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ABSTRACT	

Food	and	fluid	ingestion	is	of	primal	importance	for	the	survival	of	an	organism.	

In	 this	 vein,	 the	 power	 of	 respective	 goal	 stimuli	 to	 drive	 motivation	 needs	 to	 be	

regulated	 in	 accordance	 with	 internal	 needs	 during	 anticipation	 and	 updated	 on	 a	

moment-to-moment	basis	during	consumption.	However,	the	intake	of	pathogenic	foods	

can	 cause	 substantial	 threat	 to	 health	 and	 well-being.	 Thus,	 fast	 and	 automatic	

mechanisms	ensure	that	inedible	foods	evoke	strong	reactions	of	disgust	and	that	these	

foods	 are	 rejected	 accordingly.	 Previous	 studies	 have	 shown	 that	 the	 depletion	 of	 an	

organism	and	stimulus	edibility	are	major	contributors	modulating	the	 incentive	value	

of	natural	rewards.	While	a	large	body	of	studies	examined	the	effects	of	these	internal	

and	 external	 factors	 in	 behavioral	 paradigms,	 much	 less	 knowledge	 does	 exist	 about	

their	 underlying	 neuronal	 mechanisms.	 Therefore,	 functional	 imaging	 studies	 were	

conducted	to	advance	the	understanding	of	natural	reward	processing	in	humans.	

The	 first	 study	 addressed	 the	 question	which	 neural	 structures	 are	 engaged	 in	

increasing	 the	 incentive	 value	 of	 need-relevant	 stimuli	 during	 anticipation.	 Therefore,	

participants	were	scanned	twice	–	either	in	a	thirst	or	a	no-thirst	state	–	while	viewing	

pictures	of	beverages	and	chairs.	Results	revealed	selectively	increased	BOLD	responses	

for	beverages	in	the	aMCC,	insula,	and	amygdala	during	the	thirst	as	compared	to	the	no-	

thirst	 state.	 This	 finding	 demonstrates	 the	 increased	 attribution	 of	 incentive	 value	

specifically	for	the	need-relevant	category	during	anticipation.	

The	second	study	addressed	the	question	which	neural	structures	are	engaged	in	

the	shift	of	stimulus	value	during	consummation.	Therefore,	participants	were	scanned	

while	 being	 in	 a	 thirsty	 state	 and,	 over	 the	 course	 of	 the	 experiment,	 received	 small	

amounts	of	water	sufficient	for	satiation.	Results	revealed	a	linear	decrease	of	the	BOLD	
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response	 in	 the	 aMCC	 and	 posterior	 insula	 in	 relation	 to	 water	 consumption.	 This	

finding	demonstrates	a	dynamic	need-state	dependent	representation	of	incentive	value.	

The	third	study	addressed	the	question	of	how	neural	structures	are	engaged	in	

the	 detection	 of	 food	 edibility	 during	 the	 anticipatory	 phase.	 Therefore,	 participants	

were	 scanned	 with	 MRI	 and	 EEG	 while	 viewing	 images	 of	 foods	 at	 various	 stages	 of	

natural	decay.	The	MRI	results	revealed	 increased	BOLD	activations	 in	the	extrastriate	

cortex	 during	 the	 processing	 of	 inedible	 as	 compared	 to	 edible	 food	 items.	 The	 EEG	

results	 further	 extend	 this	 finding	 by	 demonstrating	 a	 fast	 discrimination	 of	 food	

edibility	 (<	 200	 ms)	 and	 an	 increased	 LPP	 for	 inedible	 foods.	 Consequently,	 these	

findings	 demonstrate	 the	 brains	 sensitivity	 to	 harmful	 stimuli	 presumably	 supporting	

the	avoidance	of	pathogen	intake.	

Taken	together,	the	findings	presented	in	Study	1	and	Study	2	demonstrate	that	

the	 incentive	 value	 of	 goal	 stimuli	 is	 selectively	 enhanced	 during	 anticipation	 and	

dynamically	adjusted	on	a	moment-to-moment	basis	during	consummation,	i.e.,	adjusted	

accordingly	in	relation	to	the	motivational	significance	of	the	stimulus.	Furthermore,	the	

findings	 in	 Study	 3	 demonstrate	 a	 fast	 discrimination	 in	 food	 edibility	 and	 increased	

attention	towards	these	stimuli,	which	supports	the	idea	of	a	behavioral	immune	system	

for	pathogen	avoidance.	In	sum,	the	results	reported	in	the	present	dissertation	extend	

existing	knowledge	by	advancing	the	understanding	of	how	neural	mechanisms	turn	the	

sight	of	environmental	stimuli	into	adaptive	behavioral	responses.	
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ZUSAMMENFASSUNG	

Nahrung	 und	 Flüssigkeit	 sind	 von	 grundlegender	Bedeutung	 für	 das	Überleben	

eines	 Organismus.	 In	 diesem	 Zusammenhang	 muss	 der	 Einfluss	 von	 Zielstimuli	 auf	

motivationales	 Verhalten	 während	 der	 Antizipation	 durch	 internale	 Bedürfnisse	

reguliert	 und	 während	 der	 Konsumation	 beständig	 angepasst	 werden.	 Die	 Aufnahme	

pathogener	Lebensmittel	kann	dabei	 jedoch	zu	schwerwiegenden	Bedrohungen	für	die	

Gesundheit	 führen.	 Daher	 bewirken	 schnelle	 und	 automatisierte	 Mechanismen,	 dass	

nicht	 essbare	Lebensmittel	 starken	Ekel	 hervorrufen	und	 entsprechende	Lebensmittel	

somit	 abgelehnt	werden.	Vorangegangene	Studien	haben	gezeigt,	dass	die	Deprivation	

eines	Organismus	sowie	die	Essbarkeit	eines	Stimulus	Einfluss	auf	den	Anreizwert	von	

natürlichen	 Belohnungsreizen	 haben.	 Während	 bereits	 zahlreiche	 Verhaltensstudien	

diese	 internalen	 und	 externalen	 Faktoren	 untersuchten,	 ist	 das	 Wissen	 um	 die	

zugrundeliegenden	neuronalen	Mechanismen	weniger	gut	erforscht.	Aus	diesem	Grund	

wurden	 funktionelle	Bildgebungsstudien	durchgeführt,	um	ein	 tieferes	Verständnis	 für	

die	Verarbeitung	natürlicher	Belohnungsreize	beim	Menschen	zu	schaffen.	

Die	erste	Studie	beschäftigte	sich	mit	der	Frage,	welche	neuronalen	Strukturen	an	

einer	 Erhöhung	 des	 Anreizwertes	 bedürfnisrelevanter	 Stimuli	 unter	 Antizipation	

beteiligt	 sind.	 Hierzu	 wurden	 die	 Probanden	 zweimal	 –	 entweder	 durstig	 oder	 nicht	

durstig	 –	 gemessen,	während	 sie	 Bilder	 von	 Getränken	 und	 Stühlen	 betrachteten.	 Die	

Resultate	 ergeben	eine	 selektive	Erhöhung	der	BOLD	Reaktion	 für	Getränke	 im	aMCC,	

der	 Insula	 und	 der	 Amygdala	 unter	 Durst	 gegenüber	 kein	 Durst.	 Dieser	 Befund	

demonstriert	 die	 spezifisch	 erhöhte	 Attribution	 des	 Anreizwertes	 für	 die	

bedürfnisrelevante	Kategorie	unter	Antizipation.	

Die	zweite	Studie	beschäftigte	sich	mit	der	Frage,	welche	neuronalen	Strukturen	

an	der	Transition	des	Anreizwertes	unter	Konsumation	beteiligt	sind.	Hierzu	wurden	die	
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Probanden	gemessen,	während	sie	durstig	waren	und	erhielten	verteilt	über	den	Verlauf	

des	 Experiments	 kleine	Mengen	 an	 Flüssigkeit,	welche	 hinreichend	 für	 eine	 Sättigung	

waren.	Die	Resultate	ergeben	einen	linearen	Abfall	der	BOLD	Antwort	im	aMCC	und	der	

posterioren	Insula	im	Verhältnis	zur	Flüssigkeitsaufnahme.	Dieser	Befund	demonstriert	

eine	dynamische,	bedürfnisabhängige	Repräsentation	des	Anreizwertes.	

Die	dritte	Studie	beschäftigte	sich	mit	der	Frage,	welche	neuronalen	Strukturen	

an	 der	 Detektion	 der	 Essbarkeit	 von	 Lebensmitteln	 in	 der	 antizipatorischen	 Phase	

beteiligt	sind.	Hierzu	wurden	Probanden	mittels	MRT	und	EEG	gemessen,	während	sie	

Bilder	von	Lebensmitteln	in	unterschiedlichen	Stadien	natürlichen	Verfalls	betrachteten.	

Die	 MRT	 Resultate	 ergaben	 eine	 erhöhte	 BOLD	 Aktivierung	 im	 Extrastriären	 Kortex	

unter	der	Verarbeitung	von	nicht	essbaren	gegenüber	essbaren	Lebensmitteln.	Die	EEG	

Resultate	 ergaben,	 dass	 die	 Diskriminierung	 der	 Essbarkeit	 von	 Lebensmitteln	 zum	

einen	sehr	schnell	(<	200	ms)	stattfindet	und	zum	anderen	mit	einem	erhöhten	LPP	für	

nicht	 essbare	 Lebensmittel	 assoziiert	 ist.	 Folglich	 demonstrieren	 diese	 Ergebnisse	 die	

Sensitivität	des	Gehirns	auf	gefährliche	Stimuli	zur	Abwehr	der	Pathogenaufnahme.	

Die	Ergebnisse	in	Studie	1	und	Studie	2	demonstrieren,	dass	der	Anreizwert	von	

Zielstimuli	selektiv	unter	Antizipation	sowie	dynamisch	auf	einer	Moment-zu-Moment-

Basis	 unter	 Konsumation	 angepasst	 wird.	 Die	 Anpassung	 erfolgt	 somit	 bzgl.	 der	

motivationalen	 Signifikanz	 des	 Stimulus.	 Weiterhin	 demonstrieren	 die	 Befunde	 aus	

Studie	 3	 eine	 schnelle	 Diskriminierung	 sowie	 erhöhte	 Aufmerksamkeit	 bzgl.	 nicht	

essbarer	 Stimuli,	 wodurch	 die	 Idee	 eines	 behavioralen	 Immunsystems	 zur	

Pathogenabwehr	 unterstützt	 wird.	 Zusammenfassend	 kann	 gesagt	 werden,	 dass	 die	

Resultate	 der	 vorliegenden	 Dissertation	 bestehendes	Wissen	 um	 das	 Verständnis	 der	

neuronalen	 Mechanismen	 erweitern,	 welche	 den	 Anblick	 von	 Umgebungsreizen	 in	

adaptive	Verhaltensreaktionen	umwandeln.		 	
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GENERAL	INTRODUCTION	

Food	and	water	are	essential	for	survival	and	even	short	periods	without	one	or	

the	 other	 endanger	 survival.	 Accordingly,	 the	 sight	 of	 potential	 foods	 or	 fluids	 can	

arouse	a	strong	motivation	for	ingestion.	Optimizing	the	likelihood	of	survival	includes	

the	 ability	 to	 produce	 adaptive	 behavioral	 responses	 in	 relation	 to	 (i)	 internal	 cues	

signaling	 information	 about	 the	 current	 need-state	 of	 the	 organism,	 (ii)	 external	 cues	

signaling	information	from	environmental	stimuli,	and	(iii)	the	distance	of	the	stimulus.	

Specifically,	the	ingestion	has	to	be	regulated	in	accordance	with	internal	needs.	

Hunger	and	 thirst	are	potent	 signals	 in	 stimulating	 ingestive	behavior	and	assure	 that	

energy	and	fluid	levels	are	adjusted	in	relation	to	body	homeostasis	(Jéquier	&	Constant,	

2010;	 Magni	 et	 al.,	 2009).	 In	 this	 vein,	 the	 incentive	 value	 of	 external	 stimuli	 is	

dynamically	adjusted	according	to	the	actual	need-state	of	the	organism	(Toates,	1986).	

Furthermore,	external	environmental	cues	are	selected	for	ingestion	based	upon	

anticipated	 energy	 density	 and	 palatability	 (Drewnowski,	 1997;	 1998).	 However,	

ingestion	 may	 lead	 to	 potential	 health	 consequences.	 Thus,	 the	 robust	 elicitation	 of	

disgust	 by	 the	 view	 of	 rotten	 foods	 is	 seen	 as	 adaptation	 to	 prevent	 the	 ingestion	 of	

pathogens	 (Oaten,	 Stevenson,	 &	 Case,	 2009;	 Rozin	 &	 Fallon,	 1987;	 Rozin,	 Haidt,	 &	

McCauley,	2016;	Schaller	&	Park,	2011;	Tybur,	Lieberman,	Kurzban,	&	DeScioli,	2013).	

Moreover,	 the	distance	of	 the	 stimulus	plays	 a	 crucial	 role	 in	 the	 expression	of	

specific	 behavioral	 responses.	 Particularly,	 the	 sequence	 of	 ingesting	 food	 and	 water	

starts	with	an	anticipatory	behavior,	which	is	characterized	by	an	increased	sensitivity	

to	 signal	 cues	 leading	 towards	 the	 food/fluid,	 and	 is	 followed	 by	 a	 consummatory	

behavior,	which	includes	the	act	of	ingesting	the	food/fluid	(Craig,	1918).	Both	states	are	

characterized	 by	 different	 behavioral	 responses	 and	 separate	 neuroanatomical	
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substrates	 (Barbano	 &	 Cador,	 2007;	 Burgdorf	 &	 Panksepp,	 2006;	 Keen-Rhinehart,	

Ondek,	&	Schneider,	2013;	Timberlake,	Mowrer,	&	Klein,	2001).	

Factors	influencing	the	power	of	environmental	stimuli	

Internal	factors:	Food	and	fluid	deprivation	

The	distinction	whether	a	potential	source	of	food	or	fluid	arouses	motivation	is	

determined	 in	 large	 part	 by	 internal	 factors,	 i.e.,	 by	 the	 body	 state	 of	 the	 organism.	

Specifically,	 high	 deprivation	 levels	 lead	 to	 increases	 in	 the	 amount	 and	 rate	 of	 food	

consumed	 (S.	W.	 Hill,	 1974;	 Schachter,	 Goldman,	 &	 Gordon,	 1968;	 Spiegel,	 Shrager,	 &	

Stellar,	 1989),	 the	 caloric	 intake	 (Raynor	 &	 Epstein,	 2003)	 and	 the	 expressed	

consummatory	 behavior	 (Drobes	 et	 al.,	 2001).	 In	 this	 notion,	 food	 intake	 is	 highly	

correlated	 with	 subjective	 hunger	 ratings	 (Jordan,	 Wieland,	 &	 Zebley,	 1966)	 and	 the	

amount	of	preload	size	on	subsequent	test	meal	intake	(Walike,	Jordan,	&	Stellar,	1969).	

Furthermore,	 deprivation	 is	 associated	 with	 significant	 increases	 in	 the	 reinforcing	

value	of	 food	compared	to	non-deprived	states	(Bulik	&	Brinded,	1994;	Epstein,	Bulik,	

Perkins,	Caggiula,	&	Rodefer,	1991;	Epstein,	Truesdale,	Wojcik,	Paluch,	&	Raynor,	2003;	

Raynor	&	Epstein,	2003).	In	turn,	having	a	preceding	meal,	irrespective	of	the	sensory	or	

nutritional	 characteristics,	 causes	 a	 decrease	 in	 follow-up	 pleasantness	 ratings	 of	 a	

stimulus	(Warwick,	Hall,	Pappas,	&	Schiffman,	1993).	Paralleling	the	findings	of	the	food	

domain,	high	fluid	deprivation	levels	increase	the	amount	of	water	drunken	(Engell	et	al.,	

1987).	Furthermore,	water	becomes	more	pleasant	after	a	24h	fluid	deprivation	period	

(B.	 J.	Rolls	et	al.,	1980)	and	during	anticipatory	drinking	(Phillips,	Rolls,	Ledingham,	&	

Morton,	 1984a).	 In	 addition,	 the	 subjective	 feeling	 of	 ‘having	 a	 drink’	 increases	 with	

increasing	hypohydration	 levels	 (Engell	 et	al.,	1987)	and	participants	 rated	a	bottle	of	

water	as	more	appealing	and	even	as	closer	when	asked	in	a	thirsty	state	as	compared	to	

a	non-thirsty	state	(Balcetis	&	Dunning,	2010).	
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While	food	and	fluid	deprivation	increase	the	amount	of	ingestion,	the	quality	of	

external	stimuli	is	adjusted	accordingly,	i.e.,	the	incentive	effects	of	external	stimuli	are	

regulated	 by	 the	 internal	 need-state	 of	 the	 organism	 (see	 Carr,	 1996).	 At	 first,	 the	

concept	 of	 alliesthesia	 accounted	 for	 the	 circumstance	 that	 the	 pleasantness	 or	

unpleasantness	 of	 an	 otherwise	 identical	 stimulus	 depends	 upon	 its	 actual	 usefulness	

(Cabanac,	 1971;	 1979).	 In	 particular,	 Cabanac	 and	 colleagues	 discovered	 that	 human	

ratings	of	pleasantness	 for	 taste,	olfactory	and	 thermal	stimuli	 change	as	a	 function	of	

body	state.	For	example,	a	hot	water	bath	can	be	pleasant	for	a	person	in	a	hypothermic	

state	but	unpleasant	for	a	person	in	a	hyperthermic	state,	whereas	the	reverse	is	found	

for	 cold	 water	 baths	 (Cabanac,	 1971).	 In	 animal	 research,	 similar	 effects	 were	 found	

(Carr,	1996).	For	example,	drug	intake	and	taste	affect	are	modulated	by	the	rats	actual	

food	deprivation	level	(Berridge,	1991;	Carroll,	France,	&	Meisch,	1979).		

In	 the	present	dissertation,	 fluid	deprivation	 is	used	as	a	potent	mechanism	for	

modulation	 of	 the	 internal	 factor.	 Relying	 on	 thirst	 and	 water	 stimuli	 has	 several	

advantages	 over	 food	 deprivation.	 In	 particular,	water	 stimuli	 are	 easier	 to	 adjust	 for	

palatability	 and	 circadian	 rhythm	 compared	 to	 foods.	 Furthermore,	 distortions	 of	 the	

body	 fluid	 homeostasis	 can	 have	 severe	 impact	 on	 health	 and	 even	 short	 periods	

without	 water	 endanger	 survival.	 Thus,	 the	 perception	 of	 thirst	 provides	 a	 main	

biological	imperative	and	a	powerful	demonstration	of	motivation	in	action.	

External	factors:	Stimulus	quality	and	palatability	

Furthermore,	the	motivational	significance	of	a	potential	source	of	food	or	fluid	is	

in	addition	determined	by	external	 factors,	 i.e.,	 by	 the	 sensory	quality	of	 the	 stimulus.	

Thus,	 altering	 the	overall	 sensory	quality	of	 external	 stimuli	 further	 impacts	 ingestion	

(Drewnowski,	 1997;	 1998).	 In	 the	 case	 of	 positive	 stimulus	 value,	 increasing	 the	

palatability	of	a	test	meal	clearly	increases	food	intake,	irrespective	of	meal	composition	
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(Sørensen,	Møller,	Flint,	Martens,	&	Raben,	2003).	Particularly,	studies	investigating	the	

effect	 of	 palatability	 with	 preferred	 and	 non-preferred	 test	 foods	 revealed	 that	 the	

highly	 palatable	 food	 increased	 intake	 in	 comparison	 to	 less	 preferred	 foods	 (Bellisle,	

Lucas,	Amrani,	&	Le	Magnen,	1984;	Guy-Grand,	Lehnert,	Doassans,	&	Bellisle,	1994;	A.	J.	

Hill,	Magson,	&	Blundell,	 1984;	 Spiegel	 et	 al.,	 1989)	 and	 that	 subjective	 palatability	 is	

correlated	 with	 food	 intake	 (Bellisle	 &	 Le	 Magnen,	 1980).	 Furthermore,	 studying	 the	

effect	of	palatability	independently	from	nutritional	factors	by	using	olfactory	and	flavor	

manipulations	 (Yeomans,	 1998)	 further	 strengthens	 the	 finding	 that	 high	 palatability	

increases	 food	 intake	 (Bellisle,	 Tournier,	 &	 Louis-Sylvestre,	 1989;	 Bobroff	 &	 Kissileff,	

1986;	Yeomans,	1996;	Yeomans	&	Symes,	1999;	Yeomans,	Gray,	Mitchell,	&	True,	1997).	

In	addition,	increasing	the	overall	palatability	of	the	food	results	in	extended	meal	time,	

a	stronger	desire	to	eat	and	stronger	feelings	of	general	positive	affect	(S.	W.	Hill,	1974;	

Spitzer	 &	 Rodin,	 1981).	 In	 turn,	 the	 perception	 of	 pleasantness	 or	 liking	 can	 be	

modulated	 through	 opioid	 antagonists	 (Berridge,	 Robinson,	 &	 Aldridge,	 2009).	 In	

particular,	the	rated	pleasantness	and	preference	of	foods	is	reduced	when	blocked	with	

naltrexone,	an	opioid	antagonist	 (de	Zwaan	&	Mitchell,	1992).	Further	support	 for	 the	

influence	of	pleasantness	onto	ingestion	is	provided	by	studies	investigating	the	effects	

of	 water	 ingestion.	 Specifically,	 serving	 water	 at	 a	 generally	 preferred	 temperature	

significantly	 increases	 intake	 compared	 to	 colder/warmer	 stimulus	 temperatures	

(Boulze,	Montastruc,	&	Cabanac,	1983).	Likewise,	adding	a	pleasant	flavor	to	the	water	

enhanced	water	consumption	(Szlyk,	Sils,	Francesconi,	Hubbard,	&	Armstrong,	1989).	

In	turn,	some	foods	and	fluids	can	have	a	negative	stimulus	value.	Foods	may	be	

rejected	based	on	sensory	quality,	anticipated	negative	health	consequences	or	because	

of	 their	 origin	 and	 nature,	 which	 are	 associated	 with	 disgust	 (Fallon	 &	 Rozin,	 1983;	

Rozin	&	Fallon,	1980).	For	example,	young	children	show	an	inborn	negative	response	
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towards	 bitter	 and	 sour	 tastes	 (e.g.	 Ventura	&	Worobey,	 2013)	 and	 they	 opt	 for	 non-

preferred	 foods	 much	 less	 often	 than	 for	 preferred	 foods	 (Sørensen	 et	 al.,	 2003).	

Moreover,	taste	aversion	learning	constitutes	a	powerful	tool	to	assess	the	anticipation	

of	negative	health	consequences	by	conditioning	a	specific	 taste	with	 illness	or	nausea	

(Bernstein,	1999).	 In	particular,	when	 food	allergies	are	accompanied	with	nausea	 the	

participants	reported	a	hedonic	shift	towards	dislike	compared	to	allergies	not	causing	

nausea	which	 resulted	 in	 food	 avoidance	 but	without	 hedonic	 shift	 (Pelchat	 &	 Rozin,	

1982).	 Similar	 results	 of	 hedonic	 shifts	 were	 found	 in	 chemotherapy	 (Bernstein	 &	

Webster,	1980)	and	after	rotation-induced	motion	sickness	(Arwas,	Rolnick,	&	Lubow,	

1989)	 for	 the	 food	 or	 beverage	 consumed	 prior	 to	 nausea.	 Of	 interest	 to	 note,	

overconsumption	 of	 alcoholic	 beverages	 can	 cause	 a	 hedonic	 shift	 of	 the	 respective	

beverage	as	well	(Logue,	Ophir,	&	Strauss,	1981).	Furthermore,	even	the	most	appetizing	

foods	and	fluids	can	become	negative	stimuli	through	the	process	of	natural	decay	and	

arouse	disgust.	Typically,	 these	stimuli	are	seen	as	contagious	and	even	trace	amounts	

are	 sufficient	 for	 rejection	 (Rozin	 &	 Fallon,	 1987).	 Specifically,	 rotten	 foods	 stimulate	

strong	motivation	for	avoidance	and	are	rejected	based	upon	anticipated	negative	health	

consequences	 (Fallon	 &	 Rozin,	 1983;	 Rozin	 &	 Fallon,	 1980).	 In	 line	 with	 anticipated	

health	 consequences,	 people	 tend	 to	 avoid	 recycled	 wastewater	 due	 to	 disgust	 and	

contamination	worries,	 even	 if	 it	 is	purer	 than	 tap	water	 (Rozin,	Haddad,	&	Nemeroff,	

2015).	

In	 the	 present	 dissertation,	 food	 stimulus	 edibility	 was	 used	 as	 a	 potent	

mechanism	 for	modulation	 of	 the	 external	 factor.	 Complementary	 to	 fluid	 stimuli,	 the	

modulation	 of	 palatability	 and	 appearance	 are	 easier	 to	 assess	with	 foods.	 Everybody	

knows	that	a	highly	appetitive	food,	 i.e.,	a	positive	stimulus,	attracts	strong	motivation	

for	ingestion.	On	the	other	hand,	the	sight	of	a	disgusting	food,	i.e.,	a	negative	stimulus,	is	
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associated	 with	 a	 strong	 motivation	 of	 avoidance.	 Thus,	 studying	 the	 effects	 of	 food	

varying	in	stimulus	value	provides	a	prevailing	mechanism	for	investigation	of	external	

factors	influencing	motivational	processes.	

Incentive	Motivation:	Integration	of	internal	and	external	factors	

During	 the	 development	 of	 motivational	 theories,	 the	 concept	 of	 incentive	

motivation	 evolved	 as	 a	 prominent	 candidate	 describing	 the	 influences	 of	 internal	 as	

well	 as	external	 factors.	Berridge	 (2004)	provides	an	 interesting	 introduction	 into	 the	

history	 of	motivational	 concepts	 and	 their	 evolution	 towards	 the	 concept	 of	 incentive	

motivation,	which	is	briefly	outlined	in	the	following	paragraph.	

The	turn	towards	incentive	motivation	concepts	was	introduced	by	Bolles	(1972),	

who	suggested	that	the	expectation	of	incentives	and	not	drive	per	se	causes	motivation.	

Especially,	 a	 non-predictive	 stimulus	 can	 turn	 into	 a	 predictive	 stimulus	 by	 recurring	

association	 with	 a	 reward,	 i.e.,	 via	 classical	 conditioning.	 Subsequently,	 the	 newly	

predictive	 stimulus	 causes	 an	 expectation	 of	 reward	 (Bolles,	 1972).	 This	 concept	was	

further	 extended	 by	 Bindra	 (1974;	 1978),	 who	 proposed	 that	 a	 predictive	 stimulus	

obtains	 motivational	 qualities	 comparable	 to	 the	 reward	 through	 mechanisms	 of	

classical	conditioning.	Thus,	the	predictive	stimulus	by	itself	causes	the	same	incentive	

motivational	 state	 and	 behavioral	 tendencies	 as	 the	 reward	 (Bindra,	 1974;	 1978).	

However,	 motivation	 towards	 hedonic	 stimuli	 does	 not	 appear	 independently	 from	

physiological	 conditions.	 Toates	 (1986)	 thus	 integrated	 a	 physiological	 state	 or	 drive	

into	 the	model.	He	suggested	 that	 internal	 states	 function	as	gates,	which	dynamically	

adjust	the	incentive	value	of	rewards	and	their	predictive	stimuli	according	to	the	actual	

need-state	of	the	organism	(Toates,	1986).	

In	 sum,	 the	 incentive	motivation	 theory	holds	 that	 the	power	of	 environmental	

stimuli	results	from	an	interaction	between	the	external	stimulus	and	the	internal	need-
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state	of	the	organism.	In	particular,	the	motivation	arousing	quality	of	a	stimulus,	i.e.,	its	

incentive	value,	depends	upon	the	sensory	qualities	of	the	stimulus	as	well	as	previously	

experienced	positive	or	negative	consequences.	Thus,	an	environmental	stimulus	can	be	

seen	 as	 having	 a	 positive,	 a	 neutral	 or	 a	 negative	 incentive	 value.	 In	 this	 vein,	 an	

appetitive	 chocolate	 cake	 incorporates	 a	 positive	 incentive	 value	 whereas	 a	 rotten	

tomato	will	have	a	negative	incentive	value.	Motivational	neutral	stimuli	like	household	

objects	 thus	 constitute	 neutral	 incentives.	 In	 addition,	 the	 incentive	 value	 of	 these	

external	 stimuli	 is	 dynamically	 adjusted	 according	 to	 the	 actual	 need-state	 of	 the	

organism,	which	increases	or	decreases	the	incentive	value	of	a	perceived	stimulus.	For	

example,	 viewing	 a	 glass	 of	 water	 arouses	 relatively	 low	 motivation	 to	 drink	 in	

conditions	 of	 sufficient	 hydration.	 Conversely,	 viewing	 the	 same	 glass	 of	 water	

effectively	arouses	high	motivation	to	drink	in	a	fluid	depleted	organism.	The	aggregated	

computation	results	in	a	reward	value,	which	directs	an	organism	towards	or	away	from	

an	environmental	stimulus	depending	upon	the	current	need-state	and	stimulus	valence	

(Bindra,	1974;	1978;	Bolles,	1972;	Toates,	1986).	

In	 recent	 years,	 the	 concept	 of	 incentive	 motivation	 was	 further	 developed	

towards	 a	 model	 of	 incentive	 salience	 (Berridge,	 2004).	 This	 concept	 holds	 that	 the	

incentive	value	of	a	hedonic	stimulus	can	be	split	into	the	components	of	‘wanting’	and	

‘liking’,	 which	 have	 different	 underlying	 brain	mechanisms.	 ‘Wanting’	 in	 this	 sense	 is	

seen	as	 the	motivational	 incentive	value,	without	hedonic	 impact	or	 sensory	pleasure.	

Conversely,	 ‘Liking’	 is	 seen	 as	 this	 hedonic	 impact	 or	 sensory	 pleasure,	 without	

motivational	incentive	value	(Berridge,	2004).	
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Phases	of	ingestion	

Anticipation	and	consummation	

The	 distinction	 made	 in	 the	 previous	 section	 between	 predictive	 stimuli	 and	

rewards	points	 towards	another	 important	 concept	 in	motivation	 theories.	During	 the	

early	years	of	psychology,	human	and	animal	behavior	towards	a	stimulus	was	seen	as	

mere	chain	reflexes,	in	which	each	reflex	serves	as	a	stimulus	for	the	next	reflex	(Clower,	

1998).	More	recently,	Craig	(1918)	stated	that	behavior	does	not	merely	consist	of	chain	

reflexes.	 Instead,	 behavior	 can	 be	 differentiated	 into	 the	 phases	 of	 anticipation	 and	

consummation.	 During	 the	 anticipatory	 phase,	 the	 goal	 object	 is	 still	 at	 distance.	 This	

phase	 is	 characterized	 by	 behavioral	 responses	 bringing	 the	 organism	 into	 physical	

contact	with	the	goal	object,	i.e.,	expression	of	flexible,	non-stereotyped	search	behavior.	

In	 turn,	 during	 the	 consummatory	 phase,	 the	 organism	 finally	 comes	 into	 physical	

contact	 with	 the	 goal	 object.	 This	 phase	 is	 characterized	 by	 behavioral	 responses	

associated	 with	 consumption,	 i.e.,	 reflexive,	 stereotyped	 ingestive	 behavior	 (W.	 Craig,	

1918;	 Keen-Rhinehart	 et	 al.,	 2013).	 For	 example,	 an	 animal	 will	 show	 different	

responses	in	relation	to	fluid	deprivation	depending	on	whether	the	water	stimulus	is	at	

hand	 or	 not.	 When	 the	 stimulus	 is	 distant,	 the	 sight	 of	 water	 will	 arouse	 approach	

behavior	 towards	 the	water.	 In	 the	 other	 case,	 close	 contact	 to	 the	water	will	 arouse	

stereotyped	licking	and	swallowing	behavior.	

Furthermore,	the	temporal	sequence	of	motivated	behavior	comprises	a	number	

of	 sub-stages,	which	may	 again	 result	 in	 varying	 responses.	 For	 example,	 general	 and	

focal	 search	 modes	 can	 be	 differentiated	 within	 the	 anticipatory	 stage.	 Moreover,	

whether	an	animal	searches	within	a	familiar	or	unfamiliar	environment	plays	a	crucial	

role	in	so	far	as	familiar	cues	are	present	or	absent	and	motor	habits	developed	or	not	

(Timberlake	et	al.,	2001).	
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Expression	of	motivational	stages	

The	 importance	 of	 differentiation	 between	 anticipatory	 and	 consummatory	

stages	is	expressed	in	several	ways.	For	instance,	hamsters	show	increased	foraging	and	

food	 hoarding	 behavior	 after	 a	 period	 of	 food	 deprivation	 whereas	 deprivation	 only	

slightly	 increases	 food	 ingestion.	 Compared	 to	 hamsters,	 most	 other	 species	 rather	

increase	 consummatory	 as	 compared	 to	 anticipatory	 behaviors	 following	 deprivation	

(Keen-Rhinehart	 et	 al.,	 2013;	 Keen-Rhinehart,	 Dailey,	 &	 Bartness,	 2010).	 Moreover,	

separate	 neuroanatomical	 substrates	 were	 associated	 with	 motivational	 behavior.	 In	

particular,	 foraging	 and	 reward	 seeking	 during	 the	 anticipatory	 stage	 is	 mostly	

associated	 with	 the	 dopamine	 system,	 whereas	 sensory	 pleasure	 and	 hedonic	 taste	

during	the	consummatory	stage	is	mostly	associated	with	the	opiate	and	GABA	system	

(Barbano	&	Cador,	2007;	Burgdorf	&	Panksepp,	2006).	Supporting	this	notion,	in	human	

functional	 neuroimaging	 separable	 neural	 correlates	 were	 identified	 for	 odors	

predicting	 subsequent	 tasteful/tasteless	 solutions	 under	 anticipatory	 and	

consummatory	phases	(Small,	Veldhuizen,	Felsted,	Mak,	&	McGlone,	2008).	In	addition,	

obese	 as	 compared	 to	 lean	 participants	 showed	 enhanced	 activation	 towards	 food	

reward	during	anticipation	and	consumption	(Stice,	Spoor,	Ng,	&	Zald,	2009).	

Taken	 together,	 these	 findings	 highlight	 the	 importance	 of	 distinguishing	

between	an	anticipatory	stage	of	motivated	behavior,	which	brings	the	organism	in	close	

contact	 to	 a	 goal	 stimulus,	 and	 a	 consummatory	 stage	 of	 motivated	 behavior,	 which	

incorporates	stereotyped	ingestive	responses.	

Neuronal	representation	

Recent	 advances	 in	 functional	 neuroimaging,	 like	 EEG	 and	 fMRI,	 allowed	 the	

investigation	of	neural	correlates	associated	with	cognitive	processes	(Amaro	&	Barker,	

2006;	Jackson	&	Bolger,	2014).	
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Neuronal	correlates	related	to	thirst	and	fluid	depletion	

With	 respect	 to	 internal	 factors	 associated	with	 fluid	depletion,	 the	majority	 of	

previous	 studies	 investigated	 activity	 changes	 commanded	 by	 hypertonic	 saline	

infusions,	which	trigger	a	decrease	 in	plasma	osmolality.	A	 large	body	of	 these	studies	

revealed	 increased	 regional	 cerebral	 blood	 flow	 (rCBF)	 in	 the	 anterior-	 and	 mid-

cingulate	 cortex	 as	 well	 as	 in	 the	 insular	 cortex,	 when	 fluid	 deprived	 states	 were	

compared	 against	 fluid	 sated	 states	 (Denton,	 Shade,	 Zamarippa,	 Egan,	 Blair-West,	

McKinley,	 &	 Fox,	 1999a;	 Denton,	 Shade,	 Zamarippa,	 Egan,	 Blair-West,	 McKinley,	

Lancaster,	et	al.,	1999b;	Egan	et	al.,	2003;	Farrell	et	al.,	2006;	2008;	Parsons	et	al.,	2000).	

Moreover,	 a	 related	 line	of	 research,	which	 relied	on	water	depletion	 to	 induce	 thirst,	

generally	 confirmed	 the	 findings	 obtained	 via	 saline	 infusions	 (Farrell	 et	 al.,	 2011).	

Several	of	these	studies	also	investigated	the	neural	correlates	of	satiation.	Specifically,	

after	 the	 initial	 phase	 of	 fluid	 deprivation,	 participants	 were	 allowed	 to	 fully	 quench	

their	 thirst	by	ad	 libitum	drinking	water	 to	 satiety.	Compared	 to	periods	of	maximum	

saline	infusion,	drinking	water	to	satiety	resulted	in	a	reduction	in	brain	activity	in	the	

ACC,	MCC,	and	insula	(Denton,	Shade,	Zamarippa,	Egan,	Blair-West,	McKinley,	Lancaster,	

et	al.,	1999b;	Egan	et	al.,	2003;	Farrell	et	al.,	2006;	2008).	Furthermore,	the	correlation	

of	 neuroimaging	 and	 behavioral	 rating	 data	 revealed	 a	 positive	 linear	 relationship	

between	brain	activity	and	the	amount	of	administered	hypertonic	solution	in	the	ACC,	

MCC	and	hypothalamus	(Denton,	Shade,	Zamarippa,	Egan,	Blair-West,	McKinley,	&	Fox,	

1999a;	Egan	et	al.,	2003)	and	between	brain	activity	and	thirst	experience	in	posterior	

and	 anterior	 regions	 of	 the	 cingulate	 cortex	 (Denton,	 Shade,	 Zamarippa,	 Egan,	 Blair-

West,	McKinley,	Lancaster,	et	al.,	1999b;	Farrell	et	al.,	2008).	

Further	studies	explored	the	neural	correlates	associated	with	external	stimulus	

processing	 during	 the	 consummatory	 phase	 of	 fluid	 ingestion.	 In	 these	 studies,	 the	
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ingestion	 of	 small	 quantities	 of	 water	 lead	 to	 increased	 BOLD	 responses	 in	 the	 ACC,	

insula,	amygdala,	and	lateral	orbito-frontal	cortex	(OFC;	de	Araujo,	Kringelbach,	Rolls,	&	

McGlone,	2003;	Frey	&	Petrides,	1999;	A.	Wagner	et	al.,	2006;	Yang,	Liu,	Jin,	&	Li,	2008;	

Zald	&	Pardo,	2000).	 In	addition,	one	of	 these	studies	also	 investigated	the	 interaction	

between	 external	 stimuli	 and	 internal	 body	 state.	 De	 Araujo	 and	 colleagues	 (2003)	

showed	that	a	part	of	the	mid-insula	exhibited	a	selectively	increased	BOLD	response	to	

water	stimuli	when	participants	were	 in	a	 fluid	deprived	as	compared	 to	a	 fluid	sated	

state.	

Taken	 together,	 these	 findings	 point	 out	 a	 strong	 involvement	 of	 the	 cingulate	

and	insular	cortices	in	neuronal	processes	related	to	internal	body	state	and	coding	for	

external	water	 stimuli.	 However,	 neuronal	 correlates	 associated	with	 the	 anticipatory	

phase	 of	 fluid	 ingestion	 are	 still	 missing.	 Furthermore,	 previous	 studies	 broadly	

investigated	 the	 endpoints	 of	 fluid	 depletion	 and	 satiation	 while	 leaving	 open	 the	

question	for	the	moment-to-moment	changes	between	both	states.	

Neuronal	correlates	related	to	food	and	palatability	

Regarding	the	neuronal	correlates	associated	with	external	stimuli	and	food,	the	

majority	of	previous	studies	focused	onto	the	investigation	of	positive	stimuli,	i.e.	highly	

appetitive,	calorie-dense	foods.	In	particular,	a	series	of	fMRI	studies	revealed	a	strong	

involvement	 of	 the	 visual	 cortex	 in	 discriminating	 calorie-dense	 foods	 from	 bland	

control	foods	and	non-food	items.	More	precisely,	increased	BOLD	responses	to	high	as	

compared	to	neutral	incentive	foods	were	detected	in	large	scale	clusters	in	the	inferior	

(Cornier,	Kaenel,	Bessesen,	&	Tregellas,	2007;	Goldstone	et	al.,	2009)	and	extra	striate	

(Passamonti	et	al.,	2009)	visual	cortex,	middle	occipital	cortex	(Killgore	et	al.,	2003)	and	

fusiform	gyrus	(T.	C.	Frank,	Kim,	Krzemien,	&	van	Vugt,	2010b).	Furthermore,	when	food	

items	were	 rated	 for	wanting	 and	 liking,	 the	 primary	 visual	 cortex	 showed	 increased	
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BOLD	responses	to	such	stimuli	that	were	either	being	rated	as	highly	wanted	or	liked	as	

compared	to	being	rated	as	lowly	wanted	/	liked	stimuli	(Born	et	al.,	2011).	In	addition,	

a	much	 less	 consistent	network	of	brain	 regions	 implicated	 in	motivational	processes,	

i.e.,	 insula,	 cingulate	 cortex,	 amygdala,	 ventral	 striatum,	 and	 orbitofrontal	 cortex,	

showed	a	greater	activation	onto	high-calorie	as	compared	to	low-calorie	control	items	

(Beaver	 et	 al.,	 2006;	 Born	 et	 al.,	 2011;	 Cornier	 et	 al.,	 2007;	 Goldstone	 et	 al.,	 2009;	

Killgore	et	al.,	2003;	Passamonti	et	al.,	2009).	Thus,	these	neuroimaging	studies	indicate	

that	 the	 visual	 cortex	 plays	 a	 crucial	 role	 in	 discriminating	 visually	 presented	 calorie-

dense	foods.	

Event	 related	 potential	 (ERP)	 studies	 further	 strengthened	 the	 notion	 that	

selected	food	stimuli	modulate	attention.	For	instance,	the	comparison	of	high-	and	low-

fat	and	liked	and	disliked	foods	(Harris,	Adolphs,	Camerer,	&	Rangel,	2011;	Harris,	Hare,	

&	Rangel,	2013;	Toepel,	Knebel,	Hudry,	Le	Coutre,	&	Murray,	2009)	and	vegetarians’	and	

omnivores’	 processing	of	meat	dishes	 (Stockburger,	Renner,	Weike,	Hamm,	&	 Schupp,	

2009)	 indicated	 increased	 late	 positive	 potentials	 (LPP)	 between	 300	 and	 700	ms.	 In	

addition,	ERP	studies	also	showed	that	low-	and	high-fat	foods	are	discriminated	early	in	

the	 processing	 stream,	 i.e.,	 ~150	 –	 200	 ms	 (Blechert,	 Feige,	 Joos,	 Zeeck,	 &	 Tuschen-

Caffier,	2011;	Harris	 et	 al.,	 2011;	2013;	Meule,	Kübler,	&	Blechert,	2013;	Toepel	 et	 al.,	

2009).	

While	a	 large	body	of	studies	 investigated	the	neural	correlates	associated	with	

positive	stimuli,	little	attention	has	been	paid	in	previous	research	to	the	specific	factors	

associated	 with	 the	 rejection	 of	 foods.	 In	 one	 study,	 Beaver	 and	 colleagues	 (2006)	

contrasted	 images	 of	 low	 incentive	 value	 (e.g.	 rotten	 meat,	 moldy	 bread)	 and	 high	

incentive	 value	 (e.g.	 chocolate	 cake,	 ice	 cream	 sundae)	 against	 food	 images	 of	 neutral	

incentive	value	(e.g.	uncooked	rice,	potatoes).	Both	contrasts	revealed	neural	correlates	
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in	 the	 parahippocampal	 and	 lingual	 gyrus,	 intra-parietal	 lobule,	 ventral	 striatum,	 and	

posterior	 insula.	 In	addition,	 the	caudomedial	OFC	was	selectively	activated	by	 low	vs.	

neutral	incentive	foods	(Beaver	et	al.,	2006).	

Overall,	 there	 is	 accumulating	 evidence	 by	 functional	 imaging	 and	 ERP	 studies	

that	 the	 brain	 selectively	 responds	 to	 the	 appetitive	 value	 and	 significance	 of	 food	

stimuli.	 However,	 while	 a	 large	 body	 of	 studies	 revealed	 an	 increased	 attentional	

capture	by	disgust	eliciting	stimuli	(Schäfer,	Schienle,	&	Vaitl,	2005;	Schienle	et	al.,	2006;	

Schienle,	 Schäfer,	 Stark,	Walter,	&	Vaitl,	 2005;	 Schienle	 et	 al.,	 2002;	 Stark	 et	 al.,	 2005;	

2004;	 2003;	 2007;	Wright,	He,	 Shapira,	 Goodman,	&	 Liu,	 2004),	 the	 specific	 effects	 of	

disgust	eliciting	foods	onto	neuronal	processes	are	to	be	determined.	

The	present	dissertation	

In	 sum,	 the	 power	 of	 internal	 and	 external	 factors	 in	modulating	 the	 incentive	

value	of	environmental	 stimuli	as	well	as	 the	differentiation	between	anticipatory	and	

consummatory	 phases	 of	 ingestion	 are	 important	 aspects	 of	 motivational	 behavior.	

Understanding	the	neural	mechanisms	that	turn	the	sight	of	environmental	stimuli	into	

an	adaptive	behavioral	response	is	thus	of	primal	importance.	The	present	dissertation	

aimed	 to	 study	 neural	 correlates	 associated	 with	 the	 processing	 of	 natural	 rewards	

under	 the	 influence	 of	 both	 body	 state	 and	 external	 appearance.	 Furthermore,	 these	

effects	were	investigated	under	the	circumscribed	motivational	phases	of	ingestion.		

The	 first	 study	addresses	 the	question	of	how	neural	 structures	are	engaged	 in	

anticipatory	 responses	 towards	 motivational	 relevant	 stimuli	 during	 a	 specific	 need-

state	 of	 the	 body.	 In	 particular,	 this	 study	 is	 designed	 to	 find	neural	 structures	which	

selectively	 increase	 the	 incentive	 value	 of	 need-relevant	 stimuli	 in	 a	 thirst	 state.	

Therefore,	 participants	 were	 scanned	 twice	 –	 either	 in	 a	 thirst	 or	 a	 no-thirst	 state	 –	

while	viewing	pictures	of	beverages	and	chairs.	



	 21	

The	second	study	addresses	the	question	of	how	neural	structures	are	engaged	in	

consummatoy	 responses	 during	 fluid	 ingestion.	 Specifically,	 this	 study	 is	 designed	 to	

find	 neural	 structures	 which	 are	 engaged	 in	 the	 moment-to-moment,	 need-state	

dependent	 shift	 of	 stimulus	 value	 from	 fluid	 deprivation	 towards	 fluid	 satiation.	

Therefore,	participants	were	scanned	while	being	in	a	thirsty	state	and,	over	the	course	

of	the	experiment,	received	small	amounts	of	water	sufficient	for	satiation.	

The	third	study	addresses	the	question	of	how	neural	structures	are	engaged	in	

the	 fast	 and	 automatic	 detection	 of	 food	 edibility.	 Particularly,	 the	 anticipation	 of	

edibility	for	potential	foods	can	help	to	avoid	the	intake	of	harmful	pathogens	and	thus	

prevent	 substantial	 health	 consequences.	 Therefore,	 participants	 were	 scanned	 while	

viewing	 a	 set	 of	 stimulus	material	 consisting	 of	 images	 of	 perishable	 foods	 at	 various	

stages	of	natural	decay	ranging	from	appetitive	to	disgusting.	
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STUDY	1	-	Thirst	and	the	state-dependent	representation	of	incentive	

stimulus	value	in	human	motive	circuitry	

Abstract	

Depletion	imposes	both	need	and	desire	to	drink,	and	potentiates	the	response	to	

need-relevant	 cues	 in	 the	 environment.	 The	 present	 fMRI	 study	 aimed	 to	 determine	

which	neural	structures	selectively	increase	the	incentive	value	of	need-relevant	stimuli	

in	a	thirst	state.	Towards	this	end,	participants	were	scanned	twice	-	either	in	a	thirst	or	

no-thirst	state	-	while	viewing	pictures	of	beverages	and	chairs.	As	expected,	thirst	led	to	

a	 selective	 increase	 in	 self-reported	pleasantness	 and	arousal	by	beverages.	 Increased	

responses	 to	 beverage	 as	 compared	 to	 chair	 stimuli	 were	 observed	 in	 the	 cingulate	

cortex,	insular	cortex,	and	the	amygdala	in	the	thirst	state,	which	were	absent	in	the	no-

thirst	condition.	Enhancing	the	incentive	value	of	need-relevant	cues	in	a	thirst	state	is	a	

key	 mechanism	 for	 motivating	 drinking	 behavior.	 Overall,	 distributed	 regions	 of	 the	

motive	 circuitry,	 which	 are	 also	 implicated	 in	 salience	 processing,	 craving,	 and	

interoception,	provide	a	dynamic	body-state	dependent	representation	of	stimulus	value.	
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Introduction	

Thirst	provides	a	powerful	demonstration	of	motivation	in	action.	Humans	need	

to	keep	fluid	levels	in	balance	and	even	short	periods	without	water	endanger	survival.	

Fluid	 ingestion	 thus	 provides	 a	 main	 biological	 imperative	 and	 strong	 motivation	

assures	 that	drinking	 is	prioritized	 in	accordance	with	 internal	needs.	Similar	 to	other	

vital	 functional	 behavior	 systems	 for	 feeding,	 defense,	 and	 sexual	 reproduction,	 a	

complex	 drinking/osmoregulation	 system	 controls	 stimulus	 sensitivities,	 motor	

responses,	 and	motivational	 conditions	 surrounding	 fluid	 ingestion	 (Timberlake	 et	 al.,	

2001;	 Watts,	 2001).	 According	 to	 this	 behavior	 systems	 view,	 fluid	 depletion	 has	

motivational	effects	on	multiple	levels	of	the	drinking	system,	ranging	from	the	initiation	

of	 appetitive	 search	 behaviors	 to	 the	 modulation	 of	 anticipatory	 and	 consummatory	

responses.		

In	 recent	 years,	 great	 progress	 has	 been	 made	 in	 identifying	 the	 neural	

mechanisms	 of	 thirst	 and	 the	 brain	 systems	 involved	 in	 osmoregulation.	 Numerous	

physiological	 studies	have	 explored	 the	 interoceptive	 signals	 of	 dehydration	 and	 their	

sensing	by	key	motivational	structures	such	as	the	hypothalamus	(Johnson	&	Thunhorst,	

1997;	 Sternson,	 2013).	 More	 recently,	 neuroimaging	 methods	 enabled	 the	 study	 of	

thirst-	and	drinking-related	brain	responses	in	humans	(e.g.	Denton,	Shade,	Zamarippa,	

Egan,	Blair-West,	McKinley,	Lancaster,	et	al.,	1999b;	Hallschmid,	Mölle,	Wagner,	Fehm,	&	

Born,	 2001).	 The	majority	 of	 neuroimaging	 studies	 examined	 the	 drinking	 system	 by	

measuring	activity	changes	commanded	by	hypertonic	saline	infusions,	which	trigger	a	

decrease	in	plasma	osmolality.	These	studies	found	that	saline	infusion	led	to	increased	

brain	 activity	 in	 the	 anterior-,	 mid-cingulate	 (ACC,	 MCC),	 and	 insular	 cortices	 (INS;	

Denton,	 Shade,	 Zamarippa,	 Egan,	 Blair-West,	 McKinley,	 &	 Fox,	 1999a;	 Denton,	 Shade,	

Zamarippa,	Egan,	Blair-West,	McKinley,	Lancaster,	et	al.,	1999b;	Egan	et	al.,	2003;	Farrell	
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et	al.,	2006;	2008;	Parsons	et	al.,	2000).	Furthermore,	activity	in	the	ACC	and	posterior	

cingulate	 cortex	 (PCC)	was	 correlated	with	both,	 feelings	of	 thirst	 and	plasma	 sodium	

concentrations,	 suggesting	 that	 these	 regions	 are	 implicated	 in	 the	 conscious	

representation	of	thirst	(Denton,	Shade,	Zamarippa,	Egan,	Blair-West,	McKinley,	&	Fox,	

1999a;	Denton,	Shade,	Zamarippa,	Egan,	Blair-West,	McKinley,	Lancaster,	et	al.,	1999b;	

Farrell	 et	 al.,	 2008;	 Parsons	 et	 al.,	 2000).	 A	 related	 line	 of	 research	 relied	 on	 water	

depletion	to	manipulate	thirst	and	generally	confirmed	the	findings	obtained	via	saline	

infusion	(Farrell	et	al.,	2011).		

Further	studies	explored	the	neural	processes	associated	with	the	consummatory	

stage	of	motivated	behaviors,	i.e.	the	sensing	and	consuming	of	water.	In	these	studies,	

administering	small	quantities	of	water	prompted	increased	rCBF	and	BOLD	responses	

in	 the	 insular	 cortex,	 especially	 in	 posterior	 and	 middle	 regions,	 as	 well	 as	 in	 the	

amygdala	(AMY)	and	lateral	orbitofrontal	cortex	(OFC;	Frey	&	Petrides,	1999;	A.	Wagner	

et	al.,	2006;	Yang	et	al.,	2008;	Zald	&	Pardo,	2000).	Furthermore,	the	incentive	value	of	

water	 decreases	 during	 consumption,	 and	 this	 process	 plays	 an	 important	 role	 in	 the	

cessation	 of	 drinking.	 Possible	 neural	 correlates	 involve	 the	 mid-insular	 cortex	 and	

medial	OFC,	which	showed	a	decrease	 in	activation	after	 the	consumption	of	water	as	

compared	 to	 the	 depleted	 state	 (de	 Araujo	 et	 al.,	 2003).	 Moreover,	 the	 subjective	

pleasantness	of	water	 is	positively	 correlated	with	BOLD	activity	 in	OFC,	ACC	and	 the	

insular	cortex	(de	Araujo	et	al.,	2003;	Saker	et	al.,	2014).	Of	note,	these	regions	have	also	

been	 shown	 to	 be	 involved	 in	motivational	 processes	 by	 studies	 on	 fear,	 food,	 sexual	

behaviors,	or	drugs	(Kober	et	al.,	2008;	Kühn	&	Gallinat,	2011;	Sescousse,	Caldú,	Segura,	

&	Dreher,	 2013;	 van	 der	 Laan,	 de	 Ridder,	 Viergever,	 &	 Smeets,	 2011).	 Overall,	 neural	

regions	of	the	drinking	system	include	core	structures	of	the	brain’s	motive	circuitry.		
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However,	 little	 is	 known	 about	 how	motivation	 shapes	 brain	 responses	 during	

the	appetitive	 stage	of	behavior	and	 the	 responding	 to	motivationally	 relevant	 stimuli	

(W.	Craig,	1918;	Konorski,	1967).	In	the	case	of	the	drinking	system,	the	appetitive	stage	

of	motivated	 behavior	 consists	 of	 exploratory	 and	 approach	 behaviors	 that	 bring	 the	

organism	 into	 contact	with	 fluid	 stimuli.	This	 stage	hosts	a	phenomenon	everybody	 is	

familiar	 with:	 A	 glass	 of	 water	 looks	 more	 desirable	 when	 one	 is	 thirsty.	 Incentive	

motivation	theory	suggests	that	this	effect	reflects	the	dynamic	shifting	of	stimulus	value	

due	 to	 a	 body	 state	 of	 fluid	 depletion	 (Bindra,	 1978;	 Konorski,	 1967;	 Toates,	 1986).	

Specifically,	 viewing	 a	 glass	 of	 water	 arouses	 relatively	 low	 motivation	 to	 drink	 in	

conditions	 of	 sufficient	 hydration.	 Conversely,	 viewing	 the	 same	 glass	 of	 water	

effectively	 arouses	 high	 motivation	 to	 drink	 in	 a	 fluid	 depleted	 organism.	 The	

significance	 of	 distinguishing	 between	 the	 appetitive	 and	 consummatory	 phases	 of	

ingestive	 behavior	 has	 been	 stressed	 recently.	 Specifically,	 in	 the	 food	 domain,	

appetitive	behavior	is	cued	by	distinct	environmental	cues	and	acts	on	at	least	partially	

distinct	 neuroendocrine	 factors	 and	 neural	 structures	 as	 compared	 to	 consummatory	

behaviors	 (Keen-Rhinehart	 et	 al.,	 2013).	 In	 this	 vein,	 research	 focusing	 on	 neural	

correlates	 related	 to	 drinking	 is	 complemented	 by	 the	 present	 study	 with	 regard	 to	

thirst-modulated	processing	of	drinking-related	stimuli.	

The	main	goal	of	the	present	study	was	to	determine	which	regions	of	the	brain’s	

motivational	circuitry	provide	the	dynamic	and	body	state	dependent	representation	of	

stimulus	value	most	relevant	to	the	organization	of	purposeful	behavior.	To	examine	the	

neural	 basis	 of	 motivation-dependent	 processing	 in	 the	 drinking	 system,	 we	 scanned	

participants	who	were	either	 thirsty	(7	hours	 fluid-depleted)	or	not	 thirsty	while	 they	

viewed	pictures	of	 beverages	 and	 chairs.	We	assumed	 that	 thirst	 selectively	 increases	

the	processing	of	drinking-related	stimuli	in	the	anterior	and	posterior	cingulate	cortex,	
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insula,	 amygdala,	 and	 OFC.	 These	 neural	 structures	 were	 hypothesized	 based	 on	

previous	 findings	 regarding	 neural	 structures	 associated	 with	 body-state	 dependent	

regulation	 of	 consummatory	 behaviors	 towards	water	 stimuli	 (de	 Araujo	 et	 al.,	 2003;	

Saker	et	al.,	2014;	A.	Wagner	et	al.,	2006)	as	well	as	studies	investigating	the	effects	of	

hunger	 on	 neural	 responses	 towards	 appetitive	 food	 stimuli	 (Goldstone	 et	 al.,	 2009;	

LaBar	 et	 al.,	 2001;	Mohanty,	 Gitelman,	 Small,	 &	Mesulam,	 2008).	 A	 signed	 interaction	

term	 assured	 that	 the	 interaction	 effects	 were	 limited	 to	 voxels	 showing	 increased	

responding	 to	 drinking-related	 stimuli	 when	 thirsty	 rather	 than	 larger	 activations	 to	

chair	 stimuli	 when	 participants	 were	 not	 thirsty.	 Furthermore,	 main	 effects	 were	

analyzed	 to	determine	neural	 regions	providing	a	 state-independent	 representation	of	

stimulus	value	and	representing	body	state.	

Methods	

Participants	

Twenty-four	participants	(12	females,	1	left-handed)	between	20	and	32	years	of	

age	 (M	 =	 22.9)	 with	 normal	 or	 corrected-to-normal	 vision	 participated	 in	 the	 study.	

Participants	 were	 recruited	 at	 the	 University	 of	 Konstanz	 and	 received	 either	 course	

credit	 or	 €8	 per	 hour.	 The	 study	 was	 approved	 by	 the	 ethical	 review	 board	 of	 the	

University	 of	 Konstanz	 and	 informed	 consent	 was	 acquired	 from	 all	 participants.	

Participants	 were	 not	 included	 in	 the	 study	 when	 they	 had	 a	 history	 or	 currently	

suffered	from	psychiatric,	neurological,	or	endocrine	diseases	or	taking	medication	that	

affects	the	endocrine	or	central	nervous	system.		

Stimulus	materials	

The	stimulus	materials	comprised	pictures	of	beverages	(N	=	24)	and	chairs	(N	=	

24),	which	were	shown	on	a	uniform	gray-colored	background.	A	pilot	study	(N	=	12)	

revealed	 that	 water,	 apple	 juice,	 and	 tea	 were	 regarded	 as	 the	 most	 potent	 thirst-
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quenching	 beverages.	 Accordingly,	 the	 beverage	 stimuli	 depicted	 glasses	 filled	 with	

water,	 apple	 juice,	 and	 tea.	None	of	 the	beverage	pictures	 included	commercial	 labels.	

Similar	 to	 previous	 studies	 on	 the	 neural	 correlates	 of	 object	 recognition	 (Downing,	

Chan,	 Peelen,	 Dodds,	 &	 Kanwisher,	 2006;	 Haxby	 et	 al.,	 2001),	 pictures	 of	 chairs	were	

chosen	as	control	category.	Chair	pictures	were	selected	to	match	the	beverage	pictures	

in	terms	of	complexity,	size,	and	overall	appearance.	

Procedure	

An	 initial	 screening	 session	 served	 to	 inform	 participants	 about	 the	 study,	

including	 the	 requirement	 to	 refrain	 from	drinking	 to	 evoke	 thirst,	 and	 to	 check	 their	

eligibility	 for	 fMRI	 scanning.	 Participants	 were	 scanned	 in	 two	 sessions	 while	 being	

either	 thirsty	 or	 not	 thirsty.	 The	 order	 of	 these	 sessions	 was	 counter-balanced	 and	

approximately	one	week	apart.	To	control	for	variations	in	circadian	rhythm,	all	sessions	

were	 scheduled	 at	 6pm.	 For	 the	 thirst	 session,	 participants	 had	 to	 completely	 refrain	

from	 drinking	 for	 7	 hours.	 For	 the	 no-thirst	 session,	 participants	 were	 instructed	 to	

follow	their	normal	drinking	and	eating	habits.	All	participants	reported	that	 they	had	

fully	complied	with	these	instructions.		

At	the	start	of	both	sessions,	participants	reconfirmed	their	informed	consent	and	

were	 prepared	 for	MR	 scanning.	 Before	 entering	 the	 scanner,	 thirst	 and	 hunger	were	

probed	 using	 rating	 scales.	 During	 fMRI	 scanning,	 participants	 viewed	 pictures	 of	

beverages	 and	 chairs,	 which	were	 presented	 using	 a	 visual	 system	 (NordicNeuroLab,	

Bergen,	Norway)	positioned	 in	 front	 of	 the	 subject’s	 eyes.	The	48	pictures	 comprising	

both	 categories	 were	 repeated	 three	 times,	 resulting	 in	 144	 trials.	 In	 a	 slow	 event	

related	 paradigm,	 pictures	 were	 shown	 for	 2	 s,	 followed	 by	 a	 variable	 inter-stimulus	

interval	 (ISI)	 showing	 a	 white	 fixation	 cross	 on	 a	 black	 background.	 The	 ISI	 was	

exponentially	distributed	with	a	mean	of	7.5	s	and	a	range	of	6	s	to	12	s	(see	for	example	
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Amaro	 &	 Barker,	 2006).	 After	 obtaining	 a	 second	 rating	 of	 thirst	 and	 hunger,	 a	 T1-

weighted	structural	scan	was	recorded.	A	third	rating	of	thirst	and	hunger	was	obtained	

after	participants	left	the	scanner,	and	they	additionally	rated	all	pictures	on	emotional	

dimensions	of	valence	and	arousal.	Finally,	the	participants	were	provided	with	as	much	

water	as	desired.	

Self-report	data		

Thirst	 and	 hunger	 ratings	 were	 collected	 using	 a	 7-point	 Likert	 scale,	 ranging	

from	not	thirsty/not	hungry	to	very	thirsty/very	hungry,	respectively.	Rating	data	were	

obtained	immediately	before,	mid-term,	and	at	the	end	of	MR	scanning.	These	data	were	

entered	 into	 a	 two	 factorial	 repeated	 measures	 ANOVA	 with	 the	 factors	 Body	 State	

(thirst	vs.	no-thirst)	and	Time	(pre	vs.	mid-term	vs.	post).	

Participants	used	the	Self	Assessment	Manikin	(Bradley	&	Lang,	1994)	to	rate	the	

stimuli	 on	 emotional	 dimensions	 of	 valence	 and	 arousal	 on	 a	 9-point	 Likert	 scale,	

ranging	from	unpleasant	over	neutral	to	pleasant	for	valence	and	from	calm	to	exciting	

for	 arousal.	 Valence	 and	 arousal	 ratings	 were	 entered	 into	 a	 two	 factorial	 repeated	

measures	 ANOVA	 with	 the	 factors	 Body	 State	 (thirst	 vs.	 no-thirst)	 and	 Category	

(beverages	vs.	chairs).		

Where	 appropriate,	 the	 Greenhouse-Geisser	 procedure	was	 used	 to	 correct	 for	

violations	of	sphericity.	Post-hoc	tests	were	corrected	using	the	Bonferroni	method.	

MRI	data	acquisition	and	analysis	

MR	acquisition	took	place	on	a	1.5	Philips	 Intera	MR	system	(Philips,	Hamburg,	

Germany).	For	functional	scanning,	a	T2*	weighted	Fast	Field	Echo,	Echo	Planar	Imaging	

(FEEPI)	sequence	utilizing	parallel	scanning	 technique	was	used	(SENSE;	Pruessmann,	

Weiger,	 Scheidegger,	 &	 Boesiger,	 1999).	 In	 plane	 resolution	 was	 3	 x	 3	 mm	 and	 slice	

thickness	was	3.5	mm	(32	axial	slices;	no	gap;	FOV	=	240	mm;	acquisition	matrix	=	80	x	
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80;	TE	=	40ms;	flip	angle	=	90°;	TR	=	2500ms).	In	addition,	a	standard	T1	weighted	high	

resolution	structural	scan	with	1	x	1	x	1	mm	voxel	resolution	was	obtained.		

Preprocessing	and	statistical	analysis	of	the	functional	data	was	conducted	using	

SPM8	(Wellcome	Department	of	Imaging	Neuroscience,	University	College	London,	UK;	

Friston	et	al.,	1994).	Preprocessing	steps	included	realignment	and	slice	time	correction	

for	 the	 functional	 images.	No	subject	displayed	head	movements	exceeding	3	mm	or	3	

degrees	on	any	axis	and	thus	data	from	all	participants	were	included	in	further	analysis.	

Images	were	normalized	to	the	MNI	EPI	template	and	resampled	at	3	x	3	x	3	mm	voxel	

size.	 A	 Gaussian	 spatial	 kernel	 of	 full	width	 at	 half	maximum	 (FWHM)	with	 an	 8	mm	

radius	was	used	for	smoothing	the	data.	

Single	 subject	 data	 were	 modeled	 with	 a	 thirst	 and	 a	 no-thirst	 session,	 each	

containing	two	covariates	of	interest	representing	beverage	and	chair	condition	onsets	

as	well	as	covariates	of	no	interest,	including	six	movement	parameters	obtained	during	

realignment	 and	one	 covariate	 incorporating	 an	overall	 intercept	 to	 the	model.	Group	

level	 random	 effects	 analysis	 combined	 all	 subjects’	 covariates	 of	 interest	 into	 a	 full	

factorial	model	with	the	factors	Body	State	(thirst	vs.	no-thirst)	and	Category	(beverages	

vs.	 chairs).	 Based	 on	 our	 a	 priori	 hypotheses,	 a	 linear	 contrast	 with	 (BeveragesThirst	>	

ChairsThirst)	vs.	(BeveragesNo-thirst	>	ChairsNo-thirst)	was	calculated	to	test	for	the	interaction	

of	Body	State	by	Category.	A	 further	constraint	assured	that	 the	 interaction	examines	a	

signed	interaction,	which	is	only	sensitive	for	an	enlarged	activation	of	beverages	over	

chairs	 during	 the	 thirst	 state,	 excluding	 voxels	 showing	 enlarged	 activation	 for	 chairs	

over	 beverages	 during	 the	 no-thirst	 state.	 The	 signed	 interaction	 test	 was	 realized	

through	 (1)	 a	 cross	 interaction	 contrast	 with	 a	 statistical	 threshold	 of	 p	 <	 .05	 (FDR	

corrected	at	voxel	level)	with	a	voxel	extent	of	k	≥	15	voxels,	and	(2)	inclusively	masking	

the	 result	 with	 the	 main	 effect	 of	 beverage	>	chair	 at	 p	 <	 .05.	 To	 test	 for	 a	 reversed	
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interaction	effect,	 the	 linear	contrast	 for	(ChairsThirst	>	BeveragesThirst)	vs.	(ChairsNo-thirst	>	

BeveragesNo-thirst)	 was	 also	 calculated.	 As	we	 did	 not	 have	 any	 a	 priori	 hypotheses,	 no	

further	constraints	were	applied	onto	this	contrast.	Furthermore,	linear	contrasts	were	

calculated	for	the	main	effects	of	Category	and	Body	State	(FDR	p	<	.05,	k	≥	15	voxel).	

Results	

Thirst	and	hunger	ratings	

Participants	 were	 significantly	 more	 thirsty	 in	 the	 thirst	 (M	 =	 5.9,	 SE	 =	 0.15)	

when	compared	with	the	no-thirst	(M	=	2.9,	SE	=	0.22)	condition,	F(1,	23)	=	193.7,	P	<	

0.0001,	partial	h2	=	0.89.	Furthermore,	within	sessions,	thirst	ratings	varied	across	the	

three	measurements,	F(2,	46)	=	25.6,	P	<	0.001,	partial	h2	=	0.53.	Specifically,	ratings	of	

thirst	were	larger	for	the	second	(M	=	4.7,	SE	=	0.17)	and	third	(M	=	4.7,	SE	=	0.21)	when	

compared	with	the	first	(M	=	3.8,	SE	=	0.15)	rating	at	the	beginning	of	the	session,	ts(23)	

>	5.3,	P	<	0.001.	Finally,	a	significant	interaction	of	‘Body	State’	and	‘Time’	was	obtained,	

F(2,	46)	=	6.4,	P	<	0.005,	partial	h2	=	0.22,	indicating	that	the	increase	of	thirst	across	the	

session	was	somewhat	larger	for	the	no-thirst	(First:	M	=	2.0,	SE	=	0.23;	Second:	M	=	3.3,	

SE	 =	 0.24;	 Third:	M	 =	 3.3,	 SE	 =	 0.28;	 ts(23)	 >	 5.7	 and	 5.9,	 P	 <	 0.001)	 than	 the	 thirst	

condition	(First:	M	=	5.5,	SE	=	0.17;	Second:	M	=	6.1,	SE	=	0.17;	Third:	M	=	6.0,	SE	=	0.19;		

ts(23)	=	3.4	and	2.6,	P	<	0.05.	

The	analysis	of	hunger	ratings	revealed	a	significant	main	effect	of	‘Time’,	F(2,	46)	

=	17.6,	P	<	0.001,	partial	h2	=	0.43,	indicating	that	hunger	ratings	increased	from	the	first	

(M	=	2.5,	SE	=	0.20)	over	the	second	(M	=	2.9,	SE	=	0.21)	to	the	third	(M	=	3.2,	SE	=	0.25)	

rating,	 [pre-	vs	mid-term:	 t(23)	=	 -3.8,	P	<	0.005;	pre-	vs	post:	 t(23)	=	 -5.0,	P	<	0.001;	

mid-term	vs	post:	 t(23)	=	 -2.9,	P	<	0.05].	However,	no	 significant	main	effect	of	 ‘Body	

State’,	F(1,	23)	=	2.6,	n.s.,	nor	an	interaction	involving	the	factor	‘Body	State’,	F(2,	46)	=	

2.0,	n.s.,	was	observed.	
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Stimulus	valence	and	arousal	

Significant	 main	 effects	 of	 ‘Category’	 were	 obtained	 for	 valence	 and	 arousal	

ratings,	Valence	F(1,	23)	=	67.2,	P	<	0.001,	partial	h2	=	0.75,	Arousal	F(1,	23)	=	13.9,	P	<	

0.001,	partial	h2	=	0.38.	Specifically,	beverage	when	compared	with	chair	pictures	were	

perceived	as	more	pleasant	(M=	6.8	and	5.0,	SE	=	0.17	and	0.13)	and	more	arousing	(M	=	

4.1	and	3.2,	SE	=	0.25	and	0.26,	respectively).	However,	these	main	effects	were	qualified	

by	 significant	 interactions	 of	 ‘Body	 State’	 x	 ‘Category’	 for	 both	 valence	 and	 arousal	

ratings,	Valence	F(1,	23)	=	9.0,	P	<	0.01,	partial	h2	=	0.28,	Arousal	F(1,	23)	=	7.3,	P	<	0.05,	

partial	 h2	 =	 0.24.	 As	 shown	 in	 Figure	 1,	 thirst	 selectively	 affected	 the	 evaluation	 of	

beverage	pictures.	When	compared	with	the	control	condition,	beverage	pictures	were	

perceived	as	more	pleasant	[t(23)	=	2.5,	P	<	0.05]	and	arousing	[t(23)	=	3.8,	P	<	0.001]	in	

the	 thirst	 condition.	 In	 contrast,	 valence	 and	 arousal	 ratings	 of	 chair	 pictures	 did	 not	

differ	between	thirst	and	no-thirst	states,	Valence:	t(23)	=	-1.0,	n.s.	,	Arousal:	t(23)	=	1.4,	

n.s.	Finally,	a	significant	effect	of	‘Body	State’	was	observed	for	arousal	ratings,	F(1,	23)	=	

14.3,	 P	<	0.001,	 partial	h2	 =	0.38,	with	 increased	arousal	 ratings	during	 a	 thirst	when	

compared	with	a	no-thirst	state.	

	

Figure	1:	Illustration	of	valence	and	arousal	ratings	for	beverage	and	chair	picture	categories.	Both	valence	
and	arousal	ratings	showed	an	interaction	of	Body	State	by	Category.	
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fMRI	data	

Interaction	between	stimulus	category	and	a	body	state	of	thirst	

The	selective	effect	of	thirst	on	the	processing	of	beverage	pictures	was	examined	

by	the	linear	cross	interaction	contrast	(BeveragesThirst	>	ChairsThirst)	vs.	(BeveragesNo-thirst	

>	 ChairsNo-thirst).	 With	 regard	 to	 the	 apriori-hypothesis,	 significant	 interactions	 were	

observed	in	the	anterior	MCC,	PCC,	AMY	(left),	and	anterior	INS	(right)	(see	Figure	2A).	

As	 shown	 in	 Figure	 2B,	 increased	 BOLD	 responses	 to	 beverage	 as	 compared	 to	 chair	

pictures	were	observed	in	these	brain	regions	during	thirst	state.	In	contrast,	there	were	

no	 differences	 between	 beverage	 and	 chair	 categories	 during	 the	 no-thirst	 state.	

Additional	 structures	 showing	 a	 significant	 interaction	 included	 the	 dorsal	 precentral	

gyrus	(right),	ventral	postcentral	gyrus	(right),	supramarginal	gyrus	(left),	and	inferior	

parietal	lobule	(left)	(see	Table	1).	

Testing	 for	 effects	 in	 the	 opposite	 direction	 (ChairsThirst	 >	 BeveragesThirst)	 vs.	

(ChairsNo-thirst	>	BeveragesNo-thirst))	did	not	reveal	any	significant	effects.	
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Figure	 2:	 Sagittal,	 coronal,	 and	 axial	 sections	 showing	 the	 interaction	 of	 Body	 State	 by	 Category	 in	 the	
cingulate	 cortex,	 amygdala,	 and	 anterior	 insula.	 Statistical	maps	 are	 thresholded	 at	 p	 <	 .05	 (FDR)	with	 a	
voxel	 extent	 of	 k	 ≥	 15	 (A).	 Extracted	 signal	 changes	 relative	 to	 baseline	 activation	 corresponding	 to	 the	
regions	 presented	 under	A,	 illustrating	 an	 interaction	 effect	 of	 Body	 State	 by	 Category	 (B).	 Abbreviations:	
aMCC	=	anterior	middle	cingulate	cortex;	PCC	=	posterior	cingulate	cortex;	rsPCC	=	retro-splenial	cingulate	
cortex;	AIC	=	anterior	insular	cortex.	
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Table	1:	Regions	showing	a	significant	State	by	Category	interaction.	

	 	 	 	 Coordinates	 	 	
#	 Region	 Side	 BA	 x	 y	 z	 Size	 PeakZ	
1	 aMCC	 L	 24	 -	3	 14	 37	 244	 5.21	
2	 PCC	 L	/	R	 23	 0	 -	28	 28	 60	 4.32	
3	 rsPCC	 L	 29	 -	6	 -	43	 16	 21	 4.25	
4	 Anterior	insula	 R	 13	 57	 14	 -	5	 36	 4,10	
5	 Amygdala	 L	 -	 -	21	 2	 -	20	 16	 3.74	
6	 Ventral	postcentral	gyrus	 R	 3	 54	 -	13	 31	 25	 4,31	
7	 Dorsal	precentral	gyrus	 R	 1	 45	 -	19	 58	 29	 4,12	
8	 Inferior	parietal	lobule	 L	 40	 -	36	 -	49	 37	 31	 4,06	
9	 Supramarginal	gyrus	 L	 40	 -	63	 -	31	 28	 48	 4,05	

 

Thresholds for activated clusters were set to p < .05 (FDR) with a voxel extent of k ≥ 15. Abbreviations: aMCC 

= anterior middle cingulate cortex; PCC = posterior cingulate cortex; rsPCC = retro-splenial cingulate cortex. 

 

Main	effects	of	stimulus	category	and	body	state	

With	regard	to	stimulus	category,	beverage	as	compared	to	chair	pictures	elicited	

increased	 brain	 activation	 in	 widespread	 brain	 regions	 (see	 Table	 2).	 Testing	 for	 the	

opposite	effect	the	contrast	chairs	>	beverages	did	not	reveal	any	significant	effects.	

With	regard	to	body	state,	neither	the	contrast	of	thirst	state	>	no-thirst	state	nor	

the	contrast	of	no-thirst	state	>	thirst	state	did	reveal	any	significant	effects.	
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Table	2:	Regions	showing	a	significant	Category	effect	for	beverage	vs.	chair.	

	 	 	 	 Coordinates	 	 	
#	 Region	 Side	 BA	 x	 y	 z	 Size	 PeakZ	
1	 OFC	 R	 47	/	11	 21	 32	 -	17	 5732	 5.20	
	 Inferior	Temporal	Gyrus	 L	 37	 -	48	 -	49	 -	20	 	 	
	 	 R	 37	 51	 -	46	 -	23	 	 	
	 Primary	Visual	Cortex	 L	/	R	 17	/	18	 0	 -	76	 -	20	 	 	
	 PCC	 L	/	R	 23	 0	 -	31	 40	 	 	
	 Caudate	/	VSTR	 R	 -	 12	 5	 4	 	 	
	 DLPFC	 R	 44	 48	 14	 31	 	 	
	 ACC	 L	/	R	 32	 0	 38	 16	 	 	
	 MCC	 L	/	R	 24	 0	 14	 43	 	 	
	 Supramarginal	Gyrus	 L	 40	 -	54	 -	31	 43	 	 	
	 Anterior	Insula	 R	 13	 42	 5	 -	11	 	 	
	 VLPFC	 R	 46	 51	 35	 13	 	 	
	 	 	 	 	 	 	 	 	
2	 Brainstem	 L	 -	 -	6	 -	25	 -	14	 315	 4.31	
	 	 R	 -	 6	 -	31	 -	11	 	 	
	 Amygdala	 L	 -	 -	27	 -	1	 -	20	 	 	
	 	 	 	 	 	 	 	 	
3	 OFC	 L	 47	/	11	 -	30	 35	 -	17	 156	 5.84	
4	 DLPFC	 L	 44	 -	45	 8	 31	 331	 4.62	
5	 Fusiform	Gyrus	 R	 36	 39	 -	25	 -	20	 151	 4.19	
6	 	 L	 36	 -	39	 -	16	 -	29	 29	 3.68	
7	 Postcentral	Gyrus	 R	 4	 27	 -	28	 64	 171	 3.99	
8	 	 L	 4	 -	21	 -	31	 67	 28	 3.26	
9	 Supramarginal	Gyrus	 L	 48	 -	66	 -	22	 34	 32	 3.85	
10	 	 R	 40	 57	 -	34	 49	 55	 3.82	
11	 	 R	 48	 24	 -	28	 22	 56	 3.66	
12	 VLPFC	 L	 46	 -	48	 41	 10	 135	 3.80	
13	 Caudate	/	VSTR	 L	 -	 -	18	 23	 10	 57	 3.78	
14	 Anterior	PFC	 L	 10	 -	18	 62	 4	 125	 3.74	
15	 	 R	 10	 18	 65	 19	 21	 3.23	
16	 Amygdala	 R	 -	 21	 -	4	 -	20	 45	 3.46	
17	 Precuneus	 L	 7	 -	3	 -	58	 58	 148	 3.38	
18	 Anterior	Insula	 L	 13	 -	30	 20	 4	 26	 3.21	
19	 	 L	 13	 -	45	 14	 -	11	 42	 3.07	
20	 Inferior	Occipital	Gyrus	 R	 18	 27	 -	94	 -	14	 19	 2.98	
	

Thresholds	 for	 activated	 clusters	 were	 set	 to	 p	 <	 .05	 (FDR)	 with	 a	 voxel	 extent	 of	 k	 ≥	 15.	 Conjoined	

clusters	 are	 listed	 on	 top	 of	 the	 table	 with	 the	 cluster	 peak	 corresponding	 to	 the	 first	 listed	 region.	

Abbreviations:	OFC	=	orbitofrontal	cortex;	ACC	=	anterior	cingulate	cortex;	MCC	=	middle	cingulate	cortex;	

PCC	=	posterior	cingulate	cortex;	VSTR	=	ventral	striatum;	DLPFC	=	dorsolateral	prefrontal	cortex;	VLPFC	

=	ventrolateral	prefrontal	cortex.	



	 36	

Discussion	

Thirst	 can	 turn	 incentive	 stimuli,	 such	 as	 the	 sight	 of	 a	 glass	 of	 water,	 into	

powerful	motivational	magnets.	The	present	study	investigated	the	neural	correlates	of	

such	 body	 state	 dependent	 value	 representations	 by	 asking	 participants	 in	 one	

experimental	condition	to	refrain	from	drinking	for	seven	hours.	The	neural	processing	

of	 need-relevant	 beverage	 pictures	 and	 control	 stimuli	 in	 a	 thirst	 state	 was	 then	

compared	 to	 that	during	a	no-thirst	 state.	Reflecting	body	 state	dependent	 changes	 in	

incentive	 value,	 the	 data	 revealed	 the	 selective	 increase	 of	 neural	 responses	 towards	

beverage	pictures	during	thirst	in	the	aMCC,	PCC,	INS,	and	amygdala.	Using	drinking	as	

important	survival-related	motivational	behavior	system,	the	present	study	contributes	

to	the	decomposition	of	motivation	processes	and	distinct	representations	of	 incentive	

value	in	key	motivational	regions	(Salamone	&	Correa,	2012).			

Neural	regions	showing	body	state	by	picture	category	interactions	

A	 related	 view	on	dynamic	 stimulus	 representations	 is	 emerging	 in	 the	 rapidly	

growing	 literature	 on	 the	 functional	 role	 of	 the	 anterior	 cingulate	 cortex,	 which	 also	

responded	 in	 a	 body-state-dependent	 manner	 in	 the	 current	 study.	 The	 ACC	 acts	 as	

major	neural	site	 for	the	 integration	of	 internal	and	external	events	 (A.	D.	Craig,	2002;	

2010;	Medford	&	Critchley,	2010;	Paus,	2001).	In	the	current	dataset,	regions	exhibiting	

state-dependent	responses	towards	beverage	pictures	were	located	in	the	aMCC,	which	

a	 large	number	of	previous	studies	associated	with	negative	affect,	pain,	and	cognitive	

control,	and	which	is	regarded	as	an	important	hub	for	the	expression	of	affect	and	the	

organization	of	goal-directed	behaviors	(Etkin,	Egner,	&	Kalisch,	2011;	Shackman	et	al.,	

2011).	 Interestingly,	 activation	 of	 the	 aMCC	 is	 particularly	 apparent	 during	 stimulus	

anticipation	 as	 brought	 out	 by	 an	 array	of	 experimental	 paradigms,	 including	 conflict,	

divided	 attention,	 response	 selection,	 and	 threat-of-shock	 (X.	 Liu,	 Hairston,	 Schrier,	 &	
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Fan,	2011).	The	present	data	are	generally	consistent	with	these	findings.	However,	they	

also	add	important	evidence	by	showing	that	aMCC	responding	is	not	only	sensitive	to	

top-down	processes,	such	as	goals	and	intentions,	but	also	modulated	by	‘motivational’	

interactions,	 i.e.	 the	 interplay	 of	 bottom-up	 and	 top-down	 processes	 during	 which	

internal	factors	(thirst)	bias	the	processing	of	incoming	stimuli	on	the	basis	of	their	need	

relevance.	

Anterior	 and	 ventral	 regions	 of	 the	 PCC	 also	 showed	 increased	 activations	 to	

beverage	 as	 compared	 to	 chair	 pictures	 in	 thirst	 state.	 This	 finding	 may	 appear	

surprising	 given	 the	 partial	 overlap	 with	 PCC	 regions	 comprising	 the	 default	 mode	

network,	 which	 shows	 decreased	 activations	 during	 tasks	 that	 demand	 external	

stimulus	processing	(Raichle,	2010).	However,	research	regarding	the	cue-reactivity	to	

cocaine	as	well	as	self-reported	craving	in	nicotine	addiction	showed	activations	in	the	

PCC	(Kühn	&	Gallinat,	2011).	While	 it	 is	tempting	to	relate	the	present	PCC	findings	to	

the	urge	to	drink,	a	Neurosynth	meta-analysis	(Yarkoni,	Poldrack,	Nichols,	van	Essen,	&	

Wager,	 2011)	 indicates	 that	 this	 region	 is	 also	 associated	 with	 recollection,	 self-

referential	processing,	and	 imagery.	Furthermore,	 the	 functional	role	of	 the	PCC	 is	not	

yet	 clear	 and	 current	 theories	 incorporate	 broad	 concepts	 of	 regulation	 of	 arousal,	

attention,	 and	 internal/external	 focus	 (Leech	 &	 Sharp,	 2013).	 Functionally	 distinct	

regions	 within	 the	 PCC	 may	 also	 be	 dynamically	 connected	 to	 large	 scale	 neural	

networks	 (Leech,	 Kamourieh,	 Beckmann,	 &	 Sharp,	 2011;	 Torta,	 Costa,	 Duca,	 Fox,	 &	

Cauda,	2013).	

Furthermore,	 the	 insular	 cortex,	 another	 key	 region	 involved	 in	 processing	

salient	 external	 or	 internal	 stimuli,	 showed	 a	 significant	 interaction	 effect	 in	 the	 right	

anterior	INS.	This	finding	concurs	with	a	large	number	of	studies	showing	that	the	insula	

seems	to	act	as	an	interface	between	feelings	and	cognitions,	or	as	a	site	of	integration	
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between	internal	and	external	relevant	stimuli	(Chang,	Yarkoni,	Khaw,	&	Sanfey,	2013;	A.	

D.	Craig,	2009;	2010;	Menon	&	Uddin,	2010).	Influential	accounts	of	insula	function	have	

suggested	a	functional	division,	according	to	which	the	anterior	insular	cortex	responds	

more	 to	 salient	 external	 input,	 whereas	 the	 posterior	 insula	 is	 more	 responsive	 to	

homeostatic	and	somatosensory	processes	(A.	D.	Craig,	2010;	Menon	&	Uddin,	2010).	A	

recent	meta-analytic	study	generally	provided	support	for	these	subdivisions	(Chang	et	

al.,	 2013).	 Our	 data	 add	 to	 this	 issue	 by	 showing	 that	 insula	 responses	 towards	

externally	 salient	 stimuli	 are	 modulated	 by	 internal	 factors.	 Overall,	 these	 data	 are	

consistent	with	the	view	that	the	insula	plays	a	key	role	in	the	motivational	integration	

of	interoceptive	and	homeostatic	signals	with	incoming	external	stimuli.		

Saliency:	A	neural	network	perspective		

Complementary	 to	 the	 focus	 on	 the	 individual	 structures,	 a	 brain	 system	

perspective	emphasizes	connectivity	across	 large-scale	neural	networks.	The	MCC	and	

the	 anterior	 insula	 are	 often	 coactivated,	 exhibit	 strong	 functional	 connectivity	 in	 the	

resting	state,	and	have	been	suggested	to	form	a	functional	network	involved	in	salience	

processing	 (Menon	&	Uddin,	 2010;	 Seeley	 et	 al.,	 2007).	This	network	 is	 thought	 to	be	

involved	 in	 assessing	 the	 salience	 of	 stimuli	 in	 order	 to	 guide	 adaptive	 behavior.	

Specifically,	 the	 saliency	 network	 comprises	 several	 hubs,	 which	 enable	 autonomic	

response	 generation,	 access	 the	 motor	 system,	 and	 shift	 processing	 priorities	 in	 the	

large	scale	networks	implicated	in	working	memory	and	attention	processes	(Menon	&	

Uddin,	 2010).	 Salience,	 or	 relevance,	 has	 been	 defined	 in	 this	 line	 of	 research	 fairly	

broadly	 and	 includes	 internal	 saliency	 assessments,	 such	 as	 interoceptive	 signals	 and	

feelings,	 as	 well	 as	 external	 saliency	 commanded	 by	 stimulus	 or	 task	 characteristics.	

Drinking	 adds	 to	 this	 evidence	 the	 demonstration	 of	 the	 integration	 of	 internal	 and	

external	stimuli	in	structures	of	the	saliency	network.	At	a	gross	level,	regions	of	the	ACC	
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and	 anterior	 insular	 cortex,	 consistently	 implicated	 in	 previous	 research	 focusing	 on	

consummatory	behaviors	were	also	observed	to	be	relevant	to	the	anticipatory	stage	of	

motivated	behaviors.	However,	comparisons	across	studies	are	not	sufficient	to	address	

the	issue	of	common	and	distinct	neural	correlates	across	appetitive	and	consummatory	

stages	of	motivated	behavior.	As	such,	future	studies	should	examine	the	two	stages	of	

motivated	behavior	simultaneously.	

The	 present	 findings	 concur	 with	 findings	 studying	 the	 effects	 of	 hunger	 on	

neural	responses	towards	food	pictures.	Specifically,	significant	effects	of	body	state	by	

stimulus	category	(food-related	vs.	control	pictures)	have	been	observed	with	regard	to	

the	amygdala	(Goldstone	et	al.,	2009;	LaBar	et	al.,	2001;	Mohanty	et	al.,	2008),	 insular	

cortex	(Goldstone	et	al.,	2009;	Haase,	Cerf-Ducastel,	&	Murphy,	2009),	ACC	(Goldstone	et	

al.,	 2009),	 and	 PCC	 (Mohanty	 et	 al.,	 2008).	 However,	 the	 considerable	 variability	 of	

findings	 across	 food	 based	 studies	 presumably	 reflects	 the	 complexity	 of	 the	 food	

system	 as	 well	 as	 methodological	 differences	 across	 the	 studies	 (Schupp	 &	 Renner,	

2011).	Furthermore,	the	present	findings	show	commonalities	and	differences	to	effects	

associated	with	craving.	Specifically,	meta-analysis	suggests	that	craving	is	most	reliably	

associated	with	ACC,	 amygdala,	 and	 ventral	 striatum	activity	 (Kühn	&	Gallinat,	 2011),	

although	few	studies	directly	contrasted	deprived	and	non-deprived	conditions	(David	

et	 al.,	 2007;	McBride,	Barrett,	Kelly,	Aw,	&	Dagher,	 2006;	McClernon,	Hiott,	Huettel,	&	

Rose,	2005;	McClernon,	Kozink,	Lutz,	&	Rose,	2009;	Stippekohl	et	al.,	2010).	Overall,	the	

saliency	network	may	comprise	a	large	scale	neural	network	implicated	in	the	dynamic	

representation	of	stimulus	value	across	domains	of	emotion	and	motivation.	

Neural	regions	responding	to	beverage	stimuli	

Several	 regions	 showed	 stronger	 activations	 to	 beverage	 as	 compared	 to	 chair	

pictures.	Thus,	these	regions	responded	similarly	in	thirst	and	no-thirst	state,	suggesting	
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that	 they	 represent	 more	 abstract	 and	 generalized	 value	 signals.	 Interestingly,	 the	

orbitofrontal	cortex	and	the	ventral	striatum	were	among	the	regions	that	did	not	show	

a	 state-depended	 representation	 of	 stimulus	 value,	 whereas	 previous	 findings	 have	

linked	them	to	state-dependent	representations.	Specifically,	studies	of	sensory-specific	

satiety	 show	 the	 involvement	 of	 OFC	 and	 ventral	 striatum	 contrasting	 the	 activation	

before	 and	 after	 eating	 a	 food	 to	 satiety	 (Gottfried,	 O'Doherty,	 &	 Dolan,	 2003;	 Small,	

Zatorre,	Dagher,	Evans,	&	Jones-Gotman,	2001).	Furthermore,	monkey	studies	revealed	

the	 increased	 neuronal	 firing	 in	 OFC	 and	 ventral	 striatum	 during	 the	 anticipation	 of	

rewarding	water	trials	(Simmons,	Ravel,	Shidara,	&	Richmond,	2007)	and	the	magnitude	

of	neuronal	 firing	 in	 the	OFC	varied	with	 the	quantity	of	water	 anticipated	 (Roesch	&	

Olson,	2007).	Another	recent	study	demonstrated	that	rats	experiencing	a	sodium	deficit	

instantaneously	approached	a	CS	 lever	which	they	avoided	 in	non-depleted	body	state	

with	 the	OFC	 and	 ventral	 striatum	were	 among	 the	 structures	 showing	 increased	 Fos	

activity	 (M.	 J.	 F.	 Robinson	 &	 Berridge,	 2013).	 One	 possible	 explanation	 for	 the	

discrepancies	 between	 previous	 and	 the	 current	 findings	 involves	 the	 temporal	

organization	of	motivated	behaviors.	Specifically,	neural	representations	of	moment-to-

moment	 value	 representations	 may	 vary	 depending	 on	 whether	 an	 animal	 is	 in	 an	

appetitive	 or	 consummatory	 stage	 (Timberlake	 et	 al.,	 2001).	 Thus,	 future	 research	

investigating	 the	 anticipatory	 and	 consummatory	 stages	 of	 drinking	 behavior	 would	

enable	 the	 capture	 of	 the	 dynamics	 of	 moment-to-moment	 incentive	 value	 across	

temporal	stages	of	motivated	behaviors.	

Conclusion	

At	its	core,	incentive	motivation	theory	holds	that	the	power	of	external	stimuli	is	

calibrated	 dynamically	 based	 on	 the	 current	 body	 state	 of	 the	 organism.	 The	 present	

findings	demonstrate	that	key	regions	of	the	saliency	network,	i.e.,	aMCC,	PCC,	anterior	
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insular	 cortex,	 and	 amygdala,	 show	 selectively	 enhanced	 activations	 in	 response	 to	

need-relevant	pictures	of	beverages	in	thirst	as	compared	to	no-thirst	state.	Studying	the	

effects	 of	 thirst	 on	 the	 neural	 processing	 of	 motivational	 cues	 offers	 a	 potent	 model	

system	to	examine	the	neural	correlates	of	moment-to-moment	incentive	stimulus	value.	

Arguably,	drinking	represents	a	less	complicated	behavior	system	than	eating	since	the	

body	 has	 very	 little	 means	 to	 compensate	 the	 deficit	 and	 the	 influence	 of	 circadian	

rhythms	 and	 cognitions	 appears	 less	 pronounced.	 Overall,	 the	 current	 study	 offers	

insights	 into	 the	 neural	 systems	 that	 implement	 such	 powerful	motivational	 forces	 in	

the	drinking	system.	
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STUDY	2	-	From	thirst	to	satiety:	Moment-to-moment	changes	in	incentive	

value	

Abstract	

Depletion	 imposes	 the	 need	 and	 desire	 to	 drink	 and	 potentiates	 responses	 to	

need-relevant	cues	 in	the	environment.	However,	after	a	sufficient	amount	of	 fluid	has	

been	ingested,	one	needs	to	terminate	drinking.	The	present	study	aimed	to	determine	

which	neural	structures	are	engaged	 in	the	moment-to-moment,	need-state	dependent	

shift	of	 stimulus	value.	Accordingly,	participants	 in	a	 thirsty	 state	were	 scanned	while	

receiving	increments	of	water	until	satiety	was	reached.	As	expected,	fluid	ingestion	led	

to	 a	 clear	 decrease	 in	 self-reported	 thirst	 and	 the	 pleasantness	 ratings	 of	 the	 water	

ingested.	 Furthermore,	 linear	 decreases	 in	 the	 blood	 oxygen	 level	 depended	 (BOLD)	

response	to	water	ingestion	were	observed	in	the	cingulate	cortex	and	insula	as	well	as	

the	 superior	 temporal	 gyrus,	 supplementary	 motor	 area,	 superior	 parietal	 lobule,	

precuneus,	and	calcarine	sulcus	as	participants	shifted	towards	the	non-thirsty	state.	In	

addition,	single	trial	BOLD	responses	of	associated	regions	were	related	to	trial-by-trial	

ratings	 of	 thirst	 and	 pleasantness.	 The	 present	 study	 enhances	 recent	 findings	 by	

showing	 that	 key	 regions	 of	 the	 drinking	 system	 exhibit	 a	 dynamic,	 need-state	

dependent	 representation	 of	 incentive	 value	 proportional	 to	 the	 motivational	

significance	of	the	stimulus.	
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Introduction	

Thirst	 provides	 a	 powerful	 demonstration	 of	 motivation	 in	 action.	 Even	 short	

periods	without	water	 can	 endanger	 survival,	 leading	 to	 powerful	 sensations	 of	 thirst	

and	the	desire	 to	drink.	However,	over	 the	course	of	drinking,	pleasure	responses	and	

the	 incentive	 to	 drink	 rapidly	 decrease,	 resulting	 in	 the	 termination	 of	 drinking.	

Tracking	 of	 the	 neural	 mechanisms	 underlying	 this	 process	 will	 further	 gain	 our	

understanding	 of	 how	 moment-to-moment,	 need-state	 dependent	 shifts	 in	 stimulus	

value	become	adaptive	behavioral	responses.	

Behavioral	 studies	 have	 systematically	 explored	 the	 effects	 of	 dehydration	 on	

drinking	 and	 fluid	 restoration.	 Specifically,	 gradual	 dehydration	 of	 intracellular	 and	

extracellular	body	fluid	compartments	is	proportionally	 linked	with	increases	in	water	

intake	 in	 rodents,	 dogs,	 and	 monkeys	 (reviewed	 in	 B.	 J.	 Rolls	 &	 Rolls,	 1982).	

Furthermore,	 neurophysiological	 studies	have	 investigated	 the	 sensing	of	 dehydration	

using	 structures	 such	 as	 the	 hypothalamus	 and	 circumventricular	 organs	 (Bourque,	

2008;	 Johnson	 &	 Thunhorst,	 1997).	 Tracing	 studies	 in	 rodents	 further	 revealed	 that	

these	osmoregulatory	signals	are	projected	via	 thalamocortical	pathways	 to	 the	 insula	

and	 the	 cingulate	 cortex	 (Farrell	 et	 al.,	 2011;	 Hollis,	 McKinley,	 D'Souza,	 Kampe,	 &	

Oldfield,	2008),	providing	a	pathway	to	need-dependent	adjustments	of	stimulus	value	

and	behavior.		

	 In	 humans,	 neural	 correlates	 of	 thirst	 have	mainly	 been	 investigated	 by	

comparing	pharmacologically	 induced	states	of	dehydration	with	satiety.	 In	a	positron	

emission	 tomography	 (PET)	 study,	 Denton	 and	 colleagues	 (1999b)	 gave	 participants	

NaCl	 infusions	 to	 increase	 blood	 osmolality,	 which	 led	 to	 strong	 feelings	 of	 thirst.	 A	

positive	association	between	Na	plasma	level	and	brain	activation	was	observed	in	the	

anterior	 cingulate	 cortex,	 posterior	parietal	 cortex,	 and	middle	 and	 superior	 temporal	
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cortex,	accompanied	by	deactivations	in	the	inferior,	middle,	and	superior	frontal	cortex.	

Further,	PET	and	functional	magnetic	resonance	(fMRI)	studies	have	corroborated	these	

findings	 with	 reliable,	 deprived	 state	 activations	 and	 post-satiety	 deactivations	 in	

anterior-,	 mid-cingulate	 (ACC,	 MCC),	 and	 insular	 cortices	 (Denton,	 Shade,	 Zamarippa,	

Egan,	Blair-West,	McKinley,	Lancaster,	et	al.,	1999b;	Egan	et	al.,	2003;	Farrell	et	al.,	2006;	

2008;	 2011;	 Parsons	 et	 al.,	 2000).	 In	 addition,	 a	 positive	 relationship	 between	 thirst	

experience	 and	 brain	 activity	 was	 observed	 in	 posterior	 and	 anterior	 regions	 of	 the	

cingulate	cortex	(Denton,	Shade,	Zamarippa,	Egan,	Blair-West,	McKinley,	Lancaster,	et	al.,	

1999b;	Farrell	et	al.,	2008).	Collectively,	these	studies	suggest	that	dehydration	provides	

a	 powerful	 stimulus	 that	 activates	 the	 motivation	 for	 drinking	 associated	 with	

widespread	 shifts	 in	 patterns	 of	 activation	 and	 deactivation	 of	 resting-state	 brain	

activity.	

The	 motivation	 for	 drinking	 rests	 on	 the	 dynamic	 integration	 of	 internal	 and	

external	stimuli.	A	host	of	preceding	cues	associated	with	mouth	sensation,	swallowing,	

and	gastro-intestinal	sensation	provides	the	basis	 for	terminating	drinking	well	before	

fluid	balance	is	restored	(E.	T.	Rolls,	2005).	Thus,	drinking	provides	a	model	system	for	

studying	motivation	processes	that	translate	moment-to-moment	variations	of	internal	

and	 external	 stimuli	 into	 a	 state	 value	 that	 regulates	 physiological,	 cognitive,	 and	

behavioral	responding	(Morrison	&	Salzman,	2010).	A	previous	study	by	de	Araujo	and	

colleagues	 (2003)	 examined	neural	 activity	 to	drinking	water	when	participants	were	

either	in	a	deprived	or	satiated	state.	While	activations	elicited	by	the	ingestion	of	water	

were	not	modulated	by	body	state	in	some	regions	of	the	brain,	i.e.,	cortical	taste	areas,	

other	regions	were	responsive	only	when	in	a	thirst	state,	i.e.,	middle	insula	and	caudal	

orbitofrontal	 cortex.	 Furthermore,	 regions	 within	 the	 ACC,	 middle	 insula,	 and	

orbitofrontal	 cortex	 showed	 a	 positive	 relationship	 to	 self-reported	 pleasantness	 (de	
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Araujo	 et	 al.,	 2003;	 see	 also	 Saker	 et	 al.,	 2014).	 These	 findings	 demonstrate	 neural	

regions	 critical	 for	 integrating	 internal	 body	 state	 and	 need-related	 external	 stimuli.	

However,	 previous	 studies	 compared	 discrete	 body	 states	 of	 dehydration	 and	 satiety,	

leaving	 open	 the	 issue	 of	 neural	 correlates	 of	 the	 dynamic	 moment-to-moment	

regulation	of	incentive	value	of	water.		

	 The	 goal	 of	 the	 present	 study	was	 to	 determine	whether	 the	 activity	 of	

brain	regions	of	the	drinking	system	is	proportional,	on	a	moment-to-moment	basis,	to	

the	amount	of	water	consumed	and	the	associated	decrease	of	incentive	value	of	water.	

Accordingly,	 participants	 were	 mildly	 deprived	 (~7	 hours	 of	 fluid	 deprivation)	 and	

repeatedly	 received	 (50	 times)	 small	 sips	 of	 water	 (10	ml),	 sufficient	 to	 satisfy	 their	

thirst.	The	main	hypothesis	was	that	regional	brain	activity	in	the	ACC,	MCC,	and	insular	

cortex	elicited	by	drinking	behavior	 linearly	decreases	with	 increasing	amount	of	 fluid	

ingested.	This	hypothesis	was	examined	by	comparing	BOLD	signal	activity	to	identical	

water	 stimuli	 as	 a	 function	 of	 stimulus	 repetition.	 Furthermore,	 follow-up	 analysis	

determined	the	association	with	subjective	stimulus	value	by	calculating	the	correlation	

between	single	trial	BOLD	responses	and	ratings	of	thirst	given	for	each	trial.	

Methods	

Participants	

Twenty-four	participants	(12	females,	6	left-handed)	between	19	and	27	years	of	

age	 (M	 =	 21.1)	 with	 normal	 or	 corrected-to-normal	 vision	 participated	 in	 the	 study.	

Participants	 were	 recruited	 at	 the	 University	 of	 Konstanz	 and	 received	 either	 course	

credit	 or	 €8	 per	 hour.	 The	 study	 was	 approved	 by	 the	 ethical	 review	 board	 of	 the	

University	 of	 Konstanz	 and	 informed	 consent	 was	 acquired	 from	 all	 participants.	

Participants	 were	 not	 included	 in	 the	 study	 when	 they	 had	 a	 history	 or	 currently	



	 46	

suffered	from	psychiatric,	neurological,	or	endocrine	diseases	or	were	taking	medication	

that	affects	the	endocrine	or	central	nervous	system.	

Stimulus	material	

Behavioral	studies	suggest	that	people	drink	between	200	–	600	ml	of	water	after	

a	 period	 of	 fluid	 depletion	 (Boulze	 et	 al.,	 1983;	 Phillips,	 Rolls,	 Ledingham,	 Forsling,	

Morton,	 et	 al.,	 1984b;	 B.	 J.	 Rolls	 et	 al.,	 1980).	 Accordingly,	 the	 stimulus	 material	

comprised	530	ml	mineral	water	(Evian,	France),	split	into	30	ml	for	the	familiarization	

period	 with	 the	 water	 delivery	 and	 500	ml	 for	 the	main	 experiment.	 The	 water	 was	

delivered	at	approximately	room	temperature.	The	administration	of	small	amounts	(10	

ml)	was	 realized	with	 an	 electronically	 controlled	 syringe	 connected	 to	 a	 plastic	 tube	

and	a	mouthpiece.	The	plastic	tube	was	attached	to	the	MRI	coil	so	that	the	mouthpiece	

ended	behind	the	participants’	lips	and	water	could	easily	flow	into	the	mouth.		

Procedure	

An	 initial	 screening	 session	 served	 to	 inform	 participants	 about	 the	 study,	

including	 the	 requirement	 to	 refrain	 from	drinking	 to	 evoke	 thirst,	 and	 to	 check	 their	

eligibility	 for	 fMRI	scanning.	To	control	 for	variations	 in	circadian	rhythm,	all	 sessions	

were	scheduled	at	6pm.	Participants	had	to	completely	refrain	from	drinking	for	7	hours.	

All	participants	reported	that	they	had	fully	complied	with	these	instructions.		

At	the	start	of	 the	session,	participants	reconfirmed	their	 informed	consent	and	

were	 prepared	 for	MR	 scanning.	 Before	 entering	 the	 scanner,	 thirst	 and	 hunger	were	

probed	 using	 rating	 scales.	 Inside	 the	 scanner,	 participants	were	 initially	 familiarized	

with	 the	 subsequent	 task	 by	 performing	 three	 trials	 of	 water	 delivery	 without	 MRI	

acquisition,	resulting	in	30	ml	of	consumed	water.	None	of	the	participants	reported	any	

discomfort	 or	 ambiguity	 with	 the	 task.	 During	 fMRI	 scanning,	 participants	 consumed	

another	 500	 ml	 of	 water,	 which	 was	 administered	 via	 an	 electronically	 controlled	
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syringe	to	the	participant’s	mouth.	The	administration	was	distributed	across	50	trials,	

each	delivering	the	small	quantity	of	10	ml	of	water.	As	illustrated	in	Figure	3,	each	trial	

started	with	the	word	‘water’	presented	for	0.5	s	onto	a	projection	screen	positioned	in	

front	 of	 the	participant’s	 eyes,	which	 signaled	 subsequent	water	 delivery.	 Following	 a	

0.5	s	 inter-stimulus	 interval	(ISI),	10	ml	of	water	were	administered	to	the	participant	

over	a	2	s	period.	Participants	were	instructed	to	hold	the	water	in	their	mouths	for	10	s	

without	swallowing.	Subsequently,	 the	word	 ‘swallow’,	presented	 for	3	s,	signaling	the	

participant	to	swallow	during	this	time	period.	Followed	by	a	0.5	s	ISI,	intra-task	ratings	

of	 thirst	 and	 stimulus	 pleasantness	were	 collected	 during	 two	 3	 s	 time	 periods.	 Each	

trial	was	 followed	by	 a	 variable	 inter-trial	 interval	 (ITI),	where	 a	white	 fixation	 cross	

was	 displayed	 on	 a	 black	 background.	 The	 ITI	 was	 exponentially	 distributed	 with	 a	

mean	of	3	s	and	a	range	of	2	s	to	5	s	(see	for	example	Amaro	&	Barker,	2006).	At	the	end	

of	 the	experimental	 task,	an	additional	rating	of	 thirst	and	hunger	was	obtained	and	a	

T1-weighted	 structural	 scan	 was	 recorded.	 A	 final	 rating	 of	 thirst	 and	 hunger	 was	

obtained	after	participants	left	the	scanner.			

	

Figure	3:	 Schematic	 representation	and	 timing	of	 a	 trial.	 Each	 trial	 lasted	 for	23	 s	 and	was	 followed	by	a	
variable	 ITI	 of	 2	 –	 5	 s.	 Abbreviations:	 S	 =	 signal	 cue;	 Rating:	 T	 =	 thirst	 rating;	 Rating:	 P	 =	 stimulus	
pleasantness	rating.	
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Self-report	data	

During	 scanning,	 thirst	 and	 stimulus	 pleasantness	 ratings	 were	 obtained	 after	

each	 consumption	 trial.	 Ratings	were	 collected	 using	 vertical	 bars	 on	 a	 7-point	 Likert	

scale,	ranging	from	not	thirsty/not	pleasant	to	very	thirsty/very	pleasant,	respectively.	

Thirst	and	pleasantness	ratings	were	merged	into	5	time	bins	(trial	01	-	10,	trial	11	-	20,	

trial	21	-	30,	trial	31	–	40,	trial	41	-	50)	and	entered	into	a	factorial	repeated	measures	

ANOVA	with	the	factor	Time	(Bin1	vs.	Bin2	vs.	Bin3	vs.	Bin4	vs.	Bin5).		

Furthermore,	 thirst	 and	 hunger	 ratings,	 i.e.	 ratings	 before	 and	 after	 water	

consumption	 trials,	 were	 collected	 using	 a	 7-point	 Likert	 scale,	 ranging	 from	 not	

thirsty/not	hungry	to	very	thirsty/very	hungry,	respectively.	Rating	data	were	obtained	

immediately	before	and	after	MR	acquisition	as	well	as	at	 the	end	of	 the	experimental	

session.	These	data	were	entered	into	repeated	measures	ANOVAs	with	the	factor	Time	

(pre	 vs.	 post	 vs.	 end).	 In	 accordance	 with	 our	 deprivation	 instructions,	 thirst	 ratings	

varied	across	the	three	measurements,	F(2,	46)	=	138.9,	p	<	.001,	partial	h2	=	.86.	Post-

hoc	comparisons	revealed	that	participants	were	more	thirsty	at	the	start	(M	=	5.6,	SD	=	

0.77)	than	at	the	completion	of	the	experimental	task	(M	=	2.3,	SD	=	1.09)	and	the	end	of	

the	 session	 (M	=	2.3,	 SD	=	 1.16),	 ts(23)	>	11.9,	p	<	.001.	 However,	 participants	 did	 not	

show	altered	hunger	ratings	across	the	experiment	(Pre:	M	=	3.5,	SD	=	1.62;	Post:	M	=	

3.5,	SD	=	1.67;	End:	M	=	3.8,	SD	=	1.89),	F(2,	46)	=	0.9,	n.s.,	partial	h2	=	.04.	

Where	 appropriate,	 the	 Greenhouse-Geisser	 procedure	was	 used	 to	 correct	 for	

violations	of	sphericity.	Post-hoc	tests	were	corrected	using	the	Bonferroni	method.		

MRI	data	acquisition	and	analysis	

MR	acquisition	took	place	on	a	1.5T	Philips	Intera	MR	system	(Philips,	Hamburg,	

Germany).	For	functional	scanning,	a	T2*	weighted	Fast	Field	Echo,	Echo	Planar	Imaging	

sequence	 utilizing	 parallel	 scanning	 technique	 was	 used	 (SENSE;	 Pruessmann	 et	 al.,	
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1999).	In	plane	resolution	was	3	x	3	mm	and	slice	thickness	was	3.5	mm	(32	axial	slices;	

no	gap;	FOV	=	240	mm;	acquisition	matrix	=	80	x	80;	TE	=	40ms;	flip	angle	=	90°;	TR	=	

2500ms).	In	addition,	a	standard	T1	weighted	high	resolution	structural	scan	with	1	x	1	

x	1	mm	voxel	resolution	was	obtained.	

Preprocessing	and	statistical	analysis	of	the	functional	data	was	conducted	using	

SPM8	(Wellcome	Department	of	Imaging	Neuroscience,	University	College	London,	UK;	

Friston	et	al.,	1994).	Preprocessing	steps	included	realignment	and	slice	time	correction	

for	 the	 functional	 images.	No	subject	displayed	head	movements	exceeding	3	mm	or	3	

degrees	on	any	axis	and	thus	data	from	all	participants	were	included	in	further	analysis.	

Images	were	normalized	to	the	MNI	EPI	template	and	resampled	at	3	x	3	x	3	mm	voxel	

size.	 A	 Gaussian	 spatial	 kernel	 of	 full	width	 at	 half	maximum	 (FWHM)	with	 an	 8	mm	

radius	was	used	to	smooth	the	data.	

Single	subject	data	were	modeled	with	one	session	containing	five	covariates	of	

interest,	representing	the	water	onset	for	each	time	bin	(trial	1	-	10,	trial	11	-	20,	trial	21	

-	 30,	 trial	 31	 –	 40,	 trial	 41	 -	 50),	 as	 well	 as	 covariates	 of	 no	 interest,	 including	 six	

movement	parameters	obtained	during	realignment	and	one	covariate	incorporating	an	

overall	intercept	to	the	model.	Group	level	random	effects	analysis	combined	all	subjects’	

covariates	of	 interest	 into	a	 full	 factorial	model	with	the	 factor	Time	 (Bin1	vs.	Bin2	vs.	

Bin3	vs.	Bin4	vs.	Bin5).	Contrasts	were	computed	for	linear	decreases	[3	1	0	-1	-3]	and	

linear	 increases	 [-3	 -1	 0	 1	 3]	 of	 the	 BOLD	 signal	 between	 time	 bins.	 All	 reported	

contrasts	 resulted	 in	 SPM(t)	maps.	 Activations	 of	 these	 contrasts	 were	 considered	 as	

meaningful	if	they	reached	a	single-voxel	inclusion	threshold	of	p	<	 .005	(uncorrected)	

and	 a	 cluster-level	 threshold	 of	 p	 <	 .05	 (corrected	 for	 multiple	 comparisons;	 false	

discovery	rate,	FDR).	
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Furthermore,	additional	models	were	computed	 in	order	 to	correlate	 the	BOLD	

signal	 during	 each	 trial	 with	 the	 corresponding	 intra-trial	 thirst	 and	 pleasantness	

ratings.	Therefore,	single	subject	data	were	modeled	with	one	session	and	50	covariates	

of	 interest,	 each	 representing	 a	 single	 trial	 of	water	 onset,	 as	well	 as	 covariates	 of	 no	

interest,	 including	 six	 movement	 parameters	 obtained	 during	 realignment	 and	 one	

covariate	incorporating	an	overall	intercept	to	the	model.	Percent	signal	changes	(PSC)	

were	 extracted	 using	 rfxplot	 (Gläscher,	 2009).	 Cluster-mean	 PSC	 extraction	 was	

performed	 for	each	activated	region	obtained	during	analysis	of	 the	 initial	model.	The	

correlation	analysis	was	performed	using	SPSS	software.	

Results	

Self-report	data	

As	expected,	the	analysis	of	thirst	revealed	a	highly	significant	main	effect	of	Time,	

F(4,	92)	=	109.4,	p	<	 .001,	partial	h2	=	 .83.	As	shown	in	in	the	upper	panel	of	Figure	4,	

participants	 reported	 reductions	 in	 the	 feeling	of	 thirst	proportional	 to	 the	amount	of	

ingested	water,	i.e.,	after	each	time	bin	or	100	ml	(1st:	M	=	5.5,	SD	=	1.18;	2nd:	M	=	4.4,	

SD	=	1.28;	3rd:	M	=	3.4,	SD	=	1.34;	4th:	M	=	2.9,	SD	=	1.32;	5th:	M	=	2.3,	SD	=	1.14),	linear	

trend:	F(1,	23)	=	163.5,	p	<	.001,	partial	h2	=	.88.	

Moreover,	the	analysis	of	pleasantness	revealed	a	highly	significant	main	effect	of	

Time,	F(4,	92)	=	78.7,	p	<	0.001,	partial	h2	=	0.77.	As	shown	in	the	lower	panel	of	Figure	4,	

pleasantness	ratings	decreased	significantly	from	the	first	to	the	fourth	time	bin	(First:	

M	=	5.8,	SD	=	1.05;	Second:	M	=	4.9,	SD	=	1.21;	Third:	M	=	3.9,	SD	=	1.27;	Fourth:	M	=	3.3,	

SD	=	1.20),	ts(23)	>	4.5,	p	<	0.001,	but	did	not	further	decrease	with	the	fifth	time	bin	(M	

=	3.0,	SD	=	0.99),	t(23)	=	2.2,	n.s.,	linear	trend:	F(1,	23)	=	157.2,	p	<	.001,	partial	h2	=	.87.	
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Figure	 4:	 Illustration	 of	 the	 intra-task	 thirst	 and	 pleasantness	 ratings	 (mean	 ±	 SEM).	 Each	 time	 bin	
represents	an	interval	of	10	trials,	i.e.,	the	ingestion	of	100	ml	of	water.	

	

fMRI	data	

The	 main	 hypothesis	 predicts	 a	 linear	 decrease	 in	 the	 BOLD	 signal	 which	 is	

proportional	 to	 the	amount	of	water	 ingested.	Thus,	experimental	 trials	were	grouped	

into	time	bins,	each	representing	the	ingestion	of	100	ml	of	water,	and	a	linear	contrast	

of	 (Bin1	>	Bin2	>	Bin3	>	Bin4	>	Bin5)	 was	 computed.	 In	 line	 with	 our	 hypotheses,	 as	

illustrated	 in	 Figures	 5A	 and	 5B,	 linear	 decreases	 of	 the	 BOLD	 signal	with	 increasing	

water	consumption	were	observed	in	the	aMCC	and	the	right	posterior	insula,	reaching	

into	the	planum	temporale.	Extracted	PSC	for	this	two	regions	showed	a	clear	reduction	

in	BOLD	response	distributed	across	the	full	period	of	water	administration.	Specifically,	

BOLD	 activity	 started	 with	 enhanced	 activation	 in	 response	 to	 water	 administration,	

gradually	shifting	towards	deactivation	of	the	BOLD	response.		
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Figure	5:	Brain	sections	and	extracted	PSC	(mean	±	SEM)	illustrating	the	modulation	in	BOLD	activity	in	the	
aMCC	 and	 posterior	 insula/SMG	 proportional	 to	 the	 amount	 of	 water	 ingested.	 Statistical	 maps	 are	
thresholded	 with	 a	 single-voxel	 inclusion	 of	 p	 <	 .005	 and	 a	 cluster-level	 threshold	 of	 p	 <	 .05	 (FDR).	
Abbreviations:	aMCC	=	anterior	mid-cingulate	cortex;	SMG	=	supramarginal	gyrus.	

	

Table	3:	Regions	showing	a	modulation	in	BOLD	activity	proportional	to	the	amount	of	water	ingested.	

   Coordinates    
Region Side x y z Size PeakZ PSC x Thirst 
Middle Cingulate Cortex L / R - 3 11 31 84 4.02 .52*** 
Posterior Insula / SMG R 51 - 34 28 108 3.50 .70*** 
Superior Temporal Gyrus / PT L - 57 - 31 13 79 3.60 .52*** 
Supplementary Motor Area / PreCG R 24 - 10 64 76 4.31 .58*** 
Supplementary Motor Area / PreCG L - 6 - 7 73 134 3.74 .54*** 
Superior Parietal Lobule / PostCG R 21 - 49 55 200 3.95 .71*** 
Superior Parietal Lobule / PostCG L - 36 - 43 61 244 4.03 .62*** 
Precuneus / Paracentral Lobule L / R 3 - 34 52 85 4.14 .53*** 
Calcarine sulcus L - 9 - 79 13 130 4.98 .64*** 
	

Single	voxel	inclusion	criteria	was	set	to	p	<	.005,	with	a	cluster	threshold	of	p	<	.05	(FDR	corrected).	The	

single	 trial	 correlation	 between	 PSC	 and	 thirst	 is	 listed	 in	 the	 rightmost	 column	 (***	 =	 p	 <	 .001).	

Abbreviations:	SMG	=	supramarginal	gyrus;	 IPS	=	 intraparietal	 sulcus;	PT	=	planum	temporale;	PreCG	=	

precentral	gyrus;	PostCG	=	postcentral	gyrus.	
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The	 bilateral	 supplementary	motor	 cortex	 (SMA;	 Figure	 6A),	 bilateral	 superior	

parietal	 lobule/intra-parietal	 sulcus	 (SPL/IPS;	 Figure	 6B),	 medial	

precuneus/paracentral	 lobule	(PreCun/ParaCentr;	Figure	6C),	and	 left	calcarine	sulcus	

(Table	3)	also	showed	a	decrease	of	 the	BOLD	signal	with	 increasing	amounts	of	 fluid	

ingested.	However,	as	these	regions	did	not	show	enhanced	activation	to	water	stimuli	

in	a	deprived	state	(i.e.,	Bin	1),	this	reflects	increased	deactivation	with	increased	water	

consumption.	Finally,	the	left	superior	temporal	gyrus	(STG;	Table	3)	showed	enhanced	

activation	 to	 water	 stimuli	 in	 Bin	 1,	 which	 linearly	 decreased	 and	 did	 not	 switched	

towards	deactivation.	

	

Figure	6:	Brain	sections	and	extracted	PSC	(mean	±	SEM)	illustrating	the	modulation	in	BOLD	activity	in	the	
SMA,	SPL/IPS,	and	PCC	proportional	to	the	amount	of	water	ingested.	Statistical	maps	are	thresholded	with	a	
single-voxel	 inclusion	 of	 p	 <	 .005	 and	 a	 cluster-level	 threshold	 of	 p	 <	 .05	 (FDR).	 Abbreviations:	 SMA	 =	
supplementary	motor	cortex;	SPL	=	superior	parietal	lobule;	IPS	=	intra-parietal	sulcus;	PreCun	=	Precuneus;	
ParaCentr	=	paracentral	lobule.	
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The	 reverse	 contrast	 of	 (Bin1	<	Bin2	<	Bin	3	<	Bin4	<	Bin5)	 did	 not	 reveal	 any	

significant	 activation,	 i.e.,	 no	 brain	 region	 showed	 an	 increase	 in	 BOLD	 response	

proportional	to	the	amount	of	water	ingested.	

Correlation	with	thirst	and	pleasantness	ratings	

To	 check	 for	 a	 relationship	between	BOLD	 responses	 and	participants’	 thirst,	 a	

correlation	 analysis	 with	 single	 trial	 PSC	 and	 corresponding	 thirst	 ratings	 was	

performed.	 Significant	 correlations	 between	 the	 BOLD	 signal	 and	 thirst	 ratings	 were	

detected	for	all	regions	modulated	by	water	administration.	Specifically,	all	correlations	

showed	a	positive	relationship	between	PSC	and	thirst,	i.e.,	a	decrease	of	the	moment-to-

moment	 feeling	 of	 thirst	was	 associated	with	 a	 reduction	 in	 BOLD	 response	 to	water	

ingestion,	rs	>	.52,	ps	<	.001	(see	Table	3).	With	special	focus	on	our	a	priori	regions,	this	

relationship	 is	 illustrated	 for	 the	 aMCC	 (Figure	 7A)	 and	 posterior	 insula	 (Figure	 7B),	

which	 was	 among	 the	 regions	 showing	 the	 highest	 correlation	 with	 thirst	 (r	 =	 .70).	

Findings	 for	 valence	 were	 similar,	 which	 is	 expected	 given	 the	 almost	 perfect	

correspondence	between	thirst	and	pleasantness	ratings,	r	=	.98,	p	<	.001.		

	

Figure	7:	Scatterplots	showing	the	relationship	between	single	trial	PSC	and	corresponding	thirst	ratings	in	
the	aMCC	and	posterior	insula/SMG.	
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Control	analysis	

It	is	possible	that	the	observed	findings	reflect	unspecific	effects	across	time,	i.e.,	

habituation	 or	 fatigue,	 rather	 than	 specific	 effects	 associated	 with	 satiety	 and	 the	

reduced	incentive	value	of	water.	According	to	this	reasoning,	similar	patterns	of	BOLD	

signal	changes	across	time	should	be	observed	for	the	BOLD	signal	whether	analysis	is	

time-locked,	as	in	the	main	analysis,	or	time-unlocked,	i.e.,	in	a	period	unrelated	to	water	

administration.	 To	 examine	 the	 issue,	 a	 control	 analysis	 was	 conducted	 in	 which	 the	

pleasantness	 rating	period	of	 experimental	 trials	was	analyzed	 identically	 to	 the	main	

SPM	 model.	 As	 illustrated	 in	 Figures	 8A	 and	 8B	 for	 the	 aMCC	 and	 posterior	 insula,	

respectively,	the	BOLD	responses	were	characterized	by	an	unspecific	pattern	of	BOLD	

signal	changes	rather	than	a	linear	decrease,	linear	trend:	Fs(1,23)	=	2.4	and	0.6,	ps	>	.13.	

In	sum,	the	findings	strengthen	the	view	that	the	linear	decreases	of	the	BOLD	response	

in	 the	 aMCC	 and	 posterior	 insula	 relate	 to	 motivation	 effects	 rather	 than	 unspecific	

changes	across	time.	

	

Figure	8:	Bar	graphs	showing	the	PSC	in	the	aMCC	and	posterior	insula/SMG	during	the	pleasantness	rating	
period	as	a	function	of	time	bins.	

	

Discussion	

The	 consumption	 of	water	 is	 an	 adaptive	 behavior	when	 thirsty	 but	 not	when	

fluid	 sated.	 According	 to	 incentive	 motivation	 theory	 (Bindra,	 1978;	 Konorski,	 1967;	

Toates,	1986),	the	power	of	external	stimuli	to	direct	behavior	is	dynamically	adjusted	
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based	on	the	current	need-state	of	the	organism.	The	decrease	of	the	incentive	value	of	

water	over	the	course	of	drinking,	i.e.,	~500	ml	water	in	small	sips,	has	been	used	in	the	

present	study	to	reveal	neural	structures	related	to	the	moment-to-moment	integration	

of	 external	 need-related	 stimuli	 and	 internal	 body	 state.	 Reflecting	 need-state	

dependent	changes	in	incentive	value,	the	functional	imaging	data	revealed	a	decrease	of	

the	BOLD	signal	in	the	aMCC	and	posterior	insula	proportional	to	the	amount	of	water	

administered.	 In	 addition,	 single	 trial	 BOLD	 responses	 of	 associated	 regions	 were	

related	 to	 trial-by-trial	 ratings	 of	 thirst	 and	 pleasantness.	 By	 distributing	 the	 water	

across	the	experiment,	this	study	contributes	to	the	understanding	of	how	moment-to-

moment,	 need-state	 dependent	 shifts	 in	 stimulus	 value	 become	 adaptive	 behavioral	

responses.		

The	main	goal	of	the	present	study	was	to	determine	which	regions	of	the	brain’s	

motivational	thirst	circuitry	provide	a	neural	correlate	for	the	dynamic	and	body	state	

dependent	 representation	 of	 stimulus	 value	 most	 relevant	 to	 the	 organization	 of	

purposeful	behavior.	A	previous	study	focused	on	the	anticipatory	stage	of	behavior	by	

examining	 the	 processing	 of	 need-related	 and	 control	 pictures	 during	 states	 of	

deprivation	 and	 satiety	 (Becker,	 Schmälzle,	 Flaisch,	 Renner,	 &	 Schupp,	 2015).	 The	

findings	indicated	increased	responses	to	beverage	as	compared	to	chair	stimuli	in	the	

cingulate	cortex,	insular	cortex,	and	the	amygdala	in	the	thirst	state,	which	were	absent	

in	the	no-thirst	condition.	With	regard	to	the	consummatory	stage	of	behavior,	previous	

research	observed	effects	for	the	cingulate	and	insular	cortex	but	not	the	amygdala.	For	

instance,	 compared	 to	 no	 response	 during	 fluid	 satiation,	 a	 part	 of	 the	 mid-insula	

showed	a	selectively	increased	BOLD	response	to	water	consumption	when	participants	

were	 in	 a	 need-state	 (de	 Araujo	 et	 al.,	 2003).	 This	 finding	 is	 further	 extended	 by	 a	

positive	 correlation	 between	 BOLD	 responses	 and	 pleasantness	 ratings	 in	 the	 aMCC,	
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mid-insula,	 and	 medial	 OFC,	 linking	 adaptive	 variation	 of	 incentive	 value	 for	 need-

stimuli	with	selective	modulation	of	brain	activity	in	key	regions	of	the	drinking	system	

(de	 Araujo	 et	 al.,	 2003).	 Similarly,	 increased	 drinking-related	 activation	 was	 also	

observed	in	the	MCC	and	insular	cortex	in	a	recent	study	by	Saker	and	colleagues	(2014).	

With	 regard	 to	 previous	 findings	 suggesting	 a	 role	 of	 the	 aMCC	 and	 insula	 for	 the	

modulation	 of	 external	 need-related	 stimulus	 processing	 by	 internal	 body	 state,	 the	

present	study	focused	on	dynamic	changes	in	stimulus	value	representation.	The	pattern	

of	 results	 is	 consistent	 with	 dynamic,	 moment-to-moment	 adjustments	 in	 key	 neural	

structures	 of	 the	 thirst	motive	 circuitry.	 Specifically,	 as	 shown	 in	 Figure	 5,	 increasing	

water	consumption	led	to	a	 linear	decrease	 in	BOLD	signal	activation	in	the	aMCC	and	

posterior	insula.	Furthermore,	as	shown	in	Figure	7,	activity	in	the	aMCC	and	posterior	

insula	 was	 significantly	 correlated	 with	 trial-by-trial	 changes	 in	 perceived	 thirst	 and	

pleasantness.	Overall,	these	finding	suggest	the	aMCC	and	posterior	insula	as	candidate	

neural	 structures	 for	 the	 dynamic	 tracking	 of	 incentive	 stimulus	 value	 based	 on	 the	

integration	with	internal	body	state.	

The	main	finding	was	supported	by	two	streams	of	analysis	observing	decreasing	

BOLD	signal	activity	in	the	aMCC	and	posterior	insula.	Thus,	the	concern	arises	that	the	

effect	 may	 reflect	 unspecific	 changes	 across	 time,	 such	 as	 habituation	 or	 fatigue.	

Although	 this	 hypothesis	 should	 presumably	 predict	 an	 according	 pattern	 in	 widely	

distributed	brain	regions,	a	control	analysis	was	undertaken	to	determine	that	the	effect	

is	specific	to	the	processing	of	water	stimuli.	Specifically,	a	different	time	period	of	the	

trial	 sequence	 was	 analyzed	 in	 the	 same	 way	 as	 the	 water	 stimulus-locked	 activity.	

However,	an	unsystematic	pattern	of	BOLD	signal	changes,	clearly	distinct	to	the	linear	

decrease	 reported	 in	 the	main	 analyses,	 was	 observed	 (see	 Fig.	 6).	 Thus,	 the	 control	

analysis	 strengthens	 the	notion	 that	 the	aMCC	and	 insular	cortex	may	be	key	sites	 for	
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the	 dynamic	 modulation	 of	 external	 stimulus	 processing	 with	 internal	 body	 state.	

Overall,	 fluid	deprivation	appears	to	be	a	valuable	model	system	for	studying	dynamic	

changes	in	incentive	stimulus	value.	

From	 a	 broader	 perspective,	 the	 MCC	 and	 the	 anterior	 insula	 have	 been	

suggested	to	form	a	functional	network,	which	is	thought	to	be	involved	in	assessing	the	

salience	of	stimuli	in	order	to	guide	adaptive	behavior	(Menon	&	Uddin,	2010;	Seeley	et	

al.,	 2007).	 Specifically,	 the	 saliency	 network	 comprises	 several	 hubs	 which	 enable	

autonomic	response	generation,	access	the	motor	system,	and	shift	processing	priorities	

in	 the	 large	 scale	 networks	 implicated	 in	 working	 memory	 and	 attention	 processes	

(Menon	&	Uddin,	2010).	Consistent	with	this	notion,	current	and	previous	studies	have	

observed	deprivation	effects	in	widely	distributed	brain	regions.	For	instance,	drinking-

related	 activations	 have	 been	 observed	 in	 several	 brain	 regions	 during	 deprivation	

compared	to	satiety,	including	the	SMA,	IPL,	and	STG	(Saker	et	al.,	2014).		Interestingly,	

the	pattern	of	activation	observed	for	the	aMCC	and	insular	cortex	in	the	present	study	

were	paralleled	in	the	SMA,	SPL/IPS,	PreCun/ParaCentr,	and	calcarine	sulcus,	with	the	

critical	difference	that	most	of	 these	structures	did	not	show	an	enhanced	response	to	

water	stimuli	when	deprived.	Thus,	the	BOLD	deactivations	found	in	the	SMA,	SPL/IPS,	

PreCun/ParaCentr,	 and	 calcarine	 sulcus	might	 be	 associated	with	 response	 inhibition	

and	attentional	modulation.	For	instance,	the	urge	to	drink	had	to	be	suppressed	during	

the	‘hold’	period	at	the	beginning	of	the	experiment,	when	participants	were	thirsty	and	

drinking	 highly	 appreciated,	 and	 this	 conflict	 gradually	 faded	 with	 relief	 from	 thirst.	

Specifically,	the	SMA	is	associated	with	learning,	task	switching,	and	inhibiting	response	

plans	 (Nachev,	 Kennard,	 &	 Husain,	 2008),	 while	 the	 SPL/IPL	 is	 associated	 with	 the	

control	 of	 attention	 (Corbetta	&	 Shulman,	 2002;	 Shomstein,	 2012)	 and	 sensory-motor	

integration	(Andersen	&	Buneo,	2002).	



	 59	

Conclusion	

At	 its	 core,	 motivation	 theory	 holds	 that	 the	 power	 of	 external	 stimuli	 is	

dynamically	 calibrated	 based	 on	 the	 current	 need-state	 of	 the	 organism.	 The	 present	

findings	 demonstrate	 that	 key	 regions	 of	 the	 drinking	 system,	 i.e.	 the	 aMCC	 and	

posterior	 insula,	 show	 a	 moment-to-moment,	 need-state	 dependent	 decrease	 in	

response	 to	 fluid	 ingestion	 proportional	 to	 the	 amount	 of	 water	 ingested.	 Overall,	

studying	 the	 effects	 of	 thirst	 on	 the	 neural	 processing	 of	 motivational	 cues	 offers	 a	

suitable	model	system	to	examine	the	neural	correlates	of	moment-to-moment	incentive	

stimulus	value.	
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STUDY	3	-	Neural	correlates	of	the	perception	of	spoiled	food	stimuli	

Abstract	

The	elicitation	of	disgust	by	the	view	of	spoiled	and	rotten	foods	is	considered	as	

an	 adaptation	preventing	 the	 ingestion	 of	 harmful	microorganisms	 and	pathogens.	 To	

provide	 an	 effective	 behavioral	 defense,	 inedible	 food	 items	 need	 to	 be	 detected	

automatically,	 i.e.,	 in	 the	 absence	 of	 explicit	 processing	 goals,	 early	 in	 the	 processing	

stream,	and	triggering	an	alarm	response,	i.e.,	increased	attentional	capture.	To	examine	

these	hypotheses,	a	set	of	stimulus	material	consisting	of	images	of	perishable	foods	(i.e.,	

dairies,	meats,	 fruits,	 and	 vegetables)	 at	 various	 stages	 of	 natural	 decay	 ranging	 from	

appetitive	 to	 disgusting	 was	 developed.	 In	 separate	 sessions,	 functional	 imaging	 and	

dense	 sensor	 event	 related	 potential	 data	 were	 collected	while	 participants	 (N	 =	 24)	

viewed	 the	 stimulus	materials.	 Functional	 imaging	data	 indicated	 larger	 activations	 in	

the	 extrastriate	 visual	 cortex	 during	 the	 processing	 of	 inedible	 as	 compared	 to	 edible	

food	 items.	 Furthermore,	 event-related	 potential	 recordings	 indicated	 that	 the	

processing	of	inedible	food	stimuli	was	associated	with	a	relative	positivity	over	inferior	

occipital	sensor	sites	already	at	early	stages	of	processing	(<	200	ms),	and	subsequently,	

an	increased	late	positive	potential	over	parieto-occipital	sensor	regions.	Taken	together,	

these	findings	demonstrate	the	brain’s	sensitivity	to	visual	cues	of	foods	that	are	spoiled	

or	rotten.	
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Introduction	

Food	is	an	essential	source	of	energy	and	necessary	for	survival.	Accordingly,	the	

sight	of	potential	 foods	can	arouse	a	strong	motivation	for	 ingestion.	However,	natural	

decay	can	turn	even	the	most	appetizing	foods	into	a	dangerous	substance.	Throughout	

most	 of	 humans’	 history,	 discrimination	 of	 edible	 and	 inedible	 food	 for	 pathogen	

avoidance	 was	 of	 primal	 importance	 (Cockburn,	 1971;	 Wolfe,	 Dunavan,	 &	 Diamond,	

2007).	However,	the	threat	of	ingesting	pathogens	is	still	present	in	modern	times,	even	

in	 the	United	 States	 (CDC,	 2014).	 In	 the	 present	 research,	 natural	 decay	 of	 foods	was	

used	 to	 investigate	 neural	 processes	 associated	with	 the	 discrimination	 of	 edible	 and	

inedible	food	items.		

For	 omnivores	 species,	 such	 as	 humans,	 the	 ability	 to	 discriminate	 between	

edible	and	 inedible	 foods	 is	only	partly	based	on	 innate	mechanisms.	Experiences	and	

food	enculturation	across	 the	 lifespan	also	significantly	shape	responses	 to	 food	 items	

(Rozin	 &	 Vollmecke,	 1986).	 Specifically,	 food	 items	 may	 be	 selected	 or	 rejected	

according	to	sensory-affective	characteristics,	attitude	and	beliefs,	or	symbolic	meaning	

and	 ideational	 factors	 (Fallon,	 Rozin,	 &	 Pliner,	 1984;	 Renner,	 Sproesser,	 Strohbach,	 &	

Schupp,	2012;	Rozin	&	Fallon,	1987;	Steptoe	&	Wardle,	1999).		

Among	the	factors	relevant	for	the	selection	of	foods,	previous	research	primarily	

focused	 on	 the	 processing	 of	 calorie-dense	 foods.	 Functional	 imaging	 studies	 indicate	

that	 high-calorie	 items	 activate	 visual-associative	 cortical	 brain	 regions	 to	 a	 greater	

degree	 as	 low-calorie	 control	 items	 and,	 albeit	 much	 less	 consistent,	 elicit	 greater	

activation	 in	 brain	 regions	 implicated	 in	motivational	 processes,	 i.e.,	 insula,	 cingulate	

cortex,	amygdala,	ventral	striatum,	and	orbitofrontal	cortex	(Beaver	et	al.,	2006;	Born	et	

al.,	2011;	Cornier	et	al.,	2007;	Goldstone	et	al.,	2009;	Killgore	et	al.,	2003;	Passamonti	et	

al.,	2009).		
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Event	 related	 potential	 (ERP)	 studies	 further	 strengthened	 the	 notion	 that	

selected	food	stimuli	modulate	attention.	For	instance,	the	comparison	of	high-	and	low-

fat	 and	 liked	 and	 disliked	 foods	 (Harris	 et	 al.,	 2011;	 2013;	 Toepel	 et	 al.,	 2009),	 and	

vegetarians’	 and	 omnivores’	 processing	 of	 meat	 dishes	 (Stockburger	 et	 al.,	 2009)	

indicated	increased	late	positive	potentials	(LPP)	between	300	and	700	ms.	In	addition,	

ERP	 studies	 also	 showed	 that	 low-	 and	 high-fat	 foods	 are	 discriminated	 early	 in	 the	

processing	stream,	 i.e.,	~150	–	200	ms	(Blechert	et	al.,	2011;	Harris	et	al.,	2011;	2013;	

Meule	 et	 al.,	 2013;	 Toepel	 et	 al.,	 2009).	 Overall,	 there	 is	 accumulating	 evidence	 by	

functional	imaging	and	ERP	studies	that	the	brain	selectively	responds	to	the	appetitive	

value	and	significance	of	food	stimuli.		

Little	 attention	 has	 been	 paid	 in	 previous	 research	 to	 the	 specific	 factors	

associated	 with	 the	 rejection	 of	 foods.	 A	 large	 array	 of	 functional	 imaging	 studies	

showed	 that	disgust-eliciting	stimuli	 capture	attention.	However,	 these	studies	usually	

included	a	broad	range	of	disgust	elicitors	(e.g.,	Schienle	et	al.,	2006;	Stark	et	al.,	2007)	

or	used	different	 food	 items	 in	 the	disgust	 and	 control	 condition	 (Beaver	 et	 al.,	 2006;	

Calder	 et	 al.,	 2007).	 Overall,	 the	 resolution	was	 not	 sufficient	 in	 previous	 research	 to	

reveal	 specific	 neural	 correlates	 associated	 with	 discriminating	 inedible	 from	 edible	

food	items.		

The	robust	elicitation	of	disgust	by	the	view	of	spoiled	and	rotten	foods	is	seen	as	

adaptation	to	prevent	the	ingestion	of	pathogens	(Oaten	et	al.,	2009;	Rozin	et	al.,	2016;	

Rozin	&	Fallon,	1987;	Schaller	&	Park,	2011;	Tybur	et	al.,	2013).	To	provide	an	effective	

behavioral	 defense,	 inedible	 foods	 need	 to	 be	 detected	 automatically	 and	 trigger	 an	

alarm	response,	 i.e.,	 increase	attentional	capture.	To	examine	this	hypothesis,	an	effort	

was	made	to	develop	a	set	of	stimulus	material	consisting	of	images	of	perishable	foods	

(see	Foroni,	 Pergola,	Argiris,	&	Rumiati,	 2013)	 at	 various	 stages	 of	 natural	 decay	 (see	
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Figure	9)	and	collect	 functional	 imaging	and	dense	sensor	ERP	data	while	participants	

viewed	 the	 stimulus	 materials.	 With	 regard	 to	 fMRI,	 the	 main	 prediction	 was	 that	

contaminated	food	stimuli	show	increased	BOLD	signal	activations	in	extrastriate	visual	

cortex.	 Furthermore,	 regarding	 ERPs,	 it	was	 predicted	 that	 brain	waves	 to	 edible	 and	

inedible	 food	stimuli	would	differ	at	early	stages	of	processing,	 i.e.,	150	–	200	ms,	and	

that	inedible	food	stimuli	elicit	a	larger	LPP	than	edible	foods.	

	

Figure	9:	Representative	example	stimuli	showing	the	natural	decay	of	food	items	in	four	stages.	

	

Methods	

Participants	

Twenty-four	participants	(12	females,	3	left-handed)	between	21	and	35	years	of	

age	(M	=	24.4,	SD	=	3.45)	with	normal	or	corrected-to-normal	vision	participated	in	the	

study.	Participant’s	body	mass	index	(BMI)	ranged	between	19.7	and	27.6	(M	=	22.9,	SD	

=	 2.64)	 for	 females	 and	 between	 20.2	 and	 28.1	 (M	 =	 23.2,	 SD	 =	 2.31)	 for	 males.	



	 64	

Furthermore,	 the	 German	 adaptation	 of	 the	 Restraint	 Scale	 (FEV)	 served	 to	 assess	

restrained	 eating	 (Heatherton,	 Herman,	 Polivy,	 King,	 &	 McGree,	 1988;	 Pudel	 &	

Westenhöfer,	1989).	Male	and	female	participants	(M	=	3.7	and	7.4,	SD	=	3.03	and	6.0,	

respectively)	scores	were	similar	on	the	FEV-Restraint	Scale	(range:	1	–	21),	t(22)	=	-1.9,	

ns.	With	regard	to	diet,	three	participants	reported	that	they	do	not	consume	any	meat	

products.	 Control	 analyses	 excluding	 vegetarians	 from	 the	 analyses	 revealed	 similar	

findings	as	the	full	sample.	Participants	were	recruited	at	the	University	of	Konstanz	and	

received	 either	 course	 credit	 or	 €8	 per	 hour.	 The	 study	was	 approved	 by	 the	 ethical	

review	board	of	the	University	of	Konstanz	and	informed	consent	was	acquired	from	all	

participants.	 Participants	 were	 not	 included	 in	 the	 study	when	 they	 had	 a	 history	 or	

currently	 suffered	 from	 psychiatric,	 neurological,	 or	 endocrine	 diseases	 or	 taking	

medication	that	affects	the	endocrine	or	central	nervous	system.		

Stimulus	material	

According	 to	 the	main	aim	of	 the	study,	a	 food	picture	database	was	developed	

containing	 stimuli	 showing	 the	 natural	 decay	 of	 food	 items,	 i.e.,	 from	 appetitive	 to	

disgust	 (see	 Fig.	 1).	 In	 a	 first	 step,	 food	 categories	 were	 selected	 according	 to	 the	

following	 criteria:	 First,	 the	 food	 items	 should	 reveal	 a	 continuous	 process	 of	 natural	

decay.	Second,	the	food	items	should	be	common	in	the	German	diet,	minimizing	effects	

due	to	unfamiliarity	with	the	respective	foods.	Third,	each	food	category	should	contain	

several	 exemplars	 in	 order	 to	 vary	 the	 items	within	 a	 food	 category.	 Based	 on	 these	

criteria,	 fruits,	vegetables,	dairy	products,	and	meats	were	selected	as	 food	categories.	

After	 selecting	 appropriate	 food	 items,	 the	 most	 appetitive	 stimulus	 was	 created	 by	

choosing	a	picture	composition	 in	which	the	 food	 item	appeared	highly	appetitive	and	

ready	 to	 eat.	 The	 same	 picture	 composition	 was	 used	 throughout	 the	 natural	 decay	

transition	 phase.	 Specifically,	 over	 the	 course	 of	 days	 and	 weeks,	 images	 of	 the	 food	
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items	 were	 repeatedly	 taken	 until	 the	 food	 item	 became	 disgusting.	 To	 increase	 the	

quality	 of	 the	 food	 database,	 image	 processing	 and	 editing	 software	 were	 utilized	 to	

standardize	the	stimulus	materials.	 In	particular,	 for	each	image,	the	food	product	was	

released	 from	 the	 background,	 normalized	 in	 shape	 and	 size	 to	 the	 respective	 initial	

food,	placed	on	an	empty	white	plate,	equipped	with	an	artificial	shadow,	and	sharpened	

to	increase	perceptibility.	Each	image	contained	a	colored	display	of	the	respective	food,	

sized	at	640	x	480	pixels	with	a	resolution	of	72	pixels	per	inch,	and	an	8	bit	RGB	color	

resolution.	 Overall,	 the	 food	 stimulus	 database	 contained	 pictures	 from	 four	 food	

categories,	 five	 food	 items	 per	 category,	 and,	 for	 each	 food	 item,	 a	 series	 of	 10	 -	 15	

pictures	to	capture	natural	decay.	

A	first	pilot	study	(N	=	9)	was	conducted	to	select	the	stimulus	materials	for	the	

present	 study.	 Participants	 were	 asked	 to	 choose	 the	 four	 images	 of	 the	 stream	 of	

pictures	available	for	each	food	item	capturing	the	continuum	of	natural	decay,	resulting	

in	 20	 images	 each	 for	 the	 high	 edible,	 low	 edible,	 low	 inedible,	 and	 high	 inedible	

condition.	Specifically,	the	edible	food	category	was	represented	by	the	most	appetitive	

and	a	 less	appetitive	but	edible	 food	stimulus	while	 the	 inedible	category	consisted	of	

heavily	and	slightly	disgusting	exemplars.	A	second	pilot	study	with	independent	raters	

(N	 =	 9)	 evaluated	 each	 of	 the	 chosen	 pictures	 on	 dimensions	 of	 edibility	 and	

pleasantness	 (9-point	 Likert	 scales).	Ratings	of	 edibility	 and	pleasantness	were	highly	

correlated,	r	=	.98,	p	<	.001.	ANOVA	analysis	containing	the	factors	Edibility	(inedible	vs.	

edible),	 and	 Intensity	 (low	 vs.	 high)	 revealed	 highly	 significant	 differences	 among	 the	

edible	and	inedible	food	categories	(p	<	.001)	as	well	as	interacting	effects	with	low	and	

high	intensity	(p	<	.001)	for	pleasantness	and	edibility	ratings.		

Procedure	
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An	initial	screening	session	served	to	inform	participants	about	the	study	and	to	

check	 their	 eligibility	 for	 study	 participation.	 Participants	 were	 examined	 in	 two	

sessions	 in	which	 either	 fMRI	 or	 dense	 sensor	 EEG	 data	were	 collected.	 The	 order	 of	

these	 sessions	 was	 counter-	 balanced	 and	 1	 week	 apart.	 To	 control	 for	 variations	 in	

circadian	 rhythm,	 testing	 occurred	 at	 6	 pm.	 Instructions	 for	 both	 sessions	 required	

participants	 to	 follow	 their	 normal	 eating	 and	drinking	habits	 and	 to	 intake	 their	 last	

meal	 2	 hours	 before	 scanning.	 Except	 for	 technical	 issues	 of	 the	 respective	 imaging	

method,	the	procedure	of	the	experimental	protocol	was	identical	across	both	sessions.		

During	both	sessions,	participants	came	to	the	laboratory	and	were	checked	for	

possible	 risks	 in	 relation	 to	 MRI/EEG	 acquisition	 and	 gave	 their	 informed	 consent.	

Immediately	 before	 entering	 the	 MRI/EEG	 recording	 room,	 participants	 provided	

ratings	of	hunger	and	thirst.	During	MR	acquisition,	participants	were	situated	head	first	

in	a	supine	position	inside	the	scanner.	Experimental	presentation	was	realized	with	a	

visual	system	(NordicNeuroLab,	Bergen,	Norway)	positioned	in	front	of	the	participant’s	

eyes.	During	EEG	acquisition,	participants	were	situated	inside	a	comfortable	chair	and	

viewed	the	pictures	on	a	22-inch	PC	monitor	at	horizontal	and	vertical	visual	angles	of	

13.9°	 and	 10.5°,	 respectively.	 In	 both	 sessions,	 participants	 were	 informed	 about	 the	

presentation	 of	 pictures	 and	 instructed	 that	 s/he	 should	 attend	 to	 each	 picture	 the	

entire	 time	 it	 appeared	on	 the	 screen.	MRI/EEG	 sessions	used	 the	 same	event-related	

paradigm.	Specifically,	pictures	were	shown	for	2	s,	followed	by	a	variable	inter-stimulus	

interval	 (ISI)	 showing	 a	 white	 fixation	 cross	 on	 a	 black	 background.	 The	 ISI	 was	

exponentially	distributed	with	a	mean	of	3	s	and	a	range	of	2	s	to	5	s	(see	for	example	

Amaro	&	Barker,	 2006).	 The	 stimulus	 set	 (N	 =	 80)	was	 repeated	 three	 times	with	 no	

more	than	two	repetitions	of	the	same	category	allowed,	resulting	in	240	trials	overall.	

In	 the	 fMRI	 session,	 a	 T1	weighted	 structural	 scan	was	 obtained	 following	 functional	
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imaging.	Subsequently,	outside	the	recording	room,	a	second	rating	of	hunger	and	thirst	

was	obtained,	and	participants	additionally	rated	all	pictures	on	pleasantness	as	well	as	

on	emotional	dimensions	of	valence	and	arousal.	After	the	second	session,	participants	

filled	out	a	questionnaire	including	the	Restraint	Scale	(Pudel	&	Westenhöfer,	1989)	and	

the	Eating	Motivation	Survey	(TEMS;	Renner	et	al.,	2012).	Afterwards,	participants	were	

given	reimbursement	or	course	credits,	debriefed,	and	thanked	for	study	participation.	

Stimulus	ratings	

Participants	used	vertical	bars	to	rate	the	pleasantness	of	the	stimuli	on	a	9-point	

Likert	 scale,	 ranging	 from	 unappetizing	 over	 neutral	 to	 appetizing.	 Furthermore,	 the	

Self-Assessment	 Manikin	 were	 used	 to	 rate	 the	 stimuli	 on	 emotional	 dimensions	 of	

valence	and	arousal	on	a	9-point	Likert	scale,	ranging	from	unpleasant	over	neutral	 to	

pleasant	for	valence	and	from	calm	to	exciting	for	arousal	(Bradley	&	Lang,	1994).		

As	 expected,	 pleasantness	 and	 valence	 ratings	 showed	 a	 strong	 positive	

relationship,	r	=	 .99,	p	<	 .001.	For	brevity,	only	pleasantness	ratings	are	reported	here.	

Furthermore,	initial	analysis	revealed	similar	pleasantness	and	arousal	ratings	for	both,	

EEG	and	fMRI	sessions	(see	Figure	10).	All	analyses	were	 initially	conducted	 including	

the	 factor	Session	but	 no	 significant	main	 effects	 or	 interactions	were	 found	 involving	

this	factor.		

Hunger	and	thirst	ratings	

Hunger	 and	 thirst	 ratings	 were	 collected	 using	 a	 7-point	 Likert	 scale,	 ranging	

from	 not	 hungry	 (not	 thirsty)	 to	 very	 hungry	 (very	 thirsty),	 respectively.	 Rating	 data	

were	obtained	immediately	before	and	at	the	end	of	MRI/EEG	acquisition.	Hunger	and	

thirst	 ratings	were	entered	 into	 two-way	repeated	measures	ANOVAs	with	 the	 factors	

Time	of	record	(pre	vs.	post)	and	Session	(EEG	vs.	MRI).		
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In	 accordance	 with	 our	 eating	 instructions,	 participants	 did	 not	 show	 altered	

hunger	ratings	across	the	experiment	(Pre:	M	=	3.8,	SD	=	1.45;	Post:	M	=	4.0,	SD	=	1.48)	

nor	between	sessions	(EEG:	M	=	3.7,	SD	=	1.63;	MRI:	M	=	4.0,	SD	=	1.51),	Fs(1,	23)	<	2.9,	

ns.	However,	the	participants	were	significantly	more	thirsty	at	the	end	of	the	respective	

experiment	(Pre:	M	=	4.0,	SD	=	1.01;	Post:	M	=	4.6,	SD	=	1.12),	F(1,	23)	=	17.2,	p	<	.001,	

partial	h2	=	 .43,	but	not	between	sessions	(EEG:	M	=	4.4,	SD	=	1.31;	MRI:	M	=	4.2,	SD	=	

1.17),	F(1,	23)	=	.4,	ns.	

MRI	data	acquisition	and	analysis	

MR	acquisition	took	place	on	a	1.5T	Philips	Intera	MR	system	(Philips,	Hamburg,	

Germany).	In	a	single	functional	scanning	session,	482	volumes	of	a	T2*	weighted	Fast	

Field	 Echo,	 Echo	 Planar	 Imaging	 sequence	 utilizing	 parallel	 scanning	 technique	 were	

acquired	(SENSE;	Pruessmann	et	al.,	1999).	In	plane	resolution	was	3	x	3	mm	and	slice	

thickness	was	3.5	mm	(32	axial	slices;	no	gap;	FOV	=	240	mm;	acquisition	matrix	=	80	x	

80;	TE	=	40	ms;	flip	angle	=	90°;	TR	=	2500	ms).	In	addition,	a	standard	T1	weighted	high	

resolution	structural	scan	with	1	x	1	x	1	mm	voxel	resolution	was	obtained.	

Preprocessing	and	statistical	analysis	of	the	functional	data	was	conducted	using	

SPM8	(Wellcome	Department	of	Imaging	Neuroscience,	University	College	London,	UK;	

Friston	et	al.,	1994).	Preprocessing	steps	included	realignment	and	slice	time	correction	

for	the	functional	images.	No	participant	displayed	head	movements	exceeding	3	mm	or	

3	degrees	on	any	axis.	Images	were	normalized	to	the	MNI	EPI	template	and	resampled	

at	 3	 x	 3	 x	 3	mm	 voxel	 size.	 A	 Gaussian	 spatial	 kernel	 of	 full	 width	 at	 half	 maximum	

(FWHM)	with	an	8	mm	radius	was	used	for	smoothing	the	data.	

Single	subject	data	were	modeled	with	one	session,	containing	four	covariates	of	

interest	representing	the	food	picture	onsets	for	each	condition	as	well	as	covariates	of	

no	 interest,	 including	 six	 movement	 parameters	 and	 one	 covariate	 incorporating	 an	
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overall	intercept	to	the	model.	Group	level	random	effects	analysis	combined	all	subjects’	

covariates	of	interest	into	a	model	with	the	within	factors	Edibility	(inedible	vs.	edible)	

and	 Intensity	 (low	 vs.	 high)	 and	 the	 between	 factor	 Session	 (MRI-EEG	 vs.	 EEG-MRI).	

Linear	contrasts	were	computed	for	the	main	effects	of	Edibility	and	Intensity	as	well	as	

for	 the	 interaction	 of	 Edibility	by	 Intensity.	 To	 control	 for	 possible	 session	 effects,	 all	

linear	 contrasts	 were	 exclusively	 masked	 by	 an	 F-contrast	 of	 Session	 at	 p	 <	 .05	

(uncorrected),	 discarding	 all	 voxels	 showing	 a	 main	 effect	 of	 Session.	 However,	 a	

separate	 stream	 of	 analyses	without	 controlling	 for	 session	 order	 effects	 revealed	 no	

further	effects	beyond	those	reported	in	the	results	section.	Activations	of	the	resulting	

SPM(t)	maps	were	considered	meaningful	if	they	reached	an	uncorrected	threshold	of	p	

<	 .001	at	the	voxel	 level	and	a	cluster-level	threshold	of	p	<	 .05,	corrected	for	multiple	

comparisons	(Family-wise	error;	FWE).		

EEG	data	acquisition	and	analysis	

Electrophysiological	 data	 were	 collected	 using	 a	 257-lead	 Hydro-Cell	 Geodesic	

Sensor	 Net	 (EGI:	 Electrical	 Geodesics,	 Inc.,	 Eugene,	 OR).	 The	 EEG	 was	 recorded	

continuously	 with	 a	 sampling	 rate	 of	 250	 Hz,	 with	 the	 vertex	 sensor	 as	 reference	

electrode,	 and	online	 filtered	 from	0.1	 –	100	Hz	using	Netstation	 acquisition	 software	

and	EGI	amplifiers.	Impedances	were	kept	below	50	kΩ,	as	recommended	for	this	type	of	

amplifier.	 Electromagnetic	 Encephalography	 Software	 (EMEGS;	 Peyk,	 De	 Cesarei,	 &	

Junghöfer,	2011)	was	used	for	analysis.	Data	editing	and	artifact	rejection	were	based	on	

a	method	 for	 the	statistical	control	of	artifacts	specifically	devised	 for	analyzing	dense	

sensor	 EEG	 recordings	 (Junghöfer,	 Elbert,	 Tucker,	 &	 Rockstroh,	 2000).	 Preprocessing	

steps	included	40	Hz	digital	low-pass	filtering,	epoching	from	-200	to	1000	ms,	artifact	

detection,	 ocular	 artifact	 correction	 using	 a	 correlative	 eye	 movement	 algorithm	

(Schlögl	 et	 al.,	 2007),	 and	bad	 sensor	 interpolation.	On	 average,	 ERP	waveforms	were	
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based	on	a	trial	number	of	50.1	trials	(SD	=	5.0),	which	did	not	differ	between	the	four	

stimulus	 categories,	 F(3,	 92)	 =	 0.3,	 ns.	 Finally,	 the	data	were	 converted	 to	 an	 average	

reference	and	baseline-adjusted	for	pre-stimulus	(100	ms)	ERP	activity.		

Single	sensor	waveform	analyses	were	used	to	determine	statistically	significant	

effects.	Specifically,	data	were	low-pass	filtered	(15	Hz)	and	each	time	point	and	sensor	

was	 submitted	 separately	 to	 a	 repeated	measure	 ANOVA	 including	 the	within	 factors	

Edibility	(Inedible	vs.	Edible)	and	Intensity	(Low	vs.	High).	Initial	analyses	included	also	

the	 between	 factor	 Session	 (EEG-MRI	 vs.	 MRI-EEG).	 Again,	 there	 were	 no	 significant	

findings	 involving	 this	 factor,	 which	 was	 consequently	 dropped	 from	 further	

consideration.	 To	 account	 for	 the	 multiple	 comparisons	 problem,	 a	 cluster-based	

permutation	 test	 with	 N	 =	 1000	 permutations	 was	 performed	 (Maris	 &	 Oostenveld,	

2007).	 Sensor	 clusters	 were	 considered	 meaningful	 if	 they	 reached	 a	 single-sensor	

inclusion	 threshold	 of	 p	 <	 .01	 and	 a	 cluster-level	 threshold	 of	 p	 <	 .05,	 corrected	 for	

multiple	comparisons.	

Results	

Stimulus	ratings	

Pleasantness	 ratings	 confirmed	 the	 a	 priori	 categorization	 of	 the	 stimulus	

materials.	As	shown	in	Figure	9,	there	was	the	expected	difference	between	edible	and	

inedible	 food	 stimuli,	 F(1,	 23)	 =	 890.3,	 p	 <	 .001,	 partial	 h2	 =	 .98.	 Furthermore,	 as	

indicated	by	the	interaction	of	Edibility	by	Intensity,	F(1,	23)	=	571.3,	p	<	.001,	partial	h2	

=	.96,	the	high	disgust	category	was	perceived	as	more	unpleasant	than	the	low	disgust	

category,	 t(23)	 =	 -11.2,	 p	 <	 .001,	 d	 =	 4.67,	 and	 the	 high	 appetitive	 category	 as	 more	

pleasant	than	the	low	appetitive	category,	t(23)	=	13.6,	p	<	.001,	d	=	5.65.		

Arousal	ratings	revealed	main	effects	of	Edibility,	F(1,	23)	=	9.5,	p	<	.005,	partial	

h2	=	.29,	and	Intensity,	F(1,	23)	=	29.3,	p	<	.001,	partial	h2	=	.56.	Specifically,	as	shown	in	
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Figure	10,	inedible	food	stimuli	are	perceived	as	more	arousing	than	edible	food	stimuli	

and	salient	food	pictures	(high	appetite	and	disgust)	were	rated	as	more	arousing	than	

less	salient	food	pictures.		

	

Figure	10:	Mean	pleasantness	and	arousal	ratings	as	a	function	of	edibility	and	intensity	of	the	food	stimuli.	
Error	bars	indicate	standard	deviations.	

	

fMRI	data	

Edibility:	Main	effects	and	interactions	

According	to	the	hypothesis	of	a	behavioral	defense	mechanism,	a	first	stream	of	

analysis	 served	 to	 determine	brain	 regions,	which	 showed	 increased	BOLD	activity	 to	

inedible	when	compared	with	edible	food	items	[Inedible	>	Edible].	As	shown	in	Figure	

11,	bilateral	regions	of	the	extra	striate	visual	cortex	(x	=	21,	y	=	-100,	z	=	-5,	Size	=	367,	

PeakZ	=	7.05	and	x	=	-21,	y	=	-103,	z	=	-11,	Size	=	335,	PeakZ	=	6.96)	revealed	increased	

BOLD	activation	during	the	processing	of	inedible	as	compared	to	edible	food	stimuli.	In	
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a	 second	 step,	 brain	 regions	were	 determined,	which	 showed	 larger	 BOLD	 activity	 to	

edible	 when	 compared	 with	 inedible	 food	 stimuli.	 The	 contrast	 [Edible	 >	 Inedible]	

revealed	an	increased	BOLD	activation	in	the	left	primary	visual	cortex	(x	=	-6,	y	=	-97,	z	

=	16,	Size	=	69,	PeakZ	=	4.36).		

According	 to	 a	 motivational	 pathogen-avoidance	 hypothesis,	 the	 processing	 of	

inedible	 food	stimuli	should	be	accentuated	 for	 the	extreme	stimulus	category.	To	test	

for	 this	 assumption,	 the	 cross	 interaction	 contrast	 [(InedibleHigh	 >	 EdibleHigh)	 >	

(InedibleLow	 >	 EdibleLow)]	 was	 computed	 and	masked	 inclusively	 with	 the	 contrast	 of	

[Inedible	>	Edible]	(p	<	.05,	uncorrected).	A	region	of	the	right	extra	striate	cortex	(x	=	

27,	y	=	-100,	z	=	-2,	Size	=	51,	PeakZ	=	4.24),	which	had	shown	preferential	coding	for	

natural	decayed	food,	emerged	from	this	contrast.	As	illustrated	in	Figure	11C,	this	brain	

region	was	 primarily	 sensitive	 to	 the	 high	 disgust	 category.	 Furthermore,	 the	 reverse	

interaction	 contrast	 [(EdibleHigh	 >	 InedibleHigh)	 >	 (EdibleLow	 >	 InedibleLow)],	 masked	

inclusively	with	the	contrast	of	[Edible	>	Inedible],	revealed	no	significant	effects,	i.e.,	no	

brain	region	showed	increased	activation	to	high	appetitive	foods.		

Of	note,	the	unsigned	cross	interaction	contrasts	did	not	reveal	additional	regions.	

Main	effect	of	Intensity	

Further	 analysis	 determined	 effects	 of	 intensity	 independent	 on	 behavior	

orientation.	 The	 contrast	 [High	 >	 Low]	 intensity	revealed	 a	 region	 in	 the	 extrastriate	

cortex	(x	=	21,	y	=	-103,	z	=	1,	Size	=	94,	PeakZ	=	3.79)	overlapping	with	the	increased	

BOLD	 activations	 observed	 for	 inedible	 foods.	 The	 reverse	 contrast	 [Low	 >	 High]	

intensity	showed	an	enhanced	BOLD	response	in	the	left	caudate	region	(x	=	-12,	y	=	2,	z	

=	22,	Size	=	49,	PeakZ	=	4.70;	see	Figure	11B).	
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Figure	11:	Brain	sections	and	cortical	projections	 illustrating	BOLD	activations	during	the	MRI	session.	(A)	
Main	effect	of	Edibility.	Left:	The	bilateral	extra	striate	visual	cortex	showed	a	preferential	coding	for	inedible	
foods.	Right:	The	left	primary	visual	cortex	showed	a	preferential	coding	for	edible	foods.	(B)	Main	effect	of	
Intensity.	Left:	The	right	extra	striate	cortex	showed	a	preferential	coding	for	extreme	food	categories.	Right:	
The	left	caudate	showed	a	preferential	coding	for	mild	food	categories.	(C)	Left:	Illustration	of	the	interaction	
Incentive	by	Intensity	in	the	right	extra	striate	cortex.	Right:	Extracted	percent	signal	changes	for	the	cluster	
on	 the	 left	 (Mean	 and	 SD).	 For	 illustrative	 purposes,	 post-hoc	 tests	 between	 conditions	were	 calculated	 to	
reveal	the	nature	of	interaction.	Statistical	maps	are	thresholded	with	a	single-voxel	inclusion	of	p	<	.001	and	
a	cluster-level	threshold	of	p	<	.05	(FWE).	

	

Event-related	potentials		

Edibility:	Main	effects	and	interactions	

Analogous	 to	 the	 analysis	 of	 the	 fMRI	 data,	 the	 first	 ERP	 analysis	 served	 to	

identify	 effects	 associated	with	 the	 processing	 of	 inedible	 vs.	 edible	 food	 stimuli.	 The	

main	findings	are	summarized	in	Figure	12	showing	the	scalp	potential	difference	maps	

[Inedible	 -	 Edible],	 the	 statistics	 maps,	 as	 well	 as	 selected	 ERP	 waveforms	 of	

representative	sensors	within	significant	clusters.		

In	a	time	interval	between	~100	-	300	ms,	inspection	of	the	scalp	difference	maps	

revealed	 that	 the	 processing	 of	 inedible	 food	 stimuli	 was	 associated	 with	 a	 relative	
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positivity	 over	 inferior	 occipital	 sensor	 sites	 and	 an	 associated	 polarity	 reversal	 over	

fronto-central	 sensor	 sites,	 i.e.,	 a	 relative	 negative	 potential	 for	 inedible	 food	 items.	

Statistical	analysis	indicated	that	the	effect	spanning	the	P1	and	N1	wave	was	significant	

for	the	fronto-central	sensor	cluster,	i.e.,	from	92	–	232	ms.	Over	parieto-occipital	sensor	

sites,	only	the	later	effect	covering	the	N1	wave	reached	significance,	i.e.,	between	160	-	

212	ms.	

Subsequently,	 a	 topographically	 distinct	 effect	 emerged	 in	 a	 time	 interval	

between	300	and	1000	ms.	Inspection	of	the	scalp	maps	indicated	that	the	processing	of	

inedible	foods	was	associated	with	an	increased	positivity	over	parieto-occipital	sensor	

sites.	The	significance	of	 this	 late	positive	potential	 effect	was	 revealed	by	 two	sensor	

clusters	spanning	the	time	interval	 from	316	-	496	ms	and	508	-	716	ms,	respectively.	

Anterior	 sensor	 sites	 revealed	 a	 polarity	 reversal,	 i.e.,	 a	 relative	 negative	 potential	

associated	 with	 the	 processing	 of	 inedible	 as	 compared	 to	 edible	 food	 items.	 Three	

distinct	clusters	from	336	-	740	ms,	528	–	728	ms,	and	492	-	728	ms	over	left	and	right	

anterior	clusters	reached	significance.	

In	a	second	step,	 the	 interaction	of	Edibility	by	Intensity	was	explored.	However,	

no	statistically	significant	effects	were	revealed	in	this	analysis.		
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Figure	12:	Main	effect	of	Edibility	during	EEG	acquisition.	(A)	Illustration	of	the	topographical	distribution	of	
the	scalp	difference	potentials	(Inedible	–	Edible;	top	panel)	and	significant	sensor	cluster	locations	(p	<	.05	-
	.01;	bottom	panel)	in	64	ms	intervals	from	0	to	764	ms.	(B)	Illustration	of	ERP	waveforms	for	early	effects	(0	
–	300	ms)	 in	 representative	 sensors	over	 right	 lateral	 temporo-occipital	and	 right	 central	 sensor	 sites.	 (C)	
Illustration	 of	 the	 LPP	waveform	during	 later	 time	windows	 (0	 –	 700	ms)	 for	 representative	 sensors	 over	
medial	occipital	and	right	frontal	sensor	sites.	
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Main	effect	of	Intensity	

Finally,	 main	 effects	 associated	 with	 the	 factor	 Intensity	 were	 explored.	 In	 the	

time	 interval	 between	 200	 and	 300	 ms,	 the	 processing	 of	 high	 intensity	 stimuli	 was	

associated	with	a	relative	negativity	over	central	sensor	sites	and	an	associated	polarity	

reversal	 over	 anterior	 regions,	 i.e.,	 a	 relative	 positivity	 (see	 Figure	 13).	 Statistical	

analysis	 indicated	 that	 this	effect	 reached	significance	 from	228	 -	276	ms	over	central	

sensor	regions	and	between	240	-	292	ms	over	anterior	sites.	

	
Figure	13:	Main	effect	of	Intensity	during	EEG	acquisition.	(A)	Illustration	of	the	topographical	distribution	of	
the	scalp	difference	potentials	(High	–	Low;	top	panel)	and	significant	sensor	cluster	locations	(p	<	.05	-	.01;	
bottom	panel)	in	a	time	window	from	220	to	300	ms.	(B)	Illustration	of	ERP	waveforms	for	representative	
sensors	over	right	parietal	and	anterior	frontal	sensor	sites.	

	

Discussion	

The	 consumption	 of	 food	 provides	 nutrients	 needed	 for	 survival,	 growth,	 and	

reproduction.	However,	 the	benefits	 of	 food	 intake	need	 to	be	 evaluated	 against	 costs	

associated	with	the	intake	of	substances	endangering	health.	Sensitivity	to	visual	cues	of	

natural	decay	of	otherwise	acceptable	foods	is	critical	for	the	detection	of	contaminated	

foods.	The	present	data	demonstrate	the	brain’s	sensitivity	to	visual	cues	of	 foods	that	

are	spoiled	or	rotten.		
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It	 is	 a	 consistent	 finding	 in	 human	 neuroscience	 that	 salient	 and	 emotionally	

significant	 stimuli	 are	 discriminated	 early	 in	 the	 processing	 stream.	 For	 instance,	

emotional	scenes,	facial	expressions,	gestures,	words	and	clashing	moral	statements	are	

discriminated	 from	neutral	 control	 items	 already	 around	150	 -	 200	ms	 after	 stimulus	

onset	(Flaisch	&	Schupp,	2013;	Flaisch,	Häcker,	Renner,	&	Schupp,	2011;	Flaisch,	Schupp,	

Renner,	 &	 Junghöfer,	 2009;	 Kissler,	 Assadollahi,	 &	 Herbert,	 2006;	 Mühlberger	 et	 al.,	

2009;	 Schupp,	 Junghöfer,	Weike,	 &	 Hamm,	 2004;	 Van	 Berkum,	 Holleman,	 Nieuwland,	

Otten,	 &	Murre,	 2009;	Wieser,	 Pauli,	 Reicherts,	 &	Mühlberger,	 2010).	 Similar	 findings	

were	observed	in	the	food	domain	varying	the	appetitive	value	of	food	stimuli	(Meule	et	

al.,	 2013;	 Toepel	 et	 al.,	 2009).	 The	 present	 findings	 are	 consistent	 with	 these	

observations	 by	 demonstrating	 that	 the	 brain	 selectively	 responds	 to	 cues	 of	 natural	

decay	early	 in	 the	processing	stream.	Specifically,	over	posterior	 sensor	 sites,	 inedible	

and	edible	food	items	were	discriminated	between	150	and	200	ms,	providing	an	upper	

bound	 for	 the	 time	 needed	 to	 extract	 information	whether	 food	 is	 edible	 or	 inedible.	

Interestingly,	 the	 effect	was	 already	 apparent	 around	 100	ms	 post-stimulus,	 covering	

the	P1	wave,	which	may	relate	to	the	detection	of	coarse	visual	characteristics	of	spoiled	

food	items.	As	conscious	stimulus	representation	is	presumed	to	depend	on	several	100	

ms	of	processing	time	(Chun	&	Potter,	1995),	the	differential	brain	responses	to	inedible	

and	edible	food	stimuli	occur	too	early	to	be	based	on	deliberate	(conscious)	reasoning	

(Neely,	1977).	Overall,	the	differentiation	of	edible	and	inedible	food	items	early	in	the	

processing	stream	provides	compelling	evidence	for	the	brain’s	sensitivity	to	respond	to	

visual	cues	associated	with	high	risk	food	stimuli.	

While	the	latency	of	the	effect	relates	to	the	speed	of	the	processing,	the	polarity	

of	the	effect	is	informative	for	delineating	its	functional	significance.	In	the	present	study,	

the	N1	wave	was	 larger	 for	edible	as	compared	 to	 inedible	 food	 items.	While	 it	 seems	
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tempting	 to	 relate	 the	 amplitude	 of	 the	 N1	 component	 as	 an	 early	 reflection	 of	 the	

edibility	dimension,	a	 reduced	N1	wave	was	observed	 for	high-calorie	as	compared	 to	

low-calorie	 food	 stimuli	 in	previous	 research	 (Meule	 et	 al.,	 2013;	Toepel	 et	 al.,	 2009).	

Accordingly,	 the	evidence	that	cues	 facilitating	 intake	and	cues	associated	with	danger	

can	elicit	decreased	N1	components	is	inconsistent	with	the	notion	that	the	N1	relates	in	

straightforward	manner	to	the	acceptance	or	rejection	of	food	stimuli.	Instead,	the	data	

suggest	that	the	N1	wave	is	modulated	by	the	significance	of	the	stimuli	irrespective	of	

the	 behavioral	 approach	 or	 avoidance	 response.	 Functionally,	 tagging	 sensory	 cues	 of	

foods	 related	 to	 the	 nutritional	 value	 or	 danger	 of	 foods	 seems	 a	 highly	 functional	

mechanism	to	regulate	food	intake.		

Selecting	cues	of	decay	already	at	early	perceptual	stages	appears	advantageous	

for	an	organism’s	survival,	well-being,	and	reproduction,	and	was	suggested	to	provide	a	

basis	for	color	preference	and	liking	(Palmer	&	Schloss,	2010).	However,	according	ERP-

modulations	 may	 not	 exclusively	 indicate	 semantic-evaluative	 processes	 but	 could	

instead	 be	 triggered	 by	 purely	 physical	 differences	 between	 stimulus	 categories	 that	

either	affect	perceptual	processes	or	interact	with	the	semantic	evaluation	of	according	

stimuli.	 Accordingly,	 the	 present	 study	 strived	 to	 increase	 the	 comparability	 of	 the	

stimulus	materials	with	 regard	 to	 a	 number	 of	 critical	 physical	 parameters,	 including	

figure-ground	picture	composition,	lightning,	and	object	distance	(c.f.	Meule	et	al.,	2013).	

Conceivably,	 remaining	 physical	 stimulus	 differences	 may	 thus	 reflect	 systematic	

variations	 in	 diagnostic	 features	 such	 as	 color	 (mold	 shifts	 from	 white-to-green-to-

black),	brightness	 (i.e.,	 a	decrease	over	 time)	or	size	of	 food	(i.e.,	 shrinking	over	 time)	

which	are	all	cues	associated	with	the	natural	decay	of	food	items.	However,	the	present	

study	is	not	conclusive	towards	this	end	and	additional	research	is	needed	to	determine	
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whether	these	physical	stimulus	characteristics	are	sufficient	to	elicit	the	observed	ERP	

effects	independent	of	their	semantic	implications.		

The	ERP	data	also	revealed	that	spoiled	and	rotten	foods	modulate	later	stages	of	

processing.	 Specifically,	 inedible	 food	 stimuli	 elicited	 a	 sustained	 enhanced	 positivity	

over	 parieto-occipital	 sensor	 sites,	 most	 pronounced	 between	 500	 and	 650	 ms	 after	

stimulus	 onset.	 Previous	 research	 relates	 the	modulation	 of	 LPPs	 to	 the	 allocation	 of	

attentional	resources	(e.g.,	Blechert,	Goltsche,	Herbert,	&	Wilhelm,	2014;	Stockburger	et	

al.,	2009;	Svaldi,	Tuschen-Caffier,	Peyk,	&	Blechert,	2010).	Specifically,	larger	LPPs	have	

been	 observed	 in	 vegetarians	 as	 compared	 to	 omnivores	 exposed	 to	 pictures	 of	meat	

dishes	(Stockburger	et	al.,	2009),	high-fat	as	compared	to	low-fat	food	stimuli	(Toepel	et	

al.,	 2009),	 liked	 vs.	 disliked	 food	 items	 (Harris	 et	 al.,	 2013),	 and	 in	 a	 binge	 eating	 as	

compared	 to	 overweight	 healthy	 control	 group	 exposed	 to	 high-calorie	 food	 stimuli	

(Svaldi	 et	 al.,	 2010).	 Despite	 some	 variation	 in	 terms	 of	 latency	 and	 topography,	

increased	 LPP	 amplitudes	 are	 presumed	 to	 reflect	 increased	 attention	 devoted	 to	 the	

processing	 of	 food	 stimuli.	 From	 this	 perspective,	 the	 present	 findings	 suggest	 that	

rotten	and	spoiled	foods	are	more	potent	to	draw	attentional	resources	than	edible	and	

appetizing	foods.	

An	 attentional	 interpretation	 of	 the	ERP	data	 is	 strengthened	by	 the	 functional	

imaging	data.	The	processing	of	 food	pictures	was	enhanced	in	the	extra-striate	cortex	

with	inedible	foods	showing	an	increased	BOLD	activation	as	compared	to	edible	foods.	

Previous	 studies	 primarily	 focused	 on	 appetite	 and	 variables	modulating	 food	 intake.	

Specifically,	 high-fat,	 liked,	 and	 appetizing	 food	 stimuli	 were	 contrasted	 to	 the	

processing	of	 control	 food	 items.	The	most	 consistent	 findings	of	 these	 studies	 regard	

structures	 in	 the	 extended	 visual	 cortex,	 with	 high	 incentive	 stimuli	 being	 associated	

with	 increased	 activation	 (Beaver	 et	 al.,	 2006;	 Born	 et	 al.,	 2011;	 Cornier	 et	 al.,	 2007;	
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Goldstone	 et	 al.,	 2009;	 Killgore	 et	 al.,	 2003;	 Passamonti	 et	 al.,	 2009).	 The	 present	

findings	 contribute	 to	 the	 perspective	 that	 attention	 is	 selectively	 increased	 to	

dangerous	food	items	in	the	extrastriate	cortex.	The	observed	pattern	of	findings	could	

be	seen	as	a	specific	instance	of	the	general	phenomenon	that	bad	is	stronger	than	good	

(Baumeister,	 Bratslavsky,	 &	 Finkenauer,	 2001;	 Rozin	 &	 Royzman,	 2001).	 Benefit	 and	

costs	 appear	 asymmetrical	 in	 that	 the	 intake	 of	 rotten	 and	 dangerous	 substances	 can	

cause	 serious	 harm	 to	 health,	 ordinarily	 outweighing	 the	 intake	 of	 nutrients.	 The	

difference	 in	 immediate	 consequences	 for	well-being	may	 also	 relate	 to	differences	 in	

perceived	 arousal	 of	 the	 food	 stimuli,	with	 spoiled	 and	 rotten	 food	perceived	 as	most	

arousing.	Given	the	well-known	phenomenon	that	hunger	modulates	the	perception	of	

food,	it	would	be	interesting	to	investigate	in	future	studies	how	food	deprivation	affects	

the	processing	of	contaminated	foods	(Schupp	&	Renner,	2011).		

In	 contrast	 to	 extrastriate	 activation	 by	 spoiled	 foods,	 the	 processing	 of	 edible	

food	items	was	associated	with	increased	activation	in	the	primary	visual	cortex.	Given	

that	 significant	 effects	 emerged	 around	 100	ms	 in	 the	 ERP	 study,	 the	 findings	 in	 the	

primary	 visual	 cortex	 reflect	 in	 all	 likelihood	 re-entrant	 processing	 rather	 than	

enhanced	 processing	 of	 initial	 stages	 of	 visual	 stimulus	 perception	 (Martínez	 et	 al.,	

1999).		

Somewhat	surprisingly,	functional	imaging	data	indicated	no	effects	of	edibility	in	

key	motivational	 structures.	For	 instance,	 some	studies	 showed	 that	 the	processing	of	

highly	appetitive	food	stimuli,	i.e.,	sweets	and	high-calorie	food	pictures,	elicited	greater	

activations	in	the	amygdala	(Goldstone	et	al.,	2009;	Killgore	et	al.,	2003;	Passamonti	et	

al.,	2009).	Here,	no	differential	activation	for	edible	and	inedible	foods	was	observed	in	

the	amygdala,	 even	when	explored	with	 relaxed	statistical	 thresholds	 (SVC).	However,	

findings	regarding	the	amygdala	show	considerable	variation	across	studies	(Schupp	&	
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Renner,	2011;	van	der	Laan	et	al.,	2011)	and	the	inclusion	of	high	appetitive	food	stimuli	

may	be	needed	to	observe	the	effect	 in	the	absence	of	hunger	(Goldstone	et	al.,	2009).	

Furthermore,	previous	 research	observed	 increased	activations	 in	 the	anterior	 insular	

cortex	when	processing	disgusting	pictures	(e.g.,	Beaver	et	al.,	2006;	Calder	et	al.,	2007;	

Schienle	et	al.,	2006;	Stark	et	al.,	2007).	Again,	even	with	relaxed	statistical	thresholding	

(SVC),	 there	 were	 no	 differential	 activations	 for	 edible	 and	 inedible	 food	 stimuli	 in	

subregions	 of	 the	 insular	 cortex	 in	 the	 present	 study.	 According	 to	 the	 saliency	

hypothesis	(Menon	&	Uddin,	2010),	inedible	and	edible	food	stimuli	may	both	represent	

salient	 stimuli	 which	 would	 explain	 similar	 activations	 in	 the	 anterior	 insula.	

Engagement	of	the	anterior	insula,	a	key	structure	of	the	saliency	network,	is	presumed	

to	 regulate	 attention	 processes	 (Menon	 &	 Uddin,	 2010).	 However,	 there	 were	

pronounced	differences	 in	attentive	processing	of	 inedible	and	edible	 stimuli	 revealed	

by	both,	fMRI	and	ERP	measures.	To	reconcile	these	somewhat	inconsistent	findings,	the	

systematic	variation	of	body	state	from	deprivation	to	neutral	hunger	state	to	satiation	

seems	 most	 promising.	 Deprivation	 increases	 the	 incentive	 value	 of	 need-relevant	

stimuli	 and	 led	 to	 increases	 in	 the	 processing	 of	 need-related	 stimuli	 in	 distributed	

regions	 of	 the	motive	 circuitry,	 i.e.,	 aMCC,	 PCC,	 anterior	 insular	 cortex,	 and	 amygdala	

(Becker	 et	 al.,	 2015;	 Goldstone	 et	 al.,	 2009;	 LaBar	 et	 al.,	 2001;	Mohanty	 et	 al.,	 2008).	

Furthermore,	ERP	studies	revealed	that	deprivation	affected	the	processing	of	appetitive	

food	 stimuli	 presumed	 to	 reflect	 increased	 attention	 to	 these	 stimuli	 when	 deprived	

(Stockburger,	Weike,	Hamm,	&	Schupp,	2008).	Conversely,	over-consumption	provides	a	

mirror	 image	 on	 deprivation,	 rendering	 food	 inacceptable	 and	 decreasing	 activity	 in	

motivational	regions	(e.g.	Small	et	al.,	2001).	Overall,	to	further	the	understanding	of	the	

activation	of	motivational	regions	by	edible	and	inedible	food	stimuli,	and	to	reveal	the	
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interaction	with	body	state,	 future	studies	should	systematically	vary	 the	hunger	 level	

from	deprivation	to	satiation	(see	also	Morrison	&	Salzman,	2010).	

Natural	 decay	 provides	 a	 useful	 model	 system	 for	 the	 basic	 categorization	 of	

edibility	 of	 food	 items:	 Seeing,	 smelling	 and	 tasting	 spoiled	 and	 rotten	 foods	 elicit	 a	

disgust	 response	 and	 strong	 behavior	 avoidance	 of	 potentially	 dangerous	 substances	

(Oaten	 et	 al.,	 2009;	 Rozin	 &	 Fallon,	 1987;	 Schaller	 &	 Park,	 2011;	 Tybur	 et	 al.,	 2013).	

Given	 that	 the	 only	 difference	 among	 the	 stimulus	 categories	 is	 associated	 with	 the	

changes	 of	 the	 food	 over	 time,	 variables	 leading	 to	 ambiguity	 in	 interpretation	 of	 the	

data	 were	 controlled,	 i.e.	 socio-cultural	 attitudes,	 composition	 of	 energy-density,	 and	

beliefs	 and	 thoughts	 about	 healthiness	 of	 the	 food	 product.	 However,	 it	 needs	 to	 be	

recognized	 that	 natural	 decay	 does	 not	 invariably	 lead	 to	 food	 rejection.	 A	 process	 of	

food	enculturation	 can	 turn	 food	 items	 such	as	Gorgonzola	 and	Roquefort	 cheese	 into	

delicacies.	 Obviously,	 this	 was	 not	 the	 case	 here,	 as	 participants	 showed	 a	 strong	

rejection	response	to	the	presented	spoiled	foods.	

Prima	 fascia,	 the	 present	 findings	 support	 an	 evolutionary	 account	 of	 the	

processing	 of	 rotten	 and	 spoiled	 food	 items.	 Food	 stimuli	 show	 a	 similar	 neural	

signature	in	the	present	study	to	stimuli	related	to	the	fear	and	reproduction	behavior	

system	 in	 terms	of	 speed	of	processing	and	capture	of	attentional	 resources.	One	may	

accordingly	posit	that	humans	are	evolutionary	prepared	to	signs	of	natural	food	decay,	

similar	 to	 emotional	 facial	 expression	 or	 body	 posture	 (de	 Gelder,	 2006;	 Ohman	 &	

Mineka,	2001).	However,	the	efficient	capture	of	visual	attention	by	decayed	foods	could	

also	build	upon	a	more	general	 form	of	preparedness.	 Similar	 to	 the	present	 findings,	

previous	 research	 demonstrated	 that	 emotional	 hand	 gestures	 are	 processed	 rapidly	

and	 draw	 attentional	 resources	 (Flaisch	 et	 al.,	 2009;	 2011;	 Flaisch	 &	 Schupp,	 2013).	

However,	 symbolic	gestures	are	unlikely	 to	be	 specifically	prepared.	They	are	 cultural	
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products	invented	and	transmitted	socially.	Similarly,	it	has	been	suggested	that	humans’	

knowledge	 about	 foods	 is	 largely	 acquired	 by	 experience	 and	 socio-cultural	 learning	

(Rozin,	1990;	Rozin	&	Vollmecke,	1986;	Rozin,	Fischler,	Imada,	Sarubin,	&	Wrzesniewski,	

1999).	Overall,	the	present	findings	would	be	consistent	with	evolutionary	explanations	

assuming	specific	preparedness	to	respond	to	sensory	cues	of	natural	decay	as	well	as	

an	account	proposing	a	general	predisposition	to	acquire	knowledge	about	food	stimuli	

by	learning	from	others.		
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GENERAL	DISCUSSION	

The	present	dissertation	

The	 present	 dissertation	 aimed	 to	 study	 neural	 correlates	 associated	 with	 the	

processing	 of	 natural	 rewards	 under	 the	 influence	 of	 both	 body	 state	 and	 external	

appearance.	Furthermore,	these	effects	were	investigated	under	the	motivational	phases	

of	ingestion.	

The	first	study	was	designed	to	answer	the	question	which	neural	structures	are	

engaged	 in	 increasing	 the	 incentive	 value	 of	 need-relevant	 stimuli	 during	 the	

anticipatory	phase.	To	address	this	issue,	participants	were	scanned	twice	–	either	in	a	

thirst	 or	 a	 no-thirst	 state	 –	 while	 viewing	 pictures	 of	 beverages	 and	 chairs.	 Results	

revealed	 selectively	 increased	BOLD	 responses	 for	beverages	 in	 the	 aMCC,	 insula,	 and	

amygdala	during	the	thirst	as	compared	to	the	no	thirst	state.	Furthermore,	 this	effect	

did	 not	 generalize	 towards	 chair	 pictures.	 Hence,	 during	 the	 anticipatory	 phase	 the	

increased	 attribution	of	 incentive	 value	was	 specific	 for	 the	need-relevant	 category	 of	

beverage	pictures	as	compared	to	the	motivational	neutral	category	of	chairs.	

The	second	study	aimed	to	determine	which	neural	structures	are	engaged	in	the	

moment-to-moment,	need-state	dependent	shift	of	stimulus	value	from	fluid	deprivation	

towards	 fluid	 satiation	 during	 the	 consummatory	 phase.	 Therefore,	 participants	were	

scanned	while	being	in	a	thirsty	state	and,	over	the	course	of	the	experiment,	received	

small	amounts	of	water	sufficient	for	satiation.	The	aMCC	and	posterior	insula	revealed	

linear	decreases	of	the	BOLD	responses	in	relation	to	water	consumption.	Accordingly,	

during	 the	 consummatory	 phase	 the	 drinking	 system	 exhibits	 a	 dynamic	 need-state	

dependent	 representation	 of	 incentive	 value	 that	 is	 proportional	 to	 the	 motivational	

significance	of	the	stimulus.	
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The	third	study	addresses	the	question	of	how	neural	structures	are	engaged	in	

the	fast	and	automatic	detection	of	food	edibility	during	the	anticipatory	phase.	In	order	

to	address	this	question,	participants	were	scanned	 in	separate	sessions	with	MRI	and	

EEG	while	viewing	a	set	of	stimulus	material	consisting	of	images	of	perishable	foods	at	

various	 stages	 of	 natural	 decay	 ranging	 from	 appetitive	 to	 disgusting.	 The	 results	

revealed	 three	 key	 findings.	 First,	MRI	 results	 revealed	 increased	BOLD	 activations	 in	

the	 extrastriate	 cortex	 during	 the	 processing	 of	 inedible	 as	 compared	 to	 edible	 food	

items.	Second,	event-related	potentials	to	edible	and	inedible	foods	differ	at	early	stages	

of	processing	(<	200	ms).	Third,	inedible	foods	were	associated	with	an	increased	LPP.	

Consequently,	 these	 findings	demonstrate	 the	brains	sensitivity	 to	visual	cues	of	 foods	

that	are	spoiled	or	rotten,	which	can	help	to	avoid	the	intake	of	harmful	pathogens	and	

thus	prevent	substantial	health	consequences.		

Thirst	as	a	potent	stimulus	in	driving	motivation	

The	capability	of	environmental	stimuli	to	gain	attention	and	to	become	the	goal	

object	of	motivated	behavior	is	in	large	part	determined	by	internal	factors,	i.e.,	the	body	

state	 of	 the	 organism.	 Concerning	 body	 fluid	 homeostasis,	 humans	 need	 to	 keep	 fluid	

levels	 in	 balance	 and	 even	 short	 periods	 without	 water	 endanger	 survival.	 Fluid	

ingestion	 thus	 provides	 a	 biological	 imperative	 and	 strong	 motivation	 assures	 that	

drinking	 is	 prioritized	 in	 accordance	 with	 internal	 needs.	 Hence,	 fluid	 depletion	 was	

used	in	the	present	dissertation	as	a	potent	stimulus	to	induce	motivation.	

Fluid	depletion	has	 a	 remarkable	 impact	 on	 feelings	 and	 thoughts,	 for	 example	

about	subjective	wellbeing	(Pross	et	al.,	2014;	Shirreffs,	Merson,	Fraser,	&	Archer,	2004).	

In	particular,	preceding	work	has	shown	that	participants	rate	water	as	more	pleasant	

when	 fluid	 deprived	 and	 associate	 drinking	 of	 water	 with	 a	 reduction	 in	 unpleasant	

mouth	 dryness	 (Brunstrom,	 2002;	 Engell	 et	 al.,	 1987;	 B.	 J.	 Rolls	 et	 al.,	 1980).	
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Furthermore,	 enhanced	 pleasantness	 and	 reduction	 of	 mouth	 dryness	 are	 even	

important	 factors	 when	 participants	 have	 free	 access	 to	 water	 and	 mainly	 drink	 in	

anticipation,	 a	 state	 in	 which	 body	 fluid	 homeostasis	 is	 undistorted	 (Phillips,	 Rolls,	

Ledingham,	 &	 Morton,	 1984a).	 In	 line	 with	 these	 findings,	 participants	 report	 that	

desirable	goal	objects,	such	as	a	bottle	of	water	for	quenching	thirst,	are	seen	as	closer	

than	 they	 really	 are	 (Balcetis	 &	Dunning,	 2010)	 and	 gain	 faster	 responses	 and	 better	

memory	during	lexical	decision	and	recall	tasks	(Aarts,	Dijksterhuis,	&	De	Vries,	2001).	

These	 effects	 can	 be	 seen	 as	 a	 function	 to	 facilitate	 approach	behavior	 towards	 need-

stimuli	(Balcetis	&	Dunning,	2010).	In	the	present	dissertation,	the	rating	data	in	Study	1	

revealed	 that	 fluid	 depletion	 causes	 an	 increase	 in	 pleasantness	 and	 arousal	 ratings	

specifically	 related	 to	 the	 need-relevant	 stimulus.	 These	 results	 are	 concurrent	 to	

previous	 findings	 and	 further	 strengthen	 the	 view	 that	 need-stimuli	 gain	 increased	

attention	 and	 are	 perceived	 as	more	 attractive	 compared	 to	 unrelated	 environmental	

stimuli	 when	 competing	 for	 restricted	 processing	 capabilities	 (Anderson,	 2013;	

Desimone	 &	 Duncan,	 1995).	 Furthermore,	 the	 pleasantness	 of	 the	 sight	 and	 taste	 of	

water	is	decreased	when	drinking	water	to	satiety	(E.	T.	Rolls,	Rolls,	&	Rowe,	1983).	In	

the	present	dissertation,	 the	 rating	data	 in	 Study	2	parallel	 these	 findings	by	 showing	

that	participants’	pleasantness	and	thirst	ratings	decrease	in	a	linear	fashion	when	small	

amounts	of	water	are	repeatedly	ingested.	Whereas	the	design	of	Study	2	does	not	allow	

to	distinguish	 this	 finding	 from	the	effects	of	 sensory-specific	 satiety	 (B.	 J.	Rolls,	Rolls,	

Rowe,	&	 Sweeney,	 1981;	 E.	 T.	 Rolls	 et	 al.,	 1983)	 due	 to	 a	 lack	 of	 contrast	 stimuli,	 the	

results	support	the	notion	of	a	modulation	of	incentive	value	attribution	by	the	means	of	

bodily	needs	(Toates,	1986).	

Likewise,	 functional	 neuroimaging	 studies	 investigated	 the	 neural	 correlates	

associated	 with	 fluid	 depletion.	While	 a	 large	 body	 of	 previous	 studies	 identified	 the	
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MCC,	 ACC,	 and	 insula	 as	 key	 regions	 in	 sensing	 fluid	 depletion	 (Denton,	 Shade,	

Zamarippa,	Egan,	Blair-West,	McKinley,	Lancaster,	et	al.,	1999b;	Egan	et	al.,	2003;	Farrell	

et	al.,	2006;	2008;	Parsons	et	al.,	2000)	and	processing	the	taste	of	water	as	a	stimulus	

(de	Araujo	et	al.,	2003;	Frey	&	Petrides,	1999;	A.	Wagner	et	al.,	2006;	Yang	et	al.,	2008;	

Zald	 &	 Pardo,	 2000),	 only	 a	 minority	 of	 these	 studies	 directly	 investigated	 the	

interaction	 of	 need-stimuli	 and	 body	 fluid	 distortion	 (de	 Araujo	 et	 al.,	 2003).	 In	

particular,	de	Araujo	and	colleagues	 (2003)	discovered	 that	during	 the	consummatory	

phase	of	ingestion	the	BOLD	activity	onto	water	consumption	trials	showed	an	increase	

in	activation	 in	 the	mid-insula	and	medial	OFC	 for	 fluid	deprived	as	compared	to	 fluid	

sated	 states.	 Furthermore,	 BOLD	 activity	 in	 the	 ACC,	 insula,	 and	 OFC	 was	 positively	

correlated	with	participants’	pleasantness	ratings	of	the	water	(de	Araujo	et	al.,	2003).	

In	 the	 present	 dissertation,	 Study	 1	 further	 expands	 this	 knowledge	 by	 revealing	 a	

selectively	 increased	 BOLD	 responses	 for	 beverage	 pictures	 in	 the	 aMCC,	 insula,	 and	

amygdala	during	the	thirst	as	compared	to	 the	no	thirst	state.	Hence,	Study	1	displays	

the	 dynamic	 and	 body	 state	 dependent	 representation	 of	 incentive	 value	 for	 need-

stimuli	during	the	anticipatory	phase	of	fluid	ingestion.	Whereas	the	number	of	human	

studies	 investigating	 anticipatory	 responses	 towards	 water	 stimuli	 is	 almost	 absent,	

findings	from	neuroimaging	studies	concerning	the	processing	of	other	natural	rewards	

may	provide	further	insight	into	this	topic.	Specifically,	increased	BOLD	responses	in	the	

amygdala	(Cheng,	Meltzoff,	&	Decety,	2007;	Führer,	Zysset,	&	Stumvoll,	2008;	Goldstone	

et	al.,	2009;	Holsen	et	al.,	2005;	LaBar	et	al.,	2001;	Mohanty	et	al.,	2008),	cingulate	cortex	

(S.	Frank	et	al.,	2010a;	Führer	et	al.,	2008;	Holsen	et	al.,	2005;	Mohanty	et	al.,	2008;	Siep	

et	al.,	2009),	and	the	insula	(Goldstone	et	al.,	2009;	Holsen	et	al.,	2005;	Siep	et	al.,	2009)	

were	detected	 for	need-stimuli	during	hunger	as	 compared	 to	no	hunger	 states	 in	 the	

anticipatory	phase	of	 ingestion.	Taken	 together,	 the	 findings	presented	 in	 Study	1	 are	
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concurrent	with	previous	findings	and	support	the	view	of	a	selective	shift	in	incentive	

value	coding	towards	need-stimuli	during	a	need-state	in	the	anticipatory	phase.	

While	 Study	 1	 gained	 knowledge	 regarding	 the	 selective	 enhancement	 of	

incentive	 value	 towards	 goal	 stimuli	 during	 the	 initial	 phase	 of	 motivated	 behavior,	

Study	2	further	discovered	how	the	attribution	of	 incentive	value	towards	goal	stimuli	

changes	 during	 consumption.	 Specifically,	 after	 drinking	 is	 initiated	 and	 a	 sufficient	

amount	of	 fluid	 is	 ingested	one	needs	 to	 terminate	drinking.	The	 incentive	motivation	

theory	 predicts	 a	 moment-to-moment,	 need-state	 dependent	 shift	 in	 incentive	 value	

attribution,	 i.e.,	 a	 decrease	 in	 need-state	 will	 result	 in	 a	 decrease	 of	 incentive	 value.	

Concurrent	 to	 this	 view,	 the	 BOLD	 responses	 onto	 water	 ingestion	 revealed	 a	 linear	

decrease	in	the	cingulate	and	insula	cortex	with	repeated	water	ingestion.	Furthermore,	

single-trial	BOLD	responses	of	the	cingulate	and	insula	cortex	were	related	to	trial-by-

trial	 ratings	 of	 thirst	 and	 pleasantness.	 These	 findings	 extend	 previous	 studies	which	

showed	 that	 the	 consumption	 of	 a	 preferred	 stimulus	 results	 in	 decreased	 BOLD	

responses	 and	 pleasantness	 ratings	 over	 time	 (Small	 et	 al.,	 2001).	 Particularly,	 the	

repeated	 consumption	 of	 pieces	 of	 chocolate	 resulted	 in	 linear	 decreasing	 BOLD	

responses	 in	 the	 insula	 and	 medial	 OFC	 while	 participants	 shifted	 towards	 a	 state	

beyond	satiety.	Moreover,	 the	rating	data	revealed	 that	 the	 ingestion	of	chocolate	was	

pleasant	at	the	beginning	and	changed	towards	unpleasantness	when	satiety	increased	

(Small	et	al.,	2001).	Taken	together,	 the	 findings	presented	 in	Study	2	display	that	key	

regions	of	the	drinking	system	exhibit	a	dynamic,	need-state	dependent	representation	

of	incentive	value	that	is	proportional	to	the	motivational	significance	of	the	stimulus.	

Disgust	as	a	potent	stimulus	in	driving	motivation	

Furthermore,	the	capability	of	environmental	stimuli	to	gain	attention	and	to	lead	

motivated	 behavior	 is	 additionally	 determined	 by	 external	 factors,	 i.e.,	 the	 sensory	



	 89	

quality	of	the	stimulus.	Concerning	food	ingestion	and	energy	replenishment,	potential	

foods	are	selected	based	upon	anticipated	energy	density	and	palatability	(Drewnowski,	

1997;	 1998).	 However,	 natural	 decay	 can	 turn	 even	 the	most	 appetizing	 foods	 into	 a	

dangerous	 substance	 and	 discriminating	 between	 edible	 and	 inedible	 foods	 is	 thus	 of	

primal	importance	(Cockburn,	1971;	Wolfe	et	al.,	2007).	Hence,	natural	decay	was	used	

in	 the	 present	 dissertation	 as	 a	 potent	mechanism	 for	 studying	 the	 neural	 correlates	

associated	with	the	processing	of	 food	stimulus	edibility	during	the	anticipatory	phase	

of	ingestion.	

The	sight	of	potential	foods	can	arouse	strong	motivation	for	ingestion	when	the	

food	is	highly	appetitive	and	ready	to	eat.	In	this	vein,	preferred	and	palatable	foods	are	

consumed	in	greater	amounts	(Sørensen	et	al.,	2003)	and	are	rated	as	more	pleasurable	

and	wanted	(e.g.	Piqueras-Fiszman,	Kraus,	&	Spence,	2014).	In	turn,	rotten	and	decayed	

foods	 stimulate	 strong	 motivation	 for	 avoidance	 and	 are	 rejected	 based	 upon	

anticipated	negative	health	consequences	(Fallon	&	Rozin,	1983;	Rozin	&	Fallon,	1980).	

Typically,	these	foods	are	seen	as	contagious	and	even	trace	amounts	are	sufficient	for	

transforming	 otherwise	 acceptable	 foods	 into	 unwanted	 ones	 (Rozin	&	 Fallon,	 1987).	

Furthermore,	 disgust	 eliciting	 stimuli	 usually	 receive	 a	 negativity	 bias.	 Specifically,	

greater	weight	 is	given	towards	negative	stimuli	resulting	in	negative	potency,	steeper	

negative	gradients,	negative	dominance,	and	negative	differentiation	(Rozin	&	Royzman,	

2001).	 Moreover,	 negative	 emotion,	 feedback,	 and	 information	 are	 processed	 more	

thoroughly	 than	 good	 ones,	 which	 led	 to	 the	 view	 that	 bad	 is	 stronger	 than	 good	

(Baumeister	 et	 al.,	 2001).	 In	 the	 present	 dissertation,	 Study	3	 presented	 a	 set	 of	 food	

stimuli	 which	 incorporated	 the	 full	 range	 of	 external	 appearance,	 i.e.,	 from	 highly	

appetitive	 to	 highly	 aversive.	 In	 particular,	 pleasantness	 and	 arousal	 ratings	 resemble	

the	remarkable	impact	of	natural	decay,	i.e.,	foods	were	rated	as	less	pleasant	and	more	
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arousing	proportional	to	the	inedibility	and	danger	of	ingestion	pathogens.	This	finding	

is	generally	consistent	with	the	incentive	motivation	theory,	which	subdivides	rewards	

into	positive,	neutral,	and	negative	stimuli	based	upon	which	behavior	is	guided	towards	

or	away	from	environmental	stimuli	(Toates,	1986).		

Concurrent	 evidence	 comes	 from	neuroimaging	 studies,	which	 investigated	 the	

influence	 of	 positive	 and	 negative	 stimuli	 onto	 neuronal	 processes.	 The	 majority	 of	

previous	 studies	 focused	 onto	 the	 processing	 of	 positive	 stimuli.	 Specifically,	 the	

processing	 of	 highly	 appetitive,	 calorie-dense	 foods	 compared	 to	 low-calorie	 dense	

foods	and	non-food	control	 items	revealed	an	increased	LPP	between	300	and	700	ms	

(Harris	 et	 al.,	 2011;	 2013;	 Toepel	 et	 al.,	 2009)	 and	 increased	 BOLD	 responses	 in	 the	

visual	cortex	(Born	et	al.,	2011;	Cornier	et	al.,	2007;	T.	C.	Frank	et	al.,	2010b;	Goldstone	

et	 al.,	 2009;	 Killgore	 et	 al.,	 2003;	 Passamonti	 et	 al.,	 2009).	 In	 contrast,	 only	 a	 limited	

number	 of	 studies	 directly	 investigated	 the	 effects	 of	 negative	 stimuli	 onto	 neuronal	

processes	 in	 the	 food	 domain	 (Beaver	 et	 al.,	 2006;	 Calder	 et	 al.,	 2007).	 In	 particular,	

Beaver	 and	 colleagues	 (2006)	 reported	 increased	 BOLD	 responses	 in	 the	

parahippocampal	and	lingual	gyrus	when	disgusting	foods	were	compared	against	bland	

control	foods,	and	in	the	lingual	and	calcarine	gyrus	during	the	comparison	against	non-

food	 control	 items.	 Concerning	 the	 processing	 of	 negative	 stimuli	 in	 a	 broader	 sense,	

previous	 studies	 associated	 the	 view	 of	 disgust	 and	 contamination	 stimuli	 contrasted	

against	 neutral	 or	 fear	 stimuli	 with	 increased	 BOLD	 responses	 in	 visual	 associative	

regions	(Schienle	et	al.,	2002;	2005;	2006;	Stark	et	al.,	2003;	2004;	2005;	2007).	In	the	

present	dissertation,	the	results	presented	for	inedible	foods	in	Study	3	are	concurrent	

to	 this	view.	The	results	display	the	predominant	processing	of	negative	stimuli	 in	 the	

extrastriate	 visual	 cortex.	 In	 line	with	 this	 finding,	 Study	3	 revealed	 an	 enhanced	LPP	

over	parieto-occipital	sensor	regions,	which	previous	research	related	to	the	allocation	
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of	attentional	resources	(e.g.,	Blechert	et	al.,	2014;	Stockburger	et	al.,	2009;	Svaldi	et	al.,	

2010).	In	addition,	the	present	results	enhance	previous	findings	by	demonstrating	the	

EEG	 and	 MRI	 effects	 during	 a	 within-category	 comparison,	 which	 ensures	 that	 other	

stimulus	 characteristics	 like	 taste,	 color,	 and	 calorie-density	 were	 held	 constant.	 In	

comparison,	 previous	 studies	 used	 different	 food	 items	 for	 the	 disgust	 vs.	 control	

condition	(Beaver	et	al.,	2006;	Calder	et	al.,	2007)	and	appetitive	vs.	 control	condition	

(Born	et	al.,	2011;	Cornier	et	al.,	2007;	T.	C.	Frank	et	al.,	2010b;	Goldstone	et	al.,	2009;	

Killgore	et	al.,	2003;	Passamonti	et	al.,	2009).	Taken	together,	the	present	neuroimaging	

findings	support	the	notion	that	rotten	and	decayed	foods	stimulate	a	strong	motivation	

for	avoidance	and	contribute	to	the	perspective	that	attention	is	selectively	increased	to	

dangerous	 food	 items.	 This	 can	 be	 seen	 as	 an	 evolutionary	 adaptation	 to	 prevent	 the	

ingestion	 of	 pathogens.	 In	 this	 vein,	 humans	 consistently	 report	 to	 reject	 rotten	 food	

because	of	anticipated	negative	consequences	(Fallon	et	al.,	1984;	Fallon	&	Rozin,	1983;	

Rozin	&	Fallon,	1980;	1987).		

Thinking	in	a	broader	perspective,	the	findings	presented	in	Study	3	account	for	

the	 idea	 of	 a	 behavioral	 immune	 system	 (Schaller	 &	 Park,	 2011).	 In	 particular,	 the	

avoidance	of	pathogen	ingestion	is	beneficial	over	the	physiological	mechanisms	fighting	

against	pathogens	in	the	body.	To	provide	an	effective	behavioral	defense,	inedible	foods	

need	to	be	detected	automatically	and	early	in	the	processing	stream.	Previous	research	

has	 shown	 that	 salient	 and	 emotionally	 significant	 stimuli	 are	 discriminated	 already	

around	150	-	200	ms	after	stimulus	onset	(Flaisch	et	al.,	2009;	2011;	Flaisch	&	Schupp,	

2013;	Kissler	et	al.,	2006;	Mühlberger	et	al.,	2009;	Schupp	et	al.,	2004;	Van	Berkum	et	al.,	

2009;	 Wieser	 et	 al.,	 2010).	 In	 line	 with	 this	 view,	 the	 findings	 in	 Study	 3	 reveal	 a	

discrimination	between	 inedible	 and	 edible	 foods	 in	 less	 than	200	ms,	 supporting	 the	

idea	 of	 a	 fast	 and	 automatic	 mechanism	 for	 pathogen	 avoidance.	 Concurrent	 to	 this	
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finding,	 previous	 research	 in	 the	 food	domain	 showed	 a	 similar	 fast	 discrimination	 of	

appetitive,	calorie-dense	foods	vs.	neutral,	low-caloric	foods	(Meule	et	al.,	2013;	Toepel	

et	al.,	2009).	Thus,	a	mechanism,	which	detects	cues	predicting	harmful	pathogens	and	

thereupon	 arouses	 disgust,	 facilitates	 pathogen	 avoidance	 and	 is	 of	 evolutionary	

advantage	(Oaten	et	al.,	2009;	Rozin	&	Fallon,	1987;	Schaller	&	Park,	2011;	Tybur	et	al.,	

2013).	

Integration	into	the	incentive	motivational	model	

According	 to	 incentive	 motivation	 theory	 (Bindra,	 1978;	 Bolles,	 1972;	 Toates,	

1986),	the	power	of	external	stimuli	to	direct	behavior	is	adjusted	based	on	the	current	

need-state	 of	 the	 organism.	 In	 particular,	 internal	 states	 function	 as	 gates,	 which	

dynamically	adjust	 the	 incentive	value	of	rewards	and	their	predictive	stimuli	(Toates,	

1986).		

In	 line	 with	 this	 notion,	 previous	 animal	 studies,	 which	 investigated	 the	

engagement	 of	 motivational	 brain	 regions	 in	 coding	 for	 goal	 objects,	 highlight	 the	

importance	 of	 the	 amygdala	 and	 OFC	 in	 coding	 for	 positive	 and	 negative	 stimuli.	

Specifically,	while	the	amygdala	seems	critical	for	establishing	representations	between	

predictive	 and	 goal	 stimuli	 on	 one	 side	 and	 incentive	 value	 on	 the	 other,	 the	 OFC	 is	

thought	to		be	involved	in	maintaining	and	updating	those	information	and	transforming	

them	 into	 purposeful	 behavior	 (Parkinson	 et	 al.,	 2001;	 Paton,	 Belova,	 Morrison,	 &	

Salzman,	2006;	Pickens	et	al.,	2003;	Schoenbaum,	Chiba,	&	Gallagher,	1998;	Schoenbaum,	

Setlow,	Nugent,	Saddoris,	&	Gallagher,	2003).	Furthermore,	recent	animal	studies,	which	

investigated	the	temporal	representation	of	 incentive	value	coding,	 further	established	

the	 concept	 of	 a	 state	 value,	 i.e.	 the	 value	 of	 the	 overall	 situation	 of	 an	 organism	 at	 a	

given	moment	(c.f.	Morrison	&	Salzman,	2010).	This	concept	highlights	the	importance	

of	incorporating	the	organisms	body	state	into	the	computation	of	moment-to-moment	
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variations	of	value	tracking	for	goal	objects	(Morrison	&	Salzman,	2010;	Salzman	&	Fusi,	

2010).	 In	 particular,	 distinct	 populations	 of	 neurons	 in	 the	 amygdala	 and	 OFC	 either	

encoded	 the	 positive	 or	 negative	 value	 of	 stimuli	 (Belova,	 Paton,	 &	 Salzman,	 2008;	

Morrison	 &	 Salzman,	 2009;	 2011;	 Paton	 et	 al.,	 2006).	 Furthermore,	 both	 structures	

showed	 a	 rapidly	 and	 consistent	 updating	 of	 stimulus	 value	 during	 the	 subsequent	

reversal	period,	regardless	of	the	paired	CS	during	the	training	and	reversal	period,	i.e.	

individual	neurons	tracked	the	outcome	of	the	primary	reinforcer,	even	if	it	was	paired	

with	different	predictive	stimuli	during	 the	 training	and	reversal	period	(Belova	et	al.,	

2008;	Morrison	&	 Salzman,	 2011;	 Paton	 et	 al.,	 2006).	 Furthermore,	 a	 recent	 study	 by	

Robinson	 and	 colleagues	 (2013)	 extends	 these	 findings	 by	 demonstrating	 enhanced	

approach	 behavior	 and	 increased	 FOS	 activation	 in	 the	 nucleus	 accumbens,	 ventral	

tegmental	 area,	 and	 OFC	 towards	 a	 stimulus	 predicting	 a	 previously	 encountered	

negative	 salty	 taste	 during	 a	 previously	 not	 existing	 state	 of	 salt	 appetite	 (M.	 J.	 F.	

Robinson	&	Berridge,	2013).	Taken	together,	these	studies	highlight	the	importance	and	

capability	 of	 the	motivational	 structures	 to	 dynamically	 update	 the	 incentive	 value	 of	

environmental	stimuli	on	a	moment-to-moment	basis.		

Concurrent	to	animal	research,	the	findings	presented	in	the	present	dissertation	

are	 generally	 consistent	with	 the	notion	of	 a	moment-to-moment	 coding	 for	 incentive	

value	of	 environmental	 stimuli.	 In	particular,	 the	 findings	presented	 in	 Study	1	 reveal	

neural	correlates	in	motivational	regions	during	the	anticipatory	phase	of	ingestion	that	

were	 associated	 with	 the	 selective	 processing	 and	 increased	 attribution	 of	 stimulus	

value	to	need-stimuli	as	compared	to	unrelated	objects.	Increasing	the	incentive	value	of	

environmental	stimuli,	which	predict	future	sources	of	need-stimuli	ensures	that	these	

stimuli	gain	preferential	capabilities	in	attracting	motivation	and	directing	the	organism	

towards	 the	 goal	 object	 (Toates,	 1986).	 Furthermore,	when	 the	 goal	 object	 is	 at	 hand	
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and	 consumed,	 the	 value	 of	 the	 need-stimulus	 needs	 to	 be	 updated	 on	 a	moment-to-

moment	 basis	 according	 to	 internal	 needs,	 which	 is	 consistent	 with	 the	 findings	

presented	 in	 Study	2.	 In	 addition,	 Study	3	 introduces	 a	 new	 set	 of	 food	 stimuli	which	

span	the	full	range	from	positive	towards	negative	valence.	The	results	presented	in	this	

study	account	for	a	predominant	neuronal	processing	of	negative	stimuli,	i.e.	increased	

attentional	capture	and	an	early	discrimination	 in	 the	processing	stream.	The	 findings	

presented	 in	 Study	 3	 account	 for	 a	 strong	 avoidance	 reaction	 towards	 inedible	 and	

potential	dangerous	foods,	which	is	in	line	with	the	formulation	of	incentive	motivation	

theory	that	the	power	of	incentive	stimuli	depends	upon	associations	formed	between	a	

stimulus	and	its	consequences	(Toates,	1986).	

Differential	neuronal	recruitment	during	anticipation	and	consummation	in	thirst	

The	 act	 of	 food	 and	 fluid	 replenishment	 incorporates	 a	 broad	 range	 of	 search,	

approach,	and	ingestive	behaviors,	which	can	be	distinguished	into	an	anticipatory	and	a	

consummatory	phase.	These	phases	act	together	to	bring	the	organism	in	close	contact	

with	a	goal	stimulus	and	to	incorporate	stereotyped	ingestive	responses	when	at	hand	

(W.	Craig,	1918).	Furthermore,	the	phases	follow	a	temporal	sequence	subdivided	into	

motivational	 modes	 with	 each	 mode	 consisting	 of	 a	 different	 subset	 of	 stimulus	

sensitivities	 and	 response	 components	 (Timberlake	 et	 al.,	 2001).	 Hence,	 different	

motivational	 phases	 were	 incorporated	 in	 the	 present	 dissertation	 to	 investigate	 the	

neural	 correlates	 associated	 with	 anticipatory	 and	 consummatory	 responses	 towards	

goal	stimuli.	

In	accordance	to	the	models	from	Craig	and	Timberlake,	previous	research	with	

animals	 and	 humans	 has	 shown	 that	 the	 anticipatory	 and	 consummatory	 phases	 are	

associated	 with	 different	 response	 patterns	 and	 underlying	 neural	 mechanisms.	 In	

particular,	hamsters	show	a	different	behavioral	pattern	of	foraging	and	food	hoarding	
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compared	 to	 other	 animals	 when	 deprived	 (Keen-Rhinehart	 et	 al.,	 2010;	 2013).	

Furthermore,	 separate	 neuroanatomical	 substrates	were	 associated	with	motivational	

behavior	 (Barbano	 &	 Cador,	 2007;	 Burgdorf	 &	 Panksepp,	 2006)	 and	 separate	 neural	

correlates	associated	with	odors	and	foods	(Small	et	al.,	2008;	Stice	et	al.,	2009)	in	the	

anticipatory	and	consummatory	phase.	While	the	data	presented	in	Study	1	and	Study	2	

reveal	a	common	activation	of	the	aMCC	during	anticipation	and	consummation,	neural	

correlates	in	the	insula	cortex	separate	between	the	attribution	of	stimulus	value	during	

the	anticipatory	and	consummatory	phase.	Particularly,	during	anticipation	in	Study	1,	a	

selectively	increased	BOLD	response	for	water	stimuli	was	found	in	the	anterior	insula.	

In	turn,	during	consummation	in	Study	2,	a	coding	of	stimulus	value	proportional	to	the	

motivational	significance	of	the	stimulus	was	found	in	the	posterior	insula.	This	finding	

is	 generally	 consistent	with	previous	 findings	 relating	differential	 neural	 correlates	 to	

reward	 anticipation	 and	 consumption	 (X.	 Liu	 et	 al.,	 2011)	 and	 supports	 the	 notion	 of	

different	subsets	of	separable	stimulus	sensitivities	and	response	components	for	each	

motivational	 phase	 as	 proposed	 by	 Timberlake	 (2001).	 Furthermore,	 the	 current	

findings	extend	previous	models	of	insula	function,	which	suggest	a	functional	division	

of	 the	 insula,	 according	 to	which	 the	 anterior	 insular	 cortex	 responds	more	 to	 salient	

external	 input,	 whereas	 the	 posterior	 insula	 is	 more	 responsive	 to	 homeostatic	 and	

somatosensory	processes	(Chang	et	al.,	2013;	A.	D.	Craig,	2010;	Menon	&	Uddin,	2010).	

Taken	together,	the	results	presented	in	the	present	dissertation	account	for	a	functional	

division	 of	 underlying	 neural	mechanisms	most	 possible	 related	 to	 different	 stimulus	

sensitivities	and	response	components.	

Open	questions	and	future	directions	

The	 present	 dissertation	 investigated	 the	 neural	 correlates	 associated	with	 the	

processing	of	natural	 rewards	under	 the	modulatory	 influence	of	both	body	 state	 and	
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external	appearance.	However,	while		the	modulation	of	stimulus	value	was	investigated	

under	the	motivational	phases	of	anticipation	and	consummation	during	thirst,	only	the	

anticipatory	 phase	was	 investigated	 during	 the	 processing	 of	 food	 edibility.	 Thus,	 the	

question	 remains	 how	 food	 edibility	 is	 processed	 during	 the	 consummatory	 phase	 of	

ingestion.	 However,	 at	 least	 two	 issues	 have	 to	 be	 considered	 when	 examining	 this	

question.	At	first,	the	critical	phase	of	food	edibility	has	to	be	performed	before	the	food	

is	 ingested.	Hence,	as	elucidated	in	the	present	dissertation,	rather	neural	mechanisms	

associated	 with	 the	 anticipatory	 phase	 seem	 to	 be	 responsible	 for	 this	 process.	

Nevertheless,	 it	may	 happen	 that	 an	 inedible	 food	 is	 ingested	 and	 strong	 disgust	 and	

avoidance	 reactions	 like	 vomiting	 and	 spitting	 are	 elicited.	 Second,	 due	 to	 health	

concerns	 an	 ecological	 valid	 investigation	 of	 this	 question	 is	 not	 possible	 without	

harming	participants.	To	circumvent	these	issues,	a	study	combining	the	anticipation	of	

food	edibility	and	consumption	may	be	used.	One	possible	example	may	build	upon	the	

work	by	Ohla	and	colleagues	(Ohla,	Toepel,	Le	Coutre,	&	Hudry,	2010).	In	particular,	an	

electric	 stimulation	 of	 the	 tongue,	 which	 produces	 an	 artificial	 taste	 sensation,	 in	

combination	with	 the	 presentation	 of	 edible	 and	 inedible	 food	 images	may	be	 able	 to	

investigate	 neural	 correlates	 associated	with	 food	 edibility	 during	 the	 consummatory	

phase	of	ingestion.	

Furthermore,	the	effects	of	body	state	and	stimulus	appearance	were	studied	in	

isolation	 in	the	present	dissertation.	While	some	studies	only	reported	additive	effects	

of	 internal	and	external	 factors	onto	 food	consumption	(Bellisle	et	al.,	1984;	S.	W.	Hill,	

1974;	 Spiegel	 et	 al.,	 1989),	 these	 factors	do	not	 independently	 influence	 the	power	of	

environmental	stimuli.	Instead,	incentive	effects	of	external	stimuli	are	regulated	by	the	

internal	 need-state	 of	 the	 organism	 (see	 Carr,	 1996).	 With	 focus	 on	 positive	 stimuli,	

interaction	effects	were	primarily	studied	in	relation	to	food	deprivation	and	palatability.	
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In	particular,	the	administration	of	high	as	compared	to	low	preloads	leads	to	a	decrease	

in	overall	meal	 intake	as	did	the	serving	of	palatable	as	compared	to	bland	test	meals.	

However,	 while	 the	 intake	 of	 palatable	 and	 bland	 foods	 was	 quite	 similar	 under	 low	

preload	doses,	a	relative	increase	was	observed	for	palatable	meals	compared	to	bland	

meals	 under	 high	 preloads	 (Yeomans,	 Lee,	 Gray,	 &	 French,	 2001).	 Moreover,	 food	

choices	made	for	savory	and	sweets	foods	dissociate	depending	on	deprivation	level,	i.e.,	

under	deprivation	choices	were	made	more	 frequently	 for	 savory	 foods	whereas	after	

ad	libitum	eating	sweet	foods	were	chosen	more	frequently	(Finlayson,	King,	&	Blundell,	

2007).	 The	 most	 impressive	 interaction	 of	 deprivation	 and	 palatability	 comes	 from	

studies	investigating	the	effects	of	sensory	specific	satiety.	Specifically,	using	a	preload	

with	 a	 specific	 sensory	 and	 nutritional	 characteristic	 leads	 to	 a	 selective	 decrease	 in	

pleasantness	 and	 acceptance	 of	 that	 particular	 food	 eaten	 whereas	 sensory	 or	

nutritional	distinct	foods	are	not	affected	(B.	J.	Rolls	et	al.,	1981;	E.	T.	Rolls	et	al.,	1983).	

When	 focusing	 on	 negative	 stimuli,	 moderate	 food	 deprivation	 levels	 are	 capable	 of	

reducing	 the	 expression	 of	 disgust	 towards	 unpalatable	 looking	 foods	 (Hoefling	 et	 al.,	

2009).	 However,	 functional	 neuroimaging	 studies	 regarding	 interaction	 effects	 of	

internal	and	external	factors	in	the	food	or	fluid	domain	are	mostly	absent.	Accordingly,	

further	 research	 is	needed	 to	 investigate	 the	 influence	of	 internal	and	external	 factors	

onto	the	neuronal	processing	of	natural	rewards.	

In	addition,	no	study	in	the	field	of	human	neuroscience	investigated	the	neural	

mechanisms	associated	with	concurring	effects	of	thirst	and	hunger	states	at	the	same	

time.	 Some	 studies	 in	 the	 animal	 literature	 showed	 that	 dehydration	 caused	 an	

inhibition	of	animal	feeding	behavior	(Pliskoff	&	Tolliver,	1960;	R.	J.	Rolls	&	McFarland,	

1973;	 Van	 Hemel	 &	Myer,	 1970).	 Parallel	 to	 these	 findings,	 the	 sight	 of	 a	 food	might	

attract	 a	 fluid	 and	 food	 deprived	 human	 individual	 but	 simultaneously	 evoke	 an	
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avoidance	 reaction	 in	 consequence	 of	 further	 fluid	 loss.	 Further	 knowledge	 could	 be	

gained	when	investigating	this	topic	in	future	studies.	

Conclusion	

Food	and	fluid	ingestion	is	of	primal	importance	for	the	survival	of	an	organism.	

In	 particular,	 ingestion	 has	 to	 be	 regulated	 in	 accordance	 with	 internal	 needs	 and	

balanced	against	the	risk	of	pathogen	intake.	Thus,	internal	and	external	influences	are	

major	 contributors	 for	 the	 modulation	 of	 the	 stimulus	 value	 of	 natural	 rewards.	 The	

present	dissertation	contributes	to	the	field	of	natural	reward	processing	by	extending	

the	 knowledge	 of	 the	 underlying	 neural	mechanisms	 responsible	 for	 these	 processes.	

The	results	demonstrate	that	in	a	need-state	the	attribution	of	incentive	value	towards	

goal	 stimuli	 is	 selectively	enhanced	during	anticipation	and	dynamically	adjusted	on	a	

moment-to-moment	 basis	 during	 consummation.	 Hence,	 the	 attribution	 of	 incentive	

value	is	adjusted	accordingly	in	relation	to	the	motivational	significance	of	the	stimulus.	

Furthermore,	 the	 results	 demonstrate	 a	 fast	 discrimination	 in	 food	 edibility	 and	

increased	attention	towards	these	stimuli	during	anticipation.	In	line	with	the	idea	of	a	

behavioral	immune	system,	these	processes	presumably	support	pathogen	avoidance.	In	

sum,	 the	 findings	 presented	 in	 the	 present	 dissertation	 improve	 the	 understanding	 of	

positive	and	negative	stimuli	in	reward	processing	and	have	important	implications	for	

future	studies	related	to	the	field	of	incentive	motivation.	
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