 the	 right.	 The	 color	

bar	 indicates	 t-value.	 Right	 panel:	 Scatter	 plots	 showing	 a	 quadratic	 relationship	

(inverted	 U-shape)	 between	 BMI	 and	 the	 peak	 activations	 from	 regions	 showing	

significant	between-group	differences.		

	

Reward	feedback	contrast	

In	 win	 versus	miss	 trials	 participants	 significantly	 activated	 the	 bilateral	 ventral	 and	

dorsal	 striatum,	 the	 amygdala-hippocampal	 complex,	 the	 orbitofrontal	 cortex,	 the	

middle	 frontal	 gyrus,	 the	 posterior	 cingulate,	 and	 the	 intraparietal	 cortices.	 Miss	

compared	 to	 win	 trials	 evoked	 activations	 including	 the	 anterior	 insula,	 the	 dorsal	

anterior	cingulate	cortex	and	the	supplementary	motor	area.	(Table	S3,	Figure	3).	
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Group	comparisons	 in	Win	versus	Miss	trials	showed	that	OB	individuals	compared	to	

NW	 had	 increased	 activation	 in	 the	 rostral-ventral	 pons.	 Likewise,	 OB	 individuals	

compared	to	OW	had	increased	activation	in	the	nucleus	accumbens.	(Table	S3,	Figure	

3).	

Figure	 3:	 Left	 panel:	 Brain	 evoked	 activation	 and	 between	 groups	 differences	 during	

monetary	 feedback	contrast.	Right	hemisphere	 is	displayed	on	the	right.	The	color	bar	

indicates	t-value	(hot	colors	for	the	win	vs.	miss	contrast	and	cold	colors	for	the	miss	vs.	

win	contrast).	Right	panel:	Scatter	plots	showing	a	linear	relationship	between	BMI	and	

the	peak	activations	from	regions	showing	significant	between-group	differences.	
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Table	 S3:	 Activations,	 deactivations	 and	 group	 differences	 during	 reward	 feedback	

contrast	in	the	monetary	incentive	delay	task	

	
	 BA	 Side	

MNI	coordinates	 CS	
(voxels)	 t-value	X	 Y	 Z	

Activations	 	 	 	 	 	 	 	
	Nucleus	Accumbens	 	 R	 18	 16	 -6	 15698	(*)	 9.41	
	Nucleus	Accumbens	 	 L	 -12	 10	 -14	 15698	(*)	 7.95	
	Ventral	Putamen	 	 R	 20	 14	 -10	 15698	(*)	 9.11	
	Ventral	Putamen		 	 L	 -18	 14	 -8	 15698	(*)	 7.74	
	Dorsal	Caudate	 	 R	 10	 6	 18	 15698	(*)	 8.77	
	Dorsal	Caudate	 	 L	 -18	 2	 20	 15698	(*)	 5.67	
	Orbitofrontal	Cortex	 11,	47	 R	 24	 38	 -12	 15698	(*)	 8.00	
	Orbitofrontal	Cortex	 11,	47	 L	 -32	 38	 -14	 15698	(*)	 7.07	
	Dorsal	Putamen	 	 R	 24	 -10	 12	 15698	(*)	 6.97	
	Dorsal	Putamen	 	 L	 -24	 -10	 8	 15698	(*)	 5.77	
	Hippocampus	 	 R	 32	 -20	 -18	 15698	(*)	 5.75	
	Hippocampus	 	 L	 -20	 -18	 -16	 15698	(*)	 6.21	
	PCC	 31	 R/L	 -4	 -40	 30	 15698	(*)	 11.50	
	Intraparietal	Cortex	 7,	40	 R	 32	 -60	 46	 446	 8.60	
	Intraparietal	Cortex	 7,	40	 L	 -30	 -64	 42	 742	 12.04	
	PCC	 23	 R/L	 -8	 -56	 14	 190	 9.01	
	Middle	Frontal	Gyrus	 9	 L	 -44	 6	 28	 301	 6.61	
	 	 	 	 	 	 	 	
Deactivations	 	 	 	 	 	 	 	
	Anterior	Insula	 13	 R	 44	 16	 0	 1002	 6.97	
	Anterior	Insula	 13	 L	 -34	 20	 -12	 813	 4.63	
	SMA	 8	 R/L	 6	 20	 56	 225	 4.09	
	Dorsal	ACC	 24,	32	 R/L	 -6	 24	 26	 498	 3.62	
	 	 	 	 	 	 	 	
Obese	>	Normal	weight	 	 	 	 	 	 	
	Pons	 	 R/L	 6	 -16	 -24	 227	 3.60	
	 	 	 	 	 	 	 	
Obese	>	Overweight	 	 	 	 	 	 	
	Nucleus	Accumbens	 	 R	 20	 18	 -2	 177	 3.70	

BA:	Brodmann	area;	CS:	Cluster	Size;	*	part	of	the	large	cluster;	SMA:	Supplementary	Motor	

Area;	ACC:	Anterior	Cingulate	Cortex;	PCC:	Posterior	Cingulate	Cortex.	

Curve	fit	analyses	showed	a	linear	and	positive	association	between	nucleus	accumbens	

and	pons	activations	and	BMI	scores	 (r	=	0.363,	R2	=	0.132,	P	=	0.001,	 r	=	0.276,	R2	=	

0.076,	P	=	0.014).	(Figure	3).	
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4. Discussion	

We	 found	 that	 individuals	with	obesity	 and	overweight	have	unique	patterns	of	brain	

activation	 in	 response	 to	 food	 and	 monetary	 rewards.	 Specifically,	 individuals	 with	

obesity	display	enhanced	food-evoked	ventral	and	dorsal	striatal	activations	compared	

to	 individuals	 with	 overweight	 and	 normal	 weight.	 Conversely,	 individuals	 with	

overweight	display	 increased	monetary-reward	anticipation	activations	 in	widespread	

regions	across	the	brain	reward	network.	Monetary	reward	feedback,	however,	evoked	

greater	 responses	 in	 the	 rostral-ventral	 pons	 and	 nucleus	 accumbens	 in	 obese	

individuals	 versus	 normal	 weight	 and	 overweight	 subjects,	 respectively.	 Food	 and	

monetary-feedback	evoked	neural	activations	showed	a	linear	positive	relationship	with	

BMI,	 whereas	 monetary-reward-anticipation	 evoked	 neural	 activations	 showed	 an	

inverted	U-shape	association	with	BMI.	

The	increased	responsivity	of	the	ventral	and	dorsal	striatum	to	high-palatable	food	in	

obese	 individuals	 is	 consistent	with	 previous	 fMRI	 studies	 showing	 increased	 striatal	

activation	 in	 response	 to	 food	 cues	 (Rothemund	 et	 al.,	 2007;	 Simon	 et	 al.,	 2014).	

Critically,	 we	 show	 that	 these	 alterations	 are	 specific	 to	 individuals	 with	 obesity	

(relative	 to	 overweight),	 and	 therefore	 they	 may	 reflect	 severity	 related	

neuroadaptations.	This	notion	is	consistent	with	food	addiction	models	of	obesity,	which	

propose	that	this	disorder	is	associated	with	ventral	striatal	neuroadaptations	leading	to	

incentive	 sensitization	 of	 food,	 and	 dorsal	 striatal	 neuroadaptations	 leading	 to	 food-

related	habits	(Tomasi	&	Volkow,	2013).	Our	findings	also	extend	available	evidence	by	

showing	alterations	 in	a	 food	choice	 task,	with	greater	ecological	validity	 than	passive	

observation	of	food	cues	(Fletcher	et	al.,	2010).	In	fact,	imaging	findings	were	paralleled	

by	behavioral	results,	which	show	that	obese	 individuals	assign	 less	value	 to	standard	
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food,	 which	 may	 bias	 their	 food	 choices	 towards	 highly	 palatable	 unhealthy	 food	

(Rangel,	2013).	

The	 increased	 responsivity	 of	 the	 VTA/striatum,	 amygdala,	 orbitofrontal	 cortex,	 and	

medial	prefrontal	cortex	in	overweight	individuals	to	anticipation	of	monetary	rewards,	

and	the	inverted	U-shaped	relationship	between	activation	of	these	regions	and	BMI	is	

consistent	with	findings	of	dopamine-PET	studies	(Horstman	et	al.,	2015).	Indeed,	brain	

activation	in	the	MID	task	is	regarded	as	a	biological	index	of	general	sensitivity	of	the	

brain	 reward	 system	(Costumero	et	 al.,	 2013).	Our	 findings	 clearly	 indicate	 that	brain	

response	to	monetary-reward	anticipation	is	 increased	in	 individuals	with	overweight,	

and	comparatively	decreased	 in	 individuals	with	obesity.	This	 finding	 is	 relevant,	as	 it	

indicates	 that	 strategies	 to	 prevent	 overweight	 might	 need	 to	 focus	 on	 downplaying	

general	 hyper-reactivity	 of	 the	 brain	 reward	 system,	 whereas	 strategies	 to	 prevent	

obesity	might	 need	 to	 stimulate	 the	brain	 reward	 system’s	 responsivity	 to	 alternative	

reinforcers	 that	 can	 compete	 with	 food.	 It	 remains	 to	 be	 determined	 if	 overweight-

specific	reward	system	hyper-reactivity	represents	a	different	biological	phenotype,	or	

an	 “en-route”	 state	 leading	 to	 obesity.	 In	 any	 case,	 our	 results	 have	 theoretical	

implications	for	the	understanding	and	prevention	of	overweight	versus	obesity.	

The	 increased	responsivity	of	 the	nucleus	accumbens	 to	monetary	reward	 feedback	 in	

obese	 individuals	 is	also	consistent	with	the	 incentive	sensitization	model,	although	 in	

this	 case	 with	 the	 “liking”	 or	 hedonic	 aspects	 of	 reward	 (and	 not	 the	 “wanting”	 or	

anticipation	 aspects)	 (Robinson	&	Berridge,	 2003).	 The	nucleus	 accumbens	 is	 the	 key	

“liking”	hotspot	of	the	brain,	which	is	involved	among	other	functions	in	amplifying	the	

taste	of	food	(Berridge	et	al.,	2010).	Likewise,	our	finding	is	similar	to	previous	results	in	

cocaine	 dependent	 users,	 which	 have	 greater	 activation	 of	 the	 nucleus	 accumbens	

during	 feedback	processing	 in	 the	MID	 task	 (Jia	 et	 al.,	 2011;	Bustamante	et	 al.,	 2014).	



	 		
	

	 64	

Therefore,	 our	 findings	 indicate	 that	 obese	 individuals	 have	 similar	 alterations	 in	

reward	feedback	processing	to	those	observed	among	addiction	populations.	

This	 study	 has	 important	 strengths.	 The	 groups	 were	 well	 matched	 in	 key	

sociodemographic	 characteristics,	 such	 as	 age,	 years	 of	 education	 and	 socioeconomic	

status.	We	also	applied	strict	eligibility	criteria,	which	ruled	out	the	presence	of	obesity	

related	 comorbid	 conditions,	 including	 medical	 comorbidities	 (i.e.,	 diabetes,	

hypertension)	and	mental	health	problems	(i.e.,	depression	or	eating	disorders,	such	as	

binge	 eating	 or	 bulimia	 nervosa).	 We	 also	 maximized	 the	 ecological	 validity	 of	

assessments	by	pre-exposing	participants	to	the	food	products	of	the	neuroimaging	task	

in	a	pre-scanner	buffet	session.	Nevertheless,	our	findings	also	need	to	be	understood	in	

the	 context	 of	 some	 limitations.	 First,	 we	 used	 different	 tasks	 to	 assess	 food-related	

reward	 (Willingness	 to	 Pay)	 and	 monetary	 reward	 (Monetary	 Incentive	 Delay),	 and	

therefore	we	could	not	analyze	interaction	effects	of	food	and	monetary	rewards	on	the	

brain	 reward	 system.	 Nonetheless,	 both	 tasks	 are	 well-validated	measures	 of	 reward	

processing	in	relation	to	food	and	money	stimuli.	Moreover,	the	number	of	participants	

in	each	group	was	unequal:	Obese	and	overweight	groups	were	smaller	than	the	normal	

weight	 group.	 We	 addressed	 this	 limitation	 by	 performing	 post-hoc	 tests	 of	

homogeneity	 of	 variance	 for	 all	 significant	 findings,	 which	 showed	 non-significant	

results	 (i.e.,	 homogenous	 variances	 across	 groups)	 in	 all	 cases.	 Another	 potential	

limitation	 is	 the	 use	 of	 BMI	 as	 the	 main	 independent	 variable.	 Recent	 evidence	 has	

shown	 that	 measures	 of	 body	 fat,	 and	 particularly	 visceral	 fat,	 are	 more	 sensitive	 to	

brain	health	specifically	among	adolescents	(Schwartz	et	al.,	2014).	We	chose	BMI	over	

body	 fat	 because	our	measure	of	 fat	 (bioelectrical	 impedance)	does	not	 allow	 reliable	

estimations	of	visceral	versus	subcutaneous	fat,	and	BMI	was	more	adequate	than	total	

body	fat	to	classify	adult	participants	of	both	sexes.	Furthermore,	BMI	is	regarded	as	a	



	 		
	

	 65	

reliable	 index	 of	 weight-to-height	 ratio	 and	 is	 the	 key	 indicator	 of	 overweight	 and	

obesity	in	population-based	studies	(Ng	et	al.,	2014).	An	additional	limitation	is	the	non-

significant	 curvilinear	 relationship	 between	 BMI	 and	 the	 behavioral	 measure	 of	

sensitivity	to	reward	(SPSRQ).	This	negative	finding	can	be	explained	by	methodological	

differences	 between	 self-report	 and	 biological	 (neuroimaging)	 measures	 –the	 latter	

more	 objective	 and	 sensitive,	 and/or	 by	 the	 strict	 inclusion/exclusion	 criteria,	 which	

resulted	in	a	narrow	BMI	range.	This	relationship	has	been	previously	demonstrated	in	a	

behavioral	study	with	a	broader	BMI	range	(17	to	51	kg/m2)	relative	to	ours	(19	to	38	

kg/m2)	 (Davis	 &	 Fox,	 2008).	 Finally,	 we	 analyzed	 neuroimaging	 activations	 within	

discrete	 regions	 of	 the	 brain	 reward	 system,	 although	 these	 regions	 are	 known	 to	 be	

part	 of	 an	 integrated	 network.	 Therefore,	 future	 studies	 performing	 functional	

connectivity	 assessments	 of	 the	 reward	 system	 during	 food	 and	 monetary	 reward	

processing	will	probably	be	a	relevant	add-on	to	present	findings.	

In	 conclusion,	 our	 results	 support	 the	 food	 addiction	 model	 and	 previous	 evidence	

showing	an	increased	food-cue	reactivity	in	striatal	areas	and	a	greater	subjective	value	

of	 high	 palatable	 foods	 in	 excess	 weight	 adults.	 Conversely,	 a	 different	 pattern	 of	

activation	was	 found	 during	monetary	 reward	 anticipation,	with	 an	 inverted	 U-shape	

relationship	 between	 brain	 reward	 system	 activation	 and	 BMI.	 These	 reinforcement-

dependent	 differential	 processing	 should	be	 confirmed	using	 other	 natural	 reinforces,	

and	 further	 studies	 in	 overweight	 populations	 should	 also	 investigate	 whether	

overweight-specific	 reward	 system	 alterations	 represents	 a	 distinctive	 feature	 of	 this	

group	or	an	“en	route”	state	to	obesity.	
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Capítulo	5.	

INDEPENDENT	 FUNCTIONAL	 CONNECTIVITY	 NETWORKS	 UNDERPIN	 FOOD	 AND	

MONETARY	REWARD	SENSITIVITY	IN	OBESITY	

Juan	 Verdejo-Román,	 Alex	 Fornito,	 Carles	 Soriano-Mas,	 Raquel	 Vilar-López,	 Antonio	

Verdejo-García.	(Under	review)	independent	functional	connectivity	networks	underpin	

food	and	monetary	reward	sensitivity	in	obesity.	The	Journal	of	Neuroscience.	
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1.	Introduction	

Obesity	is	currently	the	most	important	health	problem	in	developed	countries,	as	it	 is	

linked	 to	 some	 of	 the	 leading	 causes	 of	 mortality	 (i.e.,	 cardiovascular	 disease	 or	

diabetes)	(Flegal	et	al.,	2013).	In	recent	decades,	the	prevalence	of	obesity	has	reached	

worldwide	epidemic	proportions	(Ng	et	al.,	2014)	and	this	growth	has	been	linked	to	the	

availability	of	highly	processed	food	rich	 in	sugar	and	fat	(Stice	et	al,	2013).	Obesity	 is	

increasingly	 conceptualized	 as	 a	disorder	of	 reward-based	decision-making,	 according	

to	 cognitive	 neuroscience	 and	 neuroimaging	 evidence	 showing	 that	 obese	 people	

predominantly	 make	 food	 choices	 based	 on	 the	 rewarding	 aspects	 of	 food	 products,	

instead	of	 their	homeostatic	or	health	properties	 (Volkow	et	al.,	2011;	Burger	&	Stice,	

2011;	Kenny,	2011).		

Value-based	 choices	 rely	 on	 the	 function	 of	 a	 well-defined	 network	 of	 brain	 regions	

central	to	reward	processing,	 including	the	anterior	cingulate,	orbitofrontal	and	dorsal	

prefrontal	cortices,	 the	ventral	striatum,	the	dopaminergic	midbrain	and	the	amygdala	

and	 hippocampal	 complex	 (Haber	 &	 Knutson,	 2010).	 Individuals	 with	 excess	 weight	

show	 significantly	 increased	 activation	 in	 these	 areas	 in	 response	 to	high	 caloric	 food	

cues	(Rothemund	et	al.	2007;	Stoeckel	et	al.,	2008;	Martin	et	al.,	2010;	Dimitropoulos	et	

al.,	 2012;	 Simon	 et	 al.,	 2014).	 However,	 despite	 evidence	 that	 these	 reward-related	

regions	 behave	 as	 an	 integrated	 network,	 it	 is	 as	 yet	 unclear	 how	 network-level	

disturbances	 relate	 to	 altered	 brain	 reward	 processing	 in	 obesity.	 Functional	

connectivity	studies	have	examined	discrete	elements	of	the	brain’s	reward-processing	

system	(i.e.,	striatum,	midbrain,	amygdala,	orbitofrontal	cortex),	but	these	studies	have	

reported	contradictory	findings.	While	some	studies	in	excess	weight	adults	have	found	

enhanced	functional	connectivity	of	striatal	areas	during	processing	of	highly	palatable	
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food	(Stoeckel	et	al.,	2009;	Nummenmaa	et	al.,	2012;	Carnell	et	al.,	2014)	other	studies	

found	 reduced	 functional	 connectivity	 mainly	 involving	 frontal	 areas	 (Stoeckel	 et	 al.,	

2009;	Kullmann	et	al.,	2013;	García-García	et	al.,	2013).		

In	 addition,	 it	 remains	 unclear	whether	 disruptions	 of	 the	 neural	 systems	 supporting	

reward-based	decision-making	in	this	population	are	specific	to	the	processing	of	food-

related	stimuli	or	represent	a	general	sensitization	of	reward	processes.	The	existence	of	

a	 general	 deficit	 of	 reward-processing,	 (i.e.,	 independent	 of	 the	 specific	 stimulus),	

predicts	that	obese	people	will	have	generic	problems	in	evaluating	natural	reinforcers,	

which	will,	 in	 turn,	 have	 a	 broad	 impact	 on	 obese	 peoples’	 choices	 and	 quality	 of	 life	

(Rangel,	 2013).	 Nevertheless,	 few	 studies	 have	 examined	 the	 brain’s	 reward	 system	

activity	 in	 excess	weight	 individuals	 during	 the	 processing	 of	 generic	 stimuli,	 such	 as	

monetary	reward.	Balodis	et	al.	(2013)	found	increased	activity	in	the	ventral	striatum	

and	 ventromedial	 prefrontal	 cortex	 in	 anticipation	 of	 monetary	 reward.	 This	 is	

consistent	with	evidence	of	altered	structural	 connectivity	 in	 fronto-striatal	 circuits	 in	

obese	 individuals,	 and	 implies	 a	 general	 reward-processing	 deficit	 (Marqués-Iturra	 et	

al.,	 2015).	 However,	 other	 studies	 have	 failed	 to	 find	 an	 association	 between	 brain	

monetary	 processing	 and	 body	 mass	 index	 (BMI)	 (Simon	 et	 al.,	 2015).	 These	

inconsistencies	underscore	the	need	for	a	comprehensive	characterization	of	the	reward	

network	 connectivity	 in	 excess	 weight	 adults	 across	 food-related	 and	 other	 types	 of	

stimuli.	

In	 this	 study,	 we	 used	 functional	 magnetic	 resonance	 imaging	 (fMRI)	 to	 map	 brain	

functional	 connectivity	 alterations	 in	 the	 reward	 system	 of	 individuals	 with	 excess	

weight	 relative	 to	 normal	 weight	 controls.	 Both	 groups	 performed	 two	 tasks:	 one	

assessing	food-related	reward	processing	and	one	assessing	the	processing	of	monetary	
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rewards.	 Functional	 connectivity	 was	 assessed	 with	 a	 data-driven	 graph	 theoretic	

approach	to	characterize	whole	brain	network-level	between-group	differences	during	

both	 tasks.	 Based	 on	 prior	work	 (Nummenmaa	 et	 al.,	 2012,	 Stoeckel	 et	 al.,	 2009),	we	

hypothesised	 that	 excess	 weight	 individuals	 would	 show	 disrupted	 functional	

connectivity	 involving	 frontal	 and	 striatal	 regions.	 If	 excess	weight	 individuals	 show	a	

general	reward-processing	deficit,	then	these	disruptions	should	also	be	evident	during	

the	 processing	 of	 monetary	 reward.	 Finally,	 we	 predicted	 that	 these	 network-level	

functional	 connectivity	 disruptions	would	 be	 associated	with	 personality	measures	 of	

sensitivity	 to	 reward	 and	 general	 measures	 of	 clinical	 severity,	 such	 as	 BMI	 and	

adiposity.			

2.	Materials	and	Methods	

Participants	

Seventy-six	 healthy,	 right-handed	 adults,	 aged	 between	 25	 and	 45	 years	 old,	

participated	in	this	study.	They	were	classified	in	two	groups,	39	excess	weight	and	37	

controls,	based	in	their	Body	Mass	Index	(BMI).	The	groups	did	not	differ	significantly	in	

terms	 of	 age	 (t(1,74)	=	 -0.40,	 p	 =	 0.69),	 sex	 (t(1,74)	=	 -0.02,	 p	 =	 0.99),	 years	 of	 education	

(t(1,74	)	=	0.72,	p=0.47),	or	monthly	income	(t(1,74)	=	-0.63,	p	=	0.39).	

The	 inclusion	 criteria	 for	 participants	 were	 defined	 as	 follows:	 (i)	 BMI	 values	 falling	

within	 the	 intervals	 categorized	 as	 excess	 weight	 (BMI	 higher	 than	 25)	 or	 lean	 (BMI	

between	 19	 and	 25);	 (ii)	 absence	 of	 history	 or	 current	 evidence	 of	 neurological	 or	

psychiatric	 disorders	 or	medical	 comorbidities	 associated	with	 obesity	 (e.g.,	 diabetes,	

hypertension);	 (iii)	 absence	 of	 significant	 abnormalities	 on	 structural	 MRI	 or	 any	

contraindications	 to	 MRI	 scanning	 (including	 claustrophobia	 and	 implanted	
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ferromagnetic	objects).	All	participants	had	normal	or	corrected-to-normal	vision.	They	

were	recruited	through	media	advertisements	and	received	a	financial	compensation.	

The	study	was	approved	by	the	Human	Research	Ethics	Committee	of	the	University	of	

Granada	(Spain)	and	was	conducted	in	accordance	with	the	Declaration	of	Helsinki.	All	

participants	signed	an	informed	consent	form	certifying	their	voluntary	participation.	

Experimental	paradigm	

For	 the	 purpose	 of	 the	 study,	 each	 participant	 performed	 two	 tasks	 during	 the	 fMRI	

session,	a	 food-related	reward	 task	and	a	monetary	reward	 task.	To	assure	 that	every	

subject	 knew	 all	 the	 food	 stimuli,	 participants	 attended	 a	 tasting	 session	 two	 weeks	

before	scanning.	During	that	session	participants	were	allowed	to	try	18	different	foods.	

These	 products	 belonged	 to	 two	 groups	 based	 on	 their	 palatability:	 highly	 palatable	

food,	 including	 sweet	 and	 fatty	 food	 (e.g.,	 chocolate,	 cheese	 cake,	 hamburger)	 versus	

plain	 food	 (e.g.,	 yoghurt,	 omelet).	 These	 sessions	 were	 conducted	 at	 6:00	 pm,	 and	

participants	were	instructed	to	taste	each	of	the	foods	offered.	

fMRI	tasks	

Willingness	to	Pay	task	(WtP).	We	used	a	modified	version	of	the	Willingness	to	pay	task	

(Plassmann	 et	 al.	 2007).	 	 Participants	were	 presented	with	 a	 photo	 of	 each	 of	 the	 18	

previously	tasted	foods.	Each	stimulus	was	presented	once	for	two	seconds	followed	by	

a	four-second	response	period,	during	which	time	participants	answered	the	question:	

“How	much	would	you	pay	for	it?”	They	could	choose	between	four	monetary	options,	

ranging	 from	20	 cents	 to	10	 euros.	 Each	 selection	was	 followed	by	 a	 variable	 fixation	

period	 lasting	 between	 3	 and	 5	 seconds.	 Our	 goal	 in	 this	 task	 was	 to	 examine	 brain	



	 		
	

	 71	

activity	and	functional	connectivity	in	high	palatable	food	trials	compared	to	plain	food	

trials.		

Monetary	Incentive	Delay	task	(MID).	We	used	an	adaptation	of	 the	Monetary	Incentive	

Delay	 task	 (Nestor	 et	 al.	 2010),	 based	 on	 the	 original	 task	 of	 Knutson	 (Knutson	 et	 al.	

2000).	At	the	beginning	of	each	trial,	participants	were	shown	one	of	two	cues	indicating	

potential	winnings	or	no	 financial	outcome	at	 the	end	of	 the	 trial.	Cues	(green	or	blue	

square)	were	counterbalanced	across	participants,	and	the	incentive	value	of	each	trial	

was	signaled	by	means	of	the	number	of	horizontal	lines	crossing	the	green	square	(one	

line	for	0.2€,	two	for	1€	and	three	for	5€).	Each	cue	was	presented	for	a	fixed	duration,	

750msec.	 Subsequently,	 a	 cross-fixation	was	 shown	during	a	variable	period	of	3	 to	5	

sec,	and	after	this	interval	participants	had	to	perform	a	reaction-time	task:	respond	to	a	

white	 target	 star	 appearing	 for	 a	 variable	 length	 of	 time	 (150–450	ms)	with	 a	 button	

press.	 Then	 participants	 received	 feedback	 (hit/miss)	 about	 the	 accuracy	 of	 their	

response	for	750ms,	together	with	the	information	about	the	amount	of	money	won	in	

that	 trial	 (when	 adequate,	 e.g.,	 correct	 responses	 in	 reward	 cued	 trials)	 and	 their	

cumulative	 total	 at	 that	 point	 of	 the	 experiment.	 Finally,	 another	 fixation	 period	 (750	

ms)	was	 included	before	 the	next	 trial.	Therefore,	 total	 trial	duration	 ranged	between	

5700	 and	7000	ms.	 Participants	 performed	 the	 task	 in	 two	 sessions	 of	 48	 trials	 each,	

yielding	 a	 total	 of	 96	 trials.	 Imaging	 analyses	 examined	 brain	 activity	 changes	 during	

two	 events:	 (1)	 reward-anticipation,	which	 occurred	 between	 the	 presentation	 of	 the	

cue	and	the	response;	and	(2)	reward-feedback	period,	which	occurred	at	the	time	of	the	

feedback.		

Both	 tasks	 were	 administrated	 using	 Presentation	 software	 (version	 1.8;	

http://www.neurobs.com).	 Stimuli	 were	 presented	 through	 magnetic	 resonance-
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compatible	 liquid	 crystal	 display	 goggles	 (Resonance	 Technology	 Inc),	 and	 responses	

were	recorded	through	Evoke	Response	Pad	System	(Resonance	Technology	Inc).	

Outside	scanner	behavioral	measures	

Sensitivity	to	Reward	was	measured	with	The	Sensitivity	to	Punishment	and	Sensitivity	

to	 Reward	 Questionnaire	 (SPSRQ)	 (Torrubia	 et	 al.,	 2001).	 This	 questionnaire	 has	

demonstrated	internal	consistency,	construct	validity,	and	significant	associations	with	

reward	and	punishment	relevant	brain	systems	(Costumero	et	al.,	2013).	

Imaging	data	acquisition	and	preprocessing	

Participants	were	scanned	using	a	3T	Philips	Intera	Achieva	System.	T2*-weighted	echo-

planar	 imaging	 (EPI)	 sequences	 were	 acquired	 with	 the	 following	 parameters:	

repetition	time	(TR),	2000	ms;	echo	time	(TE),	35ms;	flip	angle,	90º;	field	of	view	(FOV),	

240	mm;	number	of	slices,	21,	voxel	dimension,	3	x	3	x	4	mm;	gap,	1mm.	Specifically,	we	

performed	 a	 149-volume	 scan	 session	 for	 the	 WtP	 task,	 and	 two	 216-volume	 scan	

sessions	for	the	MID	task.	Structural	images	were	obtained	as	an	isotropic	T1-weighted	

turbo-gradient-echo	sequence	in	the	sagittal	plane	(TR,	8.3ms;	TE,	3.8	ms;	flip	angle,	8º;	

FOV	240mm;	number	of	slices,	160;	voxel	dimension,	1	x	1	x	1	mm).			

Image	preprocessing	and	analysis	were	performed	using	Statistical	Parametric	Mapping	

(SPM8)	software	(Wellcome	Department	of	Cognitive	Neurology,	Institute	of	Neurology,	

Queen	Square,	London,	UK),	running	under	Matlab	R2009	(MathWorks).	Preprocessing	

steps	included	realignment	to	the	mean	image	of	the	time	series,	slice	timing	correction,	

normalization,	using	affine	and	smoothly	non-linear	transformations,	to	an	EPI	template	

in	 the	 Montreal	 Neurological	 Institute	 (MNI)	 space,	 and	 spatial	 smoothing	 by	
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convolution	with	a	3D	Gaussian	kernel	(full	width	at	half	maximum	(FWHM)	=	8	mm).	

Data	were	high-pass	filtered	to	remove	low-frequency	noise	(1/128	Hz)	and	corrected	

for	temporal	autocorrelation	using	an	autoregressive	AR	model.	

Statistical	analyses	

Behavioral	analyses.	Behavioral	data	were	analyzed	with	the	Statistical	Package	for	the	

Social	 Sciences	 version	 19	 (SPSS;	 Chicago,	 IL,	 USA).	 We	 conducted	 mixed-design	

ANOVAs	to	investigate	the	main	effect	of	group,	main	effect	of	task,	and	their	interaction.	

Specifically,	we	performed	a	2	(Group)	x	2	(Type	of	Food),	and	a	2	(Group)	x	4	(Type	of	

Cue)	ANOVAs	on	money	paid	and	response	time,	respectively.	

Task-related	activation	analyses.	General	linear	models	(GLM)	were	used	to	characterize	

task-evoked	 activation	 for	 each	 task	 separately.	 The	 task	 regressors	 were	 convolved	

with	 the	 SPM8	 canonical	 hemodynamic	 response	 function.	 Three	 contrasts	 of	 interest	

were	defined	to	investigate	task-related	activation	for	each	subject;	one	in	the	WtP	task	

and	two	in	the	monetary	reward	task.	The	WtP	contrast	tested	for	increased	activity	in	

High	 Palatable	 food	 trials	 compared	 to	 Plain	 Food	 trials.	 This	 contrast	 models	 brain	

processing	of	reward	associated	with	the	palatability	of	 food,	 the	specific	reinforcer	 in	

obesity.	Two	contrasts	were	used	to	model	brain	activity	during	the	monetary	task.	The	

first	examined	anticipation	of	monetary	reward,	as	modeled	by	a	linear	contrast	defined	

as:	 anticipation	 during	 high	 reward	 trials	 >Medium	 reward	 trial	 anticipation	 >	 low	

reward	trial	anticipation	>	no	outcome	trials.	The	second	contrast	examined	feedback-

related	 activation,	 and	 was	 modeled	 by	 comparing	 brain	 activity	 in	 win	 versus	 miss	

trials	of	the	MID	task.		
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Across	 both	 tasks,	 first-level	 contrast	 images	 were	 carried	 forward	 to	 second-level	

random-effects	group	analyses.	Whole-brain	one-sample	t-tests	were	conducted	to	map	

main	effects	of	 task	across	groups	 for	each	contrast,	 followed	by	two-sample	t-tests	 to	

assess	between-group	differences.	

The	 results	 were	 corrected	 for	 multiple	 comparisons	 with	 a	 combination	 of	 voxel	

intensity	and	cluster	extent	thresholds.	The	spatial	extent	threshold	was	determined	by	

1000	Monte	Carlo	simulations	using	AlphaSim	as	implemented	in	the	SPM	REST	toolbox	

(Song	 et	 al.,	 2011;	 Ward,	 2013).	 Input	 parameters	 included	 a	 brain	 mask	 of	 138884	

voxels,	 an	 individual	 voxel	 threshold	 probability	 of	 0.005,	 and	 a	 cluster	 connection	

radius	 of	 5	mm,	 considering	 the	 actual	 smoothness	 of	 data	 after	model	 estimation.	 A	

minimum	 cluster	 extent	 (KE)	 of	 343,	 293	 and	 495	 voxels	 for	 contrast	 1,	 2,	 and	 3	

respectively,	 was	 estimated	 to	 satisfy	 a	 family-wise	 corrected	 (FWE)	 p	 value	 of	 PFWE	

<0.05.	 Recent	 studies	 have	 pointed	 to	 the	 potential	 for	 false	 positives	 to	 arise	 when	

primary	 cluster-forming	 thresholds	 of	 p	>0.001	 are	used	 (Woo	et	 al.,	 2014).	Here,	we	

find	 no	 group	 differences	 at	 p	 <0.005,	 and	 the	 result	 holds	 for	 the	 more	 stringent	 p	

<0.001	threshold.	We	retain	the	more	lenient	p	<0.005	threshold	for	mapping	the	task-

related	networks,	as	this	results	in	a	more	inclusive	definition	of	network	nodes.	Using	

this	more	inclusive	definition	ensures	that	we	comprehensively	sample	the	networks	of	

interest.	 Note	 that	 our	 inclusion	 of	 more	 regions	 puts	 our	 hypothesis	 of	 localized	

changes	in	fronto-striatal	systems	to	a	more	stringent	test.			

Task-related	functional	connectivity	analysis		

Graph	 analysis	 (Bullmore	 and	 Sporns,	 2009,	 Rubinov	 and	 Sporns,	 2010)	was	 used	 to	

characterize	 brain	 functional	 connectivity	 during	 both	 tasks.	 Each	 brain	 network	was	
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modeled	 as	 a	 graph	 composed	 of	 N	 nodes	 connected	 by	M	 edges.	 Regions	 showing	

significant	activation	or	deactivation	in	the	one-sample	analyses	for	each	contrast	were	

selected	 as	 nodes	 for	 the	 functional	 connectivity	 analysis.	 All	 nodes,	 regardless	 of	 the	

activation	contrast	used	to	identify	them,	were	used	in	the	analyses	of	both	tasks.	In	this	

way,	we	were	able	to	examine	context-specific	changes	within	a	single,	reward-related	

network.	 ROIs	were	 then	 generated	 as	 4	mm	 spheres	 centered	 on	 the	 voxel	with	 the	

highest	 t	 score	 in	 each	 significant	 cluster.	 To	prevent	 overlap	between	nodes,	 regions	

whose	central	points	were	closer	than	8mm	in	Euclidean	space	were	identified	(n	=	60)	

and	a	new	node	was	created	with	a	centroid	that	was	equidistant	from	the	two	original	

foci.	 A	 total	 of	 126	nodes	were	defined	with	 this	method.	 Each	 region-of-interest	was	

masked	by	 the	 SPM	a	priori	 probability	 image	of	 grey	matter	 in	order	 to	weight	 each	

voxel	value	according	to	its	grey	matter	probability.		

Averaged	signal	 time	courses	 for	each	of	 the	126	nodes	were	extracted	 from	the	non-

smoothed	 images	 for	 both	 tasks.	 To	measure	 task-related	 functional	 connectivity,	 we	

used	 the	 correlational	 psychophysiological	 interaction	 (cPPI)	methodology	 (Fornito	 et	

al.,	 2012;	 http://www.nitrc.org/projects/cppi_toolbox).	 Separate	 analyses	 were	

conducted	 to	 investigate	 task-related	 functional	 connectivity	 in	 relation	 to	 (1)	 food-

related	 reward	 processing;	 (2)	 anticipation	 of	 monetary	 reward;	 and	 (3)	 receipt	 of	

monetary	reward.	For	each	analysis,	the	BOLD	signal	from	each	node	was	deconvolved	

(Gitelman	et	al,	2003),	multiplied	by	a	task	regressor	modeling	the	contrast	of	 interest	

[i.e.,	 (1)	 high	 palatable	 food	>	 plain	 food;	 (2)	 anticipation	 during	 high	 reward	 trials	 >	

medium	 reward	 trial	 anticipation	 >	 low	 reward	 trial	 anticipation	 >	 no	 outcome	 trials	

anticipation;	 and	 (3)	 win	 >	 miss	 trials],	 and	 then	 reconvolved	 with	 a	 canonical	

hemodynamic	 response	 function	 to	 generate	 a	 psychophysiological	 interaction	 (PPI)	



	 		
	

	 76	

term	that	quantified	 task-related	modulations	of	each	node’s	activity.	These	PPI	 terms	

were	 then	correlated	between	every	pair	of	 regions	while	partialling	 the	effects	of	 (1)	

the	 original	 task	 regressors;	 (2)	 the	 raw	 region	 time	 courses;	 (3)	 six	 head	 motion	

parameters	 (three	 rotation,	 three	 translation)	 and	 their	 first	 derivatives;	 and	 (4)	 ten	

principal	component	time	courses	that	captured	variance	related	to	physiological	noise	

and	residual	head	movement.	These	component	time	courses	were	estimated	using	the	

aCompCor	 method	 (Behzadi	 et	 al,	 2007).	 Briefly,	 this	 method	 involves	 generating	

subject–specific	tissue	probability	masks	of	white	matter	and	CSF	(thresholded	at	99%	

probability),	extracting	the	time-series	 from	each	voxel	 in	each	mask,	excluding	voxels	

with	time	courses	that	correlate	with	any	of	 the	task	regressors	(a	threshold	of	p	<0.2	

was	uses	 for	 this	 purpose),	 and	performing	 separate	 principal	 component	 analyses	 of	

the	remaining	white	matter	and	CSF	voxel	time	courses	(Muschelli	et	al,	2014).	The	first	

five	components	from	each	analysis	were	retained	as	noise	regressors.	

The	cPPI	analyses	resulted	in	three	N	×	N	functional	connectivity	matrices	(one	for	each	

contrast	 of	 interest)	 per	 subject,	 where	N	=	 126.	 Each	matrix	 represents	 task-related	

functional	connectivity	between	every	pair	of	nodes.	 In	 the	 food	reward	task,	a	higher	

correlation	indicated	that	two	regions	showed	strong	functional	connectivity	in	the	High	

palatable	 condition	 compared	 to	 the	 Plain	 food	 condition.	 In	 the	 monetary	 reward	

anticipation	 analysis,	 a	 higher	 correlation	 indicated	 stronger	 connectivity	 associated	

with	 the	 linear	 contrast	 High>Medium>Low>No	 Reward.	 In	 the	 monetary	 reward	

feedback	analysis,	a	higher	correlation	indicated	stronger	connectivity	in	win	compared	

to	miss	trials.	Functional	connectivity	was	measured	for	a	total	of	(N2-N)/2	=	7875	edges	

in	each	network,	separately	for	each	of	the	three	task	contrasts.	
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NBS	analyses	

We	used	the	network-based	statistic	(NBS)	to	test	for	group	differences	in	task-related	

functional	connectivity	in	a	data-driven,	regionally-unbiased	way	(Zalesky	et	al,	2010).	A	

separate	 analysis	was	 conducted	 for	 each	 task	 contrast.	 Briefly,	 the	NBS	 starts	with	 a	

mass	 univariate	 analysis,	 in	which	 statistical	 inference	 is	 performed	 independently	 at	

each	of	the	7875	connections	in	the	network.	In	this	case,	the	inferential	test	was	a	two-

tailed	t-test	of	the	difference	in	group	means	between	excess	weight	and	normal	weight	

individuals.	The	resulting	matrix	was	thresholded	at	p	<0.05,	uncorrected	The	sizes	(in	

terms	of	number	of	 edges)	of	 the	 connected	 components	of	 the	 remaining	network	of	

supra-thresholded	edges	were	then	computed,	where	connected	components	represent	

sets	 of	 nodes	 that	 can	be	 linked	by	 a	 set	 of	 supra-threshold	 edges.	Group	 labels	were	

then	permuted	and	the	analysis	was	repeated	to	generate	an	empirical	null	distribution	

of	maximal	 component	 sizes.	 A	 total	 of	 5000	 permutations	was	 used	 to	 generate	 this	

distribution.	Since	only	the	maximal	component	size	is	stored	at	each	permutation,	the	

resulting	 p-values	 for	 the	 observed	 sizes	 are	 familywise	 corrected	 at	 the	 component	

level	 (Nichols	 and	 Holmes,	 2002;	 Zalesky	 et	 al.	 2012).	 We	 retained	 as	 significant	 all	

components	surviving	a	threshold	of	p	<0.05,	component-wise	corrected.	

3.	Results	

Behavioral	Analyses	

We	found	a	significant	“Group	x	Type	of	food”	interaction	(F(1,74)	=	8.57,	p	=	0.005)	in	

the	WtP	task.	Within	and	between	group	comparisons	showed	that	excess	weight	group	

paid	less	money	for	plain	food	than	for	high	palatable	food	(t(38)	=	5.75	p	<0.001),	and	

less	money	 than	controls	 for	plain	 food	 (t(74)	=	2.24,	p	=	0.028).	Thus,	 excess	weight	
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individuals	showed	a	higher	valuation	of	palatable	food,	as	indicated	by	a	willingness	to	

pay	more	money	for	it	(Figure	1A).	

In	the	MID	task,	we	found	a	significant	effect	of	cue	type	across	groups	on	reaction	time	

(F(3,22)	=	48,18,	p	<0.001),	indicating	that	all	participants	made	faster	responses	when	

they	 had	 the	 opportunity	 to	 win	 more	 money	 (Figure	 1B).	 We	 found	 a	 trend-level	

interaction	between	Group	and	Type	of	 cue	 in	 the	 reaction	 time	 (F(3,222)	=	2.76,	p	=	

0.063)	(Figure	1B).	A	second	measure	to	assess	reward	sensitivity	in	the	MID	task	is	the	

slope	of	the	linear	regression	of	reaction	time	on	cue	type,	ordered	from	no	income,	to	

low,	 middle	 and	 high	 magnitude.	 Comparing	 this	 measure,	 we	 found	 significant	

differences	between	groups	(t(1,74)	=	2.136,	p	=	0.037),	suggesting	greater	responsivity	

to	reward	in	the	excess	weight	group	(Figure	1C).	

Figure	1.	Behavioral	differences	between	excess	and	normal	weight	individuals	during	

the	 willingness	 to	 pay	 and	 monetary	 incentive	 delay	 tasks.	 A.	 Average	 money	 paid	

during	the	WtP	task.	Errors	bars	represent	sample	standard	error.	B.	Average	response	

time	 for	each	cue	 type.	Both	groups	 showed	 the	 same	differences	as	a	 function	of	 cue	

type.	C.	Average	slope	of	the	linear	regression	equation	across	cue	type	in	the	MID	task.	

Errors	bars	represent	sample	standard	error.	*	p	<0.05;	**	p	<0.01.	

	



	 		
	

	 79	

Task-related	activation	

Across	 both	 groups	 and	 the	 three	 contrasts	 (i.e.,	 the	WtP	 task	 contrast	 between	 high	

palatable	 versus	 plain	 food	 and	 the	MID	 contrasts	 of	 anticipation	 and	 feedback),	 one-

sample	 t-tests	 showed	 significant	 activation	 in	 reward-related	 areas,	 including	 the	

striatum	and	the	prefrontal	cortex	(i.e.,	middle	and	lateral	orbitofrontal	gyri),	as	well	as	

in	the	precuneus	and	the	occipital	cortex.		

WtP	task.	Across	both	groups,	processing	of	highly	palatable	versus	plain	food	was	also	

associated	with	 increased	 activation	 of	 the	midbrain,	 insula,	 anterior	 cingulate	 cortex	

(ACC)	and	supramarginal	gyrus	(Figure	2A).	

MID	 task.	 During	 anticipation	 of	 monetary	 reward,	 participants	 across	 both	 groups	

activated	striatal	areas,	as	well	as	the	midbrain,	insula,	ACC,	supplementary	motor	area	

(SMA),	 precentral	 and	 postcentral	 gyri,	 thalamus,	 cerebellum	 and	 hippocampus.	 They	

also	showed	significant	deactivations	of	the	angular	gyrus	and	posterior	cingulate	cortex	

(PCC)	(Figure	2B).	

During	 feedback	 (i.e.,	 win	 trials	 versus	 miss	 trials),	 participants	 showed	 significant	

activation	 of	 the	 same	 striatal	 regions	 and	 the	 thalamus,	 fusiform	 and	 supramarginal	

gyri,	hippocampus	and	PCC.	Significant	deactivation	of	the	bilateral	anterior	insula	was	

also	observed	(Figure	2C).	

There	 were	 no	 significant	 between-groups	 differences	 in	 regional	 activation	 for	 any	

contrast	at	the	selected	threshold.	
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Figure	2:	Task-related	activation	during	the	willingness	to	pay	(A)	and	anticipatory	(B)	

and	feedback	(C)	contrasts	of	the	monetary	incentive	delay	tasks.	The	color	bar	indicates	

t-value.	 Left	 hemisphere	 is	 displayed	 on	 the	 left.	D.	 Spatial	 localization	 of	 the	 nodes.	

Color	 node	 reflects	 anatomical	 divisions	 [i.e.,	 Frontal	 (red),	 Insula	 (green),	 Striatum	

(dark	blue),	Thalamus	(light	blue),	Temporal	(grey),	Parietal	(purple),	Occipital	(yellow)	

and	Cerebellum	(black)].		Left	hemisphere	is	displayed	on	the	left.	

	

	

	

Functional	connectivity	

WtP	 task.	 The	 excess	 weight	 group	 showed	 a	 significant	 reduction	 of	 functional	

connectivity	 in	 the	 WtP	 task	 compared	 to	 controls.	 The	 network	 showing	 reduced	

functional	connectivity	comprised	544	edges	and	125	nodes	(p	=	0.025,	component-wise	

corrected).	 To	 better	 understand	 the	 anatomical	 distribution	 of	 this	 network,	 we	

categorized	 nodes	 into	 eight	 categories	 according	 to	 their	 anatomical	 designation:	
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frontal,	 insula,	 striatum,	 thalamus,	 temporal	 &	 hippocampus,	 parietal,	 occipital	 and	

cerebellum.	We	 found	that	more	 than	half	of	 the	connections	 in	 this	network	 involved	

frontal	cortex	(50.55%).	Most	of	these	edges	linked	the	frontal	cortex	with	the	striatum	

(13%)	or	 the	 frontal	 cortex	with	 the	parietal	 cortex	 (12%).	Fronto-insular	 (8.6%)	and	

fronto-frontal	 connections	 (8.3%)	 were	 also	 frequently	 implicated	 in	 this	 network	

(Figure	3A).	We	identified	no	subnetworks	 in	which	excess	weight	 individuals	showed	

significantly	increased	functional	connectivity	during	the	WtP	task.	

MID	 task.	 During	 the	 MID	 task,	 the	 excess	 weight	 group	 showed	 a	 significant	

enhancement	of	 functional	connectivity,	during	both	the	anticipation	and	the	 feedback	

conditions,	compared	to	controls.	This	pattern	stood	in	stark	contrast	 to	the	WtP	task,	

where	 the	 excess	 weight	 group	 only	 showed	 evidence	 of	 reduced	 functional	

connectivity.	

During	reward-anticipation,	one	component,	comprising	532	edges	and	126	nodes	(p	=	

0.03,	component-wise	corrected),	showed	significantly	increased	functional	connectivity	

in	 excess	weight	 individuals.	 This	 network	 largely	 involved	 frontal	 and	parietal	 areas,	

with	 10%	 of	 connections	 being	 fronto-parietal,	 7.5%	 parieto-occipital,	 7.1%	

intraparietal	and	7%	fronto-striatal	(Figure	3B).	During	reward-feedback,	a	component	

comprising	 547	 edges	 and	 125	nodes	 (p	=	 0.005,	 component-wise	 corrected)	 showed	

significantly	 increased	 functional	 connectivity	 in	 excess	 weight	 participants.	 This	

network	predominantly	 involved	 frontal,	 striatal	 and	parietal	 areas:	11%	of	 the	edges	

were	parieto-striatal,	9	%	fronto-striatal,	8%	parieto-occipital	and	7.5%	fronto-occipital	

(Figure	3C).	
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Figure	 3:	 Functional	 connectivity	 disruption	 during	 willingness	 to	 pay	 (A)	 and	

anticipatory	 (B)	 and	 feedback	 (C)	 contrasts	 of	 the	 monetary	 incentive	 delay	 tasks.	

Tables	 showed	 the	 distribution	 of	 edges	 based	 to	 the	 anatomical	 division	 they	

connected.	 Connectograms	 (below)	 showed	 disrupted	 connections	 for	 each	 network.	

Regions	of	interest	are	grouped	according	to	anatomical	divisions	[i.e.,	FR,	frontal	(red),	

IN,	 insula	 (green),	 ST,	 striatum	 (dark	 blue),	 TH,	 thalamus	 (light	 blue),	 TE,	 temporal	

(grey),	PA,	parietal	(purple),	OC,	occipital	(yellow)	and	CE,	cerebellum	(black)].			

	

	

	

	

Consistency	across	task	conditions	

To	examine	whether	there	was	a	common	dysfunctional	network	across	task	conditions,	

we	 computed	 the	 overlap	 in	 the	 binary	 topology	 of	 the	 three	 condition-specific	

dysfunctional	networks	 identified	 in	excess	weight	 individuals.	For	each	 task	contrast,	

we	 took	 the	 sub-network	 showing	 a	 significant	 difference	 between	 groups.	 We	 then	
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computed	the	size	of	the	intersection	(in	terms	of	number	of	edges)	between	(1)	the	two	

MID	conditions	(anticipation	and	feedback);	and	(2)	all	three	conditions	(i.e.,	monetary	

anticipation,	monetary	 feedback	and	 food	related	reward).	The	 first	analysis	sought	 to	

identify	a	core	dysfunctional	network	associated	with	processing	monetary	reward.	The	

second	sought	to	identify	a	core	dysfunctional	network	associated	with	both	monetary	

and	food	reward.		

To	 test	 whether	 the	 overlap	 was	 significantly	 different	 to	 chance	 expectations,	 we	

generated	randomized	surrogates	for	each	of	the	three	dysfunctional	networks	using	an	

established	 rewiring	 algorithm	 that	 preserves	 the	 same	 number	 of	 nodes,	 edges	 and	

degree	distribution	of	 the	original	networks,	but	which	randomizes	 the	network	 in	all	

other	 respects	 (Maslov-Sneppen).	 We	 generated	 5000	 such	 networks	 for	 each	 of	 the	

three	empirical	networks	and	computed	the	size	of	the	intersection	at	each	of	the	5000	

iterations	to	generate	empirical	null	distributions	of	network	overlap.		

We	 found	 that	 the	 dysfunctional	 networks	 identified	 during	 MID	 anticipation	 and	

feedback	showed	a	statistically	significant	degree	of	overlap,	sharing	112	edges	in	which	

task-related	 functional	 connectivity	 was	 increased	 in	 excess	 weight	 individuals	 (p	

<0.001).	Most	of	these	edges	were	parieto-occipital	(14%),	 fronto-occipital	(8.9%)	and	

fronto-striatal	 (8.9%).	 This	 network	 thus	 comprises	 a	 core	 dysfunctional	 network	 for	

the	processing	of	monetary	reward	in	excess	weight	people.		

In	a	second	analysis,	we	examined	the	consistency	between	the	dysfunctional	network	

identified	in	the	WtP	task	and	the	anticipation	and	feedback	conditions	of	the	MID	task.	

The	degree	of	overlap	between	 the	dysfunctional	monetary	 feedback	and	 food	reward	

networks	was	significantly	less	than	expected	by	chance	(20	edges,	p	<0.005).	A	similar	

trend	 was	 observed	 for	 the	 overlap	 between	 the	 food	 and	 monetary	 anticipation	
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networks	 (24	 edges,	 p	 =	 0.055).	 These	 findings	 suggest	 that	 abnormal	 processing	 of	

monetary	 and	 food-related	 rewards	 in	 excess	 weight	 individuals	 is	 related	 to	

dysfunction	in	spatially	and	topologically	segregated	neural	systems.	

Correlations	with	task	performance,	clinical	and	personality	measures.	

We	 next	 examined	 how	 individual	 variations	 in	 functional	 connectivity	 with	 the	

dysfunctional	 networks	 identified	 for	 each	 task	 condition	 relate	 to	 task	 performance,	

clinical	 and	 personality	 measures.	 To	 this	 end,	 we	 computed	 the	 first	 principal	

component	 of	 functional	 connectivity	 measures	 across	 the	 edges	 comprising	 the	

dysfunctional	network	identified	in	each	task	condition	and	correlated	each	individual’s	

component	 score	 with	 outcome	measures:	 behavioral	 performance	 in	 the	 tasks,	 BMI,	

body-fat	percentage	and	sensitivity	to	reward.	For	the	WtP	task,	the	first	PC	accounted	

for	 7.16%	of	 the	 variance;	 for	 anticipation	 it	 accounted	 for	 7.60%	and	 for	 feedback	 it	

accounted	for	7.73%.		

Correlation	with	task	performance	

We	 found	 a	 significant	 negative	 correlation	 between	 functional	 connectivity	 of	 the	

dysfunctional	network	during	the	WtP	task	and	the	difference	score	of	money	paid	for	

high	 palatable	 versus	 plain	 food	 (r	 =	 -0.266,	 p	 =	 0.020)	 (Figure	 4A).	 That	 is,	 lower	

functional	connectivity	was	associated	with	a	lower	valuation	of	plain	food.		

We	also	found	a	significant	negative	correlation	between	functional	connectivity	of	the	

dysfunctional	 network	 during	 the	 MID	 contrast	 of	 anticipation	 to	 reward	 and	 the	

measure	 of	 reaction	 time	 change	 across	 reward	 magnitudes	 (r	 =	 -0.269,	 p	 =	 0.020)	

(Figure	 4B).	 According	 to	 the	 negative	 sign	 of	 the	 slope	 of	 the	 linear	 regression	 of	
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reaction	 time	 on	 cue	 type,	 this	 negative	 correlation	 indicates	 that	 higher	 functional	

connectivity	 during	 monetary	 reward	 anticipation	 was	 associated	 with	 greater	

behavioral	 sensitivity	 to	 reward	 magnitude.	 These	 correlations	 did	 not	 survive	

Bonferroni	 correction	 for	 twelve	 comparisons	 (α	 =	 0.05/12	 =	 0.004).	 These	 findings	

establish	 the	 behavioral	 relevance	 of	 the	 dysfunctional	 task-related	 functional	

connectivity	networks	identified	in	the	group	comparisons.	

Correlations	with	clinical	and	personality	measures.	

There	was	a	strong	correlation	between	functional	connectivity	in	the	dysfunctional	WtP	

network	and	BMI	 (r	=	 -0.77,	p	<0.001)	The	correlation	 indicates	 that	 lower	 functional	

connectivity	 during	 this	 task	 was	 associated	 with	 higher	 BMI.	 A	 similar	 strong	

correlation	 was	 found	 with	 body-fat	 percentage	 (r	 =	 -0.53,	 p	 <0.001).	 The	 two	

dysfunctional	 MID	 networks	 also	 showed	 significant	 correlations	 with	 BMI	 and	 fat	

percentage:	r	=	0.80	and	r	=	0.49,	p	<0.001	in	the	anticipatory	monetary	contrast	and	r	=	

0.76	and	r	=	0.47,	p	<0.001,	in	the	feedback	related	contrast	(Figure	4C).	Each	of	these	

results	survived	Bonferroni	correction	for	12	comparisons	(alpha	=	0.004).		

We	 also	 performed	 partial	 correlations	 in	 which	 functional	 connectivity	 in	 the	

dysfunctional	 WtP	 network	 was	 correlated	 with	 BMI	 while	 controlling	 for	 functional	

connectivity	in	the	dysfunctional	MID	networks.	This	analysis	still	revealed	a	significant	

negative	 correlation	 (r	 =	 -0.304,	 p<0.013).	 Similarly,	 the	 positive	 correlation	 between	

functional	 connectivity	 of	 the	 dysfunctional	 MID	 anticipation	 network	 and	 BMI	

remained	 significant	when	 controlling	 for	 the	WtP	network	 (r=0.368,	p=0.002).	These	

results	indicate	that	brain	networks	that	are	dysfunctional	in	excess	weight	individuals	
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during	 the	 processing	 of	 food	 and	 money	 reward	 are	 independently	 associated	 with	

BMI.		

Figure	 4.	 Altered	 networks	 in	 excess	 weight	 individuals	 correlate	 with	 task	

performance	and	BMI.	A.	Correlation	between	WtP	network	dysfunction	and	food	value-

difference	measured	as	money	paid	for	high	palatable	food	minus	money	paid	for	plain	

food.	Higher	values	 reflect	 lower	valuation	of	plain	 food	 compared	 to	highly	palatable	

food.	B.	Correlation	between	MID	network	dysfunction	and	reactivity	to	monetary	cues	

measured	as	the	slope	of	the	regression	of	response	time	across	the	reward	cues.	Lower	

values	 reflect	 higher	 sensitivity	 to	 reward	 amount.	 C.	 Correlations	 between	 altered	

networks	and	BMI.	
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4.	Discussion	

Reward	processing	is	a	primary	driver	of	the	dietary	choices	that	lead	to	excess	weight	

and	obesity.	A	core	set	of	regions	in	the	striatum,	the	prefrontal	cortex,	and	the	midbrain	

are	known	to	support	the	generic	processing	of	different	types	of	rewards,	whether	they	

be	monetary,	 food-related,	erotic,	and	so	on.	However,	 it	 is	yet	unclear	 if	difficulties	 in	

reward	 processing	 among	 excess	weight	 individuals	 are	 (a)	 specific	 to	 the	 context	 of	

food	 or	 generalize	 to	 other	 domains;	 and	 (b)	 are	 associated	 with	 dysfunction	 in	 a	

specific	neural	 systems	or	a	domain-general	 reward	processing	network.	 In	 this	 study	

we	 used	 a	 data-driven,	 connectome-wide	 analysis	 to	 map	 neural	 systems	 showing	

altered	functional	connectivity	in	excess	weight	individuals	during	the	processing	of	two	

distinct	 types	 of	 reward:	 food-related	 and	 monetary	 (including	 the	 anticipation	 and	

receipt	of	money).	We	found	consistent	evidence	for	involvement	of	frontal,	striatal	and	

parietal	 areas	 across	 tasks;	 however,	 the	 specific	 neural	 systems	 identified	 as	

dysfunctional	 in	 the	 food	 and	 monetary	 contexts	 were	 different.	 Specifically,	 excess	

weight	 individuals	 showed	 reduced	 functional	 connectivity	 and	 impaired	 valuation	 of	

rewards	during	food	processing,	and	increased	functional	brain	connectivity	and	higher	

behavioral	 sensitivity	 to	 monetary	 rewards.	 The	 specific	 set	 of	 brain	 functional	

interactions	that	were	altered	in	these	conditions	showed	statistical	evidence	of	spatial	

and	topological	segregation.	During	both	food-related	and	monetary	reward	processing,	

network-level	 functional	 connectivity	 correlated	 with	 task	 performance	 and	 physical	

measures	of	weight	 (i.e.,	BMI	and	adiposity),	providing	a	direct	 link	 to	altered	 reward	

valuation	and	physical	size.		

Functional	 connections	 showing	 reduced	 coupling	 during	 the	WtP	 food	 task	 in	 excess	

weight	 individuals	 predominantly	 linked	 frontal	 lobe	 nodes,	which	 play	 an	 important	
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role	 in	 self-regulation	 (Rangel,	 2013),	 with	 striatal	 regions	 involved	 in	 stimulus	

valuation	 (Montague	 et	 al.,	 2002),	 parietal	 regions	 implicated	 in	 attentional	 control	

(Hopfinger	 et	 al.,	 2000),	 and	 insula	 regions	 relevant	 to	 interoception	 (Craig,	 2009).	

These	 results	 are	 consistent	 with	 a	 previous	 study	 that	 found	 reduced	 frontal	 cortex	

related	 functional	 connectivity	 in	 obese	 individuals	 during	 passive	 viewing	 of	 high	

palatable	food	images	(García-García	et	al.,	2013).	Two	recent	studies	have	also	reported	

altered	white	matter	microstructure	 in	 fiber	 pathways	 linking	 frontal	 and	 subcortical	

areas	 in	 excess	 weight	 adults	 (Marqués-Iturra	 et	 al.,	 2015;	 Kullmann	 et	 al.,	 2015).	

Frontal	areas	play	a	crucial	role	in	dietary	choices.	These	areas	code	the	relative	value	of	

food	reward	according	 to	palatability,	while	also	 supporting	behavior	 to	achieve	 long-

terms	goal	 (Rangel,	2013).	Reduced	 functional	connectivity	between	the	 frontal	cortex	

and	reward-related	regions	has	been	associated	with	failure	of	top-down	regulation	of	

behavioral	 control	 (Motzkin	 et	 al,	 2014).	 	 This	deficit	 has	 also	 shown	 to	 contribute	 to	

explain	 dietary	 choices	 in	 obesity	 (Rangel,	 2013).	 This	 conclusion	 is	 consistent	 with	

several	 studies	 that	 report	 difficulties	 in	 cognitive	 control	 and	 executive	 functions	 in	

obesity	 (Fitzpatrick	 et	 al.,	 2013).	 Modelling	 effective	 connectivity	 (e.g.,	 Friston	 et	 al.	

2003)	within	 fronto-striatal	 systems	may	 provide	 a	 useful	 test	 of	 the	 hypothesis	 that	

these	 circuit-level	 abnormalities	 are	 caused	 by	 deficient	 top-down	 signaling	 from	 the	

prefrontal	cortex.	

In	 the	 MID	 task,	 individuals	 with	 excess	 weight	 displayed	 enhanced	 functional	

connectivity	in	a	similar	network	across	reward-anticipation	and	reward-feedback.	This	

network	 involves	 mainly	 parieto-occipital,	 fronto-occipital	 and	 fronto-striatal	

connections.	 Previous	 resting-state	neuroimaging	 studies	 had	demonstrated	 enhanced	

resting-state	functional	connectivity	in	individuals	with	obesity	(Dunnelink	et	al.	2008;	
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Kullmann	 et	 al.,	 2012;	 Black	 et	 al.,	 2014;	 Lips	 et	 al.,	 2014;	Wijngaarden	 et	 al.,	 2015).	

Therefore,	in	obese	people	the	pattern	of	functional	brain	connectivity	during	monetary	

reward	 resembles	 the	 tonic	 hyper-connectivity	 observed	 in	 resting-state	 studies.	

Fronto-occipital	 networks	 are	 involved	 in	 rapid	 feed-forward	 propagation	 of	 visual	

inputs	and	direct	top-down	modulation	of	early	visual	processing	(Forkel	et	al.,	2014).	

Parieto-occipital	 connections	 have	 also	 been	 implicated	 in	 the	 orientation	 and	

maintenance	of	visual	 attention	 (Foxe	et	 al,	 1998).	The	 specific	 involvement	of	 visual-

attentional	 and	 goal-directed	 networks,	 and	 the	 positive	 correlation	 between	 these	

networks	and	sensitivity	to	reward	in	our	analysis,	suggests	that	obese	individuals	are	

sensitive	 to	 monetary	 cues.	 Future	 studies	 should	 explore	 the	 extent	 to	 which	 these	

networks	predict	dietary	choices	driven	by	monetary	value,	such	as	“meal	deal	choices”.		

The	non-significant	overlap	between	the	dysfunctional	reward-processing	networks,	as	

well	 as	 our	 partial	 correlation	 analyses,	 indicate	 that	 different	 neural	 systems	

independently	correlate	with	excess	weight.	Reduced	functional	connectivity	in	frontal-

striatal	networks	during	processing	of	 food-related	stimuli	may	relate	to	weakening	of	

self-regulation	skills	needed	to	control	high-calorie	food	choices	(Hollmann	et	al.,	2012).	

Money-related	 hyper-connectivity	 in	 visual-attentional	 networks	 may	 relate	 to	

excessive	weight	via	special	attention	to	the	financial	value	of	cheap	high-calorie	foods,	

which	 is	 linked	 to	 cues	 of	 food	 chains	 and	meal	 deals.	 For	 example,	 Bruce	 et	 al.	 have	

shown	parietal	hyper-activation	in	response	to	fast	 food	chains’	branding	logos	(Bruce	

et	al.,	2014).	Noteworthy,	our	findings	are	correlational	and	hence	it	is	also	possible	that	

being	overweight	changes	brain	 functional	connectivity.	Further	studies	are	needed	 to	

better	 understand	 the	 relationship	 between	 these	 separate	 network	 alterations	 and	

clinical	 and	 societal	 outcomes	 relevant	 to	 obesity.	 Ultimately,	 different	 therapeutic	
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approaches	may	be	needed	to	tackle	excess	weight	problems,	one	to	strengthen	frontal-

striatal	FC	 in	response	 to	 food	stimuli,	and	a	different	one	 to	decrease	 fronto-parietal-

occipital	FC	in	relation	to	monetary	reward	processing.	

We	 did	 not	 find	 significant	 group	 differences	 in	 brain	 activation	 in	 any	 of	 the	 three	

contrasts.	These	results	suggest	that	reward	processing	in	excess	weight	 individuals	 is	

primarily	driven	by	dysfunction	of	anatomically	distributed	neural	systems,	rather	than	

isolated	dysfunction	of	one	or	a	few	brain	regions.	Other	studies	have	reported	regional	

activation	 differences	 between	 obese	 individuals	 and	 normal	 weight	 controls	 during	

processing	of	highly	palatable	 food	(Rothemund	et	al.	2007;	Stoeckel	et	al.,	2008),	but	

there	 are	 few	 studies	 in	 overweight	 individuals.	Most	 of	 the	 existing	 studies	 included	

participants	 with	 severe	 presentations	 of	 obesity	 (BMI>35)	 and	 other	 medical	

conditions	and	eating	disorders	(i.e.,	binge	eating	disorder),	whereas	our	sample	is	free	

of	medical	conditions	and	mental	health	disorders,	and	spans	the	whole	excess	weight	

spectrum,	 including	 overweight	 (BMI	 25-30)	 and	 obese	 (BMI>30)	 participants.	 In	

addition,	 we	 conducted	 regionally-unbiased,	 whole-brain	 analyses,	 whereas	 many	

previous	studies	have	focused	on	a	priori	regions	of	interest.		

In	 summary,	 specific	 functional	 connectivity	 disruption	 was	 found	 in	 excess	 weight	

individuals	 in	 response	 to	 food	and	money.	 Specifically,	 an	enhancement	 in	 functional	

connectivity	in	a	common	network	was	found	during	both	anticipation	and	reception	of	

a	monetary	reward,	whereas	a	reduction	in	functional	connectivity	was	related	to	food	

reward.	Our	results	are	consistent	with	behavioral	impaired	valuation	of	both	rewards	

and	 suggest	 a	 failure	on	 regulation	of	 dietary	 choice	 and	 food	behavior.	These	 results	

provide	evidence	of	a	general	disruption	of	reward	processing	in	excess	weight	adults,	
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but	specific	therapeutic	approaches	may	be	required	to	address	specific	aspects	of	this	

disruption	when	tackling	the	obesity	epidemic.	
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Capítulo	6.	

DYSFUNCTIONAL	INVOLVEMENT	OF	EMOTION	AND	REWARD	BRAIN	REGIONS	ON	

SOCIAL	DECISION	MAKING	IN	EXCESS	WEIGHT	ADOLESCENTS	

Antonio	Verdejo-García,	 Juan	Verdejo-Román,	 Jacqueline	S.	Rio-Valle,	 Juan	A.	Lacomba,	

Francisco	M.	Lagos,	Carles	 Soriano-Mas.	 (2014)	Dysfunctional	 involvement	of	 emotion	

and	 reward	 brain	 regions	 on	 social	 decision	 making	 in	 excess	 weight	 adolescents.	

Human	Brain	Mapping,	36	(1),	226-237.	
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1.	Introduction	

Adolescent	obesity	is	a	major	public	health	problem	that	has	rapidly	attained	epidemic	

levels	 (Gee	 et	 al.	 2013;	 Ji,	 2008;	 Rudolf	 et	 al.	 2004;	 Strauss	 and	 Pollack,	 2001).	

Neuroscience	 models	 posit	 that	 major	 societal	 changes	 have	 transferred	 the	 obesity	

problem	 to	 the	 decision-making	 field:	 in	 plentiful	 environments,	 decision-making	 is	

essential	 to	 prioritize	 what	 to	 eat	 (i.e.	 healthy-wise	 vs.	 rewarding	 unhealthy	 food)	

(Zheng	and	Berthoud,	2007).	In	fitting	with	this	notion,	we	have	shown	that	adolescents	

with	 excess	 weight	 have	 decreased	 activation	 of	 risk-sensitive	 brain	 regions	 and	

increased	activation	of	reward-signaling	brain	regions	during	decisions	about	small	safe	

rewards	 vs.	 high	 risky	 gains	 (Delgado-Rico	 et	 al.	 2013).	 However,	 the	 relevance	 of	

decision-making	 to	 adolescent	 obesity	 goes	 beyond	 factoring	 personal	 rewards,	 and	

extends	 to	 the	 social	 evaluative	 domain.	 Adolescents	 with	 excess	 weight	 suffer	

significantly	 more	 peer	 bullying,	 marginalization	 and	 social	 isolation	 (Ludwig,	 2007;	

Strauss	and	Pollack,	2003).	These	negative	social	experiences	are	the	main	predictor	of	

poor	psychosocial	adjustment	 in	children	and	adolescents	with	obesity	(Gunnarsdottir	

et	 al.,	 2012).	 Moreover,	 social	 stress	 is	 known	 to	 decrease	 prosocial	 choices	 in	

adolescents	(Youssef	et	al.	2012),	and	preclinical	studies	 indicate	 that	 this	detrimental	

impact	 is	mediated	by	neuroadaptations	 in	prefrontal	and	 limbic	regions	(Barendse	et	

al.	2013;	McEwen,	2007).	Therefore,	excess	weight	adolescents	are	likely	to	experience	

social	 stress	 and	 social	 decision-making	 deficits,	which	 should	manifest	 in	 prefrontal-

limbic	neuroadaptations.		

The	Ultimatum	Game	 (UG)	 is	 a	 social	 decision-making	 task	 in	which	 two	 parties	 (the	

proposer	and	the	respondent)	negotiate	how	to	share	a	specified	amount	of	money.	The	

proposer	 makes	 the	 offer	 (sharing	 around	 15%,	 25%	 or	 50%	 of	 the	 stake)	 and	 the	
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respondent	chooses	to	either	accept,	in	which	case	the	money	is	split	the	way	is	offered,	

or	reject,	in	which	case	none	of	the	parties	get	any	money.	Set	this	way,	the	task	raises	a	

conflict	 between	 the	 cognitive	 choice	 (accepting	 the	offer,	 getting	 the	money)	 and	 the	

emotional	 response	 to	 unfairness	 (unfair	 offers	 elicit	 negative	 affect	 and	 increase	

rejection)	(van’t	Wout	et	al.	2006).	The	 typical	neural	network	activated	during	unfair	

vs.	 fair	 offers	 involve	 the	 anterior	 insula,	 the	 dorsolateral	 prefrontal	 cortex	 and	 the	

anterior	 cingulate	 cortex,	 purportedly	 involved	 in	 perception	 of	 unfairness,	 cognitive	

evaluation	 and	 conflict	 between	 emotion	 and	 cognition	 respectively	 (King-Casas	 et	 al.	

2008;	Knoch	et	al.	2006;	Sanfey	et	al.	2003).	Moreover,	brain	regions	involved	in	reward	

prediction	 and	 emotional	 learning	 further	 contribute	 to	 subjective	 feelings	 about	 the	

offers	 and	 behavioral	 decisions	 to	 accept/reject	 (Gospic	 et	 al.	 2011;	 Hollmann	 et	 al.	

2011).	Therefore,	the	UG	poses	an	interpersonal	decision-making	conflict	in	which	brain	

regions	typically	involved	in	emotion	and	reward	processing	come	into	play	in	the	social	

domain	 (Xiang	 et	 al.	 2013).	 Further,	 the	 degree	 of	 engagement	 of	 this	 circuitry	 in	

response	to	unfair	offers	might	be	sensitive	to	psychological	characteristics	of	the	excess	

weight	 population	 that	 are	 disadvantageous	 in	 the	 social	 domain.	 Specifically,	 obesity	

has	 been	 associated	with	 high	maturity	 fears,	which	 reflects	 the	 anxiety	 of	 facing	 the	

social-evaluative	demands	of	adult	life	(Garner,	1994).	These	fears	are	the	most	potent	

determinant	of	social	maturation	during	adolescence	(Westenberg	et	al.,	2004).	Further	

obese	 populations	 typically	 display	 low	 sensitivity	 to	 reward	 and	 high	 sensitivity	 to	

punishment	(Davis,	2009),	which	are	known	to	impact	social	function	specifically	during	

adolescence	(Harms	et	al.,	2014).	

In	 this	 study	we	 aimed	 at	mapping	 the	 activation	 of	 the	 social	 decision-making	 brain	

circuitry	 as	 measured	 by	 the	 UG	 in	 adolescents	 with	 excess	 vs.	 normal	 weight	 and	
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examining	the	association	between	separate	patterns	of	activation	(in	excess	vs.	normal	

weight	 groups)	 and	 psychological	 traits	 including	 reward	 sensitivity	 and	 disordered	

eating	 features	that	are	central	 to	obesity	and	social	decision-making	behavior.	On	the	

basis	 of	 previous	 evidence,	we	 expect	 that	 excess	weight	 adolescents	 display	 blunted	

activation	 of	 regions	 involved	 in	 social	 decisions	 (i.e.,	 anterior	 cingulate,	 insula)	 and	

social	rewards	(i.e.,	striatum,	amygdala),	and	that	these	separate	patterns	correlate	with	

reward	sensitivity,	obesity	related	traits,	and	behavioral	decisions	of	accept/reject.	

2.	Materials	and	Methods	

Participants	

Eighty	 adolescents	 aged	 between	 12	 and	 18	 years-old	 participated	 in	 the	 study.	 They	

were	classified	in	two	groups	(Normal	weight	[n	=	44]	and	Excess	weight	[n	=	36])	based	

on	their	age	adjusted	body	mass	index	(BMI)	percentile	(Cole	and	Lobstein,	2012).	The	

classification	of	 the	 two	groups	was	conducted	 in	alignment	with	 the	guidelines	of	 the	

International	 Obesity	 Task	 Force	 and	 the	 Centers	 for	 Disease	 Control	 and	 Prevention:	

Normal	weight	participants	had	age	adjusted	BMI	percentiles	in	the	range	between	the	

5th	 and	 the	 84th	 percentile,	 and	 excess	 weight	 participants	 had	 age	 adjusted	 BMI	

percentiles	 ≥ 85	 (see	 Table	 I).	 Participants’	 socio-demographic	 characteristics,	 BMI,	

percentage	 fat	and	blood-count	based	biochemical	parameters	are	as	well	displayed	 in	

Table	I.		
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Table	 I:	 Demographic	 and	 body	 characteristic,	 scores	 from	 SPSRQ	 and	 EDI-2	 and	

behavioral	performance	during	the	UG	inside	the	scanner.	

	 Normal	weight		
(n	=	44)		

Excess	weight		
(n	=	36)		 p-value	

Demographic	variables	 	 	 	
		Age	 15.32	(1.69)	 15.06	(1.88)	 0.514	
		Gender	(male/female)	 19	/	25	 12	/	24	 0.375	
		BMI	 20.96	(2.31)	 29.11	(3.90)	 <0.001	
		Range	of	BMI	Percentile	 9-84	 85-97	 	
		Fat	(%)	 18.49	(33.89)	 33.89	(8.33)	 <0.001	
Biochemical	parameters	 	 	 	
		Insulin	 33.61	(37.78)	 40.26(50.91)	 0.548	
		Basal	glucose	 90.61	(10.42)	 90.85	(7.85)	 0.910	
		Triglycerides	 66.70	(28.63)	 83.11	(35.02)	 0.025	
		HDL	 59.04	(14.86)	 55.38	(12.90)	 0.253	
		Total	cholesterol	 150.23	(24.52)	 163.86(29.77)	 0.029	
Sensitivity	to	punishment	and	reward	 	 	 	
		Sensitivity	to	Punishment	 10.52	(5.15)	 10.39	(5.03)	 0.907	
		Sensitivity	to	Reward	 11.84	(4.15)	 9.78	(3.50)	 0.020		
Eating	Disorders	Scales	 	 	 	
		Drive	for	Thinness	 3.00	(4.27)	 7.63	(5.81)	 <0.001	
		Bulimia	 1.33	(2.18)	 1.16	(1.76)	 0.716	
		Body	Dissatisfaction	 5.50	(5.97)	 12.25	(7.32)	 <0.001	
		Ineffectiveness	 3.22	(3.53)	 3.34	(3.82)	 0.892	
		Perfectionism	 5.25	(4.10)	 5.44	(3.50)	 0.841	
		Interpersonal	Distrust	 3.56	(3.00)	 2.50	(2.75)	 0.137	
		Interoceptive	Awareness	 4.17	(3.92)	 4.09	(3.60)	 0.937	
		Maturity	Fears	 5.50	(2.81)	 8.31	(4.84)	 0.006	
		Asceticism	 3.64	(2.65)	 3.91	(2.52)	 0.672	
		Impulse	Regulation		 3.39	(3.79)	 4.00	(4.17)	 0.529	
		Social	Insecurity	 4.14	(3.45)	 3.75	(3.62)	 0.652	
UG	behavioral	performance	 	 	 	
Accepted	offers	(%)	 	 	 	
		All	offers	 58.69	(19.74)	 55.90	(21.18)	 0.543	
		Fair	offers	 82.36	(19.49)	 83.84	(21.11)	 0.870	
		Unfair	offers	 46.70	(28.41)	 42.05	(29.53)	 0.476	
Response	Time	(s)	 	 	 	
		All	offers	 1.010	(0.297)	 1.029	(0.275)	 0.777	
		Fair	offers	 0.934	(0.293)	 0.971	(0.284)	 0.568	
		Unfair	offers	 1.046	(0.316)	 1.053	(0.279)	 0.912	

SD,	standard	deviation;	BMI,	body	mass	index;	s,	seconds;	HDL,	high-density	lipoprotein	
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Participants	 were	 recruited	 from	 the	 paediatrics	 and	 endocrinology	 services	 of	 the	

Hospital	“Virgen	de	las	Nieves”	in	Granada	(Spain),	and	from	schools	located	in	the	same	

geographical	area.	The	inclusion	criteria	for	participants	were	defined	as	follows:	(i)	age	

range	 between	 12	 and	 18	 years-old;	 (ii)	 BMI	 percentiles	 falling	 within	 the	 intervals	

categorized	as	overweight	or	obesity	(≥ 85:	Excess	weight	group),	or	normal	weight	(5-

84:	Normal	weight	group);	(iii)	absence	of	history	or	current	evidence	of	neurological	or	

psychiatric	 disorders,	 assessed	 by	 participants	 and	 parents	 interviews	 and	 the	 Eating	

Disorder	 Inventory	 (Garner,	 1994);	 (iv)	 absence	 of	 significant	 abnormalities	 on	

Magnetic	Resonance	Imaging	(MRI)	or	any	contraindications	to	MRI	scanning	(including	

claustrophobia	 and	 implanted	 ferromagnetic	 objects).	 All	 participants	 had	 normal	 or	

corrected-to-normal	vision.	

The	 study	 was	 approved	 by	 the	 Ethics	 Committee	 for	 Human	 Research	 of	 the	

Universidad	 de	 Granada.	 Both	 participants	 and	 parents	 signed	 an	 informed	 consent	

form.		

Experimental	task	

We	 utilized	 an	 fMRI	 suitable	 previously	 validated	 UG	 task	 (Crockett	 et	 al.	 2008)	

involving	one	proposer	and	one	responder.	Participants	always	played	the	responder’s	

role To	enhance	 the	 credibility	 and	 the	 interpersonal	 appeal	 of	 the	 game,	 participants	

were	told	that	the	proposer	was	another	participant	of	the	research	project,	who	had	left	

a	picture	of	himself/herself	and	a	 list	of	proposals	after	his/her	own	scanning	session.	

We	told	them	that	this	proposer	had	been	randomly	selected	from	the	pool	of	previous	

participants,	and	that	they	could	see	his/her	picture	during	the	game.	In	addition,	they	

were	told	they	would	have	the	opportunity	to	play	the	role	of	the	proposer	with	other	
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volunteers	who	would	participate	in	the	future,	if	they	would	allow	their	photograph	to	

be	taken	and	used	in	future	sessions,	and	submit	their	own	proposals	for	several	stake	

sizes.	 In	reality,	 the	picture	of	 the	proposer	was	 taken	 from	a	web	pool	of	 images	and	

utilized	with	 all	 participants	 to	minimize	potential	 confounders	 associated	with	 social	

identification.	

In	each	trial,	participants	were	 initially	prompted	with	a	picture	of	 the	proposer	(2	s),	

followed	by	a	graphical	depiction	of	the	money	available	to	split	in	that	particular	trial	

(indicated	by	the	number	expressed	in	Euro	and	the	length	of	a	horizontal	light-colored	

bar)	 and	 the	 amount	 of	 money	 that	 the	 proposer	 offered	 to	 share	 (indicated	 by	 the	

number	expressed	in	Euro	and	the	proportion	of	the	above	bar	filled	in	red;	1	s).	Once	

the	 offer	 was	 presented,	 participants	 had	 3	 s	 to	 accept	 or	 reject	 the	 offer	 using	

designated	buttons	in	a	button-box	response	pad.	They	were	told	that	 if	 they	accepted	

the	 proposer’s	 offer,	 both	 players	 were	 supposed	 to	 be	 paid	 in	 the	 specified	 way.	

Conversely,	 by	 rejecting	 the	 offer,	 none	 of	 them	 would	 get	 the	 money.	 After	 the	

response,	each	 trial	was	 followed	by	3	s	of	baseline	during	which	a	 fixation	cross	was	

presented	in	the	screen	until	 the	next	trial	started,	 for	a	total	trial	duration	of	9	s	(see	

Figure	1).	Event	onsets	were	 jittered	with	respect	to	scan	onsets	across	trials	(Henson	

and	Mouchlianitis,	2007).		

The	task	included	two	types	of	offers	varying	on	degree	of	fairness:	Fair	offers,	in	which	

the	proposer	offered	to	share	around	46%	of	the	money,	and	Unfair	offers,	in	which	the	

proposer	 offered	 to	 share	 between	 15	 and	 25%	 of	 the	 money.	 Participants	 were	

informed	 that	 payments	 were	 hypothetical.	 Our	 main	 interest	 was	 to	 contrast	 group	

differences	 in	 brain	 activations	 involved	 in	 (1)	making	decisions	 about	Unfair	 vs.	 Fair	

offers	(indexing	the	conflict	between	perception	of	unfairness	and	cognitive	evaluation);	
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and	 (2)	 deciding	 to	 Reject	 vs.	 Accept	 the	 offers	 (indexing	 emotion-based	 decisions	

involving	missing	reward	vs.	strategic	decisions).	

Figure	 1:	 Schematic	 representation	 of	 the	 UG	 task	 through	 depiction	 of	 one	

experimental	trial.	

	

	

Inside	scanner	behavioral	measures:	

Acceptance	 rates	 (%	 of	 offers	 accepted)	 and	 response	 times	were	 calculated	 for	 each	

participant	as	a	function	of	offer	type.	

Outside	scanner	behavioral	measures:	

The	Sensitivity	to	Punishment	and	Sensitivity	to	Reward	Questionnaire	(SPSRQ)	(Torrubia	

et	al.	2001):	It	is	a	48	yes–no	response	item	questionnaire	that	measures	trait	sensitivity	

to	reward	(24	items)	and	punishment	(24	items).	The	SPSRQ	has	demonstrated	sound	
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psychometric	properties,	construct	validity	and	significant	associations	with	biologically	

plausible	brain	systems	(Costumero	et	al.	2013).	

The	Eating	Disorder	Inventory	 –	Second	Edition	(EDI-2)	 (Garner,	1994):	 It	 is	a	64-item	

self-report	 measure	 assessing	 disadvantageous	 psychological	 traits	 commonly	

associated	 with	 eating	 disorders.	 Responses	 are	 made	 on	 a	 6-point	 Likert-type	 scale	

ranging	 from	 never	 to	 always.	 The	 EDI-2	 has	 demonstrated	 sound	 psychometric	

properties,	and	construct	validity	(Elder	and	Grilo,	2007;	Reas	et	al.	2006).	

Imaging	data	acquisition		

A	 3.0	 T	 clinical	MRI	 scanner,	 equipped	with	 an	 eight-channel	 phased-array	 head	 coil,	

was	used	(Intera	Achieva,	Philips	Medical	Systems,	Eindhoven,	The	Netherlands).	During	

task	performance,	a	T2*-weighted	echo-planar	imaging	(EPI)	was	collected,	(repetition	

time	(TR)	=	2000	ms,	echo	time	(TE)	=	35	ms,	field	of	view	(FOV)	=	230	x	230	mm,	96	x	

96	matrix,	flip	angle	=	90º,	21	4	mm	axial	slices,	1	mm	gap,	442	scans).	A	sagittal	three-

dimensional	T1-weighted	turbo-gradient-echo	sequence	(3D-TFE)	(160	slices,	TR	=	8.3	

ms,	TE	=	3.8	ms,	 flip	angle	=	8°,	FOV	=	240	x	240,	1	mm3	voxels)	was	obtained	 in	 the	

same	 experimental	 session	 for	 anatomical	 reference.	 Stimuli	 were	 presented	 through	

magnetic	 resonance-compatible	 liquid	 crystal	 display	 goggles	 (Resonance	 Technology	

Inc.,	Northridge,	California,	USA),	and	responses	were	recorded	through	Evoke	Response	

Pad	System	(Resonance	Technology	Inc.,	Northridge,	California,	USA).	

Imaging	data	processing	and	analysis	

The	 functional	 images	 were	 analyzed	 using	 Statistical	 Parametric	 Mapping	 (SPM8)	

software	(Wellcome	Department	of	Cognitive	Neurology,	Institute	of	Neurology,	Queen	
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Square,	 London,	 UK),	 running	 under	 Matlab	 R2009	 (MathWorks,	 Natick,	 MA,	 USA).	

Preprocessing	 included	 reslicing	 to	 the	 first	 image	 of	 the	 time	 series,	 slice	 timing	

correction,	normalization,	using	affine	and	smoothly	non-linear	 transformations,	 to	an	

EPI	template	in	the	Montreal	Neurological	Institute	(MNI)	space,	and	spatial	smoothing	

by	 convolution	 with	 a	 3D	 Gaussian	 kernel	 (full	 width	 at	 half	 maximum	 (FWHM)	 =	 8	

mm).	

Data	Analysis	

Behavioral	analyses:	

We	used	the	Statistical	Package	for	the	Social	Sciences	version	19	(SPSS	19;	Chicago,	IL,	

USA)	 for	 these	 analyses.	 We	 conducted	 independent-sample	 t-tests	 (two-tailed)	 to	

compare	the	two	groups	on	relevant	sociodemographic	variables,	and	inside	and	outside	

scanner	behavioral	measures.	

fMRI,	main	task	effects:	

The	conditions	of	interest	were	modeled	from	the	time	at	which	the	offer	was	presented	

to	the	time	at	which	participants	responded.	Two	contrasts	of	 interest	were	defined	at	

the	first-level	(single-subject)	and	between-group	analyses:	(1)	‘Unfair	>	Fair	offers’,	(2)	

‘Reject	>	Accept	unfair	offers’.	The	BOLD	response	at	each	voxel	was	convolved	with	the	

SPM8	 canonical	 hemodynamic	 response	 function	 and	 a	 high-pass	 filter	 was	 used	 to	

remove	 low-frequency	noise	 (1/128	Hz).	The	 resulting	1st-level	 contrast	 images	were	

then	 carried	 forward	 to	 subsequent	 2nd-	 level	 random-effects	 (group)	 analyses.	Main	

task	effects	were	assessed	with	one-sample	t-test,	while	two-sample	t-tests	were	used	to	

assess	between-group	differences.	The	results	were	corrected	for	multiple	comparisons	
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with	a	combination	of	voxel	 intensity	and	cluster	extent	 thresholds.	The	spatial	extent	

threshold	 was	 determined	 by	 1000	 Monte	 Carlo	 simulations	 using	 AlphaSim	 as	

implemented	in	the	SPM	REST	toolbox	(Song	et	al.	2011;	Ward,	2013).	For	one-sample	t-

tests,	 input	 parameters	 included	 a	 brain	mask	 of	 161,455	 voxels,	 an	 individual	 voxel	

threshold	probability	of	0.005	and	a	cluster	connection	radius	of	5	mm,	considering	the	

actual	smoothness	of	data	after	model	estimation.	A	minimum	cluster	extent	(KE)	of	436	

voxels	 was	 estimated	 to	 satisfy	 a	 PFWE	 <0.05.	 Significance	 in	 two-sample	 t-tests	 was	

assessed	 using	 the	 same	 input	 parameters,	masking	 results	 on	 the	 basis	 of	 activation	

and	 deactivation	maps	 derived	 from	 the	 one-sample	 t-tests.	 Therefore,	 for	 contrast	 1	

and	2,	 respectively,	 a	minimum	cluster	 extent	 (KE)	 of	 54	 and	87	 voxels	 (within	 brain	

masks	of	17968	and	18266	voxels),	was	estimated	to	satisfy	a	PFWE	<0.05.	All	analyses	

were	 conducted	 both	 including	 and	 not	 including	 age	 as	 a	 nuisance	 variable.	 Since	 in	

both	cases	we	obtained	the	same	results,	we	only	report	uncorrected	effects.		

Correlation	analyses:	

Correlation	analyses	were	performed	in	SPSS.	Specifically,	the	beta	eigenvalues	from	the	

peak	 coordinates	 of	 each	 cluster	 of	 significant	 brain	 results	 were	 extracted	 for	 each	

participant,	 and	 then	 correlated	 with	 behavioral	 measures	 within	 each	 group.	

Correlation	 analyses	 were	 complemented	 with	 Structural	 Equation	 Modeling	 (SEM)	

analyses	 aimed	 at	 testing	 and	 estimating	 causal	 relationships	 between	 the	 different	

variables	involved	in	our	imaging	and	behavioral	assessments.	Specifically,	we	examined	

whether	 obesity-related	 psychological	 traits	 were	 associated	 with	 the	 decision	 of	

accepting	or	rejecting	social	offers	through	the	activation/deactivation	of	specific	brain	

regions.	 Thus,	 we	 estimated	 the	 direct	 effect	 of	 trait	 measures	 on	 the	 behavioral	

response,	 the	 effect	 of	 trait	 measures	 on	 brain	 activity	 (the	 brain-trait	 pathway),	 the	
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effect	 of	 brain	 activity	 on	 the	 behavioral	 response	 after	 controlling	 for	 trait	measures	

(the	 brain-state	 pathway),	 and	 the	 indirect	 relationship	 (through	

activation/deactivation	 of	 specific	 brain	 regions)	 between	 trait	 measures	 and	 the	

behavioral	 response.	 The	 effect	 and	 statistical	 significance	 of	 the	 different	 paths	were	

estimated	 using	 the	 mediation	 toolbox	

(http://wagerlab.colorado.edu/files/tools/mediation.html).	

3.	Results	

Behavioral	results	

Independent-sample	 t-tests	 showed	 no	 significant	 between-group	 differences	 on	

acceptance	rates	or	response	times	to	any	type	of	offer	(P	>	0.1	in	all	cases).	Participants	

with	 excess	 weight	 showed	 significantly	 lower	 scores	 in	 sensitivity	 to	 reward,	 and	

significantly	higher	scores	in	drive	for	thinness,	body	dissatisfaction	and	maturity	fears	

compared	to	normal	weight	peers.	

Imaging	results:	

Unfair	>	Fair	offers	

Intra-group	activations:	

One-sample	 t-tests	 showed	 that	 Normal	 weight	 participants	 significantly	 activated	

medial	 wall	 regions	 (including	 the	 anterior	 cingulate	 cortex,	 the	medial	 frontal	 gyrus	

and	the	supplementary	motor	area),	the	superior	and	middle	fontal	gyrus,	the	thalamus	

(extending	 to	midbrain	and	amygdala)	 and	 the	 right	precentral	 gyrus	 (somatosensory	

cortex	 encompassing	 posterior	 insula).	 Normal	 weight	 participants	 also	 showed	
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significant	deactivations	in	left	parietal	and	occipital	cortices.	Excess	weight	participants	

did	 not	 show	 significantly	 increased	 activations.	 However,	 they	 showed	 significant	

deactivations	 in	 a	 large	 cluster	 including	 left	 anterior	 insula,	 frontal	 operculum	 and	

superior	 temporal	 gyrus.	 Similar	 to	 normal	 weight	 adolescents,	 they	 also	 showed	

deactivations	in	bilateral	parietal	and	occipital	cortices	(extending	to	the	fusiform	gyri)	

(Figure	2	and	Table	SI).		

Group	differences:		

Excess	weight	 adolescents	 showed	 significantly	 reduced	 activations	 in	 dorsal	 anterior	

cingulate	 cortex,	 left	 anterior	 insula/frontal	 operculum,	 superior	 temporal	 gyrus,	 and	

thalamus	and	midbrain	(extending	to	the	amygdala)	compared	to	Normal	weight	peers	

(Figure	2	and	Table	SI).	

Correlations	between	brain	activation	patterns	and	behavioral	measures:	

Regarding	 acceptance	 rates,	 the	 proportion	 of	 unfair	 offers	 accepted	 positively	

correlated	with	dorsal	anterior	cingulate	cortex	activation	in	normal	and	excess	weight	

subjects,	 although	 such	 correlation	 was	 statistical	 significant	 only	 in	 the	 former	 (r	 =	

0.321,	p	=	0.034,	and	r	=	0.283,	p	=	0.105,	respectively).	By	contrast,	the	proportion	of	

unfair	 offers	 accepted	 correlated	 negatively	 with	 anterior	 insula/frontal	 operculum	

activation	in	Excess	weight	participants	(r	=	-0.353,	p	=	0.038)	whereas	this	correlation	

was	positive	and	non-significant	in	the	Normal	weight	group	(r	=	0.241,	p	=	0.114).	The	

direct	 comparison	 between	 these	 correlations	 revealed	 a	 significant-group	 difference,	

with	z	=	2.63,	p	=	0.008	(Figure	2).		
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Table	SI:	Activations,	deactivations	and	group	differences	during	‘Unfair>Fair’	contrast.	

	
BA	 Side	

MNI	coordinates	 Volume		
(mm3)	 t	X	 Y	 Z	

Activations	 	 	 	 	 	 	 	
Normal	weight	 	 	 	 	 	 	 	
	Thalamus	 	 R/L	 18	 -20	 4	 11240(*)	 4.68	
	Midbrain	 	 R/L	 -4	 -12	 -10	 11240(*)	 4.13	
	Amygdala	 	 L	 -18	 -4	 -12	 11240(*)	 2.82	
	Supplementary	Motor	Area	 6	 R/L	 6	 -12	 50	 41464(*)	 4.62	
	Dorsal	ACC	 24	 R/L	 8	 4	 46	 41464(*)	 4.49	
	Rostral	ACC	 32	 R/L	 -6	 20	 26	 41464(*)	 4.33	
	Medial	frontal	gyrus	 9,10	 R/L	 22	 48	 16	 41464(*)	 4.42	
	Superior	frontal	gyrus	 9,10	 R/L	 -6	 56	 22	 41464(*)	 4.27	
	Middle	frontal	gyrus	 9	 R	 24	 38	 32	 41464(*)	 4.15	
	Middle	frontal	gyrus	 9	 L	 -30	 38	 28	 41464(*)	 3.78	
	Precentral	Gyrus	 	 R	 42	 -14	 52	 13456(*)	 4.26	
	Somatosensory	cortex	 2,3,4	 R	 54	 -16	 50	 13456(*)	 4.16	
	Posterior	Insula	 13	 R	 46	 -16	 12	 13456(*)	 3.93	
	 	 	 	 	 	 	 	
Deactivations	 	 	 	 	 	 	 	
Normal	weight	 	 	 	 	 	 	 	
	Middle	Occipital	Gyrus	 19	 L	 -32	 -88	 2	 11784(*)	 3.95	
	Parietal	Lobule	 7	 L	 -28	 -64	 48	 11784(*)	 3.76	
Excess	weight	 	 	 	 	 	 	 	
	Ant.	Insula/Frontal	operculum	 13,44,45	 L	 -46	 12	 16	 14176(*)	 5.58	
	Inferior	Frontal	Gyrus	 46	 L	 -48	 28	 26	 14176(*)	 4.92	
	Superior	Temporal	Gyrus	 22	 L	 -56	 12	 -6	 14176(*)	 4.11	
	Parietal	Lobule	 7	 L	 -32	 -58	 38	 23448(*)	 5.17	
	Middle	Occipital	Gyrus	 18,19	 L	 -24	 -96	 14	 23448(*)	 4.73	
	Fusiform	Gyrus	 37	 L	 -42	 -66	 -16	 23448(*)	 3.55	
	Middle	Occipital	Gyrus	 18,19	 R	 32	 -80	 4	 31976(*)	 5.18	
	Fusiform	Gyrus	 37	 R	 48	 -60	 -16	 31976(*)	 4.26	
	Parietal	Lobule	 7	 R	 26	 -82	 44	 31976(*)	 4.21	
	 	 	 	 	 	 	 	
Group	Comparisons	 	 	 	 	 	 	 	
Normal	weight>Excess	weight	 	
	Ant.	Insula/Frontal	operculum	 13	 L	 -44	 10	 10	 3296(*)	 3.85	
	Inferior	Frontal	Gyrus	 44	 L	 -42	 24	 6	 3296(*)	 3.05	
	Superior	Temporal	Gyrus	 22	 L	 -54	 14	 -8	 3296(*)	 4.43	
	Midbrain	 	 R	 12	 -10	 -8	 2368(*)	 3.48	
	Thalamus	 	 R	 18	 -16	 4	 2368(*)	 3.38	
ACC	 24,32	 R/L	 -4	 24	 24	 6864	 4.04	

BA:	Brodmann	area;	*	part	of	the	large	cluster;	ACC:	Anterior	Cingulate	Cortex.	
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Figure	 2:	 Brain	 activations,	 deactivations,	 and	 group	 differences	 during	 “Unfair>Fair”	

contrast.	 Note:	 (A)	 Top	 panel	 displays	 the	 brain	 regions	 showing	 activations	 and	

deactivations	 during	 “Unfair>Fair”	 offers	 in	 both	 groups.	Warm	 colors	 reflect	 normal	

weight	group	and	cold	colors	reflect	excess	weight	group.	(B)	Bottom	panel	displays	the	

differences	 between	 groups.	 Bottom-right	 panel	 displays	 the	 correlations	 between	

“Unfair	offers	accepted”	and	peaks	activation	at	dorsal	ACC	and	anterior	insula/frontal	

operculum	 in	 the	 “Unfair>Fair”	 comparison.	 X,	 Y	 and	Z	denote	 coordinate	 in	 standard	

MNI	space.	Right	hemisphere	is	displayed	on	the	right.	Color	bar	indicates	T	value.	
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As	 for	 psychological	 traits,	 both	 maturity	 fears	 and	 sensitivity	 to	 reward	 scores	

negatively	correlated	with	anterior	insula/frontal	operculum	activation	in	excess	weight	

participants	(r	=	-0.443,	p	=	0.011	and	r	=	-0.335,	p	=	0.046,	respectively),	whereas	these	

correlations	were	positive	 and	non-significant	 in	normal	weight	 group	 (r	=	0.245,	p	=	

0.149	 and	 r	 =	 0.121,	 p	 =	 0.433).	 The	 direct	 comparison	 between	 these	 correlations	

revealed	a	significant	group	difference,	with	z	=	2.85,	p	=	0.004	(for	maturity	fears)	and	z	

=	 2.01,	 p	 =	 0.044	 (for	 sensitivity	 to	 reward;	 Figure	 3).	 We	 found	 no	 significant	

correlations	 between	 drive	 for	 thinness	 or	 body	 dissatisfaction	 and	 brain	 activation	

patterns.	

Figure	 3:	 Scatterplots	 displaying	 the	 correlation	 between	 behavioral	 measures	

(“Sensitivity	to	Reward”	and	“Maturity	Fears”)	and	brain	activation	patterns	during	the	

“Unfair>Fair”	contrast	(peak	activation	at	the	anterior	insula/frontal	operculum	region).	

The	data	of	excess	weight	and	normal	weight	participants	are	representedwith	different	

symbols	 (crosses	 and	 circles,	 respectively)	 to	 illustrate	 the	 different	 direction	 of	 the	

correlation	as	a	function	of	group.		

	



	 		
	

	108	

As	 in	 excess	 weight	 participants,	 anterior	 insula/frontal	 operculum	 activation	 was	

significantly	related	to	both	the	behavioral	response	(i.e.,	the	proportion	of	unfair	offers	

accepted)	 and	 specific	 trait	measures	 (maturity	 fears	 and	 sensitivity	 to	 reward),	 in	 a	

post-hoc	 analysis	 we	 studied	 the	 relationships	 between	 these	 variables	 using	 a	

Structural	Equation	Modelling	(SEM)	approach.	Specifically,	we	observed	that	maturity	

fears	were	 indirectly	 and	positively	 related	 to	 the	 acceptance	 of	 unfair	 offers	 through	

the	 decreased	 anterior	 insula/frontal	 operculum	activation	 observed	 in	 excess	weight	

participants	 (z	 =	 2.17	 p	 =	 0.03;	 Figure	 4).	 Of	 note,	 the	 direct	 correlation	 between	

maturity	 fears	 (X)	 and	 acceptance	 of	 unfair	 offers	 (Y)	 was	 negative,	 although	 non-

significant	(zero-order	or	c:	z	=	-0.44,	P	=	0.660).	The	lack	of	significance	of	direct	effects	

indicates	that	the	association	between	maturity	fears	and	acceptance	of	unfair	offers	is	

exclusively	accounted	for	the	pattern	of	insula	activation.	Moreover,	the	opposite	signs	

observed	 between	 direct	 (c’)	 and	 indirect	 (ab)	 effects	 further	 supports	 that	 the	

association	between	these	behavioral	variables	is	specifically	conveyed	by	the	pattern	of	

insula	activation.	None	of	these	effects	were	observed	in	control	participants.	Likewise,	

we	 did	 not	 observe	 any	 significant	 relationship	 between	 sensitivity	 to	 reward	 and	

behavioral	responses	in	the	task.	

Figure	 4:	 Path	 diagram	 showing	 the	 relationships	 between	 maturity	 fears	 (X),	

percentage	of	unfair	offers	accepted	(Y),	and	insula	activation	(M)	during	the	UG	task	in	

excess	weight	participants.	X	was	inversely	related	to	M	(a,	or	the	brain-trait	pathway),	

while	 M	 was	 also	 inversely	 related	 to	 Y	 (b,	 or	 the	 brain-state	 pathway).	 X	 was	 not	

directly	related	to	Y	(c’),	but	these	two	measurements	were	indirectly	related	through	M	

(a*b).	*P	<0.05,	**P	<0.01.	



	 		
	

	109	

	

Reject	>	Accept	Unfair	offers	

Intra-group	activations:	

One-sample	 t-test	 showed	 that	 during	 rejected	 offers,	 both	 groups	 showed	 significant	

activations	 in	 the	 dorsal	 anterior	 cingulate	 cortex,	 the	 somatosensory	 cortices,	 the	

insula,	and	the	adjacent	temporal	cortices.	However,	in	normal	weight	participants,	the	

activation	 in	 the	 postcentral	 gyri	 extended	 to	 the	 precentral	 gyri	 and	 additional	

activations	 involved	 the	 supplementary	 motor	 area	 and	 the	 thalamus	 extending	 to	

putamen,	midbrain	and	the	left	amygdala	(Figure	5	and	Table	SII).	

Figure	 5:	Brain	 regions	activated	during	 “Reject>Accept”	unfair	offers	 in	both	groups.	

Note:	Warm	 colors	 reflect	 normal	weight	 group	 and	 cold	 colors	 reflect	 excess	weight	

group.	 X,	 Y,	 and	 Z	 denote	 coordinate	 in	 standard	 MNI	 space.	 Right	 hemisphere	 is	

displayed	on	the	right.	Color	bar	indicates	T	value	
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Table	SII:	Activations	during	‘Reject	>	Accept’	unfair	offers:	

	
BA	 Side	

MNI	coordinates	 Volume	
(mm3)	 t	X	 Y	 Z	

Activations	 	 	 	 	 	 	 	
Normal	weight	 	 	 	 	 	 	 	

	Supplementary	Motor	Area	 6	 R/L	 8	 -22	 50	 96408(*)	 5.52	
	Precentral	Gyrus	 6	 R	 44	 -12	 54	 96408(*)	 5.41	
	Dorsal	ACC	 24,31,32	 R/L	 4	 8	 46	 96408(*)	 4.90	
	Somatosensory	Cortex	 2,3,4	 R	 58	 -20	 22	 96408(*)	 5.05	
	Somatosensory	Cortex	 	 L	 -58	 -26	 20	 96408(*)	 4.40	
	Insula	 13	 R	 40	 -2	 10	 96408(*)	 4.87	
	Midbrain	 	 R/L	 -2	 -18	 -6	 96408(*)	 4.77	
	Parietal	Operculum	 	 R	 56	 -18	 12	 96408(*)	 4.57	
	Thalamus	 	 R/L	 10	 -20	 -2	 96408(*)	 4.33	
	Parahippocampal	Gyrus	 	 R	 40	 -24	 -22	 96408(*)	 3.53	
	Superior	Temporal	Gyrus	 22	 R	 48	 -22	 -2	 96408(*)	 3.35	
	Amygdala	 34	 L	 -22	 2	 -22	 16176(*)	 4.59	
	Insula	 13	 L	 -42	 -4	 0	 16176(*)	 4.53	
	Superior	Temporal	Gyrus	 22	 L	 -54	 0	 -8	 16176(*)	 4.61	
	Cerebellum	 	 L	 -22	 -52	 -28	 9440	 4.41	
	 	 	 	 	 	 	 	
Excess	weight	 	 	 	 	 	 	 	
	Somatosensory	Cortex	 2,3,4	 L	 -52	 -16	 20	 27584(*)	 5.17	
	Superior	Temporal	Gyrus	 22	 L	 -40	 -22	 -12	 27584(*)	 4.71	
	Insula	 13	 L	 -32	 2	 12	 27584(*)	 4.38	
	Insula	 13	 R	 38	 0	 10	 13744(*)	 4.72	
	Somatosensory	Cortex	 3	 R	 58	 -16	 46	 13744(*)	 4.26	
	Superior	Temporal	Gyrus	 22	 R	 48	 10	 -16	 13744(*)	 4.71	
	Dorsal	ACC	 24,32	 R/L	 -2	 4	 34	 3504	 5.03	
	Cerebellum	 	 L	 -24	 -64	 -20	 4424	 4.07	
	 	 	 	 	 	 	 	
Group	Comparisons	 	 	 	 	 	 	 	
Normal	weight>Excess	weight	 	 	
	Supplementary	Motor	Area	 6	 R	 8	 -22	 50	 640	 3.79	
	Precentral	Gyrus	 6	 R	 40	 -14	 48	 592	 3.17	

BA:	Brodmann	area;	*	part	of	the	large	cluster;	ACC:	Anterior	Cingulate	Cortex.	
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Group	differences:		

We	did	not	observe	significant	differences	between	the	groups	at	the	selected	threshold.		

Correlations	between	brain	activation	patterns	and	behavioral	decisions:	

Regarding	 acceptance	 rates,	 the	 proportion	 of	 unfair	 offers	 accepted	 positively	

correlated	with	amygdala	activation	in	Excess	weight	participants	(r	=	0.448,	p	=	0.032)	

whereas	 this	 correlation	 was	 negative,	 albeit	 non-significant,	 in	 the	 Normal	 weight	

group	 (r	 =	 -0.227,	 p	 =	 0.205).	 The	 direct	 comparison	 between	 these	 correlations	

revealed	a	significant-group	difference,	with	z	=	2.47,	p	=	0.013	(Figure	6).	

As	 for	 psychological	 traits,	 sensitivity	 to	 punishment	 positively	 correlated	 with	 right	

somatosensory	 cortex	 activation	 in	 excess	 weight	 participants	 (r	 =	 0.415,	 p	 =	 0.049)	

whereas	this	correlation	was	negative	and	nearly	significant	in	the	normal	weight	group	

(r	 =	 -0.339,	 p	 =	 0.053).	 The	 direct	 comparison	 between	 these	 correlations	 revealed	 a	

significant-group	difference,	with	z	=	2.75,	p	=	0.006	(Figure	6).	We	found	no	significant	

correlations	 between	 drive	 for	 thinness	 or	 body	 dissatisfaction	 and	 brain	 activation	

patterns.	

Figure	6:	Scatterplots	displaying	the	correlation	between	behavioral	measures	(“Unfair	

offers	 accepted”	 and	 “Sensitivity	 to	 Punishment”	 and	 brain	 activation	 patterns	 during	

the	 “Reject>Accept”	 contrast	 (peak	 activations	 at	 the	 amygdala	 and	 the	 postcentral	

cortex	regions,	respectively).	The	data	of	excess	weight	and	normal	weight	participants	

are	 represented	with	different	 symbols	 (crosses	 and	 circles,	 respectively)	 to	 illustrate	

the	different	direction	of	the	correlation	as	a	function	of	group.	
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4.	Discussion	

We	 showed	 that	 adolescents	 with	 excess	 weight	 have	 reduced	 activation	 of	 brain	

regions	 involved	 in	 emotion	 and	 reward	 processing	 including	 the	 anterior	 cingulate	

cortex,	 the	 insula	 and	 the	 thalamus	 during	 social	 decision-making.	 Furthermore,	 we	

showed	 that	 deactivation	 of	 the	 anterior	 insula	 correlates	 with	 higher	 sensitivity	 to	

reward	 and	 higher	maturity	 fears	 uniquely	 in	 the	 excess	weight	 group,	 and	 that	 such	

deactivation	accounts	 for	an	 indirect	relationship	between	maturity	 fears	and	a	higher	

probability	of	accepting	unfair	offers.	Moreover,	somatosensory	cortex	activation	during	

rejection	 of	 unfair	 offers	 positively	 correlates	 with	 sensitivity	 to	 punishment,	 and	

amygdala	 activation	 positively	 correlates	with	 acceptance	 of	 unfair	 offers	 uniquely	 in	
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the	excess	weight	group.	Collectively,	our	findings	indicate	that	adolescents	with	excess	

weight	 display	 blunted	 activation	 of	 the	 social	 decision-making	 circuitry,	 which	

correlates	with	disadvantageous	traits	and	interpersonal	decisions.			

Our	 social	 decision-making	 task	 (UG)	 induced	 a	 reliable	 pattern	 of	 brain	 activations	

including	 the	 dorsal	 anterior	 cingulate	 cortex,	 the	 insula	 and	 thalamic/limbic	 regions,	

which	 is	 in	 fitting	 with	 previous	 evidence	 (Gospic	 et	 al.	 2011;	 Sanfey	 et	 al	 2003).	

Moreover,	 the	 activation	 of	 the	 anterior	 cingulate	 cortex	 correlated	 with	 acceptance	

rates	 in	 both	 groups,	 indicating	 goof	 fit	 between	 brain	 activation	 measures	 and	

behavioral	 decisions	 (Glascher	 et	 al.	 2012).	 In	 this	 context,	 adolescents	 with	 excess	

weight	 exhibited	 significantly	 decreased	 activation	 of	 dorsal	 anterior	 cingulate	 cortex	

and	 thalamic	 regions,	 and	 concomitant	 deactivation	 of	 the	 anterior	 insula/frontal	

opercular	 region.	 The	 dorsal	 anterior	 cingulate	 and	 the	 thalamus	 are	 functionally	

associated	with	the	generation	of	emotional	responses	to	social	stressors	(Güroglu	et	al.	

2011).	The	anterior	insula	is	generally	associated	with	perception	of	bodily	signals	and	

emotional	 awareness	 (Wager	 et	 al.	 2009).	 Moreover,	 in	 the	 context	 of	 the	 UG,	 insula	

activation	 is	 specifically	associated	with	subjective	 feelings	of	unfairness	 (Sanfey	et	al.	

2003).	 Therefore,	 the	 decreased	 activation	 of	 this	 set	 of	 regions	 overly	 suggests	

decreased	affective	tracking	of	social	unfairness	in	the	excess	weight	group.		

The	central	question	is	whether	this	brain	activation	pattern	is	relevant	and	potentially	

disadvantageous	for	the	social	behavior	of	adolescents	with	excess	weight.	Correlation	

analyses	 strongly	 suggest	 this	 is	 the	 case.	 First,	 insula	 deactivation	 correlated	 with	

higher	acceptance	rates,	suggesting	that	reduced	affective	tracking	of	social	decisions	is	

linked	 to	more	acceptances	of	unfair	offers.	As	 the	contribution	of	 the	affective	neural	

circuitry	is	essential	for	adequate	social	functioning	(Bar-On	et	al.,	2003)	this	pattern	is	



	 		
	

	114	

likely	to	impact	the	real-life	interpersonal	decisions	of	obese	adolescents.	Moreover,	the	

opposite	pattern	(positive	correlations,	hence	more	insula	greater	acceptance	rates)	has	

been	previously	demonstrated	 in	healthy	adolescents	 (Guroglu	et	al.,	2011),	 similar	 to	

what	 we	 showed	 in	 our	 control	 group.	 Second,	 we	 found	 that	 insula	 deactivation	

correlated	 with	 increased	 maturity	 fears.	 Fears	 of	 social	 evaluative	 situations	 are	

indicative	 of	 poor	 social-cognitive	 development	 (Westenberg	 et	 al.,	 2004).	 Therefore,	

this	finding	is	the	first	to	demonstrate	an	association	between	poor	affective	tracking	of	

social	unfairness	(indexed	by	insula	deactivation)	and	this	hindering	trait	of	adolescent	

obesity.	Finally,	and	linking	the	two	above	described	relationships,	we	also	showed	that	

maturity	fears	are	indirectly	associated	to	social	decision-making	through	blunted	insula	

activation.	Such	findings	demonstrate	for	the	first	time	a	significant	association	between	

a	 trait	 marker	 of	 eating	 disorder	 and	 the	 social	 decision-making	 behavior	 of	 excess	

weight	adolescents	conveyed	by	a	particular	pattern	of	brain	activity.	This	notion	agrees	

with	developmental	models	that	highlight	the	insula	as	a	key	region	for	the	maturation	

of	social	decision-making	systems	during	adolescence	(Smith	et	al.,	2014).	At	difference	

with	 maturity	 fears,	 we	 found	 no	 significant	 associations	 between	 brain	 activation	

patterns	and	body	dissatisfaction	and	drive	for	thinness.	This	discrepancy	is	reasonable	

as	the	latter	traits	basically	reflect	the	difficulties	associated	with	physical	weight	gain,	

whereas	 maturity	 fears	 capture	 personality	 and	 interpersonal	 aspects	 of	 obesity	

(Garner,	1994).	Therefore,	this	negative	finding	conceivably	speaks	of	the	specificity	of	

the	UG	task	as	a	biomarker	of	social	disadvantage	in	adolescent	obesity.	

Moreover,	 insula	 deactivation	 also	 correlated	 with	 higher	 sensitivity	 to	 reward.	

Sensitivity	 to	 reward	 has	 been	 associated	 with	 higher	 risk-taking	 in	 social	 scenarios	

specifically	 during	 adolescence	 (Chein	 et	 al.,	 2011).	 Furthermore,	 lower	 insula	



	 		
	

	115	

activations	 predict	 greater	 risk	 taking	 (Mohr	 et	 al.,	 2010)	 and	 this	 notion	 has	 been	

linked	to	insula-mediated	sensitization	of	the	reward	system	(Smith	et	al.,	2014).	More	

broadly,	 sensitivity	 to	 reward	 has	 been	 associated	 with	 several	 aspects	 of	 unhealthy	

eating,	 including	binge	eating	patterns	 (Ziauddeen	et	 al.,	 2012).	Uncoupling	of	 reward	

(i.e.,	wanting)	 from	emotion	 (i.e.,	 liking)	processing	 is	as	well	 reminiscent	of	addictive	

features,	in	which	sensitivity	to	rewarding	stimuli	increases	while	the	hedonic	quality	of	

these	 stimuli	decreases	 (Robinson	and	Berridge,	2003).	Also	 in	 this	 case,	 the	opposite	

pattern	 is	 typically	 found	 in	 healthy	 adolescents	 (Jarcho	 et	 al.,	 2012),	 consistent	with	

what	we	showed	in	our	control	group.	Collectively,	our	findings	suggest	that	the	anterior	

insula,	which	is	strongly	involved	in	the	processing	of	highly	appetizing	food	(Wang	et	al.	

2004),	 may	 consequently	 lose	 control	 over	 more	 complex	 reward-related	 choices	

including	social	decisions.											

We	did	not	find	significant	group	differences	in	brain	activation	as	a	function	of	type	of	

choice	(reject	vs.	accept).	However,	the	relationship	between	behavioral	responses	and	

brain	 activity	 was	 again	 distinctive	 in	 the	 excess	 weight	 group.	 Specifically,	 reject-

related	 amygdala	 activation	 correlated	 with	 greater	 probability	 of	 accepting	 unfair	

offers.	 Such	 finding	 suggests	 that	 excess	 weight	 adolescents	 display	 a	 paradoxically	

increased	negative	emotional	reactivity	in	situations	where	they	adopt	a	more	assertive	

social	 role.	 Therefore,	 this	 finding	 suggests	 an	 abnormal	 role	 of	 the	 amygdala	 in	

directing	 social	 behavior,	 as	 greater	 amygdala	 activation	 is	 typically	 associated	 with	

rapid	 rejection	 of	 unfair	 offers	 (Gospic	 et	 al.,	 2011).	 Moreover,	 the	 pattern	 of	

somatosensory	 activation	 contingent	 to	 rejecting	 offers	 (entailing	 losing	 reward)	was	

positively	 correlated	 with	 sensitivity	 to	 punishment	 in	 the	 excess	 weight	 group,	 and	

negatively	correlated	with	this	trait	 in	controls.	Somatosensory	regions	are	relevant	to	
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anticipate	 reinforcement	 outcome	 (Bieszczad	 and	 Weinberger,	 2012),	 but	 in	 excess	

weight	 subjects	 the	 activation	 of	 these	 regions	 seem	 to	 reflect	 a	 trait	 susceptibility	 to	

reward	 omission	 or	 punishment.	 Hence,	 similar	 to	 those	 results	 and	 to	 the	 reward	

sensitivity-insula	correlations	reported	above,	the	finding	indicates	that	the	association	

between	 reinforcement-based	 temperamental	 traits	 and	 somatosensory	 regions	 is	

abnormal	in	excess	weight	adolescent	populations.		

Our	 findings	 show	 that	 excess	 weight	 adolescents	 show	 dysfunctional	

engagement	of	brain	regions	 involved	in	emotion	perception	and	reward	during	social	

decisions.	 These	 early	 deficits	 may	 not	 only	 predict	 poor	 clinical	 prognosis	 (Ludwig,	

2007)	but	also	lie	at	the	root	of	well-described	socio-economic	disadvantage	in	the	adult	

obesity	 population,	 including	wage	 penalty	 and	 hiring	 discrimination	 (Agerström	 and	

Rooth,	 2011;	 Baum	 and	 Ford,	 2004;	 Caliendo	 and	 Lee,	 2013;	 Latner	 et	 al.	 2012).	This	

study	 has	 several	 strengths,	 including	 a	 large	 sample	 size,	 detailed	 medical	 and	

psychological	characterization	of	participants,	and	novel	use	of	a	social	decision-making	

paradigm	in	this	population.	Nonetheless,	findings	should	also	be	assessed	in	the	context	

of	several	limitations.	First,	our	sample	spans	a	6-year	adolescent	period	characterized	

by	 intense	 maturational	 processes,	 which	 may	 have	 impacted	 results.	 However,	 the	

psychological	features	addressed	in	the	UG	seem	to	be	already	optimized	by	the	age	of	9	

(Güroglu	et	al.	2009),	and	analyses	covaried	by	age	showed	equivalent	results.	Second,	

we	used	a	simple	version	of	the	UG	because	our	main	interest	was	to	raise	the	conflict	

between	 emotion	 and	 cognition	 in	 an	 interpersonal	 scenario.	 We	 are	 aware	 of	 the	

existence	 of	 a	 more	 specific	 UG	 literature,	 but	 the	 purpose	 of	 this	 study	 was	 not	 to	

experimentally	characterize	the	task	but	to	make	it	instrumental	to	understand	a	clinical	

population.	 Similarly,	we	 did	 not	 detect	 behavioral	 differences	 between	 the	 groups	 in	
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the	UG	task.	This	is	likely	due	to	the	fact	that	this	UG	task	was	specifically	designed	for	

fMRI	experiments,	seeking	maximization	of	engagement	of	relevant	brain	circuitry,	but	

not	 of	 potential	 behavioral	 differences.	 Future	 studies	 that	 utilize	 UG	 tasks	 more	

sensitive	to	behavioral	profiles	are	warranted	to	reveal	 if	our	brain	activation	findings	

are	mirrored	 by	 conceptually	 compatible	 behavioral	 group	 differences.	 Finally,	 future	

studies	 and	 longitudinal	 designs	 are	 warranted	 to	 address	 whether	 these	 deficits	

precede	 excess	 weight	 problems	 or	 arise	 as	 a	 consequence	 of	 weight	 gain	 or	 related	

psychosocial	 burden.	 Similarly,	 future	 studies	 are	 warranted	 to	 investigate	 whether	

these	 patterns	 can	 predict	 clinical	 prognosis	 and	 socio-economic	 disadvantage	 during	

adulthood.	

5.	Conclusion	

We	show	that	excess	weight	adolescents	display	 impaired	activation	of	affective	brain	

regions	 during	 social	 decision-making,	 and	 that	 blunted	 activation	 of	 this	 circuitry	

accounts	 for	 the	 association	 between	 maturity	 fears	 and	 social	 decisions.	 The	 study	

yields	a	high	translational	value	as	the	UG	neural	circuitry	may	serve	as	a	dimensional	

biomarker	 of	 the	 risk	 of	 social	 disadvantage	 in	 obesity	 and	 the	 effectiveness	 of	 novel	

treatments	that	focus	on	the	social	burden	of	obesity.	
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IV.		DISCUSIÓN	GENERAL,	CONCLUSIONES	Y	

PERSPECTIVAS	FUTURAS	
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Capítulo	7.		Discusión	general,	conclusiones	y	perspectivas	futuras	

	 1.	Discusión	general	

El	 estudio	 de	 los	 factores	 que	 han	 contribuido	 a	 la	 emergente	 epidemia	 global	 de	 la	

obesidad	se	ha	convertido	en	uno	de	los	principales	retos	del	siglo	XXI	a	nivel	mundial	

(World	 Health	 Organization,	 2014).	 Modelos	 neurocientíficos	 han	 postulado	 que	 el	

conocimiento	 de	 los	 sistemas	 cerebrales	 de	 recompensa	 y	 toma	 de	 decisiones	 puede	

aportar	información	útil	para	entender	los	procesos	que	conducen	a	la	obesidad	y	frenar	

su	crecimiento	(Rangel,	2013).	Partiendo	de	esta	premisa,	el	objetivo	principal	de	esta	

tesis	 fue	 investigar	 el	 funcionamiento	 cerebral	 asociado	 al	 procesamiento	de	distintos	

tipos	 de	 recompensas	 en	 personas	 con	 exceso	 de	 peso.	 La	 existencia	 de	 patrones	 de	

activación	diferenciales	 en	 función	del	 tipo	de	 reforzador	 aportaría	 evidencia	 sobre	 la	

existencia	 de	 una	 disrupción	 general	 en	 el	 sistema	 de	 recompensa	 en	 personas	 con	

exceso	de	peso,	que	tendría	un	impacto	más	global	sobre	su	calidad	de	vida.	Del	mismo	

modo	consideramos	interesante	estudiar	si	las	afectaciones	ocurrían	por	igual	a	lo	largo	

de	 todo	 el	 espectro	 de	 IMC	o	 si	 eran	 sólo	 específicas	 de	 altos	 grados	 de	 obesidad,	 así	

como	estudiar	el	funcionamiento	de	estos	sistemas	en	adolescentes,	una	población	con	

especial	 vulnerabilidad	 social	 y	 cuyos	 comportamientos	 pueden	 reflejarse	 en	 un	

aumento	de	la	obesidad	en	la	etapa	adulta.		

Nuestros	resultados	avalaron	estas	ideas.	Encontramos	alteraciones	en	la	activación	y	en	

la	 conectividad	 funcional	 del	 sistema	 de	 recompensa	 cerebral	 de	 las	 personas	 con	

exceso	de	peso,	siendo	estas	alteraciones	específicas	en	función	del	tipo	de	reforzador.		

En	 nuestro	 primer	 estudio	 hipotetizamos	 que	 las	 activaciones	 del	 sistema	 de	

recompensa	cerebral	durante	el	procesamiento	de	estímulos	alimenticos	y	monetarios	
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mostrarían	relaciones	diferenciales	con	el	índice	de	masa	corporal,	siendo	lineales	con	la	

comida	y	cuadráticas	con	el	dinero.	Nuestros	resultados	confirmaron	esta	idea,	ya	que	la	

activación	 de	 diversas	 regiones	 del	 sistema	 de	 recompensa	 cerebral	 (p.e.,	 núcleo	

accumbens,	 caudado	 dorsal)	 durante	 el	 procesamiento	 de	 comida	 y	 la	 recepción	 de	

recompensas	 económicas	 mostró	 una	 relación	 lineal	 con	 el	 IMC.	 Por	 el	 contrario,	 la	

activación	 durante	 la	 anticipación	 de	 reforzadores	 monetarios	 y	 el	 IMC	 tienen	 una	

relación	en	forma	de	U	invertida	donde	el	máximo	de	activación,	dependiendo	del	área	

estudiada,	se	encuentra	en	el	rango	entre	el	sobrepeso	y	valores	bajos	de	obesidad	(27-

32	 Kg/m2).	 Además,	 los	 sujetos	 con	 sobrepeso	 y	 obesidad	 valoraron	 los	 alimentos	

apetitosos	 significativamente	 más	 que	 la	 comida	 estándar,	 lo	 que	 puede	 contribuir	 a	

sesgar	 sus	 decisiones	 alimentarias	 hacia	 comida	 más	 apetecible	 pero	 menos	 sana	

(Rangel,	 2013).	 La	 relación	 lineal	 y	 positiva	 entre	 la	 actividad	 ventral	 y	 dorsal	 del	

estriado	 y	 el	 exceso	 de	 peso	 encontrada	 en	 nuestra	muestra,	 había	 sido	 reportada	 en	

estudios	 anteriores	 (Rothemund	 et	 al.,	 2007,	 Simon	 et	 al.,	 2014).	 Estos	 hallazgos,	

concuerdan	 con	 el	 modelo	 de	 adicción	 a	 la	 comida	 que	 postula	 la	 existencia	 de	

problemas	 vinculados	 a	 la	 obesidad	 en	 el	 estriado	 ventral,	 ligado	 a	 incrementos	 en	 el	

valor	 asignado	 a	 la	 comida	 y	 el	 estriado	 dorsal	 relacionado	 con	 hábitos	 alimentarios	

(Tomasi	&	 Volkow,	 2013).	 La	 relación	 en	 forma	 de	U	 invertida	 entre	 la	 activación	 de	

diversas	áreas	cerebrales	 (p.e.,	 área	suplementaria	motora,	 corteza	cingulada	anterior,	

estriado	 ventral,	 hipocampo	 y	 amígdala)	 durante	 la	 anticipación	 de	 una	 recompensa	

económica	y	el	IMC	confirma	los	hallazgos	previos	en	estudios	sobre	dopamina	cerebral	

realizados	con	PET	(Horstman	et	al.,	2015)	y	confirman	que	 la	activación	durante	esta	

tarea	es	un	buen	indicador	de	la	sensibilidad	genérica	a	la	recompensa	(Costumero	et	al.,	

2013).	
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Los	 resultados	 de	 este	 primer	 estudio	 pueden	 tener	 una	 aplicación	 en	 el	 diseño	 de	

tratamientos	específicos	para	personas	con	sobrepeso	versus	obesidad.	En	el	caso	de	los	

primeros	 deberían	 enfocarse	 a	 reducir	 la	 hipersensibilidad	 general	 a	 la	 recompensa,	

mientras	que	 en	 el	 caso	de	 los	obesos	deberían	buscar	 la	 estimulación	del	 sistema	de	

recompensa	con	otro	tipo	de	reforzadores	que	puedan	competir	con	la	comida.	

Con	 respecto	a	 la	 conectividad	 funcional,	 el	 segundo	estudio	proponía	que	 los	 adultos	

con	exceso	de	peso	mostrarían	una	disrupción	en	las	redes	cerebrales	implicadas	en	el	

control	de	conducta		y	en	el	procesamiento	de	distintos	tipos	de	recompensas.		

Nuestros	 resultados	 mostraron	 que	 redes	 cerebrales	 independientes	 se	 encuentran	

alteradas	durante	el	procesamiento	de	alimentos	y	dinero,	involucrando	principalmente	

regiones	 frontales,	 del	 estriado	 y	 del	 lóbulo	 parietal.	 Específicamente,	 los	 adultos	 con	

exceso	 de	 peso	 devaluaron	 subjetivamente	 el	 valor	 de	 la	 comida	 y	 mostraron	 una	

conectividad	 funcional	 reducida	 durante	 el	 procesamiento	 de	 alimentos	 apetitosos	 en	

comparación	 con	 alimentos	 estándar.	 Con	 respecto	 a	 estímulos	 económicos,	

manifestaron	una	mayor	sensibilidad	a	la	cantidad	y	una	elevada	conectividad	funcional.	

Además	 estas	 disrupciones	 en	 la	 conectividad	 correlacionaron	 con	 el	 rendimiento	

durante	las	tareas	y	con	los	niveles	de	IMC	y	grasa.	Las	conexiones	alteradas	durante	la	

tarea	 alimentaria	 son	 consistentes	 con	 literatura	 previa	 (García-García	 et	 al.,	 2013)	 e	

incluyen	regiones	frontales	relacionadas	con	auto-regulación	(Rangel,	2013),	zonas	del	

estriado	relacionadas	con	valoración	de	los	estímulos	(Montague	&	Berns,	2002),	áreas	

parietales	de	control	atencional	(Hopfinger	et	al.,	2000)	y	regiones	interoceptivas	de	la	

ínsula	 (Craig,	 2009).	 Fundamentalmente	 las	 regiones	 que	 mostraron	 menor	

conectividad	 se	 ubican	 en	 el	 lóbulo	 frontal,	 una	 zona	 fundamental	 en	 las	 elecciones	

dietéticas	 puesto	 que	 codifica	 el	 valor	 relativo	 de	 los	 alimentos	 y	 controla	 el	
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comportamiento	 a	 largo	 plazo	 (Rangel,	 2013).	 Además	 esta	 región	 juega	 un	 rol	

fundamental	 en	 el	 control	 cognitivo	 y	 en	 las	 funciones	 ejecutivas,	 las	 cuales	 se	 han	

encontrado	consistentemente	alteradas	en	personas	obesas	(Fitzpatrick	et	al.,	2013).		

El	procesamiento	de	estímulos	monetarios	en	adultos	con	exceso	de	peso,	tanto	durante	

su	 anticipación,	 como	 durante	 su	 recepción	 involucra	 a	 un	 conjunto	 común	 de	

conexiones.	Estas	redes,	que	se	encontraron	hiperconectadas	en	adultos	obesos	durante	

el	procesamiento	de	estas	recompensas	comprenden	principalmente	conexiones	fronto-

occipitales	 relacionadas	 con	 procesamiento	 visual	 (Forkel	 et	 al.,	 2014),	 parieto-

occipitales	implicadas	en	orientación	y	mantenimiento	de	la	atención	visual	(Foxe	et	al.,	

1998)	y	fronto-estriadas	relacionadas	con	fallos	en	el	control	de	conductas	(Motzkin	et	

al.,	2014).		Estas	disrupciones	en	redes	atencionales	y	de	toma	de	decisiones,	unida	a	la	

mayor	sensibilidad	a	la	cantidad	de	dinero	en	juego	sugieren	que	los	individuos	obesos	

son	más	sensibles	a	señales	económicas,	siendo	neurobiológicamente	más	reactivos	a	las	

ofertas	de	comida	barata	pero	poco	saludable,	como	sugiere	el	estudio	de	Bruce	(2014)	

utilizado	imágenes	de	marcas	de	comida	rápida.	

Los	análisis	de	correlaciones	parciales,	así	como	la	ausencia	de	solapado	entre	las	redes	

alteradas,	 revelan	 la	 independencia	 de	 los	 procesos	 que	 se	 encuentran	 alterados	 ante	

uno	 y	 otro	 reforzador.	 Mientras	 que	 los	 resultados	 con	 comida	 parecen	 indicar	 un	

debilitamiento	 de	 las	 capacidades	 de	 autocontrol	 cuando	 se	 presenta	 delante	 un	

estimulo	 muy	 calórico,	 la	 conectividad	 incrementada	 en	 redes	 atencionales	 ante	 el	

dinero	sugiere	un	sesgo	atencional	hacia	el	valor	económico	de	comida	insana	y	barata,	

relacionada	por	ejemplo,	con	ofertas	de	menús	en	cadenas	de	comida	rápida.	
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Nuestro	 último	 estudio	 pretendía	 establecer	 los	 patrones	 cerebrales	 asociados	 a	 la	

recompensa	y	toma	de	decisiones	en	un	contexto	social.	En	línea	con	nuestra	hipótesis,	

los	 adolescentes	 con	 exceso	 de	 peso	 evidenciaron	 una	 reducción	 de	 actividad	 de	

regiones	involucradas	en	el	procesamiento	de	la	recompensa	y	emoción	durante	la	toma	

de	 decisiones	 sociales.	 Además,	 la	 desactivación	 de	 la	 ínsula	 anterior	 en	 el	 grupo	 de	

exceso	de	peso,	correlacionó	con	una	mayor	sensibilidad		a	la	recompensa	y	valores	de	

miedo	a	la	madurez,	existiendo	una	relación	indirecta	entre	este	rasgo	y	la	probabilidad	

de	aceptar	ofertas	injustas.	

Las	disminuciones	de	 activación	de	 los	 adolescentes	obesos	durante	 el	 procesamiento	

de	ofertas	injustas	en	el	cíngulo	anterior	y	el	tálamo	se	relacionaron	con	problemas	para	

generar	emociones	en	respuesta	a	un	estresor	social	(Güroglu	et	al.,	2011)	mientras	que	

la	alteración	en	 la	 ínsula	parece	estar	asociada	a	problemas	en	 la	percepción	subjetiva	

de	 la	 injusticia	 (Sanfey	 et	 al.,	 2003).	 Estos	 resultados	 sugieren	 la	 existencia	 de	 un	

marcado	componente	emocional	alterado	en	el	procesamiento	de	ofertas	económicas	en	

el	grupo	con	exceso	de	peso.	Los	análisis	de	correlaciones	confirman	esta	idea,	donde	la	

tasa	 de	 ofertas	 injustas	 aceptadas,	 correlaciona	 con	 la	 desactivación	 de	 la	 ínsula,	

sugiriendo	 que	 una	 menor	 implicación	 emocional	 está	 relacionada	 con	 mayor	

aceptación	 de	 las	 ofertas.	 Esta	 desactivación	 también	 correlaciona	 con	 los	 valores	 de	

miedo	a	la	madurez,	reflejando	un	peor	desarrollo	socio-cognitivo.	

Uno	de	los	principales	puntos	fuertes	de	nuestros	estudios	es	la	metodología	empleada	

para	 la	selección	de	 la	muestra.	Variables	sociodemográficas	como	el	sexo,	 la	edad,	 los	

años	de	 educación	o	 el	 estatus	 socioeconómico	 se	 encuentran	 igualados	 entre	 grupos.	

Además,	 diversos	 trastornos	 metabólicos	 (p.e.,	 diabetes,	 hipertensión,	 obesidad	

mórbida),	y	psicopatológicos	(p.e.,	depresión	y	trastornos	alimentarios	como	bulimia	o	
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trastorno	 por	 atracón)	 fueron	 causas	 de	 exclusión	 de	 nuestras	 investigaciones,	

garantizando	 que	 las	 diferencias	 encontradas	 entre	 grupos	 se	 deben	 a	 la	 ingesta	 de	

alimentos	y	no	a	otros	trastornos	comorbidos.		

Todos	 estos	 resultados	 deben	 entenderse	 en	 un	 contexto	 donde	 existen	 numerosas	

limitaciones.	 En	 primer	 lugar,	 la	 utilización	 de	 diferentes	 tareas	 para	 evocar	 la	

activación	del	sistema	de	recompensa	ante	cada	estímulo	ha	impedido	realizar	análisis	

de	 interacción	 entre	 tipos	 de	 reforzador.	 Las	 tareas	 elegidas	 han	 sido	 utilizadas	

previamente	 en	 numerosos	 estudios	 para	 analizar	 la	 activación	 del	 sistema	 de	

recompensa	 pero	 sus	 diferentes	 características	 no	 permiten	 realizar	 comparaciones	

directas	entre	ellas.	Otra	posible	limitación	es	la	utilización	del	índice	de	masa	corporal	

como	 variable	 independiente.	 Distintos	 estudios	 afirman	 que	 la	 grasa	 corporal	 está	

asociada	con	las	características	estructurales	del	cerebro	(	Schwartz	et	al.,	2014),	pero	la	

limitación	 existente	 en	 nuestras	 medidas	 para	 separar	 grasa	 visceral	 de	 la	 grasa	

subcutánea	 y	 las	 diferencias	 existentes	 entre	 sexos	 con	 respecto	 a	 los	 porcentajes	 de	

grasa	globales	hacen	que	la	utilización	del	índice	de	masa	corporal	sea	más	apropiado	en	

este	 tipo	 de	 estudios	 donde	 la	 muestra	 está	 compuesta	 por	 participantes	 de	 ambos	

sexos.	 Finalmente	 la	utilización	de	dos	 grupos	de	 edad	distintos	 también	provoca	que	

haya	que	ser	precavidos	a	la	hora	de	trasladar	las	conclusiones	obtenidas	entre	los	dos	

primeros	estudios	y	el	tercero.	
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	 2.	Conclusiones	

A	raíz	de	 los	resultados	obtenidos	en	 los	distintos	estudios	de	esta	tesis	se	derivan	las	

siguientes	conclusiones:	

	 1.	 	 La	 activación	 del	 sistema	 de	 recompensa	 cerebral	 presenta	 una	 relación	

diferente	con	respecto	al	 índice	de	masa	corporal	al	procesar	estímulos	alimenticios	y	

monetarios.	Esta	relación	es	lineal	y	positiva	en	el	caso	del	procesamiento	de	alimentos	

y	en	forma	de	U	invertida	con	recompensas	monetarias.		

	 2.	 Redes	 cerebrales	 independientes	 se	 encuentran	 alteradas	 en	 adultos	 con	

exceso	 de	 peso	 durante	 el	 procesamiento	 de	 alimentos	 y	 dinero.	 Específicamente	

presentan	 reducciones	 en	 conectividad	 funcional	 fronto-estriada	 durante	 el	

procesamiento	de	estímulos	de	comida	y	conectividad	funcional	atencional	aumentada	

al	procesar	estímulos	monetarios.	

	 3.	 Los	 adultos	 con	 exceso	 de	 peso	 muestran	 alteraciones	 conductuales	 en	 el	

procesamiento	de	recompensas	alimenticias	y	monetarias.	Las	alteraciones	asociadas	a	

recompensas	alimenticias	consisten	en	asignar	menor	valor	a	estímulos	que	representan	

comida	estándar	 (no	apetitosa).	 Las	 alteraciones	 asociadas	 a	 recompensas	monetarias	

consisten	en	una	mayor	reactividad	conductual	(menor	tiempo	de	reacción)	asociado	a	

estímulos	más	valiosos.	

	 4.	 	 Los	 adolescentes	 con	 exceso	 de	 peso	 tienen	 una	 activación	 atenuada	 de	 los	

circuitos	de	toma	de	decisiones	en	un	contexto	de	negociación	económica	social.	Estas	

alteraciones	 correlacionan	 con	 rasgos	 negativos	 de	 personalidad	 (p.e.,	 miedo	 a	 la	

madurez)	 y	 decisiones	 interpersonales	 desventajosas	 (p.e.,	 aceptación	 de	 ofertas	

injustas).	
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	 3.	Perspectivas	futuras	

Las	 conclusiones	 derivadas	 de	 esta	 tesis	 nos	 permiten	 generar	 nuevas	 preguntas	 de	

investigación	 que	 creemos	 sería	 interesante	 explorar	 en	 estudios	 futuros.	 Entre	 ellas	

podríamos	destacar:	

	 1.	Confirmar	si	las	alteraciones	cerebrales	encontradas	durante	el	procesamiento	

de	 recompensas	 alimenticias	 y	 económicas	 ocurren	 también	 ante	 otros	 reforzadores	

naturales.	

	 2.	 Profundizar	 en	 el	 estudio	 de	 los	 adultos	 con	 sobrepeso	 para	 determinar	 si	

representan	un	fenotipo	biológicamente	diferenciado	de	 los	obesos	o	un	estado	previo	

que	puede	desembocar	en	obesidad.	

	 3.		Comprobar,	utilizando	métodos	de	conectividad	efectiva	(p.e.,	Dynamic	Causal	

Modelling),	 si	 las	 reducciones	 de	 conectividad	 fronto-estriada	 encontradas	 durante	 el	

procesamiento	 de	 comida	 se	 corresponden	 con	 deficiencias	 en	 los	 sistemas	 de	 top-

down,	bottom-up	o	de	interacción	entre	ambos.	

	 4.	 Evaluar	 la	 relación	 entre	 cada	 una	 de	 las	 redes	 independientes	 alteradas	

durante	 el	 procesamiento	 de	 recompensas	 alimenticias	 y	 económicas	 y	 sus	 distintas	

implicaciones	clínicas	y	sociales	relacionadas	con	la	obesidad.	

	 5.	 Estudios	 longitudinales	 y	 en	 población	 adulta	 pueden	 ayudar	 a	 confirmar	 la	

relación	 causal	 entre	 los	déficit	 encontrados	durante	 la	 toma	de	decisiones	 social	 y	 el	

exceso	de	peso.	
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V.		DOCTORADO	INTERNACIONAL	
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Capítulo	8.		Summary,	conclusions	and	future	perspectives	

	 1.	Summary	

The	growing	prevalence	of	obesity	in	modern	societies	has	become	a	major	global	health	

challenge.	 According	 to	 the	 World	 Health	 Organization	 obesity	 has	 become	 a	 global	

epidemic.	Recent	studies	posit	that	unhealthy	habits,	such	as	higher	sedentary	lifestyles,	

and	 problems	 to	 control	 food	 intake	 in	 our	 environments	 plenty	 of	 high	 caloric	 and	

cheap	 food	 stimuli	 is	 one	 of	 the	main	 causes	 of	 the	 rising	 obesity	 problem.	 Currently	

available	neuroimaging	studies	have	shown	that	 the	processing	of	 food	stimuli	evokes	

altered	 patterns	 of	 brain	 activity	 and	 connectivity	 in	 excess	 weight	 adults.	 These	

alterations	are	prominent	in	brain	regions	involved	in	reward	processing	and	decision-

making	systems.	Therefore	it	is	crucial	to	investigate	the	functioning	of	the	brain	reward	

system	not	 only	when	 processing	 food,	 but	 also	 in	 relation	 to	 other	 types	 of	 rewards	

such	as	money	and	social	reinforcers	that	could	have	a	broader	impact	on	excess	weight	

peoples’	quality	of	life.		

Based	 in	 these	 assumptions,	 the	 main	 aim	 of	 this	 Thesis	 is	 to	 characterize	 the	 brain	

underpinnings	of	the	processing	of	different	types	of	reinforcers	(i.e.,	food,	money,	social	

rewards)	in	overweight	and	obese	adults	compared	to	normal	weight	peers.	To	achieve	

this,	 we	 conducted	 three	 studies.	 In	 Study	 1	we	 compared	 neural	 activation	 patterns	

within	 the	 brain’s	 reward	 system	 in	 response	 to	 food	 and	 monetary	 stimuli	 among	

adults	 with	 obesity,	 overweight	 and	 normal	weight.	 In	 Study	 2	we	 characterized	 and	

compared	functional	connectivity	during	processing	of	food	versus	monetary	rewards	in	

excess	 weight	 versus	 normal	 weight	 adults.	 We	 used	 a	 novel	 connectivity	 approach	

based	 in	 graph	 theory.	 In	 Study	 3	 we	 examined	 patterns	 of	 brain	 activation	 during	
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processing	of	 social	 rewards	 in	a	decision-making	 task.	We	select	a	 special	vulnerable	

population	as	excess	weight	adolescents.	

In	Study	1,	we	found	a	positive	and	linear	relationship	between	BMI	and	brain	activation	

during	processing	of	food,	and	an	inverted	U-shape	relationship	between	BMI	and	brain	

activity	 during	 monetary-processing.	 In	 Study	 2,	 we	 showed	 specific	 network-level	

functional	 connectivity	 disruption,	 in	 excess	 weight	 adults,	 according	 to	 the	

reinforcement,	particularly,	a	blunted	functional	connectivity	during	processing	of	food	

and	an	enhanced	connectivity	while	processing	monetary	 rewards.	Finally,	 in	 study	3,	

we	 found	 that	 excess	 weight	 adolescents	 displayed	 blunted	 activation	 of	 the	 social	

decision-making	 circuitry,	 which	 correlates	 with	 disadvantageous	 traits	 and	

interpersonal	decisions.	

	 2.	Conclusions	

Based	 on	 the	 results	 from	 the	 studies	 reported	 and	 discussed	 in	 this	 thesis,	 we	 can	

conclude	the	following:		

1. Brain	 reward	 system	 activation	 has	 a	 differential	 relation	 with	 body	 mass	

index	when	processing	food	and	monetary	reinforcements.	This	relationship	

is	lineal	and	positive	when	processing	food,	and	display	an	inverted	U	shape	

when	processing	monetary	rewards.	

2. Excess	 weight	 adults	 have	 independent	 brain	 networks	 disrupted	 while	

processing	food	and	monetary	reinforcements.	Specifically,	they	have	reduced	

fronto-striatal	functional	connectivity	during	processing	of	food	and	enhanced	

attentional	functional	connectivity	while	processing	monetary	rewards.	
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3. Excess	weight	 adults	 show	 behavioral	 impairment	 during	 the	 processing	 of	

food	and	monetary	reinforcements.	The	alterations	associated	to	food	reward	

involve	 lower	 valuation	 of	 plain	 food	 stimuli.	 The	 alterations	 associated	 to	

monetary	 rewards	 involve	 higher	 behavioral	 reactivity	 (less	 reaction	 time)	

associated	to	high	valuable	stimuli.	

4. Excess	weight	 adolescents	 display	 blunted	 activation	 of	 the	 social	 decision-

making	 circuitry	 in	 a	 social	 and	 economic	 negotiation	 scenario.	 These	

alterations	 correlates	 with	 disadvantageous	 traits	 (i.e.	 maturity	 fears)	 and	

interpersonal	decisions	(i.e.	acceptation	of	unfair	offers).	

	 3.	Future	perspectives	

The	results	obtained	 in	this	 thesis	allow	us	to	generate	new	research	possibilities	 that	

could	be	tested	in	future	studies.	Among	which	we	can	highlight:	

1. To	determine	 if	 brain	 alterations	 linked	 to	 food	and	monetary	 rewards	 also	

apply	to	other	natural	reinforcers.	

2. 	To	establish	if	the	reward	system	alterations	found	in	overweight	individuals	

represent	a	distinctive	feature	of	this	group	or	an	“en	route”	state	to	obesity	

3. To	 test	 whether	 fronto-striatal	 blunted	 functional	 connectivity	 during	 food	

processing	 are	 caused	 by	 deficient	 top-down	 signaling	 from	 the	 prefrontal	

cortex,	by	bottom-up	processes	or	by	the	interaction	of	both	systems	by	using	

effective	connectivity	models.	

4. To	examine	the	relationship	between	the	neural	alterations	in	the	segregated	

networks	associated	with	food	and	monetary	rewards,	and	their	clinical	and	

societal	outcomes	relevant	to	obesity.	
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5. To	 conduct	 longitudinal	 designs	 to	 establish	 causation	 effects	 in	 the	

relationship	 between	 excess	 weight	 problems	 and	 social	 decision-making	

deficits.	
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Diagnostic	and	statistical	Manual	of	mental	Distoders	(DSM):	Documento	publicado	

por	 la	 asociación	 estadounidense	 de	 psiquiatría	 que	 contiene	 la	 clasificación	 de	 los	

trastornos	mentales.	

Estimulación	 transcraneal	 magnética:	 Técnica	 no	 invasiva	 de	 estimulación	 de	 la	

corteza	cerebral	mediante	pulsos	magnéticos.	

Exceso	 de	 peso:	 Según	 la	 Organización	Mundial	 de	 la	 Salud,	 acumulación	 anormal	 o	

excesiva	 de	 grasa	 que	 puede	 ser	 perjudicial	 para	 la	 salud.	 Incluye	 tanto	 a	 sobrepeso	

como	obesidad,	es	decir,	valores	de	IMC	superiores	a	25	kg/m2	

Imagen	ponderada	en	T1:	Adquisición	de	resonancia	magnética	que	se	caracteriza	por	

el	tiempo	que	tarda	la	magnetización	longitudinal	en	recuperar	el	63%	de	su	estado	de	

equilibrio.	Es	el	tipo	de	imagen	más	usado	para	estudiar	la	morfología	del	cerebro	por	el	

buen	contraste	que	presenta	entre	los	tejidos.	

Imagen	 por	 tensor	 de	 difusión	 (DTI):	 Adquisición	 de	 resonancia	magnética	 que	 es	

sensible	a	la	difusión	del	agua	a	través	del	cerebro.	Permite	establecer	la	dirección	de	los	

axones	de	las	neuronas	que	forman	la	materia	blanca	cerebral.	

Índice	de	masa	 corporal	 (IMC):	Medida	antropométrica	que	se	obtiene	dividiendo	el	

peso,	medido	en	kilogramos	entre	el	cuadrado	de	la	altura,	medida	en	metros.	

Normopeso:	 	 Se	 consideran	 personas	 con	 normopeso	 aquellas	 con	 un	 valor	 de	 IMC	

superior	a	19	kg/m2	e	inferior	a	25	kg/m2.	

Obesidad:	Se	definen	como	personas	obesas	aquellas	con	un	valor	de	IMC	superior	a	30	

kg/m2.	
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Red	cerebral	por	defecto:	Red	funcional	cerebral	formada	por	las	cortezas	prefrontal	

medial	 y	 cingulada	 posterior,	 los	 giros	 angulares	 y	 la	 precuña.	 Esta	 red	 se	 encuentra	

activa	 “por	defecto”	cuando	no	está	 realizando	ninguna	 tarea	y	 se	desactiva	cuando	 la	

persona	tiene	alguna	demanda	cognitiva.	

Red	 de	 saliencia:	 Red	 funcional	 cerebral	 principalmente	 formada	 por	 las	 ínsulas	

anteriores	 y	 la	 parte	 dorsal	 de	 la	 corteza	 cingulada	 anterior.	 Su	 función	 se	 ha	

relacionado	con	la	integración	de	información	sensorial,	emocional	y	cognitiva.	

Sobrepeso:	 Se	 considera	 sobrepeso	 valores	 de	 IMC	 superiores	 a	 25	 kg/m2,	 pero	

inferiores	a	30	kg/m2	

Teoría	 de	 grafos:	 Rama	 de	 las	 matemáticas	 que	 estudia	 redes	 de	 elementos	

interconectados.	
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ANEXO	I	

BRAIN	 REWARD	 SYSTEM’S	 ALTERATIONS	 IN	 RESPONSE	 TO	 FOOD	 AND	

MONETARY	STIMULI	IN	OVERWEIGHT	AND	OBESE	INDIVIDUALS	

Juan	 Verdejo-Román,	 Raquel	 Vilar-López,	 Juan	 F.	 Navas,	 Carles	 Soriano-Mas,	

Antonio	 Verdejo-García.	 (Under	 review)	 Brain	 reward	 system’s	 alterations	 in	

response	 to	 food	 and	 monetary	 stimuli	 in	 overweight	 and	 obese	 individuals.	
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Abstract  

Background: The brain reward system is crucial to understand obesity in modern 

society, as increased neural responsivity to reward can fuel the unhealthy food choices 

that are driving the growing obesity epidemic. We tested brain’s reward system 

responsivity to food and monetary rewards in individuals with excessive weight 

(overweight and obese) versus normal weight controls, along with the relationship 

between this responsivity and body mass index (BMI). 

Methods: The sample comprised 21 adults with obesity (BMI>30), 21 with overweight 

(BMI between 25 and 30) and 39 with normal weight (BMI<25). Participants underwent 

a functional magnetic resonance imaging (fMRI) scanner while performing two tasks 

that involve the processing of food (Willing to Pay) and monetary rewards (Monetary 

Incentive Delay). Neural activations within the brain reward system were compared 

across the three groups. Curve fit analyses were conducted to establish the association 

between BMI and brain reward system’s response. 

Results: Individuals with obesity had greater food-evoked responsivity in the dorsal and 

ventral striatum compared to overweight and normal weight groups. There was an 

inverted U-shape association between BMI and monetary-evoked responsivity in the 

ventral striatum, medial frontal cortex and amygdala; that is, individuals with BMIs 

between 27 and 32 had greater responsivity to monetary stimuli. 

Conclusions: Obesity is associated with greater food-evoked responsivity, and 

overweight is associated with greater monetary-evoked responsivity in the brain’s 

reward system. Group differences in neural response to reward suggest the need to 

implement different strategies to regulate excess weight in overweight versus obesity. 
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Introduction 

Between 1980 and 2013 the prevalence of overweight and obesity has increased from 

857 million to 2.1 billion people worldwide, becoming a major global health challenge.1 

Specifically, overweight and obesity are associated with increased risk of cardiovascular 

disease, stroke, type II diabetes and different types of cancer, being a consistent risk 

factor for these conditions when Body Mass Index (BMI) is above 23 kg/m2.1 In 

Western societies, cheap availability of high palatable foods is a primary driver of the 

growing obesity epidemic.2 Foods rich in sugar and fat stimulate the brain reward 

network, bypassing the homeostatic mechanisms that control food intake, and hence 

fostering eating, even in the absence of energetic needs.3-4  

Current neurobiological theories are advocating for a “food addiction model” of obesity, 

given overlapping neurobiological alterations between individuals with obesity and 

substance addictions.5-8 Specifically, this model posits that individuals with overweight 

and obesity display increased responsivity of the brain’s reward system to food stimuli, 

leading to a loss of control over food intake.9 In spite of the growing influence of this 

food addiction model, overweight and obesity are heterogeneous conditions, and more 

neurobiological research is needed to establish if this notion is relevant across the 

different manifestations of excessive weight, or to particular phenotypes.10 Currently 

available functional magnetic resonance imaging (fMRI) studies have shown that 

sensory cues of high-palatable food evoke increased neural activation in the striatum 

and related regions of the brain reward network in both overweight and obese 

individuals versus normal weight controls.11-16 Positron Emission Tomography (PET) 

studies have also shown reduced striatal dopamine D2 binding potential in severely 

obese individuals (BMI≥40).17 However, striatal dopamine D2 binding potential is 
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increased in individuals with more moderate degree of excess weight for height.18 

Altogether, PET studies suggest that overweight and obesity may have unique neural 

underpinnings, and it has been proposed that the association between BMI and 

dopaminergic/reward network activity follows an inverted U-shape curve; that is, the 

association is positive in overweight individuals, but negative in obese individuals.19 

This proposed model is clinically significant and needs to be formally tested. If 

individuals with overweight versus obesity value food and other rewards via different 

brain mechanisms, delineation of these mechanisms would lead to better understanding 

of the underlying neurobiology of these disorders and, potentially, to more specific 

interventions for overweight and/or obesity.  

General reward sensitivity has been customarily indexed in neuroimaging studies with 

the Monetary Incentive Delay (MID) task.20 In normal weight individuals, MID-evoked 

brain activations in the midbrain, striatum and orbitofrontal cortex have been associated 

with trait reward sensitivity,20 and the food addiction model would predict a stronger 

involvement of these regions in people with excess weight. However, currently 

available studies have yielded contradictory findings. Balodis et al.21 showed increased 

reward system activation during the MID task in obese individuals versus controls, 

although no differences were found during reward feedback. Conversely, Simon22 did 

not found a significant association between BMI and MID-evoked neural activation. 

Therefore, existing studies have not yet clearly ascertained the association between 

excess weight and brain responses to monetary stimuli, or overlapping and/or unique 

patterns of brain activation related to monetary versus food stimuli. The latter is relevant 

because the low prices of highly palatable foods have contributed to increase their 

subjective value, and thus to food choices leading to the obesity epidemic.23   
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In this study, we aimed to compare brain activations evoked by food and monetary 

rewards in individuals with obesity, overweight and normal weight; and to determine 

the association between reward-evoked brain activations and BMI. We hypothesized 

that, in response to high palatable foods, excess weight participants, would display 

increased activation of key regions of the brain reward system, and particularly the 

striatum.22 We also hypothesized that in response to monetary rewards, which is a 

biological index of generalized sensitivity to reward, there would be an inverted U-

shape association between brain’s reward system activation and BMI.19  

 

Methods and Materials 

Participants 

Eighty-one healthy adults, aged between 25 and 45 years old were recruited for this 

study. They were classified in three groups on the basis of BMI: 39 Normal weights 

(NW); 21 Overweight (OW) and 21 Obese (OB). Participants’ sociodemographic 

characteristics, and BMI and fat percentage data are displayed in Table 1. The inclusion 

criteria were defined as follows: (i) BMI falling within the intervals categorized as 

overweight (BMI between 25 and 30 kg/m2), obesity (BMI over 30 kg/m2) or normal 

weight (BMI between 19 and 25 kg/m2); (ii) right-handedness. The exclusion criteria 

were: (i) history or current evidence of medical or psychiatric disorders that co-occur 

with obesity (e.g., diabetes, hypertension, binge eating, bulimia nervosa, depression) 

indicated with clinical assessments conducted by professional nurses and psychologists; 

(ii) abnormalities on Magnetic Resonance Imaging (MRI) or any contraindications to 

MRI scanning (including claustrophobia and implanted ferromagnetic objects).  
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All participants had normal or corrected-to-normal vision. They were recruited through 

media advertisements and received a financial compensation. The study was approved 

by the Ethics Committee for Research in Humans of the University of Granada (Spain) 

and was conducted in accordance with the Declaration of Helsinki. All participants 

signed written informed consent. 

Experimental Procedure 

Participants underwent two reward related tasks during an fMRI session. Each of these 

tasks involved the processing of different rewards: food and money.  

To ensure that every subject knew all the food stimuli to be used in the food reward 

fMRI task, two weeks before scanning participants attended to a catered tasting session. 

During that session subjects were gathered in a room and allowed to eat 18 different 

foods. These products had been previously classified based in their palatability: high 

palatable food, including sweet and fatty food (e.g., chocolate, cheese cake, burger) and 

plain food (e.g., yoghurt, omelet, orange). These sessions were conducted at 6:00 pm, 

and each participant should taste each food.  

All the fMRI sessions were conducted between one and three hours after lunch. At the 

beginning of this session BMI and fat percentage were obtained using a body 

composition analyzer TANITA BC-420 (GP Supplies Ltd., London, UK). To control 

the satiety level, participants rated their subjective degree of appetite on a 10-cm visual 

analog scale (VAS) three times along the fMRI session: prior to scan, immediately 

before the food-stimuli task and immediately after leaving the MRI room.  

fMRI Tasks 
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Food reward: We used a modified version of the Willingness to pay task.24  Participants 

watched each of the 18 previously tasted foods once. Each stimulus was presented in the 

screen for 2 seconds and after that, they had 4 seconds to answer: “How much would 

you pay for it?” They could choose between four prices, ranging from 20 cents to 10 

euros. Each selection was followed by a variable time between 3 and 5 seconds of 

baseline during which a cross fixation was presented on the screen. Our main interest 

was to contrast group differences between high palatable and plain food trials.  

Monetary reward: We used an adaptation of the Monetary Incentive Delay task,25 based 

on the original task employed by Knutson.26 At the beginning of each trial, participants 

were shown one of two cues (green or blue square) indicating potential winnings or no 

financial outcome at the end of the trial. The incentive value of each trial was signaled 

by means of the number of horizontal lines crossing the square (one line for 0.2€, two 

for 1€ and three for 5€). Each cue was presented for a fixed duration of 750msec. 

Subsequently, a cross-fixation was shown during a variable period of 3 to 5 sec, and 

after this interval participants had to perform a reaction-time task: respond to a white 

target star appearing for a variable length of time (150–450 ms) with a button press. 

Then participants received feedback (hit/miss) about the accuracy of their response for 

750ms, together with the information about the amount of money won in that trial 

(when adequate, i.e., correct responses in reward cued trials) and their cumulative total 

at that point of the experiment. Finally, another fixation period (750 ms) was included 

before the next trial. Therefore, total trial duration ranged between 5700 and 7000 ms. 

Participants performed 24 trials of each type of cue yielding a total of 96 trials.  

Imaging analyses explored brain activity changes during two periods, the reward-

anticipatory period, which included the cue presentation, the variable waiting delay and 

the actual response period, and the reward-feedback period, involving the presentation 
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of visual feedback (hit/miss). Specifically, a linear contrast (High reward > Medium 

reward > Low reward > No outcome trials) was defined at the first level (within-

subject) to explore brain activation during reward-anticipation, while a Win > Miss 

contrast was used for the reward-feedback period. Therefore, this task yields two main 

conditions of interest: reward anticipation (High vs. Medium vs. Low vs. No reward) 

and reward feedback (Win vs. Miss). 

Imaging data acquisition and preprocessing 

A 3.0 T clinical MRI scanner, equipped with an eight-channel phased-array head coil, 

was used (Intera Achieva, Philips Medical Systems, Eindhoven, The Netherlands). 

During task performance, three T2*-weighted echo-planar imaging (EPI) sequences 

were acquired according to the following parameters: Repetition time (TR) = 2000 ms, 

Echo time (TE) = 35 ms, Field of view (FOV) = 230 x 230 mm, 96 x 96 matrix, flip 

angle = 90º, and a total of 21 axial slices of 4 mm with a 1 mm gap). Specifically, we 

collected 149 scans for the food reward task and 432 scans for the monetary reward 

task. A sagittal three-dimensional T1-weighted turbo-gradient-echo sequence (3D-TFE) 

(160 slices, TR = 8.3 ms, TE = 3.8 ms, flip angle = 8°, FOV = 240 x 240, 1 mm3 voxels) 

was also obtained in the same experimental session for anatomical reference. Stimuli 

were presented through magnetic resonance-compatible liquid crystal display goggles 

(Resonance Technology Inc., Northridge, California, USA), and responses were 

recorded through Evoke Response Pad System (Resonance Technology Inc., 

Northridge, California, USA). The functional images were analyzed using Statistical 

Parametric Mapping (SPM8) software (Wellcome Department of Cognitive Neurology, 

Institute of Neurology, Queen Square, London, UK), running under Matlab R2009 

(MathWorks, Natick, MA, USA). Preprocessing included re-slicing to the mean image 

of the time series, slice timing correction, normalization, using affine and smoothly non-
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linear transformations, to an EPI template in the Montreal Neurological Institute (MNI) 

space, and spatial smoothing by convolution with a 3D Gaussian kernel (full width at 

half maximum (FWHM) = 8 mm). Data were high-pass filtered to remove low-

frequency noise (1/128 Hz) and corrected for temporal autocorrelation using an 

autoregressive AR model. 

Outside scanner behavioral measures 

Sensitivity to Reward was measured with The Sensitivity to Punishment and Sensitivity 

to Reward Questionnaire (SPSRQ).27 This questionnaire has demonstrated internal 

consistency; construct validity, and significant associations with reward and punishment 

relevant brain systems.20 

Statistical analyses 

Behavioral analyses: 

Behavioral data were analyzed with the Statistical Package for the Social Sciences 

version 19 (SPSS; Chicago, IL, USA). We tested between-group differences in 

demographic, body composition and sensitivity to reward variables with one-way 

ANOVAs, followed by post-hoc two sample t-tests. We conducted a series of mixed-

design ANOVAs to analyze putative interactions between study groups and variables of 

interest (i.e., fMRI tasks conditions), followed by post-hoc within- and between-group 

analyses.  

Neuroimaging analyses: 

Task regressors were convolved with the SPM8 canonical hemodynamic response 

function. To prevent motion artifacts, six head motion parameters were entered as 
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regressors of no interest in all first-level analyses.  One-sample t-tests were conducted 

on the resulting first-level contrast images to assess across-group activations in each of 

the contrasts. Next, we conducted a series of three-group ANOVAs to assess between-

group differences using the same first-level contrast images.  

Due to the existence of an a priori hypothesis about changes in brain activity within the 

reward system, all statistical analyses were spatially restricted to such region of interest. 

Such mask was defined empirically according to the results obtained from a large series 

of previous studies assessing reward system function by means of fMRI examination. 

Specifically, similar to other studies,28 we used the reward system mask provided by 

Neurosynth (www.neurosynth.org). This mask includes brain regions that have shown 

to be associated with reward processing via meta-analytic research (i.e., striatum, 

anterior and posterior cingulate cortices, supplementary motor area, prefrontal cortices, 

insula, dopaminergic midbrain, hippocampus, amygdala and intraparietal cortices). 

Statistical significance threshold was corrected for multiple comparisons using a 

combination of voxel intensity and cluster extent thresholds. The spatial extent 

threshold was determined by 1,000 Monte Carlo simulations, using the AlphaSim 

algorithm as implemented in the SPM REST toolbox.29 Input parameters included a 

brain mask of 51517 voxels (the reward system mask), an individual voxel threshold 

probability of 0.005 and a cluster connection radius of 5 mm. At 11.0 and 9.2 mm 

FWHM smoothness for the food and monetary task contrasts, respectively, 

corresponded to a minimum cluster extent (KE) of 220 and 154 voxels to satisfy a 

Family-wise error (FWE) corrected P value of PFWE <0.05.  

To exclude potential confounds linked to sex differences, we replicated all contrasts of 

interest controlling for sex. Results were equivalent, and hence we only report results 
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for the non-covaried analyses. We also performed specific men vs. female analysis and 

did not find significant between-group differences.  

To examine the association between brain activations and BMI, we conducted curve fit 

analyses in SPSS. The peak beta eigenvalues from each cluster of significant between-

group differences was extracted and related with BMI values. 

 

Results 

Behavioral measures 

Appetite and Sensitivity to Reward measurements: 

We found no significant between-group differences or interactions between Group and 

Time for subjective measures of appetite (F(4,146) = 0.638, P = 0.599). Likewise, we 

did not found any significant between-group differences in sensitivity to reward scores. 

The relationship between BMI and sensitivity to reward scores followed a non-

significant inverted U-shape curve (R2 = 0.040, P = 0.204). 

fMRI behavioral measures 

Food reward task 

We found a significant “Group x Food Type” interaction (F(2,77) = 4.162, P = 0.019). 

Paired within-group contrasts showed that OB and OW groups paid more money for 

high-palatable food than for plain food (P = 0.002 and p < 0.001), unlike the NW group 

(P = 0.220). Paired between-group contrasts showed that OB paid significantly less 



 

 12  

money for plain food compared to NW (t(58) = 2.24, P = 0.020). We found no group 

differences for high palatable food.  

Monetary reward 

We found a significant “Group x Reward” interaction (F(6,231) = 2.67, P = 0.030). 

Within-group analyses showed a significant effect of cue type (F(2,7) = 4,608, P = 

0.013), indicating that all participants made faster responses in high incentive trials. 

Between groups comparisons showed that OB had significant slower reaction time in 

neutral (t(57) = 2.315, P = 0.028) and low incentive trials (t(57) = 2.160, P = 0.035) 

compared to NW. Behavioral results are summarized in Table 2.  

Neuroimaging  

Food reward task 

During high-palatable versus plain food participants significantly activated bilaterally 

the dorsal caudate, the nucleus accumbens, the ventral putamen, the ventral tegmental 

area, the intraparietal, ventromedial and dorsolateral prefrontal and anterior cingulate 

cortices, and the anterior insula extending to the lateral orbitofrontal gyrus (Table S1 

and Figure 1).  

Group comparisons showed that OB subjects displayed significantly increased 

activations bilaterally in the dorsal caudate and nucleus accumbens compared to both 

NW and OW participants. In addition, OB group had significantly increased activation 

in the anterior cingulate cortex compared to the NW group (Table S1 and Figure 1).  

Post hoc analyses showed a linear and positive correlation between BMI and bilaterally 

activation in the dorsal caudate (Right: r = 0.408, R2 = 0.166, P < 0.001; Left: r = 0.299, 
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R2 = 0.089, P = 0.007), the nucleus accumbens (Right: r = 0.333, R2 = 0.111, P = 0.003; 

Left: r = 0.312, R2 = 0.097, P = 0.005) and the dorsal anterior cingulate gyrus (r = 0.351, 

R2 =0.123, P = 0.002).  

Monetary reward 

Reward anticipation contrast 

Parametric increases in reward magnitude cues were associated with higher activations 

in bilateral dorsal and ventral striatum, midbrain (including ventral tegmental area), 

thalamus, amygdala-hippocampal complex, orbitofrontal cortex, middle frontal gyrus, 

anterior insula, and anterior and posterior cingulate and intraparietal and cortices (Table 

S2, Figure 2).  

Group comparisons showed that OW individuals displayed significantly increased 

activation in the anterior cingulate cortex/supplementary motor area in comparison with 

both OB and NW groups. Likewise, OW individuals (but not OB individuals) showed a 

significantly increased activation in the ventral tegmental area, the ventral putamen, the 

lateral orbitofrontal cortex and the hippocampus-amygdala complex in comparison with 

NW participants (Table S2, Figure 2).  

Curve fit analyses of the association between BMI and peak activations from the above 

analyses showed inverted-U associations for the supplementary motor area (R2 = 0.240, 

P < 0.001), dorsal anterior cingulate (R2 = 0.144, P = 0.003), ventral tegmental area (R2 

= 0.103, P = 0.016), ventral putamen (right: R2 = 0.137, P = 0.004; left: R2 = 0.079, P = 

0.043), hippocampus (R2 = 0.135, P = 0.004) and amygdala (R2 = 0.115, P = 0.009). 

Post-hoc analyses showed that the peaks of the inverted U ranged between 27 and 32 

Kg/m2.  
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Reward feedback contrast 

In win versus miss trials participants significantly activated the bilateral ventral and 

dorsal striatum, the amygdala-hippocampal complex, the orbitofrontal cortex, the 

middle frontal gyrus, the posterior cingulate, and the intraparietal cortices. Miss 

compared to win trials evoked activations including the anterior insula, the dorsal 

anterior cingulate cortex and the supplementary motor area. (Table S3, Figure 3). 

Group comparisons in Win versus Miss trials showed that OB individuals compared to 

NW had increased activation in the rostral-ventral pons. Likewise, OB individuals 

compared to OW had increased activation in the nucleus accumbens. Curve fit analyses 

showed a linear and positive association between nucleus accumbens and pons 

activations and BMI scores (r = 0.363, R2 = 0.132, P = 0.001, r = 0.276, R2 = 0.076, P = 

0.014). (Table S3, Figure 3). 

 

Discussion 

We found that individuals with obesity and overweight have unique patterns of brain 

activation in response to food and monetary rewards. Specifically, individuals with 

obesity display enhanced food-evoked ventral and dorsal striatal activations compared 

to individuals with overweight and normal weight. Conversely, individuals with 

overweight display increased monetary-reward anticipation activations in widespread 

regions across the brain reward network. Monetary reward feedback, however, evoked 

greater responses in the rostral-ventral pons and nucleus accumbens in obese individuals 

versus normal weight and overweight subjects, respectively. Food and monetary-

feedback evoked neural activations showed a linear positive relationship with BMI, 
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whereas monetary-reward-anticipation evoked neural activations showed an inverted U-

shape association with BMI.  

The increased responsivity of the ventral and dorsal striatum to high-palatable food in 

obese individuals is consistent with previous fMRI studies showing increased striatal 

activation in response to food cues.11,30 Critically, we show that these alterations are 

specific to individuals with obesity (relative to overweight), and therefore they may 

reflect severity related neuroadaptations. This notion is consistent with food addiction 

models of obesity, which propose that this disorder is associated with ventral striatal 

neuroadaptations leading to incentive sensitization of food, and dorsal striatal 

neuroadaptations leading to food-related habits.31 Our findings also extend available 

evidence by showing alterations in a food choice task, with greater ecological validity 

than passive observation of food cues.13 In fact, imaging findings were paralleled by 

behavioral results, which show that obese individuals assign less value to standard food, 

which may bias their food choices towards highly palatable unhealthy food.23  

The increased responsivity of the VTA/striatum, amygdala, orbitofrontal cortex, and 

medial prefrontal cortex in overweight individuals to anticipation of monetary rewards, 

and the inverted U-shaped relationship between activation of these regions and BMI is 

consistent with findings of dopamine-PET studies.19 Indeed, brain activation in the MID 

task is regarded as a biological index of general sensitivity of the brain reward system.20 

Our findings clearly indicate that brain response to monetary-reward anticipation is 

increased in individuals with overweight, and comparatively decreased in individuals 

with obesity. This finding is relevant, as it indicates that strategies to prevent 

overweight might need to focus on downplaying general hyper-reactivity of the brain 

reward system, whereas strategies to prevent obesity might need to stimulate the brain 

reward system’s responsivity to alternative reinforcers that can compete with food. It 
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remains to be determined if overweight-specific reward system hyper-reactivity 

represents a different biological phenotype, or an “en-route” state leading to obesity. In 

any case, our results have theoretical implications for the understanding and prevention 

of overweight versus obesity. 

The increased responsivity of the nucleus accumbens to monetary reward feedback in 

obese individuals is also consistent with the incentive sensitization model, although in 

this case with the “liking” or hedonic aspects of reward (and not the “wanting” or 

anticipation aspects).32 The nucleus accumbens is the key “liking” hotspot of the brain, 

which is involved among other functions in amplifying the taste of food.33 Likewise, our 

finding is similar to previous results in cocaine dependent users, which have greater 

activation of the nucleus accumbens during feedback processing in the MID task.34,35 

Therefore, our findings indicate that obese individuals have similar alterations in reward 

feedback processing to those observed among addiction populations. 

This study has important strengths. The groups were well matched in key 

sociodemographic characteristics, such as age, years of education and socioeconomic 

status. We also applied strict eligibility criteria, which ruled out the presence of obesity 

related comorbid conditions, including medical comorbidities (i.e., diabetes, 

hypertension) and mental health problems (i.e., depression or eating disorders, such as 

binge eating or bulimia nervosa). We also maximized the ecological validity of 

assessments by pre-exposing participants to the food products of the neuroimaging task 

in a pre-scanner buffet session. Nevertheless, our findings also need to be understood in 

the context of some limitations. First, we used different tasks to assess food-related 

reward (Willingness to Pay) and monetary reward (Monetary Incentive Delay), and 

therefore we could not analyze interaction effects of food and monetary rewards on the 

brain reward system. Nonetheless, both tasks are well-validated measures of reward 
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processing in relation to food and money stimuli. Moreover, the number of participants 

in each group was unequal: Obese and overweight groups were smaller than the normal 

weight group. We addressed this limitation by performing post-hoc tests of 

homogeneity of variance for all significant findings, which showed non-significant 

results (i.e., homogenous variances across groups) in all cases. Another potential 

limitation is the use of BMI as the main independent variable. Recent evidence has 

shown that measures of body fat, and particularly visceral fat, are more sensitive to 

brain health specifically among adolescents.36 We chose BMI over body fat because our 

measure of fat (bioelectrical impedance) does not allow reliable estimations of visceral 

versus subcutaneous fat, and BMI was more adequate than total body fat to classify 

adult participants of both sexes. Furthermore, BMI is regarded as a reliable index of 

weight-to-height ratio and is the key indicator of overweight and obesity in population-

based studies.1 An additional limitation is the non-significant curvilinear relationship 

between BMI and the behavioral measure of sensitivity to reward (SPSRQ). This 

negative finding can be explained by methodological differences between self-report 

and biological (neuroimaging) measures –the latter more objective and sensitive, and/or 

by the strict inclusion/exclusion criteria, which resulted in a narrow BMI range. This 

relationship has been previously demonstrated in a behavioral study with a broader BMI 

range (17 to 51 kg/m2) relative to ours (19 to 38 kg/m2).37 Finally, we analyzed 

neuroimaging activations within discrete regions of the brain reward system, although 

these regions are known to be part of an integrated network. Therefore, future studies 

performing functional connectivity assessments of the reward system during food and 

monetary reward processing will probably be a relevant add-on to present findings.  

In conclusion, our results support the food addiction model and previous evidence 

showing an increased food-cue reactivity in striatal areas and a greater subjective value 
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of high palatable foods in excess weight adults. Conversely, a different pattern of 

activation was found during monetary reward anticipation, with an inverted U-shape 

relationship between brain reward system activation and BMI. These reinforcement-

dependent differential processing should be confirmed using other natural reinforces, 

and further studies in overweight populations should also investigate whether 

overweight-specific reward system alterations represents a distinctive feature of this 

group or an “en route” state to obesity.  
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Figure Captions 

Figure 1: Left panel: Brain evoked activation and between-group differences during the 

food reward task. Right hemisphere is displayed on the right. The color bar indicates t-

value. Right panel: Scatter plots showing a linear relationship between BMI and the 

peak activations from regions showing significant between-group differences.  

Figure 2: Left panel: Brain evoked activation and between-group differences during 

monetary anticipation contrast. Right hemisphere is displayed on the right. The color 

bar indicates t-value. Right panel: Scatter plots showing a quadratic relationship 

(inverted U-shape) between BMI and the peak activations from regions showing 

significant between-group differences.  

Figure 3: Left panel: Brain evoked activation and between-group differences during 

monetary feedback contrast. Right hemisphere is displayed on the right. The color bar 

indicates t-value (hot colors for the win vs. miss contrast and cold colors for the miss vs. 

win contrast). Right panel: Scatter plots showing a linear relationship between BMI and 

the peak activations from regions showing significant between-group differences. 

 









Table 1: Sociodemographic characteristics and body composition by group. 
 
 No rmal weight 

(n=39) 
Mean (SD) 

Overweight 
(n=21) 

Mean (SD) 

Obese 
(n=21) 

Mean (SD) 

P-value 

Age 33.08 (6.73) 35.00 (6.31) 32.19 (5.81) 0.345 
Sex (male/female) 18 / 21 10 / 11 10 / 11 0.992 
Years of education 18.18 (3.75) 17.86 (3.58) 17.14 (3.75) 0.599 
Monthly income     

<600€ 2 0.5% 9.5% 10.0%  
 

0.650 
601-1000€ 10.3 % 9.5% 15.0% 
1001-1500€ 2 0.5% 28.6% 25.0% 
1501-2000€ 1 7.9% 14.3% 15.0% 
2001-2499€ 1 0.3% 9.5% 30.0% 

>2500€ 2 0.5% 28.6% 5% 
BMI (kg/m2) 22.20 (1.76) 27.35* (1.59) 33.43* (2.56) <0.001 

Fat (%) 19.66 (5.96) 28.23* (7.56) 33.99* (8.97) <0.001 
BMI, Body mass index; *P<0.05 compared to the Normal Weight group. 

 



Table 2: Behavioral data on trait sensitivity to reward and performance on fMRI tasks. 

 
 Normal weight 

(n=39) 

Mean (SD) 

Overweight 

(n=21) 

Mean (SD) 

Obese 

(n=21) 

Mean (SD) 

ANOVA  

P-value 

Sensitivity to reward 10.31 (3.89) 10.14 (3.81) 9.76 (4.00) 0.875 

     

Willingness to Pay: Money paid (€)    

  High-palatable food 2.63 (1.75) 3.03 (2.26) 2.49 (1.25) 0.605 

  Plain food 2.36 (1.63) 1.81 (1.27) 1.42* (1.01) 0.045 

     

Monetary Incentive Delay: Response Time (s)    

  Neutral 0.246 (0.038) 0.252 (0.052) 0.279* (0.059) 0.042 

  Low 0.227 (0.033) 0.233 (0.048) 0.249* (0.046) 0.137 

  Medium 0.231 (0.037) 0.234 (0.043) 0.242 (0.047) 0.612 

  High 0.219 (0.032) 0.222 (0.036) 0.230 (0.040) 0.507 

*P<0.05 in relation to Normal Weight group. 
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Juan	 Verdejo-Román,	 Alex	 Fornito,	 Carles	 Soriano-Mas,	 Raquel	 Vilar-López,	

Antonio	 Verdejo-García.	 (Under	 review)	 independent	 functional	 connectivity	

networks	underpin	food	and	monetary	reward	sensitivity	in	obesity.	The	Journal	of	

Neuroscience.	

	

	

	

	

	



The Journal of Neuroscience

http://jneurosci.msubmit.net

JN-RM-1250-16

Independent functional connectivity networks underpin food and monetary
reward sensitivity in obesity

Antonio Verdejo-Garcia, Monash University
Juan Verdejo-Roman, Universidad de Granada

Alex Fornito, Monash University
Carles Soriano-Mas, Department of Psychiatry, Bellvitge University Hospital-

IDIBELL, CIBERSAM G17, Barcelona, Spain
Raquel Vilar-Lopez, Universidad de Granada

Commercial Interest:

This is a confidential document and must not be discussed with others, forwarded in any
form, or posted on websites without the express written consent of The Journal for

Neuroscience.

http://jneurosci.msubmit.net


 

 1

Title Page 1 
Independent functional connectivity networks underpin food and monetary 2 

reward sensitivity in obesity 3 
Abbreviated title: Disrupted reward-related brain connectivity in obesity 4 

Juan Verdejo-Román,1 Alex Fornito,2 Carles Soriano-Mas,3,4,5 Raquel Vilar-López,1 5 
Antonio Verdejo-García6* 6 

1. Institute of Neuroscience F. Olóriz, Red de Trastornos Adictivos and Mind, Brain, 7 
and Behavior Center–CIMCYC, Universidad de Granada, Granada 18071, Spain. 8 
2. Brain and Mental Health Laboratory, Monash Institute of Cognitive and Clinical 9 
Neurosciences and Monash Biomedical Imaging, Monash University, Melbourne, 10 
Victoria 3168, Australia. 11 
3. Department of Psychiatry, Bellvitge University Hospital-IDIBELL, Hospitalet de 12 
Llobregat, Barcelona 08907, Spain. 13 
4. CIBERSAM, Carlos III Health Institute, Barcelona 08907, Spain. 14 
5. Department of Psychobiology and Methodology in Health Sciences, Universitat 15 
Autònoma de Barcelona 08193, Spain. 16 
6. School of Psychological Sciences and Monash Institute of Cognitive and Clinical 17 
Neurosciences, Monash University, Melbourne, Victoria 3800, Australia. 18 
*Address correspondence to: 19 
A. Verdejo-García (*) 20 
School of Psychological Sciences 21 
18 Innovation Walk 3800, Melbourne (VIC), Australia. 22 
E-mail: antonio.verdejo@monash.edu 23 
Tel: +61 (3) 9905 5374 24 



 

 2

Number of pages: 35 25 
Number of figures: 4 26 
Number of tables: 0 27 
Word count Abstract: 239 28 
Word count Introduction: 650 29 
Word count Discussion: 1114 30 
Conflict of Interest:  The authors declare no competing financial interests. 31 
Acknowledgements: This study has been funded by project grant P10-HUM-6635 32 
(NEUROECOBE) from the Andalusian Council of Innovation, Science and Industry, 33 
program grant RETICS from the Institute of Health Carlos III, Spanish of Ministry of 34 
Health, co-funded by FEDER funds of the European Union - a way to build Europe - 35 
(RD12/0028/0017) and a medical project grant of the Ian Potter Foundation (Victoria, 36 
Australia) to A.V.G. J.V.R is funded by an FPI scholarship from the Junta de Andalucía, 37 
associated with the NEUROECOBE grant. A.F. is supported by Australian Research 38 
Council FT130100589. C.S.M. is funded by a ‘Miguel Servet’ contract from the Carlos 39 
III Health Institute (CP10/00604). 40 
 41 
 42 
  43 



 

 3

Abstract: 44 
The over-valuation of highly palatable food is a primary driver of excess weight 45 
problems, and is associated with activation of brain regions involved in reward 46 
processing. However, it remains unclear if these brain regions act as an integrated 47 
network, and if this network is specialized in food reward, or generally involved in 48 
reward processing. We used functional magnetic resonance imaging (fMRI) to 49 
characterize functional connectivity during processing of food and monetary rewards in 50 
excess and healthy weight adults. Seventy-six healthy adults, 37 with normal weight 51 
(BMI<25) and 39 with excess weight (BMI>25) performed two reward tasks in the 52 
fMRI scanner, one involving food-related rewards (Willingness to Pay for food) and 53 
one involving monetary rewards (Monetary Incentive Delay). A data-driven graph 54 
approach was applied to compare whole-brain, task-related functional connectivity 55 
between groups. We found that excess weight individuals showed a higher valuation of 56 
highly palatable food and greater sensitivity to monetary rewards. They also exhibited 57 
decreased functional connectivity during the processing of food rewards in a network 58 
that principally involved frontal and striatal areas, and increased functional connectivity 59 
of frontal and parietal areas during the processing of monetary rewards. These two 60 
networks were topologically and anatomically distinct, were correlated with task 61 
performance, and were independently associated with BMI. Our findings suggest that 62 
the processing of food-related and monetary rewards are both altered in excess weight 63 
individuals, and that these alterations have distinct neural underpinnings that are 64 
independently related to adiposity.  65 
 66 
 67 
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Significance Statement 69 
High valuation of energy dense and cheap food rewards (e.g., meal deals) is a primary 70 
driver of the dietary choices that lead to obesity. Here, we map the brain networks 71 
involved in the processing of food and monetary rewards in excess weight individuals 72 
using functional magnetic resonance imaging. We found that excess weight people 73 
show a higher valuation of both food and monetary rewards, and that these behavioural 74 
changes are associated with domain-specific alterations in brain network functional 75 
connectivity. Disrupted connectivity in these two networks independently correlated 76 
with body mass index, suggesting that they uniquely contribute to obesity. These results 77 
may shed light on why people with excess weight are more attracted to high calorie 78 
food that is cheap but unhealthy. 79 
 80 
 81 
 82 
 83 
 84 
 85 
 86 
 87 
 88 
 89 
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Introduction 90 
Obesity is currently the most important health problem in developed countries, as it is 91 
linked to some of the leading causes of mortality (i.e., cardiovascular disease or 92 
diabetes) (Flegal et al., 2013). In recent decades, the prevalence of obesity has reached 93 
worldwide epidemic proportions (Ng et al., 2014) and this growth has been linked to the 94 
availability of highly processed food rich in sugar and fat (Stice et al, 2013). Obesity is 95 
increasingly conceptualized as a disorder of reward-based decision-making, according 96 
to cognitive neuroscience and neuroimaging evidence showing that obese people 97 
predominantly make food choices based on the rewarding aspects of food products, 98 
instead of their homeostatic or health properties (Volkow et al., 2011; Burger & Stice, 99 
2011; Kenny, 2011).  100 
Value-based choices rely on the function of a well-defined network of brain regions 101 
central to reward processing, including the anterior cingulate, orbitofrontal and dorsal 102 
prefrontal cortices, the ventral striatum, the dopaminergic midbrain and the amygdala 103 
and hippocampal complex (Haber & Knutson, 2010). Individuals with excess weight 104 
show significantly increased activation in these areas in response to high caloric food 105 
cues (Rothemund et al. 2007; Stoeckel et al., 2008; Martin et al., 2010; Dimitropoulos 106 
et al., 2012; Simon et al., 2014). However, despite evidence that these reward-related 107 
regions behave as an integrated network, it is as yet unclear how network-level 108 
disturbances relate to altered brain reward processing in obesity. Functional 109 
connectivity studies have examined discrete elements of the brain’s reward-processing 110 
system (i.e., striatum, midbrain, amygdala, orbitofrontal cortex), but these studies have 111 
reported contradictory findings. While some studies in excess weight adults have found 112 
enhanced functional connectivity of striatal areas during processing of highly palatable 113 
food (Stoeckel et al., 2009; Nummenmaa et al., 2012; Carnell et al., 2014) other studies 114 
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found reduced functional connectivity mainly involving frontal areas (Stoeckel et al., 115 
2009; Kullmann et al., 2013; García-García et al., 2013).  116 
In addition, it remains unclear whether disruptions of the neural systems supporting 117 
reward-based decision-making in this population are specific to the processing of food-118 
related stimuli or represent a general sensitization of reward processes. The existence of 119 
a general deficit of reward-processing, (i.e., independent of the specific stimulus), 120 
predicts that obese people will have generic problems in evaluating natural reinforcers, 121 
which will, in turn, have a broad impact on obese peoples’ choices and quality of life 122 
(Rangel, 2013). Nevertheless, few studies have examined the brain’s reward system 123 
activity in excess weight individuals during the processing of generic stimuli, such as 124 
monetary reward. Balodis et al. (2013) found increased activity in the ventral striatum 125 
and ventromedial prefrontal cortex in anticipation of monetary reward. This is 126 
consistent with evidence of altered structural connectivity in fronto-striatal circuits in 127 
obese individuals, and implies a general reward-processing deficit (Marqués-Iturra et al., 128 
2015). However, other studies have failed to find an association between brain 129 
monetary processing and body mass index (BMI) (Simon et al., 2015). These 130 
inconsistencies underscore the need for a comprehensive characterization of the reward 131 
network connectivity in excess weight adults across food-related and other types of 132 
stimuli. 133 
In this study, we used functional magnetic resonance imaging (fMRI) to map brain 134 
functional connectivity alterations in the reward system of individuals with excess 135 
weight relative to normal weight controls. Both groups performed two tasks: one 136 
assessing food-related reward processing and one assessing the processing of monetary 137 
rewards. Functional connectivity was assessed with a data-driven graph theoretic 138 
approach to characterize whole brain network-level between-group differences during 139 
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both tasks. Based on prior work (Nummenmaa et al., 2012, Stoeckel et al., 2009), we 140 
hypothesised that excess weight individuals would show disrupted functional 141 
connectivity involving frontal and striatal regions. If excess weight individuals show a 142 
general reward-processing deficit, then these disruptions should also be evident during 143 
the processing of monetary reward. Finally, we predicted that these network-level 144 
functional connectivity disruptions would be associated with personality measures of 145 
sensitivity to reward and general measures of clinical severity, such as BMI and 146 
adiposity.   147 
 148 
Materials and Methods 149 
Participants 150 
Seventy-six healthy, right-handed adults, aged between 25 and 45 years old, 151 
participated in this study. They were classified in two groups, 39 excess weight and 37 152 
controls, based in their Body Mass Index (BMI). The groups did not differ significantly 153 
in terms of age (t(1,74)=-0.40, p=0.69), sex (t(1,74)=-0.02, p=0.99), years of education 154 
(t(1,74)=0.72, p=0.47), or monthly income (t(1,74)=-0.63, p=0.39). 155 
The inclusion criteria for participants were defined as follows: (i) BMI values falling 156 
within the intervals categorized as excess weight (BMI higher than 25) or lean (BMI 157 
between 19 and 25); (ii) absence of history or current evidence of neurological or 158 
psychiatric disorders or medical comorbidities associated with obesity (e.g., diabetes, 159 
hypertension); (iii) absence of significant abnormalities on structural MRI or any 160 
contraindications to MRI scanning (including claustrophobia and implanted 161 
ferromagnetic objects). All participants had normal or corrected-to-normal vision. They 162 
were recruited through media advertisements and received a financial compensation. 163 
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The study was approved by the Human Research Ethics Committee of the University of 164 
Granada (Spain) and was conducted in accordance with the Declaration of Helsinki. All 165 
participants signed an informed consent form certifying their voluntary participation. 166 
 167 
Experimental paradigm 168 
For the purpose of the study, each participant performed two tasks during the fMRI 169 
session, a food-related reward task and a monetary reward task. To assure that every 170 
subject knew all the food stimuli, participants attended a tasting session two weeks 171 
before scanning. During that session participants were allowed to try 18 different foods. 172 
These products belonged to two groups based on their palatability: highly palatable food, 173 
including sweet and fatty food (e.g., chocolate, cheese cake, hamburger) versus plain 174 
food (e.g., yoghurt, omelet). These sessions were conducted at 6:00 pm, and participants 175 
were instructed to taste each of the foods offered. 176 
 177 
fMRI tasks 178 
Willingness to Pay task (WtP). We used a modified version of the Willingness to pay 179 
task (Plassmann et al. 2007).  Participants were presented with a photo of each of the 18 180 
previously tasted foods. Each stimulus was presented once for two seconds followed by 181 
a four-second response period, during which time participants answered the question: 182 
“How much would you pay for it?” They could choose between four monetary options, 183 
ranging from 20 cents to 10 euros. Each selection was followed by a variable fixation 184 
period lasting between 3 and 5 seconds. Our goal in this task was to examine brain 185 
activity and functional connectivity in high palatable food trials compared to plain food 186 
trials.  187 
 188 
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Monetary Incentive Delay task (MID). We used an adaptation of the Monetary Incentive 189 
Delay task (Nestor et al. 2010), based on the original task of Knutson (Knutson et al. 190 
2000). At the beginning of each trial, participants were shown one of two cues 191 
indicating potential winnings or no financial outcome at the end of the trial. Cues (green 192 
or blue square) were counterbalanced across participants, and the incentive value of 193 
each trial was signaled by means of the number of horizontal lines crossing the green 194 
square (one line for 0.2€, two for 1€ and three for 5€). Each cue was presented for a 195 
fixed duration, 750msec. Subsequently, a cross-fixation was shown during a variable 196 
period of 3 to 5 sec, and after this interval participants had to perform a reaction-time 197 
task: respond to a white target star appearing for a variable length of time (150–450 ms) 198 
with a button press. Then participants received feedback (hit/miss) about the accuracy 199 
of their response for 750ms, together with the information about the amount of money 200 
won in that trial (when adequate, e.g., correct responses in reward cued trials) and their 201 
cumulative total at that point of the experiment. Finally, another fixation period (750 202 
ms) was included before the next trial. Therefore, total trial duration ranged between 203 
5700 and 7000 ms. Participants performed the task in two sessions of 48 trials each, 204 
yielding a total of 96 trials. Imaging analyses examined brain activity changes during 205 
two events: (1) reward-anticipation, which occurred between the presentation of the cue 206 
and the response; and (2) reward-feedback period, which occurred at the time of the 207 
feedback.  208 
 209 
Both tasks were administrated using Presentation software (version 1.8; 210 
http://www.neurobs.com). Stimuli were presented through magnetic resonance-211 
compatible liquid crystal display goggles (Resonance Technology Inc), and responses 212 
were recorded through Evoke Response Pad System (Resonance Technology Inc). 213 
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 214 
Outside scanner behavioral measures 215 
Sensitivity to Reward was measured with The Sensitivity to Punishment and Sensitivity 216 
to Reward Questionnaire (SPSRQ) (Torrubia et al., 2001). This questionnaire has 217 
demonstrated internal consistency, construct validity, and significant associations with 218 
reward and punishment relevant brain systems (Costumero et al., 2013). 219 
Imaging data acquisition and preprocessing 220 
Participants were scanned using a 3T Philips Intera Achieva System. T2*-weighted 221 
echo-planar imaging (EPI) sequences were acquired with the following parameters: 222 
repetition time (TR), 2000 ms; echo time (TE), 35ms; flip angle, 90º; field of view 223 
(FOV), 240 mm; number of slices, 21, voxel dimension, 3 x 3 x 4 mm; gap, 1mm. 224 
Specifically, we performed a 149-volume scan session for the WtP task, and two 216-225 
volume scan sessions for the MID task. Structural images were obtained as an isotropic 226 
T1-weighted turbo-gradient-echo sequence in the sagittal plane (TR, 8.3ms; TE, 3.8 ms; 227 
flip angle, 8º; FOV 240mm; number of slices, 160; voxel dimension, 1 x 1 x 1 mm).   228 
Image preprocessing and analysis were performed using Statistical Parametric Mapping 229 
(SPM8) software (Wellcome Department of Cognitive Neurology, Institute of 230 
Neurology, Queen Square, London, UK), running under Matlab R2009 (MathWorks).  231 
Preprocessing steps included realignment to the mean image of the time series, slice 232 
timing correction, normalization, using affine and smoothly non-linear transformations, 233 
to an EPI template in the Montreal Neurological Institute (MNI) space, and spatial 234 
smoothing by convolution with a 3D Gaussian kernel (full width at half maximum 235 
(FWHM) = 8 mm). Data were high-pass filtered to remove low-frequency noise (1/128 236 
Hz) and corrected for temporal autocorrelation using an autoregressive AR model. 237 
 238 
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Statistical analyses 239 
Behavioral analyses. Behavioral data were analyzed with the Statistical Package for the 240 
Social Sciences version 19 (SPSS; Chicago, IL, USA). We conducted mixed-design 241 
ANOVAs to investigate the main effect of group, main effect of task, and their 242 
interaction. Specifically, we performed a 2 (Group) x 2 (Type of Food), and a 2 (Group) 243 
x 4 (Type of Cue) ANOVAs on money paid and response time, respectively. 244 
 245 
Task-related activation analyses. General linear models (GLM) were used to 246 
characterize task-evoked activation for each task separately. The task regressors were 247 
convolved with the SPM8 canonical hemodynamic response function. Three contrasts 248 
of interest were defined to investigate task-related activation for each subject; one in the 249 
WtP task and two in the monetary reward task. The WtP contrast tested for increased 250 
activity in High Palatable food trials compared to Plain Food trials. This contrast 251 
models brain processing of reward associated with the palatability of food, the specific 252 
reinforcer in obesity. Two contrasts were used to model brain activity during the 253 
monetary task. The first examined anticipation of monetary reward, as modeled by a 254 
linear contrast defined as: anticipation during high reward trials >Medium reward trial 255 
anticipation > low reward trial anticipation > no outcome trials. The second contrast 256 
examined feedback-related activation, and was modeled by comparing brain activity in 257 
win versus miss trials of the MID task.  258 
Across both tasks, first-level contrast images were carried forward to second-level 259 
random-effects group analyses. Whole-brain one-sample t-tests were conducted to map 260 
main effects of task across groups for each contrast, followed by two-sample t-tests to 261 
assess between-group differences. 262 
 263 
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The results were corrected for multiple comparisons with a combination of voxel 264 
intensity and cluster extent thresholds. The spatial extent threshold was determined by 265 
1000 Monte Carlo simulations using AlphaSim as implemented in the SPM REST 266 
toolbox (Song et al., 2011; Ward, 2013). Input parameters included a brain mask of 267 
138884 voxels, an individual voxel threshold probability of 0.005, and a cluster 268 
connection radius of 5 mm, considering the actual smoothness of data after model 269 
estimation. A minimum cluster extent (KE) of 343, 293 and 495 voxels for contrast 1, 2, 270 
and 3 respectively, was estimated to satisfy a family-wise corrected (FWE) p value of 271 
PFWE < 0.05. Recent studies have pointed to the potential for false positives to arise 272 
when primary cluster-forming thresholds of p>.001 are used (Woo et al., 2014). Here, 273 
we find no group differences at p<.005, and the result holds for the more stringent 274 
p<.001 threshold. We retain the more lenient p <.005 threshold for mapping the task-275 
related networks, as this results in a more inclusive definition of network nodes. Using 276 
this more inclusive definition ensures that we comprehensively sample the networks of 277 
interest. Note that our inclusion of more regions puts our hypothesis of localized 278 
changes in fronto-striatal systems to a more stringent test.   279 
 280 
Task-related functional connectivity analysis  281 
Graph analysis (Bullmore and Sporns, 2009, Rubinov and Sporns, 2010) was used to 282 
characterize brain functional connectivity during both tasks. Each brain network was 283 
modeled as a graph composed of N nodes connected by M edges. Regions showing 284 
significant activation or deactivation in the one-sample analyses for each contrast were 285 
selected as nodes for the functional connectivity analysis. All nodes, regardless of the 286 
activation contrast used to identify them, were used in the analyses of both tasks. In this 287 
way, we were able to examine context-specific changes within a single, reward-related 288 
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network. ROIs were then generated as 4 mm spheres centered on the voxel with the 289 
highest t score in each significant cluster. To prevent overlap between nodes, regions 290 
whose central points were closer than 8mm in Euclidean space were identified (n = 60) 291 
and a new node was created with a centroid that was equidistant from the two original 292 
foci. A total of 126 nodes were defined with this method. Each region-of-interest was 293 
masked by the SPM a priori probability image of grey matter in order to weight each 294 
voxel value according to its grey matter probability.  295 
 296 
Averaged signal time courses for each of the 126 nodes were extracted from the non-297 
smoothed images for both tasks. To measure task-related functional connectivity, we 298 
used the correlational psychophysiological interaction (cPPI) methodology (Fornito et 299 
al., 2012; http://www.nitrc.org/projects/cppi_toolbox). Separate analyses were 300 
conducted to investigate task-related functional connectivity in relation to (1) food-301 
related reward processing; (2) anticipation of monetary reward; and (3) receipt of 302 
monetary reward. For each analysis, the BOLD signal from each node was deconvolved 303 
(Gitelman et al, 2003), multiplied by a task regressor modeling the contrast of interest 304 
[i.e., (1) high palatable food > plain food; (2) anticipation during high reward trials > 305 
medium reward trial anticipation > low reward trial anticipation > no outcome trials 306 
anticipation; and (3) win > miss trials], and then reconvolved with a canonical 307 
hemodynamic response function to generate a psychophysiological interaction (PPI) 308 
term that quantified task-related modulations of each node’s activity. These PPI terms 309 
were then correlated between every pair of regions while partialling the effects of (1) 310 
the original task regressors; (2) the raw region time courses; (3) six head motion 311 
parameters (three rotation, three translation) and their first derivatives; and (4) ten 312 
principal component time courses that captured variance related to physiological noise 313 
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and residual head movement. These component time courses were estimated using the 314 
aCompCor method (Behzadi et al, 2007). Briefly, this method involves generating 315 
subject–specific tissue probability masks of white matter and CSF (thresholded at 99% 316 
probability), extracting the time-series from each voxel in each mask, excluding voxels 317 
with time courses that correlate with any of the task regressors (a threshold of p<0.2 318 
was uses for this purpose), and performing separate principal component analyses of the 319 
remaining white matter and CSF voxel time courses (Muschelli et al, 2014). The first 320 
five components from each analysis were retained as noise regressors. 321 
 322 
The cPPI analyses resulted in three N × N functional connectivity matrices (one for 323 
each contrast of interest) per subject, where N = 126. Each matrix represents task-324 
related functional connectivity between every pair of nodes. In the food reward task, a 325 
higher correlation indicated that two regions showed strong functional connectivity in 326 
the High palatable condition compared to the Plain food condition. In the monetary 327 
reward anticipation analysis, a higher correlation indicated stronger connectivity 328 
associated with the linear contrast High>Medium>Low>No Reward. In the monetary 329 
reward feedback analysis, a higher correlation indicated stronger connectivity in win 330 
compared to miss trials. Functional connectivity was measured for a total of (N2-331 
N)/2=7875 edges in each network, separately for each of the three task contrasts. 332 
 333 
NBS analyses 334 
We used the network-based statistic (NBS) to test for group differences in task-related 335 
functional connectivity in a data-driven, regionally-unbiased way (Zalesky et al, 2010). 336 
A separate analysis was conducted for each task contrast. Briefly, the NBS starts with a 337 
mass univariate analysis, in which statistical inference is performed independently at 338 
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each of the 7875 connections in the network. In this case, the inferential test was a two-339 
tailed t-test of the difference in group means between excess weight and normal weight 340 
individuals. The resulting matrix was thresholded at p<.05, uncorrected The sizes (in 341 
terms of number of edges) of the connected components of the remaining network of 342 
supra-thresholded edges were then computed, where connected components represent 343 
sets of nodes that can be linked by a set of supra-threshold edges. Group labels were 344 
then permuted and the analysis was repeated to generate an empirical null distribution 345 
of maximal component sizes. A total of 5000 permutations was used to generate this 346 
distribution. Since only the maximal component size is stored at each permutation, the 347 
resulting p-values for the observed sizes are familywise corrected at the component 348 
level (Nichols and Holmes, 2002; Zalesky et al. 2012). We retained as significant all 349 
components surviving a threshold of p<.05, component-wise corrected. 350 
 351 
Results 352 
Behavioral Analyses 353 
We found a significant “Group x Type of food” interaction (F(1,74)=8.57, p=0.005) in 354 
the WtP task. Within and between group comparisons showed that excess weight group 355 
paid less money for plain food than for high palatable food (t(38)=5.75 p<0.001), and 356 
less money than controls for plain food (t(74)=2.24, p=0.028). Thus, excess weight 357 
individuals showed a higher valuation of palatable food, as indicated by a willingness to 358 
pay more money for it (Figure 1A). 359 
 360 
In the MID task, we found a significant effect of cue type across groups on reaction 361 
time (F(3,22)=48,18, p<0.001), indicating that all participants made faster responses 362 
when they had the opportunity to win more money (Figure 1B). We found a trend-level 363 
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interaction between Group and Type of cue in the reaction time (F(3,222)=2.76, 364 
p=0.063) (Figure 1B). A second measure to assess reward sensitivity in the MID task is 365 
the slope of the linear regression of reaction time on cue type, ordered from no income, 366 
to low, middle and high magnitude. Comparing this measure, we found significant 367 
differences between groups (t(1,74)=2.136, p=0.037), suggesting greater responsivity to 368 
reward in the excess weight group (Figure 1C). 369 
 370 
Task-related activation 371 
Across both groups and the three contrasts (i.e., the WtP task contrast between high 372 
palatable versus plain food and the MID contrasts of anticipation and feedback), one-373 
sample t-tests showed significant activation in reward-related areas, including the 374 
striatum and the prefrontal cortex (i.e., middle and lateral orbitofrontal gyri), as well as 375 
in the precuneus and the occipital cortex.  376 
 377 
WtP task. Across both groups, processing of highly palatable versus plain food was also 378 
associated with increased activation of the midbrain, insula, anterior cingulate cortex 379 
(ACC) and supramarginal gyrus. 380 
 381 
MID task. During anticipation of monetary reward, participants across both groups 382 
activated striatal areas, as well as the midbrain, insula, ACC, supplementary motor area 383 
(SMA), precentral and postcentral gyri, thalamus, cerebellum and hippocampus. They 384 
also showed significant deactivations of the angular gyrus and posterior cingulate cortex 385 
(PCC). 386 
 387 
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During feedback (i.e., win trials versus miss trials), participants showed significant 388 
activation of the same striatal regions and the thalamus, fusiform and supramarginal 389 
gyri, hippocampus and PCC. Significant deactivation of the bilateral anterior insula was 390 
also observed. 391 
 392 
There were no significant between-groups differences in regional activation for any 393 
contrast at the selected threshold. 394 
 395 
Functional connectivity 396 
WtP task. The excess weight group showed a significant reduction of functional 397 
connectivity in the WtP task compared to controls. The network showing reduced 398 
functional connectivity comprised 544 edges and 125 nodes (p=0.025, component-wise 399 
corrected). To better understand the anatomical distribution of this network, we 400 
categorized nodes into eight categories according to their anatomical designation: 401 
frontal, insula, striatum, thalamus, temporal & hippocampus, parietal, occipital and 402 
cerebellum. We found that more than half of the connections in this network involved 403 
frontal cortex (50.55%). Most of these edges linked the frontal cortex with the striatum 404 
(13%) or the frontal cortex with the parietal cortex (12%). Fronto-insular (8.6%) and 405 
fronto-frontal connections (8.3%) were also frequently implicated in this network 406 
(Figure 3A). We identified no subnetworks in which excess weight individuals showed 407 
significantly increased functional connectivity during the WtP task. 408 
 409 
MID task. During the MID task, the excess weight group showed a significant 410 
enhancement of functional connectivity, during both the anticipation and the feedback 411 
conditions, compared to controls. This pattern stood in stark contrast to the WtP task, 412 
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where the excess weight group only showed evidence of reduced functional 413 
connectivity. 414 
 415 
During reward-anticipation, one component, comprising 532 edges and 126 nodes 416 
(p=0.03, component-wise corrected), showed significantly increased functional 417 
connectivity in excess weight individuals. This network largely involved frontal and 418 
parietal areas, with 10% of connections being fronto-parietal, 7.5% parieto-occipital, 419 
7.1% intraparietal and 7% fronto-striatal (Figure 3B). During reward-feedback, a 420 
component comprising 547 edges and 125 nodes (p=0.005, component-wise corrected) 421 
showed significantly increased functional connectivity in excess weight participants. 422 
This network predominantly involved frontal, striatal and parietal areas: 11% of the 423 
edges were parieto-striatal, 9 % fronto-striatal, 8% parieto-occipital and 7.5% fronto-424 
occipital (Figure 3C). 425 
 426 
Consistency across task conditions 427 
To examine whether there was a common dysfunctional network across task conditions, 428 
we computed the overlap in the binary topology of the three condition-specific 429 
dysfunctional networks identified in excess weight individuals. For each task contrast, 430 
we took the sub-network showing a significant difference between groups. We then 431 
computed the size of the intersection (in terms of number of edges) between (1) the two 432 
MID conditions (anticipation and feedback); and (2) all three conditions (i.e., monetary 433 
anticipation, monetary feedback and food related reward). The first analysis sought to 434 
identify a core dysfunctional network associated with processing monetary reward. The 435 
second sought to identify a core dysfunctional network associated with both monetary 436 
and food reward.  437 
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 438 
To test whether the overlap was significantly different to chance expectations, we 439 
generated randomized surrogates for each of the three dysfunctional networks using an 440 
established rewiring algorithm that preserves the same number of nodes, edges and 441 
degree distribution of the original networks, but which randomizes the network in all 442 
other respects (Maslov-Sneppen). We generated 5000 such networks for each of the 443 
three empirical networks and computed the size of the intersection at each of the 5000 444 
iterations to generate empirical null distributions of network overlap.  445 
 446 
We found that the dysfunctional networks identified during MID anticipation and 447 
feedback showed a statistically significant degree of overlap, sharing 112 edges in 448 
which task-related functional connectivity was increased in excess weight individuals 449 
(p<0.001). Most of these edges were parieto-occipital (14%), fronto-occipital (8.9%) 450 
and fronto-striatal (8.9%). This network thus comprises a core dysfunctional network 451 
for the processing of monetary reward in excess weight people.  452 
 453 
In a second analysis, we examined the consistency between the dysfunctional network 454 
identified in the WtP task and the anticipation and feedback conditions of the MID task. 455 
The degree of overlap between the dysfunctional monetary feedback and food reward 456 
networks was significantly less than expected by chance (20 edges, p<0.005). A similar 457 
trend was observed for the overlap between the food and monetary anticipation 458 
networks (24 edges, p = 0.055). These findings suggest that abnormal processing of 459 
monetary and food-related rewards in excess weight individuals is related to 460 
dysfunction in spatially and topologically segregated neural systems. 461 
 462 
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Correlations with task performance, clinical and personality measures. 463 
We next examined how individual variations in functional connectivity with the 464 
dysfunctional networks identified for each task condition relate to task performance, 465 
clinical and personality measures. To this end, we computed the first principal 466 
component of functional connectivity measures across the edges comprising the 467 
dysfunctional network identified in each task condition and correlated each individual’s 468 
component score with outcome measures: behavioral performance in the tasks, BMI, 469 
body-fat percentage and sensitivity to reward. For the WtP task, the first PC accounted 470 
for 7.16% of the variance; for anticipation it accounted for 7.60% and for feedback it 471 
accounted for 7.73%.  472 
 473 
Correlation with task performance 474 
We found a significant negative correlation between functional connectivity of the 475 
dysfunctional network during the WtP task and the difference score of money paid for 476 
high palatable versus plain food (r = -0.266, p = 0.020) (Figure 4A). That is, lower 477 
functional connectivity was associated with a lower valuation of plain food.  478 
We also found a significant negative correlation between functional connectivity of the 479 
dysfunctional network during the MID contrast of anticipation to reward and the 480 
measure of reaction time change across reward magnitudes (r = -0.269, p=0.020) 481 
(Figure 4B). According to the negative sign of the slope of the linear regression of 482 
reaction time on cue type, this negative correlation indicates that higher functional 483 
connectivity during monetary reward anticipation was associated with greater 484 
behavioral sensitivity to reward magnitude. These correlations did not survive 485 
Bonferroni correction for twelve comparisons (α=0.05/12=0.004). These findings 486 
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establish the behavioral relevance of the dysfunctional task-related functional 487 
connectivity networks identified in the group comparisons. 488 
 489 
Correlations with clinical and personality measures. 490 
There was a strong correlation between functional connectivity in the dysfunctional 491 
WtP network and BMI (r = -0.77, p<0.001) The correlation indicates that lower 492 
functional connectivity during this task was associated with higher BMI. A similar 493 
strong correlation was found with body-fat percentage (r = -0.53, p<0.001). The two 494 
dysfunctional MID networks also showed significant correlations with BMI and fat 495 
percentage: r = 0.80 and r = 0.49, p<0.001 in the anticipatory monetary contrast and r = 496 
0.76 and r = 0.47, p<0.001, in the feedback related contrast (Figure 4C). Each of these 497 
results survived Bonferroni correction for 12 comparisons (alpha = 0.004).  498 
 499 
We also performed partial correlations in which functional connectivity in the 500 
dysfunctional WtP network was correlated with BMI while controlling for functional 501 
connectivity in the dysfunctional MID networks. This analysis still revealed a 502 
significant negative correlation (r = -0.304, p<0.013). Similarly, the positive correlation 503 
between functional connectivity of the dysfunctional MID anticipation network and 504 
BMI remained significant when controlling for the WtP network (r=0.368, p=0.002). 505 
These results indicate that brain networks that are dysfunctional in excess weight 506 
individuals during the processing of food and money reward are independently 507 
associated with BMI.  508 
 509 
Discussion 510 
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Reward processing is a primary driver of the dietary choices that lead to excess weight 511 
and obesity. A core set of regions in the striatum, the prefrontal cortex, and the midbrain 512 
are known to support the generic processing of different types of rewards, whether they 513 
be monetary, food-related, erotic, and so on. However, it is yet unclear if difficulties in 514 
reward processing among excess weight individuals are (a) specific to the context of 515 
food or generalize to other domains; and (b) are associated with dysfunction in a 516 
specific neural systems or a domain-general reward processing network. In this study 517 
we used a data-driven, connectome-wide analysis to map neural systems showing 518 
altered functional connectivity in excess weight individuals during the processing of 519 
two distinct types of reward: food-related and monetary (including the anticipation and 520 
receipt of money). We found consistent evidence for involvement of frontal, striatal and 521 
parietal areas across tasks; however, the specific neural systems identified as 522 
dysfunctional in the food and monetary contexts were different. Specifically, excess 523 
weight individuals showed reduced functional connectivity and impaired valuation of 524 
rewards during food processing, and increased functional brain connectivity and higher 525 
behavioral sensitivity to monetary rewards. The specific set of brain functional 526 
interactions that were altered in these conditions showed statistical evidence of spatial 527 
and topological segregation. During both food-related and monetary reward processing, 528 
network-level functional connectivity correlated with task performance and physical 529 
measures of weight (i.e., BMI and adiposity), providing a direct link to altered reward 530 
valuation and physical size.  531 
 532 
Functional connections showing reduced coupling during the WtP food task in excess 533 
weight individuals predominantly linked frontal lobe nodes, which play an important 534 
role in self-regulation (Rangel, 2013), with striatal regions involved in stimulus 535 
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valuation (Montague et al., 2002), parietal regions implicated in attentional control 536 
(Hopfinger et al., 2000), and insula regions relevant to interoception (Craig, 2009). 537 
These results are consistent with a previous study that found reduced frontal cortex 538 
related functional connectivity in obese individuals during passive viewing of high 539 
palatable food images (García-García et al., 2013). Two recent studies have also 540 
reported altered white matter microstructure in fiber pathways linking frontal and 541 
subcortical areas in excess weight adults (Marqués-Iturra et al., 2015; Kullmann et al., 542 
2015). Frontal areas play a crucial role in dietary choices. These areas code the relative 543 
value of food reward according to palatability, while also supporting behavior to 544 
achieve long-terms goal (Rangel, 2013). Reduced functional connectivity between the 545 
frontal cortex and reward-related regions has been associated with failure of top-down 546 
regulation of behavioral control (Motzkin et al, 2014).  This deficit has also shown to 547 
contribute to explain dietary choices in obesity (Rangel, 2013). This conclusion is 548 
consistent with several studies that report difficulties in cognitive control and executive 549 
functions in obesity (Fitzpatrick et al., 2013). Modelling effective connectivity (e.g., 550 
Friston et al. 2003) within fronto-striatal systems may provide a useful test of the 551 
hypothesis that these circuit-level abnormalities are caused by deficient top-down 552 
signaling from the prefrontal cortex. 553 
 554 
In the MID task, individuals with excess weight displayed enhanced functional 555 
connectivity in a similar network across reward-anticipation and reward-feedback. This 556 
network involves mainly parieto-occipital, fronto-occipital and fronto-striatal 557 
connections. Previous resting-state neuroimaging studies had demonstrated enhanced 558 
resting-state functional connectivity in individuals with obesity (Dunnelink et al. 2008; 559 
Kullmann et al., 2012; Black et al., 2014; Lips et al., 2014; Wijngaarden et al., 2015). 560 
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Therefore, in obese people the pattern of functional brain connectivity during monetary 561 
reward resembles the tonic hyper-connectivity observed in resting-state studies. Fronto-562 
occipital networks are involved in rapid feed-forward propagation of visual inputs and 563 
direct top-down modulation of early visual processing (Forkel et al., 2014). Parieto-564 
occipital connections have also been implicated in the orientation and maintenance of 565 
visual attention (Foxe et al, 1998). The specific involvement of visual-attentional and 566 
goal-directed networks, and the positive correlation between these networks and 567 
sensitivity to reward in our analysis, suggests that obese individuals are sensitive to 568 
monetary cues. Future studies should explore the extent to which these networks predict 569 
dietary choices driven by monetary value, such as “meal deal choices”.  570 
 571 
The non-significant overlap between the dysfunctional reward-processing networks, as 572 
well as our partial correlation analyses, indicate that different neural systems 573 
independently correlate with excess weight. Reduced functional connectivity in frontal-574 
striatal networks during processing of food-related stimuli may relate to weakening of 575 
self-regulation skills needed to control high-calorie food choices (Hollmann et al., 2012). 576 
Money-related hyper-connectivity in visual-attentional networks may relate to excessive 577 
weight via special attention to the financial value of cheap high-calorie foods, which is 578 
linked to cues of food chains and meal deals. For example, Bruce et al. have shown 579 
parietal hyper-activation in response to fast food chains’ branding logos (Bruce et al., 580 
2014). Noteworthy, our findings are correlational and hence it is also possible that being 581 
overweight changes brain functional connectivity. Further studies are needed to better 582 
understand the relationship between these separate network alterations and clinical and 583 
societal outcomes relevant to obesity. Ultimately, different therapeutic approaches may 584 
be needed to tackle excess weight problems, one to strengthen frontal-striatal FC in 585 
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response to food stimuli, and a different one to decrease fronto-parietal-occipital FC in 586 
relation to monetary reward processing. 587 
 588 
We did not find significant group differences in brain activation in any of the three 589 
contrasts. These results suggest that reward processing in excess weight individuals is 590 
primarily driven by dysfunction of anatomically distributed neural systems, rather than 591 
isolated dysfunction of one or a few brain regions. Other studies have reported regional 592 
activation differences between obese individuals and normal weight controls during 593 
processing of highly palatable food (Rothemund et al. 2007; Stoeckel et al., 2008), but 594 
there are few studies in overweight individuals. Most of the existing studies included 595 
participants with severe presentations of obesity (BMI>35) and other medical 596 
conditions and eating disorders (i.e., binge eating disorder), whereas our sample is free 597 
of medical conditions and mental health disorders, and spans the whole excess weight 598 
spectrum, including overweight (BMI 25-30) and obese (BMI>30) participants. In 599 
addition, we conducted regionally-unbiased, whole-brain analyses, whereas many 600 
previous studies have focused on a priori regions of interest.  601 
 602 
In summary, specific functional connectivity disruption was found in excess weight 603 
individuals in response to food and money. Specifically, an enhancement in functional 604 
connectivity in a common network was found during both anticipation and reception of 605 
a monetary reward, whereas a reduction in functional connectivity was related to food 606 
reward. Our results are consistent with behavioral impaired valuation of both rewards 607 
and suggest a failure on regulation of dietary choice and food behavior. These results 608 
provide evidence of a general disruption of reward processing in excess weight adults, 609 
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but specific therapeutic approaches may be required to address specific aspects of this 610 
disruption when tackling the obesity epidemic. 611 
 612 
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 768 
Figure Legends 769 
Figure 1. Behavioral differences between excess and normal weight individuals during 770 
the willingness to pay and monetary incentive delay tasks. A. Average money paid 771 
during the WtP task. Errors bars represent sample standard error. B. Average response 772 
time for each cue type. Both groups showed the same differences as a function of cue 773 
type. C. Average slope of the linear regression equation across cue type in the MID task. 774 
Errors bars represent sample standard error. * p<0.05; ** p<.01. 775 
 776 
Figure 2: Task-related activation during the willingness to pay (A) and anticipatory (B) 777 
and feedback (C) contrasts of the monetary incentive delay tasks. The color bar 778 
indicates t-value. Left hemisphere is displayed on the left. D. Spatial localization of the 779 
nodes. Color node reflects anatomical divisions [i.e., Frontal (red), Insula (green), 780 
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Striatum (dark blue), Thalamus (light blue), Temporal (grey), Parietal (purple), 781 
Occipital (yellow) and Cerebellum (black)].  Left hemisphere is displayed on the left. 782 
 783 
Figure 3: Functional connectivity disruption during willingness to pay (A) and 784 
anticipatory (B) and feedback (C) contrasts of the monetary incentive delay tasks. 785 
Tables showed the distribution of edges based to the anatomical division they connected. 786 
Connectograms (below) showed disrupted connections for each network. Regions of 787 
interest are grouped according to anatomical divisions [i.e., FR, frontal (red), IN, insula 788 
(green), ST, striatum (dark blue), TH, thalamus (light blue), TE, temporal (grey), PA, 789 
parietal (purple), OC, occipital (yellow) and CE, cerebellum (black)].   790 
 791 
Figure 4. Altered networks in excess weight individuals correlate with task 792 
performance and BMI. A. Correlation between WtP network dysfunction and food 793 
value-difference measured as money paid for high palatable food minus money paid for 794 
plain food. Higher values reflect lower valuation of plain food compared to highly 795 
palatable food. B. Correlation between MID network dysfunction and reactivity to 796 
monetary cues measured as the slope of the regression of response time across the 797 
reward cues. Lower values reflect higher sensitivity to reward amount. C. Correlations 798 
between altered networks and BMI. 799 
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Abstract: Obese adolescents suffer negative social experiences, but no studies have examined whether
obesity is associated with dysfunction of the social brain or whether social brain abnormalities relate to
disadvantageous traits and social decisions. We aimed at mapping functional activation differences in the
brain circuitry of social decision making in adolescents with excess versus normal weight, and at examin-

ing whether these separate patterns correlate with reward/punishment sensitivity, disordered eating fea-
tures, and behavioral decisions. In this fMRI study, 80 adolescents aged 12 to 18 years old were classified
in two groups based on age adjusted body mass index (BMI) percentiles: normal weight (n 5 44, BMI per-
centiles 5th–84th) and excess weight (n 5 36, BMI percentile� 85th). Participants were scanned while per-
forming a social decision-making task (ultimatum game) in which they chose to “accept” or “reject”
offers to split monetary stakes made by another peer. Offers varied in fairness (Fair vs. Unfair) but in all
cases “accepting” meant both players win the money, whereas “rejecting” meant both lose it. We showed
that adolescents with excess weight compared to controls display significantly decreased activation of
anterior insula, anterior cingulate, and midbrain during decisions about Unfair versus Fair offers. More-
over, excess weight subjects show lower sensitivity to reward and more maturity fears, which correlate
with insula activation. Indeed, blunted insula activation accounted for the relationship between maturity
fears and acceptance of unfair offers. Excess weight adolescents have diminished activation of brain
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regions essential for affective tracking of social decision making, which accounts for the association
between maturity fears and social decisions. Hum Brain Mapp 36:226–237, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Adolescent obesity is a major public health problem that
has rapidly attained epidemic levels [Gee et al., 2013; Ji,
2008; Rudolf et al., 2004; Strauss and Pollack, 2001]. Neuro-
science models posit that major societal changes have
transferred the obesity problem to the decision-making
field: in plentiful environments, decision making is essen-
tial to prioritize what to eat (i.e., health-wise versus
rewarding unhealthy food) [Zheng and Berthoud, 2007]. In
fitting with this notion, we have shown that adolescents
with excess weight have decreased activation of risk-
sensitive brain regions and increased activation of reward-
signaling brain regions during decisions about small safe
rewards versus high risky gains [Delgado-Rico et al.,
2013]. However, the relevance of decision making to ado-
lescent obesity goes beyond factoring personal rewards,
and extends to the social-evaluative domain. Adolescents
with excess weight suffer significantly more peer bullying,
marginalization, and social isolation [Ludwig, 2007;
Strauss and Pollack, 2003]. These negative social experien-
ces are the main predictor of poor psychosocial adjustment
in children and adolescents with obesity [Gunnarsdottir
et al., 2012]. Moreover, social stress is known to decrease
prosocial choices in adolescents [Youssef et al., 2012], and
preclinical studies indicate that this detrimental impact is
mediated by neuroadaptations in prefrontal and limbic
regions [Baarendse et al., 2013; McEwen, 2007]. Therefore,
excess weight adolescents are likely to experience social
stress and social decision-making deficits, which should
manifest in prefrontal-limbic neuroadaptations.

The ultimatum game (UG) is a social decision-making
task in which two parties (the proposer and the respond-
ent) negotiate how to share a specified amount of money.
The proposer makes the offer (sharing around 15, 25, or
50% of the stake) and the respondent chooses to either
accept, in which case the money is split the way is offered,
or reject, in which case none of the parties get any money.
Set this way, the task raises a conflict between the cogni-
tive choice (accepting the offer, getting the money) and the
emotional response to unfairness (unfair offers elicit nega-
tive affect and increase rejection) [van’t Wout et al., 2006].
The typical neural network activated during unfair versus
fair offers involve the anterior insula, the dorsolateral pre-
frontal cortex and the anterior cingulate cortex, purport-
edly involved in perception of unfairness, cognitive
evaluation, and conflict between emotion and cognition,
respectively, [King-Casas et al., 2008; Knoch et al., 2006;
Sanfey et al., 2003]. Moreover, brain regions involved in
reward prediction and emotional learning further contrib-

ute to subjective feelings about the offers and behavioral
decisions to accept/reject [Gospic et al., 2011; Hollmann
et al., 2011]. Therefore, the UG poses an interpersonal
decision-making conflict in which brain regions typically
involved in emotion and reward processing come into
play in the social domain [Xiang et al., 2013]. Further, the
degree of engagement of this circuitry in response to
unfair offers might be sensitive to psychological character-
istics of the excess weight population that are disadvanta-
geous in the social domain. Specifically, obesity has been
associated with high maturity fears, which reflects the anx-
iety of facing the social-evaluative demands of adult life
[Garner, 1994]. These fears are the most potent determi-
nant of social maturation during adolescence [Westenberg
et al., 2004]. Further, obese populations typically display
low sensitivity to reward and high sensitivity to punish-
ment [Davis, 2009], which are known to impact social
function specifically during adolescence [Harms et al.,
2014].

In this study, we aimed at mapping the activation of the
social decision-making brain circuitry as measured by the
UG in adolescents with excess versus normal weight and
examining the association between separate patterns of
activation (in excess vs. normal weight groups) and psy-
chological traits including reward sensitivity and disor-
dered eating features that are central to obesity and social
decision-making behavior. On the basis of previous evi-
dence, we expect that excess weight adolescents display
blunted activation of regions involved in social decisions
(i.e., anterior cingulate, insula) and social rewards (i.e.,
striatum, amygdala), and that these separate patterns cor-
relate with reward sensitivity, obesity-related traits, and
behavioral decisions of accept/reject.

MATERIALS AND METHODS

Participants

Eighty adolescents aged between 12 and 18 years par-
ticipated in the study. They were classified in two groups
(normal weight [n 5 44] and excess weight [n 5 36]) based
on their age adjusted body mass index (BMI) percentile
[Cole and Lobstein, 2012]. The classification of the two
groups was conducted in alignment with the guidelines of
the International Obesity Task Force and the Centers for
Disease Control and Prevention: Normal weight partici-
pants had age adjusted BMI percentiles in the range
between the 5th and the 84th percentile, and excess weight
participants had age adjusted BMI percentiles� 85 (see
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Table I). Participants’ sociodemographic characteristics,
BMIs, percentage fat, and blood count-based biochemical
parameters are as well displayed in Table I. Participants
were recruited from the paediatrics and endocrinology
services of the Hospital “Virgen de las Nieves” in Granada
(Spain), and from schools located in the same geographical
area. The inclusion criteria for participants were defined as
follows: (i) age range between 12 and 18 years; (ii) BMI
percentiles falling within the intervals categorized as over-
weight or obesity (�85: Excess weight group), or normal
weight (5–84: Normal weight group); (iii) absence of his-
tory or current evidence of neurological or psychiatric dis-
orders, assessed by participants and parents interviews
and the Eating Disorder Inventory [Garner, 1994]; (iv)

absence of significant abnormalities on magnetic resonance
imaging (MRI) or any contraindications to MRI scanning
(including claustrophobia and implanted ferromagnetic
objects). All participants had normal or corrected-to-
normal vision.

The study was approved by the Ethics Committee for
Human Research of the Universidad de Granada. Both
participants and parents signed an informed consent form.

Experimental Task

We utilized an fMRI suitable previously validated UG
task [Crockett et al., 2008] involving one proposer and one

TABLE I. Demographic and body characteristic, scores from SPSRQ and EDI-2 and behavioral performance during

the UG inside the scanner

Normal weight Excess weight
(n 544) (n 5 36) P-value

mean (SD) mean (SD)

Demographic variables
Age 15.32 (1.69) 15.06 (1.88) 0.514
Gender (male/female) 19/25 12/24 0.375
BMI 20.96 (2.31) 29.11 (3.90) <0.001
Range of BMI percentiles 9–84 85–97
Fat (%) 18.49 (33.89) 33.89 (8.33) <0.001

Biochemical parameters
Insulin 33.61 (37.78) 40.26(50.91) 0.548
Basal glucose 90.61 (10.42) 90.85 (7.85) 0.910
Triglycerides 66.70 (28.63) 83.11 (35.02) 0.025
HDL 59.04 (14.86) 55.38 (12.90) 0.253
Total cholesterol 150.23 (24.52) 163.86 (29.77) 0.029

Sensitivity to punishment and reward
Sensitivity to punishment 10.52 (5.15) 10.39 (5.03) 0.907
Sensitivity to reward 11.84 (4.15) 9.78 (3.50) 0.020

Eating disorders scales
Drive for thinness 3.00 (4.27) 7.63 (5.81) <0.001
Bulimia 1.33 (2.18) 1.16 (1.76) 0.716
Body dissatisfaction 5.50 (5.97) 12.25 (7.32) <0.001
Ineffectiveness 3.22 (3.53) 3.34 (3.82) 0.892
Perfectionism 5.25 (4.10) 5.44 (3.50) 0.841
Interpersonal distrust 3.56 (3.00) 2.50 (2.75) 0.137
Interoceptive awareness 4.17 (3.92) 4.09 (3.60) 0.937
Maturity fears 5.50 (2.81) 8.31 (4.84) 0.006
Asceticism 3.64 (2.65) 3.91 (2.52) 0.672
Impulse regulation 3.39 (3.79) 4.00 (4.17) 0.529
Social insecurity 4.14 (3.45) 3.75 (3.62) 0.652

UG behavioral performance
Accepted offers (%)

All offers 58.69 (19.74) 55.90 (21.18) 0.543
Fair offers 82.36 (19.49) 83.84 (21.11) 0.870
Unfair offers 46.70 (28.41) 42.05 (29.53) 0.476

Response time (s)
All offers 1.010 (0.297) 1.029 (0.275) 0.777
Fair offers 0.934 (0.293) 0.971 (0.284) 0.568
Unfair offers 1.046 (0.316) 1.053 (0.279) 0.912

SD, standard deviation; BMI, body mass index; s, seconds; HDL, high-density lipoprotein.
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responder. Participants always played the responder’s
role. To enhance the credibility and the interpersonal
appeal of the game, participants were told that the pro-
poser was another participant of the research project, who
had left a picture of himself/herself and a list of proposals
after his/her own scanning session. We told them that this
proposer had been randomly selected from the pool of
previous participants, and that they could see his/her pic-
ture during the game. In addition, they were told they
would have the opportunity to play the role of the pro-
poser with other volunteers who would participate in the
future, if they would allow their photograph to be taken
and used in future sessions, and submit their own pro-
posals for several stake sizes. In reality, the picture of the
proposer was taken from a web pool of images and uti-
lized with all participants to minimize potential confound-
ers associated with social identification.

In each trial, participants were initially prompted with a
picture of the proposer (2 s), followed by a graphical
depiction of the money available to split in that particular
trial (indicated by the number expressed in Euro and the
length of a horizontal light-colored bar) and the amount of
money that the proposer offered to share (indicated by the
number expressed in Euro and the proportion of the above
bar filled in red; 1 s). Once the offer was presented, partici-
pants had 3 s to accept or reject the offer using designated
buttons in a button-box response pad. They were told that if
they accepted the proposer’s offer, both players were sup-
posed to be paid in the specified way. Conversely, by reject-
ing the offer, none of them would get the money. After the
response, each trial was followed by 3 s of baseline during
which a fixation cross was presented in the screen until the
next trial started, for a total trial duration of 9 s (see Fig. 1).
Event onsets were jittered with respect to scan onsets across
trials [Henson and Mouchlianitis, 2007].

The task included two types of offers varying on degree
of fairness: Fair offers, in which the proposer offered to
share around 46% of the money, and Unfair offers, in
which the proposer offered to share between 15 and 25%
of the money. Participants were informed that payments
were hypothetical. Our main interest was to contrast
group differences in brain activations involved in (1) mak-
ing decisions about Unfair versus Fair offers (indexing the
conflict between perception of unfairness and cognitive
evaluation); and (2) deciding to Reject versus Accept the
offers (indexing emotion-based decisions involving miss-
ing reward vs. strategic decisions).

Inside scanner behavioral measures

Acceptance rates (% of offers accepted) and response times
were calculated for each participant as a function of offer type.

Outside scanner behavioral measures

The Sensitivity to Punishment and Sensitivity to Reward
Questionnaire (SPSRQ) [Torrubia et al., 2001]. It is a 48

yes–no response item questionnaire that measures trait sen-
sitivity to reward (24 items) and punishment (24 items).
The SPSRQ has demonstrated sound psychometric proper-
ties, construct validity, and significant associations with bio-
logically plausible brain systems [Costumero et al., 2013].

The Eating Disorder Inventory—Second Edition (EDI-2)
[Garner, 1994]. It is a 64-item self-report measure assess-
ing disadvantageous psychological traits commonly associ-
ated with eating disorders. Responses are made on a 6-point
Likert-type scale ranging from never to always. The EDI-2
has demonstrated sound psychometric properties and con-
struct validity [Elder and Grilo, 2007; Reas et al., 2006].

Imaging Data Acquisition

A 3.0 T clinical MRI scanner, equipped with an eight-
channel phased-array head coil was used (Intera Achieva,
Philips Medical Systems, Eindhoven, The Netherlands).
During task performance, a T2*-weighted echo-planar imag-
ing (EPI) was collected, (repetition time (TR) 5 2000 ms,
echo time (TE) 5 35 ms, field of view (FOV) 5 230 3

230 mm, 96 3 96 matrix, flip angle 5 90�, 21 4 mm axial sli-
ces, 1-mm gap, 442 scans). A sagittal three-dimensional T1-
weighted turbo-gradient-echo sequence (3D-TFE; 160 slices,
TR 5 8.3 ms, TE 5 3.8 ms, flip angle 5 8�, FOV 5 240 3 240,
1 mm3 voxels) was obtained in the same experimental ses-
sion for anatomical reference. Stimuli were presented
through magnetic resonance-compatible liquid crystal dis-
play goggles (Resonance Technology, Northridge, CA) and
responses were recorded through Evoke Response Pad Sys-
tem (Resonance Technology).

Imaging Data Processing and Analysis

The functional images were analyzed using Statistical
Parametric Mapping (SPM8) software (Wellcome

Figure 1.

Schematic representation of the UG task through depiction of

one experimental trial. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Department of Cognitive Neurology, Institute of Neurol-
ogy, Queen Square, London, UK), running under MAT-
LAB R2009 (MathWorks, Natick, MA). Preprocessing
included reslicing to the first image of the time series, slice
timing correction, normalization, using affine and
smoothly nonlinear transformations, to an EPI template in
the Montreal Neurological Institute (MNI) space, and spa-
tial smoothing by convolution with a 3D Gaussian kernel
(full width at half maximum 5 8 mm).

Data Analysis

Behavioral analyses

We used the Statistical Package for the Social Sciences
version 19 (SPSS 19; Chicago, IL) for these analyses. We
conducted independent-sample t-tests (two-tailed) to com-
pare the two groups on relevant sociodemographic varia-
bles and inside and outside scanner behavioral measures.

fMRI, main task effects

The conditions of interest were modeled from the time at
which the offer was presented to the time at which partici-
pants responded. Two contrasts of interest were defined at
the first-level (single-subject) and between-group analyses:
(1) “Unfair> Fair offers,” (2) “Reject>Accept unfair offers.”
The BOLD response at each voxel was convolved with the
SPM8 canonical hemodynamic response function and a high-
pass filter was used to remove low-frequency noise (1/128
Hz). The resulting first-level contrast images were then car-
ried forward to subsequent second-level random-effect
(group) analyses. Main task effects were assessed with one-
sample t-test while two-sample t-tests were used to assess
between-group differences. The results were corrected for
multiple comparisons with a combination of voxel intensity
and cluster extent thresholds. The spatial extent threshold
was determined by 1000 Monte Carlo simulations using
AlphaSim as implemented in the SPM REST toolbox [Song
et al., 2011; Ward, 2013]. For one-sample t-tests, input param-
eters included a brain mask of 161,455 voxels, an individual
voxel threshold probability of 0.005, and a cluster connection
radius of 5 mm, considering the actual smoothness of data
after model estimation. A minimum cluster extent (KE) of
436 voxels was estimated to satisfy a PFWE< 0.05. Significance
in two-sample t-tests was assessed using the same input
parameters, masking results on the basis of activation and
deactivation maps derived from the one-sample t-tests.
Therefore, for contrasts 1 and 2, respectively, a minimum
cluster extent (KE) of 54 and 87 voxels (within brain masks of
17,968 and 18,266 voxels), was estimated to satisfy a
PFWE< 0.05. All analyses were conducted both including and
not including age as a nuisance variable. As in both cases we
obtained the same results, we only report uncorrected effects.

Correlation analyses

Correlation analyses were performed in SPSS. Specifi-
cally, the beta eigenvalues from the peak coordinates of

each cluster of significant brain results were extracted for
each participant, and then correlated with behavioral
measures within each group. Correlation analyses were
complemented with structural equation modeling (SEM)
analyses aimed at testing and estimating causal relation-
ships between the different variables involved in our
imaging and behavioral assessments. Specifically, we
examined whether obesity-related psychological traits
were associated with the decision of accepting or rejecting
social offers through the activation/deactivation of specific
brain regions. Thus, we estimated the direct effect of trait
measures on the behavioral response, the effect of trait
measures on brain activity (the brain-trait pathway), the
effect of brain activity on the behavioral response after
controlling for trait measures (the brain-state pathway),
and the indirect relationship (through activation/deactiva-
tion of specific brain regions) between trait measures and
the behavioral response. The effect and statistical signifi-
cance of the different paths were estimated using the
mediation toolbox (http://wagerlab.colorado.edu/files/
tools/mediation.html).

RESULTS

Behavioral Results

Independent-sample t-tests showed no significant
between-group differences on acceptance rates or response
times to any type of offer (P> 0.1 in all cases). Participants
with excess weight showed significantly lower scores in
sensitivity to reward, and significantly higher scores in
drive for thinness, body dissatisfaction, and maturity fears
compared to normal weight peers.

Imaging Results

Unfair>Fair offers.

Intra-group activations

One-sample t-tests showed that Normal weight partici-
pants significantly activated medial wall regions (includ-
ing the anterior cingulate cortex, the medial frontal gyrus,
and the supplementary motor area), the superior and mid-
dle fontal gyrus, the thalamus (extending to midbrain and
amygdala), and the right precentral gyrus (somatosensory
cortex encompassing posterior insula). Normal weight par-

ticipants also showed significant deactivations in left parie-

tal and occipital cortices. Excess weight participants did

not show significantly increased activations. However,

they showed significant deactivations in a large cluster

including left anterior insula, frontal operculum, and supe-

rior temporal gyrus. Similar to normal weight adolescents,

they also showed deactivations in bilateral parietal and

occipital cortices (extending to the fusiform gyri; Fig. 2

and Supporting Information Table SI).
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Group differences

Excess weight adolescents showed significantly reduced
activations in dorsal anterior cingulate cortex, left anterior
insula/frontal operculum, superior temporal gyrus, and
thalamus and midbrain (extending to the amygdala) com-
pared to normal weight peers (Fig. 2 and Supporting
Information Table SI).

Correlations between brain activation patterns and

behavioral measures

Regarding acceptance rates, the proportion of unfair
offers accepted positively correlated with dorsal anterior
cingulate cortex activation in normal and excess weight
subjects, although such correlation was statistical signifi-
cant only in the former (r 5 0.321, P 5 0.034, and r 5 0.283,

Figure 2.

Brain activations, deactivations, and group differences during

“Unfair> Fair” contrast. Note: (A) Top panel displays the brain

regions showing activations and deactivations during

“Unfair> Fair” offers in both groups. Warm colors reflect nor-

mal weight group and cold colors reflect excess weight group.

(B) Bottom panel displays the differences between groups.

Bottom-right panel displays the correlations between “Unfair

offers accepted” and peaks activation at dorsal ACC and ante-

rior insula/frontal operculum in the “Unfair> Fair” comparison.

X, Y and Z denote coordinate in standard MNI space. Right

hemisphere is displayed on the right. Color bar indicates T

value. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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P 5 0.105, respectively). By contrast, the proportion of
unfair offers accepted correlated negatively with anterior
insula/frontal operculum activation in excess weight par-
ticipants (r 5 20.353, P 5 0.038), whereas this correlation
was positive and nonsignificant in the normal weight
group (r 5 0.241, P 5 0.114). The direct comparison
between these correlations revealed a significant group dif-
ference, with z 5 2.63, P 5 0.008 (Fig. 2).

As for psychological traits, both maturity fears and sen-
sitivity to reward scores negatively correlated with ante-
rior insula/frontal operculum activation in excess weight
participants (r 5 20.443, P 5 0.011 and r 5 20.335,
P 5 0.046, respectively), whereas these correlations were
positive and nonsignificant in the normal weight group
(r 5 0.245, P 5 0.149 and r 5 0.121, P 5 0.433). The direct

comparison between these correlations revealed a signifi-
cant group difference, with z 5 2.85, P 5 0.004 (for maturity
fears) and z 5 2.01, P 5 0.044 (for sensitivity to reward; Fig. 3).
We found no significant correlations between drive for thin-
ness or body dissatisfaction and brain activation patterns.

As in excess weight participants, anterior insula/frontal
operculum activation was significantly related to both the
behavioral response (i.e., the proportion of unfair offers
accepted) and specific trait measures (maturity fears and
sensitivity to reward); in a post hoc analysis, we studied
the relationships between these variables using a SEM
approach. Specifically, we observed that maturity fears
were indirectly and positively associated with the accep-
tance of unfair offers through the decreased anterior
insula/frontal operculum activation observed in excess

Figure 3.

Scatterplots displaying the correlation between behavioral meas-

ures (“Sensitivity to Reward” and “Maturity Fears”) and brain

activation patterns during the “Unfair> Fair” contrast (peak acti-

vation at the anterior insula/frontal operculum region). The data

of excess weight and normal weight participants are represented

with different symbols (crosses and circles, respectively) to illus-

trate the different direction of the correlation as a function of

group. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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weight participants (z 5 2.17, P 5 0.03; Fig. 4). Of note, the
direct correlation between maturity fears (X) and accep-
tance of unfair offers (Y) was negative, although nonsigni-
ficant (zero-order or c: z 5 20.44, P 5 0.660). The lack of
significance of direct effects indicates that the association
between maturity fears and acceptance of unfair offers is
exclusively accounted for the pattern of insula activation.
Moreover, the opposite signs observed between direct (c’)
and indirect (ab) effects further supports that the associa-
tion between these behavioral variables is specifically con-
veyed by the pattern of insula activation. None of these
effects were observed in control participants. Likewise, we
did not observe any significant relationship between sensi-
tivity to reward and behavioral responses in the task.

REJECT >ACCEPT UNFAIR OFFERS

Intra-group activations

One-sample t-test showed that during rejected offers,
both groups showed significant activations in the dorsal
anterior cingulate cortex, the somatosensory cortices, the
insula, and the adjacent temporal cortices. However, in
normal weight participants, the activation in the postcen-
tral gyri extended to the precentral gyri and additional
activations involved the supplementary motor area and
the thalamus extending to putamen, midbrain, and the left
amygdala (Fig. 5 and Supporting Information Table SII).

Group differences

We did not observe significant differences between the
groups at the selected threshold.

Correlations between brain activation patterns

and behavioral decisions

Regarding acceptance rates, the proportion of unfair
offers accepted positively correlated with amygdala activa-
tion in excess weight participants (r 5 0.448, P 5 0.032),
whereas this correlation was negative, albeit nonsignifi-
cant, in the normal weight group (r 5 20.227, P 5 0.205).
The direct comparison between these correlations revealed
a significant group difference, with z 5 2.47, P 5 0.013
(Fig. 6).

As for psychological traits, sensitivity to punishment pos-
itively correlated with right somatosensory cortex activation
in excess weight participants (r 5 0.415, P 5 0.049), whereas
this correlation was negative and nearly significant in the
normal weight group (r 5 20.339, P 5 0.053). The direct
comparison between these correlations revealed a signifi-
cant group difference, with z 5 2.75, P 5 0.006 (Fig. 6). We
found no significant correlations between drive for thinness
or body dissatisfaction and brain activation patterns.

DISCUSSION

We showed that adolescents with excess weight have
reduced activation of brain regions involved in emotion
and reward processing including the anterior cingulate
cortex, the insula, and the thalamus during social decision
making. Furthermore, we showed that deactivation of the
anterior insula correlates with higher sensitivity to reward
and higher maturity fears uniquely in the excess weight
group and that such deactivation accounts for an indirect
relationship between maturity fears and a higher probabil-
ity of accepting unfair offers. Moreover, somatosensory
cortex activation during rejection of unfair offers positively
correlates with sensitivity to punishment, and amygdala
activation positively correlates with acceptance of unfair
offers uniquely in the excess weight group. Collectively,
our findings indicate that adolescents with excess weight
display blunted activation of the social decision-making

Figure 4.

Path diagram showing the relationships between maturity fears

(X), percentage of unfair offers accepted (Y), and insula activa-

tion (M) during the UG task in excess weight participants. X

was inversely related to M (a, or the brain-trait pathway), while

M was also inversely related to Y (b, or the brain-state pathway).

X was not directly related to Y (c’), but these two measure-

ments were indirectly related through M (a*b). *P< 0.05,

**P< 0.01.

Figure 5.

Brain regions activated during “Reject>Accept” unfair offers in

both groups. Note: Warm colors reflect normal weight group and

cold colors reflect excess weight group. X, Y, and Z denote coor-

dinate in standard MNI space. Right hemisphere is displayed on

the right. Color bar indicates T value. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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circuitry, which correlates with disadvantageous traits and
interpersonal decisions.

Our social decision-making task (UG) induced a reliable
pattern of brain activations including the dorsal anterior
cingulate cortex, the insula and thalamic/limbic regions,
which is in fitting with previous evidence [Gospic et al.,
2011; Sanfey et al., 2003]. Moreover, the activation of the
anterior cingulate cortex correlated with acceptance rates
in both groups, indicating good fit between brain activa-
tion measures and behavioral decisions [Glascher et al.,
2012]. In this context, adolescents with excess weight
exhibited significantly decreased activation of dorsal ante-
rior cingulate cortex and thalamic regions and concomitant
deactivation of the anterior insula/frontal opercular

region. The dorsal anterior cingulate and the thalamus are
functionally associated with the generation of emotional
responses to social stressors [G€uroglu et al., 2011]. The
anterior insula is generally associated with perception of
bodily signals and emotional awareness [Wager et al.,
2009]. Moreover, in the context of the UG, insula activation
is specifically associated with subjective feelings of unfair-
ness [Sanfey et al., 2003]. Therefore, the decreased activa-
tion of this set of regions suggests decreased affective
tracking of social unfairness in the excess weight group.

The central question is whether this brain activation pat-
tern is relevant and potentially disadvantageous for the
social behavior of adolescents with excess weight. Correla-
tion analyses strongly suggest this is the case. First, insula

Figure 6.

Scatterplots displaying the correlation between behavioral meas-

ures (“Unfair offers accepted” and “Sensitivity to Punishment”

and brain activation patterns during the “Reject>Accept” con-

trast (peak activations at the amygdala and the postcentral cor-

tex regions, respectively). The data of excess weight and normal

weight participants are represented with different symbols

(crosses and circles, respectively) to illustrate the different direc-

tion of the correlation as a function of group. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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deactivation correlated with higher acceptance rates, sug-
gesting that reduced affective tracking of social unfairness
is linked to more acceptances of unfair offers. As the con-
tribution of the affective neural circuitry is essential for
adequate social functioning [Bar-On et al., 2003], this pat-
tern is likely to impact the real-life interpersonal decisions
of obese adolescents. Moreover, the opposite pattern (posi-
tive correlations, hence more insula greater acceptance
rates) has been previously demonstrated in healthy adoles-
cents [G€uroglu et al., 2011], similar to what we showed in
our control group. Second, we found that insula deactiva-
tion correlated with increased maturity fears. Fears of
social-evaluative situations are indicative of poor social-
cognitive development [Westenberg et al., 2004]. Therefore,
this finding is the first to demonstrate an association
between poor affective tracking of social unfairness
(indexed by insula deactivation) and this hindering trait of
adolescent obesity. Finally, and linking the two above
described relationships, we also showed that maturity
fears are indirectly associated to social decision making
through blunted insula activation. Such findings demon-
strate for the first time a significant association between a
trait marker of eating disorders and the social decision-
making behavior of excess weight adolescents conveyed
by a particular pattern of brain activity. This notion agrees
with developmental models that highlight the insula as a
key region for the maturation of social decision-making
systems during adolescence [Smith et al., 2014]. At differ-
ence with maturity fears, we found no significant associa-
tions between brain activation patterns and body
dissatisfaction and drive for thinness. This discrepancy is
reasonable as the latter traits basically reflect the difficul-
ties associated with physical weight gain, whereas matu-
rity fears capture personality and interpersonal aspects of
obesity [Garner, 1994]. Therefore, this negative finding
conceivably speaks of the specificity of the UG task as a
biomarker of social disadvantage in adolescent obesity.

Moreover, insula deactivation also correlated with
higher sensitivity to reward. Sensitivity to reward has
been associated with higher risk-taking in social scenarios
specifically during adolescence [Chein et al., 2011]. Fur-
thermore, lower insula activations predict greater risk tak-
ing [Mohr et al., 2010] and this notion has been linked to
insula-mediated sensitization of the reward system [Smith
et al., 2014]. More broadly, sensitivity to reward has been
associated with several aspects of unhealthy eating, includ-
ing binge eating patterns [Ziauddeen et al., 2012]. Uncou-
pling of reward (i.e., wanting) from emotion (i.e., liking)
processing is as well reminiscent of addictive features, in
which sensitivity to rewarding stimuli increases while the
hedonic quality of these stimuli decreases [Robinson and
Berridge, 2003]. Also in this case, the opposite pattern is
typically found in healthy adolescents [Jarcho et al., 2012],
consistent with what we showed in our control group.
Collectively, our findings suggest that the anterior insula,
which is strongly involved in the processing of highly
appetizing food [Wang et al., 2004], may consequently lose

control over more complex reward-related choices includ-
ing social decisions.

We did not find significant group differences in brain
activation as a function of type of choice (reject vs. accept).
However, the relationship between behavioral responses
and brain activity was again distinctive in the excess
weight group. Specifically, reject-related amygdala activa-
tion correlated with greater probability of accepting unfair
offers. Such finding suggests that excess weight adoles-
cents display a paradoxically increased negative emotional
reactivity in situations where they adopt a more assertive
social role. Therefore, this finding suggests an abnormal
role of the amygdala in directing social behavior, as
greater amygdala activation is typically associated with
rapid rejection of unfair offers [Gospic et al., 2011]. More-
over, the pattern of somatosensory activation contingent to
rejecting offers (entailing losing reward) was positively
correlated with sensitivity to punishment in the excess
weight group, and negatively correlated with this trait in
controls. Somatosensory regions are relevant to anticipate
reinforcement outcome [Bieszczad and Weinberger, 2012],
but in excess weight subjects the activation of these
regions seem to reflect a trait susceptibility to reward
omission or punishment. Hence, similar to those results
and to the reward sensitivity-insula correlations reported
above, this finding indicates that the association between
reinforcement-based temperamental traits and somatosen-
sory regions is abnormal in excess weight adolescent
populations.

Our findings show that excess weight adolescents show
dysfunctional engagement of brain regions involved in
emotion perception and reward during social decisions.
These early deficits may not only predict poor clinical
prognosis [Ludwig, 2007] but also lie at the root of well-
described socioeconomic disadvantage in the adult obesity
population, including wage penalty and hiring discrimina-
tion [Agerstr€om and Rooth, 2011; Baum and Ford, 2004;
Caliendo and Lee, 2013; Latner et al., 2012]. This study has
several strengths, including a large sample size, detailed
medical and psychological characterization of participants,
and novel use of a social decision-making paradigm in
this population. Nonetheless, findings should also be
assessed in the context of several limitations. First, our
sample spans a 6-year adolescent period characterized by
intense maturational processes, which may have impacted
results. However, the psychological features addressed in
the UG seem to be already optimized by the age of 9
[G€uroglu et al., 2009], and analyses covaried by age
showed equivalent results. Second, we used a simple ver-
sion of the UG because our main interest was to raise the
conflict between emotion and cognition in an interpersonal
scenario. We are aware of the existence of a more specific
UG literature; however, the purpose of this study was not
to experimentally characterize the task but to make it
instrumental to understand a clinical population. Similarly,
we did not detect behavioral differences between the
groups in the UG task. This is likely due to the fact that
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this UG task was specifically designed for fMRI experi-
ments, seeking maximization of engagement of relevant
brain circuitry but not of potential behavioral differences.
Future studies that utilize UG tasks more sensitive to
behavioral profiles are warranted to reveal if our brain
activation findings are mirrored by conceptually compati-
ble behavioral group differences. Finally, future studies
and longitudinal designs are warranted to address
whether these deficits precede excess weight problems or
arise as a consequence of weight gain or related psycho-
social burden. Similarly, future studies are warranted to
investigate whether these patterns can predict clinical
prognosis and socioeconomic disadvantage during
adulthood.

CONCLUSION

We show that excess weight adolescents display
impaired activation of affective brain regions during social
decision making, and that blunted activation of this cir-
cuitry accounts for the association between maturity fears
and social decisions. The study yields a high translational
value as the UG neural circuitry may serve as a dimen-
sional biomarker of the risk of social disadvantage in obe-
sity and of the effectiveness of novel treatments that focus
on the social burden of obesity.
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