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Er is in toenemende mate aandacht voor de rol van voeding in het verouderingsproces. De 
waardering (of de afwezigheid daarvan) die we ervaren bij het zien en consumeren van 
voedsel heeft een belangrijke invloed op eetgedrag. Mensen zijn zich ervan bewust welke 
voedselproducten zij vies en lekker vinden. Echter, zij zijn zich vaak niet bewust van de 
lichamelijke (bijv. honger) en psychologische (bijv. emoties en geheugen) processen, die 
ervoor zorgen dat zij een product vies of lekker vinden (oftewel waardering; ‘Pleasure from 
Food’). Hoewel er veel onderzoek is gedaan naar de invloed van producteigenschappen van 
voedsel op het ouder worden (bijvoorbeeld de relatie tussen vitamine B en geheugen), weten 
we nog maar weinig over de processen, die ten grondslag liggen aan de waardering tijdens 
het zien en consumeren van voedsel in jongeren en ouderen. In het onderzoek beschreven in 
dit proefschrift hebben we deze processen onderzocht. 

De resultaten van dit proefschrift laten zien dat smaaksensatie (hoe intens een smaak wordt 
ervaren) niet verschillend is tussen gezonde jongeren en ouderen. Het effect van leeftijd 
op de waardering van smaken lijkt het gevolg van veranderingen in de complexe interactie 
tussen deze smaaksensatie, emoties en informatie die in ons geheugen is opgeslagen. Om 
het verband tussen smaakbeleving en eetgedrag in relatie met veroudering te begrijpen, is 
inzicht in de manier waarop veranderingen in psychologische processen ertoe bijdragen dat 
ouderen een adequate waardering van voedsel en daarmee eetgedrag behouden cruciaal. 
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GENERAL INTRODUCTION
 At this moment, older adults (65+ years) constitute around 8% of the world‘s 

population and this proportion is expected to increase to approximately 16% by 
the year 2050 (United Nations, 2010). This demographic shift brings forth a new set of challeng-
es aiming to delay and limit the loss of health during the process of aging. There is increasing 
awareness that dietary intake is an important factor in age-related pathologies and quality of life 
in older adults (Amarantos, Martinez, & Dwyer, 2001; Briefel et al., 1995; Dato, Bellizzi, Rose, & 
Passarino, 2016; Fischer & Johnson, 1990; Han, Li, & Zheng, 2009; Thomas, 2001). By modifying 
dietary intake, in an effort to achieve adequate intake, one might foster healthy aging. However, 
dietary intake across the human lifespan is regulated by a complex interplay between physiological 
and non-physiological factors that is not easy to disentangle (de Boer, Ter Horst, & Lorist, 2013). 
An important non-physiological determinant of dietary intake is the pleasure we experience from 
consuming food (Appleton, McGill, Neville, & Woodside, 2010; Best, 2012; Blundell & Rogers, 1991; 
Hetherington, 1998; Leslie, 2011). Naturally, individuals eat more of the foods they like and less 
of the foods they dislike (de Graaf et al., 2005). An individual may have awareness of which foods 
they like and dislike, while remaining unaware of the processes that underlie the experience of 
pleasantness (Finlayson, King, & Blundell, 2008). The aim of this thesis was to unravel the neuronal 
mechanisms underlying food pleasantness in healthy young and older adults; that is, in individuals 
that reported no functional decline or disease.

SENSORY AND CONSUMER SCIENCE – 
FOCUS ON PRODUCT AND PERSON CHARACTERISTICS 
One way of assessing food pleasantness is to manipulate the sensory charac-

teristics of a food product and measure the effect of this manipulation on subsequent behavioral 
expressions of pleasantness. The most commonly used question to measure pleasantness is “How 
much do you like this food?” after tasting a small sample of a food stimulus (Sørensen, Møller, 
Flint, Martens, & Raben, 2003). Participants are typically instructed to answer this question on 
Likert (fixed point) or Visual Analogue (continuous) scales. Manipulations of sensory characteris-
tics, such as increasing the concentrations of tastes, are thought to increase food pleasantness in 
older adults, as is evident by older adults with sensory losses showing higher liking ratings com-
pared to young adults for higher concentrations of tastes and stronger tasting food products (e.g., 
custard desserts and tomato drinks) (Griep et al., 2000; Koskinen, Kälviäinen, & Tuorila, 2003; 
Kremer, Bult, Mojet, & Kroeze, 2007a; Murphy & Withee, 1986; Schiffman & Warwick, 1993). Fol-
lowing this, it was widely assumed that aging was related to changes in the sensation of taste and 
smell intensity of food, which in turn affected food pleasantness. 

The sensation of food by the human senses (i.e., smell, taste, somatosensation, sight, and hearing; 
see Figure 1) is studied in sensory science with the purpose of understanding how sensory signals 
affect the experience of pleasantness in response to food. Such studies primarily focused on che-
mosensation, which encompasses taste and smell sensations originating from the mouth. Method-
ologies applied to investigate chemosensation include behavioral ratings of intensity perception 
(e.g., “How intense do you perceive this food on a scale from 1-9?”) and psychophysical tests, 

1.2
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such as detection, identification, and discrimination tests (Garber, Hyatt, & Starr, 2003; Jaure-
gui-Lobera & Bolaños Rois, 2011; Methven, Jiménez-Pranteda, & Lawlor, 2016; Sørensen, Møller, 
Flint, Martens, & Raben, 2003). For example, “Taste Strips”, filter paper strips impregnated with 
four basic taste qualities in four different concentrations, are used as a quick psychophysical test 
to assess taste sensitivity (Landis et al., 2009). In this test, participants are asked to place a 
strip on their tongue and to identify the taste from a list of five qualities (i.e., sweet, sour, salty, 
bitter, or neutral). Each taste quality is tested using four different concentrations. The number 
of correctly reported taste qualities corresponds to an overall ‘taste score’ as a measure of taste 
sensitivity. Based on these and related studies, using intensity rating scales and psychophysical 
tests, it was concluded that taste sensitivity among older adults is lower compared to young adults 
and that this sensitivity further decreases with advancing age (Methven, Allen, Withers, & Gos-
ney, 2012; Mojet, Christ-Hazelhof, & Heidema, 2001; Mojet, Heidema, & Christ-Hazelhof, 2003; 
Murphy, 1993; Murphy et al., 2002; Ng et al., 2004). The sense of smell is described to decrease 
even more than the sense of taste (Stevens, Bartoshuk, & Cain, 1984). Given that product charac-
teristics remain constant, the age-related changes in both taste and smell sensitivity are due to 
changes in the person perceiving food-related information. These perceptual changes are assumed 
to affect pleasantness; however, data supporting this assumption are currently lacking (Kozlowska 
et al., 2003; Kremer et al., 2007b; Mattes, 2002; Rolls, 1999).
 

PLEASANTNESS: A PERSON’S PERCEPTION
The distinction between sensation and perception, that takes place within a per-
son, complicates our understanding of the relation between sensation and pleas-

antness. Pleasantness is the subjective perception of a person whose sense organs have been stim-
ulated. This subjective perception tells us something about the chemosensory stimulus (i.e., taste 
or smell of a food product), but goes beyond the stimulus and its characteristics. For example, 

Figure 1. Mechanisms underlying food pleasantness can be investigated using a combination of physical, sensory, neuro-
nal, and behavioral measures. Liking ratings are the final behavioral outcome of the interaction between physical product 
characteristics and person characteristics like saliva secretion (Chapter 2), sensation (Chapter 3), emotion (Chapter 4 
and 5), and memory (Chapter 6 and 7). These neuronal mechanisms underlying pleasantness were investigated in this 
thesis using functional Magnetic Resonance Imaging (fMRI) and electroencephalography (EEG). 

General Introduction   
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molecules of caffeine in coffee stimulate bitter taste receptors cells (TRCs) and we therefore expe-
rience a bitter taste. The interaction between a food product and a person’s perception is crucial 
to induce pleasantness. Whereas humans are born with an aversion for the bitter taste, the liking 
of bitter tasting coffee can be developed through learning mechanisms without changing the bitter 
sensation on the tongue (Yeomans, 2009). A positively experienced effect of caffeine in coffee may 
lead to increased pleasantness for the bitter taste of coffee. Thus, pleasantness requires people 
to combine information from the senses with previous experiences stored in memory (Figure 1). 

A growing number of consumer science studies recently focused on characteristics of the person 
that contribute to the experience of pleasantness during eating, in addition to taste and smell sen-
sitivity. For example, the role of emotions underlying pleasantness is increasingly acknowledged. 
Emotions can be defined as short-term, affective responses to the appraisal of particular stimuli 
(Matthews & Deary, 1998). It is important to recognize that the stimulation of sense organs by 
tastes, varying in quality and concentration, which are specific product characteristics, do not 
inherently elicit emotions; rather, emotions seem mainly dependent on the person’s context and 
experience (Booth, 1994). Questionnaires were developed to assess which emotions people associ-
ate with food products or mealtimes (King & Meiselman, 2010). Older adults vary in the emotions 
that they associate with their mealtimes, due to long and divergent experiences with and memories 
of these occasions (den Uijl, Jager, de Graaf, Waddell, & Kremer, 2014). 

It can be argued that positive and negative emotions evoked by food products are important mod-
ulators of the experience of food pleasantness, and may thereby affect dietary intake (Dalenberg, 
Gutjar, et al., 2014; Garber, Hyatt, & Starr, 2003; Gutjar et al., 2015; Jauregui-Lobera & Bolaños 
Rois, 2011). It has been suggested that especially as people grow older, emotions evoked by ex-
perience play an increasing role in decision making (Peters, Diefenbach, Hess, & Västfjäll, 2008; 
Roalf, Pruis, Stevens, & Janowsky, 2011). In particular, negative emotions, like sadness, decrease 
dietary intake in older adults (Chapman & Nelson, 1994; Marcus & Berry, 2009; Pamuk et al., 
1992). We hypothesize that the increasing role of emotions may partly explain the absence of a 
direct relation between age-related changes in taste and smell sensitivity and pleasantness. 

FROM BEHAVIORAL TO NEUROIMAGING RESEARCH 
The focus on behavioral measures indexing sensitivity and pleasantness may 
limit our understanding of age-related changes in food pleasantness. Be-

havioral measures, such as taste discrimination thresholds, liking ratings, and emotion ques-
tionnaires, are based on verbal, overt behavior that taps into deliberate and controlled pro-
cesses. With respect to aging, it was proposed that aging induced a switch from automatic to 
more controlled processing (Staub, Doignon-Camus, Marques-Carneiro, Bacon, & Bonnefond, 
2015). For example, older adults might enhance attention to sensory input, in order to com-
pensate for a decline in automatic detection of changes in the molecular composition of tastes 
(Alain, McDonald, Ostroff, & Schneider, 2004; Madden, Whiting, Spaniol, & Bucur, 2005). This 
implies that differences in discrimination thresholds between young and older adults may re-
sult from changes in input processing by the sensory organs, as well as attention (Weiffen-

1.4
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bach, Baum, & Burghauser, 1982). In addition, with respect to the experience of pleasantness, 
older adults might regulate negative towards more positive emotions during food perception, 
compared to young adults (Carstensen, Pasupathi, Mayr, & Nesselroade, 2000; Labouvie-Vief, 
2003; Onoda, Ishihara, & Yamaguchi, 2012; Tsai, Levenson, & Carstensen, 2000). Therefore, 
we hypothesize that behavioral measurements of age-related differences in the experience of 
pleasantness with liking ratings and emotion questionnaires are confounded by differences in 
emotion processing. 

Although people may be aware of the pleasure they experience while eating, it cannot be claimed 
that the automatic processes that underlie the experience of food pleasantness necessarily be-
come explicit. Due to the limitations of behavioral measures being a reflection of overt behavior, 
automatic processes have been largely overlooked.  

In this thesis, we extend the above-described behavioral findings on the relation between 
sensation and pleasantness using two neuroimaging techniques (Figure 1). First, we inves-
tigated the underlying neuronal mechanisms elicited by the sensation of food in the mouth, 
which resulted in the behavioral expression of pleasantness by means of overt behavior re-
flected in liking ratings in young and older adults. In these studies we focused on the sensa-
tion of taste, since the mechanisms underlying the processing of taste information are least 
understood, with respect to aging. Taste processing involves deep brain structures (Doherty, 
Rolls, Francis, Bowtell, & Glone, 2001), posing functional magnetic resonance imaging (fMRI) 
as a useful method, due to its high spatial resolution (see paragraph 1.5). Furthermore, we 
investigated how previous eating experiences, stored in memory, affect the brain’s response 
to pictures of food in young adults. We used the high temporal resolution of electroencepha-
lography (EEG; see paragraph 1.5) to examine possible transfer of previous findings regard-
ing memory towards the food domain. 

METHODS TO STUDY THE NEURAL MECHANISMS 
OF FOOD PLEASANTNESS. 

Magnetic resonance imaging (mri)
MRI is a non-invasive imaging technique, primarily used to produce high quality images of the 
structure of tissue inside of the body. The MRI technique is based on the magnetic properties of 
hydrogen molecules. These molecules have an axis of rotation and a magnetic moment (i.e., they 
behave like a compass needle), which aligns when placed in a static magnetic field. However, align-
ment is not perfect, resulting in a precessional movement (i.e., the axis of rotation sweeps out a 
cone). When a radiofrequency (RF) pulse is applied, the precessional movement of the hydrogen 
molecules is tilted. When the RF pulse is turned off, the precession remains. In other words, after 
a RF pulse is applied, there is a rotating magnetic field which can be picked up by a receiver in the 
MRI device. The signal intensity measured by the MRI device differs, depending on tissue density 
in the brain, which forms the basis for constructing a structural image of the brain (Ward, 2010). 

General Introduction   
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If one is interested in changes of brain responses over time, functional magnetic resonance im-
aging can be used (fMRI). The signal measured with fMRI is based on the magnetic properties of 
hemoglobin, a protein that binds oxygen in the blood. Hemoglobin may disturb the local magnetic 
field, causing an alteration of the signal from hydrogen molecules as described above. It is known 
that blood that has released its oxygen (deoxygenated hemoglobin) causes a larger distortion of 
the magnetic field than blood that is carrying its oxygen (oxygenated hemoglobin). Changes in 
the relative concentration of deoxygenated hemoglobin give rise to the blood oxygenation level 
dependent (BOLD) effect, which increases when brain areas become more active and need more 
oxygen. BOLD responses are measured across multiple functional images of the brain during task 
performance. The time scale of the BOLD response is much slower than the time scale of neuronal 
activity, leaving fMRI with a low temporal resolution (~ 2s). In this thesis, we used fMRI to mea-
sure BOLD responses during tasting as an indirect measure of neuronal activity related to taste 
processing (Goebel, 2007; Heeger & Ress, 2002) (Chapter 2, 3, 4, and 5).

Each functional image has a high spatial resolution, because it consists of small three-dimensional 
cubes called voxels (~ 3 x 3 x 3mm). Classical fMRI analysis involves running a linear regression 
model per voxel, including the measured BOLD response for that voxel over time as a dependent 
variable. This way, voxels of which the BOLD response is modulated by a particular stimulus or 
task, can be identified. Furthermore, stimulus- or task-related BOLD responses can be compared 
between experimental groups (e.g., young and older adults). 

In order to spatially localize the signals in the brain, functional images can be overlaid on a structur-
al image. In this thesis, we focused on investigating age-related changes in BOLD responses in grey 
matter brain tissue. In general, loss of grey matter in frontal brain areas is one of the most consis-
tent findings in the aging brain (Fjell et al., 2009; Raz et al., 1997), followed by reduced grey matter 
in the caudate nucleus, hippocampus, temporal and parietal cortices, and minimal age-related grey 
matter changes in the occipital lobes (Raz & Rodrigue, 2006; Raz et al., 2005). Overall, the findings of 
age-related changes in grey matter are highly variable across individuals and brain functions (Mac-
Donald, Nyberg, & Bäckman, 2006; Vaidya, Paradiso, Boles Ponto, McCormick, & Robinson, 2007). In 
this thesis, we have taken possible age-related differences in grey matter into account when investi-
gating age-related changes in taste processing, by overlaying functional images of the brain on a group 
specific structural image instead of using the Montreal Neurological Institute (MNI) structural image 
composed of 152 young brains (Ashburner, 2007) (Chapter 2, 3, 4, and 5). 

Electroencephalography (EEG)
In addition to the use of an indirect measure of neuronal activity, the results of direct measure-
ment of neuronal activity are also reported in this thesis. When large populations of neurons are 
active together, they produce electrical potentials large enough to be measured by electrodes 
placed on the scalp (Figure 1). A change in voltage corresponding to the difference in potential 
between the signal at a recording electrode and the signal at a reference electrode is measured. 
The recorded signal is called an electroencephalogram. 
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Approaches used to gain insight in brain function focus on how brain responses are modulated 
by a particular stimulus or task. The evoked response, or event-related potential (ERP), is a tiny 
signal embedded in the ongoing EEG. Averaging the evoked response across stimuli reduces the 
background noise, leaving the ERP (Luck, 2014). A significant feature of evoked responses is that 
they provide a precise temporal representation (i.e., ms level) of underlying neuronal activity. The 
ERP consists of different positive and negative peaks, or components, elicited by a specific event 
(e.g., stimulus presentation or behavioral response), which are typically related to specific stages 
of information processing. For this reason, ERPs are especially suited to address questions about 
the time course of neuronal processes, whereas the fMRI BOLD responses elucidate the spatial 
representation of neuronal processes. This important temporal resolution of the ERPs was utilized 
in this thesis. We investigated how information about food pleasantness stored in memory (i.e., 
episodic memory: Chapter 6; semantic memory: Chapter 7) affected different stages of processing 
of pictures of food in young adults. 

Recently, the interest of many researchers has broadened from ERPs to oscillatory changes that 
reflect induced neuronal activity. Whereas ERPs are defined by the amplitude of the neuronal 
activity, oscillatory changes are defined by the frequency of neuronal activity. Power is used as a 
measure of frequencies over time. There is, for example, an increased use of asymmetries of alpha 
power over the frontal cortex as a measure of emotional experience (Allen & Kline, 2004). The tool 
that is most often used to study oscillatory changes in neuronal activity is time-frequency analy-
sis (Cohen, 1995). This technique has been used to examine oscillatory changes induced by food 
stimuli (Chapter 6). 

NEURAL MECHANISMS OF FOOD PLEASANTNESS 

Product characteristics
Food products are very complex stimuli with respect to the molecular composition. The sensation 
of food in the mouth is the result of simultaneous stimulation of at least three sensory systems: 
the gustatory (taste), the olfactory (odor), and the somatosensory (touch) system. Processing of in-
formation from these sensory systems involves multiple areas in the brain. In this thesis, we manip-
ulated product characteristics affecting the gustatory system; that is, the taste quality (e.g. sweet, 
salty, sour, and bitter) and concentration, and examined the BOLD response in brain areas involved 
in taste processing. The pathway of how taste information is transmitted from our sensory taste 
organs towards the brain in humans is illustrated in Figure 2. Taste receptor cells (TRCs) are located 
on the taste buds, distributed on the tongue, palate, larynx, pharynx, and epiglottis. After stimu-
lation, the TRCs excite nerve fibers of the facial nerve (cranial nerve VII), glossopharyngeal nerve 
(cranial nerve IX), and vagus nerve (cranial nerve X). These nerves converge in the solitary nucleus 
in the brainstem and transmit information to the ventral posteromedial nucleus of the thalamus, and 
ventral anterior insular cortex subsequently (Chandrashekar, Hoon, Ryba, & Zuker, 2006; Kurth, 
Zilles, Fox, Laird, & Eickhoff, 2010; Small, 2010; Veldhuizen, Albrecht, et al., 2011). 

General Introduction   
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The ventral anterior insular cortex has been referred to as the primary taste cortex since ma-
nipulations of taste quality and concentration modulated the BOLD response in this brain area 
(Nakamura et al., 2013; Simon, De Araujo, Gutierrez, & Nicolelis, 2006). Very few studies have 
investigated the effect of aging on the brain response to taste. Jacobson et al. (2010) showed that 
aging is accompanied by a reduced response in the thalamus during processing of sweet, sour, 
salty, and bitter tastes. In Chapter 3, we focus on extending these findings on taste processing in 
older adults. We examined responses in the brain during the tasting of different concentrations of 
the four basic tastes and related these measures to behavioral expression of pleasantness using 
liking ratings. 
 
Person characteristics affect taste processing
As mentioned previously, existing knowledge of taste processing is primarily based on manipula-
tions of product characteristics (i.e., taste quality or concentration). Our main goal was to investi-
gate how, in addition to these product characteristics, person characteristics affect the processing 
of taste information in the brain, which also underlie the behavioral expression of pleasantness. 
Differences between individuals in the secretion, components, and properties of saliva influence 
the chemical processing of tastes and the transport of tastes to TRCs (de Wijk, Prinz, Engelen, & 
Weenen, 2004; Ferry et al., 2006; Matsuo, 2000; Vissink, Spijkervet, & Van Nieuw Amerongen, 
1996; Weel et al., 2002). The aging process is associated with many physiological changes in the 
oral cavity, including a decrease in the secretion rate of saliva (Percival, Challacombe, & Marshi, 
1994; Ship, Nolan, & Puckett, 1995; Ship, 2010). These decreased rates have been related to high-
er taste detection thresholds and decreased ability to discriminate between taste concentrations 
in both young and older adults (Christensen, Navazesh, & Brightman, 1984; de Jong, Mulder, de 
Graaf, & van Staveren, 1999; Zaidan, Al-Omary, & Al-Sandook, 2009). Also, age-related changes in 

Figure 2. A sagittal illustration of the pathway of taste processing from the mouth towards the primary taste cortex in 
the ventral anterior insular cortex. Roman numerals indicate the numbered cranial nerves involved in taste processing.   
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mucin levels have been observed (Denny et al., 1991). Mucin serves as a protective layer against 
potential pathogens in the oral cavity. However, so far, it remains unclear how salivary secretion 
rates and saliva composition affect taste processing in the brain and how these factors are modu-
lated by age (Figure 1). These factors were investigated in the study described in Chapter 2. 

As mentioned before, pleasantness requires people to combine information from the senses with 
previous experiences stored in memory (Nguyen, Breakspear, Hu, & Guo, 2015). It was proposed 
that responses in the ventral anterior insular cortex provide the basis for all subjective feelings 
(Craig, 2002; Dolan, 2002; Suzuki, 2012), including (un)pleasantness perceived in response to 
tastes. Indeed, responses in the ventral anterior insular cortex were correlated with subjective 
experiences of pleasantness (Bender, Veldhuizen, Meltzer, Gitelman, & Small, 2009; Cerf-Ducas-
tel, Haase, & Murphy, 2012; Frank et al., 2008). Responses in the mid insular cortex were influ-
enced by manipulations of taste concentration (Small et al., 2003; Spetter, Smeets, de Graaf, & 
Viergever, 2010). However, it remains unclear how the different parts of the insular cortex rep-
resent information from the senses (i.e., taste quality and concentration) alongside the subjective 
experiences of pleasantness (Chikazoe, Lee, Kriegeskorte, & Anderson, 2014). In Chapter 4, we 
present results of how person and product characteristics affect activity patterns in the insula. 

In addition to modulations in the ventral anterior insular cortex, pleasantness has also been relat-
ed to BOLD responses in other brain areas, namely the striatum and ventral pallidum (Grabenhorst 
& Rolls, 2010; Rolls, 2015; Sewards, 2004; Wang et al., 2004), cingulate cortex (Shackman et al., 
2011; Vogt, 2005), orbitofrontal cortex (OFC) (Kringelbach, O’Doherty, Rolls, & Andrews, 2003), and 
amygdala (Kelley et al., 2005; Kirouac & Ganguly, 1995; Phillipson, 1979; Wise, 2006). These 
brain areas showed increased responses in older, compared to younger, adults when evaluating 
taste pleasantness, while decreased activation relative to the young adults was seen in brain 
areas involved in processing taste information (Jacobson, Green, & Murphy, 2010). Furthermore, 
older adults showed increased communication between brain networks involved in emotion and 
frontal areas when evaluating pleasant, unpleasant, and neutral images (St Jacques, Dolcos, & 
Cabeza, 2010). This is in line with indications that aging affects the communication between 
brain networks, in addition to age-related changes in responses in local brain areas (Allard & 
Kensinger, 2014; Antonenko & Flöel, 2014; Geerligs, Saliasi, Renken, Maurits, & Lorist, 2014; 
Sala-Llonch, Bartrés-Faz, & Junqué, 2015). Along with similar findings, these observations led to 
the suggestion that older adults recruit frontal brain areas to regulate increased compensatory 
emotion processing as a result of decreased sensory processing (Cabeza, Anderson, Locantore, 
& McIntosh, 2002; Grady et al., 1994; McCarthy, Benuskova, & Franz, 2014). Therefore, we ex-
amined the influence of age on the communication between brain networks involved in sensation 
and emotion during taste processing, in order to study the interaction between the representa-
tion of product characteristics (i.e., taste quality and concentration) and person characteristics 
(i.e., age) in the brain (Chapter 5).

In addition to the investigation of neuronal mechanisms underlying pleasantness induced by 
tasting, we studied how information about food pleasantness stored in memory affects the 
brain response to pictures of food in young adults (Figure 1). There is an ongoing debate on 
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whether the same neuronal mechanism codes for pleasantness during actual consump-
tion and sight of food (Berridge, Robinson, & Aldridge, 2010; Havermans, 2011; Small, 
Veldhuizen, Felsted, Mak, & McGlone, 2008). While animal research shows the separa-
bility of pleasantness experienced during consumption and while looking at food, human 
experiments have produced contradictory results. 

Pleasant, as well as unpleasant, eating experiences are stored in memory. These memo-
ries are triggered during the sight of food, and thereby guide people to select food they 
previously liked and ignore foods they have previously learned to dislike (Oeusoonthorn-
wattana & Shanks, 2010; Thoma & Williams, 2013). This effect of memory on the percep-
tion of food is reflected in the results of both fMRI and EEG studies, in which participants 
were exposed to visual food cues. For example, a greater BOLD response was observed 
in the orbitofrontal cortex (OFC) following a visual cue that signalled subsequent ad-
ministration of a pleasant taste, compared to a visual cue that signalled the adminis-
tration of an unpleasant taste (O’Doherty, Deichmann, Critchley, & Dolan, 2002). The 
OFC also showed an enhanced response during the actual administration of a pleasant 
taste. Furthermore, pleasantness has been related to multiple components and oscilla-
tory changes of the EEG signal using non-food-related stimuli (Eimer & Holmes, 2007; 
Franken, Gootjes, & van Strien, 2009; Taake, Jaspers-Fayer, & Liotti, 2009; Williams, 
Palmer, Liddell, Song, & Gordon, 2006). For example, the pleasantness of faces was pos-
itively correlated with the amplitude of a neuronal activity between 400 and 700ms over 
the dorsal scalp (Johnston & Oliver‐Rodriguez, 1997). Furthermore, higher left, relative 
to right, alpha (8-13Hz) power in frontal areas was associated with better discrimina-
tion between pleasant and unpleasant visual stimuli (Coan, Allen, & McKnight, 2006; 
Davidson, 2004; De Cesarei & Codispoti, 2011; Gable & Harmon-Jones, 2008; Kuriki, Mi-
yamura, & Uchikawa, 2010; Zion-Golumbic, Kutas, & Bentin, 2010). Pictures of pleasant 
and unpleasant stimuli alone did not evoke asymmetrical alpha power, but differences 
between individuals modulated these asymmetrical frontal alpha power effects (Gable & 
Harmon-Jones, 2008). We investigated how variability of pleasantness within individu-
als in response to food pictures was related to EEG components and oscillatory changes 
(Chapter 6). This study illustrates how previous eating experiences may shape informa-
tion processing during the sight of food products. 

Previous eating experiences stored in memory can be partitioned into episodic and se-
mantic memory (Tulving, 1985). Episodic memory represents our memory of experiences 
including associated emotions, whereas semantic memory is a more structured record of 
facts and knowledge about the external world. In addition to the selection of liked food 
products, people select food products that match the eating context and their health be-
liefs (Von Essen & Mårtensson 2014). For example, Birch, Billman, and Richards (1984) 
found evidence that when food is categorized as “for breakfast”, it is more preferred 
in the morning than in the afternoon, while  food categorized as “for dinner”, is more 
preferred in afternoon than in the morning. The extent to which knowledge stored in 
semantic memory differentially affects food choice was addressed in Chapter 7.
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THESIS OUTLINE
The aim of the studies described in this thesis was to identify the mechanisms 
underlying food pleasantness (Figure 1). Our main goal was to investigate how 

person characteristics influence processing of visual food and taste stimuli on a sensory, neuronal, 
and behavioral level, in addition to manipulations of specific product characteristics. The work on 
taste processing described in this thesis focused on differences between healthy young and older 
adults; individuals that reported no functional decline or disease. 

This thesis encompasses six chapters, resulting from three empirical studies (Figure 1). The first 
study involved a fMRI study in which we investigated responses in the brain elicited during pleas-
antness evaluation of four increasing concentrations of sweet, sour, salty, and bitter tastes in 
young (mean age 23 years old) and older (mean age 66 years old) adults. We focused on four re-
search questions. First, we studied the effect of different aspects of whole saliva on the neuronal 
processing of basic tastes and how this effect is influenced by age using analysis of covariance 
(Chapter 2). Second, we investigated whether young and older adults differ in their brain response 
associated with processing of taste quality and concentration using linear mixed-effects effect 
modeling (Chapter 3). Third, we focused more specifically on disentangling the representation of 
product characteristics related to tasting (i.e., taste quality and concentration) and person char-
acteristics (i.e., age) in the primary taste cortex located in the insular cortex using data-driven 
factor analysis (Chapter 4). Fourth, we examined how age influences communication between brain 
networks involved in processing product and person characteristics. We separated brain networks 
using independent component analysis (Chapter 5). Subsequently, we investigated the relation-
ship between memory processes and food pleasantness in two EEG studies. First, we assessed 
how differences in pleasantness within individuals modulate the EEG response to visual food cues 
in thirty-three young adults (Chapter 6). Previous studies mainly focused on electrophysiological 
responses that were averaged across pleasant and unpleasant food cues. We extended our work 
by investigating how components and oscillatory changes of the EEG signal were modulated by 
differences within persons in pleasantness using general linear modelling instead of averaging 
across food cues. Finally, we assessed the differential strength of food associations stored in se-
mantic memory using an associative priming paradigm (Chapter 7). Thirty young participants were 
exposed to a forced-choice picture-categorization task, during which we took EEG recordings. In 
Chapter 8, the different findings of the studies are integrated and discussed. In addition, critical 
considerations are presented along with perspectives for future research. 

The mechanisms that we identified, in response to sensory stimulation with tastes or pictures 
of food, provide a better understanding of how person characteristics affect food pleasantness. 
In order to strive for a healthy balanced diet that fosters healthy aging, we must start with an 
understanding of how age affects the experience of food pleasantness. Modifying product charac-
teristics may not be the only effective strategy in increasing food pleasantness. Furthermore, the 
methodologies described in this thesis are intended to form a general model of food information 
processing, on which future research investigating pleasantness can build.

General Introduction   
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ABSTRACT
Aging has been associated 
with alterations in taste perception 

to which both secretion of whole saliva and the 
subsequent neuronal processing of taste may 
contribute. We used functional magnetic resonance 
imaging (fMRI) to examine the effect of secretion 
rate, amylase concentration, and viscosity of 
unstimulated and stimulated whole saliva on the 
neuronal processing of basic tastes and how this effect 
is influenced by age. We assessed the relation between 
these aspects of whole saliva in young (18-30 years 
old) and older (60-72 years old) adults and the blood 
oxygenation level-dependent (BOLD) response elicited 
during taste processing. This assessment reveals 
two novel findings. First, BOLD responses in the 
left thalamus during taste processing are higher for 
individuals who secrete more amylase in their saliva 
during stimulation. This effect is irrespective of age 
and corrected for baseline amylase levels. Second, age 
affects the association between mucin concentration 
(as a proxy of viscosity) of saliva and BOLD responses 
in the left dorsomedial prefrontal cortex, mid-thalamus, 
mid-insular cortex, dorsal anterior insular cortex and 
posterior cingulate cortex during taste processing. 
These brain areas were previously found to be involved 
in emotion and memory processing. Therefore, we 
hypothesize that emotion and memory factors play 
a role in age-related changes in taste perception. 
Furthermore, our findings highlight that the individual 
baseline levels of amylase concentration and viscosity 
of whole saliva are important physiological factors 
affecting taste processing.

Keywords: whole saliva, taste processing, aging, 
functional magnetic resonance imaging (fMRI)
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INTRODUCTION
Aging has been associated with alterations in taste perception to which both 
secretion of whole saliva and the subsequent neuronal processing of taste may 

contribute (MacEntee & Harrison, 2011). Saliva is involved in chemical processing of tastes and the 
transport of tastes to taste receptor cells (de Wijk et al., 2004; Ferry et al., 2006; Matsuo, 2000; 
Vissink et al., 1996; Weel et al., 2002). Therefore, it is plausible that saliva functions as an im-
portant factor influencing taste perception (Bonnans, 1995, Christensen, 1987, Ferry, 2004). The 
aging process is associated with many physiological changes in the oral cavity (Baum, 1993; Denny 
et al., 1991; Percival, Challacombe, & Marshi, 1994; Ship, Nolan, & Puckett, 1995; Ship, 1999). 
However, it is currently unclear how the interactive effects of whole saliva and age modulate taste 
processing in the brain. In the current study, we aim to assess the association between different 
aspects of whole saliva and taste processing, and how this is modulated by age. 

There are at least three important measures of whole saliva production that might affect taste 
perception; saliva secretion rate, concentration of salivary constituents and saliva viscosity. The 
secretion rate is associated with taste sensitivity. An important distinction can be made between 
secretion rate during rest (unstimulated saliva) and in response to a stimulus (stimulated saliva). 
Higher secretion rates of unstimulated saliva were related to lower taste detection thresholds and 
the ability to better discriminate between taste concentrations (Christensen, Navazesh, & Bright-
man, 1984; de Jong, Mulder, de Graaf, & van Staveren, 1999; Zaidan, Al-Omary, & Al-Sandook, 2009) 
while increased secretion rate of stimulated saliva has been associated with lower perceived taste 
intensity (Lugaz, 2005). Thus, saliva secretion in rest and active tasting conditions is differently 
associated with taste sensitivity. 

The concentration of salivary constituents is a second measure that influences taste perception. 
Apart from water, proteins are important constituents of human whole saliva (Humphrey & Wil-
liamson, 2001). Amylase can account for up to 50% of the total protein concentration in whole 
saliva (Noble, 2000). Amylase hydrolyses starch to maltose (a disaccharide) and triose, thereby 
contributing to increased perceived sweetness of food. Changes in amylase concentration have 
been associated with changes in taste sensitivity in several studies, however, the results about the 
direction of the association have been contradicting (Bernstein & Luggen, 2011; Dsamou, 2012; 
Ferry et al., 2006; Sequeira et al., 2012; Nagler & Hershkovich, 2004).

A third measure of whole saliva that could affect taste perception is its viscosity. The viscosity of 
saliva has been linked to the somatosensation of stimuli placed in the mouth (Capra, 1995; Shama, 
Parkinson, & Sherman, 1973). For example, increased viscosity of saliva is related to increased 
recognition threshold of basic tastes in patients with burning mouth syndrome (Imura, Shimada, 
Yamazaki, Sugimoto, 2015).

Secretion rate, amylase concentration and viscosity of saliva are thought to provide a source of 
constant stimulation in the oral cavity that adapts the sensitivity of brain areas involved in taste 
processing. Therefore, it was suggested that taste sensitivity is relative rather than absolute, 
because individuals have their own rest levels of whole saliva as a reference (de Wijk et al., 2004; 
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Engelen, Wijk, Prinz, Bilt, & Bosman, 2003). In these studies, no prominent relationship between 
individual saliva secretion rates or amylase concentrations and subjective ratings of taste inten-
sity was observed. The authors suggested that the absence of these effects might be explained by 
the variability in individual salivary rest levels. As a result of this variability, relative taste inten-
sity ratings were similar across individuals despite different secretion rates and amylase concen-
trations between individuals. Thus, individual rest levels of (unstimulated) whole saliva should be 
taken into account, when investigating measures of stimulated whole saliva.

Different regions in the brain are involved in processing chemical and somatosensory properties 
of substances in the mouth (De Araujo & Rolls, 2004; Hoogeveen, Dalenberg, Renken, Ter Horst, & 
Lorist, 2015). On the one hand, information of the chemical properties of taste is transmitted from 
taste receptors to the nucleus tractus solitarius (NTS), the ventroposterior nucleus of the thalamus 
(VPM) and the ventral anterior insular cortex (Chang, Yarkoni, Khaw, & Sanfey, 2013; Dalenberg, 
Hoogeveen, Renken, Langers, & Ter Horst, 2015; Deen, Pitskel, & Pelphrey, 2011; Kelley et al., 2005; 
Spetter et al., 2010). On the other hand, somatosensory information is transmitted from mechano-
receptors to the trigeminal nuclei, VPM, postcentral gyrus and, subsequently, the posterior insular 
cortex (Bourne, 2002; Eickhoff, Schleicher, Zilles, & Amunts, 2006; Libet, Wright, Feinstein, & Pearl, 
1979; Strassburg, Burbidge, Delgado, & Hartmann, 2007; Walker, 1990). Furthermore, the mid-insu-
lar cortex is a site for processing both chemical and somatosensory properties, in that activations of 
this brain area were correlated with taste concentration and viscosity of stimuli placed in the mouth 
as well as subjective ratings of taste intensity (Dalenberg et al., 2015; De Araujo & Rolls, 2004; Gra-
benhorst, Rolls, & Bilderbeck, 2008).

It is currently unclear how age-associated changes in whole saliva are related to taste processing in 
the brain. Previous studies showed a reduction of unstimulated whole saliva secretion rate with age, 
while the stimulated saliva secretion rate either remained stable or increased (Atkinson & Fox, 1992; 
Baum, 1981; Dodds, Johnson, & Yeh, 2005; Navazesh et al., 1992; Percival et al., 1994; Ship et al., 
1995; Ship, 1999; Thorselius et al., 1988; Yeh et al., 1998). Furthermore, aging has been associated 
with a decrease in amylase concentration (Bernstein & Luggen, 2011), increased salivary viscosity 
(Zussman, Yarin, & Nagler, 2007) and decreased oral somatosensation (Calhoun, Gibson, Hartley, 
Minton, & Hokanson, 1992; Smith, Logemann, Burghardt, Zecker, & Rademaker, 2006). We hypothe-
size that these age-associated changes in saliva secretion rate, amylase concentration and viscosity 
affect brain response in NTS, VPM, postcentral gyrus and insular cortex during taste processing. 

To examine the effect of different aspects of whole saliva on the neuronal processing of basic 
tastes and how this effect is influenced by age, we used functional magnetic resonance imaging 
(fMRI) to assess the relation between unstimulated and stimulated whole saliva from young (18-30 
years old) and older (60-72 years old) adults and the blood oxygenation level-dependent (BOLD) 
response elicited during taste processing (see Materials and Methods). 
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MATERIALS AND METHODS

Participants
Thirty-nine young adults (mean age 23 years; range 18 – 30; 20 males) and 35 older adults (mean 
age 66 years old; range 60 – 72; 18 males) were recruited through advertisements spread around 
public meeting places in the city of Groningen, the Netherlands. Individuals participated in the study 
after giving written informed consent. The number of males and females included in both age groups 
was balanced, in order to control for effects of gender instead of limiting our conclusions to either 
males or females. All participants were right handed, non-smokers for at least 3 months, reported 
no oral or nasal complaints, had no history of neurological, psychiatric or vascular diseases, and had 
normal or corrected to normal vision. Participants using medication that might affect taste percep-
tion (i.e., with reported side effects like gastrointestinal complaints, dry mouth, nausea, and taste 
disturbance) were excluded from the study. Participants received a monetary compensation for par-
ticipation. Ethical approval for the current study was obtained from the medical ethical committee 
of the University Medical Center Groningen, the Netherlands.

Experimental procedure
The experiment consisted of two parts. First, participants visited the lab for a one-hour session 
(session 1), scheduled between 9.00 and 12.00 a.m., in which inclusion and exclusion criteria were 
checked, whole saliva samples were collected to investigate three aspects of whole saliva production 
(i.e., secretion rate, amylase concentration, and viscosity) related to taste processing. Furthermore, 
hypogeusia- and dry-mouth-screening was performed, and participants were familiarized with the 
experimental procedure. Second, a functional magnetic resonance imaging (fMRI) session (session 
2) took place within 7 days from the screening session between 9:00 and 12:00 a.m. (22 young and 
10 older adults) or between 4:00 and 7:00 p.m. (17 young and 25 older adults). Participants were 
instructed not to eat or drink during the 2 hour period prior to the scanning session.

SESSION 1
Saliva collection and storage 
Stimulated and unstimulated whole saliva samples were collected after screening (Lugaz, Pillias, 
Boireau-Ducept, & Faurion, 2005). Participants were asked not to eat, drink or brush their teeth 
one hour prior to the session. All tests were performed between 9.00 and 12.00 a.m. Before the 
collection of saliva samples, participants first rinsed their mouth with 100ml of sterilized water. 
To obtain whole samples, the spitting method was applied (Navazesh, 1993). Whole saliva of par-
ticipants was allowed to accumulate in the oral cavity and participants were asked to spit it out 
into a 50ml Eppendorf cup every 30 seconds (total of 5 minutes). During sampling of stimulated 
saliva, participants were asked to chew on a 5 x 5cm piece of Parafilm (chewing Parafilm, American 
National Can, Greenwich, CT, U.S.A.). Again, participants were asked to spit in a 50ml Eppendorf 
cup every 30 seconds (total of 5 minutes). The volume (ml) of saliva in each vial was recorded using 
a pipet before centrifugation. After centrifugation at 3.000 rpm for 15min, aliquots of collected 
saliva were stored in two 1.5ml cups for unstimulated and in two 1.5ml cups for stimulated saliva. 
The cups with saliva were stored at -80 ºC until the assay. 
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Screening hypogeusia 
Screening for hypogeusia was conducted using spoon-shaped filter paper strips, which were im-
pregnated with four basic taste qualities in four different concentrations (Landis et al., 2009). 
Two neutral taste strips were included with no taste impregnated. After the mouth was rinsed 
with sterilized water, participants were asked to place a strip on the middle anterior third of the 
tongue. Taste qualities were applied in a randomized fashion at each of the four concentrations 
and in an ascending (i.e., low to high) concentration order. Participants had to identify the taste 
from a list of five descriptors (i.e., sweet, sour, salty, bitter or neutral; five alternatives, forced 
choice). The whole testing procedure typically required approximately 10min. The number of cor-
rectly reported taste qualities corresponded to an overall ‘taste score’ ranging between 0 and 18. 
Identifying hypogeusia was based on total number of correctly identified stimuli, and participants 
scoring below 8 were excluded (N = 0). Similar taste scores were observed in young (average = 13, 
SD = 3) and older adults (average = 12, SD = 2) (t taste score (72) = -0.692, n.s.). 

Screening dry mouth 
Screening for dry mouth was conducted using a validated Dutch version of the Xerostomia Inven-
tory (XI) (Bots et al., 2004). The XI is an 11-item summated rating scale which results in a single 
continuous scale total score for each participant. Participants were asked to choose one of five 
responses (‘never’, scoring 1; ‘hardly ever’, 2; ‘occasionally’, 3; ‘fairly often’, 4; and ‘very often’, 
5) to the following statements referring to the previous 4 weeks: ‘My mouth feels dry’; ‘I have dif-
ficulty in eating dry foods’; ‘I get up at night to drink’; ‘My mouth feels dry when eating a meal’; ‘I 
sip liquids to aid in swallowing food’; ‘I suck sweets or cough lollies to relieve dry mouth’; ‘I have 
difficulties swallowing certain foods’; ‘The skin of my face feels dry’; ‘My eyes feel dry’; ‘My lips 
feel dry’; and ‘The inside of my nose feels dry’. The total score represent the severity of dry mouth, 
that is, xerostomia. The total scores on the Xerostomia Inventory was higher in young (average = 
21, SD = 4) compared to older adults (average = 17, SD = 5) (t taste score: Y-O (72) = 3.72, p < 0.001).  

Analysis salivary amylase and viscosity
Amylase activity was measured with an EnzChek Ultra Amylase Assay kit (ThermoScientific, West 
Palm Beach, U.S.A.) according to manufacturer’s specifications. In short, 50μl of cleared saliva, 
1;20,000 diluted in 50mM MOPS, 0.1% BSA (pH 6.9), was pipetted into the wells of a black 96-wells 
microtiter plate (Greiner, Recklinghausen, Germany). To each well 50μl of substrate solution was 
added. Fluorescence was measured in a Fluostar fluorimeter using an excitation wavelength of 485nM 
and an emission wavelength of 520nM. Amylase activity is defined as 1 arbitrary unit (U) reflecting 
the amount of enzyme required to liberate 1mg of maltose from starch in 3 minutes at 20°C, pH 6.9.

Mucin (MUC5B) concentration was determined by ELISA (Prodan et al., 2015) as a proxy for vis-
cosity. The concentration was determined versus a reference sample, composed of pooled saliva 
from 10 volunteers. The concentration in the reference sample was expressed as 1 arbitrary unit 
(U) per ml. Mucin concentration could not be analysed for saliva samples of eight participants 
(i.e., five young males, one older male, and two older females), because the MUC5B concentration 
did not pass the detection threshold. The brain data of these participants was excluded from the 
models testing the effect of mucin concentration on brain response. 
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SESSION 2
Taste stimuli and delivery
Orally delivered taste qualities were sweet (560mM sucrose), salty (180mM NaCl), sour (10mM 
citric acid) and bitter (1mM quinine HCl), matching taste stimuli used in previous studies (Bender, 
Veldhuizen, Meltzer, Gitelman, & Small, 2009; Jabbi, Swart, & Keysers, 2007; Rolls, 2011). In ad-
dition to these 100% stock solutions, the tastes were diluted with sterilized water to form series of 
0%, 12.5%, 25%, and 50% taste concentrations. Sterilized water was also used for rinsing. Stimuli 
were all delivered in volumes of 2ml, using an in-house designed MRI-compatible taste system. 
This system consists of 30 syringes, manually operated by the experimenter. Syringes were held 
firmly in place within the taste system and five removable stops were placed between the plunger 
and barrel to ensure 2ml bolus deliveries. The syringes were attached to tubes (inner diameter 
3mm; outer diameter: 4.1mm). Tubes containing water were connected together using stopcocks, 
such that only one tube ending provided a water stimulus. All tubes ended in a tight bundle of 17 
tubes (one for water and 16 for tastants), which were held together in a central mouthpiece (a 
cut-off pacifier). The mouthpiece was secured to the MR head coil and rested above the teeth of 
the participant, such that the participant was able to close his lips around the ending of the bundle 
(bundle diameter: ~14mm). The half-closed tubing system combined with the small tube diameter 
countered spontaneous leaking while at the same time impeding the participant to easily suck 
liquid from the tubes. Participants were instructed to try and keep their head as still as possible 
during tasting and swallowing. We did not specifically instruct them to limit tongue movement to 
minimize the risk of choking. Stimuli were administered manually by pushing the plunger to the 
next mechanical stop and administration lasted for approximately one second. Auditory count-
down trough headphones guaranteed timely stimulus administration (Dalenberg et al., 2015; Hoo-
geveen et al., 2015).

Scanning paradigm
A schematic overview of the scanning paradigm is displayed in Figure 1. The task and the instruc-
tions were constructed in E-prime (Psychology Software Tools Inc., Pittsburgh). Participants per-
formed the taste task, consisting of 60 trials. Trials were distributed over four runs. Within one 
run, three of the four taste qualities were delivered sequentially in blocks of five ascending con-
centrations (i.e., 0%, 12.5%, 25%, 50% and 100% of the maximum concentration stock solutions). 
Overall, every taste condition (e.g., 12.5% sweet) was administered three times in a balanced 
order. The order of taste qualities was counterbalanced across participants. Runs lasted for ap-
proximately 15min (depending on response times). 

Participants received the instruction “New Taste” (in Dutch: “Nieuwe Smaak”, duration: 2s) for ev-
ery block of five ascending concentration of the same taste quality. On single trial level, participants 
were visually cued for taste delivery with a white asterisk appearing centred on the screen (duration: 
2s). Subsequently, the text “Taste” (in Dutch: “Proeven”, duration: 3s) was shown while 2ml of a 
taste was delivered in the mouth. After tasting, participants received the instruction to swallow the 
taste using “Swallow” (in Dutch: “Slikken”, duration: 3.5s), which was followed by a period in which 
participants could “Judge” the taste (in Dutch: “Beoordelen”, duration: 10s). The latter interval 
was set to 10s, to separate BOLD response related to tasting and motor preparation of the liking 
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response. After this, participants were instructed to express liking of the taste on a horizontal 7-point 
Likert scale, ranging from “very unpleasant” to “very pleasant”. Participants were instructed to use 
the button box held in the right hand to control their response on the scale. Every trial ended with a 
rinsing procedure, in which participants were visually cued for rinse delivery with a blue circle (dura-
tion: 5.8s) followed by the instruction “Rinse” (in Dutch: “Spoelen”, duration: 4s) for actual delivery of 
a 2ml rinse and “Swallow” (in Dutch: “Slikken”, duration: 3.5s) for swallowing the rinse. An extra rinse 
was delivered at the end of every series of five ascending concentrations of the same taste quality. 

As baseline condition we included 4 periods of 15s in every run, during which the participant was 
instructed to look at a red cross centred in the middle of a black screen. The baseline periods were 
timed at the start of every block of five trials and at the end of each run. 

Functional MRI data acquisition
MRI scans were obtained with a 3 Tesla MR scanner (Philips Intera, Best, the Netherlands) 
equipped with a 32-channel head coil. Functional partial brain images were acquired during task 
blocks in coronal orientation covering 81 mm of the cortex capturing the brainstem and insular 
cortex. The Principles of Echo-Shifting with a Train of Observations (PRESTO) sequence was used, 
with the following pulse sequence parameters: field of view (FOV) 230 × 230 × 81mm (rl, ap, fh); 
voxel size 3.03 × 3.59 × 3mm; scanning matrix 76 × 64 × 27; repetition time (TR) = 20ms; echo time 
(TE) = 30ms; flip angle 7º; SENSE factors: 2.1, 1.9 (rl, ap); 27 slices, scan time: 0.852s per volume. 
In addition, 5 full brain PRESTO images were acquired with equal orientation to the partial brain 
PRESTO images: FOV 230 × 230 × 234mm; 78 slices; scan time per volume 2.3s. Furthermore, a 
T1-weighted 3D fast field echo (FFE) whole brain image was obtained in transverse slice orienta-
tion: FOV 256 x 232 x 170mm (rl, ap, fh); voxel size 1mm isotropic; TR = 9ms; TE = 3.5ms; flip angle 
8º; SENSE factors: 2.5, 1 (ap, fh); 170 slices, scan duration = 246.3s. 

Data analysis
Saliva data analysis
The saliva data analysis was performed in R (version 3.2.3, 2015-12-10, R Core Team, 2015). The 
secretion rate of saliva (ml/min), the concentration of amylase (U/ml) and mucin concentration 
(U/ml) were entered into three separate linear mixed models including Condition (within-subject; 
unstimulated and stimulated) and Age (between-subject; young and old). Furthermore, Gender 
(between-subject; male and female) was included as a variable of no-interest, to control for dif-
ferences in taste perception that might exist between males and females (Doty, 1978; Laeng, Ber-
ridge, & Butter, 1993). In addition, participants constituted a random variable, allowing control 
for individual variability. LMMs are provided by the lmer-function in the lme4 package (Bates, 
Mächler, Bolker, & Walker, 2015). We performed likelihood ratio tests between nested model fits 
to test, which independent variable best explained the variance expressed in the BOLD response. 
When model comparisons are made, we will report associated χ2 statistics. Subsequent statistical 
tests on the LMMs were performed using the Satterthwaite’s approximation for the degrees of 
freedom, provided in the lmerTest package (Kuznetsova, Brockhoff, & Christensen, 2016). We will 
report beta estimates, t- and F-values of main and interaction effects of Condition and Age. Re-
sults were considered significant with p-values corresponding to α < 0.05.
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Functional MRI analysis: pre-processing and first level analysis                                                                  
Pre-processing and first-level analysis of the functional images were performed using the Statisti-
cal Parametric Mapping software version 8 (SPM8; http://www.fil.ion.ucl.ac.uk/spm) implement-
ed in Matlab 7.13.0 (The MathWorks, Natick, MA). Functional images were realigned to the mean 
functional image, co-registered to the third full brain PRESTO image, and subsequently to the T1 
image using the full brain PRESTO image as reference. For normalization, Diffeomorphic Anatomi-
cal Registration Through Exponentiated Lie algebra (DARTEL) was used to create a study-specific 
anatomical template (young and older adults together). The coregistered functional images were 
normalized to this study specific template optimizing the inter-participant alignment (Ashburner, 
2007). Finally, the images were normalized to the Montreal Neurological Institute (MNI) standard 
template and smoothed with a 6mm full-width half-maximum (FWHM) Gaussian kernel. 

For statistical analysis per individual, we used mass-univariate general linear regression models 
which included the conditions ‘Taste’, ‘Swallow’, ‘Judge’ and ‘Rate’ (i.e., period of expressing liking 
on rating scale) as separate regressors for each taste trial separately (e.g., 12.5% sweet, first 
administration). Additionally, the 0% concentration taste trials and rinsing trials were stacked in a 
single regressor, and two regressors were assigned to visual cues (i.e., the white asterisk and blue 
circle). The realignment parameters and the first derivatives thereof were entered as covariates 
to correct for the effects related to head motion (Friston, Williams, Howard, Frackowiak, & Turn-
er, 1996). In this way, the baseline represents the signal intensity during the period in which the 
participant was looking at a red cross on the screen. A high-pass filter with a cut-off of 128s was 
applied to remove confounds created by slow signal drifts. The task-related regressors were con-
voluted with the canonical hemodynamic response function (HRF) in order to estimate the ampli-
tude of the BOLD response (i.e., beta estimates) to the corresponding taste trials. This resulted in 
48 maps of beta estimates (4 taste qualities x 4 taste concentrations x 3 administrations), allowing 
subsequent modelling of administration effects at second level.

Figure 1. fMRI taste paradigm overview. The paradigm was divided into 4 runs containing 3 blocks. In each block taste tri-
als were delivered in 5 increasing concentrations. Every taste trial started with a visual cue, followed by the actual taste. 
The participant was subsequently instructed to swallow, judge and provide a pleasantness rating for the taste. The first 
four taste trials ended with one rinsing procedure. After the fifth taste trial, the participant was instructed to rinse twice. 
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For technical reasons, several PRESTO images were missing at random time intervals for 10 partic-
ipants, in total reflecting less than 0.5% of the whole dataset. To minimize the effect of missing vol-
umes, these volumes were replaced with the first PRESTO volume of the respective task block, and 
a separate regressor for each missing volume was added during the first-level statistical analysis.

Functional MRI analysis: group level analyses
To investigate the relation between salivary measures and BOLD response during taste process-
ing, the analysis consisted of two parts. First, it was tested which brain areas were significantly 
related to salivary measures, irrespective of taste quality and taste concentration. We averaged 
48 maps of beta estimates (4 taste qualities x 4 taste concentrations x 3 administrations) for each 
participant separately and testing these averages against zero using a one-sample t-test critical 
(punc. < 0.001). Subsequently, we entered the mean map per participant into a second-level analysis 
using flexible factorial ANOVA (between-subject: Age) in the Statistical Parametric Mapping soft-
ware version 12 (SPM12; http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab 8.1.0.60 (The 
MathWorks, Natick, MA). Furthermore, Gender (between-subject; male and female) was included 
as a variable of no-interest, to control for differences in taste processing that might exist between 
males and females (Haase, Green, & Murphy, 2011; Smeets et al., 2006). Six separate models were 
built for secretion rate of saliva, the amylase concentration, or the mucin concentration as co-
variate of interest: for both sampling conditions (unstimulated and stimulated). In addition, three 
models were build including the difference of secretion rate of saliva (ml/min), the concentration 
of amylase (U/ml) and mucin concentration (U/ml) between the stimulated minus unstimulated 
condition as covariates of interest. The latter models were constructed because individuals have 
their own rest levels of saliva as a reference (de Wijk et al., 2004; Engelen et al., 2003). All co-
variates were demeaned within Age and Gender groups (e.g., within young males). We report t- or 
F-statistics of main effects of each covariate (i.e., saliva measure) and interaction effects between 
each covariate and Age. Results were considered significant with p-values corresponding to α < 
0.05, cluster-corrected for multiple comparisons using family-wise-error (FWE) across the whole 
scanning area. T-maps were thresholded for display at puncorrected < 0.001. MNI coordinates of peak 
voxels are reported. 

In the second part of the group level analyses, we tested whether the observed associations be-
tween saliva measures and BOLD response were specific for any taste quality and/or taste con-
centration by comparing models with and without these additional descriptors. Clusters of voxels 
that showed a significant relation between a salivary covariate and BOLD response during taste 
processing were defined as a region of interest (ROI) (puncorrected < 0.001, binary mask). For each 
participant, the 48 maps of beta estimates were masked and averaged across voxels, resulting in 
48 values per ROI.

Per ROI, these values (dependent variable) were analysed for each covariate (independent vari-
able; see above) separately using linear mixed models (LMMs). The factors Age (two levels: young 
and older adults), Taste quality (four levels: sweet, sour, salty, and bitter), and Taste concentra-
tion (four levels: 12.5%, 25%, 50%, and 100%) were considered as additional independent cat-
egorical variables. Furthermore, Gender (between-subject; male and female) was included as a 
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variable of no-interest. In addition, participants constituted a random intercept, allowing control 
for individual variability resulting from the repeated taste administrations. We compared nested 
models using a likelihood ratio test to check whether adding additional descriptors for taste qual-
ity and/or concentration was merited. Following the complexity of the model, the drop1-function 
in the lme4 package was used for model selection. Posthoc-analysis were performed using the 
mcposthoc.fnc-function in the LMERConvenienveFunctions package (Tremblay & Ransijn, 2015). 
We report beta estimates, t- and F-values of main and interaction effects of Taste quality and 
Taste concentration. Results were considered significant with p-values corresponding to α < 0.05.

RESULTS

Saliva results
Secretion rate of saliva (ml/min)
As expected, more saliva was produced during the stimulated condition compared to the unstimulated 
condition (beta Unstim-Stim = -4.49, p < 0.001). The secretion rate of saliva was similar across age groups 
(i.e., including the factor Age did not significantly improve the model fit (χ2

Age (1) = 0.02, p = 0.893) in 
both sampling conditions (χ2

Age x Condition (2) = 0.45, p = 0.797). See Figure 2 for means and 95% confidence 
intervals. 

Amylase concentration of saliva (U/ml) 
The age-related changes in the concentration of amylase were dependent on gender; lower con-
centrations were observed in younger compared to older females (F (1,66) = 4.79, p = 0.032; beta 

Young-Old: Females = -40.55, p = 0.003). No differences were observed across sampling conditions (F 

Condition (1,66) = 0.68, p = 0.413; F Age x Condition (1,66) = 0.00, p = 0.998) (Figure 2). 

Mucin concentration of saliva (U/ml)
Mucin concentration of saliva was lower in the stimulated compared to the unstimulated condition 
(beta Unstim-Stim = 0.28, p < 0.001). The mucin concentration of saliva was similar across age groups 
(i.e., including the factor Age did not significantly improve the model fit (χ2

Age (1) = 0.40, p = 0.527) 
in both sampling conditions (χ2

Age x Condition (2) = 0.72, p = 0.698) (Figure 2). 

Functional MRI data: brain areas activated during taste processing
In response to the taste stimulation, the (hypo)thalamus, postcentral gyrus, insular cortex, amyg-
dala, nucleus accumbens, globus pallidus, putamen, hippocampus, caudate nucleus, cingulate gy-
rus and cerebellum were activated (Figure 3).   

Functional MRI data: linking saliva measures to BOLD response 
Secretion rate of saliva
The secretion rate of saliva did not explain inter-individual variability in activation of brain ar-
eas during taste processing. No significant association was observed (p FWE > 0.05). 

Am
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Figure 2. Mean and 95% confidence interval of saliva measures. Secretion rate, amylase concentration, and mucin con-
centration of saliva in young and older adults, during unstimulated and stimulated sampling conditions.                     

Figure 3. Main effect of taste processing. Brain slices illustrate the brain regions that responded to processing taste. T-maps 
were thresholded at punc. < 0.001; ranging between 4.83 and 18.00 (max. T-values). The extent threshold was k > 20 voxels. 
X-coordinates refer to the MNI system.
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Amylase concentration difference between unstimulated and stimulated saliva
It was observed that increased activation of the left thalamus and globus pallidus during process-
ing of taste stimuli was related to an increase in the amylase concentration of the stimulated rela-
tive to the unstimulated condition (Z AmylaseConc = 4.94, p cluster FWE = 0.001; MNI[x,y,z,] = [-18,-10,10]) 
(Figure 4). This effect was similar for young and older adults. 

Subsequent model comparisons showed that this effect was similar across taste qualities and con-
centrations (i.e., including the factor Taste quality as well as Taste concentration did not signifi-
cantly improve the model fit (χ2

Taste quality (3) = 2.97, p = 0.397; χ2
Taste concentration (3) = 6.59, p = 0.086). 

Mucin concentration of stimulated saliva 
The relation between mucin concentration of stimulated saliva and BOLD response during taste 
processing was modulated by age. In older adults, we observed that higher mucin concentration 
was related to increased activation of the left dorsomedial prefrontal cortex (Z MucinConc x Age  = 4.99, 
p cluster FWE = 0.046; MNI[x,y,z,] = [-22,52,123]), mid-thalamus (Z MucinConc x Age = 4.04, p cluster FWE = 
0.002; MNI[x,y,z,] = [0,8,2]), and right dorsal anterior insular cortex (Z MucinConc x Age = 3.86, p cluster 

FWE = 0.044; MNI[x,y,z,] = [48,28,8]). In younger adults, activation of these brain areas decreased 
when mucin concentration was higher (Figure 5).

Subsequent model comparisons showed that the association observed was similar across taste 
qualities and concentrations in the left dorsomedial prefrontal cortex (χ2

Taste quality (9) = 15.44, p = 
0.080; χ2

Taste concentration (9) = 2.75, p = 0.973), mid-thalamus (χ2
Taste quality (9) = 2.97, p = 0.966; χ2

Taste 

concentration (9) = 13.14, p = 0.156) and right dorsal anterior insular cortex (χ2
Taste quality (9) = 10.80, p = 

0.290; χ2
Taste concentration (9) = 4.16, p = 0.901).   

Mucin concentration difference between unstimulated and stimulated saliva
It was found that two brain areas showed an age effect in the relation between BOLD response during taste 
processing and mucin concentration changes between the unstimulated and stimulated condition. First, a 
relative increase in mucin concentration was related to decreased activation of the left mid-insular cortex 
in older adults. This pattern was reversed in younger adults (Z Δ MucinConc x Age = 3.90, p cluster FWE = 0.046; MNI[x-
,y,z,] = [-32,16,10]) (Figure 6). Second, a relative increase in mucin concentration was related to increased 
activation of the posterior cingulate cortex in older adults. This pattern was reversed in younger adults (Z 

Δ MucinConc x Age = 4.60, p cluster FWE = 0.022; MNI[x,y,z,] = [2,-34,96]) (Figure 6).

Subsequent model comparisons showed that the age dependent association observed in the left-mid 
insular cortex was affected by taste quality but not by taste concentration (F Age x Taste quality (3,2775) = 
2.60, p = 0.050; χ2

Taste concentration (9) = 16.22, p = 0.063). Further inspection revealed that the associa-
tion was stronger in sour compared to sweet taste in older adults (beta sour-sweet = 1.341, p = 0.006). 
Furthermore, the association observed in the posterior cingulate cortex was similar across concen-
trations (χ2

Taste concentration (9) = 5.28, p = 0.809). Taste quality did improve the model fit in the posterior 
cingulate cortex, but the interaction was not found to be significant (F (3,2775) = 1.73, p = 0.159).

Am
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Figure 4. Amylase difference between unstimulated and stimulated saliva correlated with response of left thalamus and 
globus pallidus during taste processing. Reported clusters were thresholded p < 0.05 (FWE cluster corrected for multiple 
comparisons) with a cluster extent of k > 20 voxels. Slide coordinates are in MNI space. A range of 3.22 < T < 5.00 (approx. 
max. T-value) based on punc. < 0.001 was used for display.

Figure 5. Mucin concentration of stimulated whole saliva correlated with brain response during taste processing, different 
in young and older adults.  A) left dorsomedial prefrontal cortex; B) mid-thalamus; C) right dorsal anterior insular cortex. 
Reported clusters were thresholded p < 0.05 (FWE cluster corrected for multiple comparisons) with a cluster extent of k > 
20 voxels. Slide coordinates are in MNI space. A range of 11.91 < F < 30.00 (approx. max. F-value) based on punc. < 0.001 
was used for display.
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DISCUSSION
The current study investigating the association between salivary secretion and 
taste processing in the brain of young and older adults reveals two novel find-

ings. First, BOLD responses in the left thalamus during taste processing are higher for individuals 
who secrete relatively more amylase in their saliva during stimulation. This effect is irrespective 
of age. Second, age affects the association between mucin concentration of saliva (as a proxy of 
viscosity) and BOLD responses in the left dorsomedial prefrontal cortex, mid-thalamus, mid-insu-
lar cortex, dorsal anterior insular cortex and posterior cingulate cortex during taste processing. 
These results show that saliva secretion is an important physiological factor related to taste pro-
cessing in the brain. 
 
Several brain areas are involved in taste processing. We observed that the (hypo)thalamus, post-
central gyrus, insular cortex, amygdala, nucleus accumbens, globus pallidus, putamen, hippocam-
pus, caudate nucleus, cingulate gyrus and cerebellum were activated during processing of basic 
tastes. This is in agreement with previous studies on taste perception (Maffei, Haley, & Fontanini, 
2012; Rolls, 2007; Sewards, 2004; Small et al., 2003; Veldhuizen, Gitelman, & Small, 2012). 
 
De Wijk et al. (2004) and Engelen et al. (2003) suggested that taste sensitivity is relative rather than 
absolute, because individuals have their own baseline secretion levels of whole saliva as a reference. 
Accordingly, we related secretion rate of saliva during stimulation to BOLD response during taste 
processing while taking into account individual baseline levels of (unstimulated) whole saliva. In-
deed, our findings show that primarily within-subject variability (i.e., difference between stimulated 
minus unstimulated saliva) instead of between-subject variability of amylase concentration and mu-
cin concentration is related to BOLD response during taste processing. 

The current findings show that there is a correlation between relative increase in amylase induced 
by chewing, and the degree salivary amylase is related to BOLD responses in the thalamus during 
taste processing. Changes in amylase concentration are associated with changes in taste sensitiv-
ity in several studies (Dsamou et al., 2012; Ferry et al., 2006; Sequeira et al., 2012). For example, 

Figure 6. Mucin concentration difference between unstimulated and stimulated saliva correlated with brain response 
during taste processing, different in young and older adults.  A) left dorsal anterior insular cortex; B) posterior cingulate 
cortex. Reported clusters were thresholded p < 0.05 (FWE cluster corrected for multiple comparisons) with a cluster ex-
tent of k > 20 voxels. Slide coordinates are in MNI space. A range of 11.91 < F < 30.00 (approx. max. F-value) based on 
punc. < 0.001 was used for display.
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increased amylase concentration was associated with increased perceived sweetness of food. The 
thalamus is universally acknowledged as the main source of information about the properties of a 
taste perceived in the mouth for the gustatory cortex (anterior insular cortex) (Ogawa & Nomura, 
1988; Samuelsen, Gardner, & Fontanini, 2013; Verhagen, Giza, & Scott, 2003). For example, the 
response in the left thalamus was modulated by the concentration of a sweet stimulation (Spetter 
et al., 2010). The current results show that inter-individual differences in amylase concentration 
(corrected for baseline amylase levels) modulate BOLD responses in the left thalamus. This finding 
supports the role of amylase in taste perception on a neuronal level. 

Besides its role in taste perception, the thalamus is involved in voluntary control of chewing and 
swallowing (de Lima, Mangilli, Sassi, & de Andrade, 2015; Hamdy, 2006; Suzuki et al., 2003). 
During saliva collection of the current study, participants were asked to chew on a piece of Para-
film and accumulate their whole saliva in the oral cavity for a maximum of 30s., after which they 
were asked to spit in a cup. During scanning, participants were instructed to keep the taste in their 
mouth for 3s. followed by the instruction to swallow. Both tasks could induce a thalamus response. 
Therefore, one might argue that the observed association between amylase concentration and thal-
amus response during taste processing could result from inter-individuals differences in chewing 
and swallowing in addition to tasting. Nevertheless, two aspects strengthen a taste-specific inter-
pretation of the observed association. First, previous studies showed that the thalamus response 
was not modulated by different levels of chewing (Onozuka et al., 2002), whereas different levels of 
concentration of tastants did modulate the response of the thalamus (Spetter et al., 2010). Second, 
studies investigating swallowing often reported the involvement of multiple, bilateral brain areas in 
addition to the left thalamus (Malandraki, Sutton, Perlman, Karampinos, & Conway, 2009; Mihai, 
Bohlen, & Halbach, 2013). Following this, we argue that the observed association between amylase 
concentration and left thalamus response is most likely specific to taste perception. 

The current study also revealed that mucin concentration of whole saliva plays an important role in 
taste perception, as is reflected in an association between mucin concentration and BOLD respons-
es in the mid-thalamus, mid-insular cortex, and dorsal anterior insular cortex. Previous studies on 
taste perception mainly focused on the viscosity of stimuli instead of saliva viscosity. It was found 
that increased viscosity of stimuli perceived in the mouth was associated with decreased taste 
sensitivity (Hollowood, 2002; Imura, Shimada, Yamazaki, & Sugimoto, 2015; Moskowitz & Arabie, 
1970; Pangborn, Trabeu, & Szczesniak, 1973; Walker & Prescott, 2000). Furthermore, De Araujo 
and Rolls (2004) showed that increased viscosity of stimuli was related to increased activation of 
the mid-insular cortex (De Araujo & Rolls, 2004). Other studies showed that this brain region rep-
resented taste intensity (Small et al., 2003; Spetter et al., 2010). Indeed, viscosity tends to reduce 
perceived taste intensity (Bayarri, Taylor, & Hort, 2006; Bult, de Wijk, & Hummel, 2007; Cook, 
Hollowood, Linforth, & Taylor, 2003). Following this, we hypothesize that our finding using mucin 
concentration as a proxy of viscosity reflects the involvement of saliva viscosity in the perception 
of taste intensity. These individual levels of mucin concentration should be taken into account in 
addition to viscosity of the stimulus perceived in the mouth for a better understanding of taste 
intensity perception.
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Our findings show that healthy aging does not affect the secretion rate, amylase concentration and 
viscosity of whole saliva. This contrasts to previous studies conducted with healthy older adults 
showing a reduction of unstimulated whole saliva secretion rate, stable or increased stimulated 
saliva secretion rate, decreased salivary amylase concentration and increased viscosity of saliva 
(Navazesh et al., 1992; Percival et al., 1994; Yeh et al., 1998). Note that the individuals included in 
previous studies were older (mean age 72 years old) than the individuals included in current study 
(mean age 66 years old). This discrepancy might explain the absence of age-effects in the secretion 
rate, amylase concentration and viscosity of whole saliva in the current study. 

However, aging does affect the association between viscosity of saliva and taste processing in the 
dorsomedial prefrontal cortex (dmPFC), mid-thalamus, right dorsal anterior insular cortex, left 
mid insular cortex and posterior cingulate cortex. The dmPFC and mid-thalamus are known for 
their role in memory formation of a conditioned taste aversion (CTA) (Gonzalez, Villar, Igaz, Viola, 
& Medina, 2015; Yamamoto, Shimura, Sako, Yasoshima, & Sakai, 1994). Responses in the posterior 
cingulate cortex were related to episodic memory retrieval of pain and disgust (Nielsen, Balslev, 
& Hansen, 2005; von dem Hagen et al., 2009). This might implicate that emotional and memory 
processes play a role in age-related changes in taste perception, in addition to the effects of age 
on processing taste concentration.

Conclusions
To our knowledge this study is the first to reveal the link between whole saliva secretion and taste 
processing. We show that amylase and mucin concentration of whole saliva are differently related 
to BOLD responses during taste processing in young and older adults. Our first finding indicat-
ed an association between saliva amylase concentrations during chewing (corrected for baseline 
concentration) and BOLD response in the left thalamus during taste perception. This association 
appeared to be positive: participants that produced more amylase during chewing showed higher 
BOLD responses in the left thalamus during taste perception. We suggest that this reflects an 
important role of saliva amylase in taste processing. Our second finding suggests the involvement 
of viscosity of saliva in perception of taste intensity, based on the observed association between 
mucin concentration and activation of the mid-insular cortex in response to taste. Furthermore, 
we show that healthy aging does not affect the secretion rate, amylase concentration, and viscos-
ity of whole saliva, while healthy aging does affect the association between viscosity of saliva and 
BOLD response during taste processing. The brain areas of the latter effect were previously found 
to be involved in emotion and memory processing. Therefore, we hypothesize that emotion and 
memory factors play a role in age-related changes in taste perception. Furthermore, our findings 
highlight that the individual baseline levels of amylase concentration and viscosity of whole saliva 
are important physiological factors affecting taste processing.
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ABSTRACT
Ageing affects taste perception as 
shown in psychophysical studies, however, 

underlying structural and functional mechanisms of these 
changes are still largely unknown. To investigate the 
neurobiology of age-related differences associated with 
processing of basic tastes, we measured brain activation 
(i.e., fMRI-BOLD activity) during tasting of four increasing 
concentrations of sweet, sour, salty, and bitter tastes in 
young (average 23 years of age) and older (average 65 
years of age) adults. The current study highlighted age-
related differences in taste perception at the different 
higher order brain areas of the taste pathway. We found 
that the taste information delivered to the brain in young 
and older adults was not different, as illustrated by the 
absence of age effects in NTS and VPM activity. Our results 
indicate that multisensory integration changes with age; 
older adults showed less brain activation to integrate both 
taste and somatosensory information. Furthermore, older 
adults directed less attention to the taste stimulus; therefore 
attention had to be reallocated by the older individuals in 
order to perceive the tastes. In addition, we considered that 
the observed age-related differences in brain activation 
between taste concentrations in the amygdala reflect 
its involvement in processing both concentration and 
pleasantness of taste. Finally, we state the importance of 
homeostatic mechanisms in understanding the taste quality 
specificity in age related differences  
in taste perception.     

Keywords: age, fMRI, sensation, perception, taste 
processing, taste quality, taste concentration
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INTRODUCTION
Adequate dietary intake has been recognized as one of the key factors in main-
taining good health, and thereby fostering the quality of life, especially in older 

adults (i.e. > 65 years of age). It is known, however, that food intake changes with advancing age. 
Whereas food intake is determined by a complex interplay of factors, older adults rank a food’s taste 
as significantly more important than other factors (e.g., biological, economic, physical, and psycho-
social factors) (Krondl, Lau, Yurkiw, & Coleman, 1982) compared to young adults. Notwithstanding 
the relevance of adequate food intake, there is a lack of knowledge on the specific mechanisms un-
derlying age-related changes in taste perception. The aim of the current study was to investigate 
the neuronal substrates of taste perception in young and older adults, by manipulating taste quality 
and taste concentration.

Psychophysiology of age-related changes in taste perception
Several studies have shown that taste perception changes when people age. In these studies two 
aspects of taste perception have mainly gained attention. First, decreases in threshold taste sen-
sitivity have been observed with increasing age (see for a review: Methven, Allen, Withers, & 
Gosney, 2012). Age-related changes in taste sensitivity are reflected in both the detection and 
identification of tastes during threshold taste perception. For example, Mojet, Christ-Hazelhof, 
and Heidema (2001) observed that older adults needed a higher taste concentration to detect the 
presence of either a sweet, sour, salty, or bitter taste using a two-alternative forced choice task 
(i.e., they had to indicate which of two taste solutions contained the taste compared to a cup with 
distilled water). In addition to these changes in taste detection, Fukunaga, Uematsu, and Sugimo-
to (2005) showed that older adults had more difficulty to correctly identify the taste quality being 
sweet, sour, salty, or bitter (i.e., taste identification) than young adults. This is in agreement with 
the study of Landis et al. (2009), in which spoon-shaped filter paper strips were used impregnated 
with four basic taste qualities in four different concentrations. Landis and colleagues found that 
with increasing age the overall number of correctly identified strips decreased. The second aspect 
relevant with respect to taste perception is changes in supra-threshold taste discrimination that 
have been observed with increasing age. It was found that older adults required larger concentra-
tion differences in order to experience a difference in stimulus intensity using a three-alternative 
forced choice test (Kaneda, Maeshima, Goto, & Kobayakawa, 2000; Kremer, Bult, Mojet, & Kroeze, 
2007). 

Although ageing was reported to affect taste perception in general, these age-related changes 
appear to be taste-quality-specific. With advancing age, taste detection thresholds of bitter stim-
uli seem to be affected most, followed by sour, salty, and sweet stimuli subsequently (Gilmore & 
Murphy, 1989; Kaneda et al., 2000; Murphy & Gilmore, 1989). However, Mojet et al. (2001) found 
a decline in taste detection thresholds only for salty and sour, while they observed no differences 
between young and older adults for sweet and bitter tastes. Moreover, Weiffenbach, Baum, and 
Burghauser (1982) found that taste detection thresholds were affected for salty and bitter tastes, 
but not for sweet and sour tastes with increasing age. These results confirm that age-related 
changes on taste perception indeed vary; however, the extent and significance of these taste-qual-
ity-specific effects are rather inconsistent across studies.  
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Mechanisms underlying age-related changes in taste perception
The psychophysical studies mentioned above, showed changes in taste perception as a function of 
age. With respect to the mechanism underlying these changes, Shin et al. (2012) studied the anato-
my of the taste sensory system in mice. It was found that a reduced number of taste cells expressing 
the sweet taste receptor, was related to reduced sweet taste responsivity in older compared to 
young mice. However, no decrease in taste bud number in papillae was observed as a function of age 
in humans (Arvidson, 1979; Mistretta & Baum, 1984). This indicates that changes in anatomy are 
unlikely to underlie age-related changes in taste perception in humans.  

Alternatively, age-related changes in humans might be associated with changes within the neu-
ronal substrates of the taste sensory system. These changes can either be explained by changes 
in brain structure, such as reduced grey matter and cortical thickness (Fjell et al., 2006), or by 
changes in brain function, as reflected in changes in activation patterns in brain responses during 
taste perception (de Boer, Ter Horst, and Lorist, 2013; Levine et al., 2000). Although evidence with 
respect to taste perception is scarce, age-related reductions in parietal activity were observed 
during the processing of visual information, which were attributed to deficits in sensory process-
ing (Cabeza et al., 2004; Grady, McIntosh, & Craik, 2005). Additionally, reduced activation was 
observed in older adults in response to tactile stimuli (Brodoehl, Klingner, Stieglitz, & Witte, 2013; 
Tomasi & Volkow, 2012) in the primary and secondary somatosensory area, areas which were also 
found to be responsive to taste information. 

This study aims to contribute to a better understanding of neuronal mechanisms underlying age-re-
lated changes in taste perception in humans. More specific, in the present study we sought to ex-
amine whether the perception of taste indeed differs across young and older adults and whether 
these differences were dependent on taste quality and/or concentration. In order to do so we used 
functional magnetic resonance imaging recorded during the perception of basic tastes measured at 
different brain areas along the taste pathway.

The pathway of taste information processing in the brain
Studies investigating the neuronal substrates of the taste sensory system elaborate on existing 
knowledge on taste perception which is mainly based on psychophysical studies. In these studies, 
taste perception is examined by studying the effect of varying properties of taste stimuli along 
one or more physical dimensions on an individual’s subjective experience as reflected in overt 
behaviour (e.g., button press or verbal reaction). Whereas these methods do not provide direct 
information with respect to the underlying mechanisms of age-related changes in taste percep-
tion, neuroimaging does enable us to study the neuronal substrates between a stimulus and its 
behavioural response. 

Information derived from taste cells on the tongue converges via the taste-responsive cranial 
nerves on the rostral division of the nucleus tractus solitarius (rNTS) of the medulla (Simon, De 
Araujo, Gutierrez, & Nicolelis, 2006). The NTS is involved in coding both taste quality and concen-
tration (Di Lorenzo & Victor, 2003). Ascending pathways subsequently terminate in the ventropos-
terior medial nucleus of the thalamus (VPM). From there, thalamic afferents project to the primary 
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somatosensory area in the cortex (i.e., the cortical somatotopic sites for the face and oral cavity on 
the postcentral gyrus) (Boling, Reutens, & Olivier, 2002), and the secondary somatosensory area 
(i.e., the posterior insula) (Stephani, Fernandez-Baca Vaca, Maciunas, Koubeissi, & Lüders, 2011). 
Small and Prescott (2005) postulated that taste, odour, and associated tactile sensations are inte-
grated in these oral somatosensory areas, to produce a unitary flavour percept. In line with these 
findings, previous studies showed increased multisensory integration in older compared to young 
adults for visual-auditory stimuli (DeLoss, Pierce, & Andersen, 2013; Peiffer et al., 2009), as reflect-
ed in increased activity in posterior parietal integration areas in older adults (Diaconescu, Hasher, 
& McIntosh, 2013). In addition to the secondary somatosensory area, identified on the posterior 
insular region, the insula has been subdivided in two other anatomically and functionally meaning-
ful regions (Deen, Pitskel, & Pelphrey, 2011; Nelson et al., 2010). First, the ventral anterior insula, 
which receives predominantly afferents from the limbic cortex (e.g., amygdala), and is described as 
the primary taste cortex. This area mediates the processing of taste concentration and taste quality 
(Grabenhorst, Rolls, & Bilderbeck, 2008; Schoenfeld et al., 2004; Smith-Swintosky, Plata-Salaman, 
& Scott, 1991; see for meta-analysis Veldhuizen, Albrecht, et al., 2011). Moreover it modulates per-
ceived pleasantness by manipulation of expectations and beliefs (Berns, McClure, Pagnoni, & Mon-
tague, 2001; Nitschke et al., 2006; Zald, 1998). A previous study indicated that older adults show 
lower activation in the ventral anterior insula in response to painful stimuli (Quiton et al., 2007), 
which was argued to reflect changes in affective processing with advancing age. Second, the dorsal 
anterior insula receives afferents predominantly from the medio-dorsal nucleus of the thalamus. 
Activation of the dorsal anterior insula has been associated with attention (Eckert et al., 2009; Tou-
routoglou, Hollenbeck, Dickerson, & Feldman Barrett, 2012). For example, Veldhuizen et al. (2011) 
showed that the dorsal anterior insula was more activated in response to an unexpected taste as 
compared to the perception of an expected taste. 

Besides the pathway from the rNTS to the insular cortex, two subcortical brain areas were impli-
cated in taste processing; the amygdala and the lateral hypothalamus (LH). Regarding the amyg-
dala, it was found that brain activation increases across increasing taste concentrations (Ander-
son & Sobel, 2003; Small et al., 2003). Also, bitter stimuli were found to elicit a stronger amygdala 
response in older compared to young adults (Jacobson, Green, & Murphy, 2010). However, in the 
Jacobson et al. study the young and older adults did not differ in threshold taste sensitivity and 
the subjective pleasantness they expressed after tasting. Therefore, the authors were unable to 
ascribe the stronger amygdala response to either taste concentration or taste pleasantness. With 
regard to the LH, it is known that this structure plays an important role in the regulation of homeo-
stasis, motivation and eating behaviour (Li, Yoshida, Monk, & Katz, 2013; Smeets, de Graaf, Staf-
leu, van Osch, & van der Grond, 2005; Tokita, Armstrong, St John, & Boughter, 2014). For example, 
an increased response in the LH was observed in response to salty taste during the salt-depriva-
tion condition together with increased motivation towards salty taste (Tandon, Simon, & Nicolelis, 
2012). The authors suggested that homeostatic state affects the motivational value of particular 
taste stimulus as reflected LH activation. Moreover, it was found that ageing is associated with 
the down-regulation of neurotransmitters in the LH involved in motivation and appetite, which has 
been associated with a loss of weight at the end of life (Kmiec, 2010; McDonald & Ruhe, 2010). In 
sum, different brain areas are involved in the processing of taste information. Information about 
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age-related changes in these brain areas along the taste pathway is scarce and a more precise 
localisation of these effects will reveal more insight in possible mechanisms underlying the effects 
of age with respect to taste perception.   

MATERIAL AND METHODS

Participants
 A group of young (n = 41, 21 men, average 23 years of age, SD = 3, range 18 – 30 years) and older 
(n = 36, 18 men, average 65 years of age, SD = 4, range 60 – 72 years) healthy adults, without a 
history of head injury or other neurological conditions participated in this study. All participants 
were right handed, non-smokers for at least 3 months, reported no oral or nasal complaints and 
had normal or corrected to normal vision. To ensure that hormone levels were fairly constant, 
young female participants were only included if they used hormonal anticonceptives. Participants 
using medication that might affect taste perception (i.e., with reported side effects like gastro-
intestinal complaints, dry mouth, nausea, and taste disturbance) were excluded from the study. 
Participants received monetary compensation for participation. 

Ethics statement
The study protocol was approved by the medical ethical committee of the University Medical 
Center Groningen and all participants gave written informed consent before participation.

Task and stimuli
During scanning participants performed four task blocks of approximately 15min each. Each block 
consisted of tasting three of the four taste qualities, delivered sequentially in five ascending con-
centrations (i.e., 0 (equals a rinse), 12.5, 25, 50 and 100% of the maximum concentration stock 
solutions). A fixed sequence from a low to high concentration results in lower carry over effects 
than the delivery of random or descending concentrations. Furthermore, a similar concentration 
sequence was used in all participants in order to reduce the variability of carry over effects across 
participants. Over four blocks tastes were administered three times in a balanced order. The order 
was counterbalanced across participants. Task blocks were alternated with rest periods of approx-
imately 2min. In order to minimize carry over effects that might arise between 1) taste qualities 
(e.g., effect of pleasant taste followed by an aversive taste and vica versa) and 2) taste concen-
trations (e.g., effect of intense taste followed by a weak taste) we used the current selected block 
design instead of an event-related design.  

Participants were visually cued for solution delivery with a white asterisk (2s) followed by the text 
“taste” for a taste and a blue circle (5.8s) followed by the text “rinse” for a rinse. Orally delivered 
taste qualities were sweet (100% : 560mM sucrose), salty (100% : 180mM NaCl), sour (100% : 
10mM citric acid) and bitter (100% : 1mM quinine HCl) (Bender, Veldhuizen, Meltzer, Gitelman, & 
Small, 2009; Jabbi, Swart, & Keysers, 2007; Rolls, 2011). For the rinsing and dilution of the tastes, 
demineralized water was used. Stimuli were all delivered in volumes of 2ml over 3s, using an in-
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house designed MRI-compatible taste system. This system consists of 30 syringes, operated by the 
experimenter following audio cues delivered via headphones. Task instructions were presented on 
a computer monitor using E-prime (Psychology Software Tools Inc., Pittsburgh), in white on a black 
background (Figure 1).

After tasting and swallowing (3.5s), participants rated the pleasantness of the taste stimulus on a 
horizontal 7-point Likert scale (ranging from 1 “very unpleasant” to 7 “very pleasant”). Rating was 
done using a button box, which was held in the right hand. Subsequently, a rinse was delivered (4s) 
and swallowed (3.8s). Thereafter, a baseline-interval followed, wherein a red cross was displayed 
on the screen. The baseline-interval lasted for 6s between different taste concentrations and 15s 
between different taste qualities. In total, the protocol lasted for approximately 90min, during which 
264ml of liquid was administered.

Procedure
Participants first participated in a one-hour screening session scheduled between 9.00 and 12.00 
a.m.. During this session inclusion criteria were checked, saliva samples were collected (results re-
ported elsewhere), screening for hypogeusia was performed, and participants were familiarized with 
the experimental procedure. A scanning session during which participants performed the tasting task 
took place within 7 days from the screening session. Participants were instructed not to eat or drink 
during 2hrs prior to the scanning session.

Hypogeusia test
Screening for hypogeusia was conducted using spoon-shaped filter paper strips, which were impreg-
nated with four basic taste qualities in four different concentrations (Landis et al., 2009). Two neutral 
taste strips were included with no taste concentration impregnated. After the mouth was rinsed with 
water, participants were asked to place a strip on the middle anterior third of the tongue. Taste quali-
ties were applied in a randomized fashion at each of the four concentrations and in an ascending (i.e., 
low to high) concentration order. Participants had to identify the taste from a list of five descriptors, 
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Figure 1. Taste task. Sequence of taste delivery, rating, and rinsing. 
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i.e., sweet, sour, salty, bitter, or neutral (multiple alternative, forced choice). The whole testing 
procedure typically required approximately 10min. The number of correctly reported taste quali-
ties corresponded to an overall ‘taste score’ ranging between 0 and 18. 

Image acquisition
Functional MRI scans were obtained with a 3 Tesla MR scanner (Philips Intera, Best, the Neth-
erlands) equipped with a 32-channel head coil. Functional partial brain images were acquired in 
coronal orientation covering 81mm of the cortex capturing the brainstem and insula. Partial brain 
scans were chosen to optimize coverage of brainstem, thalamus, insula and amygdala. Other areas 
that previously have been studied in relation to taste processing  such as the orbitofrontal cortex 
(OFC), were not (totally) included in data collection (Figure 2). The Principles of Echo-Shifting with 
a Train of Observations (PRESTO: (van Gelderen, Duyn, Ramsey, Liu, & Moonen, 2012) sequence 
was used to allow rapid switching of the imaging gradients. The following pulse sequence param-
eters were used: field of view (FOV) 230 × 230 × 81mm (rl, ap, fh); voxel size 3.03 × 3.59 × 3mm; 
scanning matrix 76 × 64 × 27; repetition time (TR) = 20ms; echo time (TE) = 30ms; flip angle 7º; 
SENSE factors: 2.1, 1.9 (rl, ap); 27 slices, scan time per volume 0.852s. In addition, 5 full brain 
PRESTO images were acquired with equal orientation to the partial brain PRESTO images: FOV 
230 × 230 × 234mm; 78 slices; scan time per volume 2.3s. Furthermore, a T1-weighted 3D fast 
field echo (FFE) whole brain image was obtained in transverse slice orientation after the first two 
experimental blocks and the full brain PRESTO images: FOV 256 x 232 x 170mm (rl, ap, fh); voxel 
size 1 mm isotropic; TR = 9ms; TE = 3.5ms; flip angle 8º; SENSE factors: 2.5, 1 (ap, fh); 170 slices, 
scan duration = 246.3s. 

Pre-processing and first level analysis of functional images
Pre-processing and first-level analysis of the functional images were performed using the Statis-
tical Parametric Mapping software Version 8 (SPM8; http://www.fil.ion.ucl.ac.uk/spm) implement-
ed in Matlab 2011b (The MathWorks, Natick, MA). During pre-processing, functional images were 
corrected for motion artefacts (realignment), coregistered to the third full brain PRESTO image as 
an intermediate step, and subsequently coregistered to the T1 anatomy image. For normalization, 
Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) was used to 
create a study specific anatomical template (young and older adults together). The coregistered 
functional images were normalized to this study specific template optimizing the inter-participant 
alignment (Ashburner, 2007). Finally, the images were normalized to the Montreal Neurological 
Institute (MNI) standard template and smoothed with a 6 mm full-width half-maximum (FWHM) 
Gaussian kernel. 

For the first-level statistical analysis, the conditions ‘Tasting’, ‘Swallowing’, ‘Rate’ (i.e., 10s be-
tween swallowing and the actual rating scale) and ‘Ratingscale’ were entered as separate regres-
sors for each taste stimulus. Thus every condition was modelled 48 times (4 taste qualities x 4 
taste concentrations x 3 repetitions). All rinsing conditions (i.e., ‘Tasting’, ‘Swallow’, ‘Rate’, and 
‘Ratingscale’ of the 0% taste concentration and ‘Rinse’ and ‘Swallow’ during rinsing) were stacked 
in a single regressor. Additionally, two regressors (of no interest) were assigned to ‘Taste comes’ 
(white asterisk) and ‘Rinse comes’ (blue circle), respectively, to explain remaining variance to be 
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removed from baseline. The realignment parameters and the first derivatives thereof were entered 
as covariates to correct for the effects related to head motion (Friston, Williams, Howard, Frack-
owiak, & Turner, 1996). A high-pass filter with a cut-off of 128s was applied to remove confounds 
created by slow signal drifts with a period exceeding this threshold. The task-related regressors 
were convoluted with the canonical hemodynamic response function (HRF) in order to estimate the 
amplitude of the brain response (i.e., beta estimates) to the corresponding conditions. 

Missing volumes in image acquisition
For technical reasons, several PRESTO images were missing at random time intervals (on average 
0.05% of the whole dataset) for 10 participants. To minimize the effect of missing volumes, 1) 
these volumes were replaced with the first PRESTO volume of the task block, and 2) a separate 
regressor for each missing volume was added during the first-level statistical analysis.
 
Group level analyses of behavioural data
The subjective liking ratings obtained during scanning were analysed using linear mixed-effects 
modelling (LME) using the lme4 package (Bates, Maechler, Bolker, & Walker, 2014) in the open 
source statistical language R (R Core Team, 2012). The liking rating were compared between age 
groups (two levels: young and old), taste concentrations (continuous from 12.5, 25, 50, to 100%) 
and taste qualities (four levels: sweet, sour, salty, and bitter) (fixed effects), while taking into 
account intra-individual variability by adding subject as a random effect. In addition, the three 
administrations of the same taste concentration were used to calculate a random slope effect, 
allowing each subject’s taste administration to deviate from the overall intercept and slope con-
stituted by the fixed effects. 

The taste scores obtained in the hypogeusia test were counted for each taste that was adminis-
tered (i.e., sweet, sour, salty, bitter, and neutral) and analysed with generalized linear mixed-ef-
fects modelling (GLMM) using the lme4 package. In this model, the taste scores were assumed 
to be a Poisson function of the predictors age group (two levels: young and old) and taste quality 
(four levels: sweet, sour, salty, and bitter). 

 

Figure 2. Image acquisition. A transversal (left) and sagittal (right) view of the brain areas 
covered in image acquisition. Actual scanning contained 27 slices. 

Figure 2. Image acquisition. A transversal (left) and sagittal (right) view of the brain areas covered in image acquisition. 
Actual scanning contained 27 slices.
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Model comparisons for both the subjective liking ratings and taste scores were based on likelihood 
ratio tests using the χ2 statistic provided in the lme4 package. We will report both beta estimates and 
the corresponding p-values for the optimal models.

Group level analysis of functional images
Group-level analysis on fMRI data was performed using the LME as implemented in AFNI (see for 
details of 3dLME Chen, Saad, Britton, Pine, & Cox (2013). By applying linear mixed effect mod-
elling, we were able to control for intra-individual variability resulting from the repeated taste 
administrations. Each taste administration was modelled separately in the current voxel-by-voxel 
group analysis. 

At the group level, the amplitudes of the HRF during tasting (i.e., beta estimates of the 3s tasting in-
terval) resulting from the first-level analyses were modelled voxel-wise in the LME framework. Model 
estimation within a mask was applied using the grey matter tissue probability map obtained from 
DARTEL (threshold: p > .3). We used four fixed factors: one between-subjects factor: Age group (two 
levels: young and older adults), and two within-subject factors: Taste quality (four levels: sweet, 
sour, salty, and bitter) and Taste concentration (four levels: 12.5, 25, 50, and 100%). Note that the 
current analysis extended conventional group-level analysis like the general linear model (GLM), 
by enabling interaction effects between age groups, taste qualities and taste concentrations in a 
single model. The variable Repetition (three levels: three administrations of the same taste con-
centration) was inserted as a random slope effect, allowing each subject’s taste administration to 
deviate from the overall intercept and slope constituted by the fixed effects. The F-maps and t-maps 
were thresholded using puncorrected < 0.05 with an extent of 20 voxels, to identify grey matter regions 
showing main- and interaction effects. Because of high computational demands that are required for 
running this model, no model comparisons could be performed. We identified the effects of age on 
the pattern of the beta estimates over increasing taste concentrations, and whether these effects 
are taste-quality-specific. For reasons of clarity, we present the findings from activity in task-related 
brain regions in the order of the gustatory pathway involved in basic taste processing (i.e., from the 
nucleus solitary tract to the insular cortex and overlying operculum).

RESULTS

Hypogeusia taste scores 
Young (average = 12, SD = 2) and older adults (average = 12, SD = 2) showed no significant differ-
ences on the taste score for sweet (beta sweet:young-old = 0.03, n.s.), sour (beta sour:young-old = -0.10, n.s.), 
salty (beta salty:young-old = -0.26, n.s.), and bitter (beta bitter:young-old = 0.00, n.s.) tastes. 

Subjective liking ratings
Participants liked the sweet taste most (mean sweet = 5.00, beta sweet-salty = 2.41, p < 0.001), fol-
lowed by sour (mean sour = 3.42) and salty (mean salty = 2.93, beta sour-salty = 0.12, n.s.). Bitter was 
most disliked (mean bitter = 1.55, beta salty-bitter = 1.48, p < 0.001). In addition, the liking ratings de-
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creased with increasing taste concentrations for bitter taste qualities (beta bitter:concentration = -0.12, 
p = 0.008), while the liking ratings of sweet tastes showed an inverted U-shape with increasing 
concentrations (beta sweet:concentration = 0.07, p = 0.015). The liking ratings for sour (beta sour:concentration 
= -0.01, n.s.) and salty (beta salty:concentration = -0.07, n.s.) tastes did not change across concentra-
tions.  

In general the older adults reported higher liking ratings compared to the young participants, 
however, post-hoc tests showed that this was only observed for sweet (beta sweet:old-young = 0.34, p 
= 0.039) and salty (beta salty:old-young = 0.61, p < 0.001) tastes. There were no significant differences 
observed between young and older adults for bitter (beta bitter:old-young = 0.13, n.s.), while older adults 
actually reported lower liking ratings for sour tastes (beta sour:old-young = -0.32, p = 0.048). No inter-
actions were found between age, taste quality and taste concentration (i.e. extending the previous 
model with interaction terms did not result in a significant improvement for estimating the liking 
ratings (χ2 = 0.00, n.s.)). 

fMRI data
We present the findings for brain activations in task-related brain regions, in the flow of informa-
tion in the taste pathway that is from the nucleus solitary tract to the insular cortex and overlying 
operculum. For each brain regions, the effects of taste concentration are reported first, followed 
by the effects of taste quality. 
  
Brain overlays of regions representing significant t- and F-test results are presented in the figures. 
The F-tests are further displayed in bar graphs of the mean beta estimate of all voxels within a 
significant region (i.e., mean beta estimates across three administrations of the same taste quality 
(e.g., sweet) and taste concentration (e.g., 100%) for young (blue) and older (red) participants 
separately. The results of the linear mixed effect modelling, including F-values and t-values, and 
anatomical location of significant clusters of activation are reported in Table 1.

Nucleus solitary tract
Group analysis showed that activation levels did not differ between age groups, taste qualities 
and taste concentrations in this brain area. We neither observed significant interactions between 
these factors. To ensure the presence of fMRI signal in the rNTS (i.e., the input of the linear mixed 
model in this area), we extracted mean beta estimates of a sphere with a radius of 3 voxels around 
the anatomy based MNI coordinates [(-)4.00 -43.00 -45.00] for the left and right NST, respective-
ly. By visual inspection we found that activation patterns in the rNST were indeed modulated by 
tasting as compared to baseline, which supports the reliability of our findings. 

Ascending pathways from the NST – ventral posteromedial (VPM) nucleus of the thalamus
Task related brain activation was found in all taste conditions in both age groups in this brain area. 
However, no differences were found between young and older participants, and between different 
taste qualities and taste concentrations.
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Ascending pathways from the thalamus – primary somatosensory area
We found enhanced activation in young compared to older participants in the primary somatosensory 
area. This pattern of results was scattered across the postcentral gyrus. In addition, we observed 
differences in activity between young and older adults at different taste concentrations on the post-
central gyrus; an area reflecting the homuncular area of the representation of the head and neck. 
We found the most pronounced ageing effects in the 100% taste concentration condition compared 
to the lower taste concentrations (Figure 3). Taste quality did not modulate activity in primary so-
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Figure 3. Primary somatosensory cortex. Bar graphs representing taste concentration effects in young (blue) and older 
(red) participants.

Figure 4. Pulvinar nucleus of the thalamus. Bar graphs representing taste quality effects in young (blue) and older 
(red) participants. 
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matosensory area, and no interaction effect was observed in the brain response between age and 
taste quality.

Reciprocal pathways from the pulvinar nucleus of the thalamus to
the association cortex
No differences in brain activation were observed between different taste concentrations, neither did 
age interact with taste concentration in the pulvinar nucleus of the thalamus. We did observe higher 
activity in young adults in this area, which was more pronounced for sour taste (Figure 4), as reflected 
in the age by taste quality interaction. 

Ascending pathways from the thalamus  – insular cortex
Posterior insular cortex 
The brain response in the posterior insular cortex was higher in young compared to older partici-
pants, especially in response to the 100% taste concentration (Figure 5a). Furthermore, age was 
found to interact with taste quality (Figure 5b). Remarkable, older participants showed increased 
brain activity as compared to baseline levels only in the sour condition, while such effects were 
nearly absent in the other conditions. In young participants, the most pronounced response was 
shown in response to sour, followed by sweet, salty, and bitter tastes. 

Ventral anterior insular cortex 
Taste concentration did not modulate activity in the ventral anterior insular cortex; neither did we 
observe differences in brain activation between age groups dependent on taste concentration in 
this brain area. We did observe an interaction between age and taste quality, reflecting a smaller 
brain response in young participants compared to the older participants in response to salty and 
sour tastes in this brain area. No differences were found between young and older participants in 
response to sweet and bitter tastes in this area (Figure 6). 

Dorsal anterior insular cortex 
We observed an interaction between age and taste concentration in the dorsal anterior insula, 
indicating that older participants showed more activation than the young adults did in the 12.5% 
taste concentration condition. This difference was less pronounced or even absent in the higher 
taste concentration conditions (Figure 7). Taste quality did not modulate activity in this brain 
area; neither did age interact with taste quality.

Reciprocal pathways from anterior insular cortex to the amygdala 
Activation patterns in the amygdala differed across age groups. Moreover, these effects of age 
were modulated by taste concentration, as reflected in age by taste concentration interaction 
(Figure 8). In the right amygdala, differential activation between young and older participants was 
mainly observed in the 12.5, 25, and 100% concentration conditions. Visual inspection of Figure 
8 shows a decrease in response in the young participants with increasing taste concentrations, 
whereas the pattern of activity in older participants was more variable across the different con-
centrations. To test these effects, we performed an additional linear mixed effect model analysis 
using the mean beta estimate of all significant voxels extracted from the right amygdala. We found 
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Figure 5. Posterior insular cortex. Bar graphs representing A) taste concentration and B) taste quality effects in young 
(blue) and older (red) participants.

Figure 6. Ventral anterior insular cortex. Bar graphs representing taste quality effects in young (blue) and older (red) 
participants.
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that the activation patterns across concentration were not different between young and older par-
ticipants (beta age:concentration = 0.03, n.s.), so the observed interaction effect between age and taste 
concentration seems seems to be dominated by the yung adults showing more brain activation 
than older adults. In the left amygdala, we found that the response in the 12.5% taste concentra-
tion condition was significantly larger compared to the other taste concentrations in older adults 
(Figure 9). In neither the right nor the left amygdala we observed differences between taste qual-
ities, or an interaction between age and taste quality. 

Reciprocal pathways from anterior insular cortex to the lateral hypothalamus
We found that activity in the lateral hypothalamus was different between taste concentrations 
(average ± SD [95% CI from bootstrap]: 12.5% : 0.64 ± 0.41, 25% : 0.43 ± 0.41, 50% : 0.45 ± 0.42, 
100% : 0.15 ± 0.51), reflecting higher activation levels in the 12.5% concentration compared to the 
other concentration conditions. Age did not modulate these differences significantly. However, 
we did observe an interaction between age and taste quality in the lateral hypothalamus. Higher 
levels of activity in this area in young compared to older participants were most pronounced for 
the bitter, followed by salty, sweet, and sour taste quality (Figure 10). 

Pathways from the amygdala and hypothalamus – medio-dorsal nucleus of the thalamus
We observed enhanced activation in young compared to older adults in the medio-dorsal (MD) 
nucleus of the thalamus. No differences were found in this area between different taste qualities 
and taste concentrations; neither did age interact with taste quality or taste concentration.

DISCUSSION
The role of the ageing brain in the processing of taste information has received lit-
tle attention so far. Available evidence, however, demonstrate differential brain 

responses to taste stimuli of different taste qualities (Green et al., 2013; Haase, Cerf-Ducastel, & 
Murphy, 2009; Jacobson et al., 2010) and also of different concentrations (Small et al., 2003). The 
mutual influence of both factors on age related effects in taste perception still remains elusive. In 
the present study, we explicitly investigated the neuronal substrates underlying age-related ef-
fects on the perception of increasing concentrations of sweet, sour, salty, and bitter taste stimuli 
in healthy young and older adults.

We examined taste perception in individuals without reported taste disturbances. The overall 
taste scores based on psychophysical test scores indeed indicated that neither our young nor the 
older participants had a reduced ability to detect and identify sweet, sour, salty, or bitter sub-
stances, suggesting that age is not necessarily associated with differences in taste perception. 
Although previous studies showed that taste identification decreases with age (Fukunaga et al., 
2005; Landis et al., 2009), our results indicated that there was no difference in taste detection 
performance between young and older persons within our participant group. 

General age-related differences along the taste pathway
In order to investigate age-related differences in brain mechanisms underlying taste perception, we 
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examined fMRI data recorded during tasting. After a taste is delivered in the mouth, information 
is passed on from the sensory system to the brain, where several brain areas are involved in the 
processing of different aspects of taste information ultimately leading to the perception of a taste. 
For reasons of clarity, we reported the findings in the order in which the brain areas appeared in the 
neural pathway involved in basic taste processing. We did not observe age group differences in brain 
activation in the first relay areas in the brain (i.e., the NTS and the ventral posteromedial nucleus of 
the thalamus), indicating that the taste information entering the brain in young and older adults do 
not seem to differ. 

Figure 10. Left dorsal anterior insular cortex. Bar graphs representing younger (blue) and older (red) 
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Figure 7. Left dorsal anterior insular cortex. Bar graphs representing taste concentration effects in young (blue) and older 
(red) participants.

Figure 8. Right amygdala. Bar graphs representing taste concentration effects in young (blue) and older (red) partici-
pants. Note that the maximum beta effect size on the y-axis is 2.5 instead of 2.0, as used in the other plots. 
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Age was found to define taste perception at higher levels in the taste pathway, especially in the pri-
mary and secondary somatosensory areas. We observed lower levels of brain activation in the older 
compared to young adults in these brain areas, and also in the pulvinar nucleus of the thalamus. The 
pulvinar nucleus of the thalamus receives either multisensory inputs from different sensory organs 
or projections from different sensory cortical areas (Cappe, Morel, Barone, & Rouiller, 2009), and 
projects to the oral somatosensory areas on the postcentral gyrus and posterior insular cortex. 
These areas seem to play a key role in integrating taste and somatosensory inputs to produce a 
multisensory percept (Small & Prescott, 2005). Reduced brain activation in the somatosensory areas 
was previously found in older adults as compared to young adults in response to somatosensory 
stimuli (Brodoehl et al., 2013; Tomasi & Volkow, 2012), as well as in response to multisensory stimuli 
(Stephen, Knoefel, Adair, Hart, & Aine, 2010). 

The current study focused on individuals without hypogeusia, based on a screening using Taste 
Strips. Since detection and identification of a taste impregnated on the filter paper strips requires 
a judgement based on the subjective interpretation of (ambiguous) information, no clear distinc-
tion can be made between mechanisms (e.g., sensation, perception, and decision making) that 
underlie the verbal response. Taking this into account, we conclude that these results at least 
reflect the absence of changes in age-related difference in taste identification. Therefore, the 
observed lower levels of brain activation in the elderly might indicate that older adults, compared 
to young adults, need less brain activation to integrate (instead of detect and identify) both taste 
and somatosensory information. 

Interpreting age effects on taste perception
Besides the above-mentioned brain areas, another pathway from the thalamus to the cortex might 
be involved in age differences in taste perception. The connection between the medio-dorsal nu-
cleus of the thalamus and the dorsal anterior insular cortex was found to be involved in attending 
relevant stimuli (Buchsbaum et al., 2006). Several authors, proposing a role for the MD nucleus 
in attention, showed that enhanced levels of activation in this nucleus are needed for sustained 
attention, necessary to perceive different tastes (Plailly, Howard, Gitelman, & Gottfried, 2008; 
Spence, McGlone, Kettenmann, & Kobal, 2001; Tham, Stevenson, & Miller, 2009; Veldhuizen et 
al., 2011). In our study, we found that older adults showed lower brain activation in the MD nu-
cleus, irrespective of taste concentration and quality, indicating that older adults may direct less 
attention to the taste stimuli as compared to young adults. Following this, we hypothesize that in 
order to adequately perceive the taste stimulus a more efficient reallocation of attention has to 
be realized by the older individuals. This indeed supported by the finding that the dorsal anterior 
insula was more activated in older adults in response to the unexpected (first) taste stimulus as 
compared to young participants. This finding is in agreement with Veldhuizen, Gitelman, & Small 
(2012), who found that the dorsal anterior insular cortex was activated when participants re-
ceived a sweet taste stimulus while they expected a tasteless stimulus, and attention had to be 
reallocated to perceive the taste. 
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Age and taste concentration 
Age interacted with brain activation in response to different taste concentrations in the amyg-
dala, irrespective of taste quality. The amygdala was previously found to interact with taste con-
centration (Anderson & Sobel, 2003; Small et al., 2003; Spetter, Smeets, de Graaf, & Viergever, 
2010), but the role of the amygdala in concentration coding was not always found to be straight-
forward (Winston, Gottfried, Kilner, & Dolan, 2005). In our study, the interaction between age 
and taste concentration was dominated by higher levels of brain activation in young compared to 
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Figure 10. Lateral hypothalamus. Bar graphs representing taste quality effects in young (blue) and older (red) participants.

 

Figure 4. Left amygdala. Bar graphs representing younger (blue) and older (red) participants. 
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Figure 9. Left amygdala. Bar graphs representing taste concentration effects in young (blue) and older (red) participants.
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older adults, especially in the right amygdala. It has been found that reduced activity in the right 
amygdala, particularly for negative stimuli, underlies differences in the perception of emotional 
stimuli in older adults (Roalf, Pruis, Stevens, & Janowsky, 2011), while increased activity of the 
amygdala was associated with the processing of aversive tastes (Small, Jones-Gotman, Zatorre, 
Petrides, & Evans, 1997). In addition, evidence for an interaction of taste concentration with taste 
pleasantness comes from two studies in which patients with amygdala lesions displayed increased 
intensity perception for aversive but not for pleasant tastes (Small, Zatorre, & Jones-Gotman, 
2001a, 2001b). Our finding of increased activity in young adults could not be attributed to the 
perception of an aversive taste (e.g., the bitter taste quality), instead it seems to be related to 
liking ratings; young did report lower liking ratings as compared to the older adults in response 
to sweet and salty tastes. Therefore, the observed age-related differences in brain activation in the 
amygdala might represent its involvement in liking of tastes, which requires the integration of both 
concentration and pleasantness information related to a specific taste. 

The mechanism underlying changes in taste perception in older adults is further complicated by 
the fact that the amygdala is an important site of neural habituation (i.e., decreased neural re-
sponse after repeated exposure). Therefore, taste processing is inseparably linked to habitua-
tion. Previous studies showed changes in habituation in older adults (Dushanova & Christov, 2013; 

Table 1 Regions of significant t- and F-tests. Effects within the taste pathway. 

Effect and region Hem. Peak voxel 
MNI coordinates 

Max. int.  Significance 
level 

  x y z   
Age : Young – Old (# voxels : k > 20) 
Medio-dorsal nucl. (thalamus) L/R 2.00 -14.00 11.00 t (72) = 8.73 pFWE < 0.05 
 
Taste quality (# voxels : k > 20) 
No effects observed     
 
Taste concentration (# voxels : k > 20) 
Lateral hypothalamus L/R 0.00 -4.50 -16.00 F (3,3448) = 3.84 punc. < 0.05 
 
Age x Taste quality (# voxels : k > 20) 
Pulvinar nucl. (thalamus) R 16.00 -30.00 4.00 F (3,3448) = 5.50 punc. < 0.05 
Lateral hypothalamus L/R 0.00 -12.00 -8.00 F (3,3448) = 3.03 punc. < 0.05 
Posterior insula L -40.00 -36.00 18.00 F (3,3448) = 2.71 punc. < 0.05 
Ventral anterior insula R 44.00 2.00 -14.00 F (3,3448) = 3.36 punc. < 0.05 
 
Age x Taste concentration (# voxels : k > 20) 
Amygdala R 16.00 2.00 -20.00 F (3,3448) = 3.12 punc. < 0.05     
Amygdala L -28.00 -2.50 -28.00 F (3,3448) = 2.45 punc. < 0.05 
Postcentral gyrus L -52.00 -30.00 32.00 F (3,3448) = 4.69 punc. < 0.05 
Posterior insula L -34.00 -30.00 14.00 F(3,3448) = 2.70 punc. < 0.05 
Dorsal anterior insula L -37.00 26.50 -2.00 F(3,3448) = 2.83 punc. < 0.05 

 

 
Table 1. Regions of significant t- and F-tests. Effects within the taste pathway.
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Vannini et al., 2012). For example, an fMRI study in which individuals repeatedly viewed neutral 
human faces indicated that the right amygdala shows greater habituation in young compared to 
older adults (Wedig, Rauch, Albert, & Wright, 2005). The current findings merit further investiga-
tion and replication in future studies. 

Age and taste quality 
Besides the age-related differences in the perception of different taste concentrations, we studied 
whether basic taste processing showed quality specificity. Previous psychophysical studies indicat-
ed that the extent and significance of age-related differences in taste perception varies between 
taste qualities, but, as mentioned previously, this method does not provide insight in neural mech-
anisms underlying these differences. Neuroimaging does enable us to study functional activity 
in different brain areas, providing more information about specific processes involved in taste 
perception. It was previously found that young adults showed more activation in the thalamus and 
primary somatosensory area in response to sweet, sour, salty, and bitter tastes (Jacobson et al., 
2010). In addition, more activation was found in the posterior insular cortex in response to sweet 
taste (Jacobson et al., 2010), but no age difference was found for bitter taste in this area (Green et 
al., 2013). However, these studies did not elaborated on the functional interpretation of the areas 
involved in terms of their particular roles within the taste pathway. 

Individuals strive to maintain a stable metabolic state. This requires constant monitoring and 
adjustments to avoid imbalance by means of determining which foods to ingest and to avoid. 
To maintain metabolic homeostasis through food intake, the brain actively manipulates taste 
perception (Shin & Egan, 2010). Depending on the glucose, sodium, and acid levels in the individ-
uals body, the brain modulates the perceived intensity and pleasantness of a sweet, sour, salty 
and bitter taste, respectively (Tandon et al., 2012). For example, increase of leptin was related 
to a decrease of pleasantness ratings of sweet taste which in turn affects food intake, thereby 
playing an important role in regulation of glucose homeostasis (Sanematzu et al., 2009). In ad-
dition, after recovery from malnutrition, pleasantness of savoury solutions increased, thereby 
facilitating protein intake and homeostasis (Tsurugizawa, Uneyama, & Torii, 2014). Both the 
pulvinar nucleus and associated inferotemporal regions and the lateral hypothalamus play an 
important role in regulating homeostasis and appetite. Since we observed that young and older 
adults differ in their perception of different taste qualities especially in these brain areas, we 
hypothesize that age-related differences in the regulation of homeostasis underlie the quality 
specificity in taste perception. 

In our study, age differentially affected the perception of sour, salty, and bitter tastes in two 
ways. First, older adults showed lower brain activation in the right pulvinar nucleus and associated 
inferotemporal regions in response to sour tastes as compared to young adults. It has been sug-
gested that these brain areas are selectively modulated in a manner that reflects an individual’s 
preference to maintain homeostasis (LaBar et al., 2001). Increased acidity in body tissue in older 
adults (Frassetto & Sebastian, 1996), was found to underlie decreased sour taste intensity percep-
tion. Second, older adults showed lower brain activation as compared to young adults in the lateral 
hypothalamus in response to salty and bitter tastes, and showed increased preference for salty but 
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not bitter stimuli. This is in agreement with the finding that lesions in the lateral hypothalamus 
result in changes in salt preference (Abrão Saad et al., 2004; da Silva, Saad, Renzi, Menani, & 
Camargo, 1995). Based on our results, we consider that homeostatic mechanisms underlie taste 
quality specificity in age related differences in taste processing. Additional studies are needed to 
further test the hypotheses gathered from the current study. 

Conclusion
The current study highlighted age-related differences in taste perception at the different higher 
order brain areas of the taste pathway. We found that taste information delivered to the brain in 
young and older adults did not differ, as illustrated by the absence of age effect in NTS and VPM 
activity. Our results indicate that multisensory integration changes with age; older adults needed 
less brain activation to integrate both taste and somatosensory information. Furthermore, older 
adults seem to focus attention less efficient to the taste stimulus; therefore attention had to be re-
allocated by the older individuals in order to be able to adequately perceive the tastes. In addition, 
we considered that the observed age-related differences in brain activation between taste concen-
trations in the amygdala reflect its involvement in processing both concentration and pleasantness 
of taste. Finally, we state the importance of homeostatic mechanisms in understanding the taste 
quality specificity in age related differences in taste perception.
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ABSTRACT
The primary gustatory area is located in 
the insular cortex. Although the insular 

cortex has been the topic of multiple parcellation studies, 
its functional specialization regarding taste processing 
received relatively little attention. Studies investigating 
the brain response to taste suggested that the insular 
cortex is involved in processing multiple characteristics 
of a taste stimulus, such as its quality, intensity and 
pleasantness. In the current functional magnetic 
resonance study, younger and older adult male subjects 
were exposed to four basic tastes in five increasing 
concentrations. We applied a data-driven analysis 
to obtain insular response maps, which showed that 
the insular cortex processes the presence of taste, its 
corresponding pleasantness, as well as its concentration. 
More specifically, the left and right insular cortices are 
differentially engaged in processing the aforementioned 
taste characteristics: representations of the presence of a 
taste stimulus as well as its corresponding pleasantness 
dominate in the left insular cortex, whereas taste 
concentration processing dominates in the right insular 
cortex. These results were similar across both age groups. 
Our results fit well within previous cytoarchitectural studies 
and show insular lateralization in processing different 
aspects of taste stimuli in men.

Keywords: cortical mapping, functional magnetic 
resonance imaging (fMRI), insula, lateralization, taste 
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INTRODUCTION
Information from the senses of vision, hearing, and touch is unimodally repre-
sented in distinct areas of the cerebral cortex, termed primary sensory areas. 

For taste, most researchers agree that the primary gustatory area resides in the insular cortex 
(see e.g., Small, (2010) for a review). The insular cortex is characterized by its widespread ana-
tomical connections and its heterogeneous cytoarchitecture. To better understand the function 
of the insula, multiple studies have investigated the subdivision of the insular cortex based on its 
anatomical structure, functional connectivity and task-evoked activity. Cytoarchitectonically, the 
insula shows a smooth gradual change in its grey matter structure from agranular to granular in 
the anteroventral to posterodorsal direction (see e.g., Mesulam & Mufson, 1982). Corresponding-
ly, diffusion weighted imaging studies have shown an anterior-posterior transition in white-matter 
connectivity variation within the insula (Cerliani et al., 2012; Nanetti, Cerliani, Gazzola, Renken, & 
Keysers, 2009). Studies investigating the functional connectivity of the insula have indicated that 
the anterior insula can be subdivided into two areas: the anterodorsal insula and anteroventral in-
sula (Chang et al., 2013; Deen et al., 2011; Kelly et al., 2012). Kurth et al. (2010) investigated the 
task-evoked subdivision of the insula. Their large meta-study indicates that the insula functionally 
divides into areas associated with sensorimotor, cognitive, chemical sensory (i.e., olfactory and 
gustatory) and social-emotional domains. Furthermore, Kelly et al. (2012) found that results from 
clustering methods correspond remarkably well across the three different modalities (task-evoked 
co-activation, functional connectivity during rest and gray matter structural covariance), indi-
cating strong agreement between anatomical and functional properties within the insular cortex. 

Although the parcellation studies described above indicate that the insula divides into multiple 
subareas with distinct properties, the exact location of the primary gustatory area is still under de-
bate. Experimental studies in non-human primates have suggested that this area is located in either 
the anteroventral or anterodorsal insula (Mesulam & Mufson, 1982; Yaxley, Rolls, & Sienkiewicz, 
1990). However, a growing body of neuroimaging studies has indicated that the anteroventral insula 
processes taste in humans (Bender et al., 2009; Rudenga, Green, Nachtigal, & Small, 2010; Small, 
Zatorre, Dagher, Evans, & Jones-Gotman, 2001; Small, 2012). Meta-analyses of Kurth et al. (2010) 
and Veldhuizen et al. (2011) have shown that the anteroventral part of the insula is most associated 
with processing taste. Although Kurth et al. (2010) demonstrated right insula dominance for gusta-
tory processing, Veldhuizen et al. (2011) did not find any proof of laterality. 

There are several factors that complicate investigating the functional organization of the insula 
during taste perception. First, taste stimuli are always accompanied by somatosensory informa-
tion. Therefore, brain activation may be evoked by somatosensory stimulation instead of taste or 
in addition to taste. To overcome this, several researchers contrasted the taste stimulus with a 
baseline stimulus, such as water or a tasteless solution containing artificial saliva. However, both 
water and tasteless artificial saliva still activate the primary gustatory area (De Araujo, Kringel-
bach, Rolls, & McGlone, 2003; Veldhuizen, Bender, Constable, & Small, 2007). Therefore, contrast-
ing with such baseline stimuli reduces sensitivity. 
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A second complication resides in the fact that several subregions of the insular cortex have been 
reported to process different aspects of taste (e.g., pleasantness, intensity or presence). Selec-
tive attention to these different aspects seems to enhance brain activity in different parts of the 
insular cortex, although direct comparisons between these attention tasks have not yet been con-
clusive (Bender et al., 2009; Nitschke et al., 2006; Veldhuizen et al., 2007). Studies that tried 
to investigate the brain response while manipulating stimulus intensity, specifically, suggest that 
changes in intensity are associated with changes in activity in the middle insular cortex (Small et 
al., 2003; Spetter et al., 2010; Veldhuizen, Nachtigal, Teulings, Gitelman, & Small, 2010). Although 
many studies have focused on the orbital frontal cortex with respect to pleasantness, several have 
indicated that the insula also codes taste pleasantness (Bender et al., 2009; Cerf-Ducastel, Haase, 
& Murphy, 2012; Nitschke et al., 2006; Small et al., 2001). Since pleasantness and intensity highly 
correlate in many cases (Pfaffmann, 1980), it is hard to disambiguate the two, especially when 
both are not measured and/or manipulated within the same paradigm. Therefore, it is unclear 
whether the resulting insular responses represent either pleasantness or intensity coding. 

Finally, a third complication stems from a methodological problem: researchers often used high 
taste concentrations because neuroimaging methods are rather insensitive to neuronal responses 
near detection threshold. Yet, high taste concentrations are often accompanied by disgust re-
sponses and may therefore elicit confounding mechanisms.

To investigate functional specialization of the insula during taste perception while trying to over-
come the above-mentioned difficulties, we analyzed data from male subjects, who were exposed to 
basic tastes in increasing concentrations. We included both young and older adult males to obtain 
results on insular taste processing across age groups. For data analysis, we used a data-driven 
multivariate blind source separation approach that enabled us to disassociate insular activity re-
lated to multiple characteristics of the taste stimuli. 

MATERIALS AND METHODS

Participants
In this study, we acquired data of 21 healthy young males (mean age 23.9, SD = 2.81, range 19 – 30 
years) and 19 healthy older males (mean age 65.8, SD=4.3, range 60 – 72). Participants were en-
rolled in the study on the basis of written informed consent. Participation was in accordance with the 
requirements of the medical ethical committee at the University Medical Center Groningen. 

Participants were included when they reported no history of taste, smell, neurological, or psycho-
logical disorders. They were right handed, non-smoker for at least three months, and had normal 
or corrected to normal vision with MR-compatible lenses. Participants using any form of medication 
that possibly affected taste perception (i.e. gastrointestinal complaints, dry mouth, nausea, and 
taste disturbance) were not included in the study. Participants received a monetary compensation 
for participation. 
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One participant from the young male group was removed from the study after aborting the para-
digm prematurely due to technical difficulties with the gustometer. Furthermore, one participant 
from the older males group was removed due to an unforeseen claustrophobic response. 

Because food intake as well as brain responses to food images vary across the menstrual cycle (see 
e.g., Bryant et al. 2006; Frank et al., 2010; van Vugt, 2009), we anticipated that inclusion of female 
participants within the study would introduce extra undesired variation, negatively affecting the 
data-driven analysis. We therefore only included male participants. 

Taste stimuli and delivery
Stock solutions of sweet (560mM sucrose), salty (180mM NaCl), sour (10mM citric acid) and bitter 
(1mM quinine HCl) were created, matching taste stimuli used in previous studies (e.g., Bender et 
al., 2009; Jabbi et al., 2008; Rolls, 2011). These stock solutions were diluted with sterilized wa-
ter to form series of 0%, 12.5%, 25%, 50% and 100% of the original stock concentrations. The 0% 
solution was also used for rinsing. Stimuli were delivered in the form of a 2ml bolus, using an in-
house designed MR-compatible gustometer, consisting of 30 10ml syringes manually operated by 
an experimenter. Syringes were held firmly in place within the gustometer and five removable stops 
were placed between the plunger and barrel to ensure 2ml bolus deliveries. The syringes were 
attached to tubes (inner diameter 3mm; outer diameter: 4.1mm). Tubes containing water were 
connected together using stopcocks, such that only one tube ending provided a water stimulus. 
All tubes ended in a tight bundle of 17 tubes (one for water and 16 for tastants), which were held 
together in a central mouthpiece (a cut-off pacifier). The mouthpiece was secured to the headcoil 
and rested above the teeth of the participant, such that the participant was able to close his lips 
around the ending of the bundle (bundle diameter: ~14mm). The half-closed tubing system com-
bined with the small tube diameter countered spontaneous leaking while at the same time impeding 
the participant to easily suck liquid from the tubes. Participants were instructed to try and keep 
their head as still as possible during tasting and swallowing. We did not specifically instruct them 
to limit tongue movement to minimize the risk of choking. Stimuli were administered manually by 
pushing the plunger to the next mechanical stop and administration lasted for approximately one 
second. Auditory countdown through headphones guaranteed timely stimulus administration by 
the experimenter.

Experimental design
The experiment was divided into two sessions. In the first one-hour screening session, which was 
scheduled between 9.00 and 12.00 am, inclusion and exclusion criteria were checked, saliva sam-
ples were collected (results will be reported elsewhere), a hypogeusia-screening was performed 
using taste strips (Mueller et al., 2003; Steinbach et al., 2009), and participants were familiarized 
with the experimental procedure. The second session took place within seven days after the first 
session and contained a functional magnetic resonance imaging (fMRI) scan between 9.00 and 
12.00 am or between 4.00 and 7.00 pm. Participants were instructed not to eat or drink during a 
two-hour period prior to the scanning session.

Functional specialization of the m
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Hypogeusia screening
Taste function was assessed using spoon-shaped filter paper strips, which were impregnated with 
four basic tastes in four different concentrations (Mueller et al., 2003; Steinbach et al., 2009). Two 
tasteless strips were included. During each taste trial, participants were instructed to first rinse 
their mouth with water followed by placing a taste strip on the middle anterior third of the tongue. 
Subsequently, participants were instructed to identify the taste by choosing one out of five an-
swers: sweet, sour, salty, bitter, and neutral (multiple forced choice). The order of the taste stim-
uli was randomized at each concentration, and stimulus presentation was in ascending (i.e., low 
to high) order of concentrations. The hypogeusia screening required approximately ten minutes. 
Identifying hypogeusia was based on the total number of correctly identified stimuli; participants 
scoring below 8 were excluded. We identified no hypogeusia in any of the recruited participants.  

fMRI paradigm
A schematic overview of the paradigm is given in Figure 1. Participants engaged in a tasting task 
containing 60 trials. During the course of the experiment, participants received visual cues and 
instructions in Dutch via a paradigm constructed in E-prime (Psychology Software Tools Inc., 
Pittsburgh). The paradigm was presented during four imaging runs. Each imaging run lasted for 
approximately 15 minutes (depending on reaction times) and was divided into 3 taste blocks. Each 
taste block contained a series of 5 trials with solutions of a single basic taste in ascending order of 
concentration. The start of every series was cued with the message “New Taste” (in Dutch: “Nieu-
we Smaak”, duration: 2s). On a single-trial level, participants were warned for an upcoming taste 
delivery by an asterisk appearing centered on the screen (duration: 2s). Subsequently, 2ml of a 
basic taste was delivered in the mouth and participants were instructed to taste this stimulus with 
the cue “Taste” (in Dutch: “Proeven”, duration: 3s). After tasting, the participant was instructed 
to swallow the solution, cued as “Swallow” (in Dutch: “Slikken”, duration: 3.5s), followed by a pe-
riod in which they needed to passively “Judge” the taste (in Dutch: “Beoordelen”, duration: 10s). 
Finally, a 7-point Likert scale appeared on the screen, ranging from “very unpleasant” to “very 
pleasant”. Participants were instructed to express their perceived pleasantness for the taste on 
the scale by using a button box held in their right hand. Every trial ended with a rinsing procedure, 
in which the participant received a 2ml bolus of sterilized water. At the end of every series of 5 
trials, an extra rinsing procedure was included. The entire paradigm lasted for approximately 90 
minutes, in which 264ml of liquid was consumed. 

As baseline we included 4 periods of 15 seconds in each run, during which the participant was 
looking at a black screen with a red cross centred in the middle. The baseline periods were inserted 
at the start of every series of 5 trials and at the end of the run.

Although the number of repetitions per individual taste concentration is low (3 repetitions), we 
increased measurement sensitivity by 1) associating all stimulus presentations with pleasantness 
judgements, 2) integrating concentration information over multiple taste qualities (12 repetitions 
per concentration), 3) integrating taste quality information over multiple concentrations (12 repe-
titions per taste quality), and 4) optimizing the time resolution of the scanner paradigm (scan time 
per volume 0.852s) to increase sensitivity for BOLD signal detection (see below). 
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Data acquisition
MRI scans were performed using a 3-Tesla MR scanner (Philips Intera, Best, the Netherlands) 
equipped with a 32-channel head coil. 

A T1-weighted 3D fast field echo (FFE) whole brain image was obtained in transverse orientation 
for anatomical reference. Acquisition parameters: field of view (FOV) 256 × 232 × 170mm (rl, ap, 
fh); voxel size 1mm isotropic; TR = 9ms; TE = 3.5ms; flip angle 8º; SENSE factors: 2.5, 1 (ap, fh); 170 
slices, scan duration = 246.3s.  

Functional partial brain images were acquired in coronal orientation using the Principles of 
Echo-Shifting with a Train of Observations (PRESTO) sequence. Acquisition parameters: FOV 230 
× 230 × 81mm (rl, ap, fh); voxel size 3.03 × 3.59 × 3mm; matrix 76 × 64 × 27; TR = 20ms; TE = 30ms; 
flip angle 7º; SENSE factors: 2.1, 1.9 (rl, ap); 27 slices, scan time per volume 0.852s. The coronal 
slices were centered on the brain stem ensuring the insulae were within the FOV. 

In addition, 5 full brain PRESTO images were acquired with equal orientation and voxel size to the 
partial brain PRESTO images. The FOV was set to 230 × 230 × 234mm; 78 slices, scan time per 
volume 2.3s. The third full brain PRESTO image was used for an intermediate coregistration step 
between the partial brain PRESTO images and the anatomical image.

Data preprocessing and analysis per individual
The functional data was analysed using SPM8 (Wellcome Trust Centre for Neuroimaging, http://
www.fil.ion.ucl.ac.uk/spm) running in Matlab 2011b (The MathWorks Inc., Natick, MA). Functional 
images were registered to the mean functional image, co-registered to the third full brain PRESTO 
image and subsequently to the T1 image using the full brain PRESTO image as reference. The individ-
ual T1-weighted anatomical images were segmented into grey matter (GM), white matter (WM) and 
cerebral spinal fluid (CSF). By using Diffeomorphic Anatomical Registration Through Exponentiat-
ed Lie algebra (DARTEL), a customized anatomical group template was created of all participants, 
which was subsequently normalized to the MNI template. This method optimises the inter-partic-
ipant alignment (Ashburner, 2007). The images were smoothed with a 6mm full-width at half-maxi-
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Figure 1. The figure shows an overview of the fMRI taste paradigm. The paradigm was divided into 4 runs containing 3 
blocks each. Within each block every taste stimulus was delivered in a series of 5 trials containing increasing concentra-
tions. Every trial started with a visual cue, followed by the taste. The participant was subsequently instructed to swallow, 
judge and provide a pleasantness rating for the stimulus. The first four trials ended with one rinsing procedure. After the 
fifth trial, the participant was instructed to rinse twice.
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mum (FWHM) Gaussian kernel, resliced to a voxel size of 2x2x2mm and logarithmically transformed 
in order to express the signal measures in percent signal change (Langers & van Dijk, 2011). 

For the statistical analysis per individual, we constructed mass-univariate general linear regres-
sion models in a block design because tastes stimulate taste receptors for several seconds. The 
regressors included: 1) conditions ‘Taste’, ‘Swallow’, ‘Judge’, and ‘Rate’ for each taste trial sepa-
rately, allowing subsequent modeling of repetition effects at group-level; 2) global conditions ‘New 
taste’, ‘Taste warning’ (asterisk), and ‘Rinse’; and 3) the realignment parameters and their first 
derivatives as covariates, correcting for head motion artefacts (Friston et al., 1996). In this way, 
the baseline represents the signal intensity during the period in which the participant was watch-
ing a red cross on the screen. The task-related regressors were convoluted with the canonical 
hemodynamic response function (HRF) and a high-pass filter of 128s was applied. 

Due to technical difficulties, several PRESTO images were missing at random time intervals for 
7 participants (on average 0.05% per data set). To minimize the effect of missing volumes, we 
replaced the volumes with the first PRESTO volume and included a separate regressor for each 
missing volume in the statistical analysis. 

Group-level data analysis
Region of Interest (ROI)
To define a ROI, a mask of the insular cortex was created based on the Harvard-Oxford cortical 
and subcortical structural atlas, distributed with FSL v5.0 (The Oxford Centre for Functional MRI 
of the Brain, Nuffield Department of Clinical Neurosciences, University of Oxford, John Radcliffe 
Hospital, Oxford, OX3 9DU), comprising 4935 voxels (39.48 cm3). 

Group-level analysis
First, we carried out a regular group-level analysis in SPM to show the average brain response to 
taste stimulus delivery versus baseline. This analysis served as a control step to ensure we suc-
cessfully measured brain responses related to tasting. Resulting activation maps were thresholded 
at a global family-wise error (FWE) probability of P(FWE) < 0.05. 

Subsequently, we applied blind source separation at the group-level. This method has been ap-
plied in previous studies to find both task-related brain activation patterns and intrinsic brain 
networks using Principal Component Analysis (PCA) (Langers & van Dijk, 2012), Factor Analysis 
(Langers, 2009) and Independent Component Analysis (Calhoun & Allen, 2013). Compared to clas-
sical mass-univariate analysis of fMRI data, this approach provides two major advantages: first, it 
avoids the obvious multiple-comparisons problem within mass-univariate analysis; second, by us-
ing blind source separation, the response dynamics (e.g., to taste concentration, quality or pleas-
antness) need not be exactly specified beforehand. For the group-level analysis in our study, we 
used factor analysis. Factor analysis was performed using PCA as preprocessing step. PCA is op-
timized for reducing the complexity of a data set by grouping as much signal variation as possible 
into as few components as possible, resulting in orthogonal components that may contain variation 
from multiple signal sources. Components can be unmixed by applying a factor analytic rotation 



69

such as varimax, which attempts to form new components (factors), which better represent the 
latent variables that underlie the data. For fMRI data, the varimax rotation can be performed in 
either the spatial domain in which the contribution of each voxel will be regarded as a loading, 
or in the response profile domain in which the contribution of each condition will be regarded 
as a loading. When analyzing resting state data, the response profile domain is equivalent to a 
time-domain; in the current study it represents a taste condition domain. Because we intended to 
maximally separate pleasantness effects from concentration effects we chose to perform varimax 
in the taste condition domain.  

The factor analysis was performed in R (version 3.1.2, 2014-10-31). For each participant (38 in 
total), 60 beta maps (4 basic tastes × 5 concentrations × 3 repetitions) of the condition ‘Taste’ were 
each flattened to a single column vector, insular cortex masked, and concatenated, thus creating 
a 4935 × 60 insular response matrix yr. The mean response per voxel was then subtracted. Subse-
quently, all participant data were concatenated to obtain an aggregate 4935 × 2280 matrix Y. For a 
succinct representation of the data, the matrix Y was decomposed into principal components using 
Singular Value Decomposition. The number of components to retain (nc = 2) was based on Cattell’s 
scree test (Cattell, 1966). Finally, the retained components were varimax rotated to form factors. 
These resulting factors each comprised an insular response map containing the amplitude variation 
of 4935 voxels (i.e., factor scores) and a corresponding response profile across all participants and 
all conditions, indicating how strongly the insular response map was represented in each condition 
per participant (i.e. factor loadings). The response profiles were constrained to unit root-mean-
square amplitude, resulting in response profiles expressed in dimensionless arbitrary units and re-
sponse maps expressed in percent signal change (see for more details: Langers and van Dijk, (2011) 
and Langers (2009)).

Note that all 0% concentrations constitute the same tasteless water stimulus. We included this 
water stimulus in the Factor Analysis to form a reference stimulus providing insight in how the 
insula responds to a gustatory stimulus without taste quality information. 

Relating factor analysis results to taste stimulus characteristics
In order to relate the obtained factors to taste quality, concentration and pleasantness, we used lin-
ear mixed models (LMM). LMMs are provided by the lmer-function in the lme4 package for R (version 
1.1-5, http://cran.r-project.org/package=lme4) (Bates et al., 2014; Pinheiro & Bates, 2000). Sub-
sequent statistical tests on the LMMs were performed using Satterthwaite’s approximation for the 
degrees of freedom, provided in the lmerTest package for R (version 2.0-11, http://cran.r-project.
org/package=lmerTest) (Kuznetsova, Brockhoff, & Christensen, 2014). For all constructed models, 
the response profiles were entered as dependent variable. Taste quality, taste concentration, and 
perceived pleasantness were considered as independent variables in separate models. Finally, par-
ticipants constituted a random variable. We performed likelihood ratio tests between nested model 
fits to test which independent variable best explained the variance expressed in the response pro-
files. When model comparisons are made, we will report the associated χ2 statistic.

Functional specialization of the m
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To test for response differences between both age groups, we additionally included the main and 
interaction effect of age group per model and calculated the mixed-effects repeated-measures 
ANOVA table based on Satterthwaite’s approximation for the degrees of freedom (provided in the 
package lmerTest). 

Behavioral (pleasantness) ratings
To show we successfully manipulated pleasantness scores, effects of concentration and taste 
quality on perceived pleasantness are reported. For analyzing the pleasantness ratings, we also 
applied LMMs and calculated the mixed-effects repeated-measures ANOVA table. Here, pleasant-
ness ratings were entered as dependent variable, while the taste quality and taste concentration 
constituted the independent variables.

RESULTS

Behavioral results
Figure 2 illustrates that we successfully manipulated pleasantness; the mixed-effect repeat-
ed-measures ANOVA table on pleasantness ratings indicates that pleasantness was different be-
tween taste qualities F(3, 2223) = 774.2, P < 0.001) and between taste concentrations F(4, 2223) = 
58.4, P < 0.001. Furthermore, the interaction between taste quality and taste concentration (F(12, 
2223) = 58.5, P < 0.001) indicates that changes in pleasantness induced by increasing concentra-
tion significantly differed between taste qualities. 

Mass univariate results on group-level
Figure 3 and Table 1 show group-level activation results for the main effect of taste stimulus 
delivery (P(FWE)< 0.05, cluster size k > 100 voxels). As expected, we found activation clusters in 
thalamic, sensory and motor areas as well as insular regions in response to all taste stimuli (see 
e.g., Veldhuizen et al., 2011)). When masking for insular regions we found that mean activation 
peaked in the left anterior insula (T(37)=8.96, P(FWE) < 0.001; MNI coordinates: -40,12,-6) and 
the right anterodorsal insula (T(37)=8.89, P(FWE) < 0.001; MNI coordinates: 36,26,2).

Factor analysis results
Following PCA, two components were retained explaining 43,7% of the total variance (32,6% and 
11.2%, for PC1 and PC2, respectively), which were subsequently rotated using varimax. The result-
ing response maps of the factor analysis are given in Figure 4 while Figure 5 shows the correspond-
ing response profiles as a function of taste quality, concentration and pleasantness. 

The response map of the first factor was most pronounced in the left anteroventral insula extending 
towards the left middle insula and to a lesser extent within the right dorsal posterior insula. The re-
lation with taste quality, concentration and pleasantness was threefold. First, LMM contrasts on the 
response profile indicated that the response profile loadings were higher during the presence of taste 
compared to water (T(2275) = 2.12 , P < 0.05), second, the response profile loadings were higher at 

4.4
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Figure 2. The figure shows the pleasantness ratings as a function of taste quality and concentration. Pleasantness ratings 
were measured 10 seconds after stimulus presentation during the fMRI paradigm. Error bars indicate the standard error 
of the mean (SEM).

Figure 3. The figure shows the result of the SPM mass univariate group analysis. The result indicates the activated voxels 
in both insulae as a response to taste delivery in general. The color-coding of the intensity map is based on the T value 
generated by the contrast [all liquid stimuli - baseline]. The baseline consisted of looking at a red cross on a black screen. 
Therefore, the response pattern may include activity elicited by multiple characteristics of oral stimulus delivery (e.g., 
tactile, viscosity, taste and temperature information).

Functional specialization of the m
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a low taste concentration compared to higher concentrations (T(2275) = 2.41, P < 0.05) as well as to 
water (T(2275) = 3.15, P < 0.01 ), and third, response profile loadings were negatively correlated with 
the perceived pleasantness of the taste (T(2278) = -2.26, P < 0.05). The response profile loadings did 
not differ between age groups as a function of taste quality (F(4,2270) = 0.44, P = 0.78), taste concen-
tration (F(4,2270) = 2.09, P = 0.08) or pleasantness (F(1,2276) = 0.76, P=0.38). Model comparisons in-
dicated that a negative linear association between pleasantness ratings and the variance expressed in 
the response profile of the first factor significantly improved the model fit compared to the null-model 
(χ2(1) = 5.11, P < 0.05). Including a linear and/or quadratic effect of concentration did not significantly 
improve the model fit (χ2(1) = 0.002, P = 0.97 and χ2(2) = 0.27, P = 0.87 for the linear and quadratic 
effect, respectively). Furthermore, including the categorical variable taste quality did not improve the 
model fit over de null-model (χ2(4) = 7.59, P = 0.11). Therefore, the first factor is best characterized by 
a pleasantness effect.

The response map of the second factor was associated with right anterior insula activity. LMMs 
indicated that the corresponding response profile is explained by a quadratic effect of stimulus 
concentration (T(2254) = 2.71, P < 0.01 and T(2109), P < 0.005, for the linear and the quadratic 
term, respectively). Thus, activity in the right anterior insula increased as a function of stimulus 
concentration up until the 50% stimulus concentration, after which the responsiveness diminished 
again. Again, we found no difference between age groups related to taste quality (F(4,2270) = 
0.73, P = 0.57), taste concentration (F(3,2276) = 0.48, P = 0.75) or pleasantness (F(1,2276) = 
0.029, P = 0.87) in the response profile of the second factor. Model comparisons indicated that 
a quadratic association between taste concentration and the variance expressed in the response 
profile of the second factor significantly improved the model fit compared to the null model (χ2(2) 
= 8.38, P < 0.05). Neither a linear effect of pleasantness (χ2(1) = 0.01, P = 0.93), a quadratic effect 
of pleasantness (χ2(2) = 0.18, P = 0.91), nor the categorical variable taste quality (χ2(4) = 3.95, P 
= 0.41) improved the model fit over the null-model. Thus, model comparisons indicated that the 
second factor is best characterized by a quadratic taste concentration effect.

DISCUSSION
In the current study we investigated the functional specialization of the insula 
during the ingestion of basic tastes in both young and older adult males. Using fac-

tor analysis, we demonstrated that changes in BOLD signal evoked by three taste characteristics (i.e., 
quality, concentration, and pleasantness) could be decomposed into two factors, each containing a 
taste response map (i.e., factor scores) and an associated response profile (i.e., factor loadings). These 
response maps captured insular areas that showed similar behavior across all taste conditions and 
participants, while the associated response profiles indicate how strongly the group of insular areas 
within each response map was represented in each taste condition per participant. Our analysis indi-
cated that the response map of the first factor was predominantly present in the left anteroventral 
to middle insula and captured an insular response to the presence of a taste stimulus as well as its 
corresponding pleasantness. Contrarily, the response map of the second factor mainly encompassed 
the right anterior insula. Analysis on the associating response profile indicated that the second factor 
was associated with taste concentration. Furthermore, we found that these effects were similar across 
young and older male participants.

4.5
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Table 1 Main effect of taste stimulus delivery 

Cluster 

number 
Peak Region 

Cluster 

size (cm3) 

Peak voxel 

P(FWE) 

T 
MNI coordinates 

x y z 

1 Right Precentral Gyrus 35.20 < 0.001 13.71 62 -2 28 
 

Right Postcentral Gyrus 
 

< 0.001 12.35 62 -10 20 
 

Right Postcentral Gyrus 
 

< 0.001 12.27 60 -10 34 

2 Left Postcentral Gyrus 26.28 < 0.001 11.95 -62 -8 22 
 

Left Anterior Insula 
 

< 0.001 8.96 -40 12 -6 

 Left Precentral Gyrus 
 

< 0.001 8.04 -56 4 4 

3 Left Amygdala 3.89 < 0.001 9.55 -22 2 -16 

 Left Caudate 
 

< 0.001 7.17 -12 10 -2 
 

Left Pallidum 
 

0.003 6.44 -14 2 8 

4 Left Thalamus 5.79 < 0.001 8.73 -10 -16 2 
 

Right Thalamus 
 

< 0.001 8.55 16 -20 -6 
 

Right Thalamus 
 

< 0.001 7.86 14 -16 4 

5 Left Dorsolateral Prefrontal Cortex 3.56 < 0.001 8.22 -46 44 8 
 

Left Dorsolateral Prefrontal Cortex 
 

< 0.001 8.11 -42 42 22 

6 Paracingulate Gyrus 9.54 < 0.001 8.11 4 26 34 
 

Anterior Cingulate Gyrus 
 

< 0.001 7.52 -6 32 22 
 

Supplementary Motor Cortex 
 

0.001 6.97 4 2 56 

7 Right Cerebellum 1.98 < 0.001 7.83 44 -54 -34 
 

Right Cerebellum 
 

0.002 6.53 20 -44 -24 
 

Right Cerebellum 
 

0.016 5.76 28 -52 -24 

8 Left Cerebellum 1.84 < 0.001 7.48 -32 -54 -56 
 

Left Cerebellum 
 

< 0.001 7.16 -30 -52 -34 
 

Left Cerebellum 
 

< 0.005 6.24 -32 -50 -26 

 

 
Table 1. Main effect of taste stimulus delivery.
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Figure 4. The panels illustrate the Varimax rotated response maps expressed in percent signal change. Left insula maps 
correspond to X = -39, whereas right insula maps correspond to X = 39 in MNI space. For component 1 the most extreme 
values are expressed in the left insula, whereas the right insula expresses the most extreme values for component 2. 

Figure 5. The panels illustrate the response profiles for the first component (A-C) and the second component (D-F) as a 
function of taste quality (A,D), concentration (B,E) and pleasantness (C,F). Any significant statistical results from linear 
mixed models are indicated with the corresponding p-value. Panels A-C show that the results for the first component 
are threefold; the presence of taste scores significantly higher than no presence of taste (A), low concentrations score 
significantly higher than higher concentrations (B), and scores on the first response profile are negatively correlated with 
pleasantness (C). Panel E indicates that scores on the second response profile have a quadratic association with taste 
concentration. These scores did not significantly differ between taste qualities (D) or pleasantness ratings (F). Error bars 
indicate the standard error of the mean (SEM).
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Results in the context of taste research
Experimental studies in non-human primates have suggested that the primary gustatory area is 
located in either the anteroventral (Mesulam & Mufson, 1982) or anterodorsal insula (Yaxley et al., 
1990). Although our group-level analysis indicated that the average response to a liquid stimulus is 
associated with i.a. the right anterodorsal insula, our factor analytic results are more pronounced 
towards the anteroventral insula. The latter is in line with meta-analyses on previous fMRI studies 
(Kurth, Zilles, et al., 2010; Veldhuizen, Albrecht, et al., 2011). 

The first factor from our factor analysis encompassed the left anteroventral insula extending to the left 
middle insula and to a lesser extent the right dorsal posterior insula. Subsequent analysis showed that 
the first factor was associated with the presence of a taste. Interestingly, model comparisons showed 
that a linear effect of taste pleasantness best characterized the first factor. These results indicate 
that the associated areas not only process the presence of a taste, but also its corresponding valence. 
Although many studies have focused on the (orbital)frontal cortex regarding pleasantness (liking or 
valence) responses, several studies have indeed suggested an association between gustatory valence 
responses and left insula activity (Bender et al., 2009; Cerf-Ducastel et al., 2012; Frank et al., 2008). 

The second factor was characterized by an association between the right anterior insula and stim-
ulus concentration. Several studies have suggested that the right insula functionally relates to 
stimulus intensity (Small et al., 2003; Spetter et al., 2010). Although several authors also associ-
ated this region with taste pleasantness (Nitschke et al., 2006; Small et al., 2001), these studies 
were unable to rule out taste intensity effects, because taste concentration was not explicitly 
manipulated and/or subjective intensity ratings were not measured. We found no significant as-
sociation between the second factor and pleasantness ratings. Model comparisons indicated that 
including pleasantness ratings did not improve a model fit compared to the null-model. Therefore, 
we conclude that activity within the right anterior insula is related to concentration and not to 
pleasantness. Interestingly, the responsiveness of the right anterior insula appeared to be qua-
dratic, for which we have no definitive explanation. 

With respect to age, Green et al. (2013) and Jacobson et al. (2010) reported offset differences be-
tween age groups in BOLD response to tastes within i.a. the insula. Here, we focused on the insular 
response variation across quality, concentration and pleasantness scores and found no differences 
between young and older participants. Therefore, we conclude that although there may be BOLD am-
plitude differences within the insula between young and older adults in response to taste, our results 
indicate that insular BOLD variation in response to multiple taste manipulations is similar across age. 

Baseline shifts in BOLD signal during uncertainty
The results from our analysis indicate that the first factor is more pronounced at a low stimulus 
concentration (see Figure 5b). This result may be explained by the findings of Bender et al. (2009). 
These authors showed that baseline activity shifts in the anteroventral insula during taste per-
ception are associated with the participant’s effort to detect and identify a taste. Therefore, the 
baseline shift observed in our results at low concentrations could be explained by selective atten-
tion towards the presence and/or identity of the taste.

Functional specialization of the m
ale insula during taste perception
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Functional specialization 
Figure 6 illustrates that our results fit remarkably well with known insular cytoarchitecture and anat-
omy. The cytoarchitecture of the insula is characterized by a gradual change from agranular (Ia) 
to granular (Ig) in the anteroventral to posterodorsal direction (Cerliani et al., 2012; Mesulam & 
Mufson, 1982; Nanetti et al., 2009). Furthermore, Kelly et al. (2012) indicated that anatomical and 
functional insular parcellations largely overlap. In the current study we obtained a functional parcel-
lation using taste stimuli. Our results show that, for taste perception, the main functional differences 
are also concentrated in anteroventral (agranular), anterior (dysgranular) and posterior (granular) 
insula. However, the functional specialization in taste perception is different between the left and 
right insular cortices. 

For the first factor, we found that the left anteroventral (agranular) insula, left middle (posteri-
or dysgranular) insula and right posterior (granular) insula were associated with processing the 
presence of a taste stimulus as well as its corresponding pleasantness. For the anteroventral in-
sula, these findings fit into the general role of this area, as the anteroventral insula is involved in 
processing the emotional significance of environmental stimuli and production of affective states 
(Phillips, Drevets, Rauch, & Lane, 2003). Furthermore, the anteroventral insula is strongly con-
nected to the orbitofrontal cortex, where final evaluation of reward and punishment of a stimulus 
is formed (Kringelbach & Rolls, 2004). For the left middle insula, activation was most pronounced 
within the posterior short gyrus (psg) and anterior long gyrus (alg). The right posterior insula 
activity was most pronounced in the posterior parts of the anterior long gyrus (alg) and posterior 
long gyrus (plg). Based on the cytoarchitecture of the posterior insula, the activation resides in 
the area Insula granular 2 (Ig2) (Kurth et al., 2010, figure 11 and Table 3). Meta-analyses clearly 
indicate a consistent involvement of the posterior insula during pain perception (Kurth, Zilles, et 
al., 2010; Lamm, Decety, & Singer, 2011). These findings are in line with connectivity studies that 
consistently show its relation with motor and somatosensory areas (Cauda et al., 2011). Thus, 
recruitment of the right posterior insula may indicate that perception of unpleasant tastes is as-
sociated with pain perception.

The second factor showed that stimulus concentration was most associated with right anterior 
(dysgranular) insula activity. Peak responses were most pronounced in the middle short gyrus 
(msg) and posterior short gyrus (psg).  

Taken together, the two factors show that both the left and right middle insular cortices play a 
role in taste perception. The middle (dysgranular) insula is cytoarchitecturally regarded as the 
transition area between the anteroventral (agranular) and posterior (granular) insula (Cerliani 
et al., 2012; Mesulam & Mufson, 1982; Nanetti et al., 2009). Furthermore, intracranial recordings 
have shown that the middle insula is functionally highly connected with both the anterior and pos-
terior insula (Almashaikhi et al., 2013). As the emotional significance (anteroventral insula) and 
the potential harmfulness/painfulness (posterior insula) are important during the evaluation of a 
food stimulus, the middle insula might be a suitable region to process taste stimulus properties.  
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Lateralization
Faurion et al. (1999) attributed the insular lateralization of taste perception to handedness. Ac-
cording to their study the left insula predominantly responded to taste in right-handed partici-
pants, while this result was reversed for left-handed participants. Although our results are con-
sistent with this finding, as all participants were right handed and the left insula predominantly 
responded to the presence of a taste, previous studies have shown inconsistencies (Small, Zald, 
Jones-Gotman, et al., 1999; Veldhuizen, Albrecht, et al., 2011). 

An alternative explanation for this laterality was given by Small et al. (1999). They hypothesized that 
gustation is dominated by the right insula as a result of a left insular dominance in language process-
ing. Although we can neither confirm nor refute these hypotheses, our results demonstrate that the 
left and right insula are differently involved in processing the taste stimulus. This may explain lat-
eralized findings in previous studies in which pleasantness and intensity were not jointly measured. 

Interestingly, our finding that the left insula dominates in processing pleasantness is in agreement 
with a meta-analysis on the lateralization of affective processing in the insula by Duerden et al. 
(2013). The authors included 143 emotion studies and concluded that: “males processed emotion-
al stimuli predominantly in the left anterior/mid-insula and the right posterior insula”. This consti-
tutes a finding that very closely matches the pleasantness results presented in the current study. 

Limitations
A possible alternative interpretation of the negative association between the first factor and pleas-
antness ratings is that this factor is associated with aversiveness coding. However, as we only mea-
sured pleasantness ratings, the factor was interpreted in terms of pleasantness. We believe that 
further experiments are needed, optimized on covering the full pleasantness and aversiveness range 
per participant, in order to investigate differences in aversiveness and pleasantness processing in 
the insula. These experiments should also shed more light on the discussion whether pleasure and 
aversiveness are part of the same neurobiological continuum. We believe that this discussion does 
not have a definitive answer yet (also see Kringelbach and Berridge (2010), pages 12-14).

To minimize carry-over effects between taste qualities, we presented stimuli in ascending con-
centrations. By doing so, we might have introduced anticipatory effects causing baseline shifts 
in BOLD signal at low taste concentrations as shown in Figure 5b. Although, a fully randomized 
design may have reduced these anticipatory effects, low taste concentrations would still require 
more selective attention for taste quality identification.

The perceived pleasantness of an individual taste stimulus varies widely between consumers 
(Dalenberg, Nanetti, Renken, de Wijk, & Ter Horst, 2014; Rudenga & Small, 2013; van den Bosch 
et al., 2014). Although a sweet taste is widely considered as a positive stimulus, groups of sweet 
likers and sweet dislikers exist, who show differential brain responses to the same sweet stimulus 
(Rudenga & Small, 2013). Therefore, stimulus quality is a poor indicator for affective value. In the 
current study, we took account of this by measuring perceived pleasantness, providing us with 
personalized affective scores. By doing so, we directed the attention of our participants to the 
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pleasantness of the taste. Attention to a specific stimulus property is reflected in baseline activa-
tion shifts within associated brain areas. For taste, several studies have indicated that attention 
to a particular taste attribute, such as its intensity or pleasantness, enhances activity in specific 
insular areas (Bender et al., 2009; Nitschke et al., 2006; Veldhuizen et al., 2007). This finding may 
indicate that the rating-task in our paradigm poses a confounding factor. 
Our results are limited to the male population. Cornier et al. 2015 and Haase et al. (2011) showed 
that differences exist in gustatory processing between males and females. Therefore, it remains 
unclear whether similar lateralized effects exist in insular gustatory processing within females. 
This question should be addressed in future studies.

Figure 6. Panel A illustrates the response maps projected on an approximation of the cytoarchitectural diagram as de-
scribed by Mesulam & Mufson, (1982). The panel shows how the response maps distribute the agranular insula (Ia), ante-
rior dysgranual insula (A-Idg), posterior dysgranular insula (P-Idg) and granular insula (Ig). Panel B illustrates how peak 
responses in the response maps are associated with the anterior short gyrus (asg), middle short gyrus (msg) and posterior 
short gyrus in the anterior insula (Ai); and the anterior long gyrus (alg) and posterior long gyrus (plg) in the posterior 
insula (Pi). The response maps are identical to panel A, but have been thresholded for visualization purposes; thresholds 
are depicted on the intensity bars, which indicate percent signal change with respect to the mean response. 
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In this study, we did not find evidence for differences between young and older males. However, 
since our results were limited to the insular cortex, the processing of taste may still differ between 
young and older individuals when additional brain areas are considered. 

Conclusion
Our study is the first to investigate the functional specialization of the insula during processing of 
basic tastes. In accordance with previous studies, we show that the bilateral insula of males not 
only processes the presence of taste, but also its pleasantness and concentration. Our analysis in-
dicates that these taste characteristics associate with two topographical maps within the bilateral 
insula. Moreover, we show that the left and right insula are differently engaged in processing taste 
presence, pleasantness and intensity. Processing the presence of taste as well as its corresponding 
pleasantness is dominant in the left anteroventral insula and to a lesser extent in the right pos-
terior insula, whereas taste intensity processing is associated with right anterior insular activity. 
These results were similar across both age groups that were included in this study. Furthermore, we 
show that our results fit well within previous task-related and cytoarchitectural studies. Together, 
these results suggest insular lateralization in processing different aspects of taste stimuli in men.
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ABSTRACT
Several studies showed that age-related 
changes in sensory processing of taste 

do not inevitably lead to changes in food preferences, 
indicating that the mechanisms underlying changes in 
food preferences in older adults extent beyond changes in 
sensation. The goal of the present study was to examine 
the influence of age on sensory, hedonic and cognitive 
processes during taste processing. We focused on the 
communication between brain networks involved in 
these processes, using functional magnetic resonance 
imaging (fMRI). During scanning, we exposed young and 
older adults to increasing concentrations of four basic 
tastes. In order to elucidate age-related differences in 
network connectivity, we used data-driven analyses to 
separate sensory, hedonic and cognitive networks. The 
results showed that age modulates the connectivity between 
the networks, supporting the hypothesis that mechanisms 
underlying age-related changes in taste processing extend 
beyond sensory processing. More specifically, the results 
indicate that: 1) tastes are less salient to older adults, 2) 
the older adults rely more on hedonic processing during 
taste perception, and 3) increased cognitive control 
was found in older adults in comparison to healthy young 
adults during taste perception. We stated the importance 
of studying age-related changes in hedonic and cognitive 
processing of taste in addition to changes in sensory 
functioning, to be able to understand mechanisms 
underlying changes in perceived taste pleasantness and 
food intake in older adults.

Keywords: healthy aging, functional networks, 
functional magnetic resonance imaging (fMRI), taste 
perception
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INTRODUCTION
Sufficient food intake is essential for healthy aging. There are many physiologi-
cal and non-physiological changes that cause age-related changes in food intake 

(de Boer, Ter Horst, & Lorist, 2013). Although the main focus in previous studies investigating 
age-related changes in food intake was on the relation between sensory processing of taste and 
food pleasantness (Adamska et al., 2012; van der Meij, Wijnhoven, Finlayson, Oosten, & Visser, 
2015), several studies showed that age-related changes in sensory functioning do not inevitably 
lead to changes in food pleasantness (Kremer, Bult, Mojet, & Kroeze, 2007; Mojet, Christ-Hazel-
hof, & Heidema, 2005; Murphy, 1993). Therefore, the mechanisms underlying age-related changes 
in food pleasantness and related food intake might extend beyond sensory processing (Kremer et 
al., 2007b).

Although Murphy and Withee (1986) indicated a relation between sensory functioning and food 
pleasantness in older adults, multiple studies show that sensory functioning and food pleasantness 
can independently change when people grow older (Chauhan & Hawrysh, 1988; De Araujo, Kringel-
bach, Rolls, & McGlone, 2003; Sewards, 2004). Innate tendencies to dislike bitter and sour flavors 
(e.g., coffee and lemon) can be modified by experience during development without changing the 
intensity of these flavors (Browne, 2008; Capaldi & Privitera, 2008; Harris, 2008; Liem & de Graaf, 
2004). For example, Koskinen, et al. (2003) showed that a lower sensory acuity in older compared 
to young adults for perceiving flavor enhanced yoghurts was not accompanied by a difference in 
flavor pleasantness between these groups. Modifications of pleasantness without changes in sen-
sory functioning were also observed during the perception of taste (Kremer et al., 2007b; Mojet, 
Christ-Hazelhof, & Heidema, 2005; Murphy, 1993). For example, older adults showed a higher 
pleasantness for salty and sweet tastes in the absence of a difference in sensory acuity between 
young and older adults, in a previous publication resulting from the current data set (Hoogeveen, 
Dalenberg, Renken, Ter Horst, & Lorist, 2015). Thus, it seems highly likely that the mechanisms 
underlying age-related changes in food pleasantness extent beyond sensory processing. 

Neuroimaging studies showed that sensory representations of taste are partly independent of the 
hedonic value of a food product. The sensory features (i.e., taste quality and concentration) are 
perceived in the mouth and successively processed in the rostral division of the nucleus tractus 
solitarius (rNTS), ventroposterior medial nucleus of the thalamus (VPM), and mid and ventral 
anterior insular cortex (Chang, Yarkoni, Khaw, & Sanfey, 2013; Dalenberg, Hoogeveen, Renken, 
Langers, & Ter Horst, 2015; Deen, Pitskel, & Pelphrey, 2011; Kelley, Baldo, Pratt, & Will, 2005). 
Hedonic processing encompasses different brain areas as compared to sensory processing, for 
example, the nucleus accumbens (NAcc) and related striatum and ventral pallidum (Grabenhorst 
& Rolls, 2010; Rolls, 2015; Sewards, 2004; Wang et al., 2004). 

These findings strongly indicate separate neuronal representations for hedonic and sensory pro-
cessing. However, when people express pleasantness in response to a perceived taste, they rely 
on the association between sensory and hedonic features (Bender, Veldhuizen, Meltzer, Gitelman, 
& Small, 2009). It was found that some brain areas are not uniquely assigned to either sensory 
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or hedonic taste processing. Four brain areas were specifically involved in the processing of both 
sensory and hedonic information: the cingulate cortex (Shackman et al., 2011; Vogt, 2005), the ven-
tral anterior insular cortex (Craig, 2002; Dolan, 2002; Suzuki, 2012), the orbitofrontal cortex (OFC) 
(Kringelbach, O’Doherty, Rolls, & Andrews, 2003) and the amygdala (Kelley et al., 2005; Kirouac & 
Ganguly, 1995; Phillipson, 1979; Wise, 2006). Thus the neuronal representation of food pleasant-
ness, as a result of sensory and hedonic processing, can be found in multiple brain areas.

Studies investigating food pleasantness focused mainly on the “hedonic” hotspots in the brain, where 
neurochemical signals actually contribute to the generation of a behavioural liking rating (Kringel-
bach, O’Doherty, Rolls, & Andrews, 2003; Mahler, Smith, & Berridge, 2007). However, this localistic 
perspective might restrict our understanding of the interaction between sensory and hedonic pro-
cessing. Liking probably does not solely arise from activity in single brain areas and there is ample 
evidence that neuronal networks are the key operating systems in the brain (Berridge & Kringelbach, 
2008). So far, the neuronal basis of the interaction of sensory and hedonic aspects of taste process-
ing in aging has received little attention. 

Recent studies show that networks of brain areas, reflecting the interaction of sensory and hedonic 
aspects of taste processing, are activated when perceived pleasantness of a taste was assessed 
(Berridge, 2003; Chen, Jimura, White, Maddox, & Poldrack, 2015; Jones, Fontanini, & Katz, 2006; 
Kelley et al., 2005; Levine et al., 2000). For example, van den Bosch et al. (2014) report that a 
network of brain areas contributed to the classification of a liked versus a disliked taste. This net-
work included brain areas involved in both sensory as well as hedonic processing, such as anterior 
insular cortex and amygdala. Thus, in order to better understand individual differences in taste 
pleasantness, as expressed by a liking rating, networks of brain areas should be studied in addition 
to activation in separate brain areas during taste processing.  

Several studies indicate that functional connectivity between brain networks changes with age 
(Geerligs, Maurits, Renken, & Lorist, 2014; Geerligs, Saliasi, Renken, Maurits, & Lorist, 2014). 
Therefore, age-related changes in taste processing may be related to a change in connectivity 
between brain networks. Effects of hedonic value on connectivity have indeed been found in neu-
roimaging studies when using stimuli in the visual domain (Simmons, Martin, & Barsalou, 2005; 
St Jacques, Dolcos, & Cabeza, 2010). For example, stronger functional connectivity between the 
amygdala and anterior cingulate cortex was observed in older adults in response to positive emo-
tional pictures, which was argued to reflect increased hedonic processing (St Jacques et al., 2010). 
In contrast, weaker functional connectivity between the amygdala and posterior brain regions was 
found in response to negative emotional pictures in older adults, which was interpreted as a reflec-
tion of decreased processing of sensory features (St Jacques, Dolcos, & Cabeza, 2010). Given the 
strong indication that functional connectivity is different in older compared to younger adults, we 
hypothesized that age-related brain connectivity differences in response to (un)pleasant stimuli is 
also present in hedonic and sensory processing in the taste domain.

The goal of the present study was to use functional magnetic resonance imaging (fMRI) to examine 
the influence of age on the communication between brain areas involved in sensory and hedonic 
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processing during taste processing. In the current study, we exposed young and older adults to 
increasing concentrations of four basic tastes. Functional partial brain images were acquired spe-
cifically covering brain areas involved in both sensory as well as hedonic processing. In order to 
elucidate age-related differences in sensory and hedonic processing, we used data-driven analy-
ses to separate functional networks. We related these networks to the sensory and hedonic char-
acteristics of taste and show that these networks are differentially connected in taste processing 
within young and older adults.  

METHODS AND MATERIALS 

Participants
Thirty-nine young adults (mean age 23 years; range 18 – 30; 20 males) and 35 older adults (mean 
age 66 years old; range 60 – 72; 18 males) participated in the study after giving written informed 
consent. All participants were right handed, non-smokers for at least 3 months, reported no oral 
or nasal complaints, had no history of neurological, psychiatric or vascular diseases, and had nor-
mal or corrected to normal vision. Individuals using medication that might affect taste perception 
(i.e., with reported side effects like gastrointestinal complaints, dry mouth, nausea, and taste 
disturbance) were not included in the study. Participants received a monetary compensation for 
participation. Ethical approval for the current study was obtained from the medical ethical com-
mittee of the University Medical Center Groningen, the Netherlands.

Experimental procedure
The experiment consisted of two parts. First, participants were screened during a one-hour session, 
scheduled between 9.00 and 12.00 a.m., in which inclusion and exclusion criteria were checked, 
a hypogeusia-screening was performed, and participants were familiarized with the experimental 
procedure. Furthermore, saliva samples were collected to investigate salivary constituents related 
to taste processing (results will be reported elsewhere). Second, a functional magnetic resonance 
imaging (fMRI) session took place within 7 days from the screening session between 9.00 and 
12.00 am (22 young and 10 older adults) or between 4.00 and 7.00 pm (17 young and 25 older 
adults). Participants were instructed not to eat or drink during 2hrs prior to the scanning session.

Hypogeusia screening
Screening for hypogeusia was conducted using spoon-shaped filter paper strips, which were im-
pregnated with four basic taste qualities in four different concentrations (Landis et al., 2009). 
Two neutral taste strips were included with no taste impregnated. After the mouth was rinsed 
with water, participants were asked to place a strip on the middle anterior third of the tongue. 
Taste qualities were applied in a randomized fashion at each of the four concentrations and in an 
ascending (i.e., low to high) concentration order. Participants had to identify the taste from a list 
of five descriptors (i.e., sweet, sour, salty, bitter, or neutral; five alternative, forced choice). The 
whole testing procedure typically required approximately 10min. The number of correctly reported 
taste qualities corresponded to an overall ‘taste score’ ranging between 0 and 18. Identifying hy-
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pogeusia was based on total number of correctly identified stimuli, and participants scoring below 
8 were excluded (N = 0).

Taste stimuli and delivery
Orally delivered taste qualities were sweet (560mM sucrose), salty (180mM NaCl), sour (10mM 
citric acid) and bitter (1mM quinine HCl), matching taste stimuli used in previous studies (Bender, 
Veldhuizen, Meltzer, Gitelman, & Small, 2009; Jabbi, Swart, & Keysers, 2007; Rolls, 2011). In ad-
dition to these 100% stock solutions, the tastes were diluted with sterilized water to form series of 
0%, 12.5%, 25%, and 50% taste concentrations. Sterilized water was also used for rinsing. Stimuli 
were all delivered in volumes of 2ml, using an in-house designed MRI-compatible taste system. 
This system consists of 30 syringes, manually operated by the experimenter. Syringes were held 
firmly in place within the taste system and five removable stops were placed between the plunger 
and barrel to ensure 2ml bolus deliveries. The syringes were attached to tubes (inner diameter 
3mm; outer diameter: 4.1mm). Tubes containing water were connected together using stopcocks, 
such that only one tube ending provided a water stimulus. All tubes ended in a tight bundle of 17 
tubes (one for water and 16 for tastants), which were held together in a central mouthpiece (a 
cut-off pacifier). The mouthpiece was secured to the MR head coil and rested above the teeth of 
the participant, such that the participant was able to close his lips around the ending of the bundle 
(bundle diameter: ~14mm). The half-closed tubing system combined with the small tube diameter 
countered spontaneous leaking while at the same impeding the participant to easily suck liquid 
from the tubes. Participants were instructed to try and keep their head as still as possible during 
tasting and swallowing. We did not specifically instruct them to limit tongue movement to mini-
mize the risk of choking. Stimuli were administered manually by pushing the plunger to the next 
mechanical stop and administration lasted for approximately one second. Auditory countdown 
trough headphones guaranteed timely stimulus administration (Dalenberg et al., 2015; Hoogeveen 
et al., 2015).

Scanning paradigm
A schematic overview of the scanning paradigm is displayed in Figure 1. The task and the instruc-
tions were constructed in E-prime (Psychology Software Tools Inc., Pittsburgh). Participants per-
formed the taste task, consisting of 60 trials. Trials were distributed over four runs. Within one 
run, three of the four taste qualities were delivered sequentially in blocks of five ascending con-
centrations (i.e., 0%, 12.5%, 25%, 50% and 100% of the maximum concentration stock solutions). 
Overall, every taste condition (e.g., 12.5% sweet) was administered three times in a balanced 
order. The order of taste qualities was counterbalanced across participants. Runs lasted for ap-
proximately 15min (depending on response times). 

Participants received the instruction “New Taste” (in Dutch: “Nieuwe Smaak”, duration: 2s) for ev-
ery block of five ascending concentration of the same taste quality. On single trial level, participants 
were visually cued for taste delivery with a white asterisk appearing centred on the screen (du-
ration: 2s). Subsequently, the text “Taste” (in Dutch: “Proeven”, duration: 3s) was shown while 
2ml of a taste was delivered in the mouth. After tasting, participants received the instruction to 
swallow the taste using “Swallow” (in Dutch: “Slikken”, duration: 3.5s), which was followed by a 
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period in which participants could “Judge” the taste (in Dutch: “Beoordelen”, duration: 10s). Af-
ter this, participants were instructed to express liking of the taste on a horizontal 7-point Likert 
scale, ranging from “very unpleasant” to “very pleasant”. Participants were instructed to use the 
button box held in the right hand to control their response on the scale. Behavioural results are 
reported elsewhere (Hoogeveen et al., 2015). Every trial ended with a rinsing procedure, in which 
participants were visually cued for rinse delivery with a blue circle (duration: 5.8s) followed by the 
instruction “Rinse” (in Dutch: “Spoelen”, duration: 4s) for actual delivery of a 2ml rinse and “Swal-
low” (in Dutch: “Slikken”, duration: 3.5s) for swallowing the rinse. An extra rinse was delivered at 
the end of every series of five ascending concentrations of the same taste quality. 

The current analysis focused on variability of brain activation across taste administrations achieved 
by manipulating taste quality and taste concentration. Somatosensory and motor aspects were 
assumed to be similar across taste administrations.  Therefore, a visual cue instead of a tasteless 
solution was used as a baseline condition, thereby minimizing the amount of liquid exposed to the 
participants. We included 4 periods of 15 seconds in every run, during which the participant was 
instructed to look at a red cross centred in the middle of a black screen. The baseline periods were 
timed at the start of every block of five trials and at the end of each run. 

Image acquisition
MRI scans were obtained with a 3 Tesla MR scanner (Philips Intera, Best, the Netherlands) 
equipped with a 32-channel head coil. Functional partial brain images were acquired during task 
blocks in coronal orientation covering 81mm of the cortex capturing the brainstem and insular 
cortex. The Principles of Echo-Shifting with a Train of Observations (PRESTO) sequence were used. 
The following pulse sequence parameters were used: field of view (FOV) 230 × 230 × 81mm (rl, ap, 
fh); voxel size 3.03 × 3.59 × 3mm; scanning matrix 76 × 64 × 27; repetition time (TR) = 20ms; echo 
time (TE) = 30ms; flip angle 7º; SENSE factors: 2.1, 1.9 (rl, ap); 27 slices, scan time: 0.852s per 
volume. In addition, 5 full brain PRESTO images were acquired with equal orientation to the partial 
brain PRESTO images: FOV 230 × 230 × 234mm; 78 slices; scan time per volume 2.3s. Furthermore, 
a T1-weighted 3D fast field echo (FFE) whole brain image was obtained in transverse slice orienta-
tion: FOV 256 x 232 x 170mm (rl, ap, fh); voxel size 1mm isotropic; TR = 9ms; TE = 3.5ms; flip angle 
8º; SENSE factors: 2.5, 1 (ap, fh); 170 slices, scan duration = 246.3s. 

Pre-processing and first level analysis of functional images
Pre-processing and first-level analysis of the functional imaging were performed using the Statisti-
cal Parametric Mapping software version 8 (SPM8; http://www.fil.ion.ucl.ac.uk/spm) implement-
ed in Matlab 7.13.0 (The MathWorks, Natick, MA). Functional images were realigned to the mean 
functional image, co-registered to the third full brain PRESTO image, and subsequently to the T1 
image using the full brain PRESTO image as reference. For normalization, Diffeomorphic Anatomi-
cal Registration Through Exponentiated Lie algebra (DARTEL) was used to create a study-specific 
anatomical template (young and older adults together). The coregistered functional images were 
normalized to this study specific template optimizing the inter-participant alignment (Ashburner, 
2007). Finally, the images were normalized to the Montreal Neurological Institute (MNI) standard 
template and smoothed with a 6 mm full-width half-maximum (FWHM) Gaussian kernel. 
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For statistical analysis per individual, we used mass-univariate general linear regression models 
which included the conditions ‘Taste’, ‘Swallow’, ‘Judge’ and ‘Rate’ (i.e., period of expressing liking 
on rating scale) as separate regressors for each taste trial separately (e.g., 12.5% sweet, first 
administration). This resulted in 48 effects of interest (4 taste qualities x 4 taste concentrations 
x 3 administrations), allowing subsequent modelling of administration effects at second level. Ad-
ditionally, the 0% concentration taste trials and rinsing trials were stacked in a single regressor, 
and two regressors were assigned to visual cues (i.e., the white asterisk and blue circle). The re-
alignment parameters and the first derivatives thereof were entered as covariates to correct for 
the effects related to head motion (Friston, Williams, Howard, Frackowiak, & Turner, 1996). In this 
way, the baseline represents the signal intensity during the period in which the participant was 
looking at a red cross on the screen. A high-pass filter with a cut-off of 128s was applied to remove 
confounds created by slow signal drifts. The task-related regressors were convoluted with the 
canonical hemodynamic response function (HRF) in order to estimate the amplitude of the brain 
response (i.e., beta estimates) to the corresponding taste trials. 

For technical reasons, several PRESTO images were missing at random time intervals for 10 partic-
ipants, in total reflecting less than 0.5% of the whole dataset. To minimize the effect of missing vol-
umes, these volumes were replaced with the first PRESTO volume of the respective task block, and 
a separate regressor for each missing volume was added during the first-level statistical analysis.
 
Group level analyses 
ICA analysis
At group level, 48 beta estimates (of the actual taste delivery) of each participant were used to 
identify functional networks activated during taste processing. These beta estimates were entered 
into a second-level group Independent Component Analysis (group ICA) as a participant-by-voxels 

Figure 1. Overview fMRI taste paradigm. The paradigm was divided in 4 runs containing 3 taste qualities each, which was 
delivered in a block of 5 increasing concentrations of taste conditions. Every taste trial started with a visual cue, followed 
by the actual taste. The participant was subsequently instructed to swallow, judge and provide a pleasantness rating for 
the taste. The first four taste conditions ended with one rinsing procedure. After the fifth taste condition, the participant 
was instructed to rinse twice.
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concatenated matrix using the fMRI Toolbox (GIFT) (Calhoun & Allen, 2013). The mean response 
was subtracted for each participant and beta estimate separately prior to ICA. The number of 
independent components (ICs) was estimated using the Minimum Description Length (MDL) algo-
rithm (Li et al, 2007). In order to induce component splitting (Kiviniemi et al., 2009; Smith, 2012), 
the number of components was increased to the number that was 2 standard deviations above the 
mean MDL as obtained by GIFT. Subsequently, data dimensionality was reduced using two princi-
pal component analysis (PCA) data reduction stages; on participant-level, data was reduced to 30 
principal components (PCs), after which data from all participants were concatenated and reduced 
from 30 to 22 PCs. As a result, 22 spatial ICs were estimated on group-level using the Infomax al-
gorithm (Bell & Sejnowski, 1995). Following this, back-reconstruction using the General Influence 
Coefficient Algorithm (GICA) algorithm resulted on participant-level in 22 spatial maps containing 
coefficients representing the contribution of each voxels per IC, and 22 beta courses contain-
ing 48 scores indicating how strongly the spatial maps were represented in each taste condition 
(e.g., 12.5%, sweet, first administration) (Calhoun, Adali, Pearlson, & Pekar, 2001; Schmithorst & 
Holland, 2004). To assess stability of the ICs we used ICASSO (Himberg, Hyvärinen, & Esposito, 
2004) and repeated the ICA 10 times. The ICASSO procedure indicated that 13 ICs were stable. 
These components were retained for follow-up analysis. From here onwards, ICs are appointed as 
functional networks. 

Functional networks involved in taste processing 
Age-related changes in involvement of functional networks (i.e., ICs) during taste processing were 
tested using the 48 scores of the beta courses of the 13 functional networks. Participant specific 
beta courses containing scores (i.e., how strongly the brain areas included in the spatial maps were 
activated in each taste condition (e.g., 12.5% sweet)) were analyzed for each functional network 
separately using linear mixed models (LMMs). LMMs are provided by the lmer-function in the lme4 
package for R (version 3.2.1) (Bates, Maechler, Bolker, & Walker, 2014). Subsequent statistical tests 
on the LMMs were performed using the Satterthwaite’s approximation for the degrees of freedom, 
provided in the lmerTest package for R (version 2.0-11, http://cran.rproject.org/package=lmerT-
est). The scores were entered as dependent variables and Age group (two levels: young and older 
adults), Taste quality (four levels: sweet, sour, salty, and bitter), and Taste concentration (four 
levels: 12.5%, 25%, 50%, and 100%) were considered as independent categorical variables. Since 
previous studies have shown that the effects of age on hedonic processing are different for positive 
compared to negative information (Addis, Leclerc, Muscatell, & Kensinger, 2010; St Jacques et al., 
2010), we also tested whether possible age-related differences were related to Liking (based on a 
categorization split on Liking rating 4 on trial level, referring to a neutral liking rating). The taste 
conditions with a neutral liking rating (6% of the whole dataset) were not included in the linear mod-
els. In addition, participants and administrations constituted a random intercept and slope variable 
respectively, allowing controlling for individual variability resulting from the repeated taste admin-
istrations. We report beta estimates of main and interaction effects of Age, Taste quality, Taste 
concentration, and Liking with corresponding p-values (α < 0.025), and results of model comparisons 
(χ2 and p-values).
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Functional connectivity between networks activated during taste processing 
A measure of connectivity between functional networks was gained by pairwise Pearson correla-
tion between the 13 independent component beta-courses, separately within each individual (Riss-
man, Gazzaley, & D’Esposito, 2004). This resulted in 13 x 13 matrix containing 78 unique correla-
tions per participant. In order to define a relevant and significant connectivity between functional 
networks, we set a cut-off threshold of 0.3 of the mean correlation of young or older adults based on 
previous literature (Garrison, Scheinost, Finn, Shen, & Constable, 2015). After thresholding, 9 out of 
78 correlation coefficients were converted using the Fisher’s z’ transformation, in order to be able 
to perform subsequent parametric tests on these correlations between young and older adults. We 
report correlation values and p-values, corresponding to α < .05 when tested against zero. 

We compared connectivity differences in functional networks between young and older adults, 
using linear models (LMs). LMs are provided by the lm-function in the stats package for R (version 
3.2.1). For each connection of functional networks, correlations were entered as dependent vari-
ables and Age group (two levels: young and older adults) was considered the independent variable. 
This resulted in nine linear models. We also tested whether possible age-related differences were 
associated to Taste quality or Liking (based on a categorization split on Liking rating 4, referring to 
a neutral liking rating). Again neutral liking ratings (6% of the whole dataset) were not included in 
the linear models. Separate interaction models were built, in which Taste quality (four levels: sweet, 
sour, salty, and bitter) or Liking (two levels: like and dislike) were considered as independent cate-
gorical variables in addition to Age group. The latter models resulted in the deletion of two young and 
two older adults, because they did not express liking ratings higher than 4. We report beta estimates 
of main and interaction effects of Age, Taste quality, Taste concentration, and Liking with p-values 
corresponding to α < 0.025, and results of model comparisons (χ2 and p-values). 

RESULTS

Networks involved in taste processing
Thirteen functional networks were identified during processing of increasing concentrations of 
four basic tastes using ICA in GIFT. An overview of brain areas included in each network can be 
found in Table 1. Following correlation analysis, nine networks appeared to be strongly connected 
(i.e., correlation coefficients higher than .3) during taste processing (Figure 2). Network maps are 
displayed in Figure 3. 

Age-related changes in networks involved in taste processing
The beta course obtained from GIFT indicated how strongly the functional networks were modulated 
by the different taste condition (e.g., 12.5%, sweet, first administration). To examine whether age 
affects the involvement of functional networks during taste processing, we tested these beta courses 
as a function of Age group, Taste quality, and Taste concentration. There were no significant differ-
ences between young and older adults in the beta courses of the functional networks (Table 2). The 
interaction model Age group x Liking appeared to better fit the data for the functional network consist-
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ing of the NTS and cerebellum compared to the model without interaction, but the interaction was not 
significant (beta Age group x Liking = -0.014, p = 0.208). Furthermore, we found no interactions between Age 
group x Taste and Age group x Liking (i.e., extending the models with interaction terms did not result in 
a significant improvement for estimating the scores of each functional network; Table 2). Additionally, 
time of scanning did not have an effect on brain activation patterns (i.e., extending statistical models 
with Scanning time did not improve the models or influenced the effects of Age).

Functional connectivity between networks activated during taste processing 
The connectivity of functional networks is represented in Figure 4. Here, we report the mean and 
95% Confidence Interval (CI) of Fisher’s z transformed correlation over all participants, ordered 
anatomically from inferior to superior connections. Note that connections are bidirectional and thus 
do not imply directional pathways. 

A strong correlation was observed between [NTS and cerebellum] and [PAG, thalamus, and middle 
parahippocampal gyrus] (rmean = 0.347, CI95% = 0.295 – 0.399, p < 0.001). The latter functional net-
work also correlated with the mesolimbic areas (rmean = 0.312, CI95% = 0.266 – 0.358, p < 0.001) as 
well as a functional network encompassing the left mid insular cortex, left putamen, and left amyg-
dala (rmean = 0.330, CI95% = 0.283 – 0.377, p < 0.001). In turn, the mesolimbic areas were correlation 
with the mesocortical areas (rmean = 0.461, CI95% = 0.415 – 0.506, p < 0.001) and the anterior stria-
tum and ventral anterior insular cortex (rmean = 0.326, CI95% = 0.279 – 0.372, p < 0.001). The latter 
functional network was also found to be correlated with the anterior mid cingulate cortex (rmean = 
0.402, CI95% = 0.354 – 0.450, p < 0.001), which in turn showed a correlation with the mid cingulate 
cortex (rmean = 0.417, CI95% = 0.361 – 0.472, p < 0.001) as well as the left mid insular cortex, left 
putamen, and left amygdala (rmean = 0.389, CI95% = 0.340 – 0.437, p < 0.001). 

Age-related changes in functional connectivity between networks activated during taste processing
Age-related differences in the connectivity between functional networks described above were 
tested. This revealed three significant effects of Age group. First, we observed that correlations 
were stronger in older compared to young adults between the mesolimbic areas and mesocortical 
areas (beta Young – Old = -0.105, p = 0.024). Second, older adults also showed stronger correlations 
compared to younger adults between the mesolimbic areas and the anterior striatum and ventral 
anterior insular cortex (beta Young – Old = -0.112, p = 0.017). Besides networks showing increased 
connectivity, we also observed that networks were less connected in older adults. The third effect 
resides in weaker correlations in older compared to younger adults of the anterior mid cingulate 
cortex with the anterior striatum and ventral anterior insular cortex (beta Young – Old = 0.112, p = 
0.021). Results are visualized in Figure 3 and 4. None of these effects was specific to any taste 
quality or different between liked and disliked tastes (i.e., extending the models with interaction 
terms did not result in a significant improvement for estimating the correlation between functional 
networks). In order to interpret these effect in terms of activation instead of deactivation during 
taste processing, we extracted the beta weights (i.e., ICA input) masked by the functional net-
works (threshold T > 8.00). 
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Figure 2. Beta course correlations. The matrices represent Pearson correlation coefficients for young (left) and older 
adults (right), based on the correlation between beta courses containing scores (i.e. how strongly the functional networks 
were activated in each taste condition (e.g., 12.5% sweet)). Nine significant connections between functional networks are 
highlighted with a black border. Networks with at least one significant connection difference between young and old were 
included in further analysis.

Figure 3. Mean activation (A) and functional networks (B). A) Mean activation of all participants and taste trials, with a 
T-threshold > 4.828 (p < 0.05 FWE). Increasing concentrations of basic tastes activated the brainstem, cerebellum, thal-
amus, postcentral gyrus, insular cortex, amygdala, cingulate cortex, and anterior striatum. B) Positive voxel coefficients 
with a T-threshold > 8.00 of strong (r > 0.30 and CI95% > 0.00) correlated functional networks.
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Table 1. Overview of all functional networks. Brain areas included in each functional network (IC) as obtained by GIFT 

and thresholded at T > 8.00. Functional network 5, 8, 11, and 13 were not included in the subsequent functional 

connectivity analysis, based on the correlation (< .3) with all other functional networks.  

 

 

Network ID Brain areas included in each functional network (IC) 

IC1 ventral tegmental area (VTA), anterior cingulate cortex (ACC) (mesocortical) 

IC2 anterior striatum (head caudate, putamen), ventral anterior insular cortex (vAI) 

IC3 VTA, left amygdala, (hypo)thalamus, nucleus accumbens (NAcc) (mesolimbic) 

IC4 left mid insular cortex 

IC5 brainstem (excluded) 

IC6 anterior mid cingulate cortex 

IC7 left mid insular cortex , left putamen, left amygdala 

IC8 cerebellum (excluded) 

IC9 mid cingulate cortex 

IC10 nucleus tractus solitaries (NTS), cerebellum  

IC11 left and right posterior mid cingulate cortex (excluded) 

IC12 periaqueductal grey matter (PAG), thalamus, middle parahippocampal gyrus 

IC13 fornix, thalamus, amygdala, caudate nucleus (excluded) 

Table 1. Overview of all functional networks. Brain areas included in each functional network (IC) as obtained by GIFT and 
thresholded at T > 8.00. Functional network 5, 8, 11, and 13 were not included in the subsequent functional connectivity 
analysis, based on the correlation (< .3) with all other functional networks.

Increased functional connectivity betw
een hedonic netw

orks in older com
pared to young adults during taste processing

DISCUSSION 
The goal of the present study was to examine the influence of age on the connec-
tivity between brain areas during the exposure to basic tastes, using function-
al magnetic resonance imaging (fMRI). In the current study we exposed young 

and older adults to increasing concentrations of sweet, sour, salty, and bitter taste stimuli. A 
data-driven analysis was used to separate functional networks, which were associated to either 
sensory or hedonic processing (assessment based on previous studies). Subsequently, we studied 
the connectivity between these functional networks in order to elucidate age-related differences 
in the interaction of sensory and hedonic processing. We found that age differences in basic taste 
processing are mainly related to the modulation of connectivity between brain networks associat-
ed with the hedonic instead of sensory processing of tastes.

The main focus in previous studies, investigating age-related changes in food intake, was on the 
relation between sensory functioning and food pleasantness (Adamska et al., 2012; van der Meij 
et al., 2015). However, the observation that age-related changes in sensory functioning do not 
inevitably lead to changes in food pleasantness (Kremer, Bult, Mojet, & Kroeze, 2007; Mojet, 
Christ-Hazelhof, & Heidema, 2005; Murphy, 1993) strongly indicates that the mechanisms under-
lying age-related changes in food pleasantness extend beyond sensory processing of taste. The hy-
pothesis that the mechanisms underlying age-related changes in food pleasantness extend beyond 
chemosensory functioning is further substantiated by a growing body of evidence that suggests 
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Effect: Age Young – Old Beta estimate P-value 

mesocortical areas 0.000 0.967 

anterior striatum, ventral anterior insular cortex (vAI) 0.003 0.750 

mesolimbic areas 0.005 0.545 

left mid insular cortex 0.001 0.960 

anterior mid cingulate cortex 0.005 0.720 

left mid insular cortex , left putamen, left amygdala 0.012 0.401 

mid cingulate cortex -0.015 0.396 

nucleus tractus solitaries (NTS), cerebellum  0.021 0.051 

peri-aquaductal grey (PAG), thalamus,  

middle parahippocampal gyrus 

0.014 0.343 

Model extension: Age x Taste quality χ2 P-value 

mesocortical areas 0.002 0.963 

anterior striatum, ventral anterior insular cortex (vAI) 2.201 0.138 

mesolimbic areas 0.000 0.985 

left mid insular cortex 0.228 0.633 

anterior mid cingulate cortex 1.542 0.214 

left mid insular cortex , left putamen, left amygdala 0.838 0.360 

mid cingulate cortex 0.232 0.630 

nucleus tractus solitaries (NTS), cerebellum  1.597 0.206 

peri-aquaductal grey (PAG), thalamus,  

middle parahippocampal gyrus 

1.662 0.197 

Model extension: Age x Liking χ2 P-value 

mesocortical areas 3.603 0.165 

anterior striatum, ventral anterior insular cortex (vAI) 0.000 1.000 

mesolimbic areas 4.840 0.089 

left mid insular cortex 0.000 1.000 

anterior mid cingulate cortex 2.523 0.283 

left mid insular cortex , left putamen, left amygdala 3.339 0.188 

mid cingulate cortex 4.268 0.118 

nucleus tractus solitaries (NTS), cerebellum  8.145 0.017* 

peri-aquaductal grey (PAG), thalamus,  

middle parahippocampal gyrus 

0.000 1.000 

 
Table 2. Results Linear Mixed Effect models. Statistics and p-values of the main effects (Age group, Taste Quality, and Taste 
Concentration) and interaction effects (Age x Taste quality and Age x Liking) on the GIFT scores, indicating the involvement of 
functional networks during taste processing. * p < 0.05.
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separate neuronal representations for the hedonic and sensory aspects of tastes (Garcia et al., 
1955; Rolls, 1999; Yamamoto et al., 1994). Moreover, research has shown that a network of brain 
areas, involved in both sensory and hedonic processing, is recruited to generate food pleasantness 
(Van den Bosch, 2013). However, the effects of age on the functional connectivity of sensory and 
hedonic aspects of taste processing have received little attention. 

Separable sensory and hedonic functional networks implicated in taste processing 
Although knowledge on the interaction between brain areas during taste processing has received 
some attention, understanding functional connectivity in response to tastes in humans is limited in 
two ways. First, studies on functional connectivity during taste processing were primarily focused 
on the connection between the anterior insular cortex and other brain areas, while the connectivi-
ty between other networks involved in taste processing was largely ignored. Second, most previous 
studies only focused on either liked or disliked tastes. For example, separate studies showed that 
the anterior insular cortex was functionally connected to sensory (e.g., postcentral gyrus and 
posterior insular cortex) and hedonic (e.g., putamen, caudate nucleus, and globus pallidus) brain 
areas during the experience of disgust (Jabbi, Bastiaansen, & Keysers, 2008) or pleasure (Ruden-
ga, Green, Nachtigal, & Small, 2010). In order to study functional connectivity during taste pro-
cessing without these limitations, we used a data-driven approach to extract functional networks, 
amongst others the anterior insular cortex, in response to both liked and disliked tastes. 

It is known that sensory features of taste (i.e., taste quality and concentration) perceived in the 
mouth are processed in the NTS, thalamus, postcentral gyrus, and insular cortex (Chang et al., 
2013; Deen et al., 2011; Hoogeveen et al., 2015; Kelley et al., 2005). In accordance with these 
findings, our results revealed strong connections between the NTS, thalamus, and mid insular 
cortex. Though these connections are bidirectional, they nicely reflect the previously described 
sensory pathway from taste information entering the lower brainstem to the mid insular cortex 
(i.e., primary taste cortex (Nakamura et al., 2013; Small, 2012). 

In addition, the current study confirms the results of previous studies suggested separate neu-
ronal representations for hedonic and sensory processing, based on activations in single brain 
areas (Garcia et al., 1955; Yamamoto et al., 1994). We found that networks involved in senso-
ry processing were clearly separable from functional networks involved in hedonic processing of 
taste. The hedonic networks include brain areas like VTA, left amygdala, (hypo)thalamus, and 
NAcc (mesolimbic areas) and a network encompassing the anterior striatum and ventral anterior 
insular cortex. The results showed that a network, including the PAG, VPM nucleus of the thal-
amus, and the middle parahippocampal gyrus, formed the subcortical hub between sensory and 
hedonic processing.

Sensory processing of taste is not affected in healthy older adults 
We previously showed that taste information delivered to the brain in young and older adults was 
not different, as illustrated by the absence of age effects in NTS and VPM activity (Hoogeveen 
et al., 2015). These findings are in line with growing evidence suggesting that the effects of ag-
ing on sensory processing of taste are minimal or might even be absent in healthy older adults 
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(Rolls, Kellerhals, & Nichols, 2015). The current multivariate analysis confirmed these findings; 
no effects of age were observed in the scores of the single functional networks attributed to sen-
sory processing, including the mid insular cortex. Furthermore, we neither found age differences 
in connectivity between functional networks associated with sensory processing of taste, which 
substantiate the previous findings based on univariate analysis. The contribution of functional 
networks involved in sensory processing of taste was not modulated by taste quality or concentra-
tion of taste, therefore we conclude that the absence of the age-related differences in the current 
study is specific to sensory processing of taste.    

Decreased salience to taste with age
Functional connectivity of the anterior mid cingulate cortex with the anterior striatum and ventral 
anterior insular cortex represent a “salience network”. Salience refers to any (aspect of a) stimulus 
that stands out from the rest (Seeley et al., 2007). This network functions to automatically allo-
cate attention to stimuli in order to control behavior (Cauda et al., 2011; Dosenbach et al., 2007; 
Larson-Prior et al., 2009; Medford & Critchley, 2010; Menon & Uddin, 2010; Taylor, Seminowicz, & 
Davis, 2009). Our results showed decreased connectivity within this salience network in older com-
pared to young adults, indicating that basic tastes are perceived as less salient by older adults (He 
et al., 2013; Onoda, Ishihara, & Yamaguchi, 2012).  

Figure 4. Connectivity between functional networks. Correlations 
between functional networks involved in taste processing. Values 
represent Fisher’s z transformed correlations. Several age-related 
differences were observed in the connectivity between functional 
networks. We observed both stronger (*) as well as weaker (**) con-
nectivity in older compared to younger adults. 
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Older adults rely more on hedonic processing of taste than younger adults
Processing the hedonic value attributed to taste relies on the functional connectivity of the subcor-
tical mesolimbic areas with the anterior striatum and ventral anterior insular cortex (Chang et al., 
2013; Craig, 2009; Gu, Hof, Friston, & Fan, 2013). We observed that the connection between these 
functional networks was stronger in older adults than in our young adults. This finding is in line 
with the results of studies which were not focussed on taste perception, showing increased hedonic 
awareness with age, as well (Nashiro, Sakaki, & Mather, 2012; Scheibe & Carstensen, 2010; Tsai, 
Levenson, & Carstensen, 2000). More specifically, results of a study investigating self-reported 
day-to-day emotional well-being suggest that older adults strive to maintain, but not enhance, 
positive affect or they strive to dampen negative affect (Riediger, Schmiedek, Wagner, & Linden-
berger, 2009). Taken together, our findings fit with previous observation showing  that older adults 
tend to rely more on the hedonic aspects of information than younger adults (Fung & Carstensen, 
2003; Perry & Wolburg, 2011). 

Increased control of desire in older adults during taste processing
In addition to the above described reliance on the hedonic value of information executed by older 
adults, previous studies also showed that older adults in general rely less on automatic routines. 
These studies showed a higher motivation in older adults to control their behavior as compared to 
younger adults (Blanchard-Fields, Stein, & Watson, 2004; Nashiro, Sakaki, & Mather, 2012; Schei-
be & Carstensen, 2010). It was found that the VTA, left amygdala, (hypo)thalamus, nucleus ac-
cumbens (NAcc) (mesolimbic), VTA, and ACC (mesocortical) interact in order to control behaviour 
guided by “reason” instead of “desire” (Diekhof & Gruber, 2010; Kelley et al., 2005). In our study, 
we observed a stronger connection between these brain areas in older individuals during evalua-
tive taste processing, indicating that the more pronounced control of desire in older adults goes 
for the processing of taste information, as well. 

Conclusions
The current study provides relevant information for understanding mechanisms underlying changes 
in perceived taste pleasantness in older adults, which subsequently can change food intake. More 
specifically, the results showed that age modulates the connectivity between networks involved in 
the processing of taste and indicated that the mechanisms underlying age-related changes in taste 
processing extend beyond sensory processing. The results of our study puts forward three novel 
findings that might indicate that: 1) tastes are less salient to older adults, 2) older adults rely more 
on hedonic processing during taste perception, and 3) increased cognitive control was found in older 
adults in comparison to healthy young adults during taste perception. We stated the importance of 
studying age-related changes in hedonic and cognitive processing of taste in addition to changes 
in sensory functioning in order to be able to understanding mechanisms underlying changes in per-
ceived taste pleasantness in older adults, which subsequently can change food intake.
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ABSTRACT
Previous studies have mainly focused 
on the comparison of brain activation 

between liked and disliked food products, ignoring subtle 
differences in the subjective liking experience of foods. In 
the present study, we focused on the neural substrates 
underlying subtle differences in liking of visually presented 
foods. Thirty-three participants evaluated pictures of food 
products and provided a liking rating on a Visual Analogue 
Scale (VAS) while concurrently high-temporal resolution 
electroencephalography (EEG) was being recorded. 
Subsequently we investigated the evoked brain responses 
(both event-related potentials and oscillatory changes) by 
means of regression analysis on the different liking ratings. 
The results indicated that the neural underpinnings of 
subtle differences in the behavioral expression of liking 
concern a cascade of different processes. First, food 
stimuli that were evaluated higher, compared to lower, on 
liking were followed by smaller amplitudes between 230 
and 270ms on right fronto-central electrodes. This might 
indicate that higher liking is related to increased automatic 
approach tendencies towards pictures of food, and that 
liking scores reflect a form of utility evaluation of the food 
product depicted on the pictures. Second, the observed 
effect of larger amplitudes between 270 and 600ms on 
right fronto-central-parietal electrodes in response to food 
stimuli that were evaluated higher, compared to lower, on 
liking, most likely indicates increased arousal elicited by 
higher liking. Third, we demonstrated larger lateralized 
cortical activity later in the EEG signal (1000 through 
1500ms) for higher, compared to lower-liked, food products, 
suggesting that information from affective representations 
of food products is drawn upon in order to express liking. 
Oscillatory changes in the alpha band were not related to 
food liking. Altogether, we showed that the use of pictures 
of food products combined with regression based methods 
enabled us to shed light on the neural substrates underlying  
subtle differences in the experience of liking.

Keywords: food, liking, EEG, ERP, asymmetry, 
time-frequency
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Beyond liking and disliking: subtle differences in food liking are reflected in electrical brain activity

INTRODUCTION
Individuals differ in the food products they like to eat. Although we are genet-
ically predisposed to like sweetness and dislike bitterness, preferences can be 

influenced through exposure to food products. We, for example, can learn to like a bitter taste by 
association of bitterness with other tastes (e.g., coffee with sugar), post-ingestive benefits (e.g., 
stimulating effects of caffeine in coffee) or context (e.g., beer during parties and not as break-
fast) (Maes, Havermans, & Vossen, 2000; Reed, Tanaka, & McDaniel, 2006; Yeomans, 2009). As a 
result, the liking ratings of different food products within ‘generally liked food categories’ might 
significantly differ across food products within that category and between individuals (Dalenberg, 
Nanetti, Renken, de Wijk, & Ter Horst, 2014; Drewnowski, 1997; Kihlberg & Risvik, 2007; Köster, 
2003). For example, an individual may highly like sweet pancakes, but may show less liking for 
sweet chocolate cookies. These differences in liking between and within individuals are increas-
ingly relevant for understanding food choice. In the context of a growing range of ‘generally’ liked 
food products offered within specific food categories (e.g., based on caloric density and taste) on 
the marketplace, more subtle differences in liking will determine what choices will be made.

Investigations regarding the prediction of food choice based on liking are currently limited in two 
ways. First, liking is commonly measured on a behavioral level using subjective liking ratings scored 
on a fixed-point rating scale (Finlayson, King, & Blundell, 2007). These ratings allow the construction 
of categories of liked and disliked food products, but do not so much reflect the subtle differences 
within liked foods. Second, subjective liking ratings are based on verbal, overt behavior that taps into 
deliberate and controlled processes. In other words, liking ratings are the final outcome of a large 
number of processes performed in our sensory organs, subcortical and cortical brain areas (Eschen-
beck, Heim-Dreger, Steinhilber, & Kohlmann, 2016). We sought to overcome these two limitations in 
the present study by employing a linear regression method that takes into account the continuous na-
ture of individual liking ratings. Linear regression analysis can be considered as a generalisation of the 
factorial design (i.e., using categories of liked and disliked food products), which better exploits the full 
range of liking ratings, and thereby increases power as compared the discretizing continuous variables 
into categories (Cohen, 1983; Hauk, Davis, Ford, Pulvermüller, & Marslen-Wilson, 2006; MacCallum, 
Zhang, Preacher, & Rucker, 2002). An estimate for the slope of the regression line, that most optimally 
fits between the continuous liking ratings and neural activity, can be calculated for each individual 
subject. In order to disentangle processes that underlie subtle differences in liking of food products, 
we applied this linear regression method to the high temporal resolution electroencephalography (EEG) 
signal measured during affective evaluation of visually presented pictures of food products.

Previous studies have shown that several sources of information, that originate from the EEG signal, 
can shed light on the temporal cascade of mental processes, underlying the affective evaluation of 
visually presented (food) items. For example, the event related potential (ERP waveform - the average 
EEG signal evoked by an event), elicited after the presentation of unpleasant and pleasant stimuli, can 
give insight into processes underlying the evaluation of the stimuli based on visual features (Carretié, 
Mercado, Tapia, & Hinojosa, 2001) or based on attractiveness (Sun, Chan, Fan, Wu, & Lee, 2015). 
Especially the amplitude of late ERP components (after ~300ms) have found to be sensitive to differ-
ences in affective stimulus evaluation (De Cesarei & Codispoti, 2011; Hume, Howells, Rauch, Kroff, & 
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Lambert, 2015; Nijs, Franken, & Muris, 2008; Schupp et al., 2000). More specifically, the amplitude 
of the late (400-700ms) positive potential (LPP), that is recorded at the dorsal scalp electrodes, can 
be a potential neural marker for subtle differences in liking. This potential was found to be larger for 
unpleasant and pleasant stimuli, compared to neutral stimuli (i.e., images of spiders, nude models, and 
households objects, respectively), suggesting a recruitment of mental resources while judging valence 
and arousal of these visual stimuli (Cuthbert, Schupp, Bradley, Birbaumer, & Lang, 2000). Moreover, 
the amplitude of the LPP also positively correlated to the perceived beauty of faces (Johnston & Oliver‐
Rodriguez, 1997). In the current study, we will use the LPP as a marker for subtle differences in liking 
related to affective evaluation of the visually presented food products.  

The asymmetry in neural activity is a second potential marker, that we will apply in the present 
study, to examine neural mechanisms underlying the experience of liking. Previous research sug-
gests that this asymmetrical activity is especially distinct in the frontal cortex (Canli, Desmond, 
Zhao, Glover, & Gabrieli, 1998; Davidson & Fox, 1982). For instance, in an ERP study, negative 
pictures produced smaller positive amplitudes between 300 and 600ms that were recorded at left 
frontal electrodes compared to positive and neutral pictures from the International Affective Pic-
tures System (IAPS; Lang, Bradley, & Cuthbert, 2008). No such effect of affective evaluation was 
observed on right frontal electrodes (Conroy & Polich, 2007). 

Finally, oscillatory activity in the alpha frequency (8 to 14Hz) range has been found to be a marker of 
affective evaluation. Increased left, relative to right, alpha-band oscillations were associated with 
better discrimination between pleasant and unpleasant stimuli (Aftanas, Reva, Varlamov, Pavlov, 
& Makhnev, 2004; Coan, Allen, & McKnight, 2006; Davidson, 2004; Gable & Harmon-Jones, 2008; 
Kuriki, Miyamura, & Uchikawa, 2010; Schöne, Schomberg, Gruber, & Quirin, 2016; Zion-Golumbic, 
Kutas, & Bentin, 2010). Alpha-band oscillations were found to be inversely related to liking (Cook, 
O’Hara, Uijtdehaage, Mandelkern, & Leuchter, 1998). When participants were asked, for example, 
to express joy for one minute in a Directed Facial Action Task, relatively less left frontal alpha pow-
er was produced compared to holding expressions of disgust (Coan, Allen, & Harmon-Jones, 2001). 
To conclude, brain activity potentially provides important information about the neural under-
pinnings of subtle differences in liking. Although previous studies have focused on the neural dif-
ference between evaluating pleasant and unpleasant visually presented food products, little at-
tention has been placed on more subtle intra-individual differences in the extent to which liking 
is experienced in response to visually presented ‘generally liked food products’ (Berthoud, 2011; 
Lowe & Butryn, 2007; Saper, Chou, & Elmquist, 2002; Yu et al., 2015). The growing supply of food 
products offered within specific food categories (e.g., breakfast products) on the market requires 
more advanced methods to disentangle subtle differences in food liking in order to understand 
food choice of individual consumers. 

In the present study, we investigated how neural activity (i.e., ERP and oscillations) evoked by 
visually presented food products, relates to intra-individual variability of continuous likings rat-
ings, that are provided following those food products. We hypothesize that increased liking is 
associated with increased amplitudes of late ERP components, as well as higher cortical activity as 
reflected by lower power alpha-band oscillations in the left relative to right hemisphere.
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METHODS AND MATERIALS

Participants 
Thirty-three right-handed volunteers participated in the study (19-25 years of age (SD = 1); 14 
males). All participants were recruited at the Faculty of Behavioral and Social Sciences of the 
University of Groningen. They had normal or corrected-to-normal visual acuity and no history of 
eating disorders or any other psychiatric, serious medical or neurological diseases. None of the 
participants was on psychoactive or hypertensive medication. Four participants reported being 
vegetarian, and one participant reported being on a diet. Participants were given course credits 
in exchange for participation. Participants were asked to abstain from eating at least one hour 
before the experiment started. Approval of the present study was obtained from the local ethics 
committee of the Faculty of Behavioral and Social Sciences of the University of Groningen. All par-
ticipants signed an informed consent form prior to the beginning of the study.

Task and Stimuli
The food stimuli consisted of colored pictures depicting food items. These food items could be 
characterized by taste (sweet or salty) and context characteristics (dinner, breakfast, healthy, 
or unhealthy), making up 8 picture categories: “sweet-breakfast”, “sweet-dinner”, “sweet-
healthy”, “sweet-unhealthy”, “salty-breakfast”, “salty-dinner”, “salty-healthy”, and “salty-un-
healthy”. For each category, 15 pictures of food items were selected, resulting in a total of 120 
pictures. All pictures used in this study were adjusted to 480 x 300 pixel (i.e., 16.3 x 10.2 cm) 
images on a white background. Stimuli were presented on a personal computer running Windows 
7, with a 22-inch CRT monitor (refresh rate of 60Hz). 

Each trial consisted of a black fixation cross (+) presented in the center of the screen (Figure 1). 
After 300ms, this fixation cross was replaced by a food picture, presented for 1500ms. Follow-
ing the food picture, participants were presented with a Visual Analogue Scale (VAS). They were 
asked to indicate, on a scale ranging from “not at all” to “very much”, how much they liked the food 
product presented on the screen by pressing the left mouse button with their right index finger at a 
point along this line. These liking ratings were digitized between 0 (not at all) and 900 (very much) 
respectively, in order to maximize statistical power as compared to fixed-point ratings. The VAS 
stayed on the screen until the participants entered a response, with a maximum of 5000ms. The 
task was programmed in PsychToolbox (psychtoolbox.org), and implemented using MATLAB (The 
Mathworks, Inc. 2014), which was also used to collect the behavioral data.

Procedure
After application of the electrodes for EEG recording, participants were seated individually in a 
dimly lit, sound-attenuated room, facing a computer screen (50cm from the screen). They were 
first asked to fill out a two-minute questionnaire containing questions about their age, nationality, 
current level of hunger, diet, and food restrictions. After an associative priming task, which took 
about 8 minutes to complete (Hoogeveen, Jolij, Ter Horst, & Lorist, 2016, Chapter 7 of this thesis), 
participants performed the food liking rating task. After 40 and 80 trials participants were allowed 
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to take a self-timed break. The order of trials was randomized across participants. In total, the 
experiment took approximately 50 minutes. 

EEG recording and preprocessing
EEG was recorded using an electrode cap (ElektroCap International Inc., Eaton Ohio, USA), con-
taining 21-electrodes placed according to the international 10-20 system. An average reference 
was used. All electrode impedances were kept below 5KΩ. Two electrodes, placed at the mastoids, 
were used for off-line re-referencing of the EEG signal. An electrode placed on the sternum served 
as the participant’s ground. Four electrodes, placed at the left and right lateral canthi and above 
and below the right eye, were used to measure the Electro Oculogram (EOG). Data acquisition was 
performed using Brain Vision Recorder (version 1.03, BrainProducts GmbH, Munich, Germany). 
Data was amplified using a REFA 8-72 amplifier (Twente-Medical Systems, Enschede, The Nether-
lands) within the 0-125Hz frequency band and digitized with a sampling rate of 250Hz.

Eye blinks were corrected using independent component analysis (ICA). Prior to the independent 
component (IC) decomposition, epochs were extracted 1 to 3s surrounding the presentation of the 
food pictures. Epochs containing noise (especially high-frequency muscle artifacts and movement 
artifacts) were excluded from ICA decomposition (using a -150 – 1000mV threshold from which 
the ocular electrodes were excluded - the asymmetry of this threshold ensured that most blinking 
remained in the data), and data was filtered using a zero phase shift 0.5Hz highpass filter. Sub-
sequently, ICs were extracted using the extended Infomax algorithm, as implemented in EEGlab 
version 13 (Delorme & Makeig, 2004). ICs were copied to the original raw dataset that was filtered 
with a 0.1Hz causal filter; and subsequently, components reflecting blinks or horizontal eye move-
ments (~2 per subject) were removed from the data. Epochs containing any remaining artifacts 
(muscle noise) were detected using either a 110mV threshold and a 50mV step function -1 to 3s 
around the onset of the food pictures and excluded from further analysis. 

Frequency decomposition for the oscillatory analysis was performed by means of multiplying the 
data with a sliding tapered Hanning-window from -1 to 3s around the onset of the food pictures (as 
implemented in the FieldTrip toolbox: Oostenveld, Fries, Maris, & Schoffelen, 2011). The window 

Figure 1. Example of a trial
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moved across time with steps 50ms from 4 to 20 Hz. The tapered window had a length of 4 cycles for 
3-7Hz, 5 cycles for 8-14Hz, and 7 cycles for above 15Hz, and was used to determine power in the 
theta, alpha, and beta bands, respectively. All power values were natural-log-transformed prior to 
regression analysis (Allen, Coan, & Nazarian, 2004). No baseline correction was performed. 

Linear models of EEG data - waveforms and oscillations 
A linear model was run separately for every subject, time, and electrode and, in the case of the 
oscillatory data, every frequency point based on a design matrix. The design matrix included an 
intercept, picture category, and liking rating (0 – 900 – which were z-transformed prior to regres-
sion, thereby removing between-subject differences in both mean and standard deviation), and 
the interaction between picture category and liking. 

The estimated beta weights obtained from the linear model, for both the ERP waveform and oscillatory 
data, were used to electrocortical responses were modulated by liking. This resulted in event-related 
potentials (ERPsm) and event related spectral pertubations (ERSPsm) for each subject and condition of 
interest (i.e., high and low liking) (subscript m stands for “modeled”). To visualize the effect of liking, 
we chose the following parameters for the conditions of interest: high liking [1.5 sd above the mean for 
each subject] and low liking [1.5 sd below the mean for each subject]. These ERPsm values contain the 
intercept; and consequently, the traditional ERP morphology is maintained using these modeled values. 
This is crucial in analyzing, visualizing, and comparing obtained ERPsm with the existing literature. 
Accordingly, the modeled ERPsm and ERSPsm can be analyzed similarly to a traditional analysis with 
the advantage of utilizing the continuous nature of liking ratings (for a more elaborate discussion of 
this approach see also (Hauk et al., 2006; Miozzo, Pulvermüller, & Hauk, 2015)).

Statistical analysis - electrophysiological data
Based on the literature we defined several regions of interest (ROI’s): posterior (O1 ,Oz, O2), 
parietal left (C3, P3), parietal right (C4, P4), fronto-central left  (F3, FP1, C3), fronto-central 
right (F4, FP2, C4). Additionally, we identified two post-stimulus periods of interest, an early (200 
to 600ms) and late (1000 to 1500ms) period. These time periods constituted the period for pro-
cessing of stimulus characteristics and late (slow wave potentials) activity in preparation for the 
VAS. Furthermore, asymmetry of ERPsm and ERSPsm was defined by subtracting brain activity 
(amplitudes) elicited in the low from high liking condition, and subsequently amplitudes or power 
values recorded at the right from the homologous left electrodes. To statistically test the effect of 
liking (two levels: high and low) on ERPsm and ERSPsm, we entered subject-specific amplitudes and 
power values as dependent variables in separate paired two-sample t-tests. 

RESULTS

Behavioral data – liking ratings 
Liking ratings varied within-subjects across food products of the same picture category (mean liking 
= 568, sd liking (within subject)  = 191; Figure 2). 
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Stimulus processing 
To gain better understanding of the neural substrates underlying stimulus evaluation, our analysis 
first focused on the ERPsm evoked by pictures of food followed by relatively higher and lower liking 
ratings. Figure 3 revealed that the ERPsm elicited by the pictures of food that were rated high and 
low with respect to liking started to diverge ~230ms over the right fronto-central electrodes and 
this difference peaked around 400ms after picture onset. The presentation of pictures of food that 
were rated low showed larger negative amplitudes compared to pictures of food that were rated 
high, but only over the right fronto-central electrodes (side × liking: t 200 – 600ms (32) = 2.2, p = 0.03; 
high vs low on the left side: t 200 – 600ms (32) = -0.7, p = n.s.; high vs low on the right side: t 200 – 600ms 
(32) = 2.6, p = 0.01; Figure 3). We found no differences over the parietal or posterior electrodes.

Late asymmetry in slow-wave event-related potentials (ERPsm)
Next, we analyzed the ERPsm signal in the late interval that is, prior to the visual presentation of 
the VAS, specifically focusing on asymmetry in slow wave preparatory potentials. Between 1000 
and 1500ms a right lateralized slow wave positive deflection over the right parietal and fron-
to-central sites was revealed for high compared to low rated foods (side × liking: t 1000 – 1500ms (32) = 
2.5, p = 0.02; high vs low on the left side: t 1000 – 1500ms (32) = -1.8, p = 0.08; high vs low on the right 
side: t 1000 – 1500ms (32) = 2.7, p = 0.01; Figure 3 and 4). 

In sum, the ERPsm evoked by the visually presented food products were different for pictures of 
food that were followed by higher compared to lower liking ratings, which was reflected in ampli-
tude differences in the right hemisphere, as well as asymmetry of amplitudes between the left and 
right hemisphere. 

Figure 2. Within-subject variability (SD) of liking ratings across food products of the same category.
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Asymmetry of event-related spectral perturbations (ERSPsm)
We performed a time-frequency analysis to examine whether liking ratings were reflected in alpha 
power asymmetry. We found that liking was not associated with modulations in alpha-band power 
asymmetry elicited by the food pictures (Figure 1 Supplementary Material).  

DISCUSSION
The aim of the present study was to investigate whether cortical activity (i.e., ERP 
and oscillations) reflects intra-individual variability in food liking, as indicated by 

continuous liking ratings that are provided following the presentation of pictures of food. Our re-
sults, based on linear regression, in which liking ratings were entered as a continuous variable of 
interest instead of the step function (i.e., high vs. low ratings) used in factorial designs, provided 
evidence that higher, compared to lower, liked food products were associated with ERP amplitude 
differences in multiple time windows following the visual presentation of these food products. Differ-
ences in liking were found to be related to modulations of late, lateralized, deflections at fronto-cen-
tral-parietal regions. These brain areas were previously found to be involved in affective evaluation 
of stimuli, indicating that liking is reflected in the evaluative representation of food products.   
 
In the present study, we showed that early occipital deflections, reflecting visual processing of phys-
ical characteristics of pictures of food, were not significantly related to differences in liking. Previous 
studies showed that these early ERP components can be influenced by attention (Luck, Heinze, Ma-
ngun, & Hillyard, 1990; Luck, Chelazzi, Hillyard, & Desimone, 1997). For example, larger amplitudes 
of early visual ERP components (e.g., P1 and N1 at 120-150 ms) were observed if individuals paid 
more attention to affective compared to neutral stimuli (Batty & Taylor, 2003; Carretié, Hinojo-
sa, Martín-Loeches, Mercado, & Tapia, 2004; Eimer & Holmes, 2007). Similarly, reward expectancy 
modulates the posterior N1 and N2 component, by enhancement of the sensitivity of visual cortices 
through the attentional system (Hickey, Chelazzi, & Theeuwes, 2010; van den Berg, Krebs, Lorist, & 
Woldorff, 2014). Following this, the absence of comparable effects in our study suggests that phys-
ical characteristics of higher and lower liked food products were processed similarly and that liking 
was not related to an attentional bias towards a specific category of the pictures of food. 

Instead of a difference in the visual perception of physical characteristics or differences in atten-
tional bias towards higher or lower liked pictures of food, the results seem to indicate that subtle 
differences in liking ratings are related to affective evaluation of visual food stimuli. The first 
indication of neural differences related to affective evaluation of pictures of food was found in a 
larger negative fronto-central deflection for low, compared to high, liked pictures of food prod-
ucts. A similar shift in the ERP has been observed in experiments inducing response conflict, such 
as where participants performed approach-avoidance or go/no-go tasks (Buodo, Sarlo, Mento, 
Messerotti Benvenuti, & Palomba, 2015; Groom & Cragg, 2015; Munro et al., 2007). Larger nega-
tive amplitudes in this time interval were, for example, observed when participants had to avoid 
(i.e., push a joystick) positive pictures of the International Affective Pictures System compared 
to when participants had to approach (i.e., pull a joystick) these pictures (IAPS; Lang, Bradley, 
& Cuthbert, 2008) (Ernst et al., 2013). These and other authors interpreted this effect as an N2 
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effect (Clayson & Larson, 2011; Folstein & Van Petten, 2008). Approach and avoidance tendencies 
are automatically triggered by stimuli that are highly relevant to an individual (Friese, Hofmann, 
& Wänke, 2008). Evolutionary, visually presented food products are perceived as highly relevant 
to an individual. Following our observations, that larger N2-like amplitudes were related to food 
products associated with low compared to high liking, we hypothesize the presence of increased 
response conflict of automatic approach tendencies towards low compared to high liked pictures 
of food. The lower approach tendencies might reflect the reduced consumption of food products 
expected to elicit less liking. However, it should be noted that participants in the current study did 
not perform a specific response inhibition task, such as an approach-avoidance or go/no-go task, 
and therefore this hypothesis needs further investigation.   

Our observation of larger negative amplitudes starting at 230ms over the right fronto-central 
channels by visually presented food products, that were lower compared to higher liked, is also 
in line with an interpretation in terms of the evaluation of utility. For instance, in this time period 
several components have been identified that are influenced by some form of utility evaluation. 

Figure 3. Effect of liking. The ERPsm waveforms [A] and scalp topographies [B] indicate differences between high and low lik-
ing between 230 and 600ms on right fronto-central electrodes and after 1000ms on right fronto-central-parietal electrodes.
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One such component, the FRN is typically observed at the fronto-central regions in tasks in which 
participants receive feedback (visual or auditory) indicating that their performance is worse than 
expected in a given context (Ward et al., 2013). It was suggested that this negative deflection re-
flects early appraisal of stimuli based on a binary expected utility as a signal originating from the 
anterior cingulate cortex (Hajcak, Moser, Holroyd, & Simons, 2006; Liu, Nelson, Bernat, & Gehring, 
2014; San Martin, 2012; Walsh & Anderson, 2012). Similarly, the P3a component, which is also ob-
served at fronto-central regions, is a subcomponent of the P3 component falling in the same time 
period as the FRN. The P3a is an ERP component associated with the focusing of attention towards 
salient information that is evaluated as important (Polich, 2007). Based on these modulations of 
fronto-central brain activity, that are related to some form of utility evaluation, we suggest that the 
observed differential deflection for lower versus higher liked visual food items might represent the 
utility evaluation of the food items by frontal cortical regions.

In addition to the enhancement in the N2/FRN range in response to pictures of low-liked food 
products, we observed larger positive ERP amplitudes between 270 and 600ms in response to the 

Figure 4. Asymmetry effect of liking. The ERPsm waveforms [A] and scalp topographies [B] indicate a larger asymmetry 
effect for high, compared to low, liking after 1000ms after food picture presentation on fronto-temporal electrodes.
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presentation of pictures of food products that were high, compared to low, liked. A similar positive 
deflection at parietal regions has been found when participants passively viewed (Liu, Huang, Mc-
Ginnis-Deweese, Keil, & Ding, 2012) or affectively evaluated IAPS pictures (Cuthbert et al., 2000). 
This waveform recorded at fronto-central-parietal brain regions was referred to as “late positive 
potential” (LPP) (Hajcak, MacNamara, & Olvet, 2010). Previous studies showed that LPP enhance-
ment is similar for unpleasant and pleasant IAPS pictures and pictures of liked food products com-
pared to control pictures (Gable & Harmon-Jones, 2010; Nijs et al., 2008; Schupp et al., 2000). We 
extend on the previous literature, by showing that larger LPP amplitudes were related to the subtle 
intra-individual differences in affective evaluation of pictures of foods, in addition to the ability of 
this component to dissociate between affective and neutral stimuli (De Cesarei & Codispoti, 2011; 
Leite et al., 2012). Following previous interpretations, this finding may reflect increased arousal 
for pictures of high, compared to low liked food products.  

Given previous evidence suggesting involvement of the left frontal hemisphere in positive affect, 
we studied whether asymmetry of activity between the left and right hemisphere was indicative of 
food liking. We observed a larger frontal asymmetry for high, compared to low, liked food products, 
starting at around 1000 ms after the presentation of pictures of food and lasted until onset of the 

Supplement - Figure 1. Asymmetry effect of liking. The ERSPsm power spectra [A] and scalp topographies [B] indicate no 
differences in alpha power asymmetry between pictures of food followed by high liking ratings and pictures of food that 
were followed by low liking ratings.
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rating scale. The ERP asymmetry observed in the present study was mostly due to enhanced ac-
tivity over the right electrodes. However, as the right positive deflection is quite broad this would 
suggest a deeper source, which is difficult to locate in either the left or right hemisphere. The 
dipole source may also very well be located in the left frontal cortex, which is in line with previous 
evidence suggesting involvement of the left frontal hemisphere in positive affect (Altenmüller et 
al., 2002; Craig, 2005; Davidson, 1992; Davidson, Ekman, Saron, Senulis, & Friesen, 1990; Sutton 
& Davidson, 2000; Wheeler, Davidson, & Tomarken, 1993). We consider that our data potentially 
reflects greater lateralized frontal involvement during processing of higher, compared to lower, 
liked pictures of food. Interestingly, this effect is strongest just before participants had to express 
their liking, indicating that information from affective representations of food products is drawn 
upon in order to express liking.

Moreover, we hypothesized that lateralized frontal cortical activity, that is related to affective 
processing, would be inversely related to alpha power (Coan et al., 2006; Davidson, 2004; De 
Cesarei & Codispoti, 2011; Gable & Harmon-Jones, 2008; Kuriki et al., 2010; Zion-Golumbic et 
al., 2010). This hypothesis was not confirmed; we did not observe frontal alpha power asymmetry 
related to subtle intra-individual differences in liking of pictures of food. This finding holds with 
suggestions that asymmetry elicited by affective pictures, such as pictures of foods, may be over-
powered by the fact that individuals strive for a stable affective state, and thus employ emotion 
regulation that results in stable asymmetry across different pictures of food products (Gable & 
Harmon-Jones, 2008; Uusberg et al., 2014). 

Conclusion
We investigated subtle intra-individual differences in liking in response to pictures of food prod-
ucts. Our results indicated that the neural underpinnings of subtle differences in the behavioral 
expression of liking concern a cascade of different processes. First, we suggest that the effect 
between 230 and 270ms reflects a N2-like enhancement, which is related to increased response 
conflict of automatic approach tendencies towards low compared to high liked pictures of food. 
From an FRN/P3a perspective, we advocate that this effect might also demonstrate that liking 
scores reflect a form of utility evaluation of the food products depicted on the pictures. Second, 
the effect observed between 270 and 600ms most likely resembles an LPP enhancement, indicat-
ing increased arousal elicited by high, compared to low, liked pictures of food products. Third, we 
demonstrated larger lateralized cortical activity later in the EEG signal (1000 through 1500ms) for 
high, compared to low-liked, food products, suggesting that information from affective represen-
tations of food products is drawn upon in order to express liking. 

These insights become increasingly relevant, since the current availability of ‘generally liked food 
products’ does not require much dissociation between disliked and liked foods, but rather disen-
tanglement of subtle differences in liked foods. Moreover, many food choices are made in the ab-
sence of the actual perception of a food’s sensory properties, and therefore high rely on previous 
experiences of similar consumptions stored in memory. In the present study, the use of pictures 
of food products combined with regression based methods enabled us to shed light on the neural 
mechanisms underlying food liking and may predict food choices. 
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ABSTRACT
Increasingly consumption of healthy 
foods is advised to improve population 

health. Reasons people give for choosing one food over 
another suggest that non-sensory features like health 
aspects are appreciated as of lower importance than 
taste. However, many food choices are made in the 
absence of the actual perception of a food’s sensory 
properties, and therefore highly rely on previous 
experiences of similar consumptions stored in memory. 
In this study we assessed the differential strength of 
food associations implicitly stored in memory, using an 
associative priming paradigm. Participants (N=30) were 
exposed to a forced-choice picture-categorization task, 
in which the food or non-food target images were primed 
with either non-sensory or sensory related words. We 
observed a smaller N400 amplitude at the parietal 
electrodes when categorizing food as compared to 
non-food images. While this effect was enhanced by the 
presentation of a food-related word prime during food 
trials, the primes had no effect in the non-food trials. 
More specifically, we found that sensory associations are 
stronger implicitly represented in memory as compared to 
non-sensory associations. Thus, this study highlights the 
neuronal mechanisms underlying previous observations 
that sensory associations are important features of food 
memory, and therefore a primary motive in food choice.  

Keywords: memory, implicit associations, food, EEG, 
N400
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INTRODUCTION
In a supermarket individuals are confronted with a lot of different food products 
to choose from. Food companies anticipate on this decision process by marketing 

their products not only by directing the attention of potential consumers towards the sensory 
properties of a product (i.e., taste, smell and texture), but also by highlighting additional features 
of a food product related to specific non-sensory related characteristics of these products. Exam-
ples of the latter characteristics are the time a product most likely is consumed (e.g., breakfast 
drink) and the health benefits of that particular product (e.g., low calorie drink). Such marketing 
strategies are supported by scientific findings indicating that food choice is indeed based on a 
broad range of product characteristics, including sensory and non-sensory related (Jaeger & Rose, 
2008). Recent studies focused on the mediating role of implicit associations on consumer choice 
(Coates, Butler, & Berry, 2006; Friese et al., 2008; Richetin, Perugini, Prestwich, & O’Gorman, 
2007). However, the relative importance of each of these factors implicitly affecting food choice 
remains elusive. Therefore, we set up the current study to differentiate between the association 
strength of different food product characteristics.

Many food choices are made in the absence of the actual perception of a food’s sensory properties. 
Therefore, real life food choices highly rely on previous experiences of consumption of food prod-
ucts, which are stored in our memory system. The sight of food products triggers these memory 
traces. For example, when people are faced with or question to think of a food product, they have 
expectations about its taste based on memory from previous experiences with that particular or 
similar food product. According to the recognition heuristic of decision making, consumer choices 
are largely based on the recognition. This means that consumers prefer a match between their pre-
vious experiences (i.e., activated memory traces) and the sight of the food product when making 
food choices (Oeusoonthornwattana & Shanks, 2010; Thoma & Williams, 2013). 

Different associations affect food choice. First, descriptions of sensory properties, frequently ap-
plied in product marketing, facilitate adequate recall of previous consumption (e.g., sweet apple) 
(Köster, Prescott, & Köster, 2004). Second, alongside of taste characteristics, studies have also 
shown that food choice is influenced by associations with the context in which a food product 
was previously consumed. For example, when food is categorized as “for breakfast”, it is more 
preferred in the morning than in the afternoon, while  food categorized as “for dinner”, is more 
preferred in afternoon than in the morning (Birch et al., 1984). Furthermore, it was also found 
that people reported more post-meal hunger, for servings at inappropriate times (Kramer, Rock, & 
Engell, 1992). Third, food choice is affected by health beliefs. For example, dieting people assigned 
greater importance to nutrition information available on food products when evaluating healthi-
ness (Miller & Cassady, 2012). Analogous to this, it was found that people associated their healthy 
food choice with positive feelings as ways to promote well-being (Von Essen & Mårtensson, 2014). 
Altogether, these studies show that different associations affect food choice.

The extent to which these associations differentially affect food choice has recently attracted 
more attention. Taste was shown the most chosen as the first criterion in food choice (Contento, 
Williams, Michela, & Franklin, 2006). A direct comparison between taste and health associations 
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showed that the taste of an apple was indeed a stronger predictor of individual dessert choice as 
compared to its assigned health score (Forwood, Walker, Hollands, & Marteau, 2013). Further-
more, food choices were guided by information about time of the consumption (i.e., “breakfast 
product”) only when people were yet unfamiliar with its taste (Gutjar, de Graaf, Palascha, & Jager, 
2014). Overall, taste associations seem to be the strongest predictor of food choice in case of 
familiar food products. However, the differential importance of taste associations with respect to 
health and context associations remains elusive. 

Previous studies on food associations and food choice often used explicit behavioural measures 
of taste, health, or context associations. However, people are usually not or only to a limited 
extent aware that these learned associations affect the way they choose food products, namely 
through the generation of expectations (Issanchou, Valentin, Sulmont, Degel, & Köster, 2002). In 
the present study, we directly compared taste, health, and context associations with food using an 
associative priming paradigm. In this paradigm, participants are asked to make decisions about a 
target image, preceded by a prime word. Because we were interested in association strength and 
not so much in semantic relation, it was chosen to present the primes masked (Green et al., 2005). 
The rationale behind this is that research has indicated that masked priming is affected by associ-
ation strength whereas unmasked priming more by semantic relationship (Sánchez-Casas, Ferré, 
Demestre, García-Chico, & García-Albea, 2012). In our study we used words as primes activating 
either taste (i.e., sweet and salty), health (i.e., healthy, unhealthy), or context associations  (i.e., 
breakfast, dinner). Pictures of food and non-food items were used as targets. It was expected 
that taste primes would facilitate the categorization of food target more than health and context 
related associations. Furthermore, the prime-target relation could be either congruent (i.e., in 
accordance) or incongruent. We hypothesized that people will respond faster on congruent trials 
than on incongruent trials because of facilitated processing of the target by the prime (Ansorge, 
Kunde, & Kiefer, 2014; Dehaene et al., 1998; Kiefer, 2001; Ortells, Marí-Beffa, & Plaza-Ayllón, 
2013; Veldhuizen, Oosterhoff, & Kroeze, 2010; Weibel, Giersch, Dehaene, & Huron, 2013). Partic-
ipants responded significantly faster to strongly related pairs of (unconscious) prime words and 
target images of objects and animals compared to unrelated pairs (Van den Bussche & Brussel, 
2012). In accordance with these findings, we assumed that stronger associations would benefit 
more (i.e. faster and more accurate responses) from the effect of priming (Dell’Acqua and Grainger 
1999, Cree and McRae 2003, McRae and Boisvert 1998, McRae et al. 2005, McRae, de Sa, and 
Seidenberg 1997, Van den Bussche and Brussel 2012).

Neuroscience adds value to understanding consumer decisions by unravelling the mechanism that 
are related to the observed choice (Yoon et al., 2012). Such process knowledge enables us to make 
inferences beyond existing explicit behavioural findings, since these behavioural responses reflect 
a single end-product of different processes involved in information processing. Previous studies 
have related specific event-related potentials (ERPs) (Jackson & Bolger, 2014) to associative mem-
ory processing. In the present study, we focus on the N400 component, found to be related to 
associative processing, because we consider this to be the stage of information processing where 
implicitly activated memory traces are compared to a perceived food product. It was, for example, 
found that the N400 amplitude was smaller in response to congruent compared to incongruent 
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prime and target pairs (Hamm, Johnson, & Kirk, 2002; Kiefer, 2001; Kutas & Hillyard, 1980). On top 
of that, high compared to low associative strength between prime and target resulted in a smaller 
N400 amplitude, as well (Drieghe & Brysbaert, 2002; Duñabeitia, Carreiras, & Perea, 2008; Ortu, 
Allan, & Donaldson, 2013; Rhodes & Donaldson, 2008; Sánchez-Casas et al., 2012).

In sum, in the present study we used an associative priming paradigm in which participants identi-
fied food and non-food pictures preceded by food related prime words in order to examine implicit 
associations with food pictures. In addition to the behavioural measures we focused on the N400 
EEG component, reflecting associative memory. 

MATERIAL AND METHODS

Participants
A total of 30 volunteers participated in the present study (15 males; M = 20 years, SD = 1 year). 
All the participants were recruited from at the faculty of Behavioral and Social Sciences of the Uni-
versity of Groningen. They were Caucasian, with good English language proficiency based on their 
participation in the English bachelor program of Psychology requiring English proficiency at the C1 
level in the Common European Framework, roughly corresponding to TOEFL ITP sum score of at 
least 627, and a score 63 on the reading subscale. They had normal or corrected-to-normal vision. 
They had no history of an eating disorder or any other psychiatric, serious medical or neurological 
diseases. Also, none of the participants was on psychoactive or hypertensive medication. A total 
of four participants reported being vegetarian, and one participants reported being on a diet. Par-
ticipants were given course credits in exchange for their participation. It was attempted to test 
all participants at least one hour after a meal, in the afternoon (at 14h or 15h). The local ethics 
committee of the faculty of Behavioral and Social Sciences of the University of Groningen reviewed 
and approved the present study. All participants signed informed consent.

Apparatus
The participants were tested individually in a dimly lit, sound-attenuated room. The experiment 
was done on a personal computer running Windows 7, with a refresh rate of 60Hz. The task was 
fully programmed in Matlab (The Mathworks, Inc. 2014), which was also used to collect the be-
havioral data.

EEG was recorded using 21 tin electrodes attached to an electrocap (ElektroCap International Inc., 
Eaton, Ohio, USA). The electrodes were placed according to the international 10-20 system. The 
amplifier was a REFA 8-72 (Twente-Medical Systems, Enschede, The Netherlands). An average refer-
ence was used. Sample frequency was 250Hz. Two electrodes were placed at the mastoids and were 
used for off-line re-referencing of the EEG signal. An electrode placed on the sternum served as the 
participants ground. Four electrodes, placed at the left and right lateral canthi and above and below 
the right eye, were used to measure the Electro Oculogram (EOG). Data acquisition was performed 
using Brain Vision Recorder (version 1.03, BrainProducts GmbH, Munich, Germany). 
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Stimuli
In this study we used an associative priming paradigm. In this paradigm, the prime stimuli that 
were used were written words of either taste (i.e., sweet and salty), health (i.e., healthy, un-
healthy), or context associations (i.e., breakfast, dinner). In addition, neutral primes (i.e., ‘XXXX’) 
of different lengths were used to control for the effect of word length of the different food related 
words. The independent variable for the primes was called Modality, and contained the levels 
‘taste’, ‘health’, ‘context’, and ‘neutral’. The word categories of Modality were matched on word 
frequency using the online word frequency database of the Corpus of Contemporary American En-
glish (taste mean (sweet & salty): 24.277, health mean (healthy & unhealthy): 26.009, and context 
mean (breakfast & dinner): 25.777). As targets we used pictures of food and non-food items that 
could be either congruent or incongruent to the prime. To investigate what combinations of food 
and modality are considered congruent in the population we conducted a pilot study. The indepen-
dent variable for the relationship between the target and the prime was called Congruence, and 
could be either “congruent” or “incongruent”. All the pictures used in this study were derived from 
Google. All the pictures had a white background. Consequently, the non-food pictures were chosen 
to resemble the matching food picture (see Figure 1). Food and non-food pictures were matched on 
the color, size, orientation and amount of objects. There were in total six food categories (sweet, 
salty, breakfast, dinner, healthy, and unhealthy). For every category there were 15 food pictures 
and matching non-food pictures. Similarly, congruent and incongruent trials were equally balanced 
(i.e. 50/50). All the independent variables were within subject factors. 

Task
Each trial in the task began with a fixation cross (‘+’) varying between 800 and 1300ms (see Figure 
2). After the fixation cross, a prime word was shown for 32ms. In order to reduce the visibility of 
the prime, a backward mask of nine hash tags (‘#########’) was presented for 116ms after the 
prime. The target picture in the center of the screen followed the presentation of the mask and 
stayed on the screen until response, but with a maximum of 5000ms. To investigate the effects of 
Modality and Congruence we measured the reaction time and accuracy to both food and non-food 
target pictures.

Procedure
The participants were seated in one of the laboratory rooms facing a computer screen. They were 
first asked to fill out a questionnaire containing questions about their age, nationality, current 
feeling of hunger, diet, food restrictions, and if they were vegetarian. This questionnaire took ap-
proximately two minutes for the participants to complete. Thereafter, the main experiment start-
ed. During this part of the study, the participants were instructed to respond as quickly as possible 

Figure 1. A pair of a matching food (left) and non-
food (right) picture used as stimuli in this study. The 
two pictures were matched on color, size, orienta-
tion and amount.
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if the presented picture contained either a food or a non-food object, by pressing a corresponding 
response mouse button with their left or right thumb. What button represented either food or non-
food was counterbalanced between participants. 

The task was divided in three blocks of 150 trials. The blocks differed in which prime modalities 
were assessed. In the first block the primes sweet, salty, breakfast, dinner, and neutral were 
assessed. In the second block; breakfast, dinner, healthy, unhealthy, and neutral primes were in-
vestigated. The third block focused on sweet, salty, healthy, unhealthy, and neutral primes. Within 
each block, 32 trials per prime and 22 neutral were given (total 150 trials per block). The order of 
the blocks was counterbalanced across participants and within each block the trials were random-
ized. Between the blocks, the participants were allowed to take a rest. The time of rest was not 
pre-set; participants rested approximately one minute. After completion of this task, the partici-
pants were instructed to wait for further instructions from the experimenter. The whole task took 
about eight minutes to complete.

After the associative priming task, craving for food was assessed. Explicit proxies of approach tenden-
cies were collected for all food stimuli. Using visual analogue scales, food stimuli of the word-picture 
priming task were rated on liking at the moment of testing on a Visual Analogue Scale (VAS) using the 
question: “How much do you like this product?” which were answered on a scale (0-100) from “don’t 
like” (0) to “like very much” (100), which was answered on a scale (0-100) from “not at all” (0) to “very 
much” (100). Results are reported elsewhere. In total, the experiment took approximately 30 minutes. 
At the end of the experiment, the participants were debriefed. 

Data analysis 
Behavioral data – reaction times
Due to technical issues, both behavioral and electrophysiological data of one participant was re-
moved. Responses faster than 250ms and slower than 1500ms were excluded from the data anal-
ysis. Alongside these selection criteria, all incorrect trials (e.g., button press ‘food’ when a ‘non-
food’ image is presented) were excluded from the analysis. Overall data selection resulted in the 

Figure 2. An overview of a trial. In this trial the prime word sweet is congruent with the food picture 
presented as target.

Brain potentials highlight stronger im
plicit food m

em
ory for taste than context associations



120

deletion of 929 observations (7% of total data). The data was fitted on linear mixed effect models 
with maximum likelihood (LME) using the lme4 package [39] in the open source statistical language 
R (version 3.1.2) (R Core Team 2012). These models were chosen because they deal well with re-
peated measures and missing data. 

Different models were build to test the effect of word length and priming effects of interest. Priming 
effects were analyzed for responses to food and non-food targets by a model including Target (two 
levels: food and non-food) and Prime (two levels: word (i.e. taste, health, context) and neutral) as fixed 
factors; the Subjects were used as a random factor (intercept). Furthermore, priming effects of inter-
est were investigated in a separate model using responses to food targets, by entering Modality (three 
levels: taste, health, and context) and Congruence (based on prime and target combination; two levels: 
congruent and incongruent) as fixed factors; while taking into account inter-individual variability by 
adding Subject as a random factor (intercept). In order to control the latter priming effect for word 
length effects, the responses to food targets were compared between neutral primes of different length 
in a separate model including Neutral (four levels: 5, 6, 7, and 9 hashtags) as a fixed factor and Subject 
as a random factor. We report degrees of freedom, statistics, and p-values based on Satterthwaite’s 
approximations ANOVA. Statistical significance was evaluated at the 0.05 alpha level. 

Electrophysiological data – ERP latencies and amplitudes 
ERP data was processed using Brain Vision Analyzer 2 software (Brain Products, Munich, Ger-
many). The EEG signal was filtered with a Butterworth high-pass filter of 0.5Hz (24dB/oct) and a 
low-pass filter of 15Hz (24dB/oct). Only correct trials with responses between 250 and 1500ms 
were included for further analysis. The algorithm of Gratton, Coles, and Donchin (1983) was used 
to correct ocular movement artifacts. Further artifact removal was applied by removing segments 
with an absolute difference larger than 200μV or a voltage step per sampling point larger than 
50μV. Baseline correction was applied from -350 until target onset. Epochs were averaged starting 
350ms before target onset and lasting until 1500ms post-target onset, separately for each Target, 
Prime, Modality, and Congruence level. 

For confirmatory statistical analysis focused on the N400 priming effect, mean amplitudes (μV) 
were calculated in Brain Vision Analyzer using the amplitudes between 350 – 450ms post-target 
onset from the average waveforms of individual participants. The averaged waveforms were grand 
averaged for display. Furthermore, we performed exploratory analysis on the frontoparietal elec-
trodes based on previous evidence of priming (Race, Shanker, & Wagner, 2009; Ryan & Schnyer, 
2007; Wheatley, Weisberg, Beauchamp, & Martin, 2005). Comparable to the analysis of reaction 
times, ERP amplitudes were analyzed by means of linear mixed effect models, using the lme4 pack-
age (Bates et al., 2014). We report degrees of freedom, statistics, and p-values based on Satter-
thwaite’s approximations ANOVA. Statistical significance was evaluated at the 0.05 alpha level. 
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RESULTS

Stronger focus on food compared to non-food images – N400 effect
The analysis of reaction times (i.e., time needed to classify a target as food or non-food) showed that 
participants responded faster to food compared to non-food targets, both preceded by a neutral prime 
(e.g., ‘XXXXX’) (t Target (1869) = 2.34, p = .012).

Regarding the electrophysiological data corresponding to this effect, we observed that ERPs to 
food and non-food targets preceded by a neutral prime diverged clearly between 350 and 450ms 
after target onset (t Target (30) = -5.805, p < .001) (Fig 3a and Fig 3c). This effect was most pro-
nounced on the parietal electrodes (i.e., P4, P7, and Pz), based on visual inspection of the current 
source density (CSD) maps. Therefore, we conclude the presence of a smaller N400 peak in re-
sponse to food compared to non-food target images. 

Priming with food-related words facilitates associative processing of food images
Interestingly, the effect described above was enhanced by the presentation of a word prime. Re-
sponses to food targets were faster following a word prime (e.g., ‘breakfast’) compared to a neutral 
prime (t Prime (12580) = 4.745, p < .001), whereas responses to non-food target images preceded by a 
word prime were similar as responses to non-food target images preceded by a neutral prime (t Prime 
(12580) = 1.524, NS).
 
The electrophysiological data demonstrated that this priming effect was reflected in a smaller 
N400 amplitude in response to a food targets following a food prime (e.g., ‘sweet’ or ‘breakfast’) 
as compared to a neutral prime (e.g., ‘XXXX’) on the parietal electrodes within the interval of 350 
– 450ms (t Prime(90) = 2.70, p = .008) (Fig 3b and Fig3c). The priming effect was specific to food tar-
gets, since responses to non-food targets preceded by a word prime showed no difference in mean 
amplitude as compared to a neutral prime within this interval (t Prime (90) = -0.43, NS). Thus, both 
behavioral and electrophysiological data showed priming of food associations. 

Taste associations stronger than health and context associations 
Subsequently, the next prime effects of interest focused on the associations with different food 
characteristics, namely differentiation of Modality (i.e., ‘taste’, ‘health’, and ‘context’) preceding 
the presentation of food target. We observed that the priming effect (i.e., faster response food 
target images following food-related word prime compared to neutral prime) was stronger for 
‘taste’ compared to ‘health’ (t Modality: taste-health (5313) = 1.94, p = .05) and ‘context’  (t Modality: taste-context 
(5313) = 4.75, p < .001). These effects were controlled for the effect of word length (F Neutral (3,890) 
= 0.469, NS). Furthermore, the reaction time data revealed that the Congruence effect was dif-
ferent between primes (i.e., Modality) (F Congruence x Modality (2,5313) = 6.20, p = .002). Remarkable, 
we observed that responses to congruent trials were slower as compared to incongruent trails 
for a ‘health’ prime (t Congruence (5313) = -2.91, p = .003), and responses were not different between 
congruent and incongruent trials for ‘taste’ (t Congruence (5313) = 1.22, NS) and ‘context’ (t Congruence 
(5313) = 1.57, NS) primes.
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Figure 3. Scalp topographies and ERP: priming effect. The scalp topographies of the first task effect (B) indicate the mean 
difference between food target stimuli compared to non-food target stimuli following a neutral prime (e.g., ‘XXXX’) was 
most pronounced on the parietal electrodes Pz, P4, and P7. The scalp topographies of the second task effect (C) represent 
the mean different between food target stimuli compared to non-food target stimuli following a food-related prime (e.g., 
‘sweet’ or ‘breakfast’) on all parietal electrodes. The ERPs of these effect locations combined into a parietal cluster (A) 
show a larger positive amplitude elicited by a food prime followed by a food target (red) as compared to a neutral prime 
followed by a food target (pink), a neutral prime followed by a non-food target (green), and a food prime followed by a 
non-food target (blue) subsequently between 350 and 450ms.

Figure 4. ERP amplitudes: priming effect. The mean and standard error of the mean ERP amplitudes in response to food 
target images averaged between 350 and 450ms and combined into a parietal cluster (i.e., P3, P4, P7, P8, Pz). The bar 
graph shows 1) no differences between taste (green), time of consumption (purple), and health (orange) primes and 2) 
no interaction between congruence (congruent and incongruent respectively light and dark colored) and prime. The left 
(pink) bar represents the ERP amplitude following a neutral prime followed by a food target (see Fig 3c).
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Compared to the reaction times, similar findings were observed in the electrophysiological data re-
garding the effect of Modality and Congruence. Results showed a smaller negative amplitude follow-
ing a food target preceded by a taste prime compared to a context prime (t Modality (150) = 3.24, p = 
.002) and a trend compared to a health prime (t  Modality (150) = 1.95, p = .053). This effect was most 
pronounced at Pz, following visual inspection of the current source density (CSD) maps. In contrast 
to the reaction time data, however, the electrophysiological data did not show a differential Congru-
ence effect for the different primes. N400 amplitudes were similar across congruent and incongruent 
pairs for taste, health, context as well as context primes on the parietal electrodes (F Congruence x Modality 
(2,150) = 1.18, NS) (Fig 4). 

Food associations are frontally represented
Following the absence of an interaction between Modality and Congruence on the parietal elec-
trodes, we explored other electrodes that have previously been described to reflect the congru-
ence effect. Indeed, we observed a right lateralized frontal congruence effect (i.e., max at FP2 
electrode) (Fig 5a). More specifically, congruent trials showed a larger negative amplitude starting 
130 ms after target onset as compared to incongruent trials (F Congruence (1,31) = 7.76, p = .009) (Fig 
5b). This effect was not specific to any word prime (i.e., Modality) (F Congruence x Modality (3,210) = .07, 
NS). 
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Figure 5. Scalp topographies and ERP: congruence effect. The scalp topographies of the congruence effect (B) indicate 
the mean difference between congruent food-related prime and food target pairs as compared to incongruent pairs on 
the frontal FP2 electrode. The ERPs on the frontal electrode (A) show a larger negative amplitude elicited by congruent 
food-related prime and food target pairs (red) as compared to incongruent pairs (blue) between 130 and 500ms after 
target onset. The difference wave is represented in black.
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DISCUSSION

General findings 
In the present study we explored food associations by means of an associative priming paradigm. We 
consider the current differentiation between implicit food associations like taste, health, and context 
relevant in three ways. First, understanding the neural mechanisms of food memory provides us with 
insights for adequate marketing of food products. Second, we included taste, health, as well as context 
associations, which allowed us to make direct comparisons within one study. Finally, this study unraveled 
the implicit mechanisms of food associations, whereas previous studies on food associations have primar-
ily used explicit behavioural measures. We focused on reaction times and EEG event-related potentials 
related to associative memory processing, namely the N400 at parietal electrodes, because previous 
studies showed this to be the stage of information processing where implicitly activated memory traces 
are compared to a perceived food product (Hamm et al., 2002; Kiefer, 2001; Kutas & Hillyard, 1980).

The current associative priming paradigm showed the plausibility to study factors affecting food 
choice without actual perception of the food product. Our findings reflected faster responses and a 
smaller parietal N400 peak in response to the sight of food compared to non-food. It has previously 
been shown that parietal neurons form bottom up “saliency maps” for quick selection of information 
in our environment (Bisley & Goldberg, 2003; Constantinidis & Steinmetz, 2005; Itti & Koch, 2001; 
Piech, Pastorino, & Zald, 2010). More specifically, the event-related potential N400 was smaller in 
response to strongly salient items (Laurent, Denhières, Passerieux, Iakimova, & Hardy-Baylé, 2006). 
Based on our electrophysiological results, we consider that such “saliency maps” were constituted in 
the current paradigm by the repeated presentation of food information, thereby explaining enhanced 
processing of food compared to non-food images. These findings are in agreement with previous EEG 
studies suggesting increased motivational relevance and reinforcing properties of palatable food 
items to humans (Carretié, Mercado, & Tapia, 2000; Nijs et al., 2008). 

In addition to salience, the current brain potentials reflect the role of associative memory in food 
choice. Besides the bottom up “saliency maps”, shifts of attention are thought to depend on “top 
down” signals derived from a current activated memory traces (e.g., finding a sweet and/or healthy 
apple) (Buschman & Miller, 2007). The results showed that activating associations of taste, health, 
and context leads to faster processing and a smaller parietal N400 peak in response to food, whereas 
processing of non-food items was not affected by priming. Priming thereby implicitly facilitates food 
choice based on the sight of food products. The electrophysiological data revealed that priming elicits 
a state-dependent change in associative food memory (Stockburger, Weike, Hamm, & Schupp, 2008). 

Although there is increasing interest in how different factors are associated with food, how these 
“top down” signals differentially influence food choice remained elusive. For example, in a recent 
behavioral study on the use of simple descriptive food labels to promote healthy food choices, it 
was found that interventions that emphasize the taste of healthier foods are likely to be more 
effective at achieving healthier diets than those emphasizing health alone (Forwood et al., 2013). 
Furthermore, it has been suggested that extra attention should be paid to the tastefulness of 

7.5
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healthy food products. Following the current neuroimaging study we consider that a shift from 
explicit behavioral methods towards implicit neuroimaging methods, provides us with a more valid 
and detailed understanding of the mechanisms underlying such food choices.  

The current results point to the primary role of taste as a factor that directs consumers’ food 
choice. Thereby, we highlighted the potential role for associative food memory underlying the 
effects observed in behavioral consumer studies (Grunert, Bech-Larsen, & Bredahl, 2000; Rich-
ardson, Macfie, & Shepherd, 1994; Urala & Lähteenmäki, 2003). We conclude that the affined 
behavioural and electrophysiological results reflect a stronger association with food for taste com-
pared to non-sensory factors (Ortu et al., 2013). 

In addition to priming studies showing enhanced processing for strong associations, it has been 
found that incongruent information can even hinder processing. In detail, high compared to low 
strength of associations resulted in a larger congruence effect, as reflected in a larger difference 
of N400 amplitudes at parietal electrodes (Drieghe & Brysbaert, 2002; Duñabeitia et al., 2008; 
Ortu et al., 2013; Rhodes & Donaldson, 2008; Sánchez-Casas et al., 2012). However, we did not 
observe this interaction with congruence in addition to the effect of priming. Following adequate 
power and good categorization accuracy of the target images, according to the different primes 
in both our pilot as well as actual study participants, we speculate that more complex mechanisms 
underlie the effect of incongruent information in food choice. 

It remains an ongoing challenge to facilitate healthy food choices. For example, it was found that 
health remains secondary to taste in the selection of corn chips (Tepper & Trail, 1998). In line with 
this, consumer willingness to compromise on taste for health in the specific case of the functional 
foods category was considered a risky strategic option (Verbeke, 2005). Sensory aspects of food 
seems to be at the center of the development, maintenance and change of dietary patterns. So, in 
order to control or even counteract the effect of the ‘tasty = unhealthy intuition’, healthy foods 
should be marketed to be (more) tasty (Raghunathan, Naylor, & Hoyer, 2006). It was suggested 
that efforts for promoting healthy eating behavior might benefit from an increasing attention to-
wards memory principles in the development of interventions (Eertmans, Baeyens, & Van den Ber-
gh, 2001; Hollands, Prestwich, & Marteau, 2011). This study provides a starting point for studying 
how subtle differences in food associations affect food choice.

Conclusion
The current study unraveled the implicit mechanism of food associations. We showed that taste 
associations are stronger related to food as compared to non-sensory associations like health 
and context. The modern day context of food choice requires more subtle choices among non-poi-
sonous food products. This requires adequate “top-down” control using context associations in 
addition to the taste-conditioned approach-avoidance tendencies (Volkow, Wang, & Baler, 2011). 
The current method of associative priming combined with electroencephalography is a suitable 
measure to study such subtle differences among these “top down” signals affecting food choice. 
The recurring importance of taste in choosing healthy foods suggests that these concepts and as-
sociations may be promising targets for future marketing interventions.
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AIM 
There is increasing awareness that dietary intake is an important factor in 
age-related pathologies and quality of life in older adults (Amarantos, Marti-

nez, & Dwyer, 2001; Briefel et al., 1995; Dato, Bellizzi, Rose, & Passarino, 2016; Fischer & John-
son, 1990; Han, Li, & Zheng, 2009; Thomas, 2001). An important non-physiological determinant 
of dietary intake is the pleasure we experience in response to visual or oral presentation of food 
products (Blundell & Rogers, 1991; Hetherington, 1998; Schilp, Wijnhoven, Deeg, & Visser, 2011). 
The aim of this thesis was to unravel the neuronal mechanisms underlying this experience of pleas-
antness in healthy young and older adults; that is, in individuals that reported no functional decline 
or disease. Whereas previous studies mainly reported manipulations of product characteristics and 
subsequent behavioral responses, we especially focused on several person characteristics that can 
affect neuronal mechanisms related to the experience of pleasantness in response to food. Here, 
we define person characteristics as the characteristics that uniquely define an individual, such as 
physiology and memories. This definition, however, does not include physical product characteristics 
that are not dependent on the individual, such as the concentration of tastes of the food product.

To investigate Pleasure from Food, we studied differences in taste processing between young (mean 
age 23 years old) and older (mean age 66 years old) adults in relation to behavioral expressions of 
pleasantness using functional Magnetic Resonance Imaging (fMRI) and electroencephalography 
(EEG). More specifically, we showed that different aspects of whole saliva (Chapter 2) and ma-
nipulations of taste quality and concentration (Chapter 3) affect neuronal responses during taste 
processing. Furthermore, we reported on the functional specialization of the insula (Chapter 4) 
and communication between brain networks involved in sensory and emotional processing (Chap-
ter 5) of different qualities and concentrations of tastes. In addition to our investigation of pleas-
antness using fMRI, we investigated brain activity in response to visual food cues using EEG. We 
identified the neuronal representation of subtle differences in food pleasantness (Chapter 6) and 

8.1

Figure 1. Mechanisms underlying food pleasantness were investigated using a combination of physical, sensory, neural, 
and behavioral measures. We identified how person characteristics such as saliva (Chapter 2), sensation (Chapter 3), 
and emotion (Chapter 4 and 5) affect taste processing and how eating experiences that are stored in memory affect the 
subsequent perception of visual food cues (Chapter 6 and 7). 
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the differential strength of sensory and non-sensory food associations stored in memory (Chapter 7) 
(Figure 1). Novel insights resulting from this investigation will be summarized and discussed below.

SUMMARY OF MAIN FINDINGS
An important question in the current research is how taste information perceived 
in the mouth is processed into an evaluation of pleasantness in the brain, and 

how this process is affected by aging. We focused on taste processing, as older adults rank the 
taste of food as significantly more important than other factors in food intake (Krondl et al., 1982). 
It was widely assumed that aging was related to changes in the sensation of taste intensity of food, 
which in turn was assumed to affected food pleasantness (Kremer et al., 2007b). Following the cur-
rent lack of data supporting this assumption (Kozlowska et al., 2003; Rolls, 1999), we hypothesized 
that age-related changes in taste sensitivity may be overlooked by the use of behavioral methods 
(see Introduction). Consequently, we performed an fMRI study to investigate the neuronal mech-
anisms underlying taste processing and the behavioral expression of pleasantness in response to 
increasing concentrations of sweet, sour, salty, and bitter tastes.  

Saliva is important for the transport of tastants to taste receptor cells (de Wijk et al., 2004; Ferry 
et al., 2006; Vissink et al., 1996). The secretion rate and composition of saliva differs across indi-
viduals (Neyraud, Palicki, Schwartz, Nicklaus, & Feron, 2012) and functions as an important factor 
in influencing taste perception (Bonnans & Noble, 1995; Ferry et al., 2006). Therefore, we hypoth-
esized that saliva is an important person characteristic of interest in how a taste is processed in 
the brain (Bonnans & Noble, 1995; Christensen, Brand, & Malamud, 1987). Indeed, in Chapter 2 
we demonstrated a novel association between salivary secretion and taste processing. More spe-
cifically, we showed that individual baseline levels of amylase concentration of whole saliva affect 
the responses of brain areas involved in taste processing. Additionally, we observed that increased 
mucin concentrations (as a proxy of viscosity) in saliva were related to increased responses in the 
mid-insular cortex, a brain area of which responses were previously associated to viscosity of stim-
uli (De Araujo & Rolls, 2004) and taste intensity (Small et al., 2003; Spetter et al., 2010). Following 
this, we hypothesized that viscosity of saliva is an important person characteristic involved in the 
perception of taste intensity. These findings are in line with suggestions that taste sensitivity is 
relative rather than absolute, because individuals have their own baseline secretion levels of whole 
saliva as a reference (de Wijk et al., 2004; Engelen et al., 2003). While aging was previously found 
to be related to changes in saliva secretion and composition (Dodds et al., 2005), we observed 
that saliva secretion and composition, as well as the association between saliva and brain areas 
involved in processing of taste intensity, were similar across age groups. 

In Chapter 3, we continued this investigation of taste processing in the brain. More specifically, we 
focused on the role of the aging brain. This topic has received little attention so far, and as a result 
taste processing is less understood than odor processing, with respect to aging. Available evidence, 
however, demonstrates differential brain responses to stimuli of different taste qualities (Green, 
Jacobson, Haase, & Murphy, 2013; Jacobson, Green, & Murphy, 2010), and of different taste concen-
trations (Small et al., 2003). To the best of our knowledge, the mutual influence of both factors on 
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taste processing in the aging brain is still largely unknown. We were the first to identify the effects 
of aging on taste processing, especially in different higher order brain areas. More specifically, we 
found that taste information delivered to the brain was not different between young and older adults 
in lower order brain areas, as illustrated by the absence of age effects in brainstem (i.e., the NTS) 
and thalamus (i.e., the VPM) activity. This indicates that changes in the taste buds are unlikely to 
underlie age-related changes in taste perception. Instead, our results in higher order brain areas 
indicated that multisensory integration changes with age; older adults showed less brain activa-
tion to integrate both taste and somatosensory information. Furthermore, we concluded that older 
adults reallocated attention in order to perceive taste. Finally, we hypothesized the importance of 
homeostatic mechanisms in understanding taste quality specificity in age-related differences in taste 
perception. Altogether, our findings led us to hypothesize that multisensory integration, attention, 
and homeostatic mechanisms are important person characteristics involved in age-related changes 
in taste processing. 

In Chapter 4 we further differentiated product characteristics (i.e., manipulations of taste quality 
and concentration) from person characteristics. We identified a functional specialization of the 
insular cortex, with respect to its representation of these product and person characteristics. 
More specifically, we showed that the left and right insular cortices are differentially engaged in 
processing the aforementioned characteristics. Representations of the presence of a taste stimu-
lus, as well as its corresponding pleasantness, dominate in the left insular cortex, whereas taste 
concentration modulates responses in the right insular cortex. In this chapter, we specifically 
focused on how the response in the insula varied across taste qualities and concentration, and 
pleasantness scores and found no differences between young and older participants. Therefore, 
we concluded that although there are BOLD amplitude differences within the insula between age 
groups in response to taste (Chapter 3), variation of insular BOLD responses across taste qualities 
and concentration is similar across age. 

Our observations regarding the effect of age on the neural representation of the taste pleasant-
ness were partially in line with our behavioral results. On the one hand, we observed decreased 
responses in the ventral anterior insular cortex in response to sour tastes in older compared to 
young adults (Chapter 3). Based on our findings that responses in this brain area were inversely 
related to pleasantness (Chapter 4), we suggest that the effect of age in the ventral anterior 
insular cortex represents lower pleasantness for sour tastes in older, compared to young, adults. 
On the other hand, higher liking ratings for sweet and salty tastes in older adults could not be at-
tributed to responses in the ventral anterior insular cortex. 

In addition to modulations in the insular cortex as a “hedonic hotspot”, pleasantness has also been 
found to be related to BOLD responses in a network of brain areas (Phillips et al., 2003). Aging was 
found to affect connectivity in this network, in response to pleasant and unpleasant stimuli. For 
example, older adults showed increased communication between the right amygdala and ventral 
anterior cingulate cortex, possibly reflecting increased emotion regulation when individuals eval-
uated pleasant, unpleasant, and neutral images (St Jacques et al., 2010). Conversely, older adults 
showed decreased functional connectivity between the amygdala and posterior brain regions, like-
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ly reflecting decreased perceptual processing (St Jacques et al., 2010). These and other observa-
tions (Mather & Carstensen, 2005) led us to suggest that older adults recruit frontal brain areas to 
generate increased emotion processing in response to decreased sensory processing. Indeed, our 
results reported in Chapter 5 show that age modulates the connectivity between networks of brain 
areas involved in emotion processing during taste perception. More specifically, the results indi-
cate that: 1) tastes are less salient to older adults, 2) older adults rely more on emotion processing 
during taste perception, and 3) older adults show increased cognitive control in comparison to 
young adults during taste perception. We therefore believe it is important to study age-related 
changes in emotion and cognitive processing of taste, in addition to changes in sensory function-
ing, to be able to understand mechanisms underlying changes in perceived taste pleasantness in 
older adults. Thus Chapters 2, 3, 4, and 5 together demonstrate several person characteristics 
that affect taste processing, in addition to effects of manipulation of product characteristics such 
as quality and concentration of tastes. 

Besides the investigation of neuronal mechanisms underlying pleasantness induced by tasting, 
we studied how information about food pleasantness that is stored in memory affects the brain 
response to visual food cues in young adults (see Chapter 6 and 7). Based on the existing liter-
ature and our observation that pleasantness experienced in response to taste is localized in the 
left, but not the right, insular cortex (Chapter 4), it is suggested that asymmetric neural activity 
underlies the experience of food pleasantness (Harmon-Jones, Gable, & Peterson, 2010; Small, Zald, 
Jones-Gotman, et al., 1999). More recent research suggests that this asymmetric activity is espe-
cially salient in the frontal cortex. The majority of studies focus on brain responses towards pleasant 
and unpleasant visual stimuli, not related to food.  So far, little attention has been focused on the 
neuronal representation of subtle differences in pleasantness perceived in response to visual food 
cues. The results reported in Chapter 6 indicate that the behavioral expression of pleasantness, as 
reflected in a liking rating, is related to multiple processes underlying the perception of visual food 
cues. First, food stimuli that were evaluated higher, compared to lower, on liking were followed by 
smaller amplitudes between 230 and 270ms in right fronto-central brain areas. This might indicate 
that higher liking is related to increased automatic approach tendencies towards pictures of food, 
and that liking scores reflect a form of utility evaluation of the food product depicted on the pictures. 
Second, the observed effect of larger amplitudes between 270 and 600ms in right fronto-central-pa-
rietal brain areas in response to food stimuli that were evaluated higher, compared to lower, on 
liking, most likely indicates increased arousal elicited by higher liking. Third, we demonstrated larger 
lateralized cortical activity later in the EEG signal (1000 through 1500ms) for higher, compared to 
lower-liked, food products, suggesting that information from affective representations of food prod-
ucts is drawn upon in order to express liking. Altogether, the results of Chapter 6 show that the use 
of pictures of food products combined with regression based methods enabled us to shed light on the 
course of the formation of food liking in the brain, that underlies subtle differences in the experience 
of liking between food products.

Previous eating experiences stored in memory can be partitioned into episodic and semantic mem-
ory (Tulving, 1985). Episodic memory represents our memory of autobiographical experiences, 
including associated emotions; whereas semantic memory is a more structured record of facts 
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and knowledge about the external world. We most likely addressed episodic memory in Chapter 
6, as participants were asked to rate liking in response to pictures of food product, which requires 
retrieval of previous eating experiences of that specific product from memory. In Chapter 7, we 
investigated semantic memory of food associations by means of an associative priming paradigm. 
Our results demonstrated that associations related to taste quality that are stored in memory are 
stronger represented than context associations, such as time of consumption and health beliefs. 
Altogether, the work described in this thesis shows the neuronal mechanisms of how person char-
acteristics, such as age, saliva secretion, sensation, emotion, and memory affect the experience of 
pleasantness in response to tastes and visual food cues.

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Connecting sensory science to neurobiology in the study of taste sensitivity (part I)
We examined taste perception in individuals without reported taste disturbances, as measured 
with “Taste Strips” (Landis et al., 2009), indicating that neither our young nor older participants 
had a reduced ability to detect and identify sweet, sour, salty, or bitter tastes (Chapters part I). 
This indication was further substantiated by our observation that saliva secretion rates, which 
were previously related to changes in taste sensitivity (Lugaz, Pillias, Boireau-Ducept, & Faurion, 
2005; Zaidan, Al-Omary, & Al-Sandook, 2009), were similar across age groups (Chapter 2). Alto-
gether, our behavioral and oral sensory (saliva) findings suggest that age is not necessarily asso-
ciated with differences in taste sensitivity, i.e., the subjective perception of an individual whose 
taste buds have been stimulated by a tastant. 

The subjective perception of taste tells us something about the characteristics of the perceived 
taste, such as its intensity, but goes beyond the stimulus and its characteristics, such as concen-
tration. This distinction becomes especially relevant when studying taste processing on a neuronal 
level and investigating differences in taste sensitivity between individuals, for example, young and 
older adults.  We did not observe differences in responses between age groups in the first relay areas 
of taste information in the brain (i.e., the NTS and the ventral posteromedial nucleus of the thala-
mus) (Chapter 3). These findings show that taste information entering the brain in young and older 
adults does not seem to differ. Furthermore, we reported that manipulations of taste concentration 
were related to brain responses in the mid-insular cortex (Chapter 4), and age did not affect this 
association (Chapters 3 and 4). Following previous findings that behavioral expressions of taste 
intensity modulate the response in the mid-insular cortex, in addition to modulations of concentra-
tions (Anderson & Sobel, 2003a; Spetter et al., 2010), our results imply that young and older adults 
do not differ in how intensely they perceive taste. Since we did not explicitly investigate perception 
of intensity in these age groups, future studies should take this hypothesis into account.

With respect to aging, it was proposed that aging induces a switch from automatic to more con-
trolled processing of information (Staub, Doignon-Camus, Marques-Carneiro, Bacon, & Bonnefond, 
2015). For example, older adults may enhance attention to sensory input in order to compensate 
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for a decline in automatic detection of changes in the composition of sensory input (Alain, Mc-
Donald, Ostroff, & Schneider, 2004; Madden, Whiting, Spaniol, & Bucur, 2005). We are the first to 
confirm the presence of this compensation mechanism in older adults, with respect to taste pro-
cessing, especially in response to low concentrations of tastes. More specifically, we showed that 
older adults recruit attentional mechanisms (i.e., dorsal anterior insular cortex) to compensate 
for lower automatic responses in attentional mechanisms (i.e., medio-dorsal nucleus of the thala-
mus), indicating decreased salience elicited by tastes (Chapter 3). These observations in separate 
brain areas were further established by our findings of decreased connectivity within the salience 
network in older, compared to young, adults (Chapter 5). Altogether, these findings regarding 
the role of attention in perceiving sensory input are in agreement with resting state studies of the 
salience network in older adults (He et al., 2013; Onoda et al., 2012), and indicate that taste is 
perceived as less saliently by older adults.      

When molecules touch the tongue: the role of somatosensation in taste sensitivity (part I)
Another factor that is increasingly recognized as important for taste sensitivity is oral somato-
sensation, which refers to perceptions, such as touch, pain, temperature, and itch, in the mouth 
(Haggard & de Boer, 2014). Similar to the information regarding the concentration of tastes, oral 
sensory information of touch from the tongue and other oral structures reaches the brainstem 
(i.e., the NTS) (Bradley, Smoke, Akin, & Najafi, 1992), thalamus, and anterior insular cortex (De 
Araujo & Rolls, 2004; Katz, Nicolelis, & Simon, 2002; Pritchard, Hamilton, Morse, & Norgren, 1986; 
Pritchard, Hamilton, & Norgren, 1989; Verhagen, Kadohisa, & Rolls, 2004). The anterior insular 
cortex is a site for processing both chemical and somatosensory characteristics of tastes, in that 
activations of this brain area were correlated with concentration and viscosity of stimuli placed 
in the mouth, respectively (Chapter 4; De Araujo & Rolls, 2004; Grabenhorst, Rolls, & Bilderbeck, 
2008). Moreover, mucin concentration as a proxy of viscosity of saliva modulated the response in 
the anterior insular cortex in response to taste (Chapter 2). Therefore, we advocate taking the 
role of oral somatosensation into account when investigating taste sensitivity. 

With respect to the effect of age on oral somatosensation, previous behavioral findings were in-
consistent, showing both stable and decreased sensitivity in older adults (Fukunaga et al., 2005; 
Steele, Hill, Stokely, & Peladeau-Pigeon, 2014). We speculate that oral somatosensation is de-
creased in older adults, based on our neuronal findings of decreased response in the primary so-
matosensory area (Chapter 3) as well as the effect of aging on the association between mucin 
concentration as a proxy of viscosity and responses in the anterior insula (Chapter 2). This hy-
pothesis needs further investigation, for example, by manipulating somatosensory characteristics 
such as fattiness, temperature, or viscosity of stimuli perceived in the mouth, and measuring brain 
responses and intensity in young and older adults.       

Taste processing in older adults: more than a matter of taste intensity (part I)
Evidence on dissociable representations of taste intensity and pleasantness is accumulating. 
Whereas taste intensity is related to responses in the mid-insular cortex, behavioural expressions 
of pleasantness modulate responses in the ventral anterior insular cortex (Chapter 4; Anderson 
& Sobel, 2003b; Cerf-Ducastel, Haase, & Murphy, 2012). The ventral anterior insular cortex pro-
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cesses the emotional significance of sensory input (Phillips et al., 2003). We observed that the 
ventral anterior insular cortex showed higher responses in older adults in response to sour and 
salty taste stimuli, indicating increased emotional significance of these tastes in older, compared 
to young, adults (Chapter 3). In addition to enhanced responses in the ventral anterior insular 
cortex, we observed decreased responses in the right amygdala in response to sweet, sour, salty, 
and bitter tastes (Chapter 3). Among other functions, the right amygdala was engaged in fast pro-
cessing of emotional stimuli, such as taste (see for meta-analysis and review: Costafreda, 2009; 
Markowitsch, 1998). We therefore believe that emotional processing of taste is affected by aging. 
This suggestion was further established by our observation that older adults showed increased 
functional connectivity between brain areas involved in affective processing, such as between the 
subcortical mesolimbic areas and the anterior striatum and the ventral anterior insular cortex 
(Chapter 5). We hereby extended previous observations of the effect of aging on emotion process-
ing towards the taste domain, indicating that older adults process the emotional significance of 
taste in a different manner than young adults.

Besides age-related differences in the perception of different concentrations of tastes, we studied 
whether taste processing showed taste-quality specificity. Older adults reported lower liking ratings 
for sour tastes, but higher liking ratings for sweet and salty tastes compared to young adults (Chapter 
3). Whereas the effects of age on sour and bitter perception were located in brain areas involved in ho-
meostatic mechanisms, the current data (Chapters part I) did not show a clear indication of the neu-
ronal mechanisms underlying behavioral observations regarding sweet and salty perception and age. 

Food pleasantness is lateralized, irrespective of sensory modality (part I and II)
Several theories of cerebral lateralization of pleasantness processing have been postulated (Kill-
gore & Yurgelun-Todd, 2007). For example, the right-hemisphere hypothesis suggests that the 
right hemisphere is dominant for affective processing of stimuli (Borod et al., 1998). In addition, 
the right hemisphere was especially responsive during recall of emotional autobiographical mem-
ories (Fink, 2003; Philippi et al., 2015). This constitutes a finding that corroborates the right-lat-
eralized pleasantness results, reported in Chapter 6; but initially seems to contrast the left-lat-
eralized pleasantness results that we described in Chapter 4. However, our results indicated that 
taste quality was closely related to the effect of pleasantness observed in the left ventral anterior 
insular cortex (see Figure 5 of Chapter 4), although this effect did not reach significance. This 
indication is in line with previous observations showing that the left ventral anterior insular cortex 
responds to taste when judging quality (Bender, Veldhuizen, Meltzer, Gitelman, & Small, 2009; 
Duerden, Arsalidou, Lee, & Taylor, 2013). The absence of an effect of taste quality in this brain 
area may have resulted from the fact that participants judged pleasantness instead of taste quality. 
Although our results can neither strongly support nor dismiss these functional interpretations, we 
show that the left and right hemispheres are differently involved in pleasantness processing in re-
sponse to the perception of taste in the mouth (Chapter 4), as well as the perception of visual food 
cues (Chapter 6). Future studies should provide more insight into the functional role of lateralized 
findings in pleasantness processing, for which we advocate that stimulus manipulations, as well as 
task demands, are essential for adequate interpretation. 
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Future perspectives: investigating how previous eating experiences affect food choice 
The methodologies described in this thesis are intended to form a general model of food informa-
tion processing, on which future research investigating pleasantness perceived in response to food 
across the human lifespan, can build. The future aim of studies extending on the studies reported in 
this thesis, is to contribute to developing strategies to modify dietary intake, in an effort to achieve 
adequate intake, which fosters healthy aging. Before such strategies can be developed and opti-
mized, more research is necessary to unravel how Pleasure from Food translates to food choice. 

It is known that food choice changes with advancing age (i.e., > 65 years of age) (van der Meij, 
Wijnhoven, Finlayson, Oosten, & Visser, 2015; Wurtman, Lieberman, Tsay, Nader, & Chew, 1988). 
More specifically, older adults (i.e., 60-75 years) consume less sweet, salty, and high-caloric foods 
compared to young adults (i.e., 20-30 years) (Chambers et al., 2008; Drewnowski, Renderson, 
Driscoll, & Rolls, 1997; Drewnowski & Shultz, 2001; Pelchat, 1997; Wurtman et al., 1988). Many 
attempts to understand age-related changes in food choice have focused on changes in sensation 
of taste and smell during actual consumption of food products, but no clear relation was observed 
between taste and smell sensitivity and food choice in older adults (Arganini & Sinesio, 2015; Jin et 
al., 2015; Kremer, Bult, Mojet, & Kroeze, 2007a; Rolls, 1999). This is in agreement with our obser-
vations that age-related changes in liking of basic tastes are not accompanied by changes in taste 
sensitivity; rather that aging primarily affects responses in brain areas involved in emotion and 
memory processing (Chapters part I). Remarkably, how emotions and memories affect the choice 
of food products in older adults is largely ignored.    

Memories of pleasant or unpleasant eating experiences are retrieved during the sight of pleasur-
able food products on a later occasion and are translated either into the motivation to choose (in 
the case of a pleasant memory) or not choose (in the case of an unpleasant memory) that particular 
food product. This motivation is known as anticipatory food reward. Visual features of specific 
food products have been found to be a very strong cue in eliciting anticipatory food reward, and 
therefore may be a strong predictor of food choice (Epstein et al., 2004; Stice, Spoor, Ng, & Zald, 
2009). Behavioral and neuronal observations indicate that anticipatory reward can change as peo-
ple age (Dreher, Meyer-lindenberg, Kohn, & Berman, 2008; Klostermann, Braskie, Landau, O’Neil, 
& Jagust, 2012; Lorenz et al., 2014; Schilp, Wijnhoven, Deeg, & Visser, 2011). Although several 
fMRI studies have explored the link between response in reward-related brain areas to the sight of 
foods and actual food choice, no study has investigated the age-related differences in the neural 
substrates of anticipatory reward to foods so far. 

Altogether, pleasantness experienced during eating and motivation to eat, induced by memories of 
these experiences, are the major forces in guiding food intake. Food intake follows a cyclical time 
course with phases related to expectation and consumption (Kringelbach, Stein, & van Hartevelt, 
2012). While human food intake is complex, we are making progress in understanding the under-
lying mechanisms for expecting and consuming pleasant and unpleasant food stimuli (Stice et al., 
2009). With respect to the cyclical time course of food intake, I advocate considering aging as an 
ongoing adaptive process across the lifespan, which should not  necessarily be regarded as a dete-
rioration of adequate food intake at the end of life.   
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Highlights:

• Aging is not necessarily associated with behavioral changes in taste sensitivity (Chapters part I).

• Secretion rate and composition of saliva differs across individuals and influences taste pro-
cessing in the brain (Chapter 2).

• Individual differences in emotion, cognitive, and homeostatic mechanisms, in addition to sen-
sation, should be taken into account to gain a better understanding of (taste-specific)effects of 
aging in taste perception (Chapter 3, 4, and 5).

• Subtle differences in food pleasantness within individuals are represented in neuronal mech-
anisms related to arousal (Chapter 6).

• Food associations stored in memory, related to taste quality, are represented more strongly 
than context associations such as time of consumption and health beliefs (Chapter 7).

Future research: Shift the focus from pleasantness to motivation in order to predict food intake.

Take home message: Neuronal mechanisms underlying sensation, emotion, and memory are 
the connection between physical characteristics of food products and a person’s perception of 
pleasantness. Age-related differences in Pleasure from Food extend beyond taste sensation.

Box 1. Main findings and future recommendations
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Conclusion
The desire to understand the neuronal mechanisms underlying changes in food pleasantness is 
becoming increasingly prominent in various disciplines, such as sensory and consumer science, 
biology, and psychology. Cognitive neuroscience that incorporates physical product manipulations 
and behavioral measures in neuroimaging research can provide important insights on how a person 
processes information from food in different brain areas across time, resulting in Pleasure from 
Food. It is the brain that is critically involved in this interaction between food products and indi-
vidual experiences. Methodologies described in this thesis are intended to form a general model of 
food information processing, on which future research can build. 

The effect of aging on brain function should probably be perceived as a complex interplay of 
changes on multiple functions, such as sensation, emotion, and memory, with varying degrees. The 
puzzle for cognitive neuroscientists is not so much to explain age-related decline; but rather, to 
understand the high level of emotional and cognitive functioning that can be maintained by older 
adults in order to maintain adequate dietary intake. 
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ACC  Anterior cingulate cortex
AFNI  Analysis of functional neuroimages
ALG  Anterior long gyrus
ANOVA  Analysis of variance
BOLD  Blood oxygenation level dependent
CI  Confidence interval
CTA  Conditioned taste aversion
DARTEL  Diffeomorphic anatomical registration through exponentiated lie algebra
DMPFC  Dorsomedial prefrontal cortex
EEG  Electroencephalography
EOG  Electro oculogram
ERP  Event-related potential
ERPsm  Event-related potentials (modelled)
ERSPsm  Event-related spectral perturbations (modelled) 
FFE  Fast field echo
fMRI  Functional magnetic resonance imaging
FOV  Field of view
FRN  Feedback-related negativity
FSL  FMRIB software library
FWE  Family-wise error
FWHM  Full width half maximum
GICA  General Influence Coefficient Algorithm
GIFT  Group ICA of fMRI toolbox
GLM  General linear model
GLMM  Generalized linear mixed-effects modelling
HCl  Hydrogen chloride
HRF  Hemodynamic response function
ICs  Independent components
ICA  Independent component analysis
LH  Lateral hypothalamus
LM  Linear model
LMMs  Linear mixed models
LME  Linear mixed effects 
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ABBREVIATIONS

LPP  Late positive potential
MD  Medio-dorsal (nucleus of thalamus)
MDL  Minimum description length
METc  Medical Ethics Committee
MNI   Montreal neurological institute 
MRI  Magnetic resonance imaging
MSG  Middle short gyrus
MUC5B  Mucin concentration
NaCl  Natrium chloride 
rNTS  Rostral nucleus tractus solitarius
OFC  Orbitofrontal cortex
PAG  Peri-aquaductal grey matter
PC  Principle component
PCA  Principal component analysis
PLG  Posterior long gyrus
PRESTO  Principles of Echo-Shifting with a Train of Observations
PSG  Posterior short gyrus
RF  Radiofrequency
ROI   Region of interest
RT  Reaction time
SD  Standard deviation
SE  Standard error
SEM  Standard error of the mean
SENSE  Sensitivity encoding
SPM  Statistical Parametric Mapping
TIFN  Top Institute Food and Nutrition
TE  Echo time
TOEFL    Test of English as a foreign language
TR  Repetition time
TRCs  Taste receptor cells
VAS  Visual analogue scale
VPM  Ventroposterior nucleus of the thalamus
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Op dit moment is 8% van de wereldbevolking 65 jaar of ouder. De verwachting is dat dit percentage 
in het jaar 2050 verdubbeld zal zijn (United Nations, 2010). Deze verandering in de samenstelling 
van de wereldbevolking brengt uitdagingen met zich mee, zoals het beperken van achteruitgang in 
gezondheid, die gepaard kunnen gaan met het ouder worden. In toenemende mate is er aandacht 
voor de rol van voeding in het verouderingsproces. Eetgedrag wordt bepaald door verschillende 
lichamelijke (bijv. honger) en neuronale (bijv. emoties) processen. Met neuronale processen wor-
den de functies van de hersenen, opgebouwd uit zenuwcellen die we ook wel neuronen noemen, 
bedoeld. Deze lichamelijk en neuronale processen beïnvloeden elkaar. Hierdoor is niet eenvoudig 
te bepalen, welke processen samenhangen met veranderingen in eetgedrag bij het ouder worden. 

De waardering (of de afwezigheid daarvan) die we ervaren bij het zien en consumeren van voedsel 
heeft een belangrijke invloed op het beginnen, doorgaan en stoppen met eten of drinken. Mensen 
zijn zich ervan bewust welke producten zij vies en lekker vinden. Echter, men is zich niet bewust 
van de lichamelijke en neuronale processen die ervoor zorgen dat een product vies of lekker wordt 
gevonden (oftewel waardering). Hoewel er veel onderzoek is gedaan naar de invloed van produc-
teigenschappen van voedsel op het ouder worden (bijvoorbeeld de relatie tussen vitamine B en ge-

heugen), weten we nog maar weinig over de effecten van 
veroudering op de waardering die we ervaren tijdens het 
zien en consumeren van voedsel. 

De meest gebruikte methode om te onderzoeken of men-
sen het eten of drinken van bepaalde voeding waarde-
ren, is door mensen simpelweg te vragen ‘Hoe lekker 
vindt u dit product?’. Uit eerder onderzoek kwam naar 
voren dat ouderen producten met een sterkere smaak 

lekkerder vinden (bijv. drie i.p.v. twee schepjes suiker in de thee). Hieruit leidden de onderzoekers 
af dat ouderen de smaak als minder intens ervaren dan jongeren: de ‘smaaksensatie’ lijkt te zijn 
afgenomen. Echter, ouderen die smaak als minder intens ervaren, ervaren niet minder waardering 
bij het zien of consumeren van voedsel. Wij denken dat dit komt omdat waardering van smaak van 
meer factoren afhankelijk is dan smaakintensiteit. Om deze factoren beter te begrijpen hebben we 
een onderzoek uitgevoerd, waarbij we neuronale processen hebben bestudeerd die plaatsvinden 
tussen het moment dat een product de tong raakt en de smaakpapillen worden gestimuleerd, en 
het moment waarop jongeren en ouderen een oordeel geven over hoe lekker ze een smaak vinden. 

NEDERLANDSE 
SAMENVATTING 
(DUTCH SUMMARY)

Het doel van het onderzoek 
beschreven in dit proefschrift, 

is het in kaart brengen van 
verschillende neuronale 

processen, die ten grondslag 
liggen aan de waardering van 

voeding in jongeren en ouderen. 
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NEDERLANDSE 
SAMENVATTING 
(DUTCH SUMMARY)

Inzicht in de processen die tussen beide momenten plaatsvinden, hebben we gebaseerd op de 
hersenactiviteit van 39 jongeren (18 tot 30 jaar) en 35 ouderen (60 tot 72 jaar) gemeten terwijl 
zij de smaken zoet, zuur, zout en bitter in verschillende concentraties proefden. De hersenac-
tiviteit hebben we gemeten met ‘functionele Magnetic Resonance Imaging’ (fMRI). Door middel 
van een sterk magnetisch veld en radiopulsen wordt bij het maken van fMRI scans een serie beel-
den gemaakt van de hersenen. Tijdens de 1 uur durende smaaktaak lagen de proefpersonen in de 
scanner en werd iedere 2 seconden een driedimensionaal beeld van de activiteit in de hersenen 
opgenomen; in totaal waren dat ongeveer 131.000 kleine kubussen hersenactiviteit. Met speciale 
computerprogramma’s hebben we de gegevens verwerkt. De serie beelden (meer dan 200 miljoen 
kleine kubussen hersenactiviteit per deelnemer) gaven ons inzicht in de activiteit in verschillende 
hersengebieden tijdens het proeven en beoordelen van smaken. 

Het brein achter smaak 
In deel 1 van dit proefschrift hebben we op vier verschillende manieren gekeken naar de fMRI 
beelden, die een weergave zijn van de processen die zich afspelen tussen het moment dat een 
product de smaakpapillen van de tong stimuleert en het moment waarop jongeren en ouderen 
aangeven hoe lekker ze deze smaak vinden. Ten eerste hebben we de rol van speeksel onderzocht. 
Speeksel is niet alleen belangrijk voor de bewerking van het voedsel bij het kauwen, maar ook voor 
het beschikbaar maken van chemische bestanddelen in het voedsel voor stimulatie van de smaak-
papillen. Zo worden de hersenen geïnformeerd over de identiteit (zoet, zuur, zout of bitter) en de 
concentratie van de smaak van het voedsel. Hoewel de hoeveelheid en samenstelling van speeksel 
in de mond kan veranderen bij het ouder worden, was het nog grotendeels onbekend hoe dit de 
verwerking van smaakinformatie in de hersenen kan beïnvloeden. In hoofdstuk 2 wordt beschreven 
hoe we deze relatie tussen speeksel en de verwerking van smaakinformatie hebben onderzocht 
bij jongeren en ouderen. Het speeksel werd een week voor het uitvoeren van de smaaktaak in de 
scanner verzameld, omdat het verzamelen van speeksel tijdens het scannen niet mogelijk was. We 
verwachtten dat minder speeksel, een lagere concentratie amylase (een eiwit in speeksel) en een 
hogere concentratie mucine (een maat voor de stroperigheid van speeksel) zou samenhangen met 
minder activiteit in de hersengebieden betrokken bij smaakverwerking. We deden twee opmerke-
lijke bevindingen. Ten eerste hing een hogere concentratie amylase in speeksel samen met meer 
activiteit in de thalamus tijdens het proeven. Deze samenhang was echter niet verschillend tussen 
jongeren en ouderen. Op basis van de eerder onderzochte functie van de thalamus concluderen wij 
hieruit dat amylase belangrijk is voor smaaksensatie bij jongeren én ouderen. Ten tweede vonden 
we dat de concentratie mucine in speeksel van jongeren in vergelijking met ouderen anders samen-
hing met activiteit in verschillende hersengebieden die betrokken zijn bij emotie en het geheugen. 
Het lijkt aannemelijk te veronderstellen dat stroperiger speeksel de smaaksensatie van ouderen 
kan verminderen, waardoor men een groter beroep zal doen op eerdere ervaringen met een smaak 
die zijn opgeslagen in het geheugen. Echter, deze interpretatie zal nog nauwkeuriger moeten wor-
den onderzocht. 
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Een tweede onderdeel van smaakwaarneming dat we hebben onderzocht, is hoe de identiteit (dus 
zoet, zuur, zout of bitter) en concentratie van smaak in de hersenen wordt verwerkt en of deze 
verwerking verschillend is voor jongeren en ouderen. Eerder onderzoek heeft aangetoond dat ver-
anderingen in smaaksensatie bij ouderen verschillend zijn voor de smaken zoet, zuur, zout en bit-
ter (Gilmore en Murphy, 1989; Kaneda et al., 2000; Mojet et al.,2001; Murphy en Gilmore, 1989). 
Zo vonden Weiffenbach, Baum, en Burghauser (1982) aanwijzingen dat ouderen in vergelijking 
met jongeren bijvoorbeeld een hogere concentratie zout en bitter nodig hebben om de smaak te 
detecteren, terwijl de smaken zoet en zuur niet sterker hoeven te zijn voor ouderen om eenzelf-
de smaaksensatie als jongeren te ervaren. Op basis hiervan verwachtten we dat verschillen in 
smaakidentiteit en smaakconcentratie terug te zien zouden zijn in verschillen in hersenactiviteit, 
en dat dit verband verschillend zou zijn tussen jongeren en ouderen. Het onderzoek beschreven 
in hoofdstuk 3, was het eerste onderzoek in de wereld, waarin smaakverwerking in de hersenen is 
vergeleken tussen gezonde jongeren en ouderen. In de hersengebieden die smaakinformatie van 
de tong ontvangen zagen we geen verschillen in activiteit tussen jongeren en ouderen. Dit beves-
tigt onze eerdere bevindingen dat de smaaksensatie niet verschillend is tussen gezonde jongeren 
en ouderen. Het effect van leeftijd zagen we wel in de activiteit van drie hersengebieden die be-
trokken zijn bij de verdere verwerking en interpretatie van smaakinformatie die via de thalamus 
de hersenen bereikt. Op basis van de functie van deze hersengebieden, zouden onze bevindingen 
kunnen betekenen dat het integreren van smaak en tactiele informatie (het aanraken van de tong), 
aandacht en lichamelijke processen (bijvoorbeeld honger) een invloed hebben op het verschil in 
smaakverwerking tussen jongeren en ouderen. 

In het onderzoek beschreven in hoofdstuk 3 zagen we smaakidentiteit en smaakconcentratie niet 
duidelijk terug in verschillen in hersenactiviteit. Dit zou kunnen komen doordat we teveel factoren, 
namelijk leeftijd, geslacht, verschillende smakenidentiteiten en verschillende smaakconcentraties, 
hebben meegenomen in het onderzoek. Om beter te begrijpen waar smaakinformatie wordt ver-
werkt in de hersenen, hebben we in het onderzoek beschreven in hoofdstuk 4 gekeken naar de 
hersenactiviteit van mannen en ingezoomd op het hersengebied genaamd insula. We hebben de 
smaakwaardering meegenomen in de analyse. Mensen hebben een insula in zowel de linker als de 
rechter hersenhelft. Uit eerder onderzoek hadden we aanwijzingen gekregen dat smaakinformatie 
verschillend samenhangt met de activiteit in de linker en rechter insula (Faurion et al., 1999, Small 
et al., 1999). In overeenstemming met onze verwachting vonden we dat activiteit in de linker in-
sula samenhing met waardering van smaak, terwijl de activiteit van de rechter insula voornamelijk 
werd bepaald door smaakconcentratie. We vonden geen verschillen tussen jongeren en ouderen in 
deze samenhang. 

Uit de eerste drie studies werd ons duidelijk dat, in tegenstelling tot wat in de literatuur wordt 
gerapporteerd, smaaksensatie niet verschillend hoeft te zijn tussen gezonde jongeren en ouderen. 
Ook de gedragstest die we gebruikten om smaaksensatie te meten, leverde geen verschillen tussen 
jongeren en ouderen op. Op basis hiervan was onze verwachting dat de waardering van smaak 
gelijk zou zijn tussen deze groepen. Echter, in reactie op de vraag ‘Hoe lekker vindt u deze smaak 
op een schaal van 1 tot 7?’ observeerden we dat ouderen zoete en zoute smaken lekkerder vonden 
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dan jongeren. We vonden geen verschillen in de waardering van de zure en bittere smaken. Dit 
bevestigt dat waardering van smaak van meer factoren afhankelijk is dan de smaaksensatie. 

In onze en voorgaande hersenonderzoeken naar smaakverwerking werd gevonden dat bij het 
proeven van een smaak ook hersengebieden actief worden die met emotionele beleving worden 
geassocieerd. Op basis van deze onderzoeken veronderstellen we dat ouderen in vergelijking met 
jongeren tijdens smaakverwerking meer activiteit zouden laten zien in emotie gerelateerde her-
sengebieden. Wij veronderstellen dat ouderen aan producten gerelateerde emoties gebruiken om 
verminderde smaaksensaties te compenseren. Compensatie is mogelijk omdat netwerken betrok-
ken bij smaaksensatie en emoties met elkaar samenwerken. Om mogelijke compensatiemechanis-
men te onderzoeken hebben we in hoofdstuk 5 gekeken naar veranderingen in de samenwerking 
van hersengebieden betrokken bij smaaksensatie en emotionele beleving tijdens het proeven van 
smaken. Deze samenwerking noemen we functionele connectiviteit. Zoals verwacht vonden we dat 
ouderen meer activiteit lieten zien in hersengebieden betrokken bij emoties. Ook de functionele 
connectiviteit tussen hersengebieden betrokken bij emoties was sterker in ouderen vergeleken met 
jongeren. Echter, we vonden geen aanwijzingen dat deze verandering in de samenwerking van 
hersengebieden compenseren voor veranderingen in smaaksensatie. De resultaten bevestigen ons 
idee dat emoties, die door eerdere ervaringen met de betreffende smaken zijn vastgelegd in het 
geheugen, een rol spelen bij waardering van smaak. 

Als het water in de mond loopt 
We kunnen waardering beleven aan het proeven van voedsel, maar ook het zien van voedsel kan een 
plezierige ervaring zijn. Het ervaren van waardering door het zien van voeding is mogelijk, doordat 
de visuele informatie herinneringen aan eerdere ervaringen met smaak activeert. In deel 2 van dit 
proefschrift hebben we gekeken naar de neuronale processen in reactie op het zien in plaats van 
op het proeven van voedingsproducten. Hierbij waren we meer geïnteresseerd in de volgorde van 
neuronale processen, dan in de locatie in de hersenen waar deze processen zich afspelen. Daarom 
hebben we gekozen voor het meten van hersenactiviteit met elektro-encefalografie (EEG) in plaats 
van fMRI. EEG is een methode om de elektrische activiteit van de hersenen te meten door middel 
van elektroden op het hoofd. Deze activiteit werd 250 keer per seconde gemeten terwijl mensen 
gedurende 50 minuten taken uitvoerden. Tijdens een van de taken beoordeelden de deelnemers 
hun voor- en afkeur voor voedselafbeeldingen. Met behulp van computerprogramma’s geeft deze 
reeks hersenactiviteit (meer dan 15 miljoen activiteitswaarden per deelnemer) ons inzicht in sterk-
te en volgorde van neuronale processen tijdens het beoordelen van voedselafbeeldingen. 

Op basis van de literatuur en onze eigen bevindingen, die we beschrijven in deel 1 van dit proef-
schrift, zijn er aanwijzingen dat het verschil in activiteit tussen de linker en rechter hersenhelft een 
indicatie kan zijn voor de mate van waardering aan voedingsproducten. Voornamelijk in de frontale 
(voorste) hersengebieden is deze asymmetrie in hersenactiviteit een mogelijke indicatie  voor de 
mate van waardering. In hoofdstuk 6 hebben we deze veronderstelling verder onderzocht met be-
hulp van EEG metingen. We hebben bestudeerd hoe (asymmetrie van) hersenactiviteit samenhangt 
met subjectieve waardering van afbeeldingen van voedingsproducten, gemeten met de vraag ‘Hoe 
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lekker vindt u dit product?’. Gezien hierover nog weinig bekend is, hebben we ervoor gekozen het 
onderzoek in eerste instantie alleen met jongeren uit te voeren. In voorgaand onderzoek werd vaak 
de hersenactiviteit en waardering in reactie op een groep afbeeldingen van ‘vies smakende’ pro-
ducten vergeleken met deze reactie op een groep afbeeldingen van ‘lekker smakende’ producten. 
Wij vonden dat niet representatief voor het huidige aanbod van voedselproducten in de (super)
markt. Immers, we maken vaak een keuze voor ‘het lekkerste’ product tussen andere ‘minder lek-
kere’ producten. Daarom hebben wij gekozen voor het aanbieden van afbeeldingen van voedsel 
dat over het algemeen lekker wordt gevonden. We verwachtten dat de meer subtiele verschillen in 
waardering terug te vinden zouden zijn in de (asymmetrie van) hersenactiviteit. Dit bleek inder-
daad zo te zijn. Al 230ms na het zien van de afbeelding van voedsel observeerden we een verschil 
in EEG activiteit die samenhangt met de mate van waardering. Op basis van voorgaand onderzoek 
suggereren we dat voedselproducten die lekker worden gevonden gepaard gaan met een sterkere 
automatische neiging om het product te benaderen en hogere opwinding (ook wel ‘arousal’). Daar-
naast geven de resultaten van de EEG activiteit na 1000ms aan dat, tijdens het waarderen bij het 
zien van voedselafbeeldingen, de deelnemers een beroep deden op de in hun geheugen opgeslagen 
herinnering van eerdere ervaringen met het eten van de producten op de getoonde afbeeldingen. 
Dit soort herinneringen, waarin eerdere persoonlijke ervaringen zijn opgeslagen, noemen we epi-
sodisch geheugen. Naast dit episodisch geheugen hebben we ook een semantisch geheugen, waarin 
feitenkennis is opgeslagen. Zowel het episodische als het semantische geheugen speelt een be-
langrijke rol bij het kiezen van voedselproducten. Immers, we kiezen producten die we eerder 
waardeerden (episodisch) en welke passen in de context van bijvoorbeeld een gezond ontbijt of 
zoute snack (productkennis opgeslagen in het semantisch geheugen). In hoofdstuk 7 hebben we 
onderzocht of deze verschillende vormen van feitenkennis over voeding de voedselkeuze ook ver-
schillend kan beïnvloeden. Hiervoor hebben we gebruikt gemaakt van een computertaak genaamd 
associatieve priming. In deze taak werd een woord (bijvoorbeeld ‘ontbijt’) en een afbeelding van 
een product (bijvoorbeeld van een croissant) kort na elkaar aangeboden, waarna de deelnemer 
werd gevraagd aan te geven of de afbeelding een voedselproduct betrof of niet. In deze klassieke 
psychologische taak is de reactiesnelheid van de deelnemer een maat voor de sterkte van de asso-
ciatie in het geheugen tussen het woord en het plaatje. Daarnaast vormt ook de sterkte van de met 
EEG gemeten hersenactiviteit tussen 300 en 500ms een indicatie van de sterkte van de associatie. 
Hiermee hebben we kunnen laten zien dat kennis over smaak (bijvoorbeeld zout) een sterkere as-
sociatie heeft met afbeeldingen van voedselproducten dan kennis over de tijd van de dag waarop 
een product wordt geconsumeerd (bijvoorbeeld ontbijt) en of een product gezond of ongezond is. 
Op basis hiervan suggereren we dat kennis van smaak van een product een belangrijke factor is 
voor het beïnvloeden van voedselkeuze. 
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Conclusie
Een belangrijke drijfveer om te beginnen, doorgaan en stoppen met eten of drinken is de mate van 
waardering die men beleefd aan het eten van een product. In dit proefschrift hebben we laten zien 
dat verschillende neuronale processen een rol lijken te spelen bij waardering van voeding in jonge-
ren en ouderen. Hiermee sluit de in dit proefschrift verworven kennis aan bij de toenemende aan-
dacht voor het begrijpen en veranderen van eetgedrag bij jongeren en ouderen. Wetenschappelijk 
onderzoek, waarin manipulaties van de eigenschappen van producten (bijvoorbeeld de sterkte van 
de smaak) worden gecombineerd met observaties van gedrag en hersenactiviteit geven belangrijke 
inzichten in de manier waarop informatie van voeding wordt verwerkt. De methoden die zijn toe-
gepast en beschreven in dit proefschrift kunnen worden gezien als een algemene combinatie van 
middelen voor het bestuderen van de verwerking van informatie van voeding. 

Het effect van veroudering op smaakwaarneming zal gezien moeten worden als een complexe in-
teractie tussen smaaksensatie, emoties en geheugen. Daarbij is het niet zozeer de taak om verou-
dering te begrijpen als achteruitgang, maar het begrijpen van de manier waarop veranderingen in 
neuronale processen ertoe bijdragen dat ouderen een adequate waardering van voeding en daar-
mee eetgedrag behouden. 
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Er is in toenemende mate aandacht voor de rol van voeding in het verouderingsproces. De 
waardering (of de afwezigheid daarvan) die we ervaren bij het zien en consumeren van 
voedsel heeft een belangrijke invloed op eetgedrag. Mensen zijn zich ervan bewust welke 
voedselproducten zij vies en lekker vinden. Echter, zij zijn zich vaak niet bewust van de 
lichamelijke (bijv. honger) en psychologische (bijv. emoties en geheugen) processen, die 
ervoor zorgen dat zij een product vies of lekker vinden (oftewel waardering; ‘Pleasure from 
Food’). Hoewel er veel onderzoek is gedaan naar de invloed van producteigenschappen van 
voedsel op het ouder worden (bijvoorbeeld de relatie tussen vitamine B en geheugen), weten 
we nog maar weinig over de processen, die ten grondslag liggen aan de waardering tijdens 
het zien en consumeren van voedsel in jongeren en ouderen. In het onderzoek beschreven in 
dit proefschrift hebben we deze processen onderzocht. 

De resultaten van dit proefschrift laten zien dat smaaksensatie (hoe intens een smaak wordt 
ervaren) niet verschillend is tussen gezonde jongeren en ouderen. Het effect van leeftijd 
op de waardering van smaken lijkt het gevolg van veranderingen in de complexe interactie 
tussen deze smaaksensatie, emoties en informatie die in ons geheugen is opgeslagen. Om 
het verband tussen smaakbeleving en eetgedrag in relatie met veroudering te begrijpen, is 
inzicht in de manier waarop veranderingen in psychologische processen ertoe bijdragen dat 
ouderen een adequate waardering van voedsel en daarmee eetgedrag behouden cruciaal. 
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Er is in toenemende mate aandacht voor de rol van voeding in het verouderingsproces. De 
waardering (of de afwezigheid daarvan) die we ervaren bij het zien en consumeren van 
voedsel heeft een belangrijke invloed op eetgedrag. Mensen zijn zich ervan bewust welke 
voedselproducten zij vies en lekker vinden. Echter, zij zijn zich vaak niet bewust van de 
lichamelijke (bijv. honger) en psychologische (bijv. emoties en geheugen) processen, die 
ervoor zorgen dat zij een product vies of lekker vinden (oftewel waardering; ‘Pleasure from 
Food’). Hoewel er veel onderzoek is gedaan naar de invloed van producteigenschappen van 
voedsel op het ouder worden (bijvoorbeeld de relatie tussen vitamine B en geheugen), weten 
we nog maar weinig over de processen, die ten grondslag liggen aan de waardering tijdens 
het zien en consumeren van voedsel in jongeren en ouderen. In het onderzoek beschreven in 
dit proefschrift hebben we deze processen onderzocht. 

De resultaten van dit proefschrift laten zien dat smaaksensatie (hoe intens een smaak wordt 
ervaren) niet verschillend is tussen gezonde jongeren en ouderen. Het effect van leeftijd 
op de waardering van smaken lijkt het gevolg van veranderingen in de complexe interactie 
tussen deze smaaksensatie, emoties en informatie die in ons geheugen is opgeslagen. Om 
het verband tussen smaakbeleving en eetgedrag in relatie met veroudering te begrijpen, is 
inzicht in de manier waarop veranderingen in psychologische processen ertoe bijdragen dat 
ouderen een adequate waardering van voedsel en daarmee eetgedrag behouden cruciaal. 
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