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Abstract  

Non-nutritive sweeteners (NNS) constitute a promising tool toward sugar and energy intake 

reduction. However, NNS effects on appetite and eating behaviour in humans is not yet fully 

understood. Control of food intake is the result of a complex interaction between homeostatic and 

hedonic signals, that collectively act to govern eating behaviour. Since oral sweet taste sequentially 

precedes gastrointestinal chemosensation, it is possible that neurocognitive and reward-related 

mechanisms contribute to the control of food intake, beyond any physiological and/or post-absorptive 

signals. The work presented in this thesis takes a multidisciplinary approach using a combination of 

methodologies to examine the effects of NNS, and in particular stevia, on neurocognitive, behavioural 

and physiological responses in humans.  

Initially, I developed a battery of previously described neurocognitive tasks and tested its efficacy to 

detect differences in food-cue responses in healthy individuals when homeostatic signals are 

controlled (fasted vs fed state). A visual probe task (VPT) was shown to be sensitive to metabolic 

state changes and was selected for use in subsequent studies to dissect the effects of sweet taste 

and calories on food attentional bias (AB). In a next crossover double-blind randomised controlled 

trial (RCT), I examined the effects of a single exposure to a stevia-sweetened beverage on appetite, 

food intake and AB to food cues relative to sweet caloric (glucose, sucrose), non-sweet caloric 

(maltodextrin) and non-sweet non-caloric (water) controls in healthy lean adults. Results showed a 

significant reduction in total energy intake (meal and beverage) in the stevia-sweetened beverage 

condition compared to water. Only caloric beverages increased blood glucose levels, stevia and 

caloric beverages both influenced appetite ratings, but AB to food cues did not differ across 

conditions. In a following open-label RCT, I examined the effects of daily stevia consumption for 12 

weeks on glucose homeostasis, body weight and energy intake in healthy lean adults. My findings 

suggest that daily stevia consumption does not affect glucose homeostasis, but has a significant 

effect on energy intake; individuals in the stevia group demonstrated a significant spontaneous 

reduction in energy intake compared to the control group. In the last piece of work, a double-blind 

crossover RCT in healthy lean adults, I investigated the neural correlates of acute physiological 

signals and food-cue elicited responses related to consumption of stevia in comparison with 

appropriate controls for sweetness and calories (glucose, maltodextrin, water) using functional 

magnetic resonance imaging (fMRI). Stevia consumption demonstrated a longer-lasting and more 

robust blood oxygen dependent (BOLD) contrast decrease over time compared to other beverages 

in the brain. Consumption of stevia and caloric beverages elicited attenuated BOLD response in the 

visual cortex while performing a food VPT, compared to water. 

In conclusion, the research presented in this thesis provides considerable evidence that stevia 

consumption elicits benefits in appetite and food intake and induces a significant attenuation effect 

in the brain, without affecting physiological responses such as glucose homeostasis. The above 

findings could be indicative that stevia is beneficial for human consumption, and lays the foundations 

for this research moving into key clinical areas, such as obesity and type 2 diabetes mellitus.  
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1.1 General Introduction 

The prevalence of obesity has risen markedly the last decades. Overweight and obesity 

consist the major causes of comorbidities, including type 2 diabetes (T2DM), cardiovascular 

disease, hypertension, certain types of cancer and other health conditions. Identifying 

strategies that can aid with weight management is imperative. The fundamental cause of 

obesity is the energy imbalance between calories consumed and calories expended, 

caused by an increased intake of energy-dense foods rich in fats and sugars and physical 

inactivity. Public health policies around the world aim at decreasing obesity prevalence: one 

of the most promiment is reducing sugar consumption (1). However, cutting down on the 

consumption of sugar can be very challenging, considering the strong innate preference 

humans (and many other species) have to sweet taste (2), that is likely to be rooted in brain 

circuits dedicated to recognising high-energy food sources for human survival (3).  

Official guidelines recommend limitation of sugars intake as low as 5% of total calories. 

Food and drinks manufacturers are working to help achieve the 5% free sugars goal (4). As 

a consequence, food industries have turned their interest to alternative sweet taste sources 

in order to reduce the amount of sugars in foods and beverages; non-nutritive sweeteners 

(NNS) provide sweet taste yet minimal or no calories. Substituting NNS for sugars lowers 

the energy density and sugar content of food products while maintaining the palatability, 

since taste remains a key driver of food selection and consumer purchasing decisions. As 

such, NNS constitute a promising tool toward sugar reduction strategies, thereby facilitating 

weight loss, weight maintenance or prevention of weight gain.  

However, the role of NNS on public health, including body weight and appetite, remains a 

topic of great controversy with outcomes ranging from harmful to neutral to beneficial (5-7). 

Some researchers have highlighted concerns that use of NNS raises risks for obesity and 

metabolic disorders (8, 9). Most of these concerns are rooted in the uncoupling of sweet 

taste and calorie content hypothesis, which has been suggested to interfere with gut-brain 

circuitry and potentially alter metabolic responses due to binding in the sweet taste 

receptors (STRs) in the oral and extraoral tissues (10). The lack of conclusive findings 

regarding NNS use on appetite and health outcomes has led to a variety of 

recommendations regarding their consumption across different health organisations (11), 

and has set the background for more well-designed randomised controlled trials (RCTs) in 

this field. 

Control of food intake involves an interplay between homeostatic and non-homeostatic 

(hedonic) mechanisms, which act together to influence eating behaviour (12). Caloric 

sugars offer the hedonic experience (sweetness) along with a homeostatic response; 

increase in blood glucose levels and hormonal responses postprandially; on the contrary 
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NNS offer the hedonic experience alone, without the postprandial metabolic consequences 

of caloric sugars (13). This incongruence has been considered to interfere with learned 

responses associated with appetite control and glucose homeostasis, and potentially body 

weight regulation. However, it could be argued that due to sweet taste being a strong 

hedonic signal and evolutionarily a strong predictor of energy content, sweetness-mediated 

cognitive and reward mechanisms may also be involved in signalling satiety independently 

of physiological responses, as a result of satisfying the desire for sweetness/pleasure.  

Despite significant advances in our understanding of human eating behaviour and the 

interplay between homeostasis and hedonics, there are significant gaps on the mechanisms 

by which sugars and NNS affect physiological, behavioural and neurocognitive responses 

in humans and this forms the basic objective of this thesis. The literature review covers our 

current knowledge on the effects of NNS on feeding behaviour, physiological and 

neurocognitive responses. Firstly, I have reviewed basic facts around the consumption of 

sugars and NNS, next I have reviewed the effects of NNS use on feeding behaviour 

(appetite, food intake) and body weight. The following section includes a literature review 

on the effects of NNS on physiological responses, including the potential functional roles of 

oral and gut STRs and whether NNS use affects glucose response and hormonal secretion 

in humans. Following that, the literature on the neurocognitive responses related to NNS 

consumption in humans including their neural effects in homeostatic and hedonic circuits is 

discussed and the last section of the introduction covers the literature regarding stevia, 

since stevia was the NNS examined in this thesis.  
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1.1.1 Public health policies encourage limited sugar intake  

Free sugars (for definitions see the note below Table 1.1) contribute to the overall energy 

density of diets, and may promote a positive energy balance (14). Maintaining energy 

balance is crucial for a healthy body weight and ensuring optimal nutrient intake. An 

increased consumption of free sugars especially in the form of sugar-sweetened beverages 

(SSBs), may increase the total energy intake and decrease the consumption of more 

nutritious foods or beverages, potentially leading to unhealthy diet, weight gain and greater 

risk for non-communicable diseases (15, 16). Beverages are the main contributor of sugars 

in the diet of Americans (17) and the second in Europe (18). On the other hand, decreasing 

the intake of free sugars has been associated with a reduction in body weight (19).  

The World Health Organisation (WHO), the Scientific Advisory Committee on Nutrition 

(SACN) in the UK and the Dietary Guidelines Advisory Committee (DGAC) in the US have 

published their recommendations regarding consumption of ‘free’ sugars or ‘added’ sugars 

and can be briefly summarised in Table 1.1. The intake of free sugars is recommended to 

be as low as 5% of the total energy intake in children and adults.  

 

Table 1.1 Sugars intake recommendations by health organisations.  

Author group, year Recommendation 

WHO, 2015  <10% of total energy intake from free sugars for children and 

adults (strong recommendation)  

<5% of total energy intake (conditional recommendation) 

Conditional recommendations are made when there is less certainty “about the 

balance between the benefits and harms or disadvantages of implementing a 

recommendation” (20).  

SACN, 2015  ≤5% of energy from free sugars  

DGAC, 2015 ≤10% of energy from added sugars  

DGAC, Dietary Guidelines Advisory Committee; SACN, Scientific Advisory on Nutrition; WHO, World Health 

Orgnisation. Adapted from Mela and Woolner (21). Note: The definition ‘free’ sugars corresponds to all sugars 

(mono- and disaccharides) added during processing and those that are naturally present in fruit juices, pureed 

fruit or vegetables, while excluding those that are naturally occurring in whole fruits, vegetables and dairy 

products. The definition ‘added’ sugars includes sugars added to foods during preparation or processing, thus 

excludes any naturally occurring sugars present in intact fruits, vegetables or in their juices and dairy products 

(21, 22), and ‘total’ sugars includes all sugars from every source. In regard to health effects, the term ‘free’ 

sugars represents the sugars that are most consistently associated with increased risk of obesity, diabetes and 

dental caries, thus it is suggested that the emphasis for intake monitoring should be on free sugars (21).  
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1.1.2 NNS: definitions, acceptable intakes and official guidance  

According to the US Food and Drug Administration (FDA) NNS are ingredients used to 

sweeten and enhance the flavour of foods (23). NNS have been given different names 

including low-calorie sweeteners, artificial sweeteners, high-intensity sweeteners, and non-

caloric sweeteners, without any specific differences among them. For purposes of clarity 

and in the context of this thesis the term NNS will be used. 

Most of the NNS approved for human consumption are synthetic (artificial sweeteners), 

however more and more NNS of natural origin become available in the market and have 

become very popular among consumers. The most familiar natural NNS are Stevia 

rebaudiana based products. The safety of all NNS that have been permitted in the EU 

market have been extensively evaluated by the European Food Safety Authority (EFSA).  

At the moment the approved NNS in EU by EFSA as food additives in foods and beverages 

are acesulfame-K (ace-K), advantame, aspartame, aspartame-acesulfame salt, cyclamate, 

neohesperidine DC, neotame, saccharin, steviol glycosides, sucralose and thaumatin. The 

above substances share a common characteristic which is sweet taste, but they are 

completely different chemical compounds (see Table 1.2 for details). Although stevia has 

been used for decades in some countries (i.e. Japan), stevioside and rebaudioside A (Reb 

A), the sweet extracts of the Stevia rebaudiana Bertoni plant, were relatively recently 

approved as a food additive by the EFSA and the FDA (24, 25). In the USA, the luo han 

guo fruit extracts (mogrosides) are also recently approved NNS of natural origin.   

NNS are used by the food industry and consumers to reduce the amount of sugar and 

calories in foods and beverages, while maintaining palatability. Theoretically, a reduction in 

the amount of calories consumed could aid toward moderation of daily energy intake thus 

weight management benefits. A replacement of sugars with NNS in a beverage will also 

reduce the spike in blood glucose, which could theoretically offer benefits in glucose 

homeostasis. However the evidence base supporting the use of NNS for these purposes is 

still insufficient, prompting relevant governmental and professional organisations to issue 

equivocal and inconsistent guidance on their use. For example, the American Heart 

Association recommends that NNS beverages may be beneficial as replacements to reduce 

intake of SSBs in the short-term for adults who are habitual consumers of SSBs, but advises 

against prolonged consumption by children (26). The 2015 Dietary Guidelines for 

Americans report that NNS might be a useful tool to lose weight in the short-term however 

their long-term effectiveness is questioned, while Diabetes UK recommends that NNS can 

be used by adults and children in the management of weight and diabetes. A summary of 

the position statements of various professional organisations can be found in Table 1.3.  



24 

 

Table 1.2 Comparison of different NNS in terms of structure and sweetness.  

Sweetener (E 

no.) 

Compound 

classification 
Structure 

Sweetness 

intensity a 

Amount that 

replaces 25 g of 

sugar 

Acceptable Daily Intake (ADI) 

milligrams per kilogram body weight per 

day (mg/kg bw/d)b 

Acesulfame K 

(E950) 

Oxathiazinone 

dioxide 

 

~ 200 times 125 mg 15 

Aspartame (E 

951) 

Methylated 

dipeptide 

 

~ 200 times 125 mg 40  

Saccharin (E954) 
Benzoic acid 

sulfimide 

 

~ 300 times 80 mg 5 

Steviol 

glycosides 

(E960) 

Glycosylated 

diterpenes 

(Stevioside) 

~ 200-300 times 80-125 mg 4 

Sucralose (E955)  
Chlorinated 

disaccharide 

 

~ 600 times 40 mg 15 

Adapted from Magnuson et al. (27). a Sweetness as compared with sucrose on a gram-for-gram basis. b ADI established by the Joint FAO/WHO Expert Committee on Food Additives (JECFA).  
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Table 1.3 Recommendations on NNS consumption by health organisations.  

Author group, year  Recommendation 

Academy of Nutrition and 

Dietetics, 2012 (28) 

Consumers can safely enjoy a range of NNS when consumed 

within an eating plan that is guided by current federal nutrition 

recommendations (such as Dietary Guidelines for Americans, 

Dietary Reference Intakes) as well as individuals’ personal goals 

and preference.  

EFSA, 2011 (29) There is sufficient scientific information to support the claims that 

NNS lead to a lower postprandial rise in blood glucose levels, if 

consumed instead of sugars.  

Diabetes UK, December 2018, 

Position Statement (30)  

NNS can be used as a strategy for adults and children in the 

management of weight and diabetes.  

American Heart Association, 

Science Advisory, 2018 (26) 

For adults who are habitually high consumers of SSBs, NNS 

beverages may be a useful replacement strategy to reduce intake 

of SSBs. This approach may be particularly helpful for persons 

who are habituated to a sweet-tasting beverage and for whom 

water, at least initially, is an undesirable option. Prolonged 

consumption of NNS beverages by children is not recommended.  

American Diabetes 

Association, Consensus 

report, Diabetes Care 2019 

(31) 

Replacing added sugars with sugar substitutes could decrease 

daily intake of carbohydrates and calories and is recommended 

as a short-term strategy. People are encouraged to decrease both 

sweetened and NNS-sweetened beverages and use other 

alternatives with an emphasis on water intake.   
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1.1.3 NNS consumption trends  

Growing health awareness and a rise in obesity-related health conditions has resulted in an 

increased demand of food products that support good health. Consequently, NNS 

consumption has increased significantly over the past few decades (32, 33). Although they 

are consumed worldwide, the majority of data describing the prevalence of NNS 

consumption trends are limited to data from the US (32-34). Consumption of NNS has 

increased from 26.9% in 1999-2000 to 41.4 - 47.8% in 2007-2012 among American adults 

and from 8.9% in 1999-2000 to 25.1% in 2007-2012 among children in the US (35, 36). The 

main source of NNS are beverages (31.9% in the adult US diet) followed by food and 

beverage additions (25.2%) and surpassing food (9.3%) (35). Although the majority of 

studies linking NNS consumption and relations to health focus on beverages, characterising 

all sources of NNS consumption will probably enhance exposure classification leading to 

more robust epidemiological results (37).  

The majority of the epidemiological studies consistently show that NNS consumption is 

higher among women, older, non-Hispanic white individuals, individuals with higher 

socioeconomic status and higher body mass indexes (BMI) (33, 35, 36). It has also been 

reported that the frequency of consumption is increased with body weight in adults (36). 

The most notable increases in consumption of NNS were observed among 6-11 year old 

children and among older adults (> 55 years of age), compared to other age-groups (38).  

Consumption of NNS has been demonstrated to be associated with better diet quality. 

Results from the National Diet and Nutrition Survey Rolling Programme in the UK (2008–

2012 and 2013–2014) demonstrated that compared to SSBs consumers, NNS consumption 

was associated with lower energy, and total free sugars intake while no other difference 

was demonstrated for any other macronutrients. There was an increased odds of meeting 

current UK dietary guidelines on free sugar intake (39). Apart from British adults, US 

consumers of NNS reported higher Healthy Eating Index (HEI) subscores for vegetables, 

whole grains and low-fat dairy compared to non-consumers. It was concluded that NNS use 

was associated with higher HEI 2005 scores and a general healthier lifestyle such as less 

smoking and higher physical activity compared to non-consumers (results from NHANES 

1999-2008) (40).  
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1.2 NNS impact on body weight and eating behaviour  

1.2.1 What is so special about sweet taste?  

Sweetness is a very potent biopsychological stimulus; sucrose is one of the most palatable 

and preferred tastants throughout the animal kingdom. Similarly, humans have an inborn 

liking for and acceptance of sweetness. Our preference for sweet taste starts in very early 

days (Figure 1.1) and decreases with age (2). Evolutionarily a biological drive to prefer 

sweetness at high concentrations during childhood consists a survival advantage, since 

sweetness predicts source of energy (mother’s milk, fruits etc). However, in the current 

obesogenic environment rich in high-sugar foods and beverages, these evolutionarily driven 

taste preferences have turned against us and made humans vulnerable to 

overconsumption, thus weight gain and obesity (2).  

 

 

 

 

 

 

 

Figure 1.1 Liking and disliking response in human infants. The characteristic response of the 

tongue is protrusion in response to sugar liking. Pictures taken from Kringelbach et al. (41).   

 

Sweet taste experience starts on the tongue with activation of STRs and oral sweet taste 

sensation, both with caloric sugars and NNS. Tasting something sweet creates a sensory 

hedonic experience, an information which is then relayed in brain circuits of food reward. 

Consumption of NNS might satisfy our natural propensity for sweetness providing the 

reward without the calories. A representative example showing the innate preference 

humans have for sweet taste is presented in Figure 1.2.  

In the next section, the effects of NNS consumption appetite, food intake and body weight 

will be discussed. 
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Figure 1.2 Example of the strong innate preference humans have for sweet taste.  

This picture was taken at the University of Manchester in March 2017, students were invited to write 

on a big blackboard placed outside the University Place what they want to do before they die. 

Someone wrote that they want to eat all the sugar, reminding us the importance of sweet taste in the 

human diet.  

 

1.2.2 NNS effects on appetite 

According to Blundell et al. (42) appetite has two definitions, the first one covers the whole 

field of food intake, selection, motivation and preference while the second relates 

specifically to the response to environmental stimuli in contrast to eating in response to 

homeostatic signals. In fact, appetite is an interaction between internal and external 

environments and therefore has both biological and behavioural/psychological aspects (43). 

Researchers usually use subjective appetite ratings (visual analogue scales (VAS) for 

hunger, fullness etc) and/or blood biomarkers (insulin, ghrelin, glucagon-like peptide-1 

(GLP-1), peptide YY (PYY) and others) to assess appetite. VAS are accepted as a standard, 

valid methodological approach to substantiate claims relating to effects of foods on appetite 

(42). The effects of NNS consumption on hormonal responses will be discussed in a later 

chapter as part of the physiological responses (Chapter 1.3.2).  

An early idea was that NNS could negatively affect appetite due to the uncoupling of sweet 

taste and calories (44). According to this hypothesis, acute consumption of NNS-sweetened 

beverages results in a short-lasting decrease in hunger, which is then followed by a rebound 

increase in hunger sensation (45-47). However, later studies challenged this concept. An 

acute study by Anton et al. showed that subjective appetite ratings to the consumption of a 

preload including tea sweetened either with sucrose, aspartame or stevia did not differ 

across conditions (48), suggesting similar satiating effects for caloric sweeteners and NNS. 

On top of that, participants did not compensate by eating more in the subsequent meal after 
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NNS ingestion. In line with these observations, in the study by Fantino et al. participants 

showed similar ratings of appetite (hunger, fullness and desire to eat) after acute or chronic 

exposure to NNS-sweetened beverages compared to water (49). More findings come from 

the study by Farhat et al. who also showed decreased desire to eat ratings following a 

stevia-sweetened preload and a sucrose-sweetened preload compared to water (50). 

However, another study did not replicate these findings, and showed that desire to eat, 

hunger and prospective consumption ratings were lower at 30 and 60 min following the 

consumption of a sugar-sweetened beverage compared to beverages sweetened with 

aspartame, stevia or monk-fruit (monk-fruit is another plant-based NNS, approved for use 

in the US) (51).  

Another argument against consumption of NNS is that exposure to sweet taste might 

promote  desire for sweet-tasting foods and induce sugar-craving. Therefore, long-term 

NNS consumption could establish a preference for sweet items in the diet (52). In a study 

by Casperson et al. acute consumption of NNS increased the motivation to gain access to 

sweet snacks relative to savoury snack foods in an acute setting (53). However, most of the 

experimental data do not confirm this finding. Fantino et al. showed that appetite for and 

motivation to eat sweet foods were not affected by acute or long-term exposure to NNS 

(49). In another study, which examined the effects of substituting caloric beverages with 

either diet beverages or water, a decrease in energy intake from desserts was 

demonstrated in the diet beverage group after 6 months of intervention (54), suggesting 

that NNS might on the contrary satisfy the urge for sweet items rather than increasing it. 

More evidence comes from the study by Kashima et al. where the blockage of sweet taste 

sensation by Gymnema sylvestre (GS), a sweet taste inhibitor, during consumption of sweet 

items, resulted in decreased satisfaction and higher desire to consume sweet tasting foods 

compared to when the sweet taste was present (55). An absence of differential appetite 

responses between NNS and placebo when the oral sweet taste is bypassed (via 

administration of encapsulated NNS) also supports this view. Consumption of encapsulated 

aspartame for 12 weeks did not influence appetite sensations compared to placebo 

capsules in healthy lean adults previously naïve to NNS (56).  

The above findings are also in line with the sensory specific satiety (SSS) theory, which 

describes the reduction in the pleasantness of the taste of a food (momentary liking) that 

occurs with consumption, compared with the relative preservation of momentary liking for 

uneaten food with dissimilar orosensory properties. The SSS is independent of the calorie 

content of the stimuli (57) and can last up to 1 hour post ingestion (58). In a recent study, 

Rogers et al. demonstrated a SSS effect present shortly after the consumption of a fruit 

squash sweetened with NNS compared to water beverage and no increase in desire to eat 

sweet foods 2 hours after the consumption of the NNS-beverages compared to water. In 
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addition, compared with still water, diet-cola reduced sweet food intake in a subsequent 

meal test (but not total food intake), suggesting that consumption of NNS acutely reduces 

the desire for sweet foods rather than the opposite (59).  

Beneficial effects of NNS consumption on appetite also come from the study by Maloney et 

al., in which the investigators demonstrated that NNS might help frequent NNS consumers 

to control food cravings (60). In a set of studies, Maloney et al. showed that frequent NNS 

consumers exhibited lower energy intake in a craving condition compared to non-frequent 

consumers who consumed more calories in the craving condition (chocolate cues) 

compared to a control condition (neutral cues). Frequent NNS consumers demonstrated 

higher dietary restraint scores, therefore it is plausible that NNS might benefit these 

individuals by satisfying the urge for sweetness without compromising their dieting goals 

(61).  However, the protective effect of NNS frequent consumers in craving-induced 

situations was not confirmed in a second sub-study where the availability of NNS was 

manipulated (available vs unavailable). Peters et al. demonstrated that during a 12-week 

weight loss programme, consumption of NNS beverages compared to water, led to 

significantly greater reductions in subjective feelings of hunger. Participants who were 

included in this study were previously regular consumers of NNS (consumed NNS at least 

3 times a week) (62).   

Taken together, these findings suggest that NNS consumption does not induce rebound 

hunger or an increase in desire to consume sweet items and has either neutral or even 

beneficial effects on appetite in humans. More randomised controlled acute and long-term 

trials are warranted to further confirm the effects of NNS consumption on human appetite.  

  

1.2.3 NNS effects on food intake  

NNS provide the pleasure of sweetness but without the calories. Therefore it could be 

expected that their use could contribute towards reducing the intake of caloric sugars in the 

diet of adults and children with a broader aim to reduce total calorie intake. However, the 

extent to which the ‘saved calories’ from replacing caloric sugars with NNS are 

compensated by will define whether NNS consumption will benefit energy intake or not. 

There have been plenty of studies examining the effects of NNS use on either acute energy 

intake (mostly preload paradigm studies) and long-term energy intake, following a period of 

intervention with NNS compared to a control. In this section I will review the evidence from 

recent meta-analyses which have accumulated all the relevant research in human 

individuals.   
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A meta-analysis by Rogers et al. in 2016 showed that in short-term RCTs (<1 day duration) 

consumption of a NNS-sweetened preload versus sugar-sweetened preloads is 

consistently found to reduce acute energy intake, but no difference was demonstrated in 

the comparisons NNS versus water, NNS versus unsweetened products or NNS versus 

nothing (63). Another recent meta-analysis conducted a comparison between equisweet 

preloads (differing in calorie content) and equicaloric preloads (differing in sweetness) on 

subsequent energy intake. Authors reported significantly lower energy intake at an ad 

libitum meal following the consumption of the NNS-sweetened preloads compared to 

unsweetened preloads in the equicaloric comparison (this means NNS-sweetened preload 

vs water). Regarding the equisweet comparison and taking the total energy intake into 

account (preload and meal) the pattern was trending towards reduced energy intake for the 

NNS-sweetened preload, revealing an only partial compensation from the caloric 

sweetened preload (64). However, the preload design, which is the most common approach 

in human clinical trials assessing short-term appetite and food intake, has some significant 

limitations. Most importantly, an effect on energy intake following an acute consumption of 

NNS-sweetened preloads fails to reflect potential longer-term effects towards dietary 

compensation (65).     

Meta-analysis of long-term RCTs with duration more than 1 day concluded that 

consumption of NNS compared with caloric sugars also leads to reduction in energy intake, 

while the authors also reported a reduction in the comparison between NNS and water (63). 

Another recent meta-analysis by Rogers and Appleton included 88 parallel-group and 

crossover studies with duration at least one week and the comparisons of interest were 

NNS consumption versus caloric sugars, NNS versus water or nothing and NNS in capsules 

versus placebo capsules. The investigators observed a consistent effect towards reduced 

energy intake in favour of the NNS treatments compared to caloric sugars, however no 

significant effect was demonstrated when NNS  were compared with water or nothing and 

inconsistent findings were shown when NNS was delivered in capsules versus placebo 

capsules (66). These findings suggest that the effects of NNS on energy intake were mostly 

due to their lack of energy content, as opposed to their taste or any post-ingestive effects.   

The comparison of NNS versus water is of great interest, as any differential effects in favour 

of the NNS could be attributed to the pleasurable sensation of sweet taste per se and food 

reward mechanisms. The lack of a significant reduction of food intake between NNS and 

water or nothing in the recent meta-analysis by Rogers & Appleton is probably due to the 

relatively few studies available, with mixed results according to the authors. Energy intake 

assessment in long-term trials is also challenging because it depends on self-reporting 

methods, such as retrospective 24-h dietary recalls or food diaries that are completed by 

the participants. More randomised controlled acute and long-term trials are required to 
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investigate the effects of NNS on energy intake, especially for the comparisons between 

NNS and water or nothing using appropriate controls.   

1.2.4 NNS effects on body weight  

Consumption of caloric sugars has been consistently reported to play a significant role in 

weight gain, obesity and its comorbidities (15, 67-70). The role of NNS use on body weight 

is discussed below. 

1.2.4.1 Evidence from prospective cohort studies  

Meta-analyses from cohort studies have shown either no (63) or a positive association 

between NNS use and BMI (71, 72) or body weight (72, 73). Miller & Perez (71) conducted 

a meta-analysis which included nine prospective cohort studies, four of which were 

conducted in children and adolescents and five in adults. Results showed a small but 

significant positive association between NNS use and BMI, but there was no significant 

association with body weight or fat mass. The authors suggested that the results of this 

meta-analysis were limited largely by differences across the individual studies, potential 

sources of bias in some of the included studies, such as not controlling for energy intake 

and baseline weight and BMI, as well as insufficient measurement of NNS intake. The meta-

analysis by Rogers et al. (63) included results from 12 prospective cohort studies, which 

reported inconsistent associations between NNS use and BMI concluding that there is no 

change in BMI with consumption of NNS.  

Another meta-analysis by Azad et al. (72) included 30 cohort studies and concluded that 

consumption of NNS was associated with a modest increase in BMI, suggesting that 

evidence does not clearly support the intended benefits of NNS. However, this study has 

received quite a lot of criticism mainly because of the selection of the data from the original 

papers, as the authors used baseline or prevalent data of exposure instead of the change 

data, an approach that is usually used to offer protection against the issue of reverse 

causality.  

In summary, the evidence from prospective cohort studies show no or small positive 

association between NNS consumption and BMI or body weight. Nevertheless, causal 

relationships cannot be claimed with data from observational studies, and data are difficult 

to interpret as associations may be due to confounding or reverse causality. High 

consumers may be consuming NNS as a strategy to lose weight being already overweight 

or obese, or at risk (10, 74). Indeed, Bleich et al. confirmed the above revealing that 1 out 

of 5 overweight and obese adults in the US consumed diet versions of all kind of beverages, 

and this figure is almost twice compared to normal weight individuals (75). As outlined by 

Mela et al. (76) in a recent perspective article, reporting of evidence on health associations 
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with NNS from observational and prospective cohort studies should be clear that these are 

subject to residual confounding and may have been initially designed to answer a different 

research question, therefore should be interpreted with great caution.  

The next section discusses the available data from RCTs, which provide the highest quality 

of evidence for examining the potentially causal effects of NNS use and body weight.  

1.2.4.2 Evidence from randomised controlled trials  

In contrast to the conclusions from prospective cohort studies, findings from RCTs show a 

different picture.  

In the meta-analysis by Miller and Perez (71) 15 RCTs were included in the analysis with 

most control interventions being SSBs or sugar-sweetened foods. The meta-analysis 

showed that NNS consumption modestly but significantly reduced all outcomes examined, 

including body weight and BMI. The authors highlighted that a single dietary change,  

replacement of caloric sugars with NNS in that case, cannot result in clinically significant 

weight loss, however the maintenance of palatability with few or zero calories that NNS offer 

might aid toward better adherence in weight loss programs. In the meta-analysis by Rogers 

et al. (63) sustained RCTs were included with duration varying from 4 weeks to 40 months. 

Consumption of NNS vs sugar resulted in reduced body weight and a similar reduction vs 

water, however this analysis was based on 3 comparisons only therefore more research is 

warranted in order to draw firmer conclusions.  

Recent meta-analysis by Rogers and Appleton included results from RCTs with duration at 

least one week comparing either NNS vs sugars, NNS vs water or nothing or NNS capsules 

vs placebo capsules (66). Overall results showed a beneficial effect of NNS vs sugar on 

body weight, while the duration of the intervention or participant blinding did not affect the 

outcome. However, results showed no difference in the comparison NNS vs water or 

nothing on body weight, and the comparison between NNS capsules or placebo capsules 

resulted in mixed and inconsistent effects. Another recent meta-analysis by Laviada-Molina 

et al. assessed the effects of NNS intake compared to sucrose, water or nothing, in RCTs 

with at least 4 weeks duration (77). NNS use showed significant weight differences in favour 

of NNS; however grouping by the nature of comparator revealed that NNS vs placebo, no 

intervention or water exerts no significant effects on body weight, confirming the results by 

Rogers and Appleton. Interestingly, effects on body weight were only significant when 

participants were in unrestricted diets rather than weight-reduction diets.  

On the contrary Azad et al. (72) showed that NNS had no significant effect on BMI in a 

meta-analysis that included 7 RCTs, with duration at least 6 months. Toews et al. drew 

similar conclusions in their meta-analysis (73), both randomised and non-randomised 
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controlled trials were included with study duration at least 7 days of intervention. The 

authors concluded that in RCTs there was no significant difference in body weight between 

adults receiving NNS compared to caloric sugars or placebo. Differences in methodological 

designs that result in differences in selected studies could account for these discrepancies, 

for example Azad et al. excluded cross-over studies as well as studies with intervention 

periods less than 6 months.  

Latest research has also highlighted the potential sweetener-specific effects on body 

weight. A recent study by Higgins et al. (78) showed that different NNS exhibited different 

effects on body weight over a 12-week period, participants in the sucralose group reduced 

body weight, the saccharin group showed slight weight gain while the aspartame and stevia 

group showed no change in body weight. Because NNS differ significantly in their 

absorption, distribution, metabolism and excretion, the possibility of exhibiting differential 

effects on body weight cannot be discounted and might be relevant for the interpretation of 

experimental data (76).   

In conclusion, results from RCTs do not support the presumption brought in by some 

observational studies that NNS are related to weight gain. Substituting NNS for caloric 

sweeteners results in a modest but consistently significant weight reduction, therefore NNS 

use seems a straightforward strategy towards achieving a net energy saving in the long-

term. Trials contrasting NNS with placebo or water show in both cases neutral effect on 

body weight, even though there are some findings supporting beneficial effects with NNS 

use.  
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1.3 Physiological responses related to NNS consumption compared to 

caloric sugars 

1.3.1 Sweetness in the mouth and in the gut   

Taste is the sensory system devoted primarily to a quality check of food to be ingested, with 

sweet taste signalling the presence of energy-rich carbohydrates, therefore promoting 

intake. From an evolutionary perspective it could be considered maladaptive to recognise 

sweetness from NNS since they do not contain any energy for physiological function (79). 

The discovery of STRs in extraoral tissues and especially throughout the gastrointestinal 

(GI) tract, raised questions regarding the involvement of gut STRs in nutrient chemosensing 

and satiety signalling. As a consequence a potential functional role of NNS on metabolic 

responses has been proposed. This section will review the available evidence examining 

the potential role of oral and gut sweetness on metabolic outcomes, with an emphasis in 

data from human intervention studies.   

1.3.1.1 Oral and extraoral sweet taste receptors  

The physiological role of taste is to detect key nutrients and avoid potentially toxic 

molecules. Sweet taste signals the presence of energy-rich carbohydrates which increases 

the hedonic tone of food, promotes intake and prepares the body to optimised food digestion 

and absorption by initiating cephalic responses (80).  

The STR is a heterodimeric G-protein coupled receptor consisting of two subunits 

(T1R2/T1R3). Binding of a ligand to the receptor results in activation of intracellular 

signalling pathways such as a-gustducin and further leads to intracellular Ca2+ release. 

This signalling chain then activates transient receptor potential cation channel subfamily 

member 5 (TRPM5). This allows sodium entry in the cell which facilitates cell depolarisation. 

Once activated the oral STR cells transmit the information via sensory afferent fibres to the 

brain areas involved in sweet taste processing to generate the perception of sweetness 

(81).  

The T1R2/T1R3 STR responds to various and remarkably chemically distinct compounds, 

such as natural sugars, low calorie sweeteners, some D-amino acids, and sweet-tasting 

proteins (82). However, the T1R2 and T1R3 proteins are each capable to bind selected 

sweeteners with distinct affinities (Figure 1.3), and contain at least six binding sites for 

sweet agonists and antagonists. Each T1R subunit is comprised of three principal domains, 

an extracellular venus-flytrap domain, a seven transmembrane-spanning domain and a 

cysteine-rich domain connecting them (81, 83). Sucrose, glucose, sucralose and potentially 

saccharin and ace-K bind at both T1R2 and T1R3 (84, 85), aspartame and stevioside bind 

at T1R2 and cyclamate, thaumatin at T1R3 (85-88). This differential binding can lead to 
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differences in sweetness intensity; NNS achieve sweetness of sucrose at much lower 

concentrations probably due to stronger binding to the receptors (87), as well as activation 

of distinct intracellular signalling based on molecular size and shape (89).   

The initial evidence for extraoral taste signalling was reported in 1996 by Hofer et al. (90), 

who described the presence of α-gustducin in brush cells in the stomach and throughout 

the epithelium of the gut sharing structural features of oral taste receptors. Following that, 

it is now known that STRs are expressed in plenty extraoral tissues including the stomach, 

small and large intestine, pancreatic beta cells, heart and brain (91-94). However, one 

needs to bear in mind that molecular evidence for expression of a receptor does not 

necessarily translate into functionality (95).  

 

Figure 1.3 Illustration of the human sweet taste receptors with some examples of the compounds 

that can activate them. Font colours indicate the compounds that bind to both T1R2 and T1R3 

(blue), only to T1R2 (green) or only to T1R3 (pink). Adapted from DuBois (96). 7TMD, 7-trans-

membrane domain; CRD, Cysteine-rich domain; VFD, venus flytap domain.  

 

1.3.1.2 The role of oral sweet taste on metabolic parameters  

The sensory experience is important in determining food selection and dietary intake, and 

sweet taste in particular has been associated with food seeking behaviours (97). Over the 

sucrose, glucose, sucralose 
and potentially saccharin, 

ace-K  

aspartame, 
neotame, 
stevioside  

cyclamate, 

thaumatin 

VFDD  
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7TMD 
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past few decades there has been an increasing interest in understanding the role taste 

perception plays in satiety, energy balance and metabolic responses (98).  

The use of STR antagonists - oral sweetness perception vs no oral sweetness perception  

Whether NNS and caloric sugars elicit similar or differing effects on metabolic parameters 

due to their oral sweet taste has been investigated in a few recent studies. A useful tool that 

has been used to explore the role of sweet taste on metabolic parameters as well as on 

satiety and food intake are T1R2/3 inhibitors, and in particular lactisole and GS. Lactisole 

is a STR antagonist and has the ability to block the sweet taste of several compounds 

including caloric sugars (fructose, glucose, sucrose) and NNS (aspartame, ace-K, 

saccharin) (99). GS is a plant from which gymnema acids are isolated which selectively 

suppress sweet taste sensation in humans without affecting the perception of other taste 

elements (100). Recent studies have used either lactisole or GS in order to examine the 

role of oral sweet taste on appetite and metabolic indices.  

The first report was by Simpson et al. who demonstrated that a glucose solution 

administered following lactisole resulted in a lower mean peak glucose (101), highlighting 

the potential role of STRs on glucose homeostasis. Kashima et al. in a more recent study 

demonstrated that suppression of oral sweet sensation during ingestion of glucose has a 

role in decreasing the gastric emptying and slowing blood glucose and insulin responses 

(102, 103). In an attempt to explore whether these effects are triggered by sweet taste 

sensing per se, a NNS, aspartame, was included in the design along with glucose. In 

particular, participants initially rinsed their mouths with either water (control) or a GS solution 

(2.5%) and then consumed 200 g of either 0.09% aspartame or 15% glucose. Gastric 

emptying, blood glucose and plasma insulin did not differ between water and GS in the 

aspartame condition, but after glucose ingestion gastric emptying was lower in the GS, 

blood glucose and plasma insulin was lower at 30-40 min and higher at 50-80 min 

postprandially in the GS condition (103). Results were not confirmed in a later study by the 

same research group in response to the consumption of sweet-tasting foods (muffin, sweet 

yoghurt and banana) following rinse of participants’ mouths with a GS solution. Gastric 

emptying, blood glucose, plasma insulin and appetite indices did not differ between pre-

treatment with GS compared to distilled water (control condition) (55). The above suggest 

a potential impact of oral sweet taste on metabolic indices including gastric emptying, 

glucose and insulin response in humans, only when caloric sugars are present; however 

results at this point remain inconsistent.   
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Cephalic phase responses   

STR activation in the oral cavity also prepares the body to optimise food digestion and 

nutrient absorption through cephalic phase responses (CPR). CPRs are anticipatory 

physiological responses that occur before swallowing and aim at optimal digestion and 

absorption of nutrients. Cephalic stimulation activates the vagus nerve, which in turn causes 

many autonomic responses such as the release of saliva and hormones like insulin and 

glucagon, however CPRs are also associated with non-secretory responses such as 

increased gastric motility and heart rate (104, 105). The most described and studied CPR 

is  cephalic phase insulin release (CPIR), a neurally-mediated small transient increase in 

insulin release pre-absorptively in response to food-related sensory stimuli which 

consequently influences postprandial glycaemia (106, 107).  

Caloric sweeteners like sucrose and glucose has been shown to induce a significant CPIR 

(108-110). Regarding NNS, Just et al. demonstrated a significant CPIR with saccharin 

stimulation under fasting conditions and a ‘sip and spit’ procedure at 5 min after the 

stimulation (108), and Dhillon et al. observed a weak but significant CPIR following oral 

sucralose stimulation of individuals who were overweight or obese. The authors however 

suggested that this finding should be interpreted with caution since the CPIR was observed 

only in a subset of the participants (responders) and was not reliably reproduced (110). Ford 

et al. used a modified sham feeding protocol prior to ingestion of sucralose but observed no 

difference in plasma insulin following the oral stimulation with sucralose (111), results were 

also confirmed in a recent study that showed that sucralose did not trigger a measurable 

CPIR during the first 10 min post-ingestion (112). CPIR has not been demonstrated for other 

NNS such as aspartame, cyclamate or steviol glycosides, therefore more research is 

required to explore this potential functional role of NNS.  

In the case of NNS there is incongruence between the sensory properties and the post-

ingestive metabolic consequences, therefore it is crucial to elucidate whether they are 

capable of producing CPIR or not. At the moment, evidence for a CPIR with NNS 

consumption is limited and scarce, and since this is a brief phenomenon with a relatively 

small magnitude the relevance of CPR responses in human eating behaviour is questioned. 

Indeed, a very recent systematic-review and meta-analysis by Lasschuijt et al. (113)  

challenges the physiological relevance of CPRs in human appetite and glucose 

homeostasis, concluding that CPIRs are small compared with spontaneous fluctuations with 

the majority of evidence supporting no role of CPIR affecting functional outcomes.  
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1.3.1.3 Potential functional roles of the gut sweet taste receptors 

Evidence from cell and animal data  

The enteroendocrine cells of the GI tract secrete a variety of signalling molecules in 

response to changes in the gastric and intestinal lumen composition (114). Different types 

of enteroendocrine cells are the L cells of the ileum and colon, which secrete GLP-1 and 

PYY, K cells which secrete gastric inhibitory polypeptide (GIP), I cells of the duodenum and 

jejenum which secrete cholecystokinin (CCK). Ingested nutrients particularly carbohydrates 

and fats, promote the release of incretins from different parts of the gut, GIP and GLP-1 are 

release in response to oral glucose and mediate insulin secretion (115). It is documented 

that several enteroendocrine cell types throughout the gut express T1R2/3 STRs, and/or 

the taste-specific G protein α-gustducin (116, 117). There are several physiological roles 

proposed for STR signalling in the gut, and include luminal glucose sensing, release of 

satiety hormones such as GLP-1, expression of glucose transporters and maintenance of 

glucose homeostasis.  

Evidence that the human GI tract may be able to sense sweetness comes from studies in 

cell lines showing that T1Rs and α-gustducin were found to be expressed in a human 

enteroendocrine L cell line, further showing GLP-1 release promoted by the activation of 

the STR by either sugars or sucralose (118). In addition, α-gustducin knockout mice 

exhibited no GLP-1 secretion and altered GIP secretion compared with their wild type 

littermates in response to a gavage glucose load. Confirmation of these results were 

provided by another study, reporting that the sweetener dependent secretion of GLP-1 and 

GIP from GLUTag cells is abolished in the presence of gurmarin, an inhibitor of mouse 

T1R2 +T1R3 (119).  

Margolskee et al. (119) demonstrated that T1R2 and T1R2 sweet receptor in the gut 

regulated sodium-glucose linked transporter 1 (SGLT1) expression and increased glucose 

absorptive capacity in response to luminal sugars, saccharin and ace-K but not aspartame 

in mice. The Na+/glucose cotransporter SGLT1 is the major route for the transport of dietary 

sugars from the lumen of the intestine into enterocytes, and ultimately their entry into the 

circulation. The lack of response to aspartame was attributed to the fact that aspartame is 

not sweet to mice and does not stimulate expressed mouse T1R2 + T1R3. Furthermore, 

STRs in rat small intestine were found to stimulate glucose absorption though apical 

glucose transporter 2 (GLUT2) and ace-K, sucralose and saccharin to also induce these 

effects (120).  

In summary, NNS have been demonstrated to induce hormonal release and to promote 

glucose uptake via upregulation of transporters in cell and animal model studies. However, 

doses used in these types of studies are usually very high and may not be relevant to human 
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consumption. Whether these effects are physiologically relevant in the context of human 

consumption is discussed in the next section.   

Evidence from human data  

The evidence from animal and cell lines data demonstrate some evidence that sweetness 

per se is sensed in the gut leading to gut hormones release and regulation of glucose 

homeostasis. In order to explore the potential functional role of gut STRs in humans, the 

paradigms used in research studies include intragastric or intraduodenal infusion of 

nutrients. Intragastric administration of nutrients has the advantage of bypassing 

orosensory stimulation, while maintaining gastric factors such as gastric emptying rate. On 

the other hand, intraduodenal administration of nutrients or tastants facilitates the study of 

direct interactions between the administrated substances and any effects on glucose 

metabolism and hormonal release. 

Gerspach et al. used intragastric infusion of glucose and lactisole, a STR antagonist as 

explained earlier, in an attempt to answer whether gut STRs influence gut peptide release 

in humans. In the presence of lactisole, the release of GLP-1 and PYY by glucose was 

significantly reduced proposing that gut STRs might have a role in glucose-dependent 

secretion of gut peptides (121). Therefore, if gut STR activation is involved in glucose 

homeostasis and gut peptide release, NNS ingestion would induce metabolic responses 

postprandially.  

However, Little et al. found no evidence that equisweet solutions delivered intragastrically 

affected emptying similarly, since fructose, aspartame and saccharin did not slow gastric 

emptying compared to water but only glucose did. In addition, there was no additional effect 

on gastric emptying or appetite responses following the consumption of the sweeter mixed 

glucose and saccharin solution (122). Human studies describing the effects of intragastric 

or intraduodenal infusion of NNS on postprandial glucose, insulin and gut hormone 

responses are presented in Table 1.4. In summary, none of the human studies that 

administered NNS directly to parts of the GI tract together or not with other nutrients has 

shown any significant effects on glucose, insulin or gut hormones (GLP-1, GIP, PYY). One 

of these studies also assessed postprandial ghrelin levels and showed that sucralose, 

aspartame or ace-K intragastric infusion did not affect plasma ghrelin concentrations either 

(123). 

Available data so far question the functional role of gut STRs on glucose homeostasis and 

hormonal responses at least in the context of human consumption at dietetically meaningful 

levels.
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Table 1.4 Human studies exploring glucose, insulin and gut hormones response following intragastric or intraduodenal infusion of NNS in healthy humans.  

 Subjects1 Treatments Glucose Insulin GLP-1 GIP PYY Control 

van 
Avesaat 
et al. 
(124) 

15 healthy 
(24 years, 
22.4 kg/m2) 

150 min after the ingestion of a 
standardised liquid meal (162 
kcal):  
540 mg Reb A in 120 mL water  

- - 

ND v. control 

 

ND v. control 120 mL water 

Steinert 
et al. 
(125) 

12 healthy 
(23 years, 
23  kg/m2) 

Intragastric infusion  
50 g glucose in 250 mL water 
25 g fructose in 250 mL water 
62 mg sucralose in 250 mL water 
169 mg aspartame in 250 mL 
water 
220 mg ace-K in 250 mL water 

Glucose elicited 
higher conc. v. 
fructose, 
sucralose, 
aspartame or ace-
K and water  

Higher plasma 
insulin conc. after 
glucose and 
fructose v. NNS and 
water  

Higher AUC 0-
120 min  for 
glucose v. all 
other treatments  

- 

Higher AUC 
for glucose, 
ND for 
fructose and 
sweeteners 

250 mL tap 
water  

Ma et 
al. 
(126) 

10 healthy 
(27 years, 
23.4 kg/m2) 

Intraduodenal (ID) infusion  
t=-30 min  
sucralose (4mM in 0·9% saline) at 
4ml/min (total volume: 600 mL) 
control (0·9% saline) at 4 ml/min 
for 
150 min (total volume: 600 mL)  
 
t=0 min (for both conditions) 
ID infusion of glucose solution 
(30 g glucose together with 3 g 3-
O-methylglucose (3-OMG), 

ND at any time 
points between 
treatments  

- 

ND at any time 
point between 
treatments  

- - 

600 mL saline 
infusion + 
glucose-
3OMG infusion   

Ma et 
al. 
(127) 

7 healthy 
(24  years, 
21.6  kg/m2) 

Intragastric infusion 
50 g sucrose in 500 mL water 
80 mg sucralose in 500 mL saline 
800 mg sucralose in 500 mL saline  
All labelled with 150 mg 13C-
acetate  

 Higher conc. for 
sucrose from 
t=5min until 
t=60 min v. 
saline  

 ND between 
sucralose 
(either load) 
and saline 

 Higher conc. for 
sucrose from t=5 
min until t=120 
min v. saline 

 ND between 
sucralose and 
saline   

 Higher conc. 
for sucrose at 
t=5 min and 
t=15 min v. 
saline 

 ND between 
sucralose and 
saline  

 Higher conc. for 
sucrose 
between 5 min 
and 150 min 

 ND between 
sucralose and 
saline  

- 

500 mL saline  

1 Subjects characteristics are presented as follows: mean age, mean body mass index. Ace-k, acesulfame-K; AUC, Area Under the Curve; conc., concentration; GIP, gastric inhibitory  

polypeptide; GLP-1, glucagon like peptide 1; ND, no difference; OGTT, oral glucose tolerance test; PYY, peptide YY; Reb A, rebaudioside A.  
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1.3.2 Metabolic effects of NNS consumption in humans 

1.3.2.1 Acute studies 

Observational studies have suggested that NNS consumption might be associated with 

metabolic disease and particularly obesity and T2DM (67, 128). A key question 

underpinning the putative link between NNS and metabolism is the presence and the 

magnitude of an effect of NNS ingested as part of a non-caloric or caloric preload on 

glycaemic and insulinaemic responses. Reducing the glycaemic load of diets is strongly 

associated with lower risk of developing T2DM (129), therefore examining the postprandial 

glycaemic and insulinaemic response to NNS is of great importance. As outlined in previous 

sections, oral sweet taste perception plays a role in the metabolic consequences of caloric 

sugars, however oral stimulation of sweet taste via NNS has not been demonstrated to 

influence postprandial metabolism significantly. Stimulation of gut STRs alone via 

intragastric/intraduodenal administration of NNS also did not show any evidence for 

potential functional roles of NNS in the context of human nutrition. 

In this section the data regarding the metabolic responses following NNS oral (normal) 

ingestion will be discussed. The effects of acute ingestion of NNS on glucose, insulin and 

gut peptide responses have been studied using a variety of methods as well as different 

dosages and types of NNS (38, 48, 51, 112, 130-132). As a consequence, a number of 

systematic reviews and meta-analyses have been conducted the latest years in an attempt 

to collectively present available evidence. Romo-Romo et al. (133) examined the available 

scientific evidence regarding the effects of NNS on glucose metabolism and appetite 

regulating hormones. In the systematic review published in 2016, 14 observational studies 

and 28 RCTs were included, with the authors concluding that any effects of NNS on glucose 

metabolism could not be established at that point due to major differences in the design of 

the available studies. A later meta-analysis by Nichol et al. was conducted to estimate the 

trajectory of blood glucose response over time following NNS consumption. The authors 

concluded that NNS consumption was not found to increase postprandial blood glucose, 

but on the contrary glucose responses gradually declined over the course of observation. 

There was not a differential effect observed by type of NNS, however it was highlighted that 

the glycaemic impact of NNS consumption varied by participants’ age, body weight and 

diabetic status (134). Tucker and Tan conducted another systematic review on acute 

glycaemic and insulinaemic responses to NNS consumption based on the hypothesis that 

NNS use could improve glucose regulation (lower postprandial glucose response) due to 

sweet taste activating STRs-mediated physiological responses. The authors concluded that 

NNS triggered physiological responses, albeit inconsistently, but failed to improve glucose 

response in almost all studies (135).  
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The most recent report to date is a meta-analysis that included results from 34 RCTs and 

was the first quantitative analysis of the effects of NNS intake on 2 hour postprandial 

glucose and insulin response (13). The results showed that ingestion of NNS, administered 

alone or in combination with a nutrient-containing preload, has no acute effects on the mean 

change in postprandial glycaemic and insulinaemic responses compared to a control 

intervention. The effects did not differ by type or dose of NNS, fasting glucose or insulin 

levels but there was a small beneficial effect on postprandial glucose response in studies 

of patients with T2DM.  

Even though the glycaemic and insulinaemic responses to NNS are well described, the 

effects on gut hormones have not been systematically reviewed. Potential effects of NNS 

consumption on gut peptides release might significantly affect other outcomes such as 

appetite, energy intake, thus body weight. Consumption of sucralose or aspartame (or 

aspartame-sweetened cola) alone did not lead to GLP-1 or GIP release in healthy human 

volunteers (111, 136-138), however results appear mixed when sucralose is consumed 

prior to glucose ingestion. Enhanced GLP-1 response has been shown in four human 

studies (38, 131, 139, 140), and corresponded to either sucralose or diet drinks (containing 

sucralose and ace-K) consumption prior to a glucose load and primarily in participants with 

overweight-obesity (38, 131, 140). However, there are also studies showing no effect in 

GLP-1 using the same design in the case of sucralose (38, 130) and saccharin (141). No 

significant effects have been shown for GIP release (38, 130, 136), while effects on ghrelin 

or PYY release are scarce yet conclusions cannot be made at this point. The most studied 

NNS so far appears to be sucralose, while there is less data available on stevia, ace-K and 

saccharin and their effects on hormonal responses.  

The evidence suggests that acute consumption of NNS alone or in combination with a 

nutrient-containing preload does not influence glucose or insulin responses in humans. 

However, more research is warranted in order to draw firmer conclusions regarding acute 

hormonal responses especially for the less studied NNS, as there is less evidence available 

and there are methodological considerations such as BMI of volunteers, prior exposure to 

NNS and the acute nature of these studies that should be taken into careful consideration.  
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1.3.2.2 Chronic studies  

The evidence described in the previous section on the effects of acute consumption of NNS 

on metabolic responses, immediately creates the question whether repeated exposure to 

NNS might influence postprandial metabolism. Even though such studies investigating the 

long-term effects of NNS on postprandial metabolic responses in humans were very limited 

at the time when this PhD started, during the last 4 years a considerable amount of studies 

have been conducted and will be summarised below.  

Concerns regarding the ability of NNS to cause adverse effects on glucose tolerance were 

raised by the study of Suez et al. (142), who suggested a negative effect of saccharin 

consumption on glucose tolerance mediated by alteration of gut microbiota. In this study 7 

human subjects, non-frequent consumers of NNS, were studied for a period of 1 week and 

consumed the acceptable daily intake (ADI) of commercial saccharin (5 mg/ kg body 

weight). On days 5-7 of the exposure period 4 out of 3 participants exhibited poorer 

glycaemic control, as evaluated by daily oral glucose tolerance tests (OGTTs) compared to 

days 1-4 of exposure. The other 3 participants did not show any difference on glucose 

tolerance, and were considered as ‘non-responders’. Analysis of participants’ gut 

microbiome showed that the non-responders did not exhibit any changes in composition of 

the microbiome, while the responders (those who showed poorer glycaemic control after 

exposure to NNS) developed significant compositional changes. Another study has been 

recently conducted examining the effects of saccharin supplementation on glucose 

tolerance and gut microbiome in human subjects (143). Participants received the maximum 

ADI for saccharin for 2 weeks and on the contrary showed no changes in glucose tolerance 

or gut microbiota composition.   

Several studies have evaluated the effect of repeated doses of sucralose consumption on 

glucose metabolism (144-150). Sucralose appears again to be the most studied in terms of 

long-term metabolic effects in humans compared to the NNS. Studies differed in duration 

starting from just one week (144) and up to 13 weeks (150). Some of the identified studies 

delivered sucralose in the form of capsules or pills, while some other delivered sucralose in 

the form of beverages (145, 147, 148), with the majority conducted in healthy adults apart 

from one study which was conducted in patients with T2DM (150). No difference in 

postprandial glucose and insulin responses to an OGTT before and after the intervention 

period was found in the studies by Thomson et al. (144) and Grotz et al. (149) (both studies 

administrated sucralose in capsules). Thomson et al. also evaluated potential changes in 

the gut microbiome before and after the intervention in the study groups (sucralose group 

consuming 0.78 g sucralose (75% ADI) and placebo group 0.75 g calcium carbonate as 

placebo for 7 days) as a secondary outcome and concluded that treatments did not 

substantially alter the microbiome of the subjects (144).  



45 

 

However, a decrease in insulin sensitivity following a period of repeated sucralose 

consumption in doses varying between 36 and 200 mg compared to a control group was 

described in three studies (145, 146, 148). It should be noted that the need to control for 

exposure to NNS prior to study allocation is often highlighted, however participants in these 

three studies varied in habitual NNS consumption from none to high. In addition, a decrease 

in insulin sensitivity was observed in another study, conducted in healthy adults non regular 

consumers of NNS, but only when sucralose was combined with carbohydrates 

(maltodextrin) in a beverage, and was correlated with a decrease in brain response to sweet 

taste (147). In the study by Bueno-Hernandez et al. (145) there were two intervention 

groups, one consumed 48mg of sucralose per day for 10 weeks, which corresponds to the 

amount of NNS contained in one can of diet soda, while the other group consumed 96 mg 

of sucralose daily. Although the group receiving 48 mg sucralose demonstrated a decrease 

in insulin sensitivity indices, findings were not confirmed in the higher dose group.  

Fewer studies are available investigating the effects of long-term consumption of the other 

NNS on metabolic responses. Higgins et al. (56) examined the effects of daily aspartame 

consumption for 12 weeks on postprandial glucose, insulin, GLP-1 and GIP responses in 

healthy lean adults. Participants were randomly allocated to one of the three study groups, 

consuming either 0, 350 or 680 mg aspartame (encapsulated) daily for the duration of the 

study. Aspartame had no effect on glycaemia and the other metabolic parameters (insulin, 

GLP-1, GIP response between baseline and week 12) among healthy adults. Among the 

strengths of this study is that the investigators included a large sample size, male and 

female participants and objectively measured compliance using a traceable compound in 

the study products, which was then assessed in participants’ urine. Another study by Ahmad 

et al. investigated the effect of daily aspartame (14% ADI – 0.425 g) and sucralose (20% 

ADI 0.136) consumption for 2 weeks on glucose homeostasis (glucose response to an 

OGTT) in healthy normal weight participants in a randomised double-blind controlled 

crossover design. Neither the consumption of sucralose nor aspartame resulted in any 

significant differences in glucose, insulin, GLP-1 or leptin response between baseline and 

after 2 weeks of consumption (132).  

Two studies evaluated the effects of chronic consumption of NNS-sweetened carbonated 

beverages on postprandial metabolism. Bonnet et al. (151) investigated the effects of 

consuming NNS-sweetened carbonated beverages daily for a period of 12 weeks in healthy 

men in randomised double-blinded crossover design. Participants were randomised to drink 

a carbonated beverage (2 cans 330 mL a day) containing 129 mg aspartame and 13 mg 

ace-K daily or an unsweetened carbonated beverage. Insulin sensitivity was assessed by 

the Matsuda Insulin Sensitivity Index after an OGTT. Results showed that daily consumption 

of 2 NNS-sweetened carbonated beverages for 12 weeks does not influence insulin 
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sensitivity in healthy nondiabetic males.  Another study by Engel et al. (152) assessed the 

effects of daily consumption of NNS-sweetened soft drinks for 6 months compared to sugar 

sweetened soft drinks or water (1L/day) in participants with overweight/obesity in a 

randomised controlled trial. No difference was observed in glucose or insulin response to 

an OGTT before and after the intervention or between the groups.  

To date, there are not any studies available evaluating the effects of long-term stevia or 

pure ace-K (apart from the case of diet drinks) consumption on glucose response to a 

glucose load. However, there are some studies assessing fasting blood glucose and insulin 

concentrations before and after an intervention period of stevia administration (reviewed in 

Chapter 1.5.3).   

There is a great need for more RCTs assessing the long-term effects of NNS consumption 

on glucose homeostasis. Results from RCTs regarding effects of daily sucralose 

consumption on glucose metabolism appear inconsistent. There are some initial findings 

that show that sucralose consumption could disrupt glucose metabolism by decreasing 

insulin sensitivity. Nevertheless, due to limitations of study designs that differ in the amounts 

of sweeteners used, the form of administration (beverage, capsule), study populations, and 

difficulties in assessing compliance due to the nature of these studies, any conclusions 

should be drawn with caution.   
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1.4 Control of eating in the human brain: caloric sweeteners versus NNS 

Humans eat to survive but we also eat for other reasons such as pleasure (food is tasty), 

emotional reasons (we often eat when we are stressed), social purposes etc. Control of 

eating and its biological substrates were traditionally divided into two separate categories: 

the homeostatic processes involved in energy intake based on energy needs and the non-

homeostatic processes which are not regulated or compensated by some form of metabolic 

feedback (153, 154). A more expressive term for ‘non-homeostatic’ is ‘hedonic’ eating, 

which refers to the involvement of cognitive, reward, and emotional factors. More recent 

models, suggest that these two systems do not act in isolation but together under a common 

neurochemical network to influence when and how much food will be consumed (12, 155).  

1.4.1 Neural processing of appetite and food intake  

1.4.1.1 Homeostatic eating  

Homeostatic eating is driven by acute negative energy balance. The physiological 

modulation of homeostatic eating involves central and peripheral modulators that are 

released following acute energy depletion in order to promote food intake (156, 157).  

Food is consumed by the mouth, then passes in the GI tract to be processed and eventually 

absorbed in the bloodstream. The enteroendocrine system is the primary sensor of ingested 

volume and nutrients, and is responsible for secreting an array of hormones in response to 

acute energy intake, which modulate multiple physiological processes including glucose 

homeostasis and appetite. Carbohydrates are predominantly sensed in the form of glucose, 

which in humans is a potent stimulator of GLP-1 and PYY secretion (158). Circulating levels 

of these hormones among others are associated with reductions in intake (159). The 

information regarding the volume and nutrients in the GI tract reaches the brain via two 

pathways. The first involves the vagal sensory nerves which are located almost throughout 

the entire GI tract and relay the gut information to the brainstem (pathway essential for 

satiety and meal termination). The other pathway involves the secretion of gut hormones in 

response to the presence of food in the GI tract, which act locally to contribute to nutrient 

absorption and metabolism but also act directly in the brain (12).  

The hypothalamus and the brainstem are the core processors of homeostatic eating 

The hypothalamus has been long recognised to be critically involved in maintaining energy 

homeostasis. The arcuate nucleus of the hypothalamus contains two subpopulations of 

neurons which influence appetite, in particular neurons which express neuropeptide Y and 

agouti-related protein which elicit orexigenic effects, and neurons expressing pro-

opiomelanocortin and cocaine-and amphetamine-regulated transcript which induce 
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anorexigenic effects (160). These two populations of neurons together with the downstream 

target neurons expressing the melanocortin receptor 4 and 3 constitute the central 

melanocortin system, essential for sensing and integrating a number of peripheral signals 

to allow for a precise regulation of food intake and energy expenditure (161). These neurons 

are modulated by both long-acting adiposity signals, mainly leptin and insulin, which 

circulate in the blood stream in amounts proportional to body fat content but also in response 

to acute changes in energy intake, and by short-acting gastrointestinal peptides, such as 

ghrelin, PYY, GLP-1, which are secreted in response acute changes in nutritional status. 

These peripheral hormonal signals act in the hypothalamus to excite or inhibit these 

neurons to alter appetite.  

The brainstem plays also a critical role in processing and integrating signals related to 

metabolic state, particularly with regards to meal size regulation and thermogenesis. The 

brainstem is able to detect sensory information mediated by vagal afferents and circulating 

factors and generate motor output associated with the ingestion, digestion and absorption 

of food (12, 153). During a meal, the brainstem receives afferent information with regards 

to compositions and quantity of nutrients being ingested. The area postrema is located on 

the caudal brainstem and ideally situated to receive and integrate circulating metabolic 

signals (leptin, insulin, GLP-1, PYY, ghrelin and others) each of which can affect food intake. 

The area postrema projects to the nucleus tractus solitarius (NTS).The NTS receives inputs 

including vagally mediated gastrointestinal satiation signals and nutrient energy-related 

signals from the periphery, which then integrates and creates outputs in order to control the 

behavioural, autonomic and endocrine response that collectively control energy balance 

(162).  

1.4.1.2 Hedonic eating  

From an evolutionary perspective, the feeding system is biased toward positive energy 

balance to enhance survival. Given that food is essential for survival it has evolved to be a 

rewarding behaviour, which in the current obesogenic environment has turned against us. 

Obesity has become a major health problem.  

Evidence shows that food hedonics have a great influence on appetitive behaviour, and 

might facilitate eating beyond energy needs and weight gain (163). Hedonic eating is 

associated with visual, olfactory and other environmental cues that generate the positive 

hedonic feeling, and reward associated with the initiation and continuation of eating. In 

general, bland tasting foods are not eaten to excess, whereas palatable foods are often 

consumed even when not hungry. Consumption of a tasty food creates a pleasurable 

response; the hedonic reward value of food is closely linked to the sensory perception of 
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food (including food taste, odour and texture) and refers to the driving force behind the 

motivation to eat. 

The corticolimbic system is associated with the non-homeostatic eating and provides the 

emotional, cognitive, and executive support for ingestive behaviour (12). Cortical regulation 

of eating involves the prefrontal cortex (PFC), the insula and orbitofrontal cortex (OFC). The 

PFC is implicated in inhibitory control mechanisms related to food intake (164). Impaired 

inhibitory control has been described in obesity in response to food-cue paradigms (165, 

166). Inhibitory control might also be triggered in lean individuals as well by willingness to 

resist palatable energy-dense foods in order to achieve a long-term goal regarding weight 

status (167). The insula has a well-established role in sensory gustatory processing and 

has projections to the OFC, which is considered the secondary taste cortex. This pathway 

is implicated in the integration of taste, olfactory, visual, and cognitive inputs (168). The 

insula has also a strong association with the hedonic aspects of food items reflected in 

higher insular activity and stronger connections with reward-related areas (169, 170), and 

is influenced by hunger state (171). Activity of the OFC has been associated with sensory 

specific satiety (172), as well as the reward value and subjective pleasantness of the stimuli 

(173). 

 
The dopamine and opioidergic systems are implicated in food reward. Dopamine neurons 

in the ventral tegmental area (VTA) and substantia nigra (SN) project to the ventral striatum 

(nucleus accumbens(NAc)) and dorsal striatum (putamen, caudate). Via the striatum 

signals are relayed to other parts of the limbic system, including the PFC, amygdala, and 

hippocampus, forming the reward-associated mesolimbic dopamine pathway (160, 174). 

Activity in the NAc, ventral pallidum and brainstem is thought to mediate ‘liking’ responses 

(pleasurable hedonic experience, conscious pleasure), whereas ‘wanting’ (conscious 

desire, motivation to eat) is considered to be represented in the mesolimbic dopamine 

system (175). Liking is not influenced by metabolic state, however wanting is greatly 

amplified with hunger. This could be easily translated into we might very much like a 

particular food, but not necessarily want to consume it after we have eaten to satiety.  
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Figure 1.4 Brain metabolic and reward centres. ACC, anterior cingulate cortex; Am, amygdala; 

DLPFC, dorsolateral prefrontal cortex; H, hypothalamus; NAc, nucleus accumbens; OFC, 

orbitofrontal cortex; PFC, prefrontal cortex; vs, ventral striatum; VTA, ventral tegmental area. Not 

shown is the insula, a more lateral structure involved in gustatory processing. Adapted from de Silva 

et al. (176).  

 

1.4.1.3 The interaction between homeostatic and hedonic eating 

Current evidence suggests that homeostatic and hedonic eating do not occur in isolation, 

but there is a constant interaction between the two systems (12, 155) (Figure 1.4). 

Homeostatic signals can influence food reward, providing a mechanism by which nutritional 

state affects food attractiveness (bottom-up regulation). The incentive value of food can be 

reflected in functional Magnetic Resonance Imaging (fMRI) studies on the response of the 

brain reward regions (177). Higher brain activity of reward areas in response to food-cue 

paradigms has been demonstrated under fasting conditions (178-180), whereas activity is 

modulated under conditions of satiety (181). Impairment of this response has been 

documented in obesity, individuals with obesity show greater activations in reward and 

prefrontal circuitry in the post-meal state as compared to normal weight individuals (182). A 

persistent brain activation in response to food cues under conditions of satiety, highlights 

the ongoing motivation to eat beyond energy needs and has been proposed among the 

theories of the neurocognitive underpinning of obesity (183). 

The modulation of higher brain functions by metabolic state is considered to be at least 

partly mediated by circulating hormones, such as insulin (184), leptin (185), ghrelin (186), 

and PYY (187) and others, which can directly act in the mesocorticolimbic dopamine 
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system. However, there have also been demonstrations that peripheral delivery of satiety-

signalling hormones such as insulin is not an adequate signal to attenuate brain response 

with regards to food cues in healthy individuals with normal weight (188), suggesting that 

modulation of reward responses can act beyond internal satiety-signalling. Exposure to 

visual food cues can also influence homeostatic mechanisms. Studies have shown an 

increase in ghrelin levels (189) and decrease in postprandial glucose levels (190) following 

presentation of pictures with food.  

However, the extent to which a food is rewarding does not necessarily translate into 

appetitive behaviour. Whether or not we will choose to eat a particular food also depends 

on cognitive factors. The recent model of appetite behaviour proposed by Higgs et al. (155) 

suggests that higher level cognitive functions, such as attention, memory and learning are 

inseparable part of our daily food decisions, and can further modulate or be modulated by 

homeostatics and hedonics.  

 

1.4.1.4 Cognitive biases for food cues and mediating factors 

Exposure to a palatable food cue can elicit motivation to eat and food seeking behaviour. 

Hunger can amplify this response. This response can be reflected and studied via 

neurocognitive tests which are usually computer-based tasks developed to capture a 

specific mental state or skill (191). 

Attentional bias to food  

Individuals' attention has been proposed to be biased towards stimuli in the environment 

that are rewarding (i.e. have a positive value), and attention to rewarding stimuli is 

associated with increased response activation and approach behaviour to these stimuli 

(155, 192). Based on the incentive sensitisation theory, food cues might become more 

‘attention grabbing’ due to the consequence of repeated exposure to visual food cues and 

the association between the stimulus and a rewarding experience (the stimulus becomes 

‘wanted’) (193, 194). The interaction between homeostatic status and hedonics can explain 

that the needs of the body focus attention on sensory cues associated with outcomes that 

can satisfy needs.  

Attentional bias (AB) means that a person selectively attends to a certain category of stimuli 

in the environment while tending to ignore or overlook other categories of stimuli, in other 

words AB is the tendency to focus attention on salient over neutral information. AB to food 

cues can be measured indirectly via computerised reaction time tasks measuring response 

latencies or the calculation of an interference during a food Stroop task, assessment of 

response latencies during a spatial attention paradigm (visual probe task (VPT), visual 
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search task), or directly by recordings of eye–movements during an attention paradigm 

(195). Under conditions of hunger, where food stimuli become more relevant, AB to food 

cues increases compared to post-meal state (196, 197). More motivated attention to food 

cues in hunger reflects automatic capture by food stimuli. These are basic mechanisms that 

are necessary for survival (198).  

AB has also been suggested to be heightened in obesity (199, 200). Yokum et al. showed 

that BMI correlated positively with activity in brain regions linked to attention and food 

reward, such as anterior insula/frontal operculum, lateral OFC, ventrolateral PFC and 

superior parietal lobule during initial orientation to food cues and with the speed of 

behavioural response (201). In another study individuals with obesity versus individuals with 

normal weight also orient faster toward food pictures and spend more time looking at food 

pictures than non-food, as assessed via eye tracking (200). However, a collection of 

narrative reviews report that evidence for increased attention bias for food in obesity is 

conflicting, and this observation could be at least partly attributed to the different 

methodologies used across studies (193, 195, 199). A recent systematic review and meta-

analysis by Hardman et al. also concluded that AB is unrelated to individual differences in 

body weight (198).  

Since AB to food cues is considered  to reflect underlying appetitive motivation, based on 

the incentive sensitization theory (194), one could hypothesise that heightened AB to food 

cues would be associated with higher caloric intakes. Food-related AB has been reported 

to be positively  associated with food intake (198), however Field et al. in his proposed 

theoretical model argues that AB does not consistently predict or influence consummatory 

behaviour (202).  

Approach food bias  

Positive evaluated stimuli, such as palatable food cues, also cause spontaneous approach. 

The stimulus-response compatibility task (SRCT) has been used to examine individual 

differences in approach bias to reward cues (i.e. food, drugs, alcohol). It requires 

participants to move a manikin (a small figure of a person) as quickly and accurately as 

possible towards or away from a picture displayed in the centre of the screen. The picture 

may be either food-related or non-food related in content. An approach bias indicates faster 

responses to move the manikin towards the food rather than away from food.  

Research using SRCT has shown enhanced approach biases for reward cues (203).  In 

normal weight individuals, an increased approach bias to food cues has been associated 

with traits related to overeating such as external eating (204). Additionally the combination 

of an increased BMI and self-reported restraint eating have been found to relate to 

increased approach bias to food cues (205). Mogg et al. showed that a single dose of 
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dopamine D3 receptor antagonist, in overweight or obese subjects significantly lowers 

approach bias to food cues, assessed via a SRCT, compared to placebo, highlighting the 

potential mediating action of dopamine D3 receptor for reducing approach food responses 

(206).  

Approach bias would be expected to enhance under conditions of hunger. However, there 

are only a few studies available to date which have investigated this. In the very early study 

by Staats and Warren food-deprived participants learned to make approach responses to 

food words more quickly than non-deprived participants in an experiment assessing their 

impulsive approach-avoidance tendencies (207). Moreover, immediate approach 

motivational tendencies towards palatable food pictures were affected by food deprivation 

automatically in a study by Seibt et al. (208). However a more recent study by Piqueras-

Fiszman et al. showed that foods were approached equally fast among satiated and food-

deprived participants, despite higher desire to eat sensations in the latter group (209). 

Whether metabolic state influences approach food bias remains unclear.  

 

Implicit associations to food  

Implicit preferences or attitudes are driven by positive or negative unconscious evaluations 

of an object, reflecting automatic associations in memory between concepts (210). In the 

implicit association task (IAT) subjects are asked to evaluate the presented stimuli (usually 

words) into four categories by pressing the two predefined keyboard keys. The rationale 

behind this task is that if two concepts are highly associated in memory (e.g. sweet food 

and favourable attributes) then they are easier to associate via IAT’s sorting tasks, 

compared to when two concepts are weakly associated. Consequently, responses are 

faster for strongly associated concepts (211). 

There is also some evidence showing that in the hungry versus satiated condition food items 

are evaluated as more pleasant using the IAT (212).  Seibt et al. demonstrated that hungry 

participants categorise faster the ‘pleasant’ associated categories compared to satiated 

participants (213), results further confirmed by Stafford and Scheffler (214). Food-related 

words were perceived as implicitly more positive for subjects in the hungry compared to the 

satiated condition (214).  
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1.4.1.5 Cognitive biases related to caloric sugars or NNS consumption  

Only limited data are available regarding sweet taste or sweet foods consumption and 

cognitive biases outcomes. Sartor et al. examined the possible differences in implicit 

attitudes toward sweet foods between young adults with normal weight or 

overweight/obesity. The results revealed a stronger implicit attitude toward sweet food in 

participants with overweight/obesity compared to normal weight  participants, who were not 

affected after a soft drink tasting test (211). Approach avoidance training paradigms have 

been used as a means of changing participant’s implicit and explicit food preferences and 

reduction of ‘problematic’ sweet food consumption, such as chocolate, but with no 

conclusive evidence so far (215-218).  

Relevant research the latest years has shown that consuming NNS sweetened beverages 

may influence individual’s food regulation psychology in ways that may affect food intake, 

thus weight management in the long term. In particular, Hill et al. (219) showed that 

participants who consumed a NNS-sweetened beverage had shorter response latencies to 

the names of high caloric food items compared to those who consumed sugar sweetened 

beverages or an unsweetened beverage, suggesting an increased cognitive preoccupation 

with high caloric content foods. They also showed that participants who consumed the NNS-

sweetened preload compared to those who had the sugar- or unsweetened- preload were 

more likely to consume a high-calorie food item in a consumer choice scenario. In another 

study, consuming a NNS-sweetened beverage with a standardised meal increased the 

relative reinforcing value of sweet snack foods later in the day compared to consuming a 

sugar-sweetened beverage (53).  

Whether consumption of caloric sweeteners or NNS affects cognitive responses to food 

cues, such as AB or approach bias, is as yet unknown.  
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1.4.2 NNS effects on neural systems involved in appetite and eating behaviour  

1.4.2.1 Homeostatic neural responses to intake of caloric sugars and NNS  

In this section I have reviewed the literature examining the brain response to the 

consumption or intragastric administration of caloric sugars or NNS; studies that included a 

hedonic aspect, such as a food-cue paradigm are discussed later.   

In the milestone study by Liu et al. glucose was administered (via a peroral rubber tube) 

after overnight fast in 21 healthy participants in an ‘on-off treatment related blocked design’. 

Increased activation in the supplementary motor area (SMA), somatosensory cortex, 

cerebellum, anterior cingulate and OFC and decreased activation in the hypothalamus 

following glucose administration was observed (220). The decreased hypothalamic blood-

oxygen-level-dependent (BOLD) response occurred from around 7 minutes following 

glucose intake, moreover fasting plasma insulin concentration was negatively correlated 

with baseline activity in the hypothalamus. This study demonstrated for the first time an 

inhibitory pathway activated by glucose ingestion in the hypothalamus. Subsequent study 

by Smeets et al. reinforced these findings showing a prolonged and dose-dependent 

decrease in BOLD contrast in the hypothalamus following glucose administration 

(consumed via a peroral tube) in 15 normal weight healthy male volunteers (221). 

Interestingly, the investigators suggested that the onset of the signal decrease started 

earlier that the end of glucose ingestion, therefore the response cannot be solely depend 

on blood glucose levels changes. In a following study, oral glucose intake compared to 

intravenous glucose infusion was associated with a stronger hypothalamic deactivation, 

highlighting the importance of the gut-brain signalling and supporting the notion that normal 

eating conditions are required to exert central neural effects on appetite (222).  

In the study by Little et al. glucose was administered in healthy normal weight individuals 

intragastrically to bypass potential confounders such as sensory responses and movement 

artefacts during swallowing (223). In line with previous observations, intragastric 

administration of glucose, relative to a saline infusion, led to a decreased BOLD response 

assessed via the physiological MRI (physMRI) method in the hypothalamus. During the 

physMRI a nutrient is infused in the gut after a short baseline period and the change over 

time is compared to the baseline period. A representative image of a decreased 

hypothalamic BOLD in response to intragastric glucose relative saline using the physMRI 

technique is depicted in Figure 1.5. Apart from the decreased BOLD contrast in the 

hypothalamus, deactivation of the brainstem (midbrain, pons and medulla), cerebellum, 

right occipital cortex, putamen and thalamus was also observed. This was the first study to 

define a brainstem response to the presence of glucose in the GI tract. Previous studies 
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however, have demonstrated a brainstem response to intragastric infusion of lipids, using 

the physMRI technique (224, 225).   

An altered hypothalamic response to glucose intake has been demonstrated in obesity (226, 

227) and in anorexia nervosa (226) and T2DM (228). In particular, Simon et al. (226) in a 

recent research study using a single-blind nasogastric infusion of glucose and water, 

demonstrated that  compared with normal-weight controls, the patients with anorexia 

nervosa  and controls with obesity showed diminished responses in the hypothalamus as 

well as in the ventral striatum and amygdala following glucose infusion.  

Different caloric sugars lead to different physiological and brain neural responses. Fructose 

ingestion leads to a lower blood glucose spike and weaker hormonal secretion responses 

postprandially compared to glucose (229), therefore it has been hypothesised that neural 

responses to fructose ingestion might also differ. In a fMRI study in healthy normal weight 

males oral ingestion of fructose led to a significant decrease in the hypothalamus compared 

to water ingestion, however the signal decrease was delayed and smaller compared to 

glucose (230). It was hypothesised that this delay might be due to fructose needing to be 

metabolised by the liver before it can be detected by the energy-sensing neurons in the 

brain. Greater hypothalamic decrease following glucose versus fructose has also been 

demonstrated by Page et al. (231). In addition, glucose ingestion (compared to baseline) 

increased functional connectivity between the hypothalamus, thalamus and the striatum 

while fructose increased connectivity between the hypothalamus and thalamus only. 

Another study in healthy normal weight individuals demonstrated dissociable effects on 

resting-state functional connectivity within the basal ganglia/limbic network between 

glucose and fructose intake, and suggested results could be due to differences in insulin 

levels postprandially (229).  

Very limited data are available regarding the neural effects of NNS consumption in the brain. 

Smeets et al. in an early study reported no hypothalamic BOLD response decrease 

following aspartame consumption or non-sweet carbohydrate maltodextrin, proposing that 

activity is not due to sweetness or calories themselves but the combination of the two is 

required (232). A later study by van Opstal et al. demonstrated a transient deactivation of 

the hypothalamus following oral sucralose ingestion compared to water, the magnitude was 

smaller compared to glucose (230).  

Whole brain mapping following the consumption of NNS versus caloric sugars has not been 

conducted yet. There is again a need for more RCTs in this field.  
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Figure 1.5 Representative image of the deactivation of the hypothalamus following a glucose 

intragastric infusion relative to a control infusion (saline) in healthy individuals. Reproduced from 

McLaughlin and McKie (233).   

 

 

 

 

 

 

 

 

 

1.4.2.2 Hedonic neural responses to consumption of caloric sugars and NNS 

As discussed in the previous section, humans (and many other animals) have a strong 

innate preference for sweet-tasting foods. Consumption of NNS might satisfy our natural 

propensity for sweetness providing the reward without the calories. In this section I will 

describe the brain neural response to sweet taste with or without calories as well as the 

available literature on the neural correlates of hedonic responses to food cues following the 

consumption of caloric and non-caloric sweeteners.  

Neural response to oral sweet taste of caloric sugars and NNS 

 The neural sweet taste pathway  

The neural circuitry of gustatory processing integrates sensory, hedonic and motivational 

aspects of feeding. Sweet taste perception is peripherally recognised by the tongue’s STRs, 

from which signals are transmitted through the brainstem and thalamus to the primary 

gustatory cortex, the anterior insula and frontal operculum (Figure 1.6). The anterior insula 

responds to the taste and may also respond to its rewarding value. The anterior insula has 

connections with the amygdala, the anterior cingulate cortex (ACC) and the OFC, therefore 

it is a vital component of the limbic system. Afferents from cortical structures are directed to 

the dorsal or ventral striatum. Striatum activation can influence behaviour (234, 235). The 

OFC is where the palatability and pleasantness of food is represented, and hunger 

modulates the responsiveness of representations in the OFC of the taste. These regions 

innervate a broad region of the striatum and cingulate cortex which can drive behaviour 

(235).  
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Figure 1.6 Sweet taste processing pathways in the human brain.  

Adapted from Oberndorfer et al. (234). ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal 

cortex; DS, dorsal striatum; OFC, orbitofrontal cortex; VS, ventral striatum.  

 

 Human studies investigating the neural correlates of caloric sugars tasting 

Small et al. (236) examined the brain responses to the intensity and valence of taste, using 

sucrose and quinine (bitter) solutions during fMRI in 9 healthy adults. The researchers used 

a slow event-related paradigm with 5 stimuli: intense pleasant, weak pleasant, intense 

unpleasant, weak unpleasant and tasteless. They concluded that activations in the anterior 

insula/ operculum extending into the OFC are associated with taste valence, while 

activations in the cerebellum, pons, middle insula and amygdala are associated with taste 

intensity irrespective of valence.  In another study, Haase et al. (237) showed taste 

activation patterns following sucrose solutions (minus water) while participants rated the 

pleasantness of the stimuli during event-related fMRI, revealing the role of insula, rolandic 

operculum, OFC, thalamus,  medial  dorsal nucleus,  caudate  and  caudate  body,  

precentral  and  postcentral  gyri.  
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A recent systematic review and activation likelihood estimation meta-analysis of fMRI 

activation of sweet taste in humans included results from 15 trials in humans using sucrose 

versus water in the majority of the trials as the sweet tastant condition, and glucose versus 

water in a few trials. This meta-analysis showed that the brain areas that are most 

consistently activated in response to tasting caloric sweeteners were the insula (both mid- 

and anterior insula) and the opercular cortex (both frontal and central operculum), precentral 

and postcentral gyri and thalamus. There was also evidence for activation of the caudate, 

a part of the striatum considered to play a role in reward orientation, in the primary analyses 

(238).  

 Human studies investigating the neural correlates of caloric sugars vs NNS tasting 

There is evidence that the human brain can distinguish between sweet taste coming from 

caloric sugars compared to NNS. In particular, in a fMRI study by Frank et al. the brain 

activation response to sweet taste from caloric sweeteners (sucrose) and non-caloric 

sweeteners (sucralose) was investigated. Twelve healthy women with BMI in the normal 

range were scanned after breakfast (satiated). The main effect of sucrose showed 

activations in the frontal operculum/anterior insula bilaterally, left ventral striatum, anterior 

cingulate and bilateral midbrain, while sucralose resulted in frontal operculum/ anterior 

insula bilaterally activation only. Subtraction of sucrose minus sucralose effects showed 

greater activation for sucrose in the bilateral frontal operculum/anterior insula, and some 

predefined regions of interest (ROIs) such as left caudate, left cingulate and bilateral 

superior frontal cortex, bilateral posterior insula. Dopaminergic midbrain areas (VTA/SN) 

were activated only in the sucrose condition, suggesting that reward centres are not 

activated by the NNS sucralose (239).  

Another study confirmed the above findings. Chambers et al. examined the brain response 

to oral tasting of glucose versus saccharin and glucose versus maltodextrin in 8 endurance-

trained cyclists who underwent an fMRI either after overnight fast or in the evening after a 

6 h fast (consistent for each subject). The effects of oral exposure to the tastants were 

studied by contrasts (i.e. [Glucose -Control]; the control was a tasteless solution consisting 

of the main ionic components of saliva. Oral exposure to glucose led to insula/frontal 

operculum and dlPFC activation as well as caudate and anterior cingulate cortex activation, 

both areas associated with reward. On the other hand, oral exposure to saccharin led to a 

similar activation in insula/ frontal operculum but the reward areas were unresponsive. The 

second part of this study involved the investigation of brain responses to oral exposure to 

glucose and maltodextrin, results showed similar activation patterns with insula/frontal 

operculum, OFC, dlPFC and striatum activations (240). Smeets et al. also showed 

differences in brain activation patterns during tasting of caloric versus non-caloric 

orangeade. In particular, in the premeal state (at least 2 hours of fast) the amygdala was 
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activated more by the non-caloric version compared to the caloric orangeade, while the 

caloric orangeade activated the striatum (241). 

Haase et al. further showed that taste activation is hunger-state dependent (242). Pure taste 

stimuli, including sucrose and saccharin, induced greater activation in the insula, thalamus, 

and SN in the hunger state in contrast to decreased activation in the satiated state within 

the parahippocampus, hippocampus, amygdala, and anterior cingulate. Contradictory 

results have been reported by van Rijn et al. (2015), who showed that taste activation did 

not differ in amygdala and striatum responses (reward and salience areas) between the 

consumption of caloric (maltodextrin-sucralose) and non-caloric (sucralose) solutions. Both 

drinks did not differ also when compared to control solution, water, and the authors 

suggested that the stimuli might not have been reinforcing enough due to low pleasantness. 

Maltodextrin induced different taste activation in some brain areas than the sucralose and 

maltodextrin solution, indicating that these different responses can be attributed to dissimilar 

sweetness (243).   

 Is there an effect of habituation on NNS use and neural responses to sweet taste?  

Green and Murphy investigated the effect of habitual consumption of diet soda on fMRI 

brain activation to caloric (sucrose) and non-caloric (saccharin) sweet taste. Participants 

were scanned in the fasted state (after 12 hours of fast) and results showed that diet soda 

drinkers (individuals consuming at least one can of diet soda per week) demonstrated more 

widespread activation to both nutritive and non-nutritive sweet tastants in reward areas 

(OFC, putamen, globus pallidus, VTA, amygdala) compared to non-drinkers. Although brain 

activation in the OFC was greater for saccharin versus sucrose in the non-diet soda 

drinkers, this was not demonstrated for the diet soda drinkers, who showed similar 

responses in response to nutritive and non-nutritive sweet tastants (244). These findings 

could suggest that chronic NNS consumption may compromise the efficacy of the brain to 

distinguish between nutritive and non-nutritive tastants.  Another study by Rudenga and 

Small reported a negative correlation between self-reported NNS intake and amygdala 

response to sucrose ingestion, proposing an adaptation of neural response to sweet taste 

as a result of habituation (245).  

Contradictory findings come from Griffioen-Roose et al. (246) who examined potential 

effects of replacing sugar to a soft-drink or a yoghurt drink on brain reward responses via 

fMRI after repeated exposure. It was hypothesised that repeated exposure to products 

which lack the rewarding component, in this case sugar, could result in decreased 

preference for these products compared to their caloric versions. The hypothesis was not 

confirmed, as repeated exposure (10 times) of a non-caloric relative to the sugar sweetened 

version of both drinks did not result in differences in reward brain regions, suggesting that 
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learned associations between sensory attributes and satiety cannot be easily altered. Small 

differences between sugar- and NNS- version of the soft drinks were detected in the middle 

cingulum, the precentral gyrus and rolandic operculum.   

Neural responses to hedonic food cue paradigms following the consumption of caloric 

sugars and NNS 

In functional neuroimaging, food stimuli, in comparison with non-food-objects, have been 

shown to activate occipital, limbic and paralimbic, and prefrontal areas (247). In the fasted 

state participants exposed to food images show enhanced activation of the amygdala, OFC, 

fusiform gyrus, lateral and medial PFC and parietal cortex (247, 248), while satiation 

induces attenuation of brain activity in metabolic (hypothalamus) and reward related areas  

in response to food picture viewing and increase in areas involved with inhibitory control, 

such as the dlPFC (181). Neural responses to food cues differ between individuals with 

normal weight and obesity (170) or individuals who have lost weight (249).  

Oral ingestion of glucose induces changes in neural processing of food cues that are 

congruent with a satiation-like state. In particular, Kroemer et al. investigated the neural 

correlates to food cues compared to control pictures after overnight fast and after 75 g 

glucose ingestion (250). Food pictures compared to control activated a large bilateral 

network typically involved in homeostatically and hedonically motivated food processing. 

Glucose ingestion was followed by decreased activation in the basal ganglia and paralimbic 

regions and increased activation in parietal and occipital regions. Heni et al.(251) 

investigated the influence of 75 g glucose versus water ingestion on the neural processing 

of food cues in healthy lean and overweight individuals 30 and 120 min post beverage 

consumption. Across the two groups and averaged between 30 and 120 min, after glucose 

administration significant increase was demonstrated in the right fusiform gyrus, right 

hippocampus and left precuneus while after water administration an increased in activity 

was demonstrated in the left occipital gyrus. However the main effect of condition (water vs 

glucose) was not significant in this study. Luo et al. compared the brain activation in 

response to a food cue paradigm after the consumption of glucose or fructose (252). 

Fructose consumption was associated with greater activation of the visual cortex and OFC 

during food-cue reactivity compared to glucose, suggesting that this might be involved in 

promoting feeding behaviour.    

Intragastric administration of water or glucose in healthy lean adults did not show any 

differences in neural processing of food cues in the study by Stopyra et al. (253). In 

particular, both conditions activated brain networks related to reward processing such as 

the superior OFC, the bilateral putamen and olfactory cortex, but no difference between 
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condition was shown, the investigators proposed a decreased satiation effect of glucose in 

the brain attributed in the absence of cognitive or sensory signalling.  

Connolly et al. (254) investigated the brain responses to food cues following the 

consumption of a sucrose-sweetened or NNS-sweetened beverage in healthy participants 

with normal weight or obesity. Across conditions, there were similar activations in the 

amygdala, hippocampus, anterior insula and thalamus. Only after the sucrose drink 

individuals with obesity showed higher engagement of this neural network compared to lean 

individuals. It is important to note that in this study no water/tasteless control was used. A 

recent study by Zhang et al. examined the neural correlates while participants perform a 

food bid task, in which participants bid on visually depicted food items, after the consumption 

of 300 mL cherry flavoured water with either 75 g glucose, 0.24 g sucralose, or no other 

ingredient (255). The fMRI investigation showed no significant differences between glucose 

and sucralose, while sucralose attenuated activity in the a priori ROIs compared to water, 

and glucose attenuated response in the parietal cortex compared to water.  

Creze and colleagues used electroencephalography to examine the brain responses to 

visual food cues before and after the consumption of a standardised meal along with a 

sucrose-sweetened, NNS (mix of cyclamate, ace-K and aspartame)-sweetened beverage 

or water in healthy lean males (256). The investigators demonstrated differential activations 

in response to the beverage condition, with the NNS beverage showing increased neural 

activity in ventrolateral prefrontal regions linked to the inhibition of reward. This finding was 

interpreted as an early adaptation to the uncoupling of sweet taste and caloric load. 

However, there was no difference in ad libitum food intake in a subsequent meal between 

the water and NNS condition, so any differential brain activation was not correlated with 

food intake outcomes. Another study by the same research group examined neural activity 

and liking to visual food cues in habitual SSBs consumers before and after a 3-month 

replacement period by NNS-sweetened beverages (257). Findings of this study showed 

that participants neither experienced weight loss over the replacement period nor changes 

in food liking towards visual cues; however neural responses to food cues reduced from pre 

to post intervention in prefrontal areas and was further associated with weight loss failure. 

It is important to note that this study did not include a control group therefore conclusions 

should be made with great caution.  

Brain imaging is a powerful technique that enhances neuroscience research; fMRI remains 

the gold standard method to assess brain responses in humans. However, it constitutes a 

relatively poorly reproducible technique, which does not measure neuronal activity directly, 

but exploits the local increase in blood flow thus blood oxygenation, required to support the 

increased metabolic demand (BOLD contrast). These factors as well as methodological 

differences across studies, and the relatively limited research on the effects of NNS on brain 
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responses, make it challenging to draw firm conclusions regarding NNS effects on brain 

function. It is also noteworthy that there are many different NNS which might be proven to 

exert differential effects, as recently suggested on body weight regulation (78). Further well-

designed clinical trials are warranted to advance our knowledge and understanding of the 

effects of NNS in human brain responses linked to appetitive behaviour.  
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1.5 Stevia  

The experimental work presented in this thesis uses stevia as the NNS of choice, 

therefore the next section focuses on reviewing knowledge concerning stevia specifically. 

1.5.1 Metabolism and biological fate  

Stevia rebaudiana Bertoni is a South American plant with natural non-caloric sweet 

compounds that has been cultivated for hundreds of years. Steviol glycosides, a term used 

to describe the group of intensely sweet compounds extracted and purified from S. 

rebaudiana, were approved for use in the EU by EFSA in 2011 (258). The predominant 

steviol glycosides found in S. rebaudiana are stevioside (4-13% w/w, Reb A (2-4%) and 

Reb C (1-2% w/w), but there are numerous other steviol glycosides. Stevioside and Reb A 

are very similar in terms of structure with Reb A having one more glucose moiety as 

compared to stevioside (Figure 1.7) (259). Steviol glycosides (Reb A, D, and M) can 

nowadays be produced via fermentation in genetically modified yeast strains of 

Saccharomyces cerevisiae (260) and Yarrowia lipolytica (261). However, steviol glycosides 

produced via fermentation are still not approved for use in the EU. The food industry has 

explored in depth the opportunities regarding stevia use and as a consequence, stevia is 

now used in a wide variety of food products, including soft drinks, table top sweeteners, 

yoghurts, desserts and others (262).  

 

Figure 1.7 Chemical structures of stevioside, rebaudioside A and their aglycon metabolite, steviol.  

Adapted from Caracostas et al. (263).  

 

 

 

Steviol glycosides are not digested in the upper GI tract of humans or animals (264-266), 

but both stevioside and Reb A reach the colon where they undergo hydrolysis by bacterial 

Stevioside Rebaudioside A Steviol
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glucosidase resulting in the production of steviol (27). Gardana et al. reported that the genus 

Bacteroides is the one able to degrade steviol glycosides into steviol and confirmed that 

steviol is not further degraded by colonic bacteria (267). Koyama et al. showed that in rats 

steviol is then absorbed into the portal plasma and its presence sustains over a few hours 

(268). Similar metabolism of steviol glycosides has been demonstrated in humans (269). 

Steviol glycosides are slowly metabolised by colonic bacteria, steviol is then absorbed and 

transported to the liver where it undergoes glucuronidation. Stevioside and Reb A undergo 

similar metabolic and elimination pathways in humans. Peak plasma levels of steviol 

glucuronide were observed in humans 8 hours after stevioside and 12 hours after Reb A. 

There is also no evidence that glucose removed from the steviol glycosides in the colon is 

absorbed, but most likely it becomes utilised by the colon bacteria. Steviol glucuronide is 

mainly excreted in human urine and steviol in the faeces (27, 269).  

 

 

Figure 1.8 Steviol glycoside metabolism in humans. Adapted from Magnuson et al. (27).  
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1.5.2 Effects of stevia on appetite, food intake and body weight  

To date, five studies have been conducted to assess the acute effects of stevia 

administration on appetite and food intake in humans. A summary of these studies can be 

found in Table 1.5. Two studies used the preload paradigm (oral ingestion) of solely the 

beverages and no other food item at the same time (50, 51), one study administered a 

stevia preload together with other food items (48), one study incorporated stevia leaf powder 

in cookies (270), and one study administered Reb A intraduodenally (124). Out of the five 

studies, two showed a benefit of stevia consumption in appetite ratings compared to either 

water (50) or a control food item (270) and one study demonstrated similar appetite ratings 

following stevia or sucrose (48). Four of these studies assessed food intake, and only the 

study by Anton et al. (48) showed a significant reduced total energy intake for the stevia 

condition compared to the sucrose condition. The compensation was 24% in this study, 

while in the study by Tey et al. (51) compensation was 73%. Farhat et al. (50) did not 

observe differences between the water, stevia and sucrose preloads neither in ad libitum 

pizza intake nor in daily energy intake. However including a highly palatable food, such as 

pizza, in the ad libitum meal might have influenced the results, given that palatable foods 

tend to be overconsumed. The direct infusion of Reb A into healthy participants’ duodenum 

did not result in any significant differences in appetite or food intake (124).  

Energy intake following stevia supplementation has also been assessed as a secondary 

outcome in a few longer-term human clinical trials. Ajami et al. (271) examined the effects 

of daily stevia (1 cup of tea sweetened with 2% stevia leaf extract) or sucralose (one tablet 

of sweetener) supplementation for 2 months in patients with T2DM who were also put on 

energy restricted diets. There was not a significant difference in energy intake between 

groups or between baseline and end of the study, however the mean difference between 

baseline and end of the study in the stevia group was -224 kcal, whereas in the sucralose 

group was +204 kcal. Higgins et al. (78) in a randomised controlled parallel-arm study 

compared the effects of daily beverage supplementation sweetened with sucrose or NNS, 

one of which was Reb A, for 3 months in participants with overweight or obesity on body 

weight, while among secondary outcomes was energy intake. Reported energy intake was 

demonstrated higher for the sucrose group compared to the Reb A group. Another 2 studies 

assessed energy intake as a secondary outcome following 1000 mg stevia (Reb A) 

supplementation in capsules compared to placebo capsules in patients with T2DM or 

healthy individuals; both included a wide range of BMI, and showed no difference in energy 

intake between Reb A capsules and placebo (272, 273). These results are in line with the 

conclusions of recent meta-analyses showing no beneficial effect NNS in capsules versus 

placebo (66, 77). 
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No change in body weight was observed following a 3-month intervention period with stevia-

sweetened beverages (78). This is the only RCT in the literature to date, assessing body 

weight following stevia supplementation as the primary outcome. Another 5 studies have 

assessed body weight or BMI as a secondary outcome before and after a period of steviol 

glycosides supplementation in the form of capsules, all of them showed no difference in 

body weight or BMI between the stevia capsules and the placebo capsules (272-276).  
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Table 1.5 Effects of stevia administration on appetite and food intake in humans.   

BMI; body mass index; EI, energy intake; NNS, non-nutritive sweeteners; RCT, randomised controlled trial; reb A, rebaudioside A. 

Reference Subjects Design Treatments Appetite Energy intake (EI) 

Farhat et al. 

(50) 

n=30, healthy with 

BMI in the normal 

range   

RCT, single-

blind, 

crossover  

Fixed breakfast followed by 3 h fast, then the following 

preloads:  

 300 ml water 

 300 ml water + 60 g sucrose 

 300 ml water + 1 g stevia (type not mentioned) 

30 min later ad libitum pizza intake  

Hunger and desire to eat 

ratings were significantly 

lower for stevia and sucrose 

vs water.  

No difference in EI across 

conditions either at ad libitum 

meal or from whole day food 

diaries.   

Ahmad et 

al.  (270) 

n=20, healthy with 

BMI in the normal 

range 

RCT, single-

blind, 

crossover 

After overnight fast:  

 Control cookies 

 Cookies with stevia leaf powder (3% w/w) 

 Cookies with Moringa leaf powder (5% w/w) 

Appetite ratings were obtained for 2 h after.  

Hunger ratings were 

significantly lower after the 

stevia cookie compared to 

control cookie.  

Not assessed.  

Tey et al. 

(51) 

n=30, healthy with 

BMI in the normal 

range 

RCT, double-

blind, 

crossover 

Equisweet beverages at 11 am after standardised breakfast: 

 0.44 g aspartame in water 

 0.63 g monk fruit in  water 

 0.33 g stevia (Reb A)  water 

 65 g sucrose in water 

12 pm: ad libitum lunch -monitoring of postprandial 

responses for the subsequent 2h 

Desire to eat, hunger and 

prospective consumption 

ratings from 30 to 60 min 

were significantly higher for 

the NNS compared to 

sucrose (and fullness 

significantly lower).  

Meal only EI was lower for 

sucrose compared to NNS. 

Compensation for the ‘missed 

calories’ was 73% for stevia 

(107% for aspartame, 93% for 

monk-fruit).  Total EI (whole day, 

self-reported) did not differ 

across conditions.  

van 

Avesaat et 

al. (124)  

n=15, healthy with 

BMI in the normal 

range 

RCT, double-

blind, 

crossover 

After overnight fast and 150 min after the ingestion of a 

standardised liquid meal (162 kcal):  

 120 mL water 

 540 mg Reb A in 120 mL water 

(Intraduodenal infusion) 

15 min after the infusions participants were offered ad libitum 

lunch meal.  

No significant differences 

observed in hunger, desire to 

eat and satiety ratings 

between Reb A and water 

infusions.  

No difference in EI in the ad 

libitum meal between Reb A and 

water infusions.  

Anton et al. 

(48) 

n=31, healthy with 

BMI in the normal 

range, or with 

obesity 

Single-blind, 

crossover 

(randomisation 

not mentioned) 

400 g preload of tea and crackers with cream cheese 

sweetened with stevia or aspartame or sucrose (amounts not 

specified) 20 min prior to ad libitum lunch 

Also 20 min prior to dinner, the test preloads were 

consumed. Total daily EI assessed (in the laboratory) 

Hunger and satiety levels did 

not differ by condition at any 

time point.  

Significantly lower total daily EI 

in the stevia and aspartame 

conditions compared to sucrose 

(mean difference between stevia 

and sucrose: 300 kcal) 
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1.5.3 Physiological effects of stevia  

1.5.3.1 Postprandial blood glucose, insulin and gut-peptide responses 

As already outlined in section 1.3.2, recent meta-analyses conclude that consuming NNS 

alone or as part of a nutrient-containing meal does not influence acute glycaemic or 

insulinaemic responses (13). However, recent evidence has highlighted differential effects 

between different types of NNS (86), therefore it is of interest to investigate whether steviol 

glycosides influence postprandial glucose or insulin responses. Numerous animal studies 

have been conducted to investigate potential antihyperglycaemic effects of stevia. The 

enrichment of diet with stevia has shown improvements in glucose tolerance and insulin 

sensitivity (277), as well as blood pressure reducing effects in diabetic mice (278). Stevia 

has also been demonstrated to induce GLP-1 and PYY release in a porcine ex vivo intestinal 

model (279). Studies examining the short-term glucose and hormonal responses following 

stevia consumption in human subjects are presented in Table 1.6.  

In the study by Tey et al. (51) the consumption of a stevia-sweetened beverage 1 hour prior 

to an ad libitum lunch resulted in similar incremental area under the curve (iAUC) in a total 

3 hour postprandial period compared to the sucrose drink, however Anton et al. 

demonstrated lower postprandial glucose and insulin responses for the stevia preload (48). 

Farhat et al. demonstrated significantly higher iAUC (0-150 min) for the sucrose preload 

compared to stevia or water preloads (followed by ad libitum meal) (50). Gregersen et al. 

tested the postprandial metabolic effects following the consumption of a standardised 

breakfast supplemented with 1 g stevioside or maize starch (control) in 12 T2DM patients 

(280). The stevia condition led to significantly lower iAUC (0-240 min) for glucose by 

approximately 18% and lower glucagon iAUC, whereas insulin, GLP-1 and GIP iAUC did 

not differ among treatments. Consumption of a stevia-coconut jelly compared to a control 

jelly resulted in significantly lower iAUC (0-120 min) for glycaemia, while only tended to be 

lower for insulinaemia and C-peptide response (281).  

In the study by van Avesaat et al. (124) the effects of intraduodenal infusion of stevia (Reb 

A) on gastrointestinal peptides release (GLP-1, GIP, CCK) were investigated. Healthy 

volunteers received 540 mg of rebaudioside A dissolved in 120 mL water, a dose 

corresponding to 75% of the acceptable daily intake, or plain water (control) 150 min after 

a standardised liquid meal. Infusion of stevia did not influence the release of GLP-1, PYY 

or CCK. 

As expected, stevia has advantages in postprandial blood glucose and insulin response 

compared to caloric sweeteners like sucrose. There are also some findings that stevia might 

further assist with glucose homeostasis when incorporated into a nutrient-containing meal 

(48, 280, 281), however this warrants further investigation. The evidence regarding stevia 
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consumption on gut-peptides is very  limited,  more research should be encouraged in that 

field.  

1.5.3.2 Fasting blood glucose and insulin levels after chronic exposure  

Animal and in vitro studies have suggested that steviol glycosides could decrease blood 

glucose levels via stimulating insulin secretion and decreasing concentrations of glucagon 

(282, 283). Another study by Philipaerts et al. also showed that steviol glycosides 

(stevioside, Reb A) as well as their metabolite, steviol, can stimulate insulin secretion in 

vitro and in an in vivo mouse model (284).  

In healthy adults, an early study by Curi et al. (285) demonstrated a correlation between 

ingestion of S.rebaudiana extracts and modulation of postprandial blood glucose response. 

Over the years, some RCTs have been conducted assessing the fasting blood glucose and 

insulin concentrations in individuals after a period of stevia supplementation. No difference 

in fasting glucose or insulin levels was found in the study by Ajami et al. (271), where 

patients with T2DM were required to consume daily for 2 months a cup of tea sweetened 

with 2% stevia leaf extract. No difference in fasting blood glucose and insulin levels was 

demonstrated following a 3-month supplementation with 750 mg encapsulated steviol 

glycosides in healthy adults and patients with T2DM or type I diabetes mellitus (274). In line 

with these results, Maki et al. also showed no evidence of  change in fasting blood glucose, 

insulin or C-peptide following  a 16 week period  Reb A administration (1000 mg/day in 

capsules)  in participants with T2DM (272). A recent meta-analysis assessed the effects of 

stevia supplementation in fasting blood glucose (286). A non-significant reduction in fasting 

blood glucose in favour of the steviol glycosides was found, and the authors also reported 

that heterogeneity was large across the included studies.  

To date, there is no RCT assessing the effects of long-term stevia consumption on glucose 

and insulin response to an OGTT.  
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Table 1.6 Human studies investigating acute postprandial metabolic responses of stevia in human subjects.  

 Subjects Treatments Glucose Insulin GLP-1 GIP C-peptide Control 

Farhat et 
al.  (50) 

n=30, healthy 
with BMI in the 
normal range   

Fixed breakfast followed by 3 h fast, 
then the following preloads:  

 300 ml water + 60 g sucrose 

 300 ml water + 1 g stevia (type 
not mentioned) 

30 min later ad libitum pizza intake 

 iAUC (0-150 min) 
significantly higher for 
sucrose vs stevia or 
water (ND after 
adjusting for calorie 
content) 

- - - - 
300 mL 
water 

Chupeera
ch et al. 
(281) 

n=12, healthy 
with BMI in the 
normal range 

Stevia coconut jelly 
(50 g of available carbohydrates) 

 iAUC (0-60 min and 
0-120 min) 
significantly lower vs 
control 

 ND in iAUC (0-30 
min, 0-60 min, 0-
90 min or 0-120 
min). Tended to 
be lower for 
stevia jelly  

- - 

ND in iAUC (0-30 
min, 0-60 min, 0-
90 min or 0-120 
min). Tended to 

be lower for stevia 
jelly 

Control 
coconut 
jelly  
 

Tey et al., 
(51) 

n=30, healthy 
with BMI in the 
normal range 

Equisweet beverages at 11 am: 
0.33g stevia in 500 mL water 
 
12 pm: ad libitum lunch and 
monitoring of postprandial 
responses for the subsequent 2h  

 ND in iAUC 0-180min 

 iAUC 0-60 min higher 
for sucrose 

 iAUC 60-180 min 
lower for sucrose v. 
stevia 

 ND in iAUC 0-180 
min 

 iAUC 0-60 min 
higher for sucrose 

 iAUC 60-180 min 
lower for sucrose 
v. stevia  

- - - 

65g 
sucrose in 
500 mL 
water 

van 
Avesaat 
et al., 
(124) 

n=15, healthy 
with BMI in the 
normal range 

150 min after the ingestion of a 
standardised liquid meal (162 kcal):  
540 mg rebaudioside A in 120 mL 
water  

- - 

 ND in 
plasma 
conc.  v. 
control 

 - 
120 mL 
water 

Anton et 
al. (48) 

n=31, healthy 
with BMI in the 
normal range, 
overweight or 
obesity 

400 g preload of tea 
and crackers with cream cheese 
sweetened with stevia  
(amount not specified) 20 min prior 
to ad libitum lunch 

 Lower glucose conc. 
with stevia 
consumption v. 
aspartame and 
sucrose   

 Lower plasma 
conc. in stevia 
condition v.  
aspartame and 
sucrose 

- - - 

Sucrose 
preload 

Gregerse
n et al. 
(280) 
  

n=12, patients 
with T2DM 
patients, wide 
range BMI  

Standard breakfast (412 kcal) and 1 
g stevioside 
 

 Lower iAUC 0-240 
min v. control 

 ND in iAUC 0-240 
min  

 ND in 
iAUC 0-
240 min  

 ND in iAUC 
0-240 min  

- 

Breakfast + 
1 g maize 
starch  

BMI, body mass insex; Conc., concentration; GLP-1, glucagon like peptide 1, GIP, gastric inhibitory  polypeptide; (i)AUC, (incremental) Area Under the Curve; ND, no difference; 

T2DM, type 2 diabetes mellitus.   
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1.6 Summary 

Among the strategies to tackle obesity, reduction of sugar intake holds a prominent place. 

Substituting caloric sweeteners with NNS constitutes a promising tool towards reducing 

sugar and calorie intake, while maintaining palatability of food and drink products. The 

paradoxical observation from epidemiological studies that obesity ratings are increasing in 

the same timeframe as the increase in NNS consumption has fallen out of favour, since 

results from meta-analyses from a large amount of RCTs suggest a beneficial role of caloric 

sugars replacement with NNS on energy intake and body weight (63, 66). The literature 

review on the effects of NNS intake on appetite suggests that NNS consumption does not 

induce rebound hunger or an increase in desire to consume sweet items as initially 

hypothesised. On the contrary, NNS intake seems to have either neutral or even beneficial 

effects on appetite in humans.  

NNS consumption has been suggested to be associated with metabolic dysregulation, with 

potential mechanisms including glucose-responsive mechanisms (8). NNS like caloric 

sugars bind to the same STRs. Demonstrations that STRs are also located throughout the 

GI tract, led in research in animal and cellular models that suggested a key role for the gut 

STRs regarding their potential functional role in human physiological responses and 

potentially human eating behaviour. However, considerable amount of research in human 

volunteers concludes that ingestion of NNS, administered alone or in combination with a 

nutrient-containing preload, has no acute effects on postprandial glycaemic or insulinaemic 

responses in humans (13). Available evidence, although less abundant, also shows that 

NNS intake is not associated with gut-peptide secretion in humans, apart from the case of 

sucralose and diet beverages potentially stimulating GLP-1 release. There are fewer studies 

available on the long-term effect of NNS consumption on glucose homeostasis, yet more 

research is encouraged in this field.  

Neuroimaging studies have provided some evidence demonstrating that the human brain 

is able to distinguish sweet taste coming from caloric sugars or NNS (239, 241). Conflicting 

findings exist regarding the habitual exposure to NNS and non-homeostatic neural 

signalling, with a few reports showing a potential modulation of reward areas’ response to 

sweetness (244, 245), while another study showed no change in reward value following 

repeated exposure to NNS (246). Very early findings from neuroimaging studies have also 

suggested that following consumption of NNS and caloric sugars, neural responses to food-

cue paradigms, which target the hedonic aspects of eating behaviour, are similar, potentially 

proposing equal modulation of motivation to eat in brain circuits post intake (254, 255). This 

hypothesis warrants further research.    
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It is clear that a wide range of physiological, behavioural and neurological factors contribute 

to food choices and appetite control, and that the mechanisms of eating behaviour are 

complex and interconnected. Consumption of sweetened beverages could affect eating 

behaviour through homeostatic processes (hunger/satiety) or hedonic (reward) processes. 

Homeostatic and hedonic signals in the brain interact and can also be modulated by 

cognitive processes (155). From the homeostatic point of view, the presence of caloric 

sugars in the GI tract will activate a cascade of events for the processing and absorption of 

nutrients into the bloodstream and will generate a number of peripheral signals that will 

reach the brain. However, as already discussed NNS do not seem to affect acute metabolic 

responses in humans. Nonetheless, any direct gut-to-brain communication due to the 

presence of NNS in the GI tract and potentially binding to the gut STRs cannot be 

discounted. From the hedonic point of view, tasting something sweet creates a sensory 

hedonic experience, which then activates pleasure-generating brain circuitry. Therefore, 

NNS could be affecting eating behaviour directly in the brain via their rewarding properties 

independently of peripheral signals regarding metabolic state. Whether NNS intake is able 

to modulate neurocognitive responses to food cues, assessed via food-related cognitive 

tasks is currently unknown.  

According to the above, it is clear that more well-designed RCTs are needed to examine 

further potential differences between nutritive sweeteners and NNS in homeostatic and 

hedonic pathways of food intake control. 
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1.7 Aims and objectives 

The overall aim of this thesis is to drive an improvement towards the understanding of the 

effects of NNS consumption on neurocognitive, behavioural and physiological responses in 

humans. The work presented in this thesis takes a multidisciplinary approach using a 

combination of methodologies including neurocognitive (reward-related food cue 

responses), appetitive (appetite ratings, energy intake), physiological responses 

(glycaemia, insulinaemia) and subsequently brain imaging (fMRI, physMRI) to examine the 

effects of NNS intake on homeostatics, eating behaviour and hedonics.   

The underpinning hypothesis is that NNS due to being sweet yet calorie free will influence 

appetite control mainly via hedonic mechanisms, while their effects on physiological 

responses (glycaemia, insulinaemia) will be minimal. 

Among the different NNS types, stevia (Reb A) derived from stevia leaf extracts was 

selected and used in the totality of the trials described in this thesis. This decision was 

based on the premise that stevia is a plant-based sweetener, its popularity has significantly 

increased the latest years and is expected to continue to rise as consumer preferences tend 

to shift towards natural products and there is less research available on this type of NNS 

compared to the others.  

All studies described below were conducted in healthy young adults. The specific aims per 

chapter are listed below:  

Chapter 2 

 To develop and test the efficacy of a set of neurocognitive tasks (VPT, SRCT, IAT) 

to detect modulation of food cue responses by metabolic signals. 

 To compare food-cue responses between participants with normal weight and 

overweight or obesity.  

Hypotheses:  

 Metabolic state (fasted-fed) will influence food cue responses.  

 BMI will influence neurocognitive responses to visual food stimuli in response to 

metabolic state, with participants of higher BMI expected to show higher food-cue 

reactivity in the fed state compared to participants with normal BMI.   

This study acted as a proof-of-concept stage to help design next phase studies, with the 

intention of using the food cognitive tasks that can successfully discern food cue responses 

between a fasted and fed state in subsequent trials. The main hypothesis behind this 

objective is that internal metabolic state and energy needs can influence non-homeostatic 

mechanisms such as in the fed state food attractiveness is reduced and this can be reflected 
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in reaction time food-cue neurocognitive tasks. In later studies (Chapter 2 and 5), the 

specific role of sweetness and calorie content on food-cue responses is examined.  

A short test battery was developed that comprised of food-related versions of a SRCT, a 

VPT and an IAT. The test battery was administered to the participant groups, individuals 

with normal weight and with overweight or obesity, in two different metabolic states, fasted 

and fed state, in crossover design. The inclusion of two weight groups intended to examine 

differences in responses according to weight status.  

Chapter 3  

 To investigate the role of a single dose of a stevia-sweetened beverage 

consumption on eating behaviour (appetite, food intake) and AB to food cues relative 

to beverages containing sweet caloric sweeteners (glucose, sucrose) and 

unsweetened caloric and non-caloric controls (maltodextrin, water) in healthy lean 

adults.  

Hypothesis:  

 Consumption of the energy-containing beverages will increase blood glucose levels, 

suppress appetite ratings, food intake in the ad libitum meal (but not total energy 

intake) and AB to food cues compared to the non-energy containing beverages 

(stevia, water).  

In this randomised double-blind crossover trial, I tested the effects of consuming a 

sweet/non caloric preload, versus sweet/caloric preloads (glucose, sucrose), non-

sweet/caloric (maltodextrin) and non-sweet/non-caloric (water) on appetite, food intake and 

AB to food cues, using the VPT. The VPT was chosen because it was found to be sensitive 

to metabolic state changes in the study described in Chapter 2. 

Chapter 4   

 To investigate the effects of daily consumption of stevia drops for 12 weeks in 

habitual beverages, taken in doses similar to real-life consumption, compared to a 

control group receiving no treatment, on glucose homeostasis, body weight and 

energy intake in healthy lean adults.  

Hypothesis:  

 Daily stevia daily consumption for 12 weeks will not affect glucose metabolism, body 

weight or energy intake compared to no intervention in healthy lean adults.   
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This study was an open-label randomised controlled trial conducted in healthy adults with 

a normal BMI who were non-habitual consumers of NNS. A no treatment group was decided 

upon the relatively fewer research in this comparison.  

 

Chapter 5  

 To examine the brain responses to acute consumption of a single dose of a stevia-

sweetened beverage compared to equisweet glucose beverage, and appropriate 

non sweet controls (maltodextrin – no sweet taste, contains calories, water – no 

sweet taste, no calories) in a 2x2 (taste-by-calories) design using physMRI and task-

based fMRI. 

 

Hypotheses:  

 The consumption of the stevia-sweetened beverage is expected to show similar 

BOLD response with glucose in areas involved in sweet taste processing (oral and 

extraoral) and distinct responses in areas involved in calorie processing. Glucose 

and maltodextrin are expected to show similar responses relative to water and 

stevia.   

 Caloric beverages relative to water will modulate neural responses to the food-cue 

paradigm in areas involved in reward processing. The effect of stevia will be 

examined.  

This study was a randomised double-blind controlled crossover trial; treatment order was 

counterbalanced between participants. The physMRI was used in order to examine the 

brain signals derived from the consumption and presence of the beverages ingredients in 

the gut over time, compared to a baseline period. During the physMRI the participants only 

have to stay still in the scanner. The task-based fMRI was used in order to examine the 

neural correlates of hedonic food-cue responses. The food-cue paradigm I used was again 

the VPT developed in Chapter 2.    
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CHAPTER 2  

 

Attentional bias to food varies as a function of metabolic state 

independent of weight status 
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2.1 Abstract  

Eating behaviour requires that internal metabolic changes are recognised by the central 

nervous system which regulates brain responses to food cues. This function may be altered 

in obesity. The aim of this study was to examine potential differences in neurocognitive 

responses to visual food cues as a function of metabolic state and weight status. A 

crossover study with two participant groups was conducted, one group with normal-weight 

(n = 20) and one group with overweight/obesity (n = 22), who completed a novel battery of 

neurocognitive tests assessing food-cue elicited behaviour in both fasted and fed states. 

The test battery included a visual-dot probe task (VPT), a stimulus-response compatibility 

task (SRCT) and an implicit association task (IAT). Results from the VPT showed a 

significant main effect of metabolic state on attentional bias (F(1,40) = 9.90, p = 0.003, η2p 

= 0.198), with participants in the fasted state showing a significantly greater attentional bias 

for food stimuli than in the fed state. No significant main effect of metabolic state on 

approach food bias, assessed via the SRCT, or implicit attitudes to food cues, assessed via 

the IAT, was found and overall, no difference in neurocognitive processing of food cues was 

demonstrated between participant groups. In the fed state, attentional bias to food cues 

decreases in both normal-weight controls and participants with overweight/obesity, 

indicating that changes in current metabolic state can be reflected in attentional processing 

of visual food cues independently of weight status. Neurocognitive tasks which can 

effectively and sensitively identify differences in food cue perception according to changes 

in metabolic status will be useful tools in exploring more complicated interactions between 

homeostatic and hedonic drives of food intake. 

Keywords: Attention; Food cues; Food reward; Hunger; Obesity; Satiety 
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2.2 Introduction  

It is well established that homeostatic and hedonic systems of feeding behaviour act under 

a common neurochemical network (12), so that nutritional state influences food 

attractiveness (155). In conditions of food deprivation the incentive value of food cues 

increases (178, 242), whereas in the satiated state this decreases (181). Higher blood 

glucose levels are associated with decreased brain responses in reward areas, so that food 

is less rewarding in the fed state (250, 251, 287). In humans with obesity this interaction 

has been reported to be altered with hypersensitivity to food cues and insensitivity to 

metabolic signals, which may favour food consumption and play a role in the pathogenesis 

of obesity (287, 288).  

Although neuroimaging studies show differences in brain responses to food cues in 

response to metabolic signals between individuals with normal-weight and 

overweight/obesity (170, 287, 288), data from behavioural studies are limited and 

inconsistent. Attentional bias to food cues defined as the tendency to focus attention to 

salient (food) over neutral information, has been suggested to be associated with hunger 

and higher body mass index (BMI) (196, 200, 201). However, contradictory data show no 

difference in attentional bias, assessed via a visual-dot probe task (VPT), between normal-

weight and participants with obesity (200, 289). Enhanced automatic approach bias to food 

cues, assessed via a stimulus response compatibility task (SRCT) has been associated 

with self-reported traits associated with overeating (204, 205), but whether approach food 

bias changes according to internal homeostatic signals (fed vs fasted) and BMI is unknown. 

Additionally, there is also evidence that in a hungry state food-related words are evaluated 

as more pleasant when assessed via an implicit association task (IAT) (212, 214), though 

this has not yet been tested in individuals with overweight/ obesity.  

In developing the test battery described here we chose to include a selection of existing and 

adapted tasks that assess implicit responses to food. The VPT and IAT have already shown 

sensitivity to metabolic status changes, while whether the SRCT can show differential 

approach bias to food is still unknown. The tasks were selected also on the basis of 

feasibility in brief versions, being readily understood and well tolerated by the participants. 

The aim of this study was to examine whether neurocognitive responses to visual food cues, 

including attentional and approach bias and implicit attitudes to food stimuli, change 

according to internal metabolic state and BMI. We hypothesised that in the fasted state 

normal weight participants will exert higher attentional bias, food approach bias and implicit 

attitudes to food cues relative to the fed state. We also hypothesised that no difference will 

be detected in food-cue responses between fasted and fed states in participants with 

overweight/obesity. The analysis will therefore be presented as an interaction between 

metabolic state and participant group.  
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2.3 Methods 

2.3.1 Participants  

Participants were recruited from students and staff of the University of Manchester, and the 

local area via poster and online advertisements: 20 normal-weight adults (BMI 18.5 - 24.9 

kg/m2, 7 males) and 22 participants with overweight/obesity (BMI 25 - 40 kg/m2, 8 males). 

The study was powered to detect a medium-sized effect (f = 0.25, α =0.05) using a mixed 

design 2 (group) x 2 (condition – fasted or fed). Inclusion criteria were 18-40 years old, BMI 

18.5 - 40 kg/m2 and regularly eating breakfast (≥5 days per week). Exclusion criteria were 

chronic conditions such as diabetes, gastrointestinal diseases, eating disorders, self-

reported mental illness, anxiety or depression, chance of pregnancy for female participants, 

consuming alcohol above the NHS guidelines or currently dieting. The study was approved 

by the University of Manchester Research Ethics Committee; all participants signed 

informed consent prior to participation. Participants received compensation (shopping 

vouchers) for their time and travel expenses.  

2.3.2 Procedure  

Participants arrived between 0800 and 1030 h after a 10-12 h overnight fast on two separate 

mornings at least 3 days apart. Participants were instructed to consume the same habitual 

meal on the evening before each testing day and refrain from any vigorous physical 

activities or alcohol consumption. All participants completed two visits, one fasted and one 

fed visit in randomised order. The order of the visits was also counterbalanced so that half 

of the participants started with the fasted visit and the other half started with the fed visit. 

On the first visit, body weight was determined by a digital scale in light clothes without shoes 

and height was measured with a portable stadiometer (SECA 213 Portable Height Measure, 

Hamburg, Germany). On the fed day, participants were served a standardised breakfast 

(Table 2.1), which they were instructed to consume within 10 minutes. Neurocognitive 

testing was performed 30 minutes after consumption of breakfast in the fed visit and 10 

minutes after participants’ arrival in the fasted visit.  
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Table 2.1 Nutritional composition of the standardised breakfast.  

 Amount Energy 
(kcal) 

Carbohydrates 
(g) 

Proteins 
(g) 

Fats (g) Fibre (g) 

Semi-skimmed 
milk 

240 mL 120 11.5 8.6 4.3 0 

White bread 2 slices 
(56g) 

140 26.2 5.2 1.2 1.2 

Strawberry jam   20 g 52 12.5 0.1 0.1 0.2 

Banana 1 medium 105 26.9 1.3 0.4 3.1 

Total 417 77.1 15.2 6.0 4.5 

 

2.3.3 Experimental paradigms   

2.3.3.1 Stimulus-response compatibility task  

The task comprised of 2 blocks of 40 trials each according to the methodology described 

by Barby et al. (290) with some modifications. On each trial, a food-related or neutral (office 

stationery) picture was displayed at the centre of the screen and a small manikin appeared 

above or below the picture on every trial. Ten food pictures and 10 stationery pictures were 

used, each appeared four times. In the ‘approach-food’ block, participants were instructed 

to move the manikin towards the food-related pictures and away from stationery pictures. 

In the ‘avoid food’ block, these instructions were reversed. Prior to the actual task, 

participants completed 2 blocks of 8 practice trials (data not analysed). Participants were 

instructed to respond as quickly and accurately as possible. Response accuracy and 

latency were recorded on each trial. The order of the blocks was counterbalanced between 

participants. The trials within each block were presented in a new random order, with a new 

randomisation for each participant.  

2.3.3.2 Dot probe task  

The procedure was based on that described by Loeber et al. (197) with minor modifications. 

Each trial began with the presentation of a fixation cross for 500 ms, followed by a pair of 

pictures, one food picture and one office stationery picture presented one in the right and 

one in the left part of the screen for another 500 ms. Immediately after the picture pair 

presentation a dot probe (white X on black background) appeared in either the location of 

the right or the left picture and remained until the participant responded. They were 

instructed to respond by pressing one of the two response keys to indicate dot probe 

position as quickly and accurately as possible. In total 120 trials were administered, 

including 80 critical and 40 filler trials. Twenty food-related pictures were paired with 20 

stationery-related pictures. The pictures and dot probe locations (left or right) were 
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counterbalanced. In each trial, response latencies to respond to the dot probe were 

recorded.  

2.3.3.3 Implicit association task  

The task comprised of 7 blocks of different lengths. Words from four categories (pleasant, 

unpleasant, food and furniture) were presented at the centre of the screen and participants 

had to indicate in which category (presented at the side of the screen) the word belonged. 

Block 1 and 2 were practice blocks for the pleasant and unpleasant and food and furniture 

categories respectively, and comprised 20 trials each (each word presented twice). Block 3 

was another practice block with 20 trials where participants were asked to press one key 

e.g the left key ‘e’ for a ‘food’ or ‘pleasant’ word and the right key ‘i’ for a ‘furniture’ or 

‘unpleasant’ word. Block 4 was a critical block, where the 20 words from all four categories 

were presented, with each word presented 4 times (80 trials). Block 5 was a further practice 

block for pleasant and unpleasant categories, but the category/key assignments were 

switched. Block 6 was also a practice block with the same structure as block 4 and block 7 

was the last critical block, where the 20 words were presented 4 times each (80 trials). 

Blocks 3-4 and 6-7 corresponded to either compatible (food and pleasant sharing the same 

response key) or incompatible (food and unpleasant sharing the same response key) 

blocks, depending on the version of IAT (4 versions were used, following the methodology 

by Stafford & Scheffler (214)).  

Figures of the tasks can be found in Supplementary Figure 2.1.  

2.3.3.4 Stimulus materials and equipment  

The standardised set of food images from Full4Health Image Collection was used (291), 

selected after a preliminary informal study in-house. The same procedure was also 

conducted in order to select the most hunger-satisfying breakfast-related words for the IAT, 

according to the previously described methodology (214). The IAT included four categories 

of words, pleasant, unpleasant (selected from Huidjing et al. (292)), food and furniture (as 

in Stafford & Scheffler (214)). The five most highly rated food words were sandwich, bagel, 

pizza, pancakes, croissants.  

Psychopy software (version 1.84.1) was used to programme, present the tasks and collect 

the data (293). The tasks were presented on a 14-inch Lenovo screen. 

 

2.3.4 Assessment of appetite sensations  

Visual analogue scales (VAS) assessing subjective feelings of appetite were used. Five 

questions were included, ‘How hungry are you?’, ‘How full are you?’, ‘How strong is your 
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desire to eat right now?’ and ‘How much do you think you could eat right now?’. Participants 

indicated their sensations with a small vertical line on a 10-cm line scale.  

2.3.5 Blood glucose measurement  

Capillary blood samples were collected from a fingertip for the measurement of fasting blood 

glucose levels at the start of each test session and 30 min after the consumption of the 

standardised breakfast (only for the fed visit). Blood samples were collected directly into 

Hemocue microcuvettes and analysed using Hemocue Glucose 201 + Analyser (HemoCue, 

Angelholm, Sweden). Results were displayed in mmol/L.  

2.3.6 Statistical analysis 

Data handling was performed in R. Statistical analysis was performed using IBM SPSS 

Statistics Version 23. Descriptive statistics were used for variables such as age, weight, 

height, BMI and questionnaire variables. VAS appetite ratings and blood glucose values 

were analysed by mixed-design AVOVAs, using time as a within-subjects factor and BMI 

group as a between-subjects variable.  

Mixed ANOVAs were performed to analyse differences between fasted and fed state 

(within-subjects variable) and between normal-weight and participants with 

overweight/obesity (between-subjects variable) with regard to reaction times (RT) to the 

SRCT, VPT and IAT. In cases where sphericity was violated, we report the Greenhouse-

Geisser results. All incorrect trials were discarded, and additionally trials slower than 3000 

ms or faster than 200 ms in the SRCT, slower than 1000 ms or faster than 100 ms in the 

VPT, and slower than 2000 ms and faster than 200 ms in the IAT. Approach food bias was 

calculated by subtracting the mean RT to respond to the approach food trials from the mean 

RT to respond to the avoid food trials. An attentional bias score was calculated from the 

VPT RT as follows: mean latency to respond in incongruent trials minus mean latency to 

respond in congruent trials, with positive values indicating attention bias towards food-

related pictures. An IAT score was computed using the D-score algorithm as previously 

described (294). 

Exploratory Pearson correlation analyses were carried out to examine significant 

associations between behavioural measures, blood glucose levels and appetite ratings. 

Statistical significance was determined at p ≤ 0.05. 

2.4 Results  

Participant characteristics are summarised in Table 2.2. The group with overweight/obesity 

comprised of 19 participants with overweight and 3 participants with obesity. 
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Table 2.2 Characteristics of the participants. 

 Group with normal 

weight (n = 20) 

Group with overweight/obesity 

(n = 22) 

p valuea 

Age (years) 24.3 (4.7) 23.9 (4.4) 0.879 

Weight (kg) 61.9 (10.2) 82.2 (14.9) < 0.001 

Height (m) 1.7 (0.1) 1.7 (0.1) 0.707 

BMI (kg/m2) 21.3 (2.2) 27.8 (3.3) < 0.001 

 

BMI, body mass index; Values represent mean (SD). ap values were derived from independent 

samples t-test for parametric continuous data and Mann-Whitney test for non-parametric continuous 

variables.   

 

2.4.1 Postprandial state induction  

Results of the subjective appetite measures can be seen in Figure 2.1. In the fasted 

condition, significant main effects of time were observed for hunger (F(1,40) = 15.96, p < 

0.001, η2p = 0.285), desire to eat (F(1,40) = 13.25, p = 0.001, η2p = 0.249) and prospective 

consumption (F(1,40) = 11.33, p = 0.002, η2p = 0.221), whereas no significant main effect 

of BMI or any interactions between BMI group and time were demonstrated.  

In the fed state, significant main effects of time were observed for hunger (F(2, 80) = 112.02, 

p < 0.001, η2p = 0.737), fullness (F(2, 66) = 124.19, p < 0.001, η2p = 0.756), desire to eat 

(F(2,69) = 146.09, p < 0.001, η2p = 0.785) and prospective consumption (F(2,69) = 107.50, 

p < 0.001, η2p = 0.729). Post-hoc Bonferroni’s tests revealed significant decrease in hunger, 

desire to eat and prospective consumption ratings (and increase in fullness) between the 

start of the session and 30 min after the consumption of the fixed breakfast and remained 

significantly decreased (increased for fullness) until the end of the session, showing that the 

experimental paradigm worked.  

Additionally, in the fed condition significant main effects of BMI group were also 

demonstrated for hunger (F(1,40) = 6.54,  p = 0.014, η2p = 0.141), fullness (F(1,40) = 7.05, 

p = 0.011, η2p = 0.150), desire to eat (F(1,40) = 4.58, p = 0.038, η2p = 0.103) and prospective 

consumption (F(1,40) = 5.46, p = 0.025, η2p = 0.120), and  significant time x BMI-group 

interactions for desire to eat (F(2,69) = 3.92, p =0.030, η2p = 0.089) and marginally for 

prospective consumption (F(2,80) = 3.09, p = 0.051, η2p = 0.072), suggesting that the 

consumption of the fixed breakfast did not elicit similar satiety in both groups, with the 

participants in the overweight/obesity group showing lower suppression of appetite.  
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Fasting blood glucose levels did not differ between the two visits in both groups (Table 2.3). 

The manipulation of metabolic state during the fed visit was confirmed by increased blood 

glucose levels 30 min after the consumption of breakfast in the normal weight group (t(19) 

= 12.28, p < 0.001) and the group with overweight/obesity (t(20) = 10.69, p < 0.001; one 

missing value at t = 30 min).  

 

Table 2.3 Blood glucose levels for fasted and fed visit.  

 Group with normal weight (n = 20) Group with overweight/obesity (n = 22) 

 
Fasted visit 

t = 0min 
Fed visit    
t = 0min 

Fed visit         
t = 30 min 

after 
breakfast 

Fasted 
visit         

t = 0min 

Fed visit         
t = 0min 

Fed visit             
t = 30 min 

after breakfast 

Blood 

glucose  

(mmol/L) 

5.23    
(0.36) 

5.13 

(0.29) 

7.66**    

(0.21) 

4.94*   

(0.42) 

4.92    

(0.44) 

7.40**        

(1.02) 

 

Values represent mean (SD). *p < 0.05 between groups, **p < 0.05 within group difference in fed 
visit. 
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2.4.2 Stimulus response compatibility task   

Mean RT to the SRCT can be found in Table 2.4. A mixed ANOVA with picture content 

(food or neutral), motion (approach or avoid) and metabolic state (fasted or fed) as within-

subject independent variables and BMI group as between-subjects variable showed a 

significant main effect of picture content (F(1,40) = 50.23, p < 0.001, η2p = 0.557), motion 

(F(1,40) = 99.08, p < 0.001, η2p = 0.712) and a significant interaction between motion x 

picture content (F(1,40) = 25.30, p < 0.001, η2p = 0.387). These results indicate that 

participants responded faster to food pictures compared to neutral pictures, approached 

faster than avoided and were faster to approach than avoid food pictures which was not the 

case for the neutral pictures. There were no other significant main effects or interactions. 

Analysis of approach bias scores showed that, contrary to our hypotheses, neither 

metabolic state (F(1,40) = 0.01, p = 0.918, η2p = 0.000 ) nor weight-group (F(1,40) = 0.77, p 

= 0.378, η2p = 0.009) had a significant effect on approach bias to food cues.    
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Figure 2.1 Mean subjective appetit5e ratings of hunger, fullness, desire to eat and prospective consumption during the fasted visit (top row) and fed visits (bottom 

row).Values are expressed as mean ± SD. *p < 0.05 between the two groups (Bonferroni corrected).  
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2.4.3 Visual probe task 

Reaction times in the VPT are presented in Table 2.4. Reaction times to congruent and 

incongruent trials were entered into a mixed ANOVA with congruency and metabolic state 

(fasted-fed) as within-subjects independent variables and BMI-group as between-subjects 

variable. Results showed a significant main effect of congruency (F(1,40) = 15.79, p < 0.001, 

η2p = 0.283) revealing that participants responded faster to the congruent than incongruent 

trials and a significant interaction between congruency and metabolic state (F(1,40) = 4.27, 

p = 0.045, η2p = 0.096). In order to explore this interaction we performed two paired t-tests 

comparing the RT to congruent trials in the fasted and fed condition and similarly for the 

incongruent. We found that participants’ responses to congruent trials did not differ between 

fasted (M = 446.55 ms, SD = 102.44 ms) and fed (M = 450.23 ms, SD = 75.83 ms) (t(41) = 

0.228, p = 0.821), but RT to incongruent trials were significantly slower in the fasted (M = 

482.39 ms, SD = 76.20ms) compared to the fed state (M = 456.26 ms, SD = 70.49) (t(41) 

= 2.32, p = 0.025) (Bonferroni correction for multiple comparisons applied, p ≤ 0.025). No 

significant main effect of BMI group or interaction between congruency, metabolic state and 

BMI group was found. Attentional bias scores were entered into repeated-measures 

ANOVA with metabolic state as a within-subjects independent variable and BMI-group as 

between-subjects independent variable. This showed a significant main effect of metabolic 

state (F(1,40) = 9.90, p = 0.003, η2p = 0.198), as in the fasted state participants showed a 

significantly greater attentional bias for food stimuli (M = 24.52 ms, SD = 25.47 ms) than in 

the fed state (M = 6.04 ms, SD = 25.72 ms) (Figure 2.2), but the interaction between 

metabolic state and BMI group was not statistically significant (F(1,40) = 0.32, p = 0.572, 

η2p = 0.008).  

Exploratory pearson correlations showed that attentional bias scores were significantly 

correlated with subjective fullness ratings in both weight-groups, and with blood glucose 

levels but only in the normal weight group (Table 2.5). 

2.4.4 Implicit association task 

Reaction times for the IAT are presented in Table 2.4. A mixed ANOVA was conducted with 

block (food-pleasant and food-unpleasant) and metabolic state as within-subjects variables 

and BMI group as between-group independent variable. A significant main effect of block 

(F(1,40) = 98.00, p < 0.001, η2p = 0.710) was found indicating that participants were slower 

when food and unpleasant words shared the same response key compared to when food 

and pleasant words were put on the same side. However there was no significant interaction 

between block and metabolic state (F(1,40) = 1.34, p = 0.253, η2p = 0.032) or between 

block, metabolic state and BMI-group (F(1,40) = 0.08, p = 0.776, η2p = 0.002). Another 

mixed repeated measures ANOVA was performed for D scores with metabolic state as 

within-subjects variable and BMI-group as between-subjects variable. No significant main 
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effect of metabolic state was found (F(1,40) = 1.49, p = 0.229, η2p = 0.036) or an interaction 

between metabolic state and BMI group (F(1,40) = 0.19, p = 0.668, η2p = 0.005) was found.  

D scores were significantly negatively correlated with fullness in the group of participants 

with normal-weight, and when the two groups were analysed together (Table 2.5).  

 

Table 2.4 Mean reaction times in neurocognitive tasks in the fasted and fed conditions.  Values are 

expressed as mean (SD). 

 Group with normal weight  Group with overweight/ obesity  

 fasted fed fasted fed 

Stimulus response compatibility task  

Approach food 666.13 (90.53) 656.89 (70.49) 687.09 (103.62) 653.56 (73.39) 

Avoid food 780.01 (116.19) 760.30 (114.91) 811.93 (131.75) 793.09 (124.85) 

Approach neutral  772.63 (104.06) 743.32 (107.67) 774.89 (133.36) 773.09 (145.81) 

Avoid neutral  781.15(124.14)  783.72 (98.52) 800.55 (149.10) 779.60 (107.41) 

Dot probe task  

Congruent trials  440.66 (69.09) 432.47 (65.95) 473.51 (126.91) 466.37 (81.97) 

Incongruent trials  467.52 (74.27) 444.33 (62.89) 495.89 (77.10) 467.11 (76.58) 

Implicit association task  

Food pleasant  685.70 (117.73) 696.53 (130.09) 679.14 (107.45) 668.53 (110.66) 

Food unpleasant  826.51 (134.73) 820.07 (164.16) 822.43 (163.14) 783.22 (157.58) 
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Table 2.5 Correlation analyses  between subjective appetite ratings, blood glucose and behavioural tasks outcomes.  

*p < 0.05.  

 

 

 

 

 

 

 

 

 Group with normal weight  Group with overweight/ obesity In whole sample  

 Attentional 
bias 

Approach 
bias 

D score Attentional 
bias 

Approach 
bias 

D score  Attentional 
bias  

Approach 
bias  

D score  

Hunger 0.300 0.007 0.167 0.230 -0.013 0.023 0.231* 0.010 0.084 

Fullness -0.318* 0.158 -0.342* -0.312* -0.041 -0.211 -0.279* 0.043 -0.259* 

Desire to eat 0.295 -0.050 0.235 0.226 -0.011 0.210 0.225* -0.016 0.215* 

Prospective 
consumption 

0.218 -0.128 0.216 0.159 -0.191 0.124 0.149 -0.133 0.151 

Blood glucose -0.314* -0.022 -0.089 -0.043 0.049 -0.013 -0.132 0.004 -0.039 
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Figure 2.2 Approach bias, attentional bias to food cues and D scores under conditions of fasted 

and fed. Bars represent mean ± SD.   

fasted fed fasted fed 

-50

0

50

100

150

a
tt
e
n
ti
o
n
a
l 
b
ia

s
 (

m
s
)

Pmetabolic state=0.003

fasted fed fasted fed 

-200

0

200

400

fo
o
d

 a
p

p
ro

a
c
h

 b
ia

s
 (

m
s
)

group with normal weight (n = 20)

group with overweight/obesity (n = 22)

fasted fed fasted fed 

-1

0

1

2

3

D
 s

c
o

re



 

92 

 

2.5 Discussion 

The aim of the present study was to examine the efficacy of a set of RT tasks to detect 

differences in neurocognitive (attentional) responses to visual food cues according to 

changes in metabolic status in normal-weight controls and participants with 

overweight/obesity, driven by the hypotheses that current nutritional state determines the 

extent to which food cues are rewarding and that individuals with overweight/obesity may 

have an altered reward system function (200). Results showed that attentional bias to food 

is an indicator of current nutritional state, since it was significantly decreased in the fed state 

compared to the fasted state. Interestingly, BMI did not alter this relationship, although self-

reports of appetite scores indicated a blunted suppression of hunger in the 

overweight/obese group in the fed condition.  

Hunger is expected to induce a higher motivational salience of foods, whereas under 

conditions of satiety food-associated cues are expected to become less potent. In 

accordance with this, we found that participants in the fasted state were slower to respond 

to the incongruent trials (dot replacing an office stationery picture), though this was not the 

case for the fed state. We suggest here that attention was captured by the food-associated 

picture, thus participants were slower to respond to the incongruent trials when hungry. In 

accordance with our results, Nijs et al. demonstrated an enhanced orientation towards food 

related cues in hungry versus satiated conditions, however results referred to a VPT with 

100 ms stimuli presentation time (295). Similarly, Loeber et al. also showed a significant 

interaction between blood glucose levels and congruency in a VPT with 50 ms trials, where 

satiated participants showed longer RT to congruent trials (197). However, in another study 

no difference was found between fasted and fed states in RT during a VPT (2000 ms trials) 

(200). With regard to differences in attentional bias in response to body weight, we did not 

demonstrate any significant difference between the two weight-groups. It has been 

suggested that attentional bias measured by a variety of methodologies demonstrates 

altered food-cue reactivity in participants with obesity (199). However, no difference has 

been observed so far between lean and overweight/obese individuals and in response to 

nutritional status when the attentional bias was assessed via a VPT (200, 295). Studies 

assessing attentional bias between these two weight-groups but not in response to altering 

metabolic state have shown contradictory results; one study suggests that only participants 

with obesity show attentional bias to food (296), however others have demonstrated no 

association between BMI and attentional bias (289, 297, 298). These results suggest that 

the role of visual attention to food cues in obesity remains inconclusive and attentional bias 

may be more associated with state factors (i.e. metabolic state) rather than trait factors such 

as individual differences in body weight (193, 202, 299).  
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The present study is the first to assess approach bias toward food stimuli via an SRCT 

under fasted and fed conditions. Results showed that approach food bias does not relate to 

current nutritional status or body weight, and remains high even after the consumption of a 

satiety-inducing meal. However, it was shown that all participants exhibited a strong 

approach bias to food pictures, irrespectively of their current metabolic state or BMI, which 

is in line with previous findings showing approach bias toward food in participants with 

normal weight (204) and overweight/obesity (206). In a previous study where alcohol served 

as the reward stimulus, it has been shown that automatic approach tendencies elicited by 

alcohol-related cues did not significantly increase after the consumption of alcohol (300). 

Taken together these findings may suggest that the presentation of palatable food cues 

increases the strength of automatic approach tendencies toward food, but the metabolic 

effects of food consumption do not appear to contribute to these responses.  

Implicit attitudes toward food words were not found to rely on current appetitive status in 

either participants with normal weight or participants with overweight/obesity. This finding 

is in contrast with previous results showing that food deprivation leads to a more positive 

valence of food items assessed through an IAT (214). In particular, in that study it was 

demonstrated that participants who did not have lunch were slower to associate food-stimuli 

with unpleasantness compared to a group of participants who did have lunch. However, we 

found a significant negative correlation between fullness ratings and D scores (a higher D 

score suggests a more favourable implicit attitude toward food i.e. food is pleasant), 

suggesting that the subjective fullness sensations may be a greater determinant of implicit 

perception of food rather than consumption of food itself.    

Self-reported measures of appetite showed that the consumption of the standardised 

breakfast was less satiating for the group with overweight/obesity. This finding was 

expected a priori and supports previous findings which suggest that participants with 

overweight/obesity display blunted responses to dietary manipulations compared to 

participants with normal BMI (42, 301). Additionally short-term appetite regulation has been 

demonstrated to be related with postprandial insulin rather than glucose levels, however 

this relationship disappears as the body weight increases (302). The latter may explain the 

absence of correlations between blood glucose levels and behavioural measures, apart 

from the case of attentional bias in normal weight participants. 

One possible reason for discrepancies between our results and previous observations might 

be the fundamental approach of separating the fasted from the fed state on different days 

in a randomised crossover fashion, rather than simply sequential fasted then fed 

measurements, which can be considered an experimental strength rather than a limitation. 

Previous studies have separated the participants according to whether they had or had not 

had lunch (214) or according to their self-reported ratings of hunger or blood glucose levels 
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(197). In one study participants were asked to attend the testing sessions after an 8 hour 

fast, but the ‘meal’ served was a standardized drink (200), which also lacks familiarity. 

Therefore, the size of the meal and the time passed from the previous meal in the fed 

condition might have contributed to inconsistencies between studies. 

A potential limitation is that the majority of the participants in the group with 

overweight/obesity were overweight rather than obese, so our data may not extrapolate to 

extreme cases of obesity. However, Castellanos et al. (200) included only participants with 

obesity and showed no difference in attentional bias scores between the obese and the 

normal-weight group. Additionally, the consumption of a standardised breakfast to induce 

the fed state, only allows conclusions to be drawn regarding the specific macronutrient 

composition, suggesting that these results are representative of a carbohydrate-rich meal.  

2.6 Conclusion 

Taken together, our findings suggest that in the fed compared to the fasted state attentional 

bias to food cues decreases similarly in participants with normal-weight as well as with 

overweight/obesity, indicating that changes in current metabolic state can be reflected in 

neurocognitive/attentional processing of food cues, and in particular in a VPT. Approach 

food bias was strong for both weight-groups and remained high after the consumption of 

the breakfast, and implicit attitudes to food stimuli were found to be related with self-reported 

fullness sensations. The composite methodology developed here could be used to examine 

more complicated interactions between internal metabolic signals and food reward in future 

studies. Overall no difference in neurocognitive responses to food cues was demonstrated 

between participants with normal-weight and overweight/obesity under conditions of fasted 

and fed, a finding which questions the assumption that an impairment of salience attribution 

might be related to obesity.  
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Supplemental Figure 2.1 Illustration of the reaction time tasks.  

A) Stimulus response compatibility task  
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C) Implicit association task  
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3.1 Abstract  

Background: Stevia is a zero calorie alternative to caloric sugars. Substituting caloric 

sweeteners with non-caloric sweeteners reduces available energy, but their effects on 

appetite, subsequent food intake and neurocognitive responses are still unclear.  

Objectives: To examine whether sweetness with or without calories influences food intake, 

appetite, blood glucose levels and attentional bias (AB) to food cues.  

Methods: Randomised controlled double-blind crossover study. Healthy participants (n = 

20, age 27 ± 5y, 55% female, body mass index 21.8 ± 1.5 kg/m2) completed five visits, 

consuming five study beverages: 330 mL water (control, no sweet taste, no calories) and 

either 330 mL water containing 40 g glucose or sucrose (sweet taste, calories – both 160 

kcal), maltodextrin (no sweet taste, calories – 160 kcal), or 240 ppm stevia (sweet taste, no 

calories). Glucose and stevia beverages were matched for sweetness. Subjective appetite 

ratings and blood glucose were measured at baseline and 15, 30 and 60 min postprandially. 

At 15 min participants performed a visual-dot probe task to assess AB to food cues; at 30 

min participants were offered an ad libitum lunch; food intake was measured.  

Results: Subjective appetite ratings showed that preload sweetness and calorie content 

both affected appetite. The total area under the curve for glycaemia was significantly higher 

after the caloric beverages (mean ± SD, maltodextrin: 441 ± 57.6, glucose: 462 ± 68.1, 

sucrose: 425 ± 53.6 mmol x L-¹ x min) compared to both stevia (320 ± 34.2) and water (304 

± 32.0) (all p < 0.001). Total energy intake (beverage and meal) was significantly lower after 

the stevia beverage (727 ± 239 kcal) compared to water (832 ± 198, p = 0.013), with no 

significant difference between the water and caloric beverages (p = 1.00 for water vs 

maltodextrin, glucose and sucrose). However, food-related AB did not differ across 

conditions (p = 0.140).  

Conclusions: This study found a beneficial and specific effect of a stevia beverage 

consumed prior to a meal on appetite and energy intake in healthy adults. 

 

Keywords: non-nutritive sweeteners, stevia, energy intake, appetite, blood glucose, 

attention, food cues, healthy adults  
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3.2 Introduction 

Sweet taste in the overall diet is largely due to the presence of caloric sugars and there are 

global efforts to reduce sugars intake to aid in weight management. Sugar-sweetened 

beverages (SSB) represent the largest contributor of caloric sugars in the diet (18, 303) and 

have been associated with poor diet quality, higher total energy intake and obesity (304, 

305). Substitution by non-nutritive sweeteners (NNS) may be an effective strategy, 

theoretically by reducing total energy intake, while preserving food and beverage palatability 

(5). There is evidence suggesting that consuming NNS in place of sugar may reduce energy 

intake, and thus body weight (52, 306). Conversely, NNS have been also suggested to 

undermine weight management due to the metabolic mismatch between sweetness and 

lack of caloric content (6, 307) with compensation by overconsumption.  

Stevia glycosides are plant based NNS. Stevia consumption does not affect blood glucose 

levels postprandially (51) or gut peptide hormones in humans (124), similar to the other 

NNS (134, 308). In regard to appetite and food intake following stevia consumption, 

currently there are only two studies, each with contradictory findings (48, 51). One reports 

significantly lower energy intake on replacement of sucrose with stevia (48), the other shows 

no difference in total energy intake (51). Both studies have methodological limitations,                                                                                                                                                                                                                                                                                                           

and  better designed research is required to elucidate the effects of real-life dosage of pure 

stevia-sweetened beverages consumption on appetite and food intake.  

Control of food intake involves homeostatic, hedonic and cognitive mechanisms (155). 

Given that oral sweet taste precedes nutrient sensing in the gut, it is possible that non-

homeostatic mechanisms play a greater role in short-term appetite regulation compared to 

homeostatic mechanisms when consuming NNS-sweetened beverages that supply 

sweetness without any of the metabolic effects induced by gut-sensing and also post-

absorption. Neural systems of food reward interact with homeostatic signals providing a 

mechanism by which the internal metabolic state influences food attractiveness and 

attention to food stimuli (155, 309, 310). Attentional bias (AB) to food cues, the tendency to 

focus visual attention to salient (food) over neutral information, is heightened in the fasted 

state and reduced in the fed state (311). Since sweet taste is a strong hedonic signal and a 

strong predictor of energy content, it is important to investigate whether sweet taste 

attenuates AB to food cues beyond changes in metabolic state.  

The aim of this study was to examine subjective appetite and food intake following the 

consumption of beverages supplying sweetness with calories (glucose, sucrose), 

sweetness without calories (stevia), no sweet taste with calories (maltodextrin), or no sweet 

taste and no calories (water). In addition, we measured blood glucose levels as an objective 

measure of active (glucose, sucrose, maltodextrin) versus inactive (stevia, water) metabolic 
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state and AB to food cues following the consumption of the beverages, in an attempt to 

dissect any effects of calorie content and sweet taste on food-related attention. We 

hypothesised that the consumption of the energy-containing beverages would increase 

blood glucose levels post-consumption, suppress appetite ratings and food intake in the ad 

libitum meal (but not total energy intake) and attenuate AB to food cues compared to non-

energy containing beverages (water, stevia).  

3.3 Methods  

3.3.1 Participants 

Twenty healthy participants were recruited from the University of Manchester and the 

Manchester area for this study through advertisements placed online and around campus 

from April to June 2018. The study inclusion criteria included healthy males and females 

aged between 18-40 years with normal body mass index (BMI) (18.5-24.9 kg/m2), restrained 

eating score ≤3 assessed via the Dutch Eating Behavior Questionnaire (DEBQ) and 

consuming breakfast ≥5 times per week. The exclusion criteria included being diagnosed 

with a major chronic disease, having food intolerances or allergies, weight change more 

than 5 kg in the last 12 months, currently dieting, experiencing anxiety or depression, and 

habitual consumption of any NNS (>1 can of diet beverage or >1 table packet of sweeteners 

per week), all based on participants’ self-report.  

The study was approved by the University of Manchester Research Ethics Committee and 

all subjects signed informed consent prior to participation. Participants were compensated 

for participation. The trial is registered at clinicaltrials.gov under registration NCT03711084.  

Sample size estimation was based on expected differences in attentional bias to food cues 

between the consumption of caloric and non-caloric beverages. A previous study from our 

group (311) conducted to validate the efficacy of a visual-dot probe task (VPT) to assess 

AB to food cues in response to changes in metabolic state (fasted – fed) showed a mean 

difference of 18.48 ms on attentional bias between fasted and fed states and a pooled SD 

of 25.6 ms (effect size of the difference Cohen’s d = 0.72, transforming this to effect size f 

= 0.361). G*Power 3.1.9.2 was used to estimate sample size. For a priori power analysis 

using effect size f = 0.36, error probability α = 0.05, 95% power, 1 group of participants and 

5 measurements per participant, the total sample size was calculated 16. We recruited 20 

participants to allow for participant drop out.  

3.3.2 Experimental procedure 

This was a randomised controlled double-blind crossover study with five treatments. Both 

participants and the researchers conducting the study were blinded to the treatment 

allocation throughout the study and during data analyses. Randomisation was conducted 
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by an independent person using an online tool (www.random.org) and by generating a 

random and counterbalanced treatment order per participant that was then followed by the 

researcher who was conducting the testing sessions. The five different study beverages 

were as follows: 330 mL water (control), 330 mL water containing 40 g glucose, 330 mL 

water containing 240 ppm, stevia, (Truvia®- Rebaudioside A- 95%) to match glucose 

sweetness, 330 mL water containing 40 g sucrose (Crystalline sucrose - commercially 

available) to provide a sweeter taste and to match the caloric content of 40 g glucose, and 

330 mL water containing 40 g maltodextrin to match the caloric content of sucrose and 

glucose but with no sweet taste. Beverages at the final chosen concentrations were 

prepared independently of the study team and served in coded and sealed transparent 

bottles. There was no difference in appearance between the beverages. A sealed envelope 

with the information linking the beverage codes to their content was kept by a beverage 

manufacturer employee until after the data analysis was completed.  

All procedures were conducted at the Neuroscience and Psychiatry Unit of the University 

of Manchester. Participants visited the centre for a total of 6 visits including the first 

screening visit, which was conducted after overnight fast where anthropometric 

measurements, blood pressure (OMRON M2 Basic), fasting blood glucose, and medical 

history data were collected. Anthropometric measurements included body weight, 

determined by a digital scale in light clothes without shoes, height measured with a portable 

stadiometer (SECA 213 Portable Height Measure, Hamburg, Germany), waist and hip 

circumference (SECA 201 Ergonomic Circumference Measuring Tape, Hamburg, 

Germany).  

During the next five visits, participants received one of the test beverages. A 5-day washout 

period was required between test days. Participants were asked to continue their usual diet 

and physical activity for the duration of the study. All study sessions were conducted 

between May and September 2018. The day before each visit, participants were asked to 

maintain a consistent physical activity level and to consume an evening meal of similar 

composition and quantity. The next morning they were instructed to consume a breakfast 

of their preference and maintain the same breakfast prior to each session. Participants were 

then asked to fast for 3-4 hours, with water being allowed up to 1h before the testing 

session. Upon arrival participants were asked to fill in baseline appetite measures (time 0) 

and a blood glucose test was performed. Following this the study beverage was served and 

they were required to consume the entire contents within 10 min. At time 15 min participants 

performed a computer-based VPT that assesses AB to food stimuli outlined below. At 30 

min they were given ad libitum lunch and were instructed to consume as much as they liked 

until they felt comfortably full. Blood samples and appetite measures were measured at 0, 

15, 30 and 60 min after the consumption of the beverages. Participants were allowed to 

http://www.random.org/
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leave after the last measurement (60 min). A flow chart of the study procedures can be seen 

in Figure 3.1.  

The primary outcomes of this trial were (total) energy intake and appetite ratings, blood 

glucose levels and AB to food cues following the consumption of the study beverages. 

Secondary outcomes included the hedonic ratings of the beverages and the meal. All 

outcomes are described in detail below.  

 

Figure 3.1 Flow chart of the procedures on a study day.  

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3 Blood glucose measurement  

Finger prick blood samples were collected for blood glucose measurement. Blood glucose 

was measured immediately using the Hemocue Glucose 201 + Analyser (HemoCue, 

Angelholm, Sweden) at time 0 (before consumption), 15, 30 and 60 min after the 

consumption of the beverage.  

3.3.4 Appetite, hedonic and sensory measures  

Participants were asked to rate their subjective feeling of appetite on a 100 mm VAS 

anchored with ‘not at all’ (0 mm) and ‘extremely’ (100 mm) at time 0, 15, 30 and 60 min after 

the beverage. Appetite questions included hunger, fullness, desire to eat and prospective 

consumption. Participants were asked to drink a sip of the beverage and rate each 

beverage’s attributes once, such as pleasantness, bitterness, sweetness, familiarity and 
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overall liking of the flavour. Following the meal participants were also asked to rate some 

attributes regarding the meal, such as pleasantness, sweetness, saltiness and familiarity.  

3.3.5 Energy intake  

Thirty minutes after the ingestion of the study beverage, participants were given an ad 

libitum meal (lunch buffet) and were allowed to consume as much as they wish until they 

felt comfortably full. The buffet consisted of 2 cheese and 2 ham sandwiches cut into small 

triangular pieces, fruits (100 g of grapes and 100 g of sliced bananas), 100 g plain fat free 

yoghurt , 5 Maryland chocolate chip cookies (Burton's Biscuit Co., Birmingham, UK) and 50 

g Walkers ready salted crisps (Walkers Snack Foods Ltd, Leicester, UK). The sandwiches 

were made of Tesco wholemeal medium bread (Tesco Stores Ltd., Welwyn Garden City, 

UK), 10 g of spread (Flora Light Spread, Flora UK and Ireland, London, UK), medium 

cheddar slices (Tesco Stores Ltd., Welwyn Garden City, UK) or ham slices (Eastman's 

Cooked Ham slices, Tesco Stores Ltd., Welwyn Garden City, UK). The meal was exactly 

the same each time and glass of water was served with the meals.  

3.3.6 Attentional bias to food cues  

Food-related AB was assessed via a computer-based VPT as previously described (311). 

The pictures were selected after a preliminary informal study conducted among students 

and staff of the University of Manchester, using the standardized set of food images from 

Full4Health Image Collection (291). Twenty food-related pictures were paired with 20 

stationary-related pictures. The pictures and dot probe locations (left or right) were 

counterbalanced. In each trial, response latencies to respond to the dot probe were 

recorded. Psychopy software (version 1.84.1) was used to programme, present the VPT 

and collect the data (response latencies to keyboard presses) (293).  

3.3.7 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics Version 23. Descriptive 

statistics were used for variables such as age, weight, height, BMI and questionnaire 

variables and are presented as mean ± SD. The rest of the data are presented as means ± 

SEs. Repeated measures ANOVAs were conducted to examine the effect of the beverage 

consumption on study outcomes over time and across conditions. Firstly, we performed 

two-way repeated measures ANOVA for each appetite rating, and blood glucose with time 

(0, 15, 30, 60 min) and beverage type (water, stevia, glucose, maltodextrin, sucrose) as 

within-subjects variables. Additionally, for each time point separately, we conducted one-

way repeated measures ANOVAs with beverage type as within-subjects variable and where 

significant main effects and/or interactions were found, we followed up with post-hoc 

Bonferroni analysis. One-way repeated measures ANOVAs with beverage type as within-

subjects variable were also conducted for the area under the curve (AUC) for appetite and 
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blood glucose, as well as for the analysis of energy intake, and hedonic ratings and followed 

up with Bonferroni-adjusted post hoc tests. In cases where sphericity was violated 

(Mauchly’s test p < 0.05), the Greenhouse-Geisser corrected P value is reported. Only the 

sweetness and bitterness ratings of the beverages were not normally distributed, thus the 

equivalent non-parametric analyses have been conducted and reported only for those two 

measures (Friedman’s ANOVA followed by Bonferroni-adjusted Wilcoxon’s signed rank 

tests.  

Reaction times to VPT were handled in R, so that all incorrect trials, as well as trials slower 

than 1000ms or faster than 100ms were discarded. Reaction times to congruent and 

incongruent trials and AB scores were analysed using repeated measures ANOVA with 

beverage type as within-subjects variable. An AB score was calculated from the VPT 

reaction times as follows: mean latency to respond in incongruent trials minus mean latency 

to respond in congruent trials, with positive values indicating attention bias towards food-

related pictures.  

Statistical significance was determined at p ≤ 0.05. 
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3.4 Results 

3.4.1 Participant characteristics 

Twenty participants completed all the 5 study sessions. A detailed participant flow chart can 

be found in Figure 3.2. The baseline characteristics of the participants are presented in 

Table 3.1. Regarding the restrained eating subscale of the Dutch Eating Behaviour 

Questionnaire the minimum value was 1.3 and the maximum value 3.0, regarding the 

emotional subscale the minimum value was 1.2 and the maximum 3.5, and regarding the 

external eating subscale the minimum value was 2.3 and the maximum 4.1. 

The results of main effects and interactions for the main outcomes can be found in 

Supplemental Table 3.1.  

 

Table 3.1 Subjects' characteristics. 1 

 (n = 20) 

Age, y 26.6 ± 4.6 

Females, n (%) 11 (55) 

Weight, kg 62.6 ± 7.0 

Height, cm 170 ± 10 

BMI, kg/m2 21.8 ± 1.5 

Waist circumference, cm 75.4 ± 5.3 

Hip circumference, cm 98.7 ± 4.4 

Fasting blood glucose 2, mmol/L 4.9 ± 0.5 

Systolic BP, mmHg 115.4 ± 9.8 

Diastolic BP, mmHg 65.6 ± 7.2 

Pulses, bpm 66.7 ± 10.6 

DEBQ-restrained 2.1 ± 0.5 

DEBQ-emotional  2.3 ± 0.6 

DEBQ-external 3.3 ± 0.5 

 

1 Values are means ± SDs; BMI, body mass index.  

2 Mean fasting blood glucose concentration measured at the screening visit after overnight fast, (n 

= 20). BP, blood pressure; DEBQ, Dutch Eating Behavior Questionnaire.  
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Figure 3.2 Participant flow diagram.  
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3.4.2 Blood glucose levels  

Figure 3.3 shows the blood glucose levels following the consumption of the test beverages. 

At time 0, there was no significant difference on blood glucose levels between the 

beverages (F(4, 76) = 0.25, p = 0.909, η2p = 0.013), however there were differences at 15 

min (F(2, 43) = 60.00, p < 0.001, η2p = 0.760, Greenhouse-Geisser), 30 min (F(3, 50) = 

106.26, p <0.001, η2p = 0.848, Greenhouse-Geisser) and 60 min (F(3, 50) = 5.42, p = 0.004, 

η2p = 0.222, Greenhouse-Geisser). At time points 15 and 30 min, blood glucose was 

significantly higher after the maltodextrin, glucose and sucrose beverages compared to both 

water and stevia beverages (all p < 0.001), and moreover glucose showed an even greater 

value compared to sucrose at 30 min (p = 0.022). At time 60 min (30 min after the 

consumption of the ad libitum meal) blood glucose levels were significantly higher for the 

maltodextrin condition compared to water (p = 0.036) and compared to sucrose (p = 0.013), 

whereas no other difference was observed.        

Water and stevia consumption exerted lower AUC for glycaemia compared to all other 

treatments (all p < 0.001), and glucose AUC was also significantly higher compared to that 

of sucrose (p = 0.003).  
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Figure 3.3 Blood glucose response (A) and AUC for glycaemia (B) following ingestion of the water, 

stevia, maltodextrin, glucose and sucrose beverages in healthy adults. Values represent means ± 

SEs; n = 20. (A) * p < 0.001 maltodextrin, glucose and sucrose compared to water and stevia at that 

time point; † p < 0.05 glucose versus sucrose; ‡ p < 0.05 maltodextrin compared to water and 

sucrose. (B) Bars without a common letter differ, p < 0.05. AUC, area under the curve.  

  

A

B

0 15 30 60
2

4

6

8

10

Time (min)

B
lo

o
d
 g

lu
c
o
s
e
 (

m
m

o
l/
L
)

water

stevia

maltodextrin

glucose

sucrose

*

*†

‡

Ptime < 0.001

Pbeverage < 0.001

Ptime x beverage < 0.001

water
stevia

malto
dextrin

glucose

sucrose

0

200

400

600

B
lo

o
d
 g

lu
c
o
s
e
 A

U
C

 (
m

m
o
l 
x
 L

-1
x

m
in

)

c c

ab a
b

Pbeverage < 0.001



 

109 

 

3.4.3 Appetite, hedonic and sensory ratings  

Ratings of hunger, fullness, desire to eat and prospective consumption are presented in 

Figure 3.4. Significant main effects of time, and beverage type as well as significant time-

by-beverage type interactions were observed for hunger, fullness, desire to eat and 

prospective consumption ratings (Supplemental Table 3.1). At time 0 and time 60 there 

were no significant differences at any appetite ratings between the treatments (baseline 

ratings did not differ across conditions) (hunger time 0: p = 0.060, hunger time 60: p = 0.425, 

fullness time 0: p = 0.429, fullness time 60: p = 0.334, desire to eat time 0: p = 0.081, desire 

to eat time 60: p = 0.809, prospective consumption time 0: p = 0.268, prospective 

consumption time 60: p = 0.578). At time 15, a significant main effect of beverage type was 

observed for all appetite ratings (p < 0.05) and similarly at time 30 (p ≤ 0.001). Hunger 

ratings 15 min after consumption of water were significantly higher compared to glucose (p 

= 0.004) and sucrose (p = 0.003) and at 30 min water ratings differed significantly from all 

other beverages (p < 0.05), meaning that the consumption of all the sweet, caloric, and 

sweet/caloric beverages reduced hunger ratings at 30 min post-consumption compared to 

water. Regarding fullness ratings at 15 min after the consumption of the beverages, water 

exerted significantly lower values compared to glucose (p = 0.02) and sucrose (p = 0.006), 

and at 30 min post-intake water ratings differed significantly compared to maltodextrin (p = 

0.045), glucose (p = 0.033) and sucrose (p = 0.015). Desire to eat ratings at 15 min after 

the consumption of the water, were significantly higher only compared to the sucrose 

condition (p = 0.029), whereas at 30 min desire to eat ratings were found significantly higher 

following the consumption of water compared to all  other beverages (all p < 0.05). 

Prospective consumption ratings at 15 min after the consumption of water were significantly 

higher compared to glucose and sucrose condition (p < 0.05) (p = 0.054 compared to 

stevia), and at 30 min water ratings differed significantly compared to maltodextrin, glucose 

and sucrose (all p < 0.05).   

The respective AUCs for hunger, fullness, desire to eat and prospective consumption were 

also calculated over the 60 min period (beverage and lunch) as well as over the 30 min 

period (beverage only) and are summarized in Table 3.2. The AUCs (both over 60 min 

period and 30 min period) for hunger, desire to eat and prospective consumption after the 

consumption of the sucrose and the glucose beverage were significantly lower compared 

to water (all p < 0.05) and similarly the fullness AUCs were significantly higher (only the 

fullness AUC 0-60 min for glucose did not differ significantly to water p = 0.07). The AUC 

over the 30 or 60 min postprandial period for all appetite sensations after the consumption 

of the maltodextrin beverage did not differ compared to the respective AUCs for water. The 

consumption of the stevia beverage resulted in significantly lower AUC over the 30 min 

period for hunger (p = 0.016), prospective consumption (p = 0.012), and higher fullness 
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AUC (p = 0.044) compared to water control, as well as significantly lower AUC (0-60 min) 

for desire to eat ratings (p = 0.034). No difference was found in AUC (0-60 min or 0-30 min) 

between the stevia condition and the glucose, sucrose or maltodextrin conditions.  

Results of the hedonic and sensory ratings of the beverages can be found in Table 3.2. All 

test beverages were rated to have equal pleasantness (F(3, 48) = 1.06, p = 0.39, η2p = 

0.053, Greenhouse-Geisser), flavour liking (F(3, 48) = 1.96, p = 0.11, η2p = 0.093, 

Greenhouse-Geisser) and familiarity (F(3, 48) = 0.48, p = 0.75, η2p = 0.025, Greenhouse-

Geisser). However, beverages differed in perceived sweetness (p < 0.001, Friedman’s 

ANOVA) and bitterness (p < 0.001, Friedman’s ANOVA). In particular, sweetness ratings 

followed the design of our study, since water and maltodextrin were rated to have equal 

sweetness (p = 0.100), glucose and stevia beverages were significantly sweeter than water 

(both p < 0.001) and maltodextrin (p = 0.010 vs glucose and p < 0.001 vs stevia) and 

sucrose was rated significantly sweeter than water (p < 0.001), stevia (p = 0.02), and 

maltodextrin (p < 0.001) but not glucose (p = 0.09). Bitterness ratings did not differ between 

water and maltodextrin (p = 0.113) and the stevia (p = 0.76) beverages. Participants were 

also required to rate the pleasantness, sweetness, saltiness and familiarity of the lunch meal 

at the end of consumption and results are summarised in Table 3.2, however no significant 

differences were found. 
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Figure 3.4 Hunger (A), fullness (B), desire to eat (C) and prospective consumption (D) ratings over 

time following ingestion of the water, stevia, maltodextrin, glucose and sucrose beverages in healthy 

adults.  

Values are mean ± SEs, n = 20. * p < 0.05 water compared to glucose and sucrose at that time point; 

† p < 0.05 water compared to all other beverages; ‡ p < 0.05 water compared to maltodextrin, glucose 

and sucrose; # p < 0.05 water compared to sucrose. 
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Table 3.2 Hedonic, sensory and appetite ratings following beverage ingestion in healthy adults.   

 Water Stevia Maltodextrin Glucose Sucrose p 

Beverage attributes       

Pleasantness 42.9 ± 3.31 44.6 ± 4.09 39.3 ± 4.16 48.0 ± 5.04 48.9 ± 5.78 0.3691 

Bitterness 31.8 ± 4.34a 21.2 ± 3.55ab 23.9 ± 4.32ab 10.5 ± 2.47bc 6.2 ± 1.59c <0.0012  

Sweetness 20.1 ± 4.16c 66.0 ± 2.35b 29.8 ± 4.88c 67.4 ± 4.97ab 81.0 ± 3.24a <0.0012 

Flavour liking 32.6 ± 3.40 45.6 ± 4.94 36.2 ± 4.60 45.5 ± 5.70 43.3 ± 5.84 0.1431 

Familiarity  43.8 ± 6.81 34.2 ± 5.22 38.1 ± 6.98 41.5 ± 6.20 37.6 ± 5.78 0.6631 

Meal attributes       

Pleasantness 66.2 ± 2.45 63.0 ± 2.02 62.7 ± 1.80 60.5 ± 2.14 62.6 ± 1.76 0.077 

Sweetness 40.8 ± 4.39 39.3 ± 3.19 44.0 ± 4.02 38.3 ± 3.74 38.9 ± 3.84 0.539 

Saltiness 47.6 ± 4.54 42.0 ± 3.94 46.9 ± 3.70 44.8 ± 3.68 43.7 ± 4.39 0.515 

Familiarity  76.5 ± 4.79 82.8 ± 2.54 84.8 ± 2.88 82.4 ± 3.17 81.8 ± 2.99 0.1931 

Appetite        

Hunger AUC 0-60 min (mm x min) 3140 ± 132a 2700 ± 161ab 2550 ± 214ab 2460 ± 154b 2560 ± 151b <0.001 

Hunger AUC 0-30 min (mm x min) 1890 ± 83.1a 1540 ± 99.7b 1560 ± 132ab 1480 ± 107b 1510 ± 98.1b <0.001 

Fullness AUC 0-60 min (mm x min) 2060 ± 153b 2280 ± 123ab 2410 ± 162ab 2390 ± 161ab 2470 ± 159a 0.0071  

Fullness AUC 0-30 min (mm x min) 723 ± 98.0b 892 ± 89.1a 941 ± 110ab 960 ± 105a 1020 ± 99.6a 0.001 

Desire to eat AUC 0-60 min (mm x min) 3300 ± 131a 2930 ± 129b 2720 ± 177ab 2630 ± 141b 2770 ± 131b <0.001 

Desire to eat AUC 0-30 min (mm x min) 1980 ± 85.8a 1740 ± 85.7ab 1650 ± 122ab 1610 ± 98.4b 1660 ± 93.9b <0.001 

Prospective consumption AUC 0-60 min (mm x min) 3230 ± 143a 2950 ± 131ab 2770 ± 144ab 2710 ± 134b 2830 ± 123b <0.001 

Prospective consumption AUC 0-30 min (mm x min) 1910 ± 89.4a 1710 ± 82.8b 1640 ± 102ab 1610 ± 87.1b 1640 ± 85.2b 0.0051 

AUC 0-60 min, area under the curve over the 60 min period; AUC 0-30 min, area under the curve over the 30 min period (beverage only). Values are mean ± SEs, n 

= 20. Labelled means in a row without a common letter differ, p < 0.05. 1 Greenhouse-Geisser corrected p value reported.  2 Not normally distributed data, analysed 

with non-parametric tests.  
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3.4.4 Energy intake  

Figure 3.5 shows the energy consumed at ad libitum lunch as well as the breakdown of 

energy consumed from the beverage and the lunch meal. A significant main effect of 

beverage type on energy consumed at the ad libitum lunch was found (p < 0.001). The ad 

libitum lunch energy intake after the water beverage (mean ± SEs, 832 ± 44.2 kcal) was 

significantly higher compared to all other beverages (stevia: 727 ± 53.4 kcal, maltodextrin: 

682 ± 43.5 kcal, glucose: 665 ± 55.0 kcal, sucrose: 677 ± 44.3 kcal, for all comparisons p < 

0.05). Ad libitum lunch intake in the stevia condition did not differ compared to all the caloric-

beverage conditions (all p = 1.00, Figure 3.5 A). When we analysed the total energy intake 

from both the beverage (12% of either glucose, sucrose or maltodextrin provided 160 kcal, 

water and stevia beverages contained 0 kcal) and the lunch meal (Figure 3.5 B), there was 

still a significant main effect of beverage type (p = 0.038), and it was shown that participants 

consumed significantly lower amount of energy following the stevia beverage compared to 

water (Δ -105 kcal, 95% CI: -193, -16.5), p = 0.013). However there was no difference 

between the water condition and the maltodextrin (Δ 10.1 kcal, 95% CI: -93.8, 114), glucose 

(Δ -6.75 kcal, 95% CI: -125, 112), sucrose conditions (Δ 4.98 kcal, 95% CI: -103, 113) (all 

comparisons p = 1.000). No significant difference was observed on total energy intake 

between stevia condition and maltodextrin (Δ 115 kcal, 95% CI: -19.9, 250, p = 0.140), 

glucose (Δ 98.2, 95% CI: -39.9, 236, p = 0.360), and sucrose (Δ 110 kcal, 95% CI: -27.2, 

247, p = 0.190).  

3.4.5 Attentional bias to food cues 

Reaction times in the VPT are presented in Table 3.3. Results showed that the main effect 

of congruency was not statistically significant (p = 0.064); participants responded faster to 

the congruent (412 ± 7.51 ms) compared to incongruent trials (419 ± 8.16 ms). No significant 

main effect of beverage type or interaction congruency-by-beverage type was observed. 

Additionally, no significant main effect of beverage type on attentional bias to food cues was 

found.  
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Figure 3.5 Energy intake consumed at the ad libitum lunch (A) and cumulative intake (test beverage 

and ad libitum lunch (B)) following ingestion of the water, stevia, maltodextrin, glucose and sucrose 

beverages in healthy adults.  

Values represent means ± SEs; n = 20. Bars without a common letter differ, p < 0.05. 
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Table 3.3 Reaction times to visual-dot probe task following beverage ingestion in healthy adults. 

 

 

 

 

 

 

 

Values are mean ± SEs, n = 20. p values correspond to the repeated measures ANOVA with beverage type as within-subjects independent variable. 

 

 

 

 

 

 

 

 

 

 

 

 

 Water Stevia Maltodextrin Glucose Sucrose p 

Congruent trials (ms) 422 ± 8.76 405 ± 9.17 412 ± 9.44 414 ± 11.46 406 ± 7.71 0.310 

Incongruent trials (ms)  423 ± 8.39 411 ± 8.55 427 ± 12.88 422 ± 12.61 410 ± 7.66 0.294 

Attentional bias (ms)  1.08 ± 2.87 5.79 ± 5.47 14.7 ± 6.46 8.89 ± 4.08 3.66 ± 5.05 0.140  
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3.5 Discussion    

This study examined the effects of consuming a stevia-sweetened beverage compared to 

beverages containing caloric sweeteners with or without a sweet taste and water on 

appetite, energy intake, blood glucose responses and their relation to changes in food-

related attention.  

The main finding was a beneficial effect of consuming a stevia beverage on reducing short 

term appetite and total energy intake. Consumption of the sweet/non-caloric (stevia), 

sweet/caloric (glucose), sweeter/caloric (sucrose) and non-sweet/caloric (maltodextrin) 

beverages all led to significantly lower energy intake during the ad libitum lunch compared 

to consuming water. However, the total energy intake (beverage and ad libitum lunch) was 

significantly lower only after the stevia compared to water beverage condition, with no 

differences between the water and caloric beverages. No difference was observed in AB to 

food cues across conditions, suggesting that the behavioral effect on appetite and food 

intake is probably driven by fundamental chemosensory and physiological signals rather 

than top-down psychological signals. 

Findings derived from the subjective appetite ratings indicated that both sweet taste and 

energy play a role in appetite sensations. This was illustrated by the strongest effect of 

sucrose on reducing hunger, desire to eat, prospective consumption and increasing fullness 

ratings, followed by the glucose beverage which contains the same amount of energy but 

is less sweet than sucrose, and the weaker and not so consistent effect of both maltodextrin 

(no sweet taste, calories) and stevia (sweet taste, no calories). Results from previous 

studies on stevia and appetite ratings appear mixed, in one study the consumption of the 

stevia-sweetened beverage led to similar appetite ratings compared to sucrose in one study 

(48), whereas in another study consumption of a stevia-sweetened beverage one hour prior 

to a meal resulted in significantly lower fullness, and increased hunger, and desire to eat 

sensations compared to a sucrose beverage (51). Our results showed that the consumption 

of a stevia-sweetened beverage resulted in an increase in fullness, and decrease in hunger 

and desire to eat ratings to an amount that is intermediate between caloric sweeteners and 

water.  A similar effect has been shown in a previous study where the oral cavity was 

bypassed (using intragastric administration and other types of NNS), suggesting that gut 

sweet-sensing may also be involved in the generation of satiety signals (125).  

The present study showed a significant reduction in total energy intake when consuming a 

stevia-sweetened preload prior to a meal compared to consuming water, suggesting that 

the exposure to sweetness itself can modulate later energy intake. Opposing to our results, 

results from short-term studies that were recently reviewed (306) have shown that 

consumption of NNS-sweetened beverages versus water leads to minimal changes in 
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energy intake in adults. Fantino et al. (49) also reported no difference in total energy intake, 

macronutrient intake or the selection of sweet foods when consuming water or NNS-

sweetened beverages. However, in sustained studies there is some evidence that 

consumption of NNS-sweetened beverages reduces body weight relative to water (306). 

The mechanisms behind this observation may involve a sensory-specific satiety effect, 

suggesting that the consumption of NNS-sweetened beverages may satisfy the desire for 

sweet tasting foods thus decreasing their consumption later in the day (312, 313). In 

addition, in our study we recruited participants who were non-habitual consumers of NNS. 

It has been previously documented that sweet taste responses on energy intake and short-

term appetite may differ between habitual and non-habitual consumers of NNS, with 

habitual consumers expected to show weakened responses to sweet taste as a result of 

adaptation to sweet taste without calories (314).  

Results on food intake showed a net average saving of 108 kcal when participants 

consumed a stevia sweetened preload prior to lunch compared to the energy-containing 

preloads (summation of preload and ad libitum lunch). Compensation was on average 33% 

for the stevia beverage, however complete compensation was found for the caloric preloads 

showing that when sweetness is paired with calories, compensation is complete, but 

sweetness without energy reduces short term intake. Two other studies have examined the 

effect of stevia on food intake (48, 51). Anton et al. (48) found that energy intake was 

significantly decreased over the day when two preload meals sweetened with stevia was 

consumed 20 min before an ad libitum lunch and dinner (309 kcal saved), and the difference 

was attributed to the reduction in sucrose content of the preloads. The energy compensation 

for the stevia condition was 24%. Tey et al. (51) examined the effects of a stevia beverage 

preload compared to a sucrose preload 1 h before an ad libitum meal. Although no 

difference was found in total energy intake (compensation was 73%) over the course of the 

day, at lunch time only partial compensation (22-32%) was observed. The energy saved 

from switching sucrose to NNS (including stevia) was fully compensated at the subsequent 

meals, a result which was based on participants’ food diaries and not measured under 

laboratory settings.  

The blood glucose measurements served as an objective measure of the physiological 

metabolic responses induced by consumption of the beverages. As expected, blood 

glucose response to the beverages was driven by the energy content and carbohydrate 

type, while sweetness per se played no role. It is well documented by a number of human 

studies (125, 127) as well as recent systematic reviews (133, 308) and one meta-analysis 

(134) that there is not a physiologically significant biological activity of NNS on glucose 

postprandial responses, at least in the short term and in healthy subjects. In the present 

study consumption of a stevia preload alone did not alter postprandial glycaemia, in line 
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with previous results (51). In addition, two studies have reported lower glucose responses 

when adding stevia in a meal compared to adding a caloric control (48, 280). Future studies 

should investigate the potential role of circulating peptides as potential mechanisms.  

Consumption of the study beverages did not result in any significant differences in AB to 

food cues. In a previous study we showed that AB to food cues can be an indicator of 

metabolic state, with AB found to be high in the fasted state and significantly lower in the 

fed state (311). A lower AB following the consumption of the stevia beverage compared to 

water would have suggested attenuated salience of food cues, which could probably explain 

lower food intake. In the present study AB did not differ across all treatments and ranged at 

low (‘fed’) levels. This may indicate that either water was not an appropriate control for AB, 

or that the instruction to refrain from eating for 3 hours prior to the study may not have 

induced adequate levels of hunger to be reflected on AB to food cues. In relation to the first 

assumption, a recent study has showed that AB toward visual food stimuli can be attenuated 

even by chewing stimulation in healthy weight individuals (315), so it is possible that the 

gastric distension caused by the consumption of the water beverage may have served as a 

signal towards reducing incentive salience of food stimuli. However, this would be identical 

for all 5 conditions and water purely served as a control. Regarding the second assumption, 

mean baseline ratings of hunger were similar with those observed in previous study where 

participants were tested after overnight fast (311). Our results suggest that there is no 

association between AB and consummatory or appetitive behavior, supporting a conclusion 

by Field et al. (202) reporting that AB does not consistently predict or influence distal 

consummatory behavior.  

The strengths of this study include its double-blind design and the use of the appropriate 

controls, water, maltodextrin, glucose and sucrose, which allowed comparisons of both 

calories and sweetness. In addition, giving the test meal at the time of the maximum 

metabolic response to the caloric sweeteners is optimal rather than earlier or later time 

points.  The current study has a number of limitations. Firstly we included only one type of 

NNS, stevia, thus the results could only be representative for this specific sweetener. 

Differences in potential effects among NNS should be considered due to their different 

absorption, distribution, metabolism and excretion (27), as well as their differential effects 

on body weight (78). Additionally, we did not measure the total daily energy intake of the 

participants, so we cannot rule out the possibility of compensating for the saved calories 

later in the day.   

In summary, our data provide considerable new experimental evidence that consuming a 

low calorie sweet preload containing stevia prior to a meal may exert beneficial effects on 

short-term appetite and energy intake compared with a water control in healthy lean adults 

who are infrequent consumers of NNS and in energy balance. There was no indication that 
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stevia consumption increases appetite, and attentional bias to food cues was not influenced 

by the type of beverage that was consumed. Longer-term studies are warranted to 

determine the prolonged effects of stevia-sweetened beverages on appetite and body 

weight regulation. 
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Supplemental Table 3.1 Results of the main effects and interactions for the main outcomes.  

a Sphericity not assumed, Greenhouse Geisser reported. 

 Time Beverage Time x Beverage 

Blood glucose     

Blood glucose response  F(2, 30) = 74.97, p<0.001,  η2p  = 0.798a F(2, 43) = 58.68, p<0.001, η2p = 0.755a F(6, 104) = 32.14, p<0.001,  η2p = 0.628 a 

AUC blood glucose 0-60 
min  

 F(2, 40) = 74.85, p<0.001,  η2p = 0.798a  

Appetite    

Hunger ratings  F(2, 38) = 111.21, p<0.001,  η2p = 0.854a F(4, 76) = 4.85, p=0.002,  η2p = 0.203 F(6, 117) = 3.16, p=0.006,  η2p = 0.143 

Fullness ratings  F(2, 33) = 73.99, p<0.001,  η2p = 0.796a F(4, 76) = 2.81, p=0.031,  η2p = 0.129 F(12, 228) = 3.86, p<0.001,  η2p = 0.169 

Desire to eat ratings  F(2, 35) = 113.31, p<0.001,  η2p = 0.856a F(4, 76) = 6.07, p<0.001,  η2p = 0.242 F(5, 100) = 2.39, p=0.040,  η2p = 0.112a 

Prospective consumption 
ratings 

F(2, 29) = 102.97, p<0.001,  η2p = 0.844a F(4, 76) = 4.59, p=0.002,  η2p = 0.194 F(6, 120) = 3.28, p=0.004,  η2p = 0.147 

Energy intake     

Ad libitum lunch only   F(3, 50) = 6.40, p = 0.001,  η2p = 0.252a  

Ad libitum lunch plus 
beverage energy content  

 F(3, 50) = 3.17, p = 0.038,  η2p = 0.143a  

Dot-probe task  Congruency Beverage Congruency x beverage 

Reaction times to 
congruent and 
incongruent trials   

F(1, 19) = 3.88, p = 0.064,  η2p = 0.170 F(4, 76) = 1.20, p = 0.320,  η2p = 0.059 F(4, 76) = 1.79, p = 0.140,  η2p = 0.086 
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4.1 Abstract 

Stevia is a non-nutritive sweetener, providing sweet taste with no calories. This randomised, 

controlled, open-label 2-parallel arm trial examined the effects of daily stevia consumption 

on glycaemia in healthy adults. Secondary endpoints included body weight (BW) and 

energy intake (EI). Healthy participants (n = 28; aged 25±5 y, body mass index 21.2±1.7 

kg/m2) were randomised into either the stevia group (n = 14)-required to consume a stevia 

extract daily- or to the control group (n = 14). At weeks 0 and 12, the glucose and insulin 

responses to an oral glucose tolerance test were measured; BW and EI were assessed at 

weeks 0, 6, and 12. There was no significant difference in the glucose or insulin responses. 

There was a significant main effect of group on BW change (F(1,26) = 5.56, p = 0.026), as 

the stevia group maintained their weight as opposed to the control group (mean weight 

change at week 12: −0.22 kg, 95%CI [−0.96, 0.51] stevia group, +0.89 kg, 95%CI [0.16, 

1.63] control group). The energy intake was significantly decreased between week 0 and 

12 in the stevia group (p = 0.003), however no change was found in the control group (p = 

0.973). Although not placebo-controlled, these results suggest that daily stevia consumption 

does not affect glycaemia in healthy individuals, but could aid in weight maintenance and 

the moderation of EI. 

Keywords: stevia; non-nutritive sweeteners; glycaemia; body weight; energy intake 
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4.2 Introduction 

There is a general consensus that overconsumption of caloric sugars, mainly through the 

consumption of sugar-sweetened beverages, leads to a greater energy intake and a poor 

diet quality, further associated with weight gain and/or type 2 diabetes mellitus (T2DM) (67, 

304, 316). Non-nutritive sweeteners (NNS) represent a broad class of sweet compounds 

that are used in a variety of beverages and food products, providing a sweet taste yet 

contributing little or no energy to the diet. However, significant controversy exists regarding 

the effects of NNS consumption on body weight and metabolic health outcomes (71, 306, 

317, 318), with effects ranging from harmful to neutral to beneficial. The discrepancy 

between study outcomes has been attributed to methodological limitations (73), while 

significant issues as to how the evidence base on NNS is generated, interpreted, and 

communicated by the expert community also exist (76). The need for more long-term 

randomised trials on the effects of NNS consumption on metabolic health outcomes and 

body weight is emerging. 

A number of studies have explored the potential of NNS use to influence acute metabolic 

responses and especially the blood glucose response. The results of those studies have 

been systematically reviewed, overall showing a neutral effect of NNS on glucose control 

(133, 134, 308). One hypothesis tested was based on the premise that the human body 

associates sensory cues with metabolic responses, so the activation of sweet taste 

receptors in the oral and extra-oral tissues might alter glucose metabolism through 

promoting insulin and/or incretin release. Although experimental data using human cell lines 

and animal models consistently show sweet taste receptor activation leading to increased 

insulin and incretin release in vitro (118, 319), the results from human trials have not 

confirmed this (95). One factor may be the very high doses of NNS used in non-human 

studies. In addition, following in vitro demonstrations that treatment with NNS could 

enhance glucose uptake via the upregulation of transporters (120), it was hypothesised that 

the concomitant consumption of NNS and carbohydrates would result in higher glucose 

response, but again human trials have failed to show such an acute effect (131, 320). 

Overall, NNS consumed as single agents or concomitantly with carbohydrates do not seem 

to affect acute glucose response, apart from a few reports showing small effects on either 

the glucose response (131) or glucagon-like peptide-1 (GLP-1) secretion (38). However, it 

remains unclear as to whether repeated exposure to NNS would have any effects on 

glucose homeostasis in the long term. 

Stevia (steviol glycosides) has gained great popularity as a natural NNS alternative to 

caloric sugars, nevertheless it remains the least studied in terms of its effects on human 

metabolic responses. There is some evidence suggesting that stevia might assist with 
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glucose regulation. Gregersen et al. showed that the concomitant consumption of stevioside 

with a full meal reduced the postprandial incremental area under the curve (iAUC) of blood 

glucose compared to control (maize starch) in individuals with T2DM (280). In healthy 

adults, a reduction in postprandial iAUC for glycaemia and insulinaemia was also 

demonstrated when a stevia-sweetened beverage was consumed along with a meal, 

compared to consuming a sugar-sweetened beverage (48). The long-term consumption of 

rebaudioside A (one type of steviol glycoside) did not alter the fasting blood glucose in 

subjects with T2DM (272) or with glucose intolerance (321). To the best of our knowledge, 

currently there is no available study investigating whether there is a change in glucose 

response to an oral glucose tolerance test (OGTT) after the daily consumption of stevia in 

healthy adults. 

Despite providing minimal energy, NNS have paradoxically been suggested to be involved 

in weight gain and T2DM risk in cohort studies. However, meta-analyses of randomised 

controlled trials (RCTs) indicate that body weight is slightly but significantly reduced with 

NNS use (71, 306). In line with these conclusions, we have previously shown a beneficial 

effect of consuming a stevia-sweetened beverage prior to lunch on short-term appetite and 

total energy intake (322); whether this effect is sustained with prolonged use is yet to be 

examined. Only a few RCTs have investigated the long-term effects of the consumption of 

stevia on body weight so far, with all showing no significant change (78, 273, 275). 

The aim of this study was to investigate the effects of the daily consumption of stevia for 3 

months, taken in doses similar to real-life consumption, on the glucose homeostasis, body 

weight, and energy intake in healthy adults with a normal body mass index (BMI). The 

primary outcome was change in postprandial glucose response before and after the 

intervention, while secondary outcomes included change in body weight and energy intake. 

4.3 Materials and Methods 

4.3.1 Study Design 

A randomised, controlled, open-label 2-parallel-arm trial was conducted. Participant 

assignment was based on a random sequence generated via an online tool 

(www.random.com) by an independent researcher and was pre-stratified by gender to 

ensure a balance between the two arms of the trial. The research protocol was reviewed 

and approved by the University of Manchester Research Ethics Committee (2018-4812-

7661); all subjects signed informed consent prior to participation and were compensated for 

their time at the end of the trial. The trial is registered at clinicaltrials.gov under the 

registration NCT03993418. 

http://www.random.com/
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4.3.2 Participants 

Healthy adults with a normal BMI (18.5–25 kg/m2), aged 18–40 years old, who were non-

habitual consumers of NNS (≤1 can of diet beverages per week or ≤1 sachet of NNS per 

week) and non-restrained eaters (restraint eating score in the Dutch Eating Behaviour 

Questionnaire (DEBQ) ≤ 3) were recruited. Other inclusion criteria were fasting blood 

glucose ≤ 6 mmol/L, stable weight for the last 12 months (±5 kg), willingness to comply with 

the study protocol, no self-reported food allergy or intolerance to foods supplied during the 

study. Exclusion criteria were being on a diet or having ceased a diet in <4 weeks, following 

any special diets for weight maintenance, being vegetarian or vegan, alcohol consumption 

more than 14 units a week, more than 10 h of vigorous physical activities per week and/or 

planning to increase or decrease physical activity levels in the future, having ceased 

smoking in the last 6 months, and female participants who are or may be pregnant or 

currently lactating. 

The participants who were interested in participating contacted the researchers via email 

and were then sent a link to an online screening questionnaire. Eligible participants from 

the online screening questionnaire were invited to a screening session that was scheduled 

on a morning after an overnight fast. During this session, fasting blood glucose, weight, and 

height measurements were conducted to ensure that the participants met the inclusion 

criteria for the study. In addition, the participants needed to agree to be allocated to either 

treatment group. Participants who were found to be eligible and agreed to participate were 

consented then randomised into one of the study groups. 

Sample size calculation was conducted for the primary outcome, glucose response to an 

OGTT measured by iAUC, and was based on data of a previous trial in healthy subjects 

that involved the ingestion of glucose load (mean iAUC 117 mmol/L × 120 min, SD: 41 

mmol/L × 120 min) (323). With 28 subjects, there was an 80% power to detect a 20% 

change in the iAUC, which is considered a clinically significant change in glucose response 

for the current study design, assuming a within-person correlation of 0.5, α of 0.05 and 

taking into consideration the study design (2 groups × 2 measurements). 

In total, 68 participants completed the online survey and 36 attended the screening session. 

Thirty-one participants were randomised to the 2 study groups, and all study procedures 

took place between January 2019 and December 2019. A detailed flowchart can be found 

in the Figure 4.1. Withdrawals were due to time constraints or significant changes in the 

participants’ daily routine and not because of known study-related adverse effects. 
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Figure 4.1 Participant flow chart.   
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4.3.3 Protocol 

The participants in the stevia group were given a commercially available stevia drops 

product (SweetLeaf Stevia Sweet Drops Clear, SweetLeaf®, Wisdom Natural Brands, 

Arizona, USA) and were instructed to consume 5 drops twice daily with their habitual drinks 

(5 drops of stevia corresponds to the sweetness of one teaspoon of table sugar). The choice 

of stevia drops over any other powder product was taken based on the purity of the drops, 

containing only stevia leaf extract in water, as in most commercially available powder 

product stevia is usually mixed with a bulking agent (erythritol, inulin etc.), and therefore 

any effects shown would not be indicative solely of stevia. The participants were advised to 

use the stevia drops with their coffee, tea, smoothie, porridge, juice, or other beverage 

according to their preferences, ideally before lunch and before dinner. Advice on sugar 

consumption was not given. The participants allocated to the control group were not 

required to change anything in their usual diet. Both groups were advised to keep their 

physical activity levels consistent for the duration of the study and to avoid consuming any 

products containing NNS. 

The participants were required to attend 3 study sessions—visit week 0 (baseline), visit 

week 6, and visit week 12. All the study procedures were conducted at the Neuroscience 

and Psychiatry Unit, University of Manchester. A graphical description of the study design 

and the schedule of the assessments can be found in Figure 4.2. 

Visit week 0 and visit week 12 were conducted on the morning after an overnight fast. The 

participants were required to refrain from any vigorous physical activities and alcohol 

consumption the day before testing and to consume their evening meal before 22:00 the 

night before each visit. Upon arrival, a cannula was inserted into a forearm vein for repeated 

blood sample collection and a baseline blood sample was collected. Next, the participants 

ingested 75 g of glucose dissolved in 250 mL of tap water. The glucose beverages were 

prepared on the morning of testing by the researchers, and were served in transparent 

beakers as colourless liquids at room temperature. Blood samples were then collected 15, 

30, 45, 60, 90, and 120 min after the consumption of the glucose load. 

Immediately following the collection of a blood sample, the glucose levels were determined 

using a HemoCue Glucose 201+ Analyser (HemoCue, Angelholm, Sweden). A HemoCue 

cuvette was placed into a droplet of whole blood, then the cuvette was wiped clean and 

placed in the cuvette holder to be measured. 

The remaining blood samples were placed into serum-separating vacutainers. The tubes 

for serum separation were allowed to clot at room temperature for 30 min before centrifuging 

for 15 min at 3000 rpm and 4 °C. After centrifuging, the serum samples were aliquoted into 

labelled Eppendorf tubes at −80 °C until analysis. 
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For visit week 6, the participants did not have to fast, but it was scheduled at least 2 h away 

from a main meal (i.e., at least 2 h after breakfast or after lunch). The assessments 

conducted at visit week 6 can be found in Figure 4.2. 

Body weight was determined by a digital scale (SECA 813 electronic scale with a large 

platform) in light clothes without shoes, and height was measured using a portable 

stadiometer (SECA 213 Portable Height Measure, Hamburg, Germany). Waist 

circumference was measured via a measuring tape (SECA 201 Ergonomic Circumference 

Measuring Tape, Hamburg, Germany). Blood pressure was measured twice and the 

average value was recorded (OMRON M2 Basic). The energy and macronutrient intake 

were assessed via 24 h diet recalls. The participants were required to complete 3 diet recalls 

(2 weekdays and 1 day on a weekend) before each study visit (before visit week 0, week 6, 

and week 12). The diet recalls were performed using a free open-source self-completed 

computerised dietary recall system, Intake24 (https://intake24.co.uk/). The validity of 

Intake24 against interviewer-led 24 h recalls has been established (the mean intakes of all 

macronutrients and micronutrients were within 4% of the interviewer-led recall) (324). All 

the participants received a training session with a dietician on how to recall their food intake 

using this system. Physical activity was monitored via the International Physical Activity 

Questionnaire (IPAQ—long lasting 7-day self-administered format). 

The participants filled out a three-factor eating questionnaire (TFEQ), measuring their 

perceptions of dietary restraint, disinhibition, and hunger (325), and a control of eating 

questionnaire (CoEQ) (only the subscales of sweet craving, savoury craving) at visit week 

0 and at visit week 12 (326). 
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Figure 4.2 Description of the study design and outcomes.  
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4.3.4 Analyte Assays 

Serum insulin was determined by a sandwich ELISA method using a commercially available 

human insulin kit (ab20001—Insulin Human SimpleStep Elisa Kit, Abcam, Cambridge, UK) 

with a minimum sensitivity of 1.9 pmol/L. The insulin concentration was measured at the 0, 

30, 45, 60, and 120 min time points. All of the samples for a particular participant (pre and 

post intervention) were measured on the same ELISA plate. 

4.3.5 Compliance 

The participants allocated to the stevia group were given a diary to fill out every day that 

included information on whether they had their two doses of stevia, what they had it with, 

and their reason for not taking it if they skipped a dose. A compliance percentage was 

calculated for each participant using the information provided from the diary. We considered 

it adequate adherence when >80% of the prescribed stevia was consumed. The participants 

were also required to bring the stevia bottle with them at visit week 6 and at visit week 12. 

The weight of the bottle was measured and compared to a reference one (the drops that 

should have been used by week 6 and week 12 were counted and removed from the 

reference bottle).  

4.3.6 Statistical Analysis 

Descriptive statistics were used for variables such as age, weight, height, BMI, and 

questionnaire and are presented as means ± SDs. The rest of the data are presented as 

means ± SEs. Mixed-model repeated measures ANOVAs were used to assess the glucose 

and insulin responses, body weight, anthropometrics, dietary intake, physical activity levels, 

and questionnaire scores. Session (week 0 and week 12) and time (0–120 min) were within-

subject independent variables and study group (stevia or control) was the between-group 

independent variable. Where significant main effects or interactions were found, we 

followed up with post hoc comparisons using Bonferroni-corrected criteria. In cases where 

the sphericity was violated, the Greenhouse–Geisser-corrected p values are reported. 

Statistical significance was determined at p ≤ 0.05. Analyses were conducted by using IBM 

SPSS Statistics Version 25.  
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4.4 Results 

4.4.1 Baseline Characteristics 

There were no differences in the baseline characteristics between groups. The baseline 

characteristics of the participants who completed the trial are presented in Table 4.1. There 

was no difference between the treatment groups in terms of age, BMI, weight, waist 

circumference, or eating behaviour traits assessed via the DEBQ (restraint, emotional and 

external eating). The estimated compliance based on the participants’ diaries was 95 ± 5%. 

All the participants’ bottles weighed very close to the reference bottle (±3 g) both at week 6 

and at week 12. 

 

Table 4.1 Baseline characteristics. 

 Stevia Group (n = 14) Control Group (n = 14) p Value  

Age, y 25 (6) 25 (4) 0.795 

Weight, kg 59.50 (9.00) 57.83 (7.98) 0.428 

Height, m 1.65 (0.09) 1.67 (0.08) 0.934 

BMI, kg/m2 21.71 (1.81) 20.73 (1.46) 0.122 

Waist circumference, cm 71.64 (6.53) 70.57 (5.81) 0.651 

Female (count) 11 11  

BMR (kcal) 1 1379 (197) 1368 (181) 0.880 

Daily energy needs (kcal) 2 1930 (276) 1915 (253) 0.882 

DEBQ scores    

Restraint eating 2.06 (0.43) 1.90 (0.59) 0.484 

Emotional eating  2.26 (0.63) 2.28 (0.45) 0.947 

External eating 3.09 (0.56) 3.11 (0.43) 0.930 

 

Values are mean (SD). BMR, Basal Metabolic Rate; DEBQ, Dutch Eating Behaviour 

Questionnaire. 1 Calculated using the Mifflin–St Jeor equation, 2 calculated using BMR and a 

physical activity factor of 1.4. 
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4.4.2 Glucose Response 

The week 0 and week 12 blood glucose values from the OGTTs are presented in Figure 

4.3 (panels A and B). All the participants had fasting blood glucose within the normal range 

(3.9–5.5 mmol/L). There were no significant differences in glucose response between the 

two groups, and no main effect of treatment group or interaction between the session (week 

0 and week 12) and treatment group. The iAUC for glycaemia in the stevia group was (mean 

± SE) 132 ± 31.2 mmol/L x min at baseline and 133 ± 29.5 mmol/L × min at week 12; in the 

control group, these values were 131 ± 19.1 mmol/L × min and 159 ± 33.1 mmol/L × min, 

respectively. The peak glucose concentration at baseline in the stevia group was 7.08 ± 

0.34 mmol/L and at week 12 it was 6.91 ± 0.32 mmol/L; in the control group, these values 

were 6.66 ± 0.31 mmol/L and 6.82 ± 0.29 mmol/L, respectively. 

4.4.3 Insulin Response 

There were also no significant differences in insulin response among the study groups, and 

no significant main effect of the treatment group or interaction between the treatment group 

and session (week 0 and week 12). The week 0 and week 12 serum insulin values are 

presented in Figure 4.3 (panels C and D). The iAUC for insulin response to the OGTT was 

16.5 ± 3.59 nmol/L x min at baseline and increased to 19.3 ± 5.88 nmol/L × min at week 12; 

however, this increase was not statistically significant (p = 0.516, paired samples t-test), as 

it was driven by two single subjects. Similarly, there was no difference in iAUC for insulin 

response in the control group at baseline and after 12 weeks, and the values were 21.6 ± 

3.55 and 20.4 ± 4.07 nmol/L × min, respectively. The peak insulin concentration was 336 ± 

78.9 pmol/L at baseline in the stevia group and 347 ± 95.9 pmol/L at week 12; in the control 

group, these values were 362 ± 62.8 and 367 ± 63.5 pmol/L, respectively. 
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Figure 4.3 Blood glucose and serum insulin concentrations during the oral glucose tolerance tests 

for participants in the stevia group (n = 14, panels A and C) and in the control group (n = 14, panels 

B and D) at baseline (week 0) and after 12 weeks of intervention. 

Values are means ± SEs. Venous blood samples could not be collected from one participant in the 

stevia group, and the serum insulin was not measured for this participant, n = 13 for 2C. 
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4.4.4 Body Weight and Other Anthropometric Indices 

The change in body weight was significantly different between the two groups (main effect 

of treatment group, F(1, 26) = 5.56, p = 0.026, η2p = 0.176; session-by-treatment group 

effect, F(2, 52) = 3.43, p = 0.040, η2p = 0.117) (Figure 4.4). There was a statistically 

significant increase in body weight over the 12-week trial for participants in the control group 

(mean weight change: 0.56 kg, 95% CI [0.13, 0.99] in the control group) compared to the 

participants in the stevia group (−0.14 kg, 95% CI [−0.56, 0.29]). Including the baseline 

weight as a covariate, the results were further strengthened (treatment group effect, F(1, 

25) = 6.07, p = 0.021, η2p = 0.195; session-by-treatment group interaction, F(2, 50) = 3.68, 

p = 0.032, η2p = 0.128). 

Table 4.2 shows the BMI, waist circumference, and blood pressure values for the stevia 

and control groups at week 0, week 6, and week 12 of the intervention. There was a 

significant main effect of session (week 0, 6, and 12) on the BMI change from baseline (F 

(1, 26) = 4.95, p = 0.035, η2p = 0.160), but no other significant changes were observed for 

waist circumference, systolic and diastolic blood pressure, or pulse rate. 
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Figure 4.4 Change in body weight (A) and energy intake (B) in the stevia and control groups over 12 

weeks (n = 14 in each group). Differences in body weight were correlated with changes in energy 

intake (C).  

Data are expressed as means ± SE. * p = 0.003 vs week 0. 
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Table 4.2 Anthropometric measures for the stevia and control groups over the 12-week intervention.  

 

 Stevia Group (n = 14) Control Group (n = 14) p Values 

 
Week 

0 
Week 6 Week 12 Week 0 Week 6 Week 12 Session Group 

Session × 
Group 

Body weight, kg 
59.50 
(2.40) 

59.31 
(2.40) 

59.27 
(2.49) 

57.83 
(2.13) 

58.61 
(2.32) 

58.72 
(2.23) 

0.289 0.769 0.040 

Δ Body weight, kg - 
−0.19 
(0.30) 

−0.22 
(0.32) 

- 
0.79 

(0.36) 
0.89 (0.39) 0.289 0.026 0.040 

BMI, kg/m2 
21.71 
(0.48) 

21.64 
(0.48) 

21.62 
(0.49) 

20.73 
(0.39) 

20.99 
(0.42) 

21.03 
(0.40) 

0.389 0.247 0.053 

Δ BMI, kg/m2 - 
−0.07 
(0.11) 

−0.09 
(0.12) 

- 
0.26 

(0.13) 
0.31 (0.14) 0.388 0.035 0.054 

Waist circumference, cm 
71.64 
(1.75) 

71.93 
(1.61) 

71.11 
(1.65) 

70.57 
(1.55) 

71.18 
(1.66) 

71.00 
(1.66) 

0.135 0.783 0.199 

Systolic blood pressure, mmHg 
119.14 
(2.46) 

117.71 
(3.60) 

118.07 
(2.78) 

114.00 
(1.95) 

114.21 
(2.81) 

112.71 
(2.58) 

0.732 0.191 0.792 

Diastolic blood pressure, mmHg 
67.57 
(1.76) 

64.57 
(1.51) 

65.93 
(1.17) 

70.11 
(1.24) 

68.79 
(1.51) 

69.29 
(1.93) 

0.159 0.069 0.750 

Pulses, beats per min 
72.39 
(2.52) 

69.57 
(2.46) 

74.75 
(2.14) 

70.07 
(1.49) 

74.14 
(3.66) 

73.68 
(2.33) 

0.264 0.889 0.165 

 

Values are mean (SE). Δ calculated as change from week 0. BMI, body mass index. 
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4.3.5 Energy Intake 

The self-reported energy and macronutrient intake data are shown in Table 4.3. The energy 

intake at week 0 was not significantly different between treatments (p = 0.929). The change 

in energy intake from week 0 is presented in Figure 4.4 B, showing a significant main effect 

of the treatment group (F(1, 26) = 4.43, p = 0.045, η2p = 0.146), with participants in the 

stevia group reporting a significantly reduced energy intake over the 12-week trial period 

(mean energy intake change: −171 kcal, 95% CI [−303, −39.9]) compared to the control 

group (18.9 kcal, 95% CI [–112, 150]). Further exploration of the data revealed that, in the 

stevia group, energy intake was significantly lower at week 12 relative to week 0 (p = 0.003, 

Bonferroni correction for multiple comparisons, p ≤ 0.008), however no difference was found 

in the control group (p = 0.973). The individual differences in weight change between the 

treatment groups were significantly correlated with the individual differences in energy 

intake change at week 12 (r = 0.448, p = 0.017) (Figure 4.4 C). The reduction in self-reported 

daily energy intake observed in the stevia group was not because of selectively reducing a 

specific macronutrient such as sugars or carbohydrates, but was an overall reduction in 

energy intake, since no differences were observed between the two groups in terms of their 

carbohydrate, fat, protein, sugar, or fibre intakes before and after the intervention (Table 

4.3).
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Table 4.3 Energy and macronutrient intake levels in the stevia and control groups during the intervention. 

 

 Stevia Group (n = 14) Control Group (n = 14) p Values 

 Week 0 Week 6 Week 12 Week 0 Week 6 Week 12 Session Group 
Session × 

Group 

Energy intake, kcal x 
d−1 

1659 
(102.9) 

1437 
(106.2) 

1366  
(115.6) 

1674 
(137.7) 

1727  
(154.4) 

1678 
(167.2) 

0.185 0.224 0.114 

Δ Energy intake, kcal 
x d−1  

 
−221.2 
(129.3) 

−292.8 
(78.81) 

- 
52.52  

(100.3) 
4.36  

(124.8) 
0.185 0.045 0.114 

Carbohydrates, g  193 (10.9) 175 (16.6) 170 (12.3) 
205  

(15.2) 
206  

(16.2) 
208  

(23.3) 
0.643 0.164 0.533 

Carbohydrates, %  
47.9 

(2.52) 
48.7 

(2.61) 
51.6 

(2.81) 
50.3 (2.48) 

48.7  
(1.86) 

49.4  
(2.47) 

0.586 0.975 0.440 

Fats, g 
67.6 

(7.12) 
53.8 

(5.00) 
52.3 

(6.66) 
66.4 (7.55) 

68.7  
(8.77) 

66.00  
(10.0) 

0.241 0.338 0.174 

Fats, % 
35.9 

(1.91) 
33.4 

(1.83) 
32.8 

(1.96) 
34.8 (1.82) 

34.8  
(1.80) 

34.1  
(2.05) 

0.500 0.787 0.691 

Proteins, g 
71.3 

(8.99) 
69.3 

(7.11) 
61.3 

(7.00) 
68.1 (6.82) 

71.8  
(6.82) 

73.8 
 (4.92) 

0.739 0.644 0.224 

Proteins, %  
16.8 

(1.53) 
19.9 

(2.39) 
17.9 

(1.40) 
16.5 (1.14) 

16.8  
(1.00) 

18.9  
(1.61) 

0.282 0.635 0.253 

Sugars, g/1000 kcal 
49.3 

(3.61) 
49.8 

(3.59) 
49.2 

(3.71) 
49.7 (6.24) 

43.5 
(5.16) 

38.1  
(5.03) 

0.395 0.230 0.435 

Fibres, g/1000 kcal 
8.29 

(0.79) 
8.49 

(1.11) 
7.79 

(0.64) 
7.54 (1.15) 

8.53  
(1.20) 

8.10  
(0.87) 

0.487 0.911 0.648 

Values are mean (SE). Δ calculated as change from week 0. 
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4.4.6 Physical Activity 

There was no difference in physical activity levels assessed via the IPAQ between week 0, 

week 6, and week 12 in the two treatment groups. In the stevia group, the total MET min 

per week were calculated (mean ± SE) as 3346 ± 574.3 at week 0, 3256 ± 574.4 at week 

6, and 3133 ± 352.3 at week 12. In the control group, the total MET min per week were 

4415 ± 1047 at week 0, 3579 ± 754.9 at week 6, and 4373 ± 1393 at week 12. There were 

no main effects or interactions found (all p > 0.05). 

4.4.7 Appetite Expression 

The results from the TFEQ and CoEQ are presented in Table 4.4. The participants in the 

control group reported overall higher hunger scores on the TFEQ subscale compared to the 

stevia group (main effect of treatment group F(1, 26) = 4.64, p = 0.041, η2p = 0.152); no 

difference was found for the restraint and disinhibition subscales of the TFEQ between 

groups or between week 0 and week 12. The participants in the control group also reported 

an overall higher craving for savoury scores on the CoEQ subscale compared to the stevia 

group (main effect of treatment group F(1, 26) = 8.96, p = 0.006, η2p = 0.256); there was 

also a significant interaction between the session (week 0 and week 12) and the treatment 

group (F(1, 26) = 4.83, p = 0.037, η2p = 0.157), showing a reduction in self-reported craving 

for sweet in the control group. However, this difference did not reach statistical significance 

after correcting for multiple comparisons (p = 0.040, Bonferroni correction for multiple 

comparisons p ≤ 0.025). Exploratory correlation analysis revealed a significant positive 

correlation between the sweet craving ratings and sugar intake (g/1000 kcal) in the control 

group (r = 0.419, p = 0.027), but not in the stevia group (r = 0.225, p = 0.249). 
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Table 4.4 Appetite expression questionnaires for the stevia and control groups during the 

intervention. 

 
Stevia Group  

(n = 14) 
Control Group  

(n = 14) 
p Values  

 Week 0 Week 12 Week 0 Week 12 Session Group 
Session 
× Group 

TFEQ 
subscales 

       

Cognitive 
restraint 

5.93 
(0.84) 

5.86 
(0.64) 

4.79 
(1.23) 

6.36  
(1.40) 

0.226 0.819 0.186 

Disinhibition 
4.36 

(0.74) 
4.79 

(0.70) 
5.21 

(0.59) 
5.57  

(0.54) 
0.192 0.354 0.904 

Hunger  
4.86 

(0.82) 
4.86 

(0.76) 
7.36 

(0.74) 
6.79  

(0.82) 
0.504 0.041 0.504 

CoEQ 
subscales 

       

Cravings for 
savoury  

32.3 
(3.67) 

36.2 
(4.50) 

52.6 
(5.33) 

49.9  
(4.27) 

0.845 0.006 0.243 

Cravings for 
sweet  

39.3 
(4.96) 

40.4 
(4.72) 

46.9 
(5.16) 

36.1  
(5.19) 

0.087 0.807 0.037 

 

Values are mean (SE). TFEQ, three-factor eating questionnaire; CoEQ, control of eating 

questionnaire.  

 

  



 
 

141 
 

4.5 Discussion 

The present study investigated the effects of the daily consumption of stevia drops for 12 

weeks on glucose response, body weight, and energy intake in healthy adults. We observed 

no difference in the glucose and insulin response, however the stevia and control groups 

showed distinct patterns in body weight and energy intake. The stevia-consuming 

participants did not significantly alter their body weight from baseline, but did not 

demonstrate the weight gain that occurred in the control group. Participants in the stevia 

group also reported a lower total energy intake during the trial compared to the controls, 

while the physical activity levels did not change across the intervention period. 

The primary outcome of this trial was glucose response, assessed via OGTTs performed at 

baseline and after 12 weeks of intervention in healthy individuals without diabetes. No 

significant difference was observed with regard to the treatment group or intervention time. 

These findings support our understanding of the effects of NNS in general on glycaemia. 

When NNS are consumed alone, no difference in glucose levels has been reported so far 

in acute single-exposure trials in humans (111, 125, 127, 147, 327). This observation 

probably shows that the activation of sweet taste receptors by NNS does not exert any 

clinically relevant effects on glucose homeostasis signalling in the context of human 

consumption. In addition, no significant change in glucose response has been observed in 

acute studies where NNS were consumed along with a glucose load by healthy non-obese 

adults (38, 131, 320). The rationale behind this was based on data from in vitro 

demonstrations showing that treatment with NNS might enhance glucose uptake due to the 

upregulation of the glucose transporters. Therefore, an increase in glucose response would 

be anticipated when carbohydrates were consumed concomitantly with NNS compared to 

being consumed alone. This hypothesis was not confirmed by human studies in healthy 

participants (320). However, each NNS is a distinct chemical compound and has its own 

biological fate in the human body, which might influence individual NNS responses (27). 

Effects on biological targets other than sweet taste receptors cannot be discounted. 

Regarding stevia, two studies have provided evidence that it might assist with glucose 

regulation, as lower postprandial levels of glucose were observed following the consumption 

of a meal supplemented with stevia in healthy adults (48) or in patients with T2DM (280). 

These results are further supported by the demonstration of enhanced pancreatic beta-cell 

function by steviol glycosides (284). However, no significant difference was observed in the 

glucose and insulin response when stevia was ingested alone (51, 322). The direct 

administration of rebaudiana A (type of steviol glycoside) in the duodenum of healthy adults 

also did not result in incretin release (124). A recent meta-analysis of RCTs investigating 

the effects of long-term stevia consumption on metabolic markers showed no significant 

difference in fasting blood glucose in favour of steviol glycosides; the doses of consumption 
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varied between 3.75 mg/kg/day and 1500 mg/day of stevioside (286). No significant change 

has been demonstrated for fasting insulin following long-term stevia consumption (272, 

274). In the present study and in line with the majority of results from human trials, the daily 

consumption of commercially available stevia did not influence glucose homeostasis or 

insulin response in healthy adults. 

In line with our results, similar effects have been demonstrated by long-term RCTs in healthy 

adults using other types of NNS. No effect on glucose, insulin, and GLP-1 responses was 

observed in the study by Higgins et al. (56) following 12 weeks of aspartame consumption 

in two different doses (350 mg and 1050 mg/d) compared to a placebo. Furthermore, no 

change in glucose and insulin response was found in the study by Grotz et al. (149), which 

investigated the effects of 12 weeks of sucralose consumption (1000 mg/day) against a 

placebo group in normoglycaemic males or following 7 days of sucralose administration 

(780 mg/d) in healthy subjects (144). On the other hand, lower insulin sensitivity has been 

demonstrated in two studies following daily sucralose consumption (146, 148), and a recent 

study by Dalenberg et al. (147) also showed that consuming 7 sucralose-sweetened 

beverages not without carbohydrates over 10 days decreased insulin sensitivity in healthy 

human volunteers. Whether this is a sucralose-specific effect needs further investigation. In 

the present study, there was no difference in the insulin response to an OGTT before and 

after 12 weeks of daily stevia consumption compared to the control group in healthy adults. 

One a priori secondary outcome was change in body weight, assessed at week 6 and week 

12 of the intervention period. In this trial, we demonstrated that the participants allocated to 

the stevia group maintained their body weight compared to the control group, who showed 

a significant increase in body weight, which could be attributed to a general trend towards 

weight gain by the population. Further, the results from the self-reported energy intake, 

which was another secondary outcome, showed a decrease in energy intake at week 12 of 

the intervention in the stevia group, but not in the control group. Even though the change in 

body weight does not match the change in energy intake, since a reduction in energy intake 

should indicate weight loss, there was a significant correlation between individual changes 

in body weight and individual changes in energy intake. Participants were not placed on an 

energy-restricting diet, and physical activity levels were kept stable throughout the trial; the 

only guidance provided for those in the stevia group was that they should consume the 

stevia drops daily, ideally in a drink or a hot beverage before lunch and before dinner. With 

this advice, we attempted to reproduce the design of a previous acute study on stevia effects 

on food intake, where a significant reduction in total energy intake was demonstrated when 

consuming a stevia-sweetened preload prior to lunch compared with consuming water or 

caloric beverages (322). If that effect would be sustained and not compensated for in the 

next meals, that could explain the lower energy intake results, as observed in the present 
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study. However, opposed to our results, another recent study evaluated the effects of daily 

rebaudiana A consumption for 12 weeks against another three types of NNS and sucrose 

on body weight and energy intake and showed no effect on both measures (78). The lack 

of a difference in body weight following encapsulated stevioside consumption by people 

with mild hypertension and patients with T2D was also shown by another two studies (272, 

275). If the effects of stevia on energy intake and body weight are mediated by sweetness 

per se, no effect would be expected in trials where oral sweet taste is bypassed. More 

randomised long-term trials powered with body weight and energy intake as primary 

outcomes are required to confirm these initial findings of stevia consumption effects in 

healthy adults, but also in populations for whom weight loss and reduction in energy intake 

is crucial—i.e., individuals with overweight, obesity, T2DM, or metabolic syndrome. 

Recent research now focuses on elucidating the effects of NNS consumption on brain 

systems related with appetite and reward. The ingestion of glucose induces decreased 

activity in the hypothalamus, a change typically linked to satiety signalling by the brain (223). 

However, sweet taste in the absence of nutritive carbohydrates does not seem to elicit a 

similar response in the hypothalamus (230, 232). Differences between nutritive sweeteners 

and NNS have been also demonstrated during taste activation, with both stimuli showing 

the activation of the primary gustatory cortex, anterior insula, and frontal operculum. 

However, during NNS tasting the reward centres remained unresponsive (239, 240). The 

above results indicate that NNS might not have similar satiating effects in the brain as 

nutritive sweeteners. On the other hand, differences in the neural processing of sweet taste 

in the brain among regular NNS consumers have also been reported, showing a potential 

adaptation in brain systems following repeated exposure to NNS. In particular, regular 

consumers of diet soda have shown greater activity patterns in reward regions of the brain 

during the consumption of nutritive and non-nutritive sweet tastes, compared to non-diet 

soda consumers (244). We should highlight again the potential of different types of NNS 

exhibiting differential responses, yet further studies are needed to explore brain responses 

following stevia consumption in humans. 

The findings of this research also raise the question of whether there was any behavioural 

change between the two groups that could have led to the observed distinct effects on body 

weight and energy intake. The participants in the control group reported higher hunger 

scores on the TFEQ, independent of intervention time. Hunger is the conscious experience 

associated with the drive to eat. Even though perceived hunger might not predict intake, it 

has been shown to predict an individual’s ability to manage their body weight or the success 

of a weight-loss program (328). Higher hunger scores were associated with greater body 

size in another study (329). However, this difference in susceptibility to hunger ratings was 

a baseline difference between the two groups, was not influenced by the intervention period, 
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and was a self-reported questionnaire measure; thus, any observations remain exploratory 

at this point. Interestingly, we observed a positive correlation between sweet craving ratings 

and sugar intake in the control group; a reduction in sugars intake was associated with a 

reduction in the subjective feeling of sweet craving. This was a spontaneous unexpected 

change in eating behaviour in the control group, who were not following any dietary 

guidance. However in the stevia group the sugar intake stayed relatively stable and so did 

the sweet cravings, in line with previous results showing a protective effect of NNS 

beverages against craving-induced increases in energy intake (60). Further research is 

required to explore eating behaviour changes induced by the introduction of NNS into the 

diet of habitual and non-habitual NNS consumers. 

The strengths of this study include the real-life scenario design, and participants were 

allowed to make choices and adjust the addition of the stevia drops to their daily routine. 

The dose chosen was also realistic, and could simulate the regular consumption of stevia 

by the general population. Among the limitations of this study is the fact that the results are 

only specific to the conscious consumption of stevia at this point. The increase in body 

weight in the control group should be interpreted with caution, since other factors such as 

menstrual cycle or hydrating status might be responsible for this outcome, however these 

potential confounding factors were the same for the two groups and the gender ratio was 

the same. Another limitation of the study could be the use of a natural history control group 

(no treatment) instead of a null control group receiving placebo drops. It has been 

documented that participants randomised to placebo-control conditions in obesity research 

studies often report improved outcomes that are similar to those of people receiving the 

active treatment, even when the individual is aware that they are receiving a placebo (330, 

331). A control for sweetness could be another NNS arm, such as saccharin, aspartame, 

sucralose, etc., but that was out of the scope of this trial at this time. It is likely that sweet 

taste may mediate these results, suggesting that a double-blind design delivering the 

sweetener bypassing the oral cavity could be compared to an open-label design (sweet 

taste perception included) to investigate this hypothesis. This study was powered to detect 

a significant difference in the primary outcome, glucose response, not secondary outcomes 

where the two groups showed distinct effects, and therefore a powered for body weight 

and/or energy intake randomised controlled trial should be pursued, especially in 

populations where the reduction in energy intake is critical, such as in individuals with 

overweight and/or obesity, metabolic syndrome, or T2DM. 

In summary, our data provide evidence that the daily consumption of stevia in real-life doses 

does not affect glycaemia in healthy normal-weight individuals, but could aid in weight 

maintenance and the moderation of energy intake. More research is warranted to explore 

these promising findings further. 
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5.1 Abstract  

Background: The increased use of non-nutritive sweeteners as sugar substitutes over the 

last decades has raised interest in their potential effects on regulatory functions of the brain. 

Stevia is a non-caloric sweetener that has demonstrated beneficial effects on appetite and 

energy intake. This randomised double-blind controlled crossover study aims to investigate 

the neural correlates of acute physiological signals and food-cue elicited responses related 

to consumption of beverages differing in sweetness and caloric content.  

Methods: Participants completed four imaging sessions, after a 3-4 hour fast, distinguished 

only by the type of beverage they consumed (water, stevia, glucose or maltodextrin). 

Change in blood-oxygenation level-dependent (BOLD) contrast during functional Magnetic 

Resonance Imaging (fMRI) was monitored over a 30 min period after the consumption of 

the beverages. Participants were scanned while performing a food visual probe task (VPT) 

before and 30 minutes after the consumption of the beverages. Hunger, fullness and 

sweetness sensations were also recorded.   

Results: There was a significant interaction of taste-by-time in BOLD response in areas 

involved in gustatory and reward processing, with sweet beverages inducing greater 

reduction in BOLD compared to non-sweet beverages. There was also a significant 

interaction of calories-by-time in BOLD response in thalamic, visual, frontal and parietal 

areas among others; glucose and maltodextrin demonstrated significantly greater 

incremental area under the curve (iAUC) of the average BOLD response in the 10-20 min 

time bin only compared to water, while in the 20-30 min iAUC no longer differed. The 

interaction of taste-by-calories-by-time showed a greater and more robust BOLD decrease 

for stevia mainly in motor, frontal areas and insula, which was more apparent in the 20-30 

min post consumption. In the food-cue task, the three sweet/caloric beverages (stevia, 

glucose, maltodextrin) showed attenuated response in the visual cortex in response to food 

compared to control trials, while water demonstrated increased response post consumption. 

Only the glucose beverage significantly increased fullness sensation post ingestion.  

Conclusions:  

Both sweet taste and calories have a modulatory effect in the brain signalling post 

consumption. Stevia showed a more robust and longer lasting BOLD decrease in the human 

brain that could potentially be linked to effects on feeding behaviour.  

Keywords: stevia; glucose; maltodextrin; food cues; fMRI; physMRI; BOLD; 

neuroimaging    
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5.2 Introduction 

Consumption of sugar-sweetened beverages has been associated with an increased risk 

of weight gain and obesity with higher intakes (316, 332). Non-nutritive sweeteners (NNS) 

provide sweet taste with minimal or no calories, and could therefore constitute excellent 

substitutes for caloric sugars, while reducing the available energy and preserving 

palatability (52). However, the effects of NNS consumption on health consequences remain 

controversial within the scientific community (11, 73). It has been argued that NNS 

consumption could disrupt learned responses that normally contribute to glucose and 

energy homeostasis and potentially increase the risk of obesity and non-communicable 

diseases (8, 333). An obesogenic impact of NNS consumption has not been consistently 

demonstrated, on the contrary evidence moves towards the opposite direction. Recent 

meta-analyses support a beneficial role of NNS consumption on energy intake and body 

weight (66, 77). In particular stevia, a natural zero-calorie containing sweetener that has not 

been extensively studied despite its increasing popularity, has shown advantageous effects 

on appetite and energy intake (334, 335).  

Control of food intake involves a complex interaction between homeostatic and hedonic 

mechanisms, and the human brain plays a central role in this process. It integrates many 

metabolic, hedonic and trait-related signals that affect eating behaviour and determine when 

and how much we eat (156). The hypothalamus together with the brainstem and the 

corticolimbic system are regarded as being the core processors in the control of appetite, 

with hypothalamus and brainstem mainly controlling the homeostatic part of appetite 

control, and the corticolimbic system mainly associated with food reward and cognitive 

control (12). Caloric sugars and NNS activate functionally connected taste pathways that 

lead to conscious perception of sweetness, a strong hedonic signal, via activation of the 

oral sweet taste receptors (STRs) (336, 337). However, they differ in their metabolic fate 

after ingestion so that caloric sugars lead to elevated blood glucose, insulin and satiety 

inducing gut-peptide levels postprandially, but NNS consumption does not influence 

glucose or hormonal responses postprandially (134, 308). Therefore, it is expected that both 

overlapping brain regions, probably derived from the conscious and unconscious (activation 

of the gut STRs) sweetness, and distinct brain regions due to differences in metabolic 

consequences, would respond to their consumption.  

Previous studies have shown that glucose ingestion has been associated with a well-

established pattern in brain activity; decreased neural activity in the hypothalamus and the 

brainstem (221, 223, 226, 232), while ingestion of NNS has been previously shown to be 

associated either with none (232) or with a transient deactivation of the hypothalamus (230). 

NNS have been demonstrated to differ in their hedonic responses to caloric sugars, as 
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measured by blood-oxygenated-level-dependent (BOLD) contrast changes using functional 

magnetic resonance imaging (fMRI) in the ventral tegmental area of the midbrain (230). 

Other areas that were associated with decreased BOLD response following glucose 

intragastric infusion were the cerebellum, occipital areas, insula and putamen, 

parahippocampal, temporal and thalamic regions (220, 223). To the best of our knowledge, 

there is no fMRI study investigating the whole brain response to the consumption of stevia.  

Satiation attenuates responses in homeostatic and reward-related areas in the brain in 

response to food tasting and food picture viewing (181). Under conditions of hypoglycaemia, 

limbic-striatal brain regions are activated in response to food cues to produce greater desire 

for high calorie food while following glucose administration responses are attenuated (287). 

Food cue responses refer to the design of these fMRI investigations, during which 

participants are presented with palatable food pictures in alternation to non-food pictures 

usually in a blocked design. This design relies on the food-cue responsivity paradigm, which 

engages the reward system of feeding behaviour. Food cues (i.e. pictures of food) become 

more salient under conditions of hunger and less salient under conditions of satiety. 

Attentional bias to food cues refers to the tendency to focus attention to salient (food) over 

neutral information. Attention to food cues measured by a reaction time visual dot probe 

task (VPT) has been previously shown to be higher in the fasted state compared to the fed 

state (198, 311). This task was used to investigate the neural correlates of food-cue 

responses during an fMRI investigation.  

In the present study, we aimed to investigate differences in brain activity following oral 

ingestion of beverages supplying sweetness with calories (glucose), sweetness without 

calories (stevia), no sweet taste with calories (maltodextrin) or no sweet taste and no 

calories (water). We used a combination of physiological-fMRI (physMRI), that allowed us 

to look at BOLD responses over time following beverage ingestion (signals derived from 

physiological responses to the consumption of the beverages) compared to a baseline 

period, and fMRI, the examination of neurocognitive responses to food cues 30 min after 

the consumption of the beverages while performing an attention food related task, the VPT 

(signals related to hedonics). We hypothesised that glucose consumption will lead to 

attenuated BOLD contrast in homeostatic and hedonic brain areas in both the physMRI and 

the task-based fMRI and maltodextrin will show a similar pattern. The consumption of 

stevia-sweetened beverage was expected to show BOLD responses in overlapping and 

distinct areas compared to the glucose-beverage.  
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5.3 Materials and methods 

5.3.1 Preliminary pilot study 

Prior to the imaging study, a preliminary pilot was conducted in a mock scanner, in order to 

ensure the feasibility and validate the methodology of the protocol. A key objective was to 

ensure that separable differences on blood glucose levels between the nutritive (glucose) 

and non-nutritive (stevia, water) beverages occur within the proposed time frame, and to 

ensure that the participants could drink the beverages lying flat and remain still in this 

position for the duration of the scan. This pilot study was approved by the University of 

Manchester Research Ethics Committee. All participants signed informed consent prior to 

participation and were compensated for their time.  

A total of 8 participants (healthy, mean age: 22 ± 4 years, mean BMI: 20.8 ± 1.8 kg/m2) 

completed the pilot study, the study beverages included water, stevia and glucose 

beverages (same as the ones provided in the actual fMRI study described later). 

Participants attended the study sessions after a fixed breakfast and a 3-4 h fast. Visual 

analogue scales (VAS) scales for appetite (hunger, fullness) were completed at 5 min 

intervals, corresponding to 0 (before consumption), 5, 10, 15, 20, 25, 30 min. Participants 

also rated beverage sweetness.  Blood glucose was measured at 0 (before consumption 

starts), 5, 10, 15, 20 and 30 min post-consumption using finger-prick blood samples and the 

Hemocue Glucose 201+ Analyser (Hemocue, Angelholm, Sweden). The average time-

course graph for blood glucose levels, and appetite sensations from this preliminary study 

are presented in Supplemental Figure 5.1. The pilot confirmed that the protocol was 

suitable for the full imaging study.  

5.3.2 Imaging study  

5.3.2.1 Participants  

For the imaging study, participants were required to complete 5 study sessions (1 pre-study 

session and 4 imaging sessions) and were recruited from the University of Manchester and 

the general Manchester area through advertisements placed around campus and online 

from November 2019 to December 2020. The study inclusion criteria included healthy men 

and women aged between 18 and 40 years with BMI within the normal range (18.5-24.9 

kg/m2), restrained eating score on the Dutch Eating Behaviour Questionnaire (DEBQ) ≤ 3, 

consuming breakfast ≥ 5 times per week, being right-handed and registered to a General 

Practitioner in the UK. Exclusion criteria were being diagnosed with a major chronic disease, 

having intolerances or allergies for products used in the study, weight change ± 5 kg the 

last 3 months, self-reported anxiety or depression, use of recreational substances within the 

last month, being pregnant or lactating, self-reported alcohol consumption exceeding 14 
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units a week, regular consumption of NNS defined as more than 1 can of diet sodas or more 

than 1 sachet of NNS per week. Also exclusion criteria related to the MRI were having non-

removable metal objects in their body, self-reported claustrophobia or having had an 

operation less than 3 months ago.  

The study was approved by the University of Manchester Research Ethics Committee. All 

participants signed informed consent prior to participation and were compensated for their 

time. The trial was registered in clinicaltrials.gov under registration NCT04162457.  

Sample size estimation was based on expected BOLD signal change in the hypothalamus 

using results of a previous study from our team (338). The results from the comparison 

between intragastric saline and 45 g glucose infusion on the hypothalamic BOLD signal 

(n=15, peak mean difference of -0.9% change in the BOLD signal from baseline, and SD of 

the difference 0.96) were extracted. GPower 3.1 was used to calculate sample size, which 

calculated that 17 participants are needed for 95% statistical power and a α of 0.05.  

5.3.2.2 Study design  

This was a randomised, double-blind, crossover study and the participants received four 

different beverages, one per occasion with at least a 5-day washout period. Eighteen 

participants completed the pre-study session and all 4 imaging sessions. Participants were 

asked to have a breakfast of their preference in the morning prior to their scanning sessions, 

and then fast for 3 or 4 hours (no food, only water up to one hour prior to scanning). They 

were asked to repeat exactly the same breakfast and fasting time prior to each scanning 

session. Participants received one of the study beverages on each occasion in randomised 

order, which was also counterbalanced across participants. The study beverages were 330 

mL of stevia in water (240 ppm Truvia® Stevia RA95- Rebaudioside A- 95%), 330 mL of 

40g glucose in water, 330 mL of 40g maltodextrin in water or 330 mL water. No additional 

flavour was added to the beverages. The glucose and stevia beverages were matched for 

sweetness, the glucose and maltodextrin beverages contained 160 kcal the water and the 

stevia beverages contained 0 kcal. Beverages were served at room temperature. Drinking 

was performed in the scanner through an oral silicon tube, lying supine during the fMRI 

scans. Participants were given 10 min to drink the beverage at a comfortable drinking rate 

controlled by themselves. The scanning protocol can be found in Supplemental Figure 

5.2.  

5.3.2.3 Pre-study session 

Participants who were eligible on the online screening questionnaire were invited to a pre-

study session at the University of Manchester. During this session we conducted 

anthropometric measurements and described all details of the study to the participants. In 
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detail, anthropometric measures included body weight measurement by a digital scale in 

light clothes without shoes (SECA 813 Electronic scale with large platform), height 

measured with a portable stadiometer (SECA 213 Portable Height Measure), waist and hip 

circumference (SECA 201 Ergonomic Circumference Measuring Tape). In addition, during 

this session participants completed the DEBQ, and the Three Factor Eating Questionnaire 

(TFEQ). Participants practiced the fMRI procedure, practiced the visual dot probe task 

(VPT) and drinking while lying flat.  

5.3.2.4 Imaging sessions  

For the MRI sessions participants arrived between 11.00 and 14.30 at the test location 

(Wellcome Trust Manchester Clinical Research Facility, Manchester, UK) after a fast of 3 

or 4 hours (no food, only water up to one hour prior to the start of the session).  Participants 

were required to have breakfast of their preference at home, which they repeated before 

each scanning session, and then fast for 3 or 4 hours (fasting time was consistent per 

participant). Compliance was checked with a breakfast composition questionnaire that 

participants filled out prior to each scanning session.  

Physiological MRI 

This scan followed the pre-consumption VPT scan. During physMRI participants had to 

initially undergo a baseline scanning period of approximately 10 min and then were 

instructed to drink the test beverage using a silicon peroral tube for the next 10 min whilst 

being scanned. Scanning continued for another 20 min after the consumption of the 

beverage as outlined in Supplemental Fig 5.1.  

During the physMRI participants were asked to indicate their sensation of hunger and 

fullness on a 10-point scale every 10 min. Subjects had their eyes open and the scales were 

projected onto a screen visible from inside the scanner. The participant rated each 

sensation by moving a pointer along the scale, via a response button box held in their right 

hand. Participants were also asked to rate the sweetness of the beverage after they had 

consumed it (while in the scanner), and the sensation of thirst before and after the end of a 

session (in visual analogue scales with pen and paper outside the scanner).  

Visual dot probe task  

Participants performed a VPT twice whilst being scanned, once before the consumption of 

the test beverage (pre-consumption VPT) and once again 30 min post beverage 

consumption (post-consumption VPT). The VPT involves the presentation of pictures in 

pairs on screen followed by a dot probe presentation until participant’s response. In the 

food-related VPT a picture pair included one food image and one non-food image 
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(stationery). The standardised set of food images from the Full4Health Image Collection 

was used (291), selected after a preliminary study in house. As a control condition, we 

included a control VPT where the picture pair consisted of two non-food images (tools and 

cosmetics).   

A VPT trial begins with the presentation of a fixation cross (1000 ms), then a picture pair 

(food vs non food for the food VPT or non-food vs non-food for the control VPT) appears 

for another 1000 ms (one at the top and the other at the bottom of the screen). Immediately 

after the picture pair presentation a dot probe (a yellow circle on black background) 

appeared in either the location of the top or the bottom picture and remained for 2000 ms 

during this time participants were told to respond to the probe by pressing one of the two 

response keys to indicate dot probe position as quickly and accurately as possible and 

reaction time was recorded. Each trial was programmed to last exactly 4 sec. An attentional 

bias towards target stimuli (food) exists when there is faster detection of probes replacing 

such stimuli.  

The VPT task was administered in a block design (Figure 5.1). The blocks were: food 

congruent (the dot appears in place of the food image), food incongruent (the dot appears 

in place of the non-food image), food mixed (both congruent and incongruent trials), control 

congruent (the dot appears in place of the cosmetics – the selection of cosmetics as the 

‘target category’ in the control task was random), control incongruent (the dot appears in 

place of the tools) and control mixed. Each block included 8 trials, and each block appeared 

three times in a pseudorandomised order. Total duration of the task was 10 min. The task 

was presented using Psychopy software (version 1.84.1) (293). 
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Figure 5.1 Illustration of the visual probe task. Example of a (A) food congruent trial, (B) food incongruent trial and (C) block design of the visual probe task.  

In a food congruent trial the dot appears in the position of the food image, while in an incongruent trial the dot appears in the position of the non-food image.  
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5.3.2.5 Image analysis  

MRI acquisition 

Images were acquired with a 3 Tesla Philips whole-body MR scanner equipped with a 

standard head coil. The VPT sequence (whole brain T2* weighted images) was performed 

twice (before and 30 min after beverage ingestion) using a gradient-echo planar imaging 

(EPI) (TE=35 ms, TR=2500 ms, field of view=240 mm x 240 mm, 44 slices, slice thickness: 

3.5 mm, voxel size 3 mm x 3mm x 3.5 mm). In total 240 volumes were acquired per run.  

The physMRI sequence (whole brain T2* weighted images) was performed using EPI and 

had the following parameters: TE=35 ms, TR=2500 ms, field of view=240 mm x 240 mm, 

43 slices, slice thickness: 3.75 mm, voxel size: 3.75 mm x 3.75 mm x 3.75 mm). In total 960 

EPI images were acquired.  

A high-resolution T1-weighted structural image was also acquired for each participant to 

examine for any structural abnormalities.  

Pre-processing  

Spatial pre-processing and analysis of imaging data were performed using SPM12 

(Wellcome Trust Centre for Neuroimaging, London, UK), implemented in MATLAB 

(Mathworks, R2019a). Images were firstly realigned using the first image as a reference, 

then spatially normalised into a standard stereotactic MNI space using SPM templates and 

then smoothed using a Gaussian kernel filter of 8 x 8 x 8 mm.  

The ARtifact detection Tools (ART) toolbox (http://www.nitrc.org/projects/artifact_detect/) 

for SPM was used to determine movement artefacts in the scanner. We defined outliers as 

time points in which framewise global signal deviated more than 3 SDs from the mean 

and/or the framewise motion derived from the realignment parameters was greater than 1 

mm. Exclusion criteria was more than 15% of outliers in each imaging sequence, including 

the 10 min physMRI baseline period. On this basis, data from three participants were 

removed from the physMRI dataset and data from one participant were removed from the 

task-fMRI dataset.  

physMRI analysis  

First level analysis was performed using the p-block physMRI analysis technique (224, 225), 

on each subject for each study condition in the following way: the physMRI scans were 

divided into 20 consecutive 2 min time bins (T01 to T20; T01 – T05: baseline, T06 – T10: 

drinking, T11 – T20: postprandial), in order to investigate the activation changes over time 

due to beverage consumption. We did not include in the analysis the T06-T10 time bins due 
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to excessive head movement during that period. The 48 scans from the time bin immediately 

prior to beverage ingestion (T05) formed the baseline time bin (Tbaseline). In each subject and 

condition, the signal averages for the 10 post-ingestion time bins (T11-T20) were separately 

compared to the baseline average (Tbaseline) using regression within the general linear model 

framework. This resulted in 10 first level images corresponding to the BOLD change from 

baseline in each successive post-infusion time bin for each subject and condition, which 

were then used as input to the second level of group-wise analysis. Contrast maps for each 

time bin were calculated for main effect of taste ([stevia - water] + [glucose - maltodextrin]), 

main effect of calories ([glucose - stevia] + [maltodextrin - water]) and the interaction taste-

by-calories ([stevia – water] – [glucose – maltodextrin]) for each subject.  

To determine whether statistically significant increments in the BOLD signal change from 

baseline across subjects occurred over time, three repeated-measures ANOVA were 

conducted, one for the interaction of taste-by-time, one for the interaction of calories-by-

time and one for the interaction of taste-by-calories-by-time. Whole brain analysis was 

performed and clusters exceeding PFWE-cluster<0.05 for cluster extent at a height uncorrected 

threshold of P=0.001 were considered significant. Beta values were extracted from the 

significant clusters (mean signal from each cluster) in order to create the time-course graphs 

that depict the response to each study treatment.  

Moreover, in order to summarise the BOLD over time across the brain for the 3 interactions 

separately, we applied a more conservative correction for multiple comparisons of peak-

level PFWE=0.05. Beta values from a mask including all voxels surviving PFWE=0.05 were 

extracted in order to create the time course graphs for each beverage. Incremental area 

under the curve (iAUC) was calculated for each beverage condition and separated into 2 

time bins (10-20 min and 20-30 min). Additional statistical analysis on iAUC using repeated 

measures ANOVA with beverage type and time as factors was investigated with appropriate 

post-hoc tests corrected with Bonferroni criterion for multiple comparisons using SPSS (IBM 

SPSS Statistics Version 23).  

Task based fMRI analysis  

For the VPT, we modelled the onset of the VPT stimuli for each beverage condition 

separately and then created contrasts of interest which were: all food trials > all control trials 

(both post-consumption), food incongruent trials > food congruent trials (both post-

consumption), and the respective post > pre consumption contrasts. Data were high pass 

filtered at 128 sec. Then we created contrast images for each predefined contrast of interest 

for the study treatments comparisons corresponding to the main effect of taste ([stevia - 

water] + [glucose - maltodextrin]), main effect of calories ([glucose - stevia] + [maltodextrin 

- water]) and the interaction taste-by-calories ([stevia – water] – [glucose – maltodextrin]).  
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In the second level analysis, we performed a one-sample t-test with whole brain analysis. 

As with the physMRI, clusters exceeding PFWE-cluster<0.05 for cluster extent at a height 

uncorrected threshold of P=0.001 were considered significant. To illustrate the differences 

between the beverages in areas that showed significant change in the BOLD signal in 

response to the main effect of taste, calories and the interaction taste-by-calories, we 

extracted the mean signal from anatomical masks of the significant clusters for each 

beverage condition. For illustration purposes and to further follow up significant results, 

repeated measures ANOVA was performed on the extracted beta values in SPSS.  

We also examined the main effect of trial type (food trials > control trials) to investigate 

whether areas that were expected to activate in response to visual attention to food cues 

compared to the control task were actually activated independently of the beverage type 

(whether the paradigm worked). This was conducted via the creation of average contrast 

images ([water + stevia + glucose + maltodextrin]/4) for the contrasts all food trials > all 

control trials pre, post and post>pre consumption and then performing one-sample t-tests 

in SPM.  

The Anatomical Automatic Labelling toolbox (AAL) was used for anatomical labelling of all 

results.  

5.3.2.6 Statistical analysis of behavioural data  

Non-imaging data were analysed in IBM SPSS Statistics Version 23. Data are presented 

as mean ± SEMs, unless otherwise stated. For the VPT analysis incorrect responses as 

well as reaction times (RTs) that were ± 3 SDs from the mean were removed. Participants 

who had >10% incorrect and/or slow responses were excluded. Mean RTs to congruent 

and incongruent trials (separately for food and control trials) was calculated for each 

condition and each VPT task (pre- and post- consumption). Attentional bias to food cues 

was calculated by the following formula: RTmean to food incongruent trials – RTmean to food 

congruent trials (using all trials from the congruent, incongruent and mixed blocks).  

VAS for hunger and fullness were analysed as change from baseline values, AUC were 

calculated using the trapezoidal rule. These data were analysed using repeated measures 

ANOVA with beverage type and time (-10, 0, 10, 20, 30 min) as within-subjects variables. 

Significant interactions revealed by ANOVA were then investigated using post-hoc 

comparisons and Bonferroni’s correction for multiple comparisons. Not-normally distributed 

data were analysed with appropriate non-parametric statistics. Specifically, sweetness 

ratings were not normally distributed therefore a Friedman test was conducted, followed by 

Wilcoxon pairwise tests and Bonferroni correction.  
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5.4 Results 

5.4.1 Participants  

Eighteen participants completed all 4 imaging sessions, however due to exclusions 

described above fifteen participants’ data were included in the physMRI analysis and 

seventeen participants’ data were included in the VPT fMRI analysis. A detailed participant 

flow chart can be found in Supplemental Figure 5.2.  Participants’ characteristics are given 

in Table 5.1. Before the start of each imaging session participants were asked to rate their 

mood. No significant differences were observed in participant’s mood across the imaging 

sessions, results are given in Supplemental Table 5.1. Thirst ratings were significantly 

decreased at the end of each imaging session, with no differences between them.  

 

 

Table 5.1 Subjects' characteristics. 

 n = 18 

Age (years) 26 ± 5 

Weight (kg) 60.1 ± 11.8 

Body mass index (kg/m
2

) 21.5 ± 2.1 

Height (cm) 166 ± 9 

Waist circumference (cm) 71.6 ± 7.2 

Hip circumference (cm) 95.3 ± 9.9 

Dutch Eating Behaviour Questionnaire  

Restrained 1.7 ± 0.5 

Emotional  2.0 ± 0.6 

External 2.9 ± 0.6 

Three Factor Eating Questionnaire  

Cognitive restraint 3.7 ± 2.4 

Disinhibition 3.4 ± 2.0 

Hunger 3.8 ± 2.3 

Values are means ± SDs. 
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5.4.2 Appetite and sweetness ratings  

Participants rated their subjective sensation of hunger and fullness at 10 min intervals while 

being scanned. A repeated measures ANOVA with beverage type (water, stevia, glucose, 

maltodextrin) and time (-10, 0, 10, 20, 30 min) as within-subjects variables was conducted 

for hunger ratings (change from baseline values) and revealed a main effect of time (F(2, 

27) = 12.94, P < 0.001, Greenhouse-Geisser). However, no effect of beverage type (P = 

0.129) or interaction between beverage type and time (P = 0.133) (Figure 5.2 A, B) was 

demonstrated. Similar analysis was conducted for the fullness ratings and revealed a 

significant main effect of time (F(2, 25) = 26.20, P<0.001, Greenhouse-Geisser) and a 

significant interaction between beverage type and time (F(6, 94) = 3.39, P = 0.006, 

Greenhouse-Geisser). Post hoc tests revealed a significant increase in fullness ratings at 

20 and 30 min following the consumption of the glucose beverage compared to water 

beverage (P = 0.016 and P = 0.047 at 20 and 30 min respectively), however there was no 

difference in fullness between the stevia, glucose and maltodextrin beverages (all P>0.05).  

Participants were asked to rate the sweetness of the beverage they consumed immediately 

after the end of the drinking period (10 min). Results are given in Figure 5.2 C and showed 

that the glucose and stevia beverages were perceived as significantly sweeter compared to 

the water and maltodextrin beverages (all P<0.001), and maltodextrin slightly but 

significantly sweeter than water (P=0.02). There was no significant difference in perceived 

sweetness between the glucose and the stevia beverages in line with the design of the 

study.  

5.4.3 Visual probe task 

A 4x2x2 repeated measures ANOVA was conducted with beverage type, time (pre and post 

beverage consumption) and congruency (congruent, incongruent trials) as within-subjects 

variable and reaction time as the dependent variable. There was no significant main effect 

of beverage type, time (pre and post beverage consumption), congruency or a significant 

interaction. We calculated attentional bias to food cues for each beverage condition pre and 

post consumption, no significant differences were observed. Similar analyses were 

conducted for the control condition, results showed that there were no significant differences 

in the control trials (cosmetics vs tools).  
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Figure 5.2 Hunger (A), fullness (B) and sweetness ratings (C) following the consumption of water, 

stevia, glucose and maltodextrin beverages.  

*P<0.05 (in panel B the asterisk indicates P<0.05 between water and glucose).  
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5.4.4 Neuroimaging results  

5.4.4.1 physMRI  

Areas where BOLD signal changed in response to the interaction taste-by-time   

Results of the one-way ANOVA investigating the differences in BOLD signal responses over 

time following the ingestion of the sweet beverages (stevia, glucose) relative to the non-

sweet beverages (glucose, maltodextrin) are presented in Table 5.2. The cluster extent of 

5 clusters was significant. The clusters were observed in the right putamen, superior and 

middle frontal gyrus, insula, inferior frontal gyrus, anterior and middle cingulate cortex, right 

supramarginal gyrus and inferior parietal lobule and right fusiform/hippocampus. In these 

clusters the BOLD signal response following stevia and glucose was significantly lower 

compared to water and maltodextrin. Time-course graphs showing the BOLD response over 

time for each beverage are presented in Supplemental Figure 5.4.  

Figure 5.3 presents the time-course graph of the mean beta values from all activated voxels 

in response to the interaction of taste-by-time, which survived a more conservative peak 

threshold corrected for multiple comparisons of PFWE=0.05. Calculation of the iAUC in two 

time bins, 10-20 min and 20-30 min post consumption, showed that the effect of taste was 

apparent in the 10-20 min time bin, with stevia and glucose showing a higher iAUC 

compared to water and maltodextrin. In the 20-30 min post consumption stevia maintains 

the difference from water and maltodextrin, but glucose does not (glucose iAUC is 

significantly different to water but not to maltodextrin), suggesting the possibility of a more 

persistent reduction of BOLD signal after the stevia beverage. 
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Table 5.2 Significant clusters exhibiting interactions of interest at P<0.001 (uncorrected), n=15. 

Regions were defined using the automatic anatomical labelling. ACC, anterior cingulate cortex; 

MNI, Montreal Neurological Institute.  

 

 

  

Size at 

P<0.001 PFWE-C F Region 

MNI coordinates 

x y z 

Taste-by-time interaction  

1039 <0.001 8.12 Putamen_R 26 -11 13 

7.63 Frontal_Sup_L+R -12 19 43 

7.38 Frontal_Sup_Medial_L -8 27 39 

7.07 Insula_R 37 19 -14 

5.38 Cingulum_Mid_R+L 14 -18 39 

113 <0.001 6.89 ACC_pre_L/ Frontal_Sup_L  -16 46 9 

39 0.010 5.44 Insula_L -35 19 -10 

3.54 Frontal_Inf_Orb_L  -27 16 -18 

114 <0.001 5.28 Supramarginal_R/Parietal_Inf_R 52 -33 24 

54 0.002 5.09 Hippocampus_R/Fusiform_R 33 -33 -6 

Calories-by-time interaction  

1604 <0.001 10.50 Thalamus_L+R -8 -3 13 

10.10 Lingual_L+R 29 -56 -6 

9.17 Calcarine_L+R -16 -82 9 

7.01 Cerebellum_L+R 7 -45 -3 

217 <0.001 6.35 Frontal_Inf_Oper/Tri_R 22 -15 31 

6.22 Insula_R/ Rolandic_Oper_R 37 -3 13 

56 0.001 6.27 Postcentral_L -1 16 46 

40 0.008 6.03 Hippocampus_L/Parahippocampal_L -1 -60 58 

30 0.027 5.99 Frontal_Sup_R 33 53 9 

34 0.017 5.46 Suppl_Motor_Area_L+R -1 16 46 

38 0.010 5.46 Precuneus_L+R -1 -60 58 

75 <0.001 5.14 Angular_L/Parietal_Inf_L -35 -67 39 

50 0.003 4.85 Putamen_L -27 -3 -10 

Taste-by-calories-by time interaction 

137 <0.001 8.63 Postcentral_R/Precentral_R 44 -15 46 

305 <0.001 8.04 Suppl_Motor_Area_L+R -1 1 54 

7.91 Cingulum_Mid_L+R -12 -7 35 

5.40 Frontal_Sup/Mid_L -23 12 54 

39 0.006 5.70 Heschl_L -21 -26 5 

100 <0.001 5.69 Postcentral_L/Precentral_L -38 -11 43 

24 0.044 5.12 Insula_L -35 12 1 



 
 

163 
 

Figure 5.3 Mean BOLD signal response for the interaction taste-by-time across all voxels that 

survived a peak-level correction for multiple comparisons at a threshold of PFWE<0.05. 

Brain sections show significant activations from the whole brain analysis (PFWE<0.05 corrected), bar 

graph shows the incremental area under the curve separated in two time bins, 10-20 min and 20-30 

min after beverage consumption. *P<0.05, applying Bonferroni correction. acc, anterior cingulate 

cortex; mfg, medial superior frontal gyrus; caud, caudate; ins, insula; put, putamen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

-9 -7 -5 -3 -1 11 13 15 17 19 21 23 25 27 29

-3

-2

-1

0

1

C
o
n
tr

a
s
t 
e
s
ti
m

a
te

water

stevia

glucose

maltodextrin

Drinking

Time (min)

-9 -7 -5 -3 -1 11 13 15 17 19 21 23 25 27 29

-3

-2

-1

0

1

C
o
n
tr

a
s
t 
e
s
ti
m

a
te

water

stevia

glucose

maltodextrin

Drinking

Time (min)

x=-11 

y=14 

mfg 

ins 
put 

acc 

z=9 

acc 

caud 

ins 

10-20 min 20-30 min

0

5

10

15

20

25

iA
U

C * *

* *

* *

*



 
 

164 
 

Areas where BOLD signal changed in response to the interaction calories-by-time  

Results of the one-way ANOVA investigating the differences in BOLD signal responses over 

time following the ingestion of the caloric (glucose, maltodextrin) relative to the non-caloric 

beverages (water, stevia) are presented in Table 5.2. The cluster extent of 9 clusters was 

significant. These clusters were observed in the thalamus, calcarine cortex, lingual gyrus, 

precuneus, cerebellum, right inferior and superior frontal gyrus, right rolandic 

operculum/insula, left postcentral, left putamen, left hippocampus, supplemental motor area 

and left angular gyrus. The average time courses for each significant cluster are presented 

in Supplemental Figure 5.5.  

Figure 5.4 presents the time-course graph of the mean beta values from all activated voxels 

in response to the interaction calories by time, which survived a more conservative peak 

threshold corrected for multiple comparisons of PFWE=0.05. In the first 10-20 time bin iAUC 

for glucose and maltodextrin was significantly higher compared to water, but there was no 

difference between stevia and the other beverages. In the 20-30 min time bin, there is no 

longer a significant difference between the water and the caloric beverages, since the BOLD 

signal in the glucose and maltodextrin conditions tends to return to preprandial values as 

illustrated in the time course graph. Moreover, in the last 5 min time bin (25-30 min) the 

iAUC is significantly different between water and stevia. 

Areas where BOLD signal changed in response to the interaction of taste-by-calories-by-

time   

Results of the one-way ANOVA investigating the differences in BOLD signal responses over 

time in response to taste-by-calories are presented in Table 5.2. The cluster extent of 5 

clusters was significant. These clusters were observed in the precentral and postcentral 

gyrus, supplemental motor area, middle cingulate gyrus, left middle/superior frontal gyrus, 

insula, and left transverse temporal gyrus. The average time courses for the significant 

clusters are presented in Supplemental Figure 5.6. 

Figure 5.5 demonstrates the time-course graph of the mean beta values from all activated 

voxels in response to the interaction taste-by-calories-by-time. In the first 10-20 min time 

bin iAUC for stevia and maltodextrin is significantly higher compared to water. In the second 

time bin 20-30 min the differences are maintained, and moreover the iAUC for stevia is also 

significantly different to glucose, with stevia showing a persistent BOLD signal response. 

Calculation of the iAUC for the 25-30 min postprandial period shows that stevia iAUC is also 

marginally significantly different to maltodextrin as well (P=0.06).   
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Figure 5.4 Mean BOLD signal response for the interaction calories-by-time across all voxels that 

survived a peak-level corrected for multiple comparisons threshold of PFWE<0.05.  

Brain sections show significant activations from the whole brain analysis (PFWE<0.05 corrected), bar 

graph shows the incremental area under the curve separated in two time bins, 10-20 min and 20-30 

min after beverage consumption. *P<0.05, applying Bonferroni correction. Calc, calcarine cortex; 

caud, caudate; cer, cerebellum; hip, hippocampus; ins, insula; lin; lingual gyrus; precu, precuneus; 

ro, rolandic operculum; thal, thalamus.   
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Figure 5.5 Mean BOLD signal response for the interaction of taste-by-calories-by-time across all 

voxels that survived a peak-level corrected for multiple comparisons threshold of PFWE<0.05.  

Brain sections show significant activations from the whole brain analysis (PFWE<0.05 corrected), bar 

graph shows the incremental area under the curve separated in two time bins, 10-20 min and 20-30 

min after beverage consumption. *P<0.05, applying Bonferroni correction. ins, insula; mcgg, middle 

cingulate gyrus; mfg, middle frontal gyrus; post, postcentral gyrus; prec, precentral gyrus; sma, 

supplementary motor area.  
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5.4.4.2 Task-based fMRI  

We investigated the effect of beverages consumption differing in taste (sweet or not sweet) 

and caloric content (with or without calories) on the brain’s response to a food visual-dot 

probe task and a control visual probe task before and 30 minutes after ingestion in healthy 

normal-weight participants. The contrasts of interest were: all food trials > all control trials, 

food incongruent trials > food congruent trials, post > pre (all food trials > all control trials) 

and post > pre (food incongruent trials > food congruent trials).  

Results from the whole brain analysis of the VPT are summarised in Table 5.3. We 

observed a statistically significant differential BOLD response in a cluster including the 

calcarine cortex and lingual gyrus bilaterally in response to the taste-by-calories interaction 

for the contrast post > pre (all food trials > all control trials) (Figure 5.6). In particular, after 

the consumption of water BOLD signal was significantly increased in this cluster, however 

activity did not change significantly after consumption of the stevia, glucose and 

maltodextrin beverages. We did not observe any other significant differences in brain 

activation in response to main effect of taste or calories for any of the contrasts of interest.  

 

Figure 5.6 Significant differential brain activation during the visual dot probe task compared to the 

control task post versus pre-consumption, in response to the interaction between taste and calories.  

Brain sections show significant clusters from the whole brain analysis (P<0.001, uncorrected), bar 

graph shows the average contrast estimate in arbitrary units (± SEM) at the significant cluster (n = 

17); *P<0.05, Bonferroni correction applied.  
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We examined the main effect of trial type (all food trials > all control trials) to investigate 

whether areas that were expected to activate in response to visual attention to food cues 

were actually activated (Table 5.3). Results showed that in the pre-consumption state 

activation in response to food trials compared to control trials increased in a cluster including 

the left frontal inferior gyrus and decreased in a cluster encompassing part of the right 

fusiform and lingual gyrus. In the post beverage consumption state brain activity increased 

in the caudate, thalamus, superior frontal gyrus, angular gyrus, parietal inferior lobule (all 

bilaterally) and left amygdala and hippocampus in response to food trials compared to 

control trials.  

 

Table 5.3 Regions demonstrating significant difference in brain activation in response to food trials 

vs controls trials pre and post beverage ingestion in healthy lean participants, n=17, threshold set at 

P<0.001 uncorrected (cluster-level). MNI, Montreal Neurological Institute. 

 

 

  

Size at 

P<0.001 PFWE-C z Region 

MNI coordinates 

x y z 

Interaction taste-by-calories 

Post > pre consumption (all food trials > all control trials) 

184 <0.001 4.03 Calcarine_L+R/Lingual_L+R -9 -64 4 

Main effect of trial type: food trials > control trials   

Pre beverage consumption 

74 0.035 3.79 Frontal_Inf_Oper_L/ 
Frontal_Inf_Tri_L  

-48 14 18 

114 0.007 4.86 Fusiform_R/Lingual_R 27 -46 -14 

Main effect of trial type: food trials > control trials   

Post beverage consumption 

321 <0.001 4.97 Caudate_L+R, Thalamus_L+R,  
Putamen_L 

321 21 38 

162 0.001 4.79 Frontal_Sup_L+R 162 15 41 

205 <0.001 4.67 Angular_L 205 -36 -52 

130 0.002 4.08 Angular_R 130 42 -55 

135 0.002 4.55 Amygdala_L, Hippocampus_L 135 -18 -4 

72 0.031 4.36 Temporal_Inf_L 72 -48 -64 

80 0.021 3.92 Frontal_Mid_R 80 27 11 
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5.5 Discussion  

We have demonstrated for the first time the whole brain response following the ingestion of 

a stevia-sweetened beverage along with appropriate controls for sweet taste and calories 

in a 2x2 design. We used a combination of physMRI and task-based fMRI to examine (i) 

the brain signals derived solely from the ingestion and the subsequent physiological 

responses associated with beverage consumption and (ii) food-cue responses before and 

after beverages within the same study, in an attempt to examine both homeostatic and 

hedonic signals associated with sweet beverage consumption.  

In summary, this study showed that sweet beverage consumption was associated with a 

greater attenuation of activity over time in areas involved in taste and reward processing 

compared to non-sweet beverages. In areas responding to caloric compared to non-caloric 

beverages over time including thalamic, visual, parietal and frontal areas among others, 

glucose and maltodextrin demonstrated a significant decrease in brain activity until 20 min 

after the consumption only compared to water, stevia showed a delayed and longer-lasting 

BOLD decrease. The interaction of taste-by-calories-by-time showed a more robust BOLD 

contrast decrease for stevia mainly in motor, frontal areas and insula, which was more 

apparent in the 20-30 min post consumption time window. In the food-cue task, the three 

sweet/caloric beverages (stevia, glucose, maltodextrin) showed attenuated response in the 

visual cortex in response to food compared to control trials, while water demonstrated an 

increased response post consumption.  

Effect of beverages consumption on neural processing over time (physMRI) 

In the present study, we demonstrated significant differential BOLD responses for sweet 

versus non-sweet beverages over time. The areas of the brain where BOLD contrast was 

reduced in response to sweet beverage ingestion over time included areas of the 

corticolimbic system associated with reward (prefrontal cortex, putamen, caudate) and 

gustatory-related areas with main representative the insula and cingulate cortex. In 

particular, immediately following the drinking period and for the duration of the MRI 

investigation, BOLD response shows a greater reduction for the sweet (stevia and glucose) 

compared to the non-sweet beverages (water and maltodextrin). The effect of taste was 

more apparent in the first 10-20 min postprandially, while in the 20-30 min stevia maintained 

the difference to both water and maltodextrin but glucose was different only to water.  

Previous fMRI studies have demonstrated similar brain activation patterns during caloric 

and non-caloric sweeteners tasting in the primary taste processing areas (anterior insula, 

frontal operculum) but differential brain activity in reward-related areas (striatum, midbrain), 

which responded to caloric but not non-caloric sweeteners tasting, proposing that low-

calorie sweeteners might be less rewarding (239, 240). However, a recently published 
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systematic review reported that commonly activated areas between caloric and non-caloric 

sweeteners are the insula/operculum, cingulate as well as the striatum and homeostatic 

areas (hypothalamus, brainstem) (339). It is important to note that the above studies have 

not examined the BOLD contrast response over time, but only the immediate effect of 

tasting. Our results show deactivation of the gustatory and reward areas by both glucose 

and stevia in the 30 min postprandial period, a long-lasting signal occurring potentially 

beyond oral sweet tasting. Our results also include deactivation of the prefrontal cortex, 

which could be linked to the oral consumption of the beverages. 

The involvement of the oral and gut STRs could be associated with the differential response 

observed in these areas between the sweet and non-sweet beverages. A previous fMRI 

study reported that an initial taste of a high sugar food increases reward regions (caudate, 

OFC) response to anticipated intake of the particular food compared to when the taste is 

blocked by consumption of an STR antagonist (340), highlighting the importance of the oral 

taste perception in later brain responses. The upper gut also has receptors that respond to 

sweetness, and activation of these receptors has been demonstrated to stimulate glucagon-

like peptide 1 (GLP-1) release ex-vivo in response to steviol glycosides (341) and glucose. 

GLP-1 is a gut peptide contributing to satiety. However, data from human clinical trials 

regarding the effects of stevia consumption on gut peptide release are limited. One study 

investigated the effects of intraduodenal stevia (rebaudioside A) infusion in healthy 

volunteers, showing no different plasma GLP-1 response post infusion (124), therefore no 

conclusions regarding the involvement of gut STRs and hormonal responses could  be 

drawn. The possibility of stevia acting directly in the gut STRs via a mechanism not 

mediated by hormonal response cannot be discounted either.   

In the comparison caloric versus non-caloric beverages over time, the significant clusters 

demonstrated the engagement of large visual, motor and parietal areas, thalamus, 

cerebellum, insula, hippocampus and prefrontal cortex. A previous fMRI study 

demonstrated that intragastric glucose infusion is associated with reduced BOLD signal 

response in the cerebellum, right fusiform, and lingual gyri, insula and putamen, left 

parahippocampal gyrus, temporal and thalamic regions, most of which overlap with our 

results in this comparison (caloric versus non-caloric beverages) (223). From the average 

BOLD signal response in all activated areas for the interaction calories-by-time, it is evident 

that the caloric beverages induce a BOLD signal decrease only in the 10-20 min post 

consumption and only compared to water as illustrated by the iAUC. After that point BOLD 

signal tends to return to preprandial values by 30 min post consumption and the difference 

to water is no longer significant. Stevia BOLD response in these areas did not differ to either 

water or caloric beverages, but a slower and more delayed BOLD decrease was noted.  
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The pattern of the response could be in line with the time course of calories from the 

beverages being processed, absorbed into bloodstream and when glucose is no longer in 

excess BOLD returns to pre-prandial levels. The peak decrease in BOLD contrast was 

demonstrated between 18-20 min post-consumption. Glucose and maltodextrin lead to 

similar increases in blood glucose and insulin concentrations according to previous 

research (232); in a previous study from our group, in which the same beverages were 

administered to healthy lean participants, blood glucose response to glucose and 

maltodextrin was still significantly increased compared to water and stevia at 30 min 

postprandially (334). In the preliminary pilot study (Supplemental Figure 5.1) the glucose 

beverage also showed higher blood glucose response at 30 min post-consumption 

compared to water and stevia. This might therefore suggest that the BOLD change in 

response to the caloric beverages occurs partly beyond the metabolic postprandial 

consequences and might have to do with a more direct energy-sensing mechanism.  

The comparison of BOLD response to taste-by-calories over time led to less extensive 

activation compared to the other comparisons and involved mainly the primary 

somatosensory cortex (postcentral gyrus) and primary motor cortex (precentral gyrus), 

supplemental motor area, cingulate gyrus, middle/superior frontal gyrus and insula. From 

the average BOLD signal time course graph and the iAUC we concluded that the interaction 

in the first 10 min post consumption (10-20 min) was driven by stevia and maltodextrin 

eliciting a significant reduction in BOLD signal response over time compared to water, while 

in the 20-30 min stevia also shows a significant BOLD signal decrease compared to glucose 

(and marginally different to maltodextrin in the last 25-30 min time bin). In other words, 

stevia beverage consumption was associated with a persistent reduction in BOLD 

compared to the pre-consumption baseline.   

The possibility of stevia having a specific effect in the brain cannot be excluded. The 

consumption of the stevia beverage induced a slower and more gradual reduction in BOLD 

signal response, which remained until at least 30 min post-ingestion. This was specific to 

stevia and may be due to its metabolic fate after ingestion. In vivo studies in animal models 

have shown that steviol glycosides are not metabolised in the upper gastrointestinal tract, 

but are degraded slowly in the lower gastrointestinal tract by colonic bacteria, leading to a 

long slow increase in portal and plasma levels of steviol or its metabolite (27). Steviol 

detection in portal plasma has been demonstrated to sustain over a period of hours (268). 

Future research could examine the brain response to the consumption of stevia beyond the 

30 min period to investigate when the signal returns to baseline and the use of intragastric 

infusion would help to isolate the gut-to-brain signalling induced by stevia consumption.  
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Effect of study beverages consumption on neural processing during the food VPT 

The consumption of water compared to all other beverages in this study (stevia, glucose, 

maltodextrin) led to significant increased activation in response to food trials (food versus 

non-food images) compared to control trials (non-food versus non-food images) in a cluster 

encompassing part of the visual cortex, including the calcarine cortex and lingual gyrus 

bilaterally.  

Even though the visual cortex is not considered a direct modulator of appetitive responses, 

processing of visual stimuli is highly dependent on motivational factors. Visual cortex 

activation is apparent in studies that use visual cues to induce craving (342) and has been 

also associated with the motivational salience of food cues (i.e. high versus low calorie food 

cues) (177). Previous research has shown that there is strong modulation of the visual 

cortex by food cues even immediately after glucose ingestion (250) and up to 120 min 

postprandially (343), proposing that activation of visual cortex is also dependent on 

metabolic signals. Our results further confirm this finding, the increased BOLD in the visual 

areas observed after water consumption was not observed following the consumption of the 

caloric beverages (glucose, maltodextrin) and also the stevia beverage (providing only 

sweet taste). A recent fMRI study has also shown similar results following sucralose 

ingestion during a food decision task. Sucralose versus water led to decreased activation 

in a range of areas including the visual cortex (255). Given that visual cortex responds to 

metabolic state differences in response to food cues and that higher-value targets induce 

greater visual activation (344), we could hypothesise that altered salience of the food cues 

mediated the effect in the visual cortex. This could be interpreted as food cues being less 

salient after the consumption of the sweet (stevia), caloric (maltodextrin) or sweet and 

caloric (glucose) beverages compared to water.    

The applied food cue paradigm elicited responses in regions involved in the reward-system, 

hedonic and visual processing of food cues. Performing the food task compared to the 

control task independently of the condition, resulted in activation of the striatum (caudate), 

superior frontal gyrus and angular gyrus bilaterally, left amygdala and hippocampus, left 

inferior temporal gyrus and part of the right middle frontal gyrus. These findings are in line 

with previous observations showing increased activation in brain networks included in the 

corticolimbic reward system in response to food cue exposure (prefrontal cortex, striatum, 

hippocampus, amygdala, insula) (178) as well as in parietal and temporal areas that are 

mostly involved in visual processing (170, 254). However, no differential brain response 

across the beverage conditions was demonstrated in whole brain analysis in any other area 

apart from the visual cortex.  
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Effect of study beverages consumption on appetite 

The present study showed that there was no significant difference in hunger ratings across 

the beverages, but fullness ratings demonstrated an increase at 20 and 30 min post 

ingestion. In line with previous studies glucose, which provides both calories and 

sweetness, was successful in producing a significant increase in fullness sensation 

compared to water. On the contrary the stevia beverage did not suppress appetite 

sensations as previously observed (50, 334), nor did the maltodextrin beverage. However, 

it has been reported that sweet only and caloric only beverages produce inconsistent 

appetite responses compared to those after consumption of glucose and sucrose, which 

provide both sweetness and calories (125, 334). On top of that, multiple limitations should 

be taken into consideration when assessing appetite ratings within this study design. Firstly, 

participants were in supine position since beverage consumption occurred while in the MR 

scanner, and secondly assessment of appetite was performed while performing an MRI 

investigation, which does not resemble normal or even laboratory appetite assessment.  

Limitations and future work 

Among the limitations of this study is that we did not measure any metabolic markers like 

blood glucose, insulin or gut peptide concentrations. This was intentional in the design 

process due to the technical difficulties and disruptive nature of blood collection during an 

fMRI investigation, which in turn could also introduce a lot of noise in the acquired images. 

Participants were inevitably placed in supine position and this could have influenced gastric 

emptying and postprandial metabolic responses, and also the timing of the BOLD change 

that is sensitive to metabolic signal changes. However, we conducted a preliminary pilot to 

ensure that blood glucose time-course is different between nutritive and non-nutritive 

sweeteners while participants are lying flat when consuming the beverage and remain in 

this position for the duration of the scan. Including the oral phase of ingestion in the physMRI 

has both advantages and disadvantages, but in our design taste was a key variable. 

Inclusion of the oral phase allows for cephalic and cognitive factors to occur, and most 

closely reflects actual ingestion of sweeteners. On the other hand, including the oral phase 

adds head movement due to swallowing, which was the main reason why we excluded the 

drinking part in the physMRI analysis.  

We did not observe brainstem or hypothalamus BOLD contrast differences across the 

conditions. A collection of previous fMRI studies have demonstrated deactivation of the 

hypothalamus following glucose administration (220, 223, 232) administration; NNS 

ingestion results in either no hypothalamic response (aspartame) (232) and only a transient 

deactivation of the hypothalamus (sucralose) (230). The hypothalamus is a region that is 

difficult to reliably image unless a brainstem specific sequence is used.  
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Despite their widespread use we are only beginning to understand the effects of NNS 

consumption response in the brain. Future work should focus on the potentially differential 

effects among different NNS type consumption on brain responses, as they have already 

been demonstrated to exert differential effects on body weight (78). Another other important 

avenue for future work will be to dissect the pure gut-to-brain signalling following the stevia 

beverage compared to appropriate controls. Direct infusion into the gut will shed light into 

which of the activations were due to the precedent oral sweet and which were derived solely 

from gut-derived signals. Moreover, future studies should also examine brain response to 

the stevia-sweetened beverage for a longer period beyond 30 min post consumption. There 

is also very little research conducted on the gut-hormonal response following stevia-

consumption therefore combination of physMRI with simultaneous measurement of gut 

hormones will provide a good starting point towards the explanation of the observed effects 

of stevia in the brain.  

Conclusions 

In summary, this study demonstrated attenuation of the brain response to both caloric and 

sweet beverages consumption, with stevia showing a more prolonged effect. All other 

beverages in this study demonstrated attenuated brain activity to food cues compared to 

water in the visual cortex post consumption. It seems unlikely that the brain response after 

stevia is solely driven by the brief event of sweet tasting in the mouth; other 

neurophysiological effects may be involved. 
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Supplemental Figure 5.1 (A) Protocol of the pilot study. (B) Blood glucose levels and (C) hunger 

ratings time-course following the consumption of water, stevia and glucose beverages while lying 

flat.  (D) Sweetness ratings of beverages. n=8, *P<0.05 vs others.   
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 Supplemental Figure 5.2 Flow chart of a scanning session.  
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T1, structural scan; physMRI, physiological Magnetic Resonance Imaging; VPT, visual-dot probe task.  
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Supplemental Figure 5.3 Participant flow chart. 
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Supplemental Figure 5.4 Line graphs present changes in blood-oxygenation-level-dependent 

(BOLD) signal over time in the significant clusters following oral ingestion of the sweet (stevia, 

glucose) compared to the non-sweet beverages (water, maltodextrin), n=15.  

Brain images show areas exhibiting significant effect of time for sweet versus non-sweet beverages. 

Results correspond to cluster extent PFWE<0.05 at a height threshold of P<0.001 uncorrected.  

 

Caud, caudate; cing, cingulate cortex; fus, fusiform gyrus; hipp, hippocampus; ins, insula; put, putamen; sfg, 

superior frontal gyrus; supr/par, supramarginal gyrus/ inferior parietal lobule.   
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Supplemental Figure 5.5 Line graphs present changes in blood-oxygenation-level-dependent 

(BOLD) signal over time in selected clusters that showed a significant effect of time in the comparison 

of caloric (glucose, maltodextrin) compared to the non-caloric beverages (water, stevia), n=15.  

Brain overlays show areas exhibiting significant effect of calories-by-time at cluster extent PFWE<0.05 

at a height threshold of P<0.001 uncorrected. Calc, calcarine cortex; caud, caudate; cereb, cerebellum; 

ling, lingual gyrus; mfg, middle frontal gyrus; prec, precuneus; ro/ins, rolandic operculum/insula; sma, 

supplementary motor area; thal, thalamus.  
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Supplemental Figure 5.6 Line graphs present changes in blood-oxygenation-level-dependent 

(BOLD) signal over time in clusters that showed a significant interaction of taste-by-calories-by-time, 

n=15.  

Brain overlays show areas exhibiting significant effect of taste-by-calories-by-time at a cluster extent 

PFWE<0.05 at a height threshold of P<0.001 uncorrected. Cing, cingulate cortex; heschl, Heschl's gyri or 

tranverse temporal gyrus; ins, insula; post, postcentral gyrus; prec, precentral gyrus.  
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Supplemental Table 5.1 Participants’ mood rating before the start of each imaging session, n=18. P values correspond to repeated-measures ANOVA with 

beverage type as within-subjects variable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Water  Stevia Glucose Maltodextrin  P value 

Clear headed 73.56 ± 3.53 75.50 ± 3.62 74.94 ± 3.68 70.06 ± 4.46 0.384 

Energetic 67.44 ± 4.54 70.11 ± 4.21 68.72 ± 4.33 62.94 ± 4.82 0.271 

Happy  76.22 ± 2.93 79.56 ± 2.91 76.11 ± 4.41 73.06 ± 3.82 0.235 

Tired 39.56 ± 5.01 42.33 ± 5.65 44.00 ± 5.75 45.06 ± 5.37 0.848 

Relaxed 69.44 ± 4.25 71.61 ± 3.42 72.83 ± 4.18 69.44 ± 4.25 0.737 
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CHAPTER 6 
 

 

General discussion 
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Public health policies around the world aim at reducing the amount of sugars in the human 

diet as part of the strategies to reduce overweight and obesity. Understanding the 

mechanisms mediating the effects of NNS on appetite, food intake and health is of major 

nutritional and clinical importance, as their wider use could constitute a promising strategy 

for the development of healthier food products in the prevention and treatment of obesity. 

Recent data from the UK show that consumers have a high-risk perception of NNS that 

leads to lower consumption and limited acceptance (345). Therefore, more research into 

the effects of NNS consumption effects on human eating behaviour and health should be 

conducted to inform the public as well as health organisations towards implementing new 

food policy strategies.  

A dichotomy in science, and in public opinion, has been created on the impact of NNS use 

on appetite, body weight and health. Chapter 1 focused on reviewing the conflicting 

literature behind NNS use on human appetite and health. It is now becoming increasingly 

clear that replacing caloric sugars with NNS elicits benefits on energy intake and body 

weight (66, 77). In addition, consumption of NNS does not affect acute postprandial 

metabolism, including glycaemia and insulinaemia when consumed alone or as part of a 

meal (13), despite early concepts that proposed metabolic dysregulations mainly due to the 

uncoupling of sweet taste and calories. However, the review in Chapter 1 also highlighted 

the need for more well-designed RCTs that will take into account the complex mechanisms 

involved in appetite control including both homeostatic and hedonic mechanisms.  

Therefore the main aim of this thesis was to establish whether nutritive  and non-nutritive 

sweet tastants (stevia) have equivalent or different effects on several key measures of 

homeostasis and hedonics, including physiological measures (glycaemia, insulinaemia), 

appetitive measures (subjective appetite ratings, food intake), food-cue neurocognitive 

responses (reaction time paradigms such as the VPT) and subsequently in brain responses 

assessed via fMRI.  

Stevia was selected for all the studies, due to its plant-origin and consumer preference shift 

towards natural products the latest years. Overall, the findings of this thesis support a 

beneficial role of stevia consumption on human eating behaviour, while no adverse 

metabolic effects were demonstrated. A summary of the study designs and major findings 

of the studies presented in this thesis is presented in Table 6.1. Following that, I discuss 

the major findings of the thesis in relation to the most recent literature and their implications 

for the future directions in the field.   
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Table 6.1 Summary of the study designs and main findings of the studies presented in this thesis.  

 Subjects  Duration Design  Protocol/Treatments Outcomes assessed Main findings 

C
h

a
p

te
r 

2
 

n=20 (24±5 years, 

21.3±2.2 kg/m2) 

 

n=22 (24±4 years, 

27.8±3.3 kg/m2) 

Acute Randomised 

controlled 

crossover 

with 2 

treatments 

Completion of a battery of food-cue 

tasks including a VPT, SRCT and an 

IAT either in a fasted state after 

overnight fast or in a fed state, 30 min 

after consumption of a standardised 

breakfast in the laboratory.  

 Performance on food-cue 
tasks (reaction times to the 
VPT, SRCT and IAT) 

 Subjective appetite ratings  

 Blood glucose levels  

 Significant main effect of metabolic state 
(fasted-fed) on attentional bias to food cues 
assessed via VPT.  

 No main effect of metabolic state on SRCT or 
IAT.  

 No interaction between metabolic state and 
participant group in performance of the VPT, 
SRCT, or IAT.    

C
h

a
p

te
r 

3
 

n=20 (27±5 years, 

21.8±1.5 kg/m2) 

Acute Randomised 

double-blind 

crossover 

controlled 

with 5 

treatments 

After a 3-4 h fast, participants 

consumed a study beverage and 30 

min after beverage ingestion they were 

offered a buffet meal.  

1. 330 mL water  
2. 330 mL water + 240 ppm stevia 
3. 330 mL water + 40 g glucose  
4. 330 mL water + 40 g sucrose  
5. 330 mL water+40 g maltodextrin 

 Appetite ratings 

 Food/Energy intake  

 Blood glucose levels 

 AB to food cues via a VPT  

 Stevia beverage led to significantly lower AUC 
for appetite ratings compared to water, as 
caloric beverages also did.   

 Stevia led to significantly lower total energy 
intake (meal + beverage calorie content) 

compared to water. 

 Only caloric beverages increased blood 
glucose.  

 No significant main effect of beverage type on 
AB to food cues.  

C
h

a
p

te
r 

4
 

Stevia group: n=14, 

25±6 years, 

21.7±1.8 kg/m2, 

Control group: 

n=14, 25±4 years, 

20.7±1.5 kg/m2) 

12 weeks Randomised 

controlled 

open-label 2-

parallel-arm  

Stevia group were instructed to 

consume daily 5 drops of a stevia 

product in their habitual beverages 

(before lunch and before dinner)  

 

Control group was not given any 

treatment.  

 Glucose and insulin response 

to an OGTT 

 Body weight  

 Energy intake  

 No significant differences in glucose or insulin 

response to an OGTT between groups.  

 Significant main effect on body weight change  
(control group showed increase in body weight 
but not the stevia group).  

 Energy intake significantly decreased at week 
12 compared to baseline in the stevia group.  

C
h

a
p

te
r 

5
 

n=18 (26±5 years, 

21.5±2.1 kg/m2)  

Acute Randomised 

double-blind 

crossover 

controlled 

with 4 

treatments  

After a 3-4 h fast, participants attended 

an imaging session that included the 

ingestion (in the MR scanner)  of the 

following beverages:  

1. 330 mL water  

2. 330 mL water + 240 ppm stevia 
3. 330 mL water + 40 g glucose 
4. 330 mL water + 40 g maltodextrin 

 BOLD contrast over time 
following the consumption of 
study beverages (physMRI) 

 BOLD contrast while 
performing a food VPT before 
and after beverage 

consumption (task-based 
fMRI) 

 Hunger and fullness ratings 

 Stevia demonstrated a longer-lasting and more 
robust BOLD decrease over time compared to 
other beverages. 

 Stevia and caloric beverages (glucose, 
maltodextrin) showed attenuated BOLD 
response to food compared to control trials in 

the visual cortex compared to water beverage.  

 Only the glucose beverage significantly 
decreased hunger and increased fullness 
ratings.  

AB, attentional bias; AUC, area under the curve; BMI, body mass index; BOLD, blood-oxygenated-level-dependent; VPT, visual probe task; SRCT, stimulus response compatibility task; IAT, 

implicit association task; OGTT, oral glucose tolerance test. 
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 Attentional bias to food cues is dependent on metabolic state, and 

specifically higher in the fasted state compared to the fed state, but is 

independent of weight status.   

Chapter 2 was an off-line piece of work that aimed to help design next phase studies. The 

findings of this research further support the long-standing hypothesis that food stimuli attract 

visual attention more than neutral (non-food) stimuli under conditions of fasting, and AB to 

food cues reflects underlying appetitive motivation, as indicated by the incentive 

sensitisation theory (194). However this response was independent of participants’ weight 

status, opposed to our original hypothesis.  

The findings of this study were confirmed by a recently published systematic review and 

meta-analysis concluding that food-related AB is sensitive to changes in the motivational 

value of food (198). However, this meta-analysis demonstrated a stronger association 

between subjective craving and AB to food cues, while the association with hunger was 

weaker. This could be attributed to the different designs used to differentiate 

motivational/nutritional state, which in some cases might not have induced clearly separable 

differences between fasted and fed states. A strength of our study was the fundamental 

approach of separating the fasted from the fed in a crossover and counterbalanced fashion. 

We also demonstrated that AB to food cues is unrelated to individual differences in body 

weight, in line with the conclusions by Hardman et al.  (198) and by another recent meta-

analysis concluding that individuals with obesity/overweight did not differ from individuals 

with a healthy weight on attention measured by a VPT (346). The above could be further 

confirmed by research findings showing that attempts to modify AB for food in individuals 

with obesity or unsuccessful dieters have been mostly ineffective in altering eating 

behaviour (347, 348). AB to food cues seems to be more dependent of state-factors such 

as metabolic state rather than trait-factors, such as body weight (202, 299).  

This paradigm was used in subsequent studies to further dissect the effect of calories and 

sweetness on food-cue attention responses.  

 Consumption of a stevia-sweetened beverage prior to a meal induces 

beneficial effects on appetite and food intake in healthy lean adults.  

Chapter 3 was a randomised double-blind controlled crossover trial that examined the 

effects of consuming a stevia-sweetened preload compared to appropriate controls, 

beverages containing caloric sweeteners with (glucose, sucrose) or without (maltodextrin) 

a sweet taste and water as a control, on subjective appetite, food intake, blood glucose and 

AB to food cues. The main finding was a beneficial effect of consuming a stevia preload on 

reducing short-term appetite and total energy intake, without affecting blood glucose 

response or AB to food cues.  
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Our findings are supported by a recently published meta-analysis, that has included our 

study as well (64). Authors report significantly lower energy intake at an ad libitum meal 

following the consumption of the NNS-sweetened preloads compared to unsweetened 

equicaloric preloads (this would mean NNS-sweetened preload vs water). Regarding the 

equisweet comparison and taking the total energy intake into account (preload and meal) 

the pattern was towards reduced energy intake for the NNS-sweetened preload, revealing 

an only partial compensation from the caloric sweetened preload (64). The results of this 

meta-analysis are in line with our results showing that total energy intake (meal + beverage 

calorie content) was significantly lower in the stevia-beverage condition compared to the 

water preload condition, demonstrating a net saving of 105 kcal. In the comparison with 

caloric preloads (glucose, sucrose and maltodextrin) the total energy intake in the stevia 

preload condition was found again to be lower (~108 kcal) even though comparisons did 

not reach statistical significance. Compensation was 33 % for the stevia beverage, 

confirming the results of the aforementioned meta-analysis and that of Rogers et al. (63) for 

only partial compensation. The findings on reduction of food intake are further supported by 

the results on appetite ratings, showing reduced hunger and desire to eat 30 min post stevia 

and caloric (sweet or not) beverage consumption compared to water. Previous studies that 

assessed stevia consumption on appetite ratings agrees with our results showing either an 

advantageous effect of stevia compared to water or a control on appetite (50, 270) or similar 

responses compared to caloric sugars (48).  

Among the strengths of this study was the inclusion of multiple controls for sweetness and 

calorie content/physiological responses. A potentially significant limitation of this study is 

that insulin or gut-peptide responses were not assessed. A lack of an effect on hormonal 

responses following stevia consumption would add value to the present findings, further 

supporting the idea that the reduction in energy intake was due to hedonics (sweetness) 

and not mediated by post-ingestive metabolic responses. The available evidence to date 

suggests that, like other NNS, stevia does not alter GLP-1 (124, 280), GIP (280) or C-

peptide (281) in human volunteers, however there is room for more research in this field.  

 Daily consumption of stevia drops in realistic doses does not affect 

glucose homeostasis but reduces self-reported energy intake.  

Chapter 4 was a randomised controlled open-label trial in healthy volunteers with normal 

weight, where participants were required to consume stevia drops daily for 12 weeks in their 

habitual beverages. The primary outcome was to assess potential impacts on glucose 

homeostasis (glucose and insulin response to an OGTT) following the introduction of daily 

consumption of stevia by healthy adults. In line with our original hypothesis, no significant 

difference was observed on any glucose homeostasis measures before and after the 

intervention period in any study group. This is the first RCT to assess the effects of longer-
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term exposure to stevia on glucose tolerance, however there is a considerable amount of 

new experimental data showing that consumption of other NNS for longer periods does not 

negatively affect glucose homeostasis (56, 132, 143, 144). A recent addition to the evidence 

is that despite the initial demonstration by Suez et al. (142) that daily saccharin consumption 

for 7 days has a negative impact on glucose tolerance mediated by alteration of gut 

microbiota, recent studies that included a larger sample size and longer exposure duration 

to sweeteners have failed to show any significant differences in gut microbiota composition 

following sucralose, aspartame or saccharin consumption (143, 144, 349).  There is 

currently no human clinical trial conducted to assess any gut microbiome composition 

changes following repeated exposure to stevia, therefore more research is warranted in this 

field. However, stool samples were collected in the current study, and funding has now been 

accessed for preliminary microbiome analysis.  

The open-label design reflects the conscious consumption of stevia in this study, that 

allowed for cognitive factors related to the consumption of low-calorie products to take 

place. It is important to note that participants were not instructed to substitute caloric 

sweeteners for stevia drops, but to incorporate them into their habitual diet in a way of their 

choice. The stevia and control groups showed distinct effects in body weight and energy 

intake, which were predefined as secondary outcomes, with the stevia group showing 

beneficial effects. In contrast with the latest meta-analyses on the effects of NNS on body 

weight and energy intake which report no significant differences in the comparison between 

NNS and water or no treatment (66, 77), we demonstrated a significant spontaneous 

decrease in self-reported energy intake after 12 weeks of stevia supplementation in the 

intervention group. This finding further confirms the findings of Chapter 3, and proposes 

that sweet taste per se reduces short-term and long-term energy intake in healthy adults.  

However, the findings of this research should be interpreted with caution, since the study 

was powered for the primary outcome (glucose homeostasis) and not for the secondary 

outcomes  body weight and energy intake. Future work should encourage the examination 

of daily stevia and other sweeteners consumption for periods beyond 12 weeks powered 

for body weight and energy intake as primary outcomes. The possibility of this being a 

stevia-specific effect cannot be discounted either since no other NNS controls were included 

in this study. In addition, a comparison between an open-label design and a double-blind 

design with the administration of the treatments in capsules would shed light into the 

contribution of cognitive and hedonic factors associated with the modulation in energy 

intake.   
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 Stevia demonstrated a longer-lasting and more robust BOLD decrease over 

time compared to other beverages in the brain. Consumption of stevia and 

caloric beverages elicited attenuated BOLD response to food compared to 

control trials in the visual cortex compared to water beverage.  

In a randomised double-blind crossover controlled study this study aimed to investigate the 

neural correlates of acute physiological signals and food-cue elicited responses related to 

consumption of stevia in comparison with appropriate controls for sweetness and calorie 

content (glucose, maltodextrin, water).  

Overall, in the physMRI stevia showed a more robust BOLD contrast decrease compared 

to other beverages post consumption, which was more clearly demonstrated in the 

interaction of taste-by-calories-by time that engaged motor areas, parts of the frontal and 

cingulate cortex and insula. It seems unlikely that the effects of stevia in the brain are due 

to the brief event of sweet tasting in the mouth. This conclusion is mainly driven from the 

observation that the BOLD decrease persists beyond 30 minutes after the consumption of 

the stevia beverage, while for the caloric beverages (glucose, maltodextrin) a return to pre-

consumption baseline BOLD response was demonstrated between 20-30 min post 

consumption; stevia and glucose produced the same sweet taste perception in the mouth. 

Stevia has a significant effect in the brain which warrants further research. Given the 

different time course of the effect of stevia on brain responses it is interesting to speculate 

whether the effect of stevia is mediated by pathways or targets independent of STRs, or 

whether this is an effect of STR stimulation by stevia/NNS masked by the effects of caloric 

sugar metabolism on the BOLD signal. 

Stevia and caloric beverages also showed attenuated BOLD response post consumption in 

relation to performing a food-cue attention task compared to a control task in the visual 

cortex compared to water beverage ingestion which led to increased BOLD response. This 

could be an initial indication that food cues are perceived as less salient after the 

consumption of sweet (stevia), sweet and caloric (glucose) or only caloric beverages 

(maltodextrin) compared to water, potentially reflecting a decreased motivation for food after 

the consumption. Zhang et al. in a recent study concluded that sucralose consumption also 

led to attenuation of brain responses associated with food valuation compared to water 

(255).  

The strengths of this study were again the inclusion of controls for metabolic signals and for 

sweetness and the double-blind design. Among the limitations of the study is the absence 

of assessment for metabolic markers (i.e. glucose, insulin and gut peptide responses). Even 

though it has become clear in the literature that stevia, like other NNS, do not affect 

postprandial metabolic responses (13), a direct measurement under this design would have 

strengthened our conclusions. However, the disruptive effect of cannulation and sampling 
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on brain imaging which is so sensitive to artefacts due to movement for example would 

support my approach.  

 

6.1 Future directions  

The battery of food-cue neurocognitive tasks developed and tested for efficacy in Chapter 

2 could be used to examine potentially disrupted food-cue processing in conditions that 

significantly influence appetite, as a result of an imbalance between homeostatic and 

hedonic mechanisms of appetite regulation. Such conditions are GI diseases (e.g. Crohn’s 

disease) and appetite/eating disorders.  

Due to the inclusion of only one type of NNS, stevia, in the totality of the studies in this 

thesis, I cannot discount the possibility of the effects demonstrated being stevia specific 

effects. Therefore, future research should examine whether different NNS types lead to 

similar or differential results on appetite, food intake, body weight and brain responses 

utilising similar designs. A recent study on the effects of different NNS on body weight has 

already provided some initial indications of sweetener-specific effects (78); this observation 

warrants further research.  

The study population was in the majority a homogenous group of healthy young adults with 

a BMI in the normal range who were non-habitual consumers of NNS, and this limits the 

applicability of the findings of this thesis to other population groups. Future research should 

examine the applicability of my findings in populations for whom energy and sugar intake 

limitation is crucial, such as individuals with overweight and obesity, T2DM and other non-

communicable diseases.  Daily stevia consumption did not have a significant effect on 

glucose homeostasis measures in healthy lean adults. However, it would be essential to 

investigate these effects in patients with T2DM, and type I diabetes mellitus, which consist 

population groups who would benefit from the substitution of sugar for non-caloric 

sweeteners like stevia. In addition, future research should consider stratifying participants 

regarding previous exposure to sweeteners (i.e. habitual vs non-habitual consumers of 

NNS) to elucidate potentially differential effects.  

While the double-blind design is considered the gold-standard method for RCTs, it would 

be interesting to examine consumer behaviour in real-life scenarios where they consciously 

consume a low calorie/sugar product. One claim which has been suggested to undermine 

the relationship between NNS consumption and weight management is that consumers 

might consciously compensate for ‘calories saved’ when they know they are consuming 

NNS (52). One recent study highlights the importance of cognitive factors and conscious 

consumption, especially when the physiological satiety has not been achieved (350). My 
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study in Chapter 4 used an open-label design which allowed for cognitive factors to take 

place, and a reduction in energy intake was still observed. However, more studies are 

warranted in this area. It could be possible that individual characteristics, such as cognitive 

restraint, might account for differential responses.  

fMRI is the current gold standard method to assess brain responses in humans in a 

completely non-invasive way and has contributed significantly in understanding the 

responses in the brain related to appetite control. However, it has a significant limitation; 

BOLD fMRI does not measure brain activity directly but depends on the premise that 

increased brain activity and metabolic activity is followed by a subsequent increase in blood 

flow. Nevertheless, it is a rapidly evolving research field, and an invaluable tool towards 

understanding the underlying mechanisms of appetite control.  From a mechanistic 

approach, future neuroimaging work should examine the brain responses to stevia 

consumption in the brain for a longer postprandial period, beyond 30 min post consumption. 

In addition, it appears essential that stevia being compared to other NNS, to elucidate a 

potentially specific effect of stevia. A similar study design that utilises intragastric 

administration of stevia rather than oral consumption will further confirm whether this was 

an oral sweetness-mediated effect or not. It is also considered essential that future studies 

also assess metabolic markers such as gut peptide responses, as well as food intake within 

the same study so that behavioural, physiological and hedonic measures are combined 

under the same setting.  

6.2 Concluding remarks   

In summary the research presented in this thesis provides valuable and novel insights into 

the effects of stevia consumption on neurocognitive, behavioural and physiological 

responses. Stevia consumption was shown to elicit benefits in appetite and energy intake 

both in the short-term and the long-term, not to influence glucose homeostasis and to induce 

a significant attenuation effect in the brain. The above could be indicative that stevia is 

beneficial for human consumption, and lays the foundations for this research moving into 

key clinical areas, such as obesity and T2DM.  
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