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Abstract

Metabolic syndrome (MetS) is a constellation of cardiometabolic abnormalities that commonly 

occur together and increase risk for cardiovascular disease and type II diabetes. Having MetS, 

especially during middle-age, increases the risk for dementia in later life. Abdominal obesity is a 

central feature of MetS; therefore, increased efforts to prevent obesity and identify predictors of 

weight gain are of extreme importance. Altered processing of food reward in the brain of obese 

individuals has been suggested to be a possible mechanism related to overeating. We scanned 

fifteen healthy middle-aged controls (aged 44–54) and sixteen middle-aged adults with MetS after 

a fast (hungry) and after a preload (sated), while they rated the pleasantness of sucrose (sweet) and 

caffeine (bitter) solutions. Data were analyzed using voxelwise linear mixed-effects modeling, and 

a region of interest analysis to examine associations between hypothalamic activation to sweet 

taste and BMI during hunger and satiety. The results indicate that middle-aged individuals with 

MetS respond with significantly less brain activation than controls without MetS during 

pleasantness evaluation of sweet and bitter tastes in regions involved in sensory and higher-level 

taste processing. Participants with higher BMI had greater hypothalamic response during 

pleasantness evaluation of sucrose in the sated condition. Importantly, this study is the first to 

document differential brain circuitry in middle-aged adults with MetS, a population at risk for 

poor physical and cognitive outcomes. Future research aimed at better understanding relationships 

among MetS, obesity, and brain function is warranted to better conceptualize and develop 

interventions for overeating in these disorders.
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1. Introduction

The metabolic syndrome (MetS) is a constellation of cardiometabolic abnormalities that tend 

to co-occur more often than would be expected by chance. The classification is used to 

identify individuals at increased risk for cardiovascular disease (CVD; Lakka et al., 2002) 

and type 2 diabetes mellitus (T2DM; Reaven, 1988), who are optimal candidates for 

behavioral, pharmaceutical and surgical interventions. The risk factors most commonly 

linked to MetS include insulin resistance, dyslipidemia (elevated triglyceride and low high-

density lipoprotein [HDL] cholesterol levels), central obesity, elevated blood pressure, and 

impaired glucose tolerance or diabetes mellitus (See Table 1). MetS is highly prevalent in 

the United States, with approximately one-fifth of adults meeting criteria (Beltran-Sanchez 

et al., 2013). Additionally, not only is the syndrome associated with deleterious physical 

health outcomes, but having the MetS during middle age substantially increases the risk for 

future cognitive impairment and dementia (Kalmijn et al., 2000; Whitmer et al., 2005).

The underlying pathophysiological cause of MetS is still relatively unknown, despite a large 

body of literature on the topic. In debates among the World Health Organization (WHO), the 

National Cholesterol Education Program Adult Treatment Panel III (ATP, 2002), the 

International Diabetes Federation (IDF; Alberti, Zimmet, & Shaw, 2005 (Alberti et al., 

2005), and the American Heart Association/National Heart, Lung and Blood Institute (AHA/

NHLBI; Grundy et al., 2005) over how to diagnostically classify the syndrome, both 

abdominal obesity and insulin resistance have been proposed as primary mechanisms 

(Abbasi et al., 2002; Alberti et al., 2009; Despres, 2006). Given that abdominal obesity may 

be a central factor to development of the syndrome, and lifestyle factors including 

overconsumption of palatable food, play a significant role in the development of abdominal 

obesity, increased efforts to prevent obesity and to better understand why some individuals 

gain excessive weight are of extreme importance.

Food reward is a crucial factor involved in food consumption. Specifically, food reward is a 

complex integrative process that reflects a combination of flavor (taste, smell, texture, 

irritation), learned associations, and physiological state such as hunger and satiety (Berridge, 

1996). The hedonic tone, or pleasantness of a stimulus is modulated by internal signals; thus, 

food is most pleasant to consume when hungry and decreases as an individual eats to satiety. 

(Cabanac, 1971).

The mesolimbic DA system modulates the experience of food reward and thus, plays an 

important role in energy intake (Martel and Fantino, 1996). DA release in the dorsal striatum 

facilitates feeding (Szczypka et al., 2001) and correlates with pleasantness ratings (Small et 

al., 2003). DA receptor agonists suppress appetite and lead to weight loss (Leddy et al., 

2004; Towell et al., 1988), while DA antagonists tend to increase appetite and lead to weight 

gain (Baptista, 1999).
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There is evidence to suggest that abnormal functioning of the DA system may underlie 

disordered eating in obesity. D2/D3 agonist administration greatly reduces rats’ preference 

for chocolate (Cooper and Al-Naser, 2006) and D2 receptor levels are decreased in the 

striatum of pathologically obese persons (Wang et al., 2001). Increased BMI is associated 

with a blunted striatal response to a chocolate milkshake (i.e., an olfactory-taste mixture) 

especially in individuals with the A1 allele of the Taq1A polymorphism of the DRD2 

receptor gene (Stice et al., 2008a). Reduced activation during pleasantness evaluation of a 

sweet taste in the nucleus accumbens, caudate nucleus and amygdala is strongly related to 

higher BMI and waist circumference in older adults (Green et al., 2011).

The hypothalamus plays a crucial role in the maintenance of energy homeostasis through 

modulation of eating behavior, neuroendocrine function, and reward (Berthoud and 

Morrison, 2008). Hypothalamic nuclei integrate hormone and nutrient signals regarding an 

individual’s current state of energy balance. The arcuate nucleus of the hypothalamus is 

sensitive to the body’s state of energy balance (Berthoud and Morrison, 2008). The 

periventrical nucleus of the hypothalamus receives input from the arcuate nucleus, has 

widespread projections in the cortex, and is associated with neuroendocrine function and the 

hypothalamic-pituitary axis. The lateral hypothalamus receives inputs from the arcuate 

nucleus in addition to other regions involved in sensory processing, reward value, and 

learning and memory (OFC, nucleus accumbens, amygdala, ventral tegmental area, insula) 

and has widespread projections to the cortex (Berthoud, 2002). Activation of the lateral 

hypothalamus is strongly related to feeding behavior, and this region projects widely 

throughout the brain. Electrical stimulation of the hypothalamus in sated rats leads to 

feeding, which terminates once the stimulation is no longer present (Hettes et al., 2010; 

Stanley et al., 1993; Stanley et al., 1996). In normal, healthy young adults, hypothalamic 

activation is less following a preload than when fasted (Haase et al., 2009).

Although the literature suggests that obesity is related to altered processing of reward value 

in the brain, and obesity often precedes and likely contributes to development of the 

metabolic syndrome, there are currently no studies examining the potential for altered 

response to food reward in the brain of individuals with metabolic syndrome during hunger 

and satiety. To address this question, we used a paradigm that has been shown to activate 

gustatory (thalamus, insula) and higher-order reward regions (caudate, nucleus accumbens, 

orbitofrontal cortex) in young (Haase et al., 2009), middle-aged (Green et al., 2012), and 

older adults (Jacobson et al., 2010). In order to investigate the question of reward 

specifically, participants evaluated the pleasantness of two gustatory stimuli at different ends 

of the hedonic spectrum (sweet and bitter) during functional magnetic resonance imaging.

We hypothesized that during the physiological state of hunger, middle-aged adults with 

MetS would have decreased activation in reward-related brain regions (e.g., striatum) 

compared to healthy middle-aged adults during pleasantness evaluation of sweet taste. In 

contrast, we hypothesized that after a nutritional preload, compared to the control group, 

participants with MetS would have greater activation in brain regions modulated by hunger 

(e.g., hypothalamus) and reward processing regions (e.g., striatum) during pleasantness 

evaluation of a sweet taste.
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Finally, the hypothalamus plays a crucial role in modulating energy balance and using the 

current paradigm, we have shown that hypothalamic activation to sweet taste is decreased 

after a nutritional preload compared to after a fast in healthy young adults (Haase et al., 

2009). Additionally, in obese individuals the decrease in hypothalamic activation from 

hunger to satiety is attenuated (Matsuda et al., 1999). We aimed to test whether this 

phenomenon was also present in our sample of middle-aged adults with and without 

metabolic syndrome. We hypothesized that there would be no association between BMI and 

hypothalamic activation during the hunger condition, and that there would be a positive 

correlation between BMI and hypothalamic activation (as BMI increases, hypothalamic 

activation increases) during satiety.

2. Results

2.1. Demographics, Preliminary Psychophysics, and MetS Criteria

One-way ANOVAs revealed no differences between the two groups on age, odor threshold, 

taste threshold, or height (ps > 0.05; see Table 2). However, as expected, the groups 

significantly differed on weight (lbs), body mass index (BMI; kg/m2), waist circumference 

(cm), and mean systolic and diastolic blood pressure measurements (mmHg).

2.1.1. Hunger and Taste Psychophysics—Psychophysical ratings of hunger, and the 

intensity and pleasantness of caffeine and sucrose were recorded at several times during the 

scanning sessions. On the hunger (i.e., no preload) day, psychophysical ratings were 

recorded prior to the participant entering the scanner (after a 12-hour fast) and after the scan. 

On the satiety (i.e., preload) day, psychophysical ratings were recorded three times: (1) at 

the beginning of the session, after the 12-hour fast and prior to consuming the preload; (2) 

after consuming the preload, prior to the scan; and (3) post-scan. Mean psychophysical 

ratings of hunger, intensity, and pleasantness are displayed separately for the hunger and 

satiety conditions, respectively (see Tables 3 and 4).

2.1.1.1. Hunger Ratings: Hunger ratings were examined in both the hunger and satiety 

conditions using a mixed-model design with MetS and time (hunger session: pre- or post-

scan; satiety session: prior to consuming the preload, post-preload consumption, and post-

scan) as explanatory variables. During the hunger condition, there was no effect of time F(1, 

28) = 0.89, p = 0.35, partial η2 = 0.03 or metabolic syndrome, F(1, 28) = 0.20, p = 0.67, 

partial η2 = 0.007, on hunger ratings. There was also no significant time by metabolic 

syndrome interaction on hunger ratings, F(1, 28) = 2.91, p = 0.10, partial η2 = 0.09.

A separate analysis was run on hunger ratings during the satiety condition. The analysis 

revealed a significant main effect of time/preload on hunger ratings in this condition, F(2, 

28) = 57.63, p < 0.001, partial η2 = .67. Participants were significantly less hungry post 

preload (M = 3.63, SE = 5.06) and post-scan (M = 4.03, SE = 1.81) than after the 12-hour 

fast (M = 41.05, SE = 5.06). The hunger ratings post-preload did not differ across groups.

2.1.1.2. Intensity Ratings: Intensity of the sucrose and caffeine were also examined 

separately for each session using mixed model ANOVAs with metabolic status, taste 

(sucrose or caffeine), and time (pre- or post-scan for the hunger condition, and prior to 
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consuming the preload, post-preload consumption, and post-scan for the satiety condition) as 

explanatory variables. In the hunger condition, there were no main or interaction effects (ps 

> 0.05).

During the satiety session, there was a significant main effect of time, F(2, 29) = 3.85, p = 

0.028, partial η2 = 0.13, and a significant time by taste interaction, F(2, 29) = 4.21, p = 0.02, 

partial η2 = 0.14. Intensity ratings of sucrose, but not caffeine, increased significantly 

between the 2nd time point (post-preload consumption; M = 33.57, SE = 3.85) and 3rd time 

point (post-scan; M = 44.16, SE = 4.09).

2.1.1.3. Pleasantness Ratings: Pleasantness ratings of the taste stimuli were also examined 

separately for the hunger and satiety conditions using mixed-model ANOVAs with 

metabolic status, taste (sucrose or caffeine), and time (pre- or post-scan for the hunger 

condition, and prior to consuming the preload, post-preload consumption, and post-scan for 

the satiety condition) as explanatory variables. In the hunger condition, there were no main 

effects of time, F(1, 28) = 2.28, p = 0.142, partial η2 = 0.08, or MetS, F(1, 28) = 0.57, p = 

0.46, partial η2 = 0.02. There were also no significant interactions between time and MetS, 

F(1, 28) = 0.34, p = 0.57, partial η2 = 0.01, taste and MetS, F(1, 28) = 0.22, p = 0.65, partial 

η2 = 0.01, or time, taste, and MetS, F(1, 28) = 0.23, p = 0.64, partial η2 = 0.01. There was a 

significant effect of taste on pleasantness ratings, F(1, 28) = 62.45, p < 0.001, partial η2 = 

0.69. As expected, sucrose was rated as more pleasant (M = 59.29, SE = 2.17) than caffeine 

(M = 35.87, SE = 1.76) controlling for time and MetS.

2.2. Neuroimaging Results

2.2.1 Whole Brain Analyses—There were no significant changes in activation from the 

hunger to satiety condition in either the control or MetS group during pleasantness 

evaluation of caffeine. In the MetS group, there were also no significant changes in 

activation from the hunger to satiety conditions during pleasantness evaluation of sucrose. 

However, in the control group during pleasantness evaluation of sucrose, there was a 

significant reduction in activation from hunger to satiety in one region of the left superior 

frontal gyrus extending into the left middle frontal gyrus and anterior cingulate. There was 

also a significant increase in activation from hunger to satiety in a region of the left 

precuneus extending into the posterior cingulate and cingulate gyrus (See Table 5).

The results of the linear mixed-effects modeling analysis of brain activation during 

evaluation of pleasantness in the hunger condition, including the main effect of MetS, the 

main effect of taste, and the taste by MetS interaction, are listed in Table 6. Statistical maps 

of clusters reaching significance are illustrated in Figure 1. A main effect of MetS (1a: 

Control group > MetS group) was revealed in four regions including: (1) the right lentiform 

nucleus, putamen, insula, and pre/postcentral gyrus; (2) right inferior temporal gyrus/

Brodmann Area (BA) 20 and fusiform gyrus; (3) left cerebellum; and (4) left superior 

temporal gyrus and insula. There was also a main effect of taste (See 1b). Sucrose activated 

the bilateral anterior cingulate and right medial frontal gyrus to a greater extant than 

caffeine. In contrast, activation during pleasantness evaluation of caffeine was greater in the 
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right paracentral lobule, left cingulate gyrus, and left lingual gyrus. There was no metabolic 

status by tastant interaction on brain activation during the hunger condition.

The results of the linear mixed-effects modeling analysis for the satiety condition, including 

the main effect of MetS, the main effect of taste, and the taste by MetS interaction, are listed 

in Table 7. Statistical maps of clusters reaching significance are illustrated in Figure 1c.

There were no significant main effects of taste or interaction between metabolic status and 

taste during the satiety condition. However, there was a significant effect of metabolic 

syndrome (control > MetS) in the bilateral cerebellum and a region of the right superior 

temporal gyrus and BA 10.

2.2.2 Association of Hypothalamus Activation and Adiposity—When all 

participants were included in the analysis, there were no significant correlations between 

hypothalamic activation during pleasantness evaluation of sucrose and BMI in either the 

hunger or satiety condition. However, given that insulin receptors are densely expressed in 

the hypothalamus (Schulingkamp, Pagano, Hung & Raffa, 2000) and participants with 

T2DM potentially represent a distinct subset of the group with MetS, we also chose to run 

the analyses excluding these participants. When excluding the participants with T2DM, the 

Pearson product moment correlation (r = .63, p = .001) between BMI and hypothalamic 

activation during pleasantness evaluation of sucrose in the sated state was significant and is 

displayed in Figure 2. A positive correlation indicates that higher BMI (suggestive of greater 

levels of adiposity) is related to greater activation in the hypothalamus when participants 

were sated. Of note, this correlation was significant when participants with T2DM were 

excluded from the analysis. There was no significant association between BMI and 

hypothalamic activation during sucrose evaluation in a physiological state of hunger, 

regardless of whether participants with T2DM were included in the analysis. (p > .05)

3. Discussion

Both obesity and the MetS are highly prevalent conditions in the United States. In addition 

to increasing risk for CVD and T2DM, the MetS has also been linked to cognitive decline in 

late life (Kalmijn et al., 2000; Whitmer et al., 2005) and increased risk for ischemic stroke, 

periventricular hyperintensities, and subcortical white matter lesions (WMLs; Bokura et al., 

2008; Kwon et al., 2006; Kwon et al., 2009; Park et al., 2008). Given that over one third of 

the U.S. adult population is obese (Flegal et al., 2012), and abdominal obesity is a central 

factor for the development of MetS, better characterizing and identifying who is at risk for 

these conditions has become increasingly important.

Previous studies suggest that an altered response in reward-related brain circuitry may 

underlie disordered eating and obesity (Green et al., 2011; Stice et al., 2008a). However, this 

phenomenon has not yet been explored in obese middle-age individuals with MetS, a 

population at risk for poor physical and cognitive outcomes. To address this, we scanned 15 

middle-aged healthy controls and 16 middle-aged adults with MetS to investigate potential 

differences in brain responses according to metabolic status during pleasantness evaluation 

of sweet and bitter tastes.
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3.1 Psychophysical Ratings of Hunger, Intensity and Pleasantness

We collected subjective ratings of hunger, taste intensity and taste pleasantness at several 

time points during the scanning sessions. With regard to hunger, the nutritional preload was 

successful in decreasing hunger prior to entering the scanner for all participants. There were 

no significant differences in ratings of hunger between the control and MetS group at any 

time point. Interestingly, the mean hunger rating pre-scan (during the hunger condition) was 

approximately 30 for controls and 40 for the group with MetS. However, these means did 

not differ statistically due to a large amount of variability within each group (i.e., standard 

deviations were 30.36 and 18.68 for control and MetS, respectively).

There were no group differences between intensity ratings of either taste. There were also no 

group differences in pleasantness ratings. Both groups rated the sucrose between 

“moderately pleasant” and “strongly pleasant”. Additionally, both groups rated caffeine as 

“strongly unpleasant”.

Overall, the control and MetS groups did not significantly differ on subjective ratings of 

hunger, taste intensity, or pleasantness. Although no differences in subjective ratings of 

pleasantness were reported, there were group differences in activation of brain regions 

involved in processing pleasure (lentiform nucleus, putamen). We speculate that this 

suggests that there are group differences in the neural processing of rewarding taste stimuli, 

and that these differences may not be sufficiently captured by subjective ratings.

Several groups have reported that pleasantness ratings correlate with brain activation or 

dopamine release in healthy young adults (Small, Jones-Gotman, & Dagher, 2003; 

Kringelbach, O’Doherty, & Rolls, 2003; Rolls Kringelbach, & de Araujo, 2003). However, 

in individuals with differing genetic status (Felsted, Ren, Chouinard-Decorte & Small, 

2010), different age groups including middle-aged (Green et al., 2012) and older adults 

(Jacobson et al., 2011), as well as populations characterized by altered eating behavior such 

as obesity (Green et al., 2011) and recovered anorexics (Cowdrey, Park, Harmer, & 

McCabe, 2011), links between pleasantness ratings and brain activation may be disrupted 

and activation of reward-related brain regions may not correlate with pleasantness ratings 

(Green et al., 2011).

FMRI activation typically captures group differences in pleasantness that are not apparent 

from subject ratings. We speculate that obese persons may be reluctant to report that they 

find sweet stimuli highly pleasant. Additionally, there is significant noise involved in the 

measurement of pleasantness using verbal ratings. Measuring the fMRI response during 

pleasantness evaluation may produce differing results than verbal ratings because fMRI does 

not include the subjectivity inherent in self-report of pleasantness.

3.2. Differences in fMRI Activation From Hunger to Satiety

Within subjects analyses revealed that in the control group, there were differences in 

activation according to physiological state (hunger v. satiety) during pleasantness evaluation 

of sucrose. Specifically, there was a reduced response in the satiety, relative to the hunger 

condition in the left precuneus, and a greater response during the satiety condition in a left 

frontal region including the superior and middle frontal gyrus and anterior cingulate. This is 
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consistent with previous research from our group using this paradigm. Specifically, we have 

previously reported differential processing of pure tastes according to hunger condition 

(Haase et al., 2007; Haase et al., 2009; Haase et al., 2011; Jacobson et al., 2010).

Of interest, there were no differences in fMRI activation according to physiological state in 

the MetS group. We speculate that this may suggest that there is inefficient functioning of 

the central satiety system in the MetS individuals such that they are not demonstrating the 

expected difference in activation from the hunger to satiety condition.

3.3 Reduced Activation of Dopaminergic Reward Circuitry in MetS

Participants with MetS demonstrated less brain activation during pleasantness evaluation of 

taste stimuli in the hunger condition relative to the control group in regions involved with 

sensory processing of taste information (pre- and postcentral gyri, insula), and reward value 

(lentiform nucleus, putamen). The latter regions are part of the basal ganglia complex that 

receive dopaminergic projections from midbrain nuclei and are involved in higher-level 

processing of gustatory information such as reward value. Dopamine modulates the 

experience of reward, and decreased dopamine efficiency has been implicated in overeating 

(Wang et al., 2009). The current results suggest less activation of reward-related brain 

regions in individuals with MetS during the physiological state of hunger. Interestingly, this 

effect was significant regardless of stimulus valence (both bitter and sweet tastes).

These findings are consistent with previous research suggesting that having greater amounts 

of visceral fat is associated with a suppressed reward response. It has been hypothesized that 

this blunted reward response may be related to overeating, and/or down regulation of 

dopamine receptors. We have previously documented very strong, negative correlations 

between adiposity and brain activation of the caudate, nucleus accumbens, and amygdala in 

older adults rating the pleasantness of sucrose (Green et al., 2011). Additionally, negative 

associations between adiposity and activation of reward regions to flavor have also been 

reported in young adults and adolescents (Stice et al., 2008a; Stice et al., 2008b). Notably, 

carrying the A1 allele of the Taq1A polymorphism of the DRD2 gene is associated with a 

stronger link between striatal activation to a milkshake and BMI. The A1 allele has been 

linked to alcoholism, obesity, and reduced D2 receptors/compromised striatal dopamine 

signaling. This suggests that inefficient dopamine function in the striatum may be related to 

disorders characterized by overconsumption (Blum et al., 1990; Noble et al., 1991; Noble et 

al., 1994).

3.4. Cerebellum

During both physiological conditions, there was less activation of the cerebellum in the 

group with MetS compared to the healthy control group. Although previously considered to 

be mainly involved in motor function, there is also a body of research implicating the 

cerebellum as playing a key role in autonomic function, including food intake and energy 

homeostasis (Cavdar et al., 2001; Dietrichs, 1984; Wen et al., 2004; Zhu et al., 2004; Zhu 

and Wang, 2008). Anatomically, there are direct bidirectional connections between the 

cerebellum and the hypothalamus (Cavdar et al., 2001; Dietrichs, 1984; Dietrichs and 

Haines, 1984; Dietrichs et al., 1992). Additionally, there are indirect cerebellar-
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hypothalamic connections via taste/feeding and higher-order emotion/limbic regions (e.g., 

nucleus of the solitary tract, amygdala, neocortex).

The cerebellum is consistently activated in response to taste and olfactory stimuli (Cerf-

Ducastel and Murphy, 2001; Cerf-Ducastel et al., 2012; Haase et al., 2009; Jacobson et al., 

2010; Sobel et al., 1998) and activation to food-related stimuli is modulated by hunger 

(Gautier et al., 2001; Haase et al., 2009; Haase et al., 2011; Liu et al., 2000; Tataranni et al., 

1999). Interestingly, the decrease in regional cerebral blood flow from hunger to satiety in 

the cerebellum is greater in obese relative to lean men (Gautier et al., 2000). The current 

study yields novel information that is supported by a growing body of literature suggesting 

altered activity of the cerebellum during hunger and satiety in individuals with differing 

levels of adiposity.

3.5. Frontopolar cortex

After a nutritional preload, the group with MetS also demonstrated less frontal (BA 10) and 

cerebellar activation during pleasantness evaluation of the tastes. One theory of BA 10 

function implicates the region in the selection and maintenance of abstract internal goals 

while other goals are being performed (Badre and D’Esposito, 2007; Burgess et al., 2007; 

Gilbert et al., 2005; Koechlin and Summerfield, 2007) and in monitoring of internal states 

and stimuli (Christoff and Gabrieli, 2000). Providing pleasantness ratings requires a 

participant to sense the taste and note any relevant characteristics (quality, intensity, learned 

associations, etc.) prior to using a joystick to record their pleasantness judgment. Greater 

activation of BA 10 in the control group may suggest that this population utilizes more 

cognitive resources involved in integrating internal information (including his or her current 

state of energy balance) in making hedonic judgments. Grabenhorst and Rolls (2011) have 

proposed that area 10 is involved in transforming hedonic judgments into choices that 

ultimately guide behavior. A group more attune to internal information might be more 

successful in refraining from emotional eating in the absence of physiological hunger.

3.6. Fusiform Gyrus

A main effect of MetS was also demonstrated in the fusiform gyrus; specifically the control 

group had greater activation than the MetS group. The fusiform gyrus is consistently 

activated in neuroimaging studies using taste stimulation and pleasantness evaluation (Haase 

et al., 2009; Haase et al., 2011; Jacobson et al., 2010), visual food cues (Frank et al., 2010; 

Heni et al., 2013; Killgore and Yurgelun-Todd, 2007; Siep et al., 2009; van der Laan et al., 

2011), and is often discussed as aiding the visual system in discrimination of high from low 

calorie foods. Additionally, greater activation of this region is observed after intranasal 

insulin administration (Guthoff et al., 2010), and obese individuals demonstrate less 

activation in this region than lean individuals (Frank et al., 2013). Finally, structural 

differences according to BMI in the fusiform gyrus have also been reported (Yokum et al., 

2012), suggesting altered processing of food stimuli in this region in obese and insulin-

resistant individuals.
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3.7. Associations Between Hypothalamus Activation and Adiposity

Associations between adiposity and hypothalamic activation in response to food-related 

stimuli during hunger and satiety have not yet been examined in middle-aged adults. When 

correlations between BMI and hypothalamic activation during pleasantness evaluation of 

sucrose were run without participants with T2DM, there were no significant associations 

when participants were hungry, but hypothalamic activation was positively correlated with 

BMI when participants were sated. In other words, after consuming a 700kcal preload, 

participants with higher levels of adiposity demonstrated greater activation of the 

hypothalamus in response to a nutritive taste stimulus (sucrose). This correlation was not 

significant when participants with T2DM were included in the analysis suggesting that this 

phenomena may only relate to individuals without severe levels of insulin resistance.

This relationship between obesity and increased activation of the hypothalamus during 

satiety is significant given the crucial role of these nuclei in integrating hormone and 

nutrient signals regarding an individual’s current state of energy balance. In healthy 

participants, activation of the hypothalamus is decreased immediately following a preload 

(Haase et al., 2009; Liu et al., 2000; Smeets, de Graaf, Stafleu, van Osch, & van der Grond, 

2005; Smeets et al., 2007), but this effect is less in obese individuals (Matsuda et al., 1999). 

In our sample, participants with larger BMIs had a stronger BOLD response in the 

hypothalamus during the satiety condition, which we speculate could be related to a smaller 

decrease in activation from hunger to satiety, although we did not directly measure this. 

Moreover, a greater hypothalamic response to food-related stimuli during satiety in obese 

middle-aged adults could suggest an inadequate modulation of hunger by hormones acting 

on the hypothalamus, and/or an adaptation to chronic overeating. It will be important for 

future studies to investigate this in more detail and using longitudinal models.

Alterations in hypothalamic response to a sweet taste in participants with greater levels of 

adiposity may be an indication of deficiencies in signaling long-term energy stores (i.e., 

leptin and/or insulin resistance) or short-term energy needs. High circulating leptin and 

insulin after a meal and in individuals with higher levels of body fat should serve to reduce 

the reward response. Deficiencies in nutrient signaling might lead to a disconnection 

between gastrointestinal signals of energy availability and CNS regulation of hunger. In 

addition, obese individuals may not be cognizant of or reactive to satiety signals, which may 

result in eating beyond satiety. An altered hypothalamic response after consuming a meal in 

these individuals may be a result of chronic overeating.

There are limitations to the study that warrant discussion. Our groups were not matched on 

gender. There is some evidence that gender is associated with differential processing of taste 

during hunger and satiety, and in response to taste stimuli, we have observed greater 

decreases in activation from hunger to satiety in healthy young adult males relative to 

females in frontal (BA 10) and reward/limbic brain regions (dorsal striatum, amygdala; 

Haase et al., 2011). The current study had insufficient power to test the effect of gender. In 

future studies of middle-aged adults with and without metabolic syndrome, it will be of 

interest to examine effects of gender on brain activation in response to tastes during the 

physiological states of hunger and satiety. Additionally, we included six subjects with a 
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diagnosis of T2DM in the “MetS” group. Future research should examine differences in 

brain response to taste between individuals with MetS who do and do not meet criteria for 

T2DM. Finally, because the purpose of the threshold screening was to eliminate ageusics, 

we screened for ageusia using a sweet taste threshold task (Murphy et al., 1990), and we did 

not collect data regarding bitter taste thresholds. However, the groups had equivalent 

intensity ratings for the sweet and bitter stimuli presented in the study, and all participants 

were able to detect the tastes and make pleasantness judgments in the scanner.

Conclusions

To date, research on CNS taste function and brain responses to anticipation and receipt of 

food reward in individuals with MetS is very limited. The results of the current study 

demonstrated that middle-aged adults with MetS respond with significantly less brain 

activation than typical controls without MetS to taste stimuli when hungry and after a meal. 

Differential processing of food-related stimuli in individuals with high levels of adipose 

tissue and cardiometabolic abnormalities has significant implications for increased 

understanding of the neural underpinnings of eating behavior in these individuals. Future 

research on relationships among these variables is warranted in order to better conceptualize 

and develop interventions for overeating in these disorders.

4. Experimental Procedure

4.1 Participants

Thirty-one middle-aged (44–54 years old) adults were recruited from the San Diego 

community, Kaiser Permanente, and the UCSD Bariatric and Metabolic Institute. Fifteen of 

the participants were healthy controls (HC; 8 females and 7 males) who did not meet criteria 

for MetS. The MetS group consisted of 16 middle-aged adults (11 females and 5 males) who 

met the criteria outlined in Table 1. For one of the participants with MetS, data were only 

available for psychophysical testing and fMRI data analyses during the satiety session (see 

description of sessions below). Participants gave informed consent and received monetary 

compensation for their participation.

4.2 Procedures

Participants completed three sessions on different days. The first session served as an initial 

screening in order to: (1) determine metabolic status, and (2) screen for exclusionary criteria. 

Neuroimaging took place during the second and third sessions.

4.2.1 Screening Session—Participants were screened for exclusionary criteria including 

ageusia, anosmia, upper respiratory infection or allergies within the prior two weeks, left-

handedness, major head injury, and any contraindications for fMRI (e.g., metal in the body). 

To screen for ageusia and anosmia, taste and odor thresholds were assessed using a forced 

choice procedure (Cain et al., 1983; modified as in Murphy et al., 1990). Specifically, the 

taste threshold was measured using sucrose solutions of varying concentration and odor 

threshold was assessed using a series of concentrations of butanol presented in an ascending 

sequence.
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Participants were also screened for MetS criteria using the most recent IDF guidelines for 

clinical diagnosis of MetS (Table 1; Alberti et al., 2009). To measure waist circumference, 

each participant’s waist was measured at the midpoint between the highest point of the iliac 

crest and the lowest point of the rib cage. Height and weight were measured during the 

screening session using a stadiometer and digital scale, respectively. Body mass index 

(BMI) was calculated by dividing weight in kilograms by height in meters squared. Blood 

pressure was recorded as the average of three consecutive measurements using a blood 

pressure monitor. If a participant did not have a diagnosis of hyperlipidemia, HDL and 

triglyceride levels were assessed using CardioChek Triglyceride and HDL Cholesterol Strips 

after a 12-hour fast. Finally, a self-report questionnaire was used to determine if participants 

were currently being treated for hypertension, dyslipidemia, or T2DM.

4.2.2. Neuroimaging Sessions—The neuroimaging sessions were conducted at the 

University of California, San Diego Center for Functional Magnetic Resonance Imaging 

(fMRI). Participants were scanned on two separate occasions. One session was designated as 

the “hunger” condition, and participants were scanned after fasting overnight for a minimum 

of 12 hours. The other session was designated as the “satiety” condition, and participants 

were scanned after consuming a 700 kilocalorie (kcal) nutritional preload. The order of 

hunger and satiety sessions were counterbalanced.

Prior to and post-fMRI scans, participants were asked to report psychophysical ratings of 

pleasantness and intensity of the two taste stimuli and hunger using modified versions of the 

General Labeled Magnitude Scale (gLMS; Figure 3; Bartoshuk et al., 2004; Green et al., 

1993; Green et al., 1996). During the satiety condition, participants were also asked to report 

psychophysical ratings one extra time: after the preload, prior to entering the scanner.

4.2.2.1 Stimulus Delivery: A detailed description of the protocol and the system for 

delivering taste stimuli in the fMRI environment used in the proposed study are outlined in 

the Journal of Neuroscience Methods (Haase et al., 2007).

The critical elements are briefly described below. The current study was designed to 

investigate fMRI activation during pleasantness evaluation of one pleasant taste (sweet) and 

one aversive taste (bitter). Therefore, the study examined brain activation in response to 

pleasantness evaluation of sucrose (0.64M) and caffeine (0.02M) presented as aqueous 

solutions. Participants lay supine in the scanner and were fitted with a bite bar. The purpose 

of the bite bar was to minimize head movement, including that associated with swallowing, 

and to allow the tubing for taste delivery to rest comfortably between the lips. The stimuli 

were individually filled in syringes and delivered to the tongue of the participant through 25-

foot long tubing connected to programmable pumps located in the operator room. The 

pumps were computer-programmed to push the syringes so that 0.3 ml of solution was 

presented in 1 sec from each syringe at the appropriate time.

Two functional scans were performed on each day of scanning. Each stimulus was delivered 

8 times per functional run, presented pseudo-randomly with a 10s inter-stimulus interval 

(ISI). Distilled water was presented twice after each stimulus; the first time as a rinse, and 

the second to be used as a baseline for data analysis. A minimum of 30-seconds elapsed 
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before the same stimulus was presented again (except for water delivery, no stimulus was 

presented twice in a row). This procedure was designed to minimize habituation and 

adaptation of the gustatory system.

During the functional scans, taste stimulation was paired with a pleasantness evaluation task. 

The 10-second ISI allowed 1 second for taste delivery, 2 seconds for swallowing (with a cue 

“please swallow” presented on a screen), and 7 seconds for providing a magnitude estimate 

of the pleasantness of the taste. A joystick was employed by participants in order to place a 

crosshair on a number corresponding to a modified general labeled magnitude scale (gLMS) 

for pleasantness. This whole process was completed with the use of an interactive computer 

interface displayed on a screen, visible to the participants via a mirror.

4.2.2.2. Image Acquisition: The neuroimaging data were collected on two 3 Tesla scanners 

at the UCSD Center for fMRI. Therefore, 19 participants (12 controls and 7 individuals with 

metabolic syndrome) were scanned using a 3T General Electric (GE) Signa EXCITE 

research scanner and the remaining 12 participants (3 controls and 9 individuals with 

metabolic syndrome) were scanned on a 3T GE Discovery MR750 scanner. All voxelwise 

statistical analyses were corrected for any potential effect of scanner by including it as a 

variable of no interest in the model.

Structural images for anatomical localization of functional images were collected prior to 

the functional scans using a high-resolution T1-weighted whole-brain FSPGR sequence 

(Field of view (FOV) = 25.6cm, slice thickness = 1.2mm, resolution 1×1×1 mm3, echo time 

(TE) = 30ms, Locs per slab = 190, flip angle = 15°). The structural images for the last 8 

participants (3 controls and 5 individuals with MetS) were collected using a T1-weighted 

IRSPGR sequence (Field of view (FOV) = 24cm, slice thickness = 1.2mm, resolution 

0.9375×0.9375×1.2 mm3, echo time (TE) = 3ms, Locs per slab = 170, flip angle = 8°) with a 

real-time, image-based prospective motion correction technique (PROMO) (Brown et al., 

2010; White et al., 2010). For functional data, a whole brain gradient echo planer pulse 

sequence was used to acquire T2*-weighted functional images (32 axial slices, FOV = 

19.2cm, matrix size = 64×64, spatial resolution = 3×3×3 mm3, flip angle = 90°, echo time 

(TE) = 30ms, repetition time (TR) = 2000ms).

4.2.2.3 Image Analysis: Functional data were processed using Analysis of Functional 

NeuroImage (AFNI) software (Cox 1996) and FMRIB Software Library (FSL; Smith et al., 

2004). The data were preprocessed using motion correction and alignment of the anatomical 

image and functional runs. An automated in vivo shimming method using 3-dimensional 

field maps was employed to correct for heterogeneity of the magnetic field and to reduce 

signal dropout around the sinuses using FSL. Images were spatially smoothed to 4 full width 

at half maximum (FWHM), automasked to clip voxels outside of the brain, and normalized 

to Talaraich space using AFNI to control for individual structural differences. The two 

functional runs in each condition (hunger or satiety) were individually rescaled to a baseline 

of 100 and concatenated for each participant.

A deconvolution was run on each individual’s concatenated runs using 3dDeconvolve in 

AFNI (Cox, 1996). A deconvolution uses Ordinary Least Squares regression to estimate the 
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hemodynamic response at each voxel in a participant’s run given the experimental paradigm 

(i.e., stimulus onset timing). In other words, the onset of each taste stimulus (i.e., sucrose, 

caffeine) and the water baseline were specified and used in the creation of contrasts (i.e., 

sucrose minus water; caffeine minus water). The water baseline serves as a control for non-

gustatory intraoral stimulation with aqueous solution (Zald and Pardo, 2000). The output 

from running 3dDeconvolve contains fit coefficients (i.e., beta weights) for each voxel, 

indicating the amplitude of the signal model for each contrast, and corresponding t-statistics.

A region of interest (ROI) analysis was also conducted on fMRI data for each participant in 

each physiological condition using 3dROIstats in AFNI (Cox, 1996). The borders of the 

nucleus accumbens, amygdala, hypothalamus, caudate head, body, and tail were 

anatomically defined by using the Talairach Daemon database. The datasets containing the 

delineated ROIs were resampled to match the functional dataset grid to produce masks. The 

masks were applied to the output datasets from the deconvolution for each participant during 

pleasantness evaluation of sucrose in order to extract mean beta values corresponding to 

each region and condition.

4.2.3 Statistical Methods

4.2.3.1. Demographics and Psychophysical Data: One-Way Analyses of Variance 

(ANOVAs) were conducted on height, weight, BMI, waist circumference, odor thresholds in 

left and right nostrils, and taste threshold in order to examine potential demographic, 

psychophysical, or body measurement differences between groups. Psychophysical ratings 

of hunger, intensity and pleasantness were analyzed using mixed-model ANOVAs to 

explore changes in hunger, intensity and pleasantness of each taste (sucrose or caffeine) over 

time (pre- and post-scan; pre-and post-preload), and to determine if any potential changes 

differed according to metabolic status. Newman-Keuls Multiple Range Tests were employed 

to follow up on significant interactions and determine which mean differences were 

significant.

4.2.3.2. Neuroimaging Data: Several thresholding steps were taken in an attempt to control 

for Type I error in all group analyses. Individual voxels were thresholded at p ≤ 0.015. To 

protect a whole-brain probability of false positives at an overall alpha of 0.05, group 

statistical maps were corrected for multiple comparisons at the cluster level using the AFNI 

program AlphaSim (Cox, 1996). AlphaSim uses Monte Carlo simulations to compute the 

probability of generating a random “significant” cluster of noise (i.e., a false positive) given 

the individual voxel threshold, the voxel connection radius, the amount of blurring, and the 

search volume (i.e., overall dataset size). For an overall alpha level of 0.05, a cluster 

threshold of 21 contiguous voxels was applied.

In order to investigate the change in activation from hunger to satiety, voxelwise one-sample 

t-tests were run for the hunger minus satiety contrast. These t-tests were conducted in the 

control and MetS group separately for each tastant (sucrose and caffeine).

At the group level, one-sample, linear mixed-effects (LME) analyses were conducted with 

the 3dLME program in AFNI (Chen et al., 2013) to examine between-group differences in 

response to pleasantness evaluation of caffeine and sucrose. The LME model included 
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scanner (pre- or post-upgrade) as an additive, explanatory factor of no interest, metabolic 

status as a between-subject factor, and taste as a within-subject factor. For experiment 1, 

metabolic status included two groups: (1) middle-aged adults without MetS and (2) middle-

aged adults with MetS. FMRI responses during pleasantness evaluation of sucrose and 

caffeine were directly compared: (1) after a 12-hour fast (the hunger condition) and (2) after 

a nutritional preload (the satiety condition).

Given the importance of the hypothalamus in the regulation of feeding behavior via 

modulation of reward value and the experience of hunger and satiety, we also used a region 

of interest (ROI) analysis to investigate the potential for differential hypothalamic activation 

according to BMI. To investigate this relationship, correlations were run between BMI and 

hypothalamic activation during pleasantness evaluation of sucrose in the hunger and satiety 

conditions.
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Highlights

Significantly less brain activation in middle-aged adults with MetS than controls

When hungry, less activation when judging pleasantness of sweet and bitter stimuli

Less activation in regions involved in sensory and higher-level taste processing

When sated, hypothalamic activation to sweet increased with BMI

Additional research on brain response in MetS is warranted to inform interventions
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Figure 1. 
Main effects of metabolic syndrome and taste: (a) Statistical map of the main effect (F 

values) of metabolic syndrome during hunger (controls > MetS) in left cerebellum(1), right 

inferior temporal gyrus/BA 20, fusiform gyrus(2), right lentiform nucleus, insula, 

putamen(3), and left superior temporal gyrus/BA 42, insula(4). (b) Statistical map of the main 

effect (F values) of taste, during hunger, in the left anterior cingulate (sucrose > caffeine)(5), 

right paracentral lobule and left cingulate gyrus (caffeine > sucrose)(6), left lingual gyrus 

(caffeine > sucrose)(7), and right anterior cingulate and Brodmann Area 10 (sucrose > 

caffeine)(8). (c) Statistical map of the main effect of metabolic syndrome during satiety. 

Healthy controls demonstrated greater activation than the group with MetS in the right 

prefrontal cortex/Brodmann Area 10(1) and Cerebellum(2).
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Figure 2. 
Positive Pearson correlation between BMI and hypothalamus (ROI) activation during 

pleasantness evaluation of sucrose, while in the sated condition
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Figure 3. 
Modified general labeled magnitude scale (gLMS) for pleasantness
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Table 1

Criteria for clinical diagnosis of the metabolic syndrome (Alberti et al., 2009).

Measure Categorical Cut Points

Elevated waist circumference Population and country-specific definitions

Elevated triglycerides (drug treatment for elevated triglycerides is an alternate indicator) ☛ ≥ 150 mg/dL (1.7 mmol/L)

Reduced HDL-C (drug treatment for reduced HDL-C is an alternate indicator) ☛
<40 mg/dL (1.0 mmol/L) in males
<50 mg/dL (1.3 mmol/L) in females

Elevated blood pressure (antihypertensive drug treatment in a patient with a history of 
hypertension is an alternate indicator) Systolic ≥130 and/or Diastolic ≥85

Elevated fasting glucose (drug treatment of elevated glucose is an alternate indicator) ≥100 mg/dL

Abbreviations: HDL-C = high-density lipoprotein cholesterol.

☛
The most commonly used drugs for elevated triglycerides and reduced HDL-C are fibrates and nicotinic acid. A patient taking 1 of these drugs 

can be presumed to have high triglycerides and low HDL-C. High-dose ω-3 fatty acids presumes high triglycerides.

Most patients with type 2 diabetes mellitus will have the metabolic syndrome by the proposed criteria

Brain Res. Author manuscript; available in PMC 2016 September 16.
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Table 3

Psychophysical ratings of hunger and taste (hunger condition)

Mean (SE)

Controls (n=15) MetS (n=15)

Hunger Pre-Scan 29.73 (6.21) 40.2 (6.44)

Hunger Post-Scan 32.67 (7.12) 30.0 (7.42)

Intensity

Caffeine Pre-Scan 42.47 (7.84) 32.27 (5.52)

Caffeine Post-Scan 45.47 (8.00) 39.13 (6.68)

Sucrose Pre-Scan 40.46 (6.49) 37.00 (4.57)

Sucrose Post-Scan 41.07 (5.31) 38.67 (5.89)

Pleasantness

Caffeine Pre-Scan 38.13 (3.80) 38.40 (2.90)

Caffeine Post-Scan 33.00 (4.36) 33.93 (3.33)

Sucrose Pre-Scan 59.23 (3.95) 60.60 (3.17)

Sucrose Post-Scan 56.00 (2.64) 61.33 (2.21)
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Table 4

Psychophysical ratings of hunger and taste (satiety condition)

Mean (SE)

Controls (n=15) MetS (n=16)

Hunger Pre-Preload 38.93 (7.15) 42.03 (7.15)

Hunger Post-Preload 3.27 (1.93) 3.88 (1.93)

Hunger Post-Scan 3.07 (2.56) 5.00 (2.56)

Intensity

Caffeine Pre-Preload 43.73 (7.48) 30.50 (3.15)

Caffeine Post-Preload 47.92 (8.08) 40.31 (6.60)

Caffeine Post-Scan 47.13 (8.22) 41.25 (6.18)

Sucrose Pre-Preload 37.07 (5.16) 35.00 (5.81)

Sucrose Post-Preload 37.28 (5.79) 29.75 (5.11)

Sucrose Post-Scan 42.67 (6.15) 42.94 (4.90)

Pleasantness

Caffeine Pre-Preload 37.87 (4.08) 39.31 (2.37)

Caffeine Post-Preload 34.31 (4.06) 36.94 (3.98)

Caffeine Post-Scan 27.07 (4.61) 37.31 (3.92)

Sucrose Pre-Preload 61.53 (1.94) 57.69 (2.73)

Sucrose Post-Preload 60.53 (2.44) 53.75 (3.47)

Sucrose Post-Scan 59.47 (4.10) 58.44 (3.47)
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