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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-

5.4



91

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.
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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 

5.5
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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 



96

(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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