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The metabolic syndrome (MetS) is a constellation of vascular and metabolic 

abnormalities that commonly occur together and increase risk for cardiovascular 

disease (CVD) and type II diabetes (T2DM).  Having MetS, especially during middle-

age, increases the risk for dementia in later life. Because of these issues, prevention of 

MetS has become an important public health initiative. Abdominal obesity is causally 

linked to MetS; therefore, increased efforts to prevent obesity and to better understand 

what predicts weight gain is of extreme importance.  Related research suggests that 
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altered processing of food reward in the brain of obese persons is a possible 

mechanism related to overeating. Therefore, the study aimed to investigate potential 

differences in brain response according to metabolic status during pleasantness 

evaluation of sweet and bitter tastes when hungry and sated. 

Fifteen healthy middle-aged (44-54 years old) adults and sixteen middle-aged 

adults with MetS were recruited from the San Diego community.  The subjects 

participated in two functional magnetic resonance imaging (fMRI) scans: (1) after a 

12-hour fast; and (2) after a nutritional preload.  While in the scanner, participants 

rated the pleasantness of caffeine (bitter) and sucrose (sweet) solutions. Data were 

analyzed using voxelwise linear mixed-effects modeling and region of interest (ROI) 

analyses.  Exploratory analyses were also conducted to examine associations between 

ROI activation and adiposity, and differential brain responses in participants 

diagnosed with T2DM.  

The results suggest that middle-aged individuals with MetS have decreased 

brain responses during pleasantness evaluation of sweet and bitter tastes in regions 

involved in sensory and higher-level taste processing.  Additionally, hypothalamic 

activation was positively associated with adiposity when hungry, and negatively 

associated with adiposity when sated. This suggests the presence of altered 

hypothalamic functioning in obese middle-aged adults.  It is speculated that this is due 

to altered hormonal nutrient signaling and/or chronic overeating.  Finally, the results 

suggest that insulin resistance plays a large role in central taste processing during 

pleasantness evaluation.  It is hypothesized that altered fMRI responses in participants 
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with T2DM may be related to greater disinhibition in combination with increased 

necessity for dietary monitoring and carbohydrate restrictions in these individuals.   
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I. INTRODUCTION 

Cardiovascular disease (CVD) is the single leading cause of death in the 

United States (Murphy, Xu, & Kochanek, 2012), and 2200 Americans die of CVD 

each day, many of whom (just under 20%) have not yet reached 65 years of age (Xu, 

Kochanek, & Tejada-Vera, 2009).  In 2008 alone, the total direct and indirect cost of 

CVD, stroke, and other related conditions was estimated to be almost $300 billion, 

which is more than any other diagnostic group (Roger et al., 2012).   

Metabolic Syndrome 

There are several pathophysiological abnormalities that occur together more 

often than would be expected by chance. The clustering of these abnormalities has 

been termed the metabolic syndrome (MetS) and the presence of MetS is associated 

with increased risk for cardiovascular disease (CVD; Lakka et al., 2002) and type 2 

diabetes mellitus (T2DM; Reaven, 1988).  The health problems/risk factors most 

commonly linked to metabolic syndrome include insulin resistance, dyslipidemia 

(elevated triglyceride and low high-density lipoprotein [HDL] cholesterol levels), 

central obesity, elevated blood pressure, impaired glucose tolerance or diabetes 

mellitus, and high rates of atherosclerotic disease. Markers of inflammation and 

accelerated hemostasis/impaired fibrinolysis have also been suggested as risk factors 

in metabolic disease (Leroith, 2012).  Each of the risk factors in MetS exert 

independent effects on the cardiovascular system, which can result in cardiovascular 

system disorders such as myocardial infarction and stroke (Ford, 2005b).  Patients 

with MetS are at twice the risk of developing CVD over the next 5 to 10 years, and are 



	
  

	
   	
  

2	
  

5 times more likely to develop T2DM compared to individuals without the syndrome 

(Alberti et al., 2009). 

Metabolic Syndrome Definitions, Prevalence Rates, and Burden to Society 

There has been some debate as to how to define MetS, and several diagnostic 

criteria have been proposed by the World Health Organization (WHO; Alberti & 

Zimmet, 1998), the National Cholesterol Education Program Adult Treatment Panel 

III (ATP, 2002), the International Diabetes Federation (IDF; Alberti, Zimmet, & 

Shaw, 2005), and the American Heart Association/National Heart, Lung and Blood 

Institute (AHA/NHLBI; Grundy et al., 2005).  The different guidelines generally 

stipulate exceeding a threshold of 3 risk factors out of the following in order to meet 

criteria: insulin resistance, abdominal obesity, elevated blood pressure, high 

triglyceride levels, and low HDL levels.  However, differences have arisen in terms of 

whether or not one criterion should be emphasized and consequently, required as 1 of 

the 3 risk factors.  For example, the first proposed classification system by the WHO 

suggested that insulin resistance was the underlying mechanism and required evidence 

of this for a patient to be diagnosed with MetS (Alberti & Zimmet, 1998).  In 2005, 

the IDF suggested that abdominal obesity (using waist circumference cutoffs) must be 

required as 1 of the 3 risk factors for diagnosis (Grundy et al., 2005).  In 2009, the IDF 

and AHA/NHLBI held discussions to resolve the discrepancy between the diagnostic 

criteria, and concluded that no one factor should be required for the diagnosis of MetS 

(Alberti et al., 2009).  Having at least 3 of the 5 risk factors outlined in Table 1 

represents the most recent criteria for establishing a clinical diagnosis of metabolic 

syndrome.    
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Table 1: Criteria for clinical diagnosis of the metabolic syndrome (Alberti et al., 
2009). 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 
 
Measure     Categorical Cut Points 
Elevated waist circumference Population and country-specific 

definitions 
Elevated triglycerides (drug treatment for  
elevated triglycerides is an alternate   ≥ 150 mg/dL (1.7 mmol/L) 
indicator) ✪       
Reduced HDL-C (drug treatment for   <40 mg/dL (1.0 mmol/L) in males 
reduced HDL-C is an alternate indicator)✪ <50 mg/dL (1.3 mmol/L) in females  
Elevated blood pressure (antihypertensive  
 drug treatment in a patient with a history   Systolic ≥130 and/or Diastolic ≥85 
of hypertension is an alternate indicator) 
Elevated fasting glucose✜ (drug treatment  
of elevated glucose is an alternate indicator)       ≥100 mg/dL 
 

 

The metabolic syndrome is highly prevalent among U.S. adults, with recent 

estimates from the National Health and Nutrition Examination Survey (NHANES) 

ranging between 34% and 39% of adults over the age of 20 (Ervin, 2009; Ford, Li, & 

Zhao, 2010). This suggests that the actual number of adults in the U.S. meeting criteria 

for metabolic syndrome is between 77 and 86 million. Data from the Study to Help 

Improve Early evaluation and management of risk factors Leading to Diabetes 

(SHIELD) national survey (Bays et al., 2007; Clark, Fox, & Grandy, 2007) suggest, 

however, that far fewer individuals may be aware of having MetS, with only 0.6% of 

over 200,000 adults reporting that they have the syndrome (Lewis, Rodbard, Fox, & 

Grandy, 2008).  
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Prevalence rates of MetS are rising, and have increased in recent years from 

previous estimates of 21%-33% in the San Antonio Heart Study (Meigs et al., 2003), 

23% in NHANES III, and 26.7% in NHANES 1999-2000 (Ford, 2005a). Specific 

prevalence rates increase with age, with middle-aged adults (ages 40-59) and older 

adults (ages 60+) approximately three and more than four times more likely than 

young adults, respectively, to meet criteria (Ervin, 2009). Prevalence rates may also 

vary by race/ethnicity, but this differs for males and females (Ervin, 2009).  

Specifically, African American males are less likely than non-Hispanic white males to 

have MetS, but African American and Hispanic females are more likely than non-

Hispanic white females to meet criteria for MetS. 

Central obesity and insulin resistance as linking risk factors 

The underlying pathophysiological processes leading to development of MetS 

are still relatively unknown, despite a large body of literature on the topic.  In the 

aforementioned debate over how to diagnostically classify the syndrome, both 

abdominal obesity and insulin resistance have been proposed as the primary 

mechanisms of MetS (Abbasi, Brown, Lamendola, McLaughlin, & Reaven, 2002; 

Alberti et al., 2009; Despres, 2006). 

Obesity, defined as a body mass index (BMI) greater than or equal to 30, has 

become a global health epidemic.  The World Health Organization estimates that in 

2005, approximately 400 million adults were obese and this number is projected to 

increase to more than 700 million by 2015 (WHO, 2012). Obesity is characterized by 

the accumulation of excess adipose tissue and suggests that an individual is at 

increased risk of developing various comorbid health conditions.  Interestingly, the 
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association between obesity (using the BMI cutoff criteria) and the presence of 

cardiometabolic abnormalities is not clear cut.  For example, many obese patients can 

have a relatively normal metabolic risk factor profile, while some individuals who 

may not be as significantly overweight can meet criteria for a variety of metabolic and 

vascular abnormalities (Despres, 2006).  In fact, it is actually the amount of visceral 

adipose tissue, which tends to accumulate in the abdominal region, that correlates with 

increased markers of inflammation and vascular and metabolic abnormalities (Bacha, 

Saad, Gungor, Janosky, & Arslanian, 2003; Despres, 2006; Despres, Moorjani, 

Ferland, et al., 1989; Despres, Moorjani, Tremblay, et al., 1989; Ross, Freeman, 

Hudson, & Janssen, 2002).  This suggests that viscerally obese (or abdominally obese) 

individuals represent a subgroup of obese patients at higher risk for MetS, CVD, and 

T2DM.   

Importantly, viscerally obese individuals are the most severely insulin resistant 

(Bacha et al., 2003; Despres, 2006; Despres, Moorjani, Ferland, et al., 1989; Despres, 

Nadeau, et al., 1989; Ross et al., 2002). Insulin is a hormone that is produced and 

secreted from beta cells in the pancreas. It is important, both for peripheral nervous 

system functions in the skeletal muscle, fat and liver (e.g., glucose uptake, suppression 

of hepatic glucose production), and energy homeostasis and other functions moderated 

by the central nervous system that will be discussed below (CNS; Plum, Schubert, & 

Bruning, 2005). Insulin resistance is the inability of insulin to suppress hepatic glucose 

output and to stimulate glucose uptake adequately in muscles and adipocytes.  When 

insulin resistance occurs, the pancreas compensates by increasing insulin secretion, 

resulting in potentially toxic levels of insulin (hyperinsulinemia) and glucose 
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(hyperglycemia) circulating in the blood. This can eventually culminate in the 

development of T2DM (Leroith, 2012).   

The relationship between increased visceral adipose tissue and the 

development of insulin resistance is complex and still under investigation. Multiple 

products are released from adipocytes, and in the presence of excess abdominal fat, 

they are released in abnormal amounts (Grundy, 2004). The products that have been 

most implicated in the development of MetS are nonesterified fatty acids, 

inflammatory cytokines, PAI-1, adiponectin, leptin, and resistin.  In addition, 

increased visceral adipose tissue is related to impaired free fatty acid (FFA) 

metabolism (Marette et al., 1997; Zierath et al., 1998), and it has been suggested that 

increased flux of FFAs toward the liver leads to hypertriglyceridemia, reduced hepatic 

degradation of apolipoprotein B and insulin, and eventually hyperinsulinemia and 

increased hepatic glucose production. This combination of hyperinsulinemia and 

increased hepatic glucose production can contribute to glucose intolerance (Adeli, 

Taghibiglou, Van Iderstine, & Lewis, 2001; Arner, 2001). Additionally, viscerally 

obese patients have impaired triglyceride clearance, suggesting that increased visceral 

adiposity may contribute to fasting hypertriglyceridemia by altering FFA metabolism 

in the postprandial state (Couillard et al., 1998).  

Metabolic Syndrome and the Brain 

Metabolic syndrome is composed of several cerebrovascular risk factors, the 

effects of which are described below.  Having MetS increases the risk for ischemic 

stroke, periventricular hyperintensities, and subcortical white matter lesions (WMLs; 

Bokura, Yamaguchi, Iijima, Nagai, & Oguro, 2008; Kwon et al., 2006; Kwon et al., 
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2009; Park et al., 2008).  Notably, having a larger number of risk factors is related to 

an increased number of silent brain infarctions (Kwon et al., 2009).   

Abdominal obesity is considered to be an important linking factor in 

developing the syndrome and epidemiological evidence suggests that obesity during 

mid-life increases the risk for Alzheimer’s disease and vascular dementia (Whitmer, 

Sidney, Selby, Johnston, & Yaffe, 2005).  There is also some evidence that MetS is 

associated with cognitive impairment (including Alzheimer’s disease), although most 

studies are cross sectional and examined samples of older adults (Dik et al., 2007; 

Razay, Vreugdenhil, & Wilcock, 2007; Vanhanen et al., 2006). Notably, one 

prospective study suggests that MetS during middle age is associated with increased 

risk for cognitive impairment and dementia in late life (Kalmijn et al., 2000).  

Additionally, higher BMI is associated with reduced brain volumes in frontal, 

temporal, parietal, and occipital lobe regions in patients with mild cognitive 

impairment or AD.  In the AD group, obesity was also linked to ventricular expansion 

(Ho et al., 2010).	
  

Hypertension  

Although the definition of hypertension varies, it is generally defined as 

sustained systolic blood pressure greater than 140mm of mercury (Hg; Chobanian et 

al., 2003) or 160 mm Hg (Beevers, Lip, & O'Brien, 2001), and a diastolic blood 

pressure greater than 90 mm Hg (Raz, Rodrigue, & Acker, 2003).  Hypertension 

affects approximately 65 million individuals in the United States (Egan, Zhao, & 

Axon, 2010).  Generally, aging is associated with increases in blood pressure until 

approximately age 75-80, at which time blood pressure tends to decrease (Landahl, 
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Bengtsson, Sigurdsson, Svanborg, & Svardsudd, 1986). In older adults, chronic 

hypertension is a major risk factor for stroke, and is also associated with cognitive 

declines (Hannesdottir et al., 2009; Israeli-Korn et al., 2010; Kilander, Nyman, 

Boberg, Hansson, & Lithell, 1998; Reitz, Tang, Manly, Mayeux, & Luchsinger, 2007; 

Sierra & Coca, 2006; Triantafyllidi et al., 2009) that are suspected to be partially 

mediated by alterations in brain structure such as elevated white matter lesion (WML) 

burden (Carmelli et al., 1999; de Groot et al., 2000, 2002; Raz, 2000). Individuals with 

uncontrolled chronic hypertension are therefore at increased risk for development of 

mild cognitive impairment (Israeli-Korn et al., 2010; Reitz et al., 2007), and vascular 

dementia or Alzheimer’s disease (Kivipelto, Laakso, Tuomilehto, Nissinen, & 

Soininen, 2002; Launer et al., 2000; Petrovitch et al., 2000; Posner et al., 2002).  

Importantly, recent evidence suggests that when in the lifespan an individual 

has hypertension is especially important for predicting future cognitive decline.  

Specifically, hypertension during middle age is a risk factor for late-life dementia, 

including the Alzheimer’s subtype (Kivipelto, Helkala, et al., 2002; Kivipelto et al., 

2001; Launer, Masaki, Petrovitch, Foley, & Havlik, 1995; Shah et al., 2012; Yamada 

et al., 2003).  In contrast, blood pressure is lower in individuals with dementia (Guo, 

Viitanen, Fratiglioni, & Winblad, 1996; Hogan, Ebly, & Rockwood, 1997; Molander, 

Gustafson, & Lovheim, 2010b; Skoog, Andreasson, Landahl, & Lernfelt, 1998) and 

tends to decrease during the years prior to the diagnosis (Molander, Gustafson, & 

Lovheim, 2010a; Qiu, von Strauss, Winblad, & Fratiglioni, 2004; Ruitenberg et al., 

2001; Skoog et al., 1996). 



	
  

	
   	
  

9	
  

In addition to being a risk factor for stroke and subsequently, vascular 

dementia, hypertension is also related to microvascular pathologic changes.  WML 

severity is positively associated with systolic and diastolic blood pressure levels 

(Breteler et al., 1994; de Leeuw et al., 2002; Fujishima, Ibayashi, Fujii, & Mori, 1995; 

Longstreth et al., 1996; van Swieten et al., 1991). Although the mechanisms 

underlying WMLs are unclear, it has been suggested that they may arise from factors 

related to hypoperfusion, and breakdown of the blood-brain barrier (Kitagawa, 2010; 

Roman, Erkinjuntti, Wallin, Pantoni, & Chui, 2002).  Elevated blood pressure during 

middle and late life is related to increased global brain atrophy in later life (DeCarli et 

al., 1999; Manolio et al., 1994).  However, low blood pressure or declines in blood 

pressure over time in older adults is also associated with significant atrophy (Heijer et 

al., 2003; Skoog et al., 1998; Swan et al., 2000).    

Not all regions of the brain appear to be equally affected by elevated blood 

pressure.  High midlife blood pressure is associated with hippocampal atrophy (Korf, 

White, Scheltens, & Launer, 2004) and the characteristic pathological abnormalities 

(neurofibrillary tangles and neurtic plaques) of Alzheimer’s disease in the 

hippocampus (Petrovitch et al., 2000).  Additionally, in hypertensive relative to 

normotensive individuals, regional cerebral blood flow is lower in the hippocampus, 

basal ganglia structures (i.e., striatum, globus pallidus), thalamus, prefrontal and 

orbitofrontal cortices, and anterior cingulate gyrus (Beason-Held, Moghekar, 

Zonderman, Kraut, & Resnick, 2007; Dai et al., 2008; Fujishima et al., 1995).  
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Hyperlipidemia 

Hyperlipidemia is an elevation of lipid or lipoprotein levels in the blood.  Two 

of the most clinically important plasma lipids are cholesterol and triglyceride (Brown 

& Goldstein, 1986).  Cholesterol’s functional role in the body is as a component of 

cell membranes, the precursor for steroid hormones, vitamin D, oxysterols, and bile 

acids, and it is required for activation of neuronal signaling molecules (Brown & 

Goldstein, 1986).  Triglyceride is made up of FFAs and is an important energy source 

(Hegele, 2009).  Due to insolubility, lipids are transported through the circulation in 

complexes with proteins called lipoproteins (Lusis & Pajukanta, 2008). The main 

lipoproteins that transport cholesterol are LDL and HDL (Hegele, 2009).  Chronic 

excess plasma LDL levels can lead to atherogenic plaques, and LDL cholesterol that 

has been exposed to free radicals causing it to become oxidized within the 

endothelium can also trigger an inflammatory process that accelerates vascular disease 

(Lusis, 2000).  In contrast, HDL is considered protective against vascular disease due 

to its role in the transport of cholesterol from the blood vessel wall back to the liver.  If 

HDL levels are low, this process becomes inefficient, and cholesterol can build up in 

the vessel wall (Toth, 2003).   

According to the NCEP ATP III, an optimal lipid profile with the lowest risk 

for CVD is as follows:  (1) total cholesterol < 200; (2) LDL cholesterol <100; (3) HDL 

cholesterol ≥ 60 (ATP, 2002).  In terms of prevalence, it is estimated that 

approximately 45% of the population has total cholesterol levels exceeding 200 

mg/dL. Similarly, one third of the population is estimated of having LDL levels 

exceeding 130 mg/dL (Lloyd-Jones et al., 2009). 



	
  

	
   	
  

11	
  

Hyperlipidemia has been linked to ischemic stroke risk (Iso, Jacobs, 

Wentworth, Neaton, & Cohen, 1989; Kurth et al., 2007; Zhang et al., 2012), 

compromised regional white matter integrity (Williams et al., 2012), and vascular 

dementia (Moroney et al., 1999; Solomon, Kivipelto, Wolozin, Zhou, & Whitmer, 

2009).  The association between cholesterol levels and stroke is most likely mediated 

by the development of generalized atherosclerosis in the cerebrovasculature (Ansell, 

2000).  Additionally, the use of a class of cholesterol lowering drugs, statins, has been 

associated with reduced ischemic stroke risk (McKinney & Kostis, 2012; O'Regan, 

Wu, Arora, Perri, & Mills, 2008).    

Cholesterol metabolism in the brain, and increased cholesterol release through 

synaptic degeneration has been implicated in the development of Alzheimer’s disease 

(Bogdanovic et al., 2001; Heverin et al., 2004; Morris et al., 2003; Notkola et al., 

1998; Papassotiropoulos et al., 2002; Refolo et al., 2001; Shobab, Hsiung, & Feldman, 

2005; Wollmer et al., 2003). Apolipoproteins are involved in the control of lipoprotein 

metabolism and lipid transport and Apolipoprotein E (APOE) is the most prevalent 

lipoprotein in the central nervous system (Elshourbagy, Liao, Mahley, & Taylor, 

1985). APOE has three common isoforms: ε2, ε3, and ε4.  The ε4 allele in particular is 

related to higher plasma LDL cholesterol levels and has also been established as an 

important risk factor for AD (Corder et al., 1993; Hsiung, Sadovnick, & Feldman, 

2004; Jarvik et al., 1995; Rubinsztein & Easton, 1999).  Several epidemiological 

studies have reported that statins are linked to lower risk of AD (Jick, Zornberg, Jick, 

Seshadri, & Drachman, 2000; Li et al., 2004; Rea et al., 2005; Rockwood et al., 2002; 
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Wolozin, Kellman, Ruosseau, Celesia, & Siegel, 2000; Yaffe, Barrett-Connor, Lin, & 

Grady, 2002; Zandi et al., 2005).   

Recent evidence suggests that similar to other vascular risk factors, the time of 

life during which hyperlipidemia develops is important.  Hyperlipidemia during 

middle-age correlates with greater risk for cognitive impairment than development of 

hyperlipidemia in late life (Reynolds, Gatz, Prince, Berg, & Pedersen, 2010; Solomon 

et al., 2009) and serum concentrations of cholesterol in during midlife may also be 

most important in determining the risk of AD (Shobab et al., 2005). 

Insulin Resistance and Diabetes 

Insulin is a hormone produced by the pancreas.  Insulin is not only important 

for peripheral nervous system function, but also plays an important role in maintaining 

energy balance through its action on the central nervous system (Figlewicz, 2003b; 

Porte, Baskin, & Schwartz, 2005). Insulin crosses the blood-brain barrier to act on the 

CNS (Baskin, Figlewicz, Woods, Porte, & Dorsa, 1987; Baura et al., 1993) and 

obesity has been linked to a deficiency in CNS insulin (Kern et al., 2006).  Low levels 

of insulin in the CNS are associated with increased drive for energy intake and 

alternatively, high levels are linked to reduced motivation for food intake (Air, Benoit, 

Blake Smith, Clegg, & Woods, 2002; Brief & Davis, 1984; Carvalheira et al., 2003; 

McGowan, Andrews, Fenner, & Grossman, 1993; Obici, Feng, Karkanias, Baskin, & 

Rossetti, 2002; Plum et al., 2005).  Orally ingested glucose raises plasma insulin 

levels, and the response to a glucose load is related to the level of insulin sensitivity 

(Matsuda & DeFronzo, 1999).  In addition, the level of insulin sensitivity is predictive 

of weight gain in individuals without diabetes; a lesser response to glucose is 
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predictive of more weight gain at follow up (Pannacciulli et al., 2007).  Therefore, 

excess adiposity (i.e., obesity) may represent a pathophysiological state in which 

either: (1) adipose signals (insulin levels, which should be increased with excess 

adiposity) are actually decreased in the CNS, or (2) there is CNS resistance to the 

actions of these signals (Figlewicz, 2003b).  

Insulin is also hypothesized to play a role in reward processing in the brain.  

Specifically, insulin can interact with midbrain dopamine (DA) and opioid pathways 

that are integral to the subjective experience of reward and can actually decrease food 

reward or act as a satiety signal after a meal (Figlewicz & Sipols, 2010; Hallschmid, 

Higgs, Thienel, Ott, & Lehnert, 2012).  In addition, the highest concentration of 

insulin receptors in the brain are found in regions related to olfaction (olfactory bulb), 

the limbic system (hippocampus, amygdala), regulation of energy homeostasis 

(hypothalamus), and reward processing (Corp et al., 1986; Plum et al., 2005; 

Schulingkamp, Pagano, Hung, & Raffa, 2000; Unger, Livingston, & Moss, 1991; 

Werther et al., 1987; Zahniser, Goens, Hanaway, & Vinych, 1984).  Exogenous insulin 

infusion is associated with increased metabolism in the ventral striatum and prefrontal 

cortex in insulin sensitive adults, but is significantly reduced in insulin resistant adults 

(Anthony et al., 2006), suggesting that central insulin resistance occurs concurrently 

with peripheral insulin resistance.  This also suggests that there are alterations in the 

functions of brain regions related to reward in individuals with insulin resistance. 

Another important role of insulin in the CNS is its effect on cognitive function, 

including memory.  Cognitive declines related to insulin resistance can be detected as 

early as middle-age (Young, Mainous, & Carnemolla, 2006) and hyperinsulemia or 
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T2DM has been linked to Alzheimer’s disease (Kalmijn, Feskens, Launer, Stijnen, & 

Kromhout, 1995; Kuusisto et al., 1997; Okereke, Hankinson, Hu, & Grodstein, 2005; 

Ott et al., 1996; Peila, Rodriguez, White, & Launer, 2004; Vanhanen et al., 1998). 

Inflammation due to oxidative stress may be a mechanism linking insulin resistance to 

the development of AD (Young et al., 2006), and elevated insulin levels in the CNS 

may increase amyloid β levels (Brownlee, 1995; Kuusisto et al., 1997).    

 Diabetes refers to a group of chronic metabolic conditions characterized by 

hyperglycemia from impaired insulin secretion and/or action. Type I Diabetes is 

caused by an absolute deficiency in insulin secretion. The more prevalent form, Type 

II Diabetes, refers to a combination of severe insulin resistance and an impaired 

insulin secretory response ("Diagnosis and classification of diabetes mellitus," 2012).  

In Type II Diabetes, hyperglycemia and a degree of insulin resistance may be present 

for a long period of time prior clinical symptoms and diagnosis.  The hyperglycemia 

caused by T2DM can sometimes be treated and controlled with weight reduction, diet, 

exercise, and specific pharmacologic interventions (i.e., oral glucose lowering agents), 

but more severe cases may require exogenous insulin treatment.  According to the 

American Diabetes Association, criteria for the diagnosis of diabetes mellitus include: 

(1) symptoms of diabetes plus plasma glucose concentration ≥ 200mg/dl any time of 

day, regardless of time since last meal, or (2) fasting (no caloric intake for at least 8 

hours) plasma glucose ≥ 126 mg/dl, or (3) glucose ≥ 200 mg/dl 2-hours post glucose 

load ("Diagnosis and classification of diabetes mellitus," 2012).  
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Taste and Flavor 

 Eating causes simultaneous stimulation of gustatory, olfactory, and 

somatosensory systems from input to the oral and nasal cavities.  Therefore, “flavor” 

refers to the integration of the abovementioned sensory systems into a single percept 

(Murphy & Cain, 1980; Murphy, Cain, & Bartoshuk, 1977; Small & Prescott, 2005).  

Retronasal olfaction is defined as odors reaching receptors on the olfactory epithelium 

via the mouth; this is in contrast to orthonasal olfaction, which refers to odors reaching 

the olfactory epithelium via the nostrils (Rozin, 1982).  Somatosensory information 

(e.g., temperature, touch, and irritation) is also relayed to the central nervous system 

via the trigeminal nerve. Interestingly, although the perception of flavor develops from 

central integration of these three sensory systems, it is often misattributed to taste 

alone (Murphy & Cain, 1980).  

 Taste refers to the stimulation of taste cells in the oral cavity, which produces 

the sensations of sweet, sour, salty, bitter, or umami.   Taste buds, the peripheral 

sensory organs of the gustatory system are located on the tongue, soft palate, pharynx, 

larynx, epiglottis, uvula, upper third of the esophagus and lips and cheeks.  Taste 

information is relayed to the central nervous system via the chorda tympani branch of 

the facial nerve (VII), the glossopharyngeal nerve (IX), and the vagus nerve (X), 

which terminate in the rostral region of the nucleus of the solitary tract (NST) of the 

medulla (Norgren, 1990).  In this region of the brainstem, there is evidence of some 

overlap and integration of taste and somatosensory information arising from the spinal 

trigeminal nucleus (Scott, Yaxley, Sienkiewicz, & Rolls, 1986; Travers, 1988).  

Subsequently, taste information is projected ipsilaterally to mediodorsal and 
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ventroposteromedial (VPM) thalamic nuclei (Beckstead, Morse, & Norgren, 1980; 

Pritchard, Hamilton, Morse, & Norgren, 1986). From the VPM thalamic nuclei, taste 

information is projected to an anterior region of the insular cortex and adjoining 

frontal opercular cortex. Research involving non-human primates (Patton & Ruch, 

1946; Pritchard et al., 1986; Yaxley, Rolls, & Sienkiewicz, 1990) and humans 

(Faurion et al., 1999; Mathy, Dupuis, Pigeolet, & Jacquerye, 2003) provide evidence 

that this region is the human primary gustatory cortex (PGC).   

The caudolateral orbitofrontal cortex (OFC) extends only several millimeters 

anterior to the primary taste cortex and has been deemed the secondary cortical taste 

area where taste afferents converge with projections from the primary olfactory cortex 

(Rolls, Yaxley, & Sienkiewicz, 1990).  This region is reciprocally connected with the 

anterior cingulate and medial prefrontal cortex (Carmichael & Price, 1996), and also 

has bidirectional connections with the lateral hypothalamus, which allows modulation 

by physiological state (Rolls, Murzi, Yaxley, Thorpe, & Simpson, 1986). Projections 

from the PGC also innervate the central nucleus of the amygdala, and from there, the 

lateral hypothalamus and midbrain dopaminergic regions (Simon, de Araujo, 

Gutierrez, & Nicolelis, 2006).  The PGC and OFC also project to the dorsal and 

ventral striatum (Cavada, Company, Tejedor, Cruz-Rizzolo, & Reinoso-Suarez, 2000; 

Chikama, McFarland, Amaral, & Haber, 1997; Fudge, Breitbart, Danish, & Pannoni, 

2005).  The cerebellum is also potentially involved in CNS processing of taste and 

flavor. It is hypothesized that this region is involved in the modulation of food intake 

via its bidirectional connections with hypothalamic nuclei (Cavdar, San, Aker, Sehirli, 
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& Onat, 2001; Dietrichs, 1984; Wen, Zhu, Zhang, & Wang, 2004; Zhu & Wang, 2008; 

Zhu, Zhang, Song, & Wang, 2004).   

Nutrient Sensing in the Gut 

 Meal consumption results in satiation via gastric distention, motility, and 

emptying, and the release of peptides involved in the modulation of hunger and satiety 

from enteroendocrine cells.  The gastrointestinal tract releases over 20 different 

peptide hormones in response to distension of the stomach, digestion of food, and 

neuronal signals (Adrian et al., 1985; Murphy & Bloom, 2006).  Pancreatic and gut 

hormones including insulin, glucagon-like peptide-1 (GLP-1), peptide-YY (PYY), and 

ghrelin respond to nutrients in the gut and play a large role in mediating appetite and 

regulating food intake (Cummings & Overduin, 2007; Strader & Woods, 2005).   

In addition to residing in taste buds in the oral cavity, taste receptors are also 

located in the nasal epithelium, the trachea, and throughout the stomach, intestine, and 

pancreas (Finger et al., 2003; Finger & Kinnamon, 2011; Hofer, Puschel, & 

Drenckhahn, 1996; Sbarbati et al., 2004; Tizzano et al., 2010; Wu et al., 2002).  In 

particular, bitter, sweet, and umami taste receptors in the gut, and the function of these 

cells in digestion and the regulation of food intake, has been extensively studied in 

recent years. Stimulation of taste cells in the gut is one mechanism through which gut 

hormones are released.   

Stimulation of bitter taste receptors in the gut results in the release of the 

peptide hormone CCK, which reduces gut motility and, hypothetically, inhibits further 

ingestion of a potentially harmful substance (Glendinning, Yiin, Ackroff, & Sclafani, 

2008).  In contrast, sweet taste and umami receptors in the gut signal the ingestion of 
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carbohydrate and amino acid (protein) macronutrient sources, respectively.  At the 

beginning of the meal, stimulation of these receptors initiates the release of ghrelin, an 

orexigenic peptide, resulting in further energy consumption (Hass, Schwarzenbacher, 

& Breer, 2007, 2010).  Enteroendocrine cells farther down the gastrointestingal tract 

secrete GLP-1 when sweet substances are detected.  GLP-1 stimulates the release of 

insulin from the pancreas resulting in enhanced glucose uptake from the bloodstream 

(Finger & Kinnamon, 2011).  PYY, another important satiation-inducing hormone, is 

also secreted postprandially, and in proportion to calories consumed.  Similar to GLP-

1, PYY exerts an anorexic effect, thus aiding the satiation process (Degen et al., 2005). 

Neural signals of short-term nutrient availability converge in the NST of the 

brainstem via gastrointestinal vagal afferents, which are then projected to the 

hypothalamus (Bewick, 2012).  Gut hormones also alter activity of gut-brain vagal 

pathways, act directly on the NST, and directly relay information regarding short-term 

nutrient availability to the arcuate nucleus of the hypothalamus in the CNS.  The 

arcuate nucleus also receives inputs from insulin and leptin signaling long-term energy 

stores (Jobst, Enriori, & Cowley, 2004; Porte, Baskin, & Schwartz, 2002).  These 

neurons project to other hypothalamic nuclei and brain regions involved in feeding 

and reward modulation. 

Aging is linked to reductions in appetite, which is potentially mediated by 

alterations in both short-term (CCK, PYY, ghrelin), and long-term (insulin, leptin) 

hunger and satiety signals.  Aging is associated with increased plasma concentrations 

of both CCK and PYY (Di Francesco et al., 2005; MacIntosh et al., 1999) and CCK 

infusion results in a greater satiation effect in older compared to young adults (Tai, 
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Feinle-Bisset, Horowitz, Wishart, & Chapman, 2010).  Similarly, older adults have 

elevated fasting (Di Francesco et al., 2006; Gomez et al., 2003; Ruhl & Everhart, 

2001; Zamboni et al., 2004) and postprandial (Di Francesco et al., 2006) plasma leptin 

and insulin (Di Francesco et al., 2006).  There are mixed findings as to whether or not 

fasting ghrelin, an appetite-enhancing hormone, is lower in older adults.  Lower 

fasting ghrelin levels have been reported in older relative to young adults (Rigamonti 

et al., 2002; Schneider et al., 2008; Serra-Prat et al., 2007), but others have not 

supported these finding (Di Francesco et al., 2006). 

Reward Value 

 Reward is an operational construct related to the positive experience and 

reinforcement derived from a stimulus or behavior. The neural processes that underlie 

disordered eating and obesity have become a significant focus of research, and one of 

the dominant hypotheses relates to altered neural processing of food reward as a 

mechanism of weight gain and obesity (Green, Jacobson, Haase, & Murphy, 2011; 

Stice, Spoor, Bohon, & Small, 2008; Wang et al., 2001; Wang, Volkow, Thanos, & 

Fowler, 2009).  Food reward is a critical factor driving dietary selection and energy 

consumption (Saper, Chou, & Elmquist, 2002; Wang et al., 2001), and caloric intake 

can play a significant role in weight gain (Sherwood, Jeffery, French, Hannan, & 

Murray, 2000).  Foods that are energy dense (i.e., contain a large amount of energy 

[e.g., kilocalories] per unit weight [e.g., gram] of food) are highly palatable and are 

often eaten to excess (Drewnowski, 1998).  Therefore, greater understanding of the 

impact of alterations in reward processing on eating behavior may have the potential 
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for significant contributions in the development of interventions for pathological 

eating. 

 Food reward is an integrative process that reflects a combination of flavor, 

learned associations (e.g., avoiding foods that have caused food poisoning and 

ingesting foods associated with positive sensory, perceptual, and cephalic phase 

responses), and physiological state (Berridge, 1996).  The hedonic tone of a stimulus 

is modulated by internal signals; pleasure is not solely a reflection of the sensory 

properties of a stimulus itself, but of the internal state of the individual (Cabanac, 

1971).  Normally, food is the most pleasant to consume when an individual is hungry 

and there is a physiological need for energy balance; similarly, the pleasantness of 

food decreases as an individual eats to satiety.  

Sensory specific satiety is a similar phenomenon that is driven by internal cues 

and encourages a varied diet.  It refers to the decrease in the hedonic tone of all of the 

sensory properties of a specific food (e.g., texture, taste, smell) after it has been 

consumed (Rolls, Rolls, Rowe, & Sweeney, 1981).  For example, the pleasantness of 

the taste, smell, texture, and sight of steak will decrease after its consumption, but the 

taste, scent, texture, or sight of a different food (e.g., chocolate) may still be appealing 

and stimulate physiological reward signals. 

These phenomena have been demonstrated using taste stimulation and cell 

recordings in nonhuman primates.  Although cells in the PGC respond to taste stimuli 

independently of hunger (Rolls, Scott, Sienkiewicz, & Yaxley, 1988; Yaxley, Rolls, & 

Sienkiewicz, 1988), higher-level regions involved in taste hedonics and reward, 

including the orbitofrontal cortex (Critchley & Rolls, 1996; Rolls, Sienkiewicz, & 
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Yaxley, 1989), and hypothalamus (Rolls et al., 1986), are modulated by physiological 

state.  Human neuroimaging studies have also illustrated differential cortical activation 

according to motivational state in the orbitofrontal cortex, amygdala, striatum, insula, 

and hypothalamus (Frank et al., 2012; Haase, Cerf-Ducastel, Buracas, & Murphy, 

2007; Haase, Cerf-Ducastel, & Murphy, 2009; Haase, Green, & Murphy, 2011; 

Jacobson, Green, & Murphy, 2010; O'Doherty et al., 2000; Small, Zatorre, Dagher, 

Evans, & Jones-Gotman, 2001).  The shift in activation of brain regions involved in 

food reward during satiation is likely a physiological signal for meal termination. 

However, with the rising availability of energy-dense foods, these physiological 

signals may no longer be sufficient to induce meal termination, resulting in 

consumption beyond satiety (Rolls, 2007; Volkow, Wang, & Baler, 2011). 

 Food reward consists of incentive salience, hedonic impact, and learned 

associations.  Incentive salience refers to “wanting” or the desire/motivation to obtain 

food, while hedonic impact refers to “liking” or the pleasure derived from 

consumption of that food (Berridge, 1996, 2009; Berridge & Robinson, 1998).  

Wanting and liking are linked through learning.  For example, remembering that 

consuming chocolate cake was a pleasant experience may result in increased wanting 

of that food the next time it is encountered.  In contrast, learning is important for 

avoidance of certain foods that cause adverse reactions (allergies, food poisoining, 

etc.). Notably, some preferences are innate, and taste can be informative about a 

food’s nutritive value (Scott & Verhagen, 2000).  Sweet taste generally suggests that a 

food is energy dense, while bitter taste can warn against poisonous food, or food that 

has gone bad and shouldn’t be eaten. 



	
  

	
   	
  

22	
  

Reward Processing in Obesity 

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

plays an important role in energy intake (Martel & Fantino, 1996).  DA release in the 

dorsal striatum facilitates feeding (Szczypka et al., 2001) and correlates with 

pleasantness ratings (Small, Jones-Gotman, & Dagher, 2003). DA receptor agonists 

suppress appetite and lead to weight loss (Leddy et al., 2004; Towell, Muscat, & 

Willner, 1988), while DA antagonists tend to increase appetite and lead to weight gain 

(Baptista, 1999).  

There is evidence to suggest that abnormal functioning of the DA system may 

underlie disordered eating in obesity.  In 1990, Kenneth Blum’s research group 

published a study linking increased incidence of the presence of the A1 allele of the 

TaqIA restriction fragment length polymorphism to alcoholism (Blum et al., 1990). 

The A1 allele of the TaqIA polymorphism is associated with the dopamine D2 

receptor (DRD2) gene, and individuals with at least one A1 allele have 30-40% fewer 

D2 dopamine receptors than those with A2/A2 (Noble, Blum, Ritchie, Montgomery, & 

Sheridan, 1991; Thompson et al., 1997).  It has since been suggested that individuals 

with this genetic predisposition for lower D2 receptor expression may be at risk for 

substance use disorders and obesity.  Specifically, Blum and colleagues introduced the 

concept of “reward deficiency syndrome”, which refers to a condition in which a 

reduced DA reward response leads to increased behaviors related to seeking out 

quickly rewarding stimuli. The theory suggests that individuals compensate for a 

sluggish reward response by overindulgence (Blum et al., 1990).  
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 There is research specifically linking the A1 allele to obesity (Noble et al., 

1994; Spitz et al., 2000).  In addition, D2/D3 agonist administration greatly reduces 

rats’ preference for chocolate (Cooper & Al-Naser, 2006) and D2 receptor levels are 

decreased in the striatum of pathologically obese persons (Wang et al., 2001).  A study 

in 2008 demonstrated that a blunted striatal response to a chocolate milkshake was 

associated with BMI (greater adiposity was related to reduced striatal activation) and 

this relationship was strongest in individuals with the A1 allele (Stice, Spoor, Bohon, 

& Small, 2008).   

Aging is associated with declines in the DA system (Kaasinen et al., 2000; 

Volkow et al., 1998; Volkow et al., 2000) including significant losses in D2 receptor 

levels (Joseph, Roth, & Strong, 1990) which likely have implications for the link 

between aging and reward processing (Dreher, Meyer-Lindenberg, Kohn, & Berman, 

2008).  Interestingly, reduced activation in the nucleus accumbens, caudate nucleus, 

and amygdala is strongly related to both BMI and increased waist circumference in 

older adults (Green et al., 2011). 

Pathological eating may also be related to exaggerated responsivity to cues 

associated with food. Greater reward sensitivity (assessed using surveys) has been 

linked to higher BMIs (Davis, Strachan, & Berkson, 2004; Franken & Muris, 2005) 

and greater activation to food images in a fronto-striatal-amygdala-midbrain network 

(Beaver et al., 2006).  Similarly, obese individuals have demonstrated greater 

activation in response to food pictures relative to leaner individuals (Karhunen, 

Lappalainen, Vanninen, Kuikka, & Uusitupa, 1997; Rothemund et al., 2007; Stoeckel 

et al., 2008).  Finally, obese adolescents have higher taste sensitivity to sucrose and 
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salt than nonobese adolescents (Pasquet, Frelut, Simmen, Hladik, & Monneuse, 2007).  

Taken together, the research on food reward and obesity suggests the possibility that 

overeating may be a result of overactivation of the reward system to food cues (e.g., 

pictures of food) and a blunted reward response during actual food consumption.  

Significance and Purpose of the Proposed Study 

Having metabolic syndrome and its individual risk factors during middle age 

substantially increases the risk for future cognitive impairment and dementia. It has 

been suggested that abdominal obesity is causally linked to MetS, and lifestyle factors 

(e.g., overconsumption of palatable food) play a significant role in the development of 

obesity.  Thus, increased efforts to prevent obesity and to better understand why some 

individuals gain weight are of extreme importance.  To date, there are no studies 

examining fMRI of food reward in middle age, or the potential for altered response to 

food reward in the brain of individuals with metabolic syndrome.   

 The purpose of the study was to examine the potential for altered responses in 

gustatory and reward-related areas of the brain of middle-aged adults with MetS.  The 

experiment used taste stimulation, paired with a pleasantness-rating task during the 

physiological states of hunger and satiety.  Participants evaluated the pleasantness of 

two gustatory stimuli at different ends of the hedonic spectrum (sweet and bitter) 

during functional magnetic resonance imaging.  This paradigm has previously been 

demonstrated to elicit activation of prototypical taste areas (thalamus, anterior insula, 

somatosensory areas) and higher-order regions involved in hunger modulation (OFC, 

hypothalamus), and reward valuation (striatum, amygdala, dopaminergic midbrain) in 

young (Cerf-Ducastel, Haase, & Murphy, 2012; Green & Murphy, 2012; Haase et al., 
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2007; Haase et al., 2009; Haase et al., 2011), middle-aged (Green, Jacobson, Haase, & 

Murphy, 2012), and older adults (Green et al., 2011; Jacobson et al., 2010).  

Specific Aims 

Aim #1: To directly compare fMRI activation of healthy middle-aged adults and 

middle-aged adults with metabolic syndrome during pleasantness evaluation of a 

sweet and a bitter taste during a motivated physiological state.  

Hypotheses:  It was hypothesized that, due to the ecological importance of bitter taste 

in signaling rotten or poisonous food, there would be no difference in fMRI activation 

during hedonic evaluation of caffeine (the bitter taste).  However, it was hypothesized 

that, consistent with the literature, adults with MetS would have a reduced fMRI 

response relative to the healthy group in brain regions involved in reward processing 

(caudate, nucleus accumbens, amygdala) during hedonic evaluation of sucrose (the 

sweet nutritive taste).  

Aim #2: To explore the effect of satiety on activation of reward and hunger-modulated 

brain regions in middle-aged adults with and without metabolic syndrome.  

Hypotheses: As previously described, activation of pleasure and reward regions 

(amygdala, caudate nucleus, inferior insula, orbitofrontal cortex) decreases from 

hunger to satiety in response to pleasant food-related stimuli (Critchley & Rolls, 1996; 

Frank et al., 2012; Haase et al., 2009; O'Doherty et al., 2000; Small et al., 2001). In the 

satiety condition, it was hypothesized that there would be no group differences in 

brain activation during pleasantness evaluation of the bitter taste. However, during 

pleasantness evaluation of the sweet taste, it was hypothesized that the middle-aged 

adults with metabolic syndrome would not demonstrate the same decreased response 
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in activation of brain regions that modulate taste hedonics (OFC, amygdala), and 

reward regions (striatum) as the healthy middle-aged adults during the physiological 

state of satiety.  In other words, the MetS group would have greater activation than 

healthy middle-aged adults in brain regions that are generally modulated by 

physiological state.  

Chapter 1, in part, is currently being prepared for submission for publication of 

the material. Green, E; Jacobson, A; Haase, L; & Murphy, C. The dissertation author 

was the primary investigator and author of this material. 
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II. Methods 

Participants 

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

San Diego community, Kaiser Permanente, and the UCSD Bariatric and Metabolic 

Institute.  Fifteen of the middle-aged adults that participated in the study had less than 

3 of the 5 risk factors for MetS and served as a comparison group.  The metabolic 

syndrome group consisted of 16 middle-aged adults who met the criteria outlined in 

Table 1 for MetS. 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.  

Procedure 

Participants completed three separate sessions.  The first session served as an 

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

exclusionary criteria.  During the second and third sessions, the neuroimaging 

(described below) took place.  

Screening Session 

During the first session, participants were screened for exclusionary criteria 

including ageusia, anosmia, upper respiratory infection or allergies within the prior 

two weeks, left-handedness, positive history for head injury with a loss of 

consciousness exceeding five minutes, and any contraindications for fMRI (e.g., metal 

in the body). To screen for ageuesa, taste thresholds for all participants were assessed 
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using a forced choice procedure with a series of varying concentrations (.0032M to 

.36M) of sucrose solutions (Murphy, Gilmore, Seery, Salmon, & Lasker, 1990).  Odor 

thresholds for each nostril were assessed using a forced-choice, procedure with 

varying concentrations of n-butyl alcohol presented monorhinically (Murphy et al., 

1990).  

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

guidelines for clinical diagnosis of MetS (Alberti et al., 2009).  Specifically, 

participants in the “metabolic syndrome group” had 3 of 5 of the following risk 

factors: elevated waist circumference (≥ to 94 cm for males and 80 cm for females) or 

BMI (≥ 30kg/m2), elevated triglycerides (≥150 mg/dL or receiving pharmacologic 

treatment for raised triglycerides), reduced HDL cholesterol levels (<50 mg/dL for 

women and <40 mg/dL for men, or receiving drug treatment for reduced HDL 

cholesterol), elevated blood pressure (systolic ≥ 130 and/or diastolic ≥85, or drug 

treatment for hypertension), or elevated fasting glucose (a diagnosis of T2DM also 

satisfied this criteria).  To assess for obesity, waist circumference, weight, and height 

were measured during the screening session.  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 also measured 

during the screening session using a stadiometer and digital scale, respectively.  

Height and weight measurements were used in order to calculate BMI (weight in 

kilograms divided by height in meters squared).  Blood pressure was recorded as the 

average of 3 consecutive measurements using a blood pressure monitor.  If a 

participant recruited from Kaiser Permanente or the UCSD Bariatric and Metabolic 
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Institute did not have a diagnosis of hyperlipidemia, his or her HDL cholesterol levels 

and triglycerides 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.  

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” scan, 

and participants were scanned after fasting overnight for a minimum of 12 hours.  The 

other session was designated as the “satiety” scan, and participants were scanned after 

consuming a 700 kilocalorie (kcal) nutritional preload. The order of the hunger and 

satiety sessions were counterbalanced.  Seven participants in each group fasted for 

their first scanning session and consumed a preload on the second, final scanning day.  

Eight participants in each group consumed a preload on the first day of scanning and 

fasted for 12 hours for the second, final scanning day.   

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

psychophysical ratings of pleasantness and intensity of the two taste stimuli (specified 

below), and hunger using modified versions of the General Labeled Magnitude Scale 

(gLMS; Figure 1; Bartoshuk et al., 2004; Green et al., 1996; Green, Shaffer, & 

Gilmore, 1993).  In the satiety condition, participants were asked to report the same 

psychophysical ratings after the preload and prior to entering the scanner. 
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Figure 1: Modified general labeled magnitude scale for pleasantness 

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 taste stimuli that fall at the two ends of the hedonic 

spectrum: pleasant and aversive.  Therefore, the study examined brain activation in 

response to pleasantness evaluation of sucrose (0.64M; sweet) and caffeine (0.02M; 

bitter) presented as aqueous solutions. Participants lay supine in the scanner and were 
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fitted with a bite bar (see Figure 2).  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 syringe pumps 

were triggered at the beginning of each scan.  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 separate 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 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 
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a screen, visible to the participants via a mirror (see Figure 2 and Haase et al. 2007 for 

more detail). 

 

 
Figure 2: Taste delivery in the scanning environment. Figure reproduced from Haase, 
Cerf-Ducastel, Buracas, and Murphy, 2007, with permission. 

 

Image acquisition.  The neuroimaging data were collected on two 3 Tesla 

scanners (pre- and post-upgrade) 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 corrected 

for any potential effect of scanner by including it as a variable of no interest in the 

model (see below). 

Structural images for anatomical localization of functional images were 

collected prior to the functional scans using a high-resolution T1-weighted whole-
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brain FSPGR sequence (Field of view (FOV) = 25.6cm, slice thickness = 1.2mm, 

resolution 1x1x1 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 0.9375x0.9375x1.2 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 = 64X64, 

spatial resolution = 3X3X3 mm3, flip angle = 90°, echo time (TE) = 30ms, repetition 

time (TR) = 2000ms).  

Image analysis.  Functional data were processed using Analysis of Functional 

NeuroImage (AFNI) software (Cox 1996) and FMRIB Software Library (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 to control for individual 

structural differences using AFNI. The two functional runs in each condition (hunger 

or satiety) were individually rescaled to a baseline of 100 and concatenated for each 

participant. 
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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 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 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. The purpose of creating contrasts (as opposed 

to investigating the response to sucrose or caffeine alone) was to control for individual 

differences in the blood oxygen level dependent (BOLD) response. 

A region of interest (ROI) analysis was also run on fMRI data for each 

participant and each condition using 3dROIstats in AFNI (Cox, 1996).  The definition 

of Brodmann Area 11 and 47 (OFC), the nucleus accumbens, amygdala, 

hypothalamus, caudate head, body, and tail, and insula 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 in 

order to extract mean beta values corresponding to each region and condition. 

Statistical Methods 

Demographics and Psychophysical Data 

One-Way Analyses of Variance (ANOVAs) were run on height, weight, BMI, 

waist circumference, odor threshold, and taste threshold in order to examine potential 
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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.  

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). A table is produced 

illustrating the cluster size necessary to control for false positives at a specific alpha 

level.  For an overall alpha level of 0.05 and the current study’s parameters, a cluster 

threshold of 21 contiguous voxels was applied. 

At the group level, one-sample t-tests were run on the fit coefficient at each 

voxel separately for the two groups (the healthy middle-aged adults and the middle-

aged adults with MetS) in each condition:  (1) caffeine minus water after a fast; (2) 

sucrose minus water after a fast; (3) caffeine minus water after a preload; and (4) 

sucrose minus water after a preload. Next, linear mixed-effects (LME) analyses were 

conducted with the 3dLME program in AFNI (Chen, Saad, Britton, Pine, & Cox, 
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2013) to examine between-group differences in response to pleasantness evaluation of 

caffeine and sucrose. The LME model included 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. To address the two Aims of the 

dissertation, 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).   

 Prior to running analyses on ROIs, preliminary statistical analyses were run to 

determine if scanner was significantly related to fit coefficients averaged over ROIs 

and if scanner should be included as an explanatory factor of no interest in further ROI 

analyses.  Therefore, 2 (scanner: pre- or post-upgrade) x 2 (metabolic status) 

ANOVAs were run on brain activation averaged over anatomically-defined regions of 

interest (regions: amygdala, OFC, insula, hypothalamus, and caudate).  Metabolic 

status was included in these analyses in order to remove any actual effects of interest 

from the relationship between scanner and ROI fit coefficients.  The results of this 

analysis suggested no significant effect of scanner on brain activation when averaged 

over ROI (see Table 2) so further ROI analyses were conducted without using scanner 

as a covariate. 

 A mixed-model ANOVA was run in SPSS on mean activation (the fit 

coefficients) with region (i.e., orbitofrontal cortex/BA 11 and 47, amygdala, caudate 

nucleus, hypothalamus, and insula), taste (sucrose or caffeine), and physiological state 

(hunger or satiety) as within-group variables; and MetS as the between-group variable. 
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Newman Keuls post-hoc tests were run to follow-up significant interactions and 

determine individual mean differences. 

Table 2: Effect of scanner on ROI activation.  
Abbreviations: OFC BA 11 = Orbitofrontal Cortex/Brodmann Area 11, OFC BA 47 = 
Orbitofrontal Cortex/Brodmann Area 47, AMYG = Amygdala, HYPOTH = 
Hypothalamus 
_____________________________________________________________________ 
    F (1, 26) Significance  Partial Eta Squared 
   
OFC BA 11 Caffeine 0.06  p = 0.80   η2 = 0.003
  
  Sucrose 2.81                 p = 0.11                                   η2 = 0.11   
OFC BA 47 Caffeine 0.85  p = 0.36   η2 = 0.03 
  Sucrose 0.13  p = 0.73   η2 = 0.005 
INSULA Caffeine 0.85  p = 0.37   η2 = 0.03 
  Sucrose 2.36  p = 0.14   η2 = 0.08 
HYPOTH Caffeine 0.04  p = 0.84   η2 = 0.002
  Sucrose 0.16  p = 0.69   η2 = 0.006 
CAUDATE Caffeine 1.80  p = 0.19   η2 = 0.07 
  Sucrose .600  p = 0.45   η2 = 0.02 
AMYG Caffeine 0.38  p = 0.54   η2 = 0.014 
  Sucrose 0.002  p = 0.96   η2 = 0.007 
 

Exploratory Analyses 
 

Exploratory analyses were run to investigate: (1) associations between ROI 

activation and adiposity in middle-aged adults, and (2) differences between 

participants with MetS and T2DM and participants with MetS without T2DM  

BMI Correlations 

 Previous research using a similar paradigm in young and older adults revealed 

strong negative correlations between BMI and brain activation during pleasantness 

evaluation of sucrose (Green et al., 2011).  To investigate this relationship in middle-

aged adults, correlations were run between BMI and brain activation in areas involved 

in hunger modulation, pleasantness evaluation, and reward: (Brodmann Areas 11 and 
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47 of the OFC, hypothalamus, caudate head, body, and tail, nucleus accumbens, 

amygdala, and insula) during pleasantness evaluation of sucrose in the hunger and 

satiety conditions.  

MetS with and without T2DM 

This neuroimaging study is part of a larger study investigating MetS 

throughout the lifespan, and data using the same paradigm have also been collected on 

older adults (aged 60+).  In order to investigate the effect of T2DM on brain response 

to taste during pleasantness evaluation, data from the current study were combined 

with data from the older adult sample. The three groups were matched on gender and 

age group.  Eighteen participants were middle-aged adults (6 healthy controls, 6 with 

MetS and no T2DM, and 6 with MetS plus T2DM). Twelve participants in the 

analysis were from the older adult group (4 healthy controls, 4 with MetS and no 

T2DM, and 4 with MetS plus T2DM) resulting in 10 participants in each group (30 

total in the analysis). Older adults were screened for all exclusionary criteria described 

above.  Additionally, the Dementia Rating Scale (Mattis, 1976) and the Mini-Mental 

Status Examination (Folstein, Robins, & Helzer, 1983) were also included as brief 

measures of general cognition in order to screen for dementia. 

First, one-sample t-tests were run on the fit coefficient at each voxel separately 

for each group (healthy controls, MetS with no T2DM, and MetS with an active 

diagnosis of T2DM) in each condition:  (1) caffeine minus water after a fast; (2) 

sucrose minus water after a fast; (3) caffeine minus water after a preload; and (4) 

sucrose minus water after a preload.  Next, two mixed-model ANOVAs were run 
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using 3dLME with scanner as a factor of no interest, taste (caffeine or sucrose) and 

group as explanatory variables in both the hunger and satiety conditions.  

 The taste by group interaction effects for the hunger and satiety conditions 

were explored further by extracting mean activation (beta coefficients) from clusters 

of activation reaching significance. It has been suggested that using region of interest 

(ROI) analyses as follow-up tests to ANOVA in fMRI are non-independent analyses 

and can result in inflation of beta values (Vul, Harris, Winkielman, & Pashler, 2009).  

Therefore, functional ROI data from taste by group interactions in the hunger and 

satiety conditions were plotted in order to visually examine effects.   No further 

statistical analyses were run on the functional ROIs due to the potential inflation of 

beta values. 

 An ROI analysis was also conducted using anatomically-defined ROIs.  

Specifically, a mixed-model ANOVA was run in SPSS on mean activation (the fit 

coefficients) with region (i.e., orbitofrontal cortex/BA 11 and 47, amygdala, caudate 

nucleus, hypothalamus, and insula), taste (sucrose or caffeine), and physiological state 

(hunger or satiety) as within-group variables; and group (control, MetS, or T2DM) as 

the between-group variable. Newman Keuls post-hoc tests were run to follow-up 

significant interactions and determine individual mean differences.  

Chapter 2, in part, is currently being prepared for submission for publication of 

the material. Green, E; Jacobson, A; Haase, L; & Murphy, C. The dissertation author 

was the primary investigator and author of this material.
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III. RESULTS 

Demographics, Preliminary Psychophysics, and MetS Criteria 

A total of 31 middle-aged adults from the San Diego community participated 

in the study comparing participants with MetS and without MetS.  One participant in 

the MetS group did not participate in the third session (satiety). One-way ANOVAs 

revealed no differences between the two groups on age, left and right nostril odor 

thresholds, taste threshold, or height (ps > 0.05; see Table 3). 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; see Table 3).  Table 4 outlines the frequency of meeting cutoffs for obesity, 

elevated blood pressure, dyslipidemia, and Type II Diabetes in the group with MetS.   
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Table 3: Participant demographics, psychophysics, and body measurements 
    Mean (SE) 

Healthy  MetS  F     Significance Partial Eta 
(N=15)  (N=16)     
 Squared 

   
Age   48.7 (0.8) 50.6 (0.8) 2.84 p = 0.10 η2 = 0.089 
Odor Threshold L 7.2 (0.5) 7.0 (0.3) 0.12 p = 0.73 η2 = 0.004 
Odor Threshold R 6.4 (0.4) 6.8 (0.4) 0.59 p = 0.48 η2 = 0.020 
Taste Threshold 0.0033  0.0060  0.87 p = 0.36 η2 = 0.029 
   (0.001)  (0.002) 
Height (cm)  170.53  170.34  0.004 p = 0.95 η2 < 0.001 
   (2.05)  (2.45) 
Weight (lbs)  162.6   250.8  86.27 p < 0.001 η2 = 0.748 
   (5.92)  (7.33) 
BMI (kg/m2)  25.25  39.26  85.06 p < 0.001 η2 = 0.746 
   (3.3)  (2.2)       
Waist    91.34  121.33  57.65 p < 0.001 η2 = 0.665 
Circumference (cm) (3.30)  (2.25) 
Systolic Blood  122.9  141.2  12.10 p = 0.002 η2 = 0.294 
Pressure (mmHg) (4.70)  (2.57)      
Diastolic Blood  76.1  83.7  5.16 p = 0.03 η2 = 0.151 
Pressure (mmHg) (2.84)  (1.89) 
  
Table 4: Metabolic syndrome criteria  
      MetS (n=16) 
Elevated Waist Circumference  100% (16)  
or BMI >30 
Elevated blood pressure or  
antihypertensive drug treatment  100% (16)  
Elevated triglycerides,    87.5% (14) 
reduced HDL-C or  
pharmacologic treatment  
for dyslipidemia 
Type II Diabetes    37.5% (6) 
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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 each group in Tables 5 and 6. 

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 = .03, metabolic syndrome, F(1, 28) = 0.20, p = 0.66, 

partial η2 = .01, or metabolic syndrome by time interaction, F(1, 28) = 2.911, p = 0.10, 

partial η2 = .09, on hunger ratings.   

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

Mauchly’s test indicated that the assumption of sphericity had been violated for the 

effect of time, (χ2(2) = 46.07, p < 0.001). Therefore, degrees of freedom for this effect 

were corrected using the Greenhouse-Geisser estimate of sphericity (ε = 0.55).  The 

analysis revealed no significant main effect of MetS, F(1, 28) = 0.27, p = 0.61, partial 
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η2 = 0.01, or MetS by time interaction, F(2, 28) = 2.911, p = 0.10, partial η2 = .09. 

There was, however, a significant main effect of time/preload on hunger ratings in this 

condition, F(2, 28) = 57.63, p < 0.001, partial η2 = .67. Newman-Keuls Multiple 

Range Tests revealed that participants were significantly less hungry post preload (M 

= 3.63, SE = 5.06) and post-scan (M = 4.03, SE = 1.81) when compared to the first 

hunger rating after the 12-hour fast/prior to consuming the preload (M = 41.05, SE = 

5.06). The hunger ratings collected after participants consumed the preload did not 

differ across groups.  

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 consuming 

the preload, post-preload consumption, and post-scan for the satiety condition) as 

explanatory variables. In the hunger condition, there was no main effect of time, F(1, 

28) = 0.82, p = 0.37, partial η2 = .03, taste, F(1, 28) = 0.01, p = 0.91, partial η2 < .001, 

or MetS, F(1, 28) = 0.75, p = 0.39, partial η2 = .026.  In addition, there were no 

significant time by MetS, F(1, 28) = 0.14, p = 0.71, partial η2 = .005, taste by MetS 

F(1, 28) = 0.33, p = 0.57, partial η2 = .01, or time by taste by MetS, F(1, 28) = 0.07, p 

= 0.80, partial η2 = .002, interactions. 

During the satiety session, there was no main effect of taste, F(1, 29) = 0.51, p 

= 0.48, partial η2 = 0.02, or MetS, F(1, 29) = 0.66, p = 0.42, partial η2 = 0.02.  There 

were also no significant time by MetS, F(2, 29) = 0.44, p = 0.64, partial η2 = 0.016, 
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taste by MetS, F(1, 29) = 0.14, p = 0.72, partial η2 = 0.005, or time by taste by MetS, 

F(2, 29) = 0.66, p = 0.52, partial η2 = 0.02, interactions on intensity ratings.  However, 

there was a significant main effect of time, F(2, 29) = 3.85, p = 0.028, partial η2 = 

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

0.14. Newman-Keuls Multiple Range Tests revealed that 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). 

Pleasantness Ratings 

Pleasantness ratings of the taste stimuli were also examined separately for the 

hunger and satiety conditions using mixed-model ANOVAs. 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.  Specifically, 

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. 

In the satiety condition, Mauchly’s test indicated that the assumption of 

sphericity had been violated for the interaction between time and taste (χ2(2) = 26.07, 

p < 0.001). Therefore, degrees of freedom for the time by MetS interaction was 
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corrected using the Greenhouse-Geisser estimate of sphericity (ε = 0.65).  During the 

satiety session, there were no main effects of time, F(2, 28) = 1.45, p = 0.24, partial η2 

= 0.05, or MetS, F(1, 28) = .004, p = 0.95, partial η2 < 0.001.  There were also no 

significant time by MetS, F(2, 28) = 1.29, p = 0.28, partial η2 = 0.05, taste by MetS, 

F(1, 28) = 2.17, p < 0.15, partial η2 = 0.07, or time by taste by MetS F(2, 28) = 0.03, p 

< 0.90, partial η2 = 0.001, interactions.  Again, there was a significant effect of taste 

on pleasantness ratings, F(1, 28) = 61.17, p < 0.001, partial η2 = 0.69. Specifically, 

sucrose was rated as more pleasant (M = 58.72, SE = 1.80) than caffeine (M = 35.59, 

SE = 2.10) controlling for time and MetS. 

 

Table 5: 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) 
  Caffeine Pre-Scan  42.47 (7.84)         32.27 (5.52) 

 Caffeine Post-Scan  45.47 (8.00)         39.13 (6.68) 
Intensity Sucrose Pre-Scan  40.46 (6.49)         37.00 (4.57) 
  Sucrose Post-Scan  41.07 (5.31)         38.67 (5.89) 

 Caffeine Pre-Scan  38.13 (3.80)         38.40 (2.90) 
 Caffeine Post-Scan  33.00 (4.36)         33.93 (3.33) 

Pleasantness 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 6: Psychophysical ratings of hunger and taste (satiety condition) 
                    Mean (SE) 
      Controls (n=15)         MetS (n=16) 
Hunger Pre-Preload    38.93 (7.06)         42.03 (6.86) 
Hunger Post-Preload    3.27 (1.50)         3.87 (8.53) 
Hunger Post-Scan    3.07 (5.39)         4.03 (2.13) 
  Caffeine Pre-Preload  43.73 (7.48)         30.50 (3.15) 

 Caffeine Post-Preload  47.92 (8.08)         40.31 (6.60) 
Intensity   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) 
  Caffeine Pre-Preload  37.87 (4.08)         39.31 (2.37) 

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

Neuroimaging Results 

 One sample t-tests were run separately for the two groups for the caffeine 

minus water and sucrose minus water conditions. Figures 3 and 4 illustrate significant 

areas of activation during hunger and satiety conditions in response to pleasantness 

evaluation of caffeine and sucrose, respectively.  See Tables 7-10 for a complete list of 

regions and Talaraich atlas coordinates for both groups in these conditions. 
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Table 7: Activation during pleasantness evaluation of caffeine (hunger condition). 
Abbreviations: Hem = Hemisphere; Tlrc Coor = Talairach Coordinates; Max. Int. = 
Maximum intensity. 
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 Table 8: Activation during pleasantness evaluation of caffeine (satiety condition) 
Abbreviations: Hem = Hemisphere; Tlrc Coor = Talairach Coordinates; Max. Int. = 
Maximum intensity. 
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Figure 3:  Activation during pleasantness evaluation of caffeine.  
Abbreviations: Con = Control, MetS = Metabolic Syndrome. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
  

	
   	
   	
  

50	
  

 
Table 9: Activation during pleasantness evaluation of sucrose (hunger condition). 
Abbreviations: Hem = Hemisphere; Tlrc Coor = Talairach Coordinates; Max. Int. = 
Maximum intensity. 
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Table 10: Activation during pleasantness evaluation of sucrose (satiety condition). 
Abbreviations: Hem = Hemisphere; Tlrc Coor = Talairach Coordinates; Max. Int. = 
Maximum intensity 
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Figure 4:  Activation during pleasantness evaluation of sucrose.  
Abbreviations: Con = Control, MetS = Metabolic Syndrome. 
 

Aim #1:  Comparison of fMRI activation of healthy middle-aged adults and middle-

aged adults with MetS during pleasantness evaluation of a sweet and bitter taste in 

hunger condition. 

 The results of the linear mixed-effects modeling analysis for the hunger 

condition, including the main effect of MetS, the main effect of taste, and the taste by 

MetS interaction, are listed in Table 11.  Statistical maps of clusters reaching 

significance are illustrated in Figure 5.   
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Table 11: Main and interaction effects during hunger. Abbreviations: L = left; R = 
right, Hem = hemisphere, BA = Brodmann Area. 
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Figure 5: Main effects of metabolic syndrome and taste during hunger. (a) Statistical 
map of the main effect (F values) of metabolic syndrome (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 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) 
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Aim #2:  Comparison of fMRI activation of healthy middle-aged adults and middle-

aged adults with MetS during pleasantness evaluation of a sweet and bitter taste in 

satiety 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 12.  Statistical maps of clusters reaching 

significance are illustrated in Figure 6.  

Table 12: Main and interaction effects during satiety. Abbreviations: L = left; R = 
right, Hem = hemisphere, BA = Brodmann Area.	
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Figure 6: 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). 

 

A mixed-model ANOVA was run on mean ROI activation (the fit coefficients) 

in SPSS with three within-group factors: region (i.e., amygdala, orbitofrontal 

cortex/BA 11, orbitofrontal cortex/BA 47, insula, and caudate head), taste (caffeine 

and sucrose), and hunger condition (hunger or satiety); and MetS as the between-

group variable. Results of this analysis are displayed in Figure 7.  Mauchly's test 

indicated that the assumption of sphericity had been violated for the Region, (χ2(14) = 

58.28, p < 0.001), Taste by Region (χ2(14) = 110.65, p < 0.001), Hunger by Region 

(χ2(14) = 88.34, p < 0.001),  and Taste by Hunger by Region, within-subject effects, 

(χ2(14) = 113.10, p < 0.001). Therefore, degrees of freedom were corrected using 

Greenhouse–Geisser estimates of sphericity (εs = 0.41, 0.28, 0.35, and 0.29, 

respectively). The analysis revealed a significant Hunger by Region interaction, 

F(5,110) = 3.45, p = 0.047, partial η2 = .14, with no effect of taste stimulus, F(1,22) = 

2.33, p = 0.14, partial η2 = 0.10, or MetS, F(1,22) = 1.57, p = 0.22, partial η2 = 0.07. 
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Newman Keuls post-hoc tests revealed that activation of the medial OFC (see Fig. 8) 

during the hunger condition (M = 0.44; SE = 0.14) was significantly greater than 

activation in this region after a nutritional preload (M = − 0.041, SE = 0.14).  

 

Figure 7: Direct comparison of ROI activation in hunger and satiety conditions. 
Abbreviations: AMYG = Amygdala, BA 11 = Orbitofrontal Cortex/Brodmann Area 
11, BA 47 = Orbitofrontal Cortex/Brodmann Area 47, INS = Insula, HYPO = 
Hypothalamus. *Activation of the medial OFC, BA11, was significantly greater in the 
hunger relative to the satiety condition. 
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Exploratory Analyses 

 
Correlations Between Brain Activation and BMI 
 
 Significant correlations between BMI and brain activation in ROIs during 

pleasantness evaluation of sucrose are listed in Table 13.  Positive correlations indicate 

that increased levels of adiposity are related to increased activation, while negative 

correlations suggest that increased adiposity is associated with decreased activation.  

 

Table 13: Correlations between body mass index (BMI) and activation in ROIs during 
pleasantness evaluation of sucrose. Abbreviations: L = left; R = right, BA = Brodmann 
Area, Hypoth = Hypothalamus. 
* Correlation is significant when participants with T2DM are removed from analysis. 
 

 

 

 

 

 

 

 

MetS with and without T2DM 

A total of 30 participants were included in the first exploratory analysis. One-

way ANOVAs revealed no differences between the three groups on age, left and right 

nostril odor thresholds, taste threshold, height, or mean systolic and diastolic blood 

pressure measurements (ps > 0.05; see Table 14). However, as expected, the groups 

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

  No-Preload Preload 
L BA 11 

  

R  r = -0.41, p =.04 

L BA 47 
  

R   

L CAUDATE 
HEAD 

r = 0.39, p = .034  

R r = 0.40, p = .028  

L HYPOTH 
 *r = 0.49, p = .015 

R r = -0.40, p = .033  
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circumference (cm).  Post-hoc analysis using pair-wise comparisons and Bonferroni 

corrections to control for Type I error revealed that the control group weighed less (p 

< 0.001), had a lower BMI (p < 0.001), and smaller waist circumference (p < 0.001) 

than both the MetS and T2DM groups.  The MetS and T2DM groups did not differ 

significantly on any of these measures. 

Table 14: Exploratory analysis: Participant demographics, psychophysics, and body 
measurements 
    Mean (SE) 

Healthy     MetS      T2DM  F         Significance         Partial Eta    
(N=10)     (N=10)    (N=30)      Squared 

Age   57.5      58.7         54.8       0.57 p = 0.57  η2 = 0.040 
   (3.15)      (2.72)        (1.93) 
Odor Threshold L 6.7      6.8        6.6             0.04 p = 0.96  η2 = 0.003 
   (0.56)      (0.32)      (0.34) 
Odor Threshold R 5.9      6.7        6.4         0.50        p = 0.61  η2 = 0.037 
   (0.53)      (0.44)       (0.63) 
Taste Threshold  0.003      0.011        0.004           2.32       p = 0.12  η2 = 0. 146 
   (0.001)      (0.005)      (0.002) 
Height (cm)  169.52      172.6        169.5  0.35      p = 0.70  η2 = 0.026 
   (3.59)      (3.11)       (2.94) 
Weight (lbs)  160.7      233.2         244.3          20.48    p < 0.001 η2 = 0.603 
   (9.60)      (12.33)       (7.58) 
BMI (kg/m2)  25.11      35.6         39.2  24.03    p < 0.001 η2 = 0.640 
   (0.82)      (1.54)        (1.91)      
Waist    90.7     116.7         121.2 17.43     p < 0.001 η2 = 0.564 
Circumference (cm) (5.06)         (4.03)        (2.22) 
Systolic Blood   133.4      141.8         141.2              0.58      p = 0.58         η2 = 0.041 
Pressure (mmHg)  (7.44)      (4.61)       (6.27)  
Diastolic Blood   72.8       82.2         78.6    2.12       p = 0.14 η2 = 0.136 
Pressure (mmHg)  (3.22)      (4.06)         (2.18) 
  

In the T2DM group, 4 participants were not taking any medications for 

diabetes (i.e., controlling with only diet/exercise), 3 participants were taking 

Metformin alone for diabetes, 2 participants were taking Metformin plus at least one 

other non-insulin prescription medication for diabetes, and 1 participant was taking 

Metformin plus insulin.  Of the 4 participants who were not taking diabetes 
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medication at the time of the study, 2 had previously taken Metformin and 

discontinued the medication at least one year prior to study participation. 

Prior to examining brain activation in T2DM, psychophysical ratings of hunger 

and the intensity and pleasantness of the tastes were also analyzed in order to 

determine if there were any group differences in psychophysical responses. Mean 

psychophysical ratings of hunger, intensity, and pleasantness are displayed separately 

for each group in Tables 15 and 16. 

Hunger Ratings   

Hunger ratings were examined in both the hunger and satiety conditions using 

a mixed-model design with group (control, MetS, or T2DM) 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, 26) = 0.39, p = 0.54, partial η2 = .02, group, F(2, 26) 

= 0.94, p = 0.40, partial η2 = .07, or group by time interaction, F(2, 26) = 0.90, p = 

0.42, partial η2 = .07, on hunger ratings.   

In the satiety condition, Mauchly’s test indicated that the assumption of 

sphericity had been violated for the effect of time, (χ2(2) = 11.12, p = 0.004). 

Therefore, degrees of freedom for this effect were corrected using the Greenhouse-

Geisser estimate of sphericity (ε = 0.73).  The analysis revealed no significant main 

effect of group, F(2, 25) = 2.31, p = 0.12, partial η2 = 0.16, or group by time 

interaction, F(2, 25) = 1.59, p = 0.22, partial η2 = .11. There was, however, a 

significant main effect of time/preload on hunger ratings in this condition, F(2, 25) = 

55.92, p < 0.001, partial η2 = .69. Newman-Keuls Multiple Range Tests revealed that 
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participants were significantly less hungry post-preload (M = 3.39, SE = 1.35) and 

post-scan (M = 8.39, SE = 2.85) when compared to the first hunger rating after the 12-

hour fast/prior to consuming the preload (M = 40.29, SE = 4.83). The hunger ratings 

collected after participants consumed the preload did not differ from each other.  

Intensity Ratings 

Mean psychophysical ratings of intensity in both sessions over time are 

displayed in Tables 15 and 16 for caffeine and sucrose. In the hunger condition, there 

was no main effect of time, F(1, 27) = 0.25, p = 0.62, partial η2 = .009, taste, F(1, 27) 

= 1.24, p = 0.28, partial η2 = .04.  In addition, there were no significant Time by 

Group, F(2, 27) = 0.87, p = 0.43, partial η2 = .06, Taste by Group F(1, 28) = 0.33, p = 

0.57, partial η2 = .01, or Time by Taste by Group, F(2, 27) = 1.05, p = 0.36, partial η2 

= .07, interactions. There was a significant effect of Group, F(1, 27) = 9.59, p = 0.001, 

partial η2 = .42.  Specifically, Newman Keuls posthoc tests revealed that the control 

group (M = 48.58, SE = 4.47) and the T2DM group (M = 45.20, SE = 4.47) rated the 

tastes as more intense than the MetS group (M = 23.10, SE = 4.47). 

During the satiety session, there was no main effect of taste, F(1, 25) = 0.02, p 

= 0.90, partial η2 = 0.001, or time, F(2, 25) = 0.86, p = 0.43, partial η2 = 0.03. There 

were also no significant time by group, F(4, 25) = 0.26, p = 0.90, partial η2 = 0.02, 

taste by group, F(2, 25) = 0.78, p = 0.47, partial η2 = 0.06, time by taste, (2, 25) = 2.84, 

p = 0.07, partial η2 = 0.10, or time by taste by group, F(4, 25) = 0.66, p = 0.54, partial 

η2 = 0.04, interactions on intensity ratings.  However, there was a significant main 

effect of group, F(2, 25) = 4.50, p = 0.021, partial η2 = 0.27. Newman Keuls posthoc 

tests revealed that again, the control group (M = 43.65, SE = 5.20) and the T2DM 
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group (M = 43.28, SE = 4.65) rated the tastes as more intense than the MetS group (M 

= 26.07, SE = 4.65). 

Pleasantness Ratings 

Mean psychophysical ratings of pleasantness in both sessions over time are 

displayed in Tables 15 and 16 for caffeine and sucrose. In the hunger condition, there 

were no main effects of time, F(1, 27) = 1.26, p = 0.27, partial η2 = 0.05, or group, 

F(2, 27) = 1.12, p = 0.34, partial η2 = 0.08. There were also no significant interactions 

between time and group, F(2, 27) = 0.47, p = 0.63, partial η2 = 0.03, taste and group, 

F(2, 27) = 0.62, p = 0.55, partial η2 = 0.04,  or time by taste by and group, F(2, 27) = 

1.26, p = 0.30, partial η2 = 0.09.  There was a significant effect of taste on pleasantness 

ratings, F(1, 27) = 58.72, p < 0.001, partial η2 = 0.69.  Specifically, sucrose was rated 

as more pleasant (M = 58.92, SE = 1.87) than caffeine (M = 37.73, SE = 1.56) 

controlling for time and group. 

In the satiety condition, Mauchly’s test indicated that the assumption of 

sphericity had been violated for the interaction between time and taste (χ2(2) = 9.24, p 

= 0.01) on pleasantness ratings. Therefore, degrees of freedom for the time by group 

interaction were corrected using the Greenhouse-Geisser estimate of sphericity (ε = 

0.76).  During the satiety session, there were no main effects of time, F(2, 25) = 0.53, 

p = 0.56, partial η2 = 0.02, or group, F(2, 25) = 0.49, p = 0.62, partial η2 < 0.038.  

There were also no significant time by group, F(4, 25) = 0.63, p = 0.62, partial η2 = 

0.05, taste by group, F(2, 25) = 2.42, p = 0.11, partial η2 = 0.16, or time by taste by 

group F(4, 25) = 1.57, p = 0.21, partial η2 = 0.11, interactions.  Again, there was a 

significant effect of taste on pleasantness ratings, F(1, 25) = 68.78, p < 0.001, partial 
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η2 = 0.73. Specifically, sucrose was rated as more pleasant (M = 57.43, SE = 2.29) 

than caffeine (M = 34.06, SE = 1.60) controlling for time and group. 

Dietary Restraint and Disinhibition 

Finally, the Three Factor Eating Questionnaire was given to all participants to 

determine if there were any group differences on the first (dietary cognitive restraint) 

or second (disinhibition) factors (Stunkard & Messick, 1985).  The result of one-way 

ANOVAs suggested a significance effect of group on disinhibition, F(2, 29) = 6.61, p 

< 0.005, partial η2 = 0.33, but not cognitive restraint, F(2,29) = 1.31, p = 0.29, partial 

η2 = 0.85.  Post hoc tests, corrected using a Bonferroni adjustment, revealed that the 

control group reported significantly lower (M = 4.4, SE = 0.78) disinhibited eating 

than both the group with MetS (M = 9.40, SE = 1.45) and the group with T2DM (M = 

8.90, SE = 0.85; ps = 0.006 and 0.003). 

 
Table 15: Exploratory analysis: Psychophysical ratings of hunger and taste (hunger 
condition). 
               Mean (SE) 
     Controls (n=10)  MetS (n=10)  T2DM (n=10) 
Hunger Pre-Scan   31.40 (6.99)  29.10 (7.89)  41.30 (7.56) 
Hunger Post-Scan  34.89 (7.95)  21.30 (8.54)               35.50 (7.58) 

Caf Pre-Scan 44.50 (9.23)  20.90 (6.49)  36.60 (6.99) 
Caf Post-Scan 52.00 (7.53)  22.40 (4.38)  43.70 (8.21) 

Intensity  Suc Pre-Scan 53.40 (5.57)  27.30 (5.96)  46.20 (6.48)
  Suc Post-Scan 44.40 (6.19)  21.80 (3.09)  54.30 (7.92) 

Caf Pre-Scan 40.10 (3.67)  44.30 (1.86)  32.20 (5.26) 
Caf Post-Scan 34.70 (4.54)  38.80 (2.70)  36.30 (3.06) 

Pleasantness Suc Pre-Scan 59.10 (5.67)  61.80 (2.40)  61.00 (4.07) 
  Suc Post-Scan 56.70 (3.45)  56.90 (1.81)  58.00 (5.43) 
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Table 16: Exploratory analysis: Psychophysical ratings of hunger and taste (satiety 
condition) 
        Mean (SE) 
     Controls (n=10)  MetS (n=10)  T2DM (n=10) 
Hunger Pre-Preload   43.10 (8.38) 27.90 (7.82)  53.10 (7.88) 
Hunger Post-Preload   2.20 (1.99) 0.40 (0.27)  7.50 (3.18) 
Hunger Post-Scan   3.22 (2.32) 8.44 (5.93)  13.50 (5.53) 
  Caf Pre-Preload  48.00 (7.62) 23.40 (4.89)  36.00 (8.36) 

 Caf Post-Preload  50.50 (8.64) 31.80 (9.95)  47.00 (7.90) 
Intensity   Caf Post-Scan  48.20 (7.11) 24.00 (4.54)  39.70 (9.52) 

Suc Pre-Preload  38.20 (4.65) 21.80 (3.35)  48.50 (9.42) 
  Suc Post-Preload  42.63 (5.71) 22.30 (5.07)  38.50 (6.90) 
  Suc Post-Scan  39.10 (3.79) 33.10 (5.46)  50.00 (8.40) 
  Caf Pre-Preload  36.30 (4.22) 38.90 (3.07)  29.50 (4.25) 

 Caf Post-Preload  32.38 (3.48) 37.20 (3.65)  35.30 (4.09) 
Pleasantness  Caf Post-Scan  22.60 (4.06) 41.60 (3.96)  33.00 (4.08) 

Suc Pre-Preload  61.00 (3.53) 53.50 (4.48)  60.50 (5.35) 
  Suc Post-Preload  63.50 (2.82) 56.30 (0.68)  54.50 (4.97) 
  Suc Post-Scan  59.30 (4.88) 55.60 (3.64)  51.30 (8.19) 
 

Neuroimaging Results 

One sample t-tests were run separately for the 3 groups for the caffeine minus 

water and sucrose minus water conditions. Figures 8 and 9 illustrate significant areas 

of activation during hunger and satiety conditions in response to pleasantness 

evaluation of caffeine and sucrose, respectively.  See Tables 17-20 for a complete list 

of regions and Talaraich atlas coordinates for all 3 groups in these conditions. 
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Table 17:  Exploratory analysis: Activation during pleasantness evaluation of caffeine 
(hunger condition). Abbreviations: Hem = Hemisphere; Tlrc Coord = Talaraich 
coordinates; Max Int = Maximum intensity; G = Gyrus  
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Table 18: Exploratory analysis: Activation during pleasantness evaluation of caffeine 
(satiety condition). Abbreviations: Hem = Hemisphere; Tlrc Coord = Talaraich 
coordinates; Max Int = Maximum intensity; G = Gyrus 

	
  



	
  

	
   	
   	
  

67	
  

 
Figure 8: Exploratory Analysis: Activation During Pleasantness Evaluation of 
Caffeine. Abbreviations: Con = healthy control group; MetS = group with metabolic 
syndrome but no diabetes; T2DM = type II diabetes mellitus. 
 
 



	
  

	
   	
   	
  

68	
  

Table 19: Exploratory analysis: Activation during pleasantness evaluation of sucrose 
(hunger condition) 
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Table 20: Exploratory analysis: Activation during pleasantness evaluation of sucrose 
(satiety condition). Abbreviations: Hem = Hemisphere; Tlrc Coord = Talaraich 
coordinates; Max Int = Maximum intensity; G = Gyrus. 
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Figure 9: Exploratory analysis: Activation during pleasantness evaluation of sucrose. 
Abbreviations: Con = healthy control group; MetS = group with metabolic syndrome 
but no diabetes; T2DM = type II diabetes mellitus. 
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Two mixed-model ANOVAs were run on brain activation in the hunger and 

satiety conditions, respectively in order to investigate the effect of T2DM on brain 

activation in middle-aged adults and older adults without MetS, with MetS but no 

T2DM, and with MetS and a diagnosis of T2DM.  Clusters of activation reaching 

significance for main effect of group, taste, and the group by taste interactions are 

listed in Table 21 for the hunger and Table 22 for the satiety conditions.  Data from 

clusters reaching significance for the group by taste interaction were extracted and 

plotted in Figures 10 and 11.  
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Table 21: Exploratory analysis: Main and interaction effects during hunger. 
Abbreviations: L = left; R = right, Hem = hemisphere, BA = Brodmann Area.  
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Figure 10: Exploratory analysis: Group by taste interaction effects during hunger. 
Abbreviations: caf = caffeine; suc = sucrose; L = left; R = right; G = gyrus  
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Table 22: Exploratory analysis: Main and interaction effects during satiety. 
Abbreviations: L = left; R = right, Hem = hemisphere, BA = Brodmann Area. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11: Exploratory analysis: Group by taste interaction effect in the left 
postcentral gyrus/insula during satiety. 
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ROI Analysis 

A mixed-model ANOVA was run on mean ROI activation (the fit coefficients) 

in SPSS with three within-group factors: region (i.e., amygdala, orbitofrontal 

cortex/BA 11, orbitofrontal cortex/BA 47, insula, and caudate head), taste (caffeine 

and sucrose), and hunger condition (hunger or satiety); and Group (control, MetS, and 

T2DM) as the between-group variable. Mauchly's test indicated that the assumption of 

sphericity had been violated for the Region, (χ2(14) = 38.91, p < 0.001), Taste by 

Region (χ2(14) = 87.98, p < 0.001), Hunger by Region (χ2(14) = 74.52, p < 0.001),  

and Taste by Hunger by Region, within-subject effects, (χ2(14) = 98.61, p < 0.001). 

Therefore, degrees of freedom were corrected using Greenhouse–Geisser estimates of 

sphericity (εs = 0.48, 0.28, 0.36, and 0.28, respectively). The analysis revealed a 

significant main effect of taste, F(1,19) = 4.39, p = .05, partial η2 = .19, and a 

significant Hunger by Region interaction, F(5, 95) = 3.26, p = .032, partial η2 = .17, 

with no effect of Group, Hunger, or Region (ps > 0.05).  Across all regions, the 

caffeine stimulus elicited greater activation (M = 0.178, SE = .05) than the sucrose 

stimulus (M = 0.058, SE = .07). There were also no significant Region by Group, 

Taste by Group, Hunger by Group, Region by Taste, Region by Taste by Group, 

Region by Hunger by Group, Taste by Hunger by Group, Region by Taste by Hunger, 

or Region by Taste by Hunger by Group interactions (ps > 0.05). Newman Keuls post-

hoc tests revealed that activation of the medial OFC (see Fig. 12) during the hunger 

condition (M = 0.46; SE = 0.18) was significantly greater than activation in this region 

after a nutritional preload (M = − 0.16, SE = 0.15).  
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Figure 12:  Exploratory analysis: Direct comparison of ROI activation in hunger and 
satiety conditions. Abbreviations: AMYG = Amygdala, BA 11 = Brodmann Area 11, 
BA 47 = Orbitofrontal Cortex/Brodmann Area 47, INS = Insula, HYPO = 
Hypothalamus. *Activation of the medial OFC, BA11, was significantly greater in the 
hunger relative to the satiety condition. 
 

Chapter 3, in part, is currently being prepared for submission for publication of 

the material. Green, E; Jacobson, A; Haase, L; Murphy, C. The dissertation author was 

the primary investigator and author of this material.
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IV. DISCUSSION 

 The overall objective of the study was to investigate potential differences in 

brain response according to metabolic status during pleasantness evaluation of sweet 

and bitter tastes during the physiological states of hunger and satiety.  Previous studies 

suggest that an altered response in reward-related brain regions may underlie 

disordered eating and obesity (Green et al., 2011; Stice, Spoor, Bohon, & Small, 

2008).  However, this phenomenon has not yet been explored in the subset of obese 

individuals with multiple vascular and metabolic risk factors.  This has also not been 

investigated in individuals between young and older adulthood, a time of life when 

obesity and other vascular risk factors may play a crucial role in late life health 

outcomes. 

Initial statistical analyses were run on psychophysical responses of participants 

during the scanning sessions, to determine if there were any group differences in 

subjective ratings of hunger, or taste intensity/pleasantness that might affect 

interpretation of imaging data. There were no effects of MetS on psychophysical 

ratings of hunger, intensity, and pleasantness. The 700 kcal nutritional preload 

decreased participants’ hunger ratings to nearly zero, indicating that the meal was 

effective at inducing satiety. As expected, all participants rated the sweet sucrose 

stimulus as pleasant and all participants rated the bitter caffeine stimulus as unpleasant 

on the gLMS. 

Effect of MetS on Brain Activation During Hunger and Satiety 

Brain activation during pleasantness evaluation of taste in the hunger condition 

was greater in the middle-aged control group relative to the group with MetS in brain 
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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. Dopamine 

modulates the experience of reward, and decreased dopamine efficiency has been 

implicated in overeating (Wang et al., 2009). The current results might suggest 

decreased reward processing in the group with MetS during the physiological state of 

hunger.  However, the effect is significant when averaged over the pleasant and 

unpleasant tastes, rendering interpretation in the context of reward processing 

complicated. 

A main effect of MetS was also demonstrated in the fusiform gyrus.  The 

fusiform gyrus is consistently activated using the present study’s paradigm (Haase et 

al., 2009; Haase et al., 2011; Jacobson et al., 2010), in response to visual food cues 

(Frank et al., 2010; Heni et al., 2013; Killgore & Yurgelun-Todd, 2007; Siep et al., 

2009; van der Laan, de Ridder, Viergever, & Smeets, 2011), and is often discussed as 

aiding the visual system in discrimination of high from low calorie foods.  

Additionally, activation of this region is amplified after intranasal insulin 

administration (Guthoff et al., 2010), and reduced in obese individuals (Frank et al., 

2013), and structural differences according to BMI have also been reported (Yokum, 

Ng, & Stice, 2012), suggesting altered processing of food stimuli in this region in 

obese and insulin-resistant individuals.  

 An anterior, lower portion of Brodmann Area 10, part of the frontopolar 

prefrontal cortex was activated to a greater degree in the control group relative to the 
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MetS group after a preload.  Abnormalities in prefrontal gray matter volumes in obese 

individuals have been reported, but results are difficult to interpret; both positive (Taki 

et al., 2008), and negative associations (Pannacciulli et al., 2006) have been 

documented. Baseline metabolic activity in BA 10 is reduced in obese individuals 

(Volkow et al., 2009), and it has been posited that this might reflect reduced dopamine 

activity.  

Brodmann Area 10 comprises the most anterior portion of the frontal lobe, and 

its functions are poorly understood, although it is considered to represent the highest 

level of abstract cognition in the human brain (Ramnani & Owen, 2004). 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 & D'Esposito, 2007; 

Burgess, Dumontheil, & Gilbert, 2007; Gilbert, Frith, & Burgess, 2005; Koechlin & 

Summerfield, 2007) and in monitoring of internal states and stimuli (Christoff & 

Gabrieli, 2000). The task of rating the pleasantness of the stimuli in the current study 

requires a participant to sense the taste and note any characteristics relevant to 

determining its pleasantness (quality, intensity, learned associations, etc.) prior to the 

motor task of using a joystick to record their pleasantness judgment.  During the 

satiety condition, participants may take into consideration his or her current 

physiological state (i.e., not intrinsically motivated to consume energy) when judging 

the pleasantness of the tastes. 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.  A group more attune to this information might be more successful 
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in refraining from emotional eating in the absence of physiological hunger, which 

would have implications for the success of weight management.  

During both physiological conditions, there was less activation of the 

cerebellum in the group with MetS compared to the healthy control group.  Although 

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 & Wang, 2008; Zhu et al., 2004).  Anatomically, there are direct bidirectional 

connections between the cerebellum and the hypothalamus (Cavdar et al., 2001; 

Dietrichs, 1984; Dietrichs & Haines, 1984; Dietrichs, Wiklund, & Haines, 1992); 

cerebellohypothalamic projections arise from all cerebellar nuclei and terminate in 

hypothalamic nuclei well known for modulating feeding behavior (i.e,. lateral 

hypothalamic nuclei, dorsal medial nucleus, ventromedial nucleus, and periventricular 

nuclei).  Additionally, there are indirect cerebellar-hypothalamic connections via 

taste/feeding and higher-order emotion/limbic regions (e.g., nucleus of the solitary 

tract, amygdala, neocortex).  It is hypothesized that the cerebellar nuclei may influence 

caloric intake via connections with the hypothalamic nuclei mentioned above (Zhu & 

Wang, 2008; Zhu et al., 2004). 

The cerebellum is consistently activated in response to taste and olfactory 

stimuli (Cerf-Ducastel et al., 2012; Cerf-Ducastel & Murphy, 2001; 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, 

Gao, Liu, & Fox, 2000; Tataranni et al., 1999).  Leptin receptors are densely expressed 
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in the cerebellum (Burguera et al., 2000) and leptin replacement therapy alters the 

BOLD response within the posterior cerebellum, further implicating this region in the 

regulation of food intake. 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 adds to a growing body of literature 

suggesting altered activity of the cerebellum during hunger and satiety in individuals 

with differing levels of adiposity. 

Exploratory analyses were run in an effort to account for any within-group 

variance that might have affected the power to detect group differences in an ANOVA 

design.  First, associations between adiposity and brain response during pleasantness 

evaluation of the sweet tastes were explored.  In another exploratory analysis, the 

participants with T2DM were compared with both a healthy control group and a group 

with MetS, but no diabetes. 

Exploratory Analyses: Relationships between BMI and Activation of ROIs 

A previous study using fMRI during pleasantness evaluation of sweet taste 

documented very strong, negative correlations between adiposity and brain activation 

of the caudate, nucleus accumbens, and amygdala in older adults (Green et al., 2011).  

In the aforementioned study, young adults also demonstrated strong associations 

between increased BMI and decreased activation of the caudate.  Negative 

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

been reported in young adults and adolescents (Stice, Spoor, Bohon, & Small, 2008; 

Stice, Spoor, Bohon, Veldhuizen, & Small, 2008).  Notably, containing the A1 allele 

of the TaqIA polymorphism is associated with a stronger link between striatal 
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activation to a milkshake and BMI.  The A1 allele has been linked to alcoholism, 

obesity, reduced D2 receptors, and is associated with compromised striatal dopamine 

signaling, suggesting that inefficient dopamine function in the striatum may be related 

to obesity and alcohol abuse (Blum et al., 1990; Noble et al., 1991; Noble et al., 1994). 

The link between brain activation in response to a food-related stimulus and 

adiposity has not yet been examined in middle-aged adults. Activation of the 

hypothalamus was negatively correlated with BMI when participants were fasted, and 

positively associated with BMI when sated. The hypothalamus plays a crucial role in 

the maintenance of energy homeostasis through modulation of eating behavior, 

neuroendocrine function, and reward (Berthoud & 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 & Morrison, 2008).  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 projects widely throughout the brain. Electrical 

stimulation of this area in sated rats leads to feeding, which terminates once the 

stimulation is no longer present (Hettes et al., 2010; Stanley, Ha, Spears, & Dee, 1993; 

Stanley, Willett, Donias, Dee, & Duva, 1996).  The periventrical nucleus of the 

hypothalamus also receives input from the arcuate nucleus, has widespread projections 
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in the cortex, and is associated with neuroendocrine function and the hypothalamic-

pituitary axis. 

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 reduced in obese individuals 

(Matsuda et al., 1999).  The reduced BOLD response in the hypothalamus after energy 

consumption is likely related to its role in modulating the satiation process, and this 

may be disrupted in obese individuals.   The results of the present study converge with 

this hypothesis; activation of the hypothalamus was reduced in obese participants 

when hungry.  In addition, the expected decrease in hypothalamic response after a 

preload was attenuated in the participants with the highest levels of body fat.   

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.   

 

 



	
  

	
   	
   	
  

84	
  

Exploratory Analyses: Type II Diabetes 

 Although the MetS classification was developed in order to better identify 

individuals at increased risk for CVD and T2DM, this categorization still encompasses 

a population with metabolic abnormalities that exist on a continuum. For example, 

individuals with MetS often (but not always) have insulin resistance, which is 

considered to be one of the hallmark pathophysiological abnormalities of the 

syndrome.  At the extreme end of the spectrum, insulin resistance can reach the 

threshold of T2DM and even result in decreased number of insulin-secreting beta 

cells, indicating the necessity of insulin injections.  On the other end of the continuum, 

an individual may meet criteria for MetS and still have relatively normal insulin 

function.  Given that insulin functions in the CNS to regulate food intake, individuals 

with MetS at these two ends of the resistance spectrum would likely respond 

differentially to food-related stimuli after a fast, and especially after a 700 kcal 

preload.  Therefore, categorizing them as belonging to the same “diagnostic group” for 

statistical analyses would lead to a high degree of within-group variability and likely 

reduced the statistical power.    

 Six middle-aged individuals in the MetS group had an active diagnosis of 

T2DM.  In an exploratory analysis, the individuals with a diagnosis of T2DM were 

separated from the MetS group to investigate possible differences in brain response 

during pleasantness evaluation of sweet and bitter taste stimuli during hunger and 

satiety.  In order to increase statistical power, 12 older adult participants (aged 60+) 

were also included in the analysis (i.e., 4 older adult participants in each diagnostic 

group).  Therefore, 10 participants without MetS (normal controls), 10 participants 
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with MetS but no T2DM diagnosis, and 10 participants with MetS and a diagnosis of 

T2DM were compared.  Participants were matched on gender and age group. 

In the hunger condition, there was a taste (bitter vs. sweet) by group (control 

vs. MetS vs. T2DM) interaction in brain regions involved in early sensory processing 

of taste (thalamus, superior insula), reward (lentiform nucleus, caudate tail), the limbic 

system (hippocampus, cingulate gyrus, posterior cingulate), and occipital and 

cerebellar regions often activated in taste and eating-related studies (Gautier et al., 

1999; Geliebter et al., 2006; Green & Murphy, 2012; Haase et al., 2011; Jacobson et 

al., 2010; Malik, McGlone, Bedrossian, & Dagher, 2008; Rosenbaum, Sy, Pavlovich, 

Leibel, & Hirsch, 2008) but rarely discussed (lingual gyrus, fusiform gyrus, culmen). 

 The largest effect of group appeared to be in response to the bitter taste. Plots 

of mean activation suggested greatest activation in the normal control group, with less 

activation in the MetS group, and least activation in the T2DM group.  This effect was 

consistent across brain regions ranging from primarily sensory (thalamus) to more 

reward and pleasantness-related limbic and dopaminergic regions (lentiform nucleus, 

caudate, hippocampus, cingulate). Interestingly, the T2DM and MetS without T2DM 

groups did not rate the caffeine as less pleasant or more intense than the control group.  

Notably, the pattern of responses from the unpleasant (bitter taste) condition to 

the pleasant (sweet taste) condition differed for each group. The control group had the 

greatest response to bitter relative to sweet in most significant regions. The MetS 

group demonstrated roughly equivalent brain responses across taste conditions and the 

group with T2DM appeared to have the greatest brain response to the sweet taste 

relative to the bitter taste. Although there are currently no studies using neuroimaging 
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to investigate differences in CNS taste processing in MetS or T2DM, one recent fMRI 

study found increased activation to food pictures relative to nonfood pictures, and 

activation was strongest in diabetics relative to controls in regions involved in taste 

(insula), hunger modulation (OFC), and the dopaminergic reward response (caudate) 

(Chechlacz et al., 2009). Further, activation in subcortical reward areas (i.e., basal 

ganglia structures) were positively related to self-report of emotional eating and 

negatively associated with dietary self-care, which the authors suggest may be related 

to the need for diabetics to follow such a restrictive diet.  

The MetS and T2DM groups reported more disinhibited eating on self-report 

measures. Dietary modification is one of the primary treatments for T2DM (Franz et 

al., 2003), suggesting that this group may be very cognizant of the amount of 

carbohydrates they regularly consume.  Additionally, although they report more 

disinhibited eating than the healthy control group, individuals with T2DM may be 

attempting to adhere to a relatively restrictive diet; possibly to a greater degree than 

the other groups in the analysis.  Although details about specific dietary habits are 

beyond the scope of this study, a sweet taste may be more reinforcing to an individual 

who attempts to minimize consumption of carbohydrates/sweets after chronic 

overexposure.  

 After a 700 kcal preload, diabetics in the current study had an increased fMRI 

response during pleasantness evaluation of the bitter taste in a region encompassing 

the postcentral gyrus and the insula, but decreased response during pleasantness 

evaluation of the sweet taste when compared with the more insulin sensitive groups.  
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In contrast, the MetS group exhibited the opposite pattern, demonstrating a greater 

response to the sweet taste when sated.  

Insulin receptors are present throughout the brain, especially in the olfactory 

bulb, hippocampus, and hypothalamus (Corp et al., 1986; Marks, Porte, Stahl, & 

Baskin, 1990; Plum et al., 2005; Unger et al., 1989), and there is also evidence that 

insulin receptors are also found in lower concentrations in the cortex (Werther et al., 

1987).  Leptin is a hormone secreted by white adipose tissue that is involved in energy 

regulation and glucose metabolism through its action on the CNS. Insulin and leptin 

circulate in proportion to body fat mass (Considine et al., 1996; Hoffler et al., 2009; 

Jeanrenaud, 1978), and function in the CNS to decrease the subjective experience of 

reward through their action on the dopaminergic reward system (Figlewicz, 2003a; 

Figlewicz & Benoit, 2009; Figlewicz, Evans, Murphy, Hoen, & Baskin, 2003; 

Figlewicz & Sipols, 2010). Intracerebroventricular insulin and leptin administration 

results in blocked conditioned place preference to a high-fat diet in rats (Figlewicz et 

al., 2004), and decreased lever presses for self-administration of sucrose (Figlewicz, 

Bennett, Naleid, Davis, & Grimm, 2006), suggesting that when functioning properly, 

they serve to reduce food intake and promote weight loss.    

Insulin action in the CNS related to the control of food intake is likely very 

complex (Anthony et al., 2006). Anthony and colleagues reported that insulin 

administration is associated with increased glucose metabolism in the ventral striatum 

and prefrontal cortex, but reduced metabolism in the amygdala and hippocampus.  

Additionally, during a visual task, the BOLD response is significantly reduced during 
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infusion of insulin compared to suppression of endogenous insulin (Seaquist et al., 

2007). 

Certain regions of the insula are modulated by hunger (Haase et al., 2009; 

Small et al., 2001). Given the role of insulin and leptin in modulating reward during 

the physiological state of satiety (i.e., suppressing the reward response to 

reduce/terminate energy intake), it was hypothesized that the healthy control group 

would have less activation of hunger-modulated taste processing regions after a 

preload than the individuals with varying degrees of insulin-resistance (i.e., the MetS 

and T2DM groups).  The healthy control group and the MetS group demonstrated the 

hypothesized pattern; the control group had a reduced response, relative to the MetS 

group, in the insula/postcentral gyrus during pleasantness evaluation of sucrose. This 

pattern may represent dysfunction in insulin and/or leptin CNS action, and a reduction 

in modulation of reward value during a physiological state where further energy 

consumption may be disadvantageous. Further, inadequate modulation of reward 

signaling may result in continued energy consumption during satiety in the daily life 

of this group. 

The results in the T2DM group during pleasantness evaluation of sweet taste in 

the physiological state of satiety are more difficult to interpret.  This group 

demonstrated greater responses in the insula/postcentral gyrus during evaluation of 

bitter relative to the sweet taste. There is the possibility that increased attention to and 

adequate control of glucose levels in T2DM may be reflected in the similarities 

between the control group and the T2DM group’s pattern of response in the 

insula/postcentral gyrus to sweet taste in the satiety condition (decreased response 
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relative to the group with MetS).  However, this interpretation is highly speculative. 

Further studies examining brain response to pleasant food-related stimuli during 

satiety, and investigating relationships between fMRI activation and plasma glucose, 

insulin, and leptin levels are warranted to increase understanding of the current 

findings. 

There is a small body of literature on taste function in diabetes mellitus, which 

suggests a generalized reduction in taste sensitivity in diabetic individuals (Settle, 

1986, 1991). Several studies have documented significantly higher taste detection 

thresholds (i.e., the lowest concentration at which an individual can clearly detect a 

taste from water) in diabetics for sucrose, glucose, sodium chloride, citric acid, and 

quinine sulfate (Hardy, Brennand, & Wyse, 1981; Khobragade, Wakode, & Kale, 

2012; Perros, MacFarlane, Counsell, & Frier, 1996), and higher recognition thresholds 

(i.e., the lowest concentration at which an individual can clearly identify a taste) for 

sucrose, sodium chloride, quinine sulfate, and urea in participants with T2DM when 

compared to healthy control subjects (Hardy et al., 1981; Niewoehner, Allen, 

Boosalis, Levine, & Morley, 1986; Perros et al., 1996).  Further, the length of time 

with a diagnosis of diabetes and diabetes-related complications (such as peripheral 

neuropathy) are linked to poorer taste recognition ability in insulin-dependent (i.e., 

Type I) diabetes (Abbasi, 1981; Le Floch et al., 1989).  

Phenylthiocarbamide (PTC) is detected as an extremely bitter taste to some 

individuals, classified as “tasters”, but is either tasteless or only slightly bitter to 

others, who are classified as “nontasters” (Cohen & Ogdon, 1949; Fox, 1932; Hall, 

Bartoshuk, Cain, & Stevens, 1975; Harris & Kalmus, 1949).  Some studies suggest 
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that diabetics have decreased sensitivity to PTC (Ali, Khan, Mahtab, Khan, & 

Muhibullah, 1994), and that there is a higher proportion of PTC nontasters in the 

diabetic population (Rao & Sisodia, 1970; Terry & Segall, 1947).  However, other 

studies do not support this (Akesson, 1959; Harris, Kalmus, & Trotter, 1949) and it is 

hypothesized that any differences in the proportion of nontasters in diabetics may 

actually be due to general decreased taste sensitivity in this population (Settle, 1991).  

The most well established finding related to taste function in diabetes, is 

elevated glucose taste thresholds (Khobragade et al., 2012; Perros et al., 1996; Settle, 

1991).  It has been hypothesized that this may be due to: (a) elevated blood glucose; 

(b) hyperinsulinemia; and/or (c) generally reduced taste sensitivity.  Settle (1991) 

argues that glucose insensitivity may actually be just the first symptom of a taste 

abnormality that eventually progresses to affect other taste qualities (glucose à other 

sweet stimuli à salty stimuli à all taste stimuli).  

The participants with T2DM in the present study did not demonstrate elevated 

taste thresholds compared to the other groups.  However, the sample was very small, 

and this effect may be small in the population, suggesting the need for a large sample 

size to detect any differences.  The decreased activation to sucrose in the satiety 

condition could be conceptualized as being related to potential decreases in overall 

taste function.  However, this wouldn’t explain the pattern of results in the group with 

T2DM during the hunger condition (reduced activation in the bitter taste condition, 

relative to the sweet taste condition). 
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Implications and Future Directions 

 The results from the present investigation and from several previous studies 

suggest altered neural processing of pure taste (Green et al., 2011) and flavor (Stice, 

Spoor, Bohon, & Small, 2008; Stice, Spoor, Bohon, Veldhuizen, et al., 2008) stimuli 

in obesity.  Taste and flavor (taste, olfaction, texture, temperature, etc) represent 

stimuli attached to the receipt of a food reward. In addition to blunted brain responses 

in reward regions after consuming food (or a food-related stimulus), obese individuals 

may be sensitized to conditioned cues of high calorie foods. Viewing pictures of high 

calorie foods has been used to investigate alterations in neural or attentional responses 

to food, and research in this area has implications for increased understanding of 

altered appetite, cravings, and anticipation/planning of food intake in this population.   

Obese participants demonstrate increased activation of dopaminergic reward (nucleus 

accumbens, striatum), motivation (anterior cingulate, orbitofrontal cortex), limbic 

(amygdala, hippocampus), and interoceptive (insula) regions relative to lean 

individuals in response to pictures of energy dense foods (Killgore & Yurgelun-Todd, 

2005; Rothemund et al., 2007; Scharmuller, Ubel, Ebner, & Schienle, 2012; Schienle, 

Schafer, Hermann, & Vaitl, 2009; Stoeckel et al., 2008).  There is also evidence of 

deficient amygdala-OFC and amygdala-nucleus accumbens connectivity in obese 

individuals (Stoeckel et al., 2009), and decreased frontal activation in obese 

individuals, likely related to weaker inhibitory control (Batterink, Yokum, & Stice, 

2010). Visual attention bias for high calorie foods is greater in obese participants and 

is associated with increased consumption of snack food in a research environment 

(Werthmann et al., 2011).  
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 To date, research on CNS taste function and brain responses to anticipation and 

receipt of food reward in individuals with MetS and T2DM is very limited.  The 

results of the current study suggest that middle-aged and older adults with MetS and 

T2DM respond differentially to taste stimuli when hungry and after a meal.  

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

adipose tissue and metabolic and vascular abnormalities has significant implications 

for increased understanding of the neural underpinnings of eating behavior in these 

individuals.  Hormonal signaling of long and short-term energy stores (e.g., leptin, 

insulin, ghrelin, PYY, etc.) is disrupted in individuals with MetS, and there are 

potentially significant structural changes in the brains of middle-aged and older adults 

with multiple cerebrovascular risk factors.  Alterations in nutrient signaling and 

structural brain changes in these populations are likely related to the observed 

functional differences in CNS processing of taste stimuli, and this will be important to 

investigate in future studies.  Future research on relationships among these variables is 

warranted in order to better conceptualize and develop interventions for overeating in 

these disorders. 

 The current study provides the first evidence of altered fMRI of brain 

responses in MetS and T2DM to pleasant and aversive taste stimuli during 

pleasantness evaluation. The results suggest that middle-aged and older adults with 

MetS and T2DM demonstrate differential processing of taste stimuli during 

pleasantness evaluation when compared to middle-aged and older adults who do not 

have as many vascular and metabolic abnormalities.  The subjective experience of 

food reward plays a crucial role in eating behavior. Therefore, elucidating any 
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differences in neural correlates of taste and reward in these populations may lead to 

more effective pharmaceutical and behavioral interventions.  

Chapter 4, in part, is currently being prepared for submission for publication of 

the material.  Green, E; Jacobson, A; Haase, L; Murphy, C. The dissertation author 

was the primary investigator and author of this material.
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