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Abstract 

Excessive consumption of free sugars, defined as any sugars that are added to foods and 

beverages by the manufacturer, and sugars in fruit juices, honey, and syrups, is associated with 

increased risk of obesity. Low-calorie sweeteners (LCS) reduce free sugar content of foods, 

whilst maintaining diet palatability. As studies generally use low-calorie sweetened beverage 

(LCSB) consumption as a proxy measurement, potential health benefits are not currently 

established. Therefore, a urinary biomarker approach that accurately determines short-term 

exposure of five commonly consumed LCS was previously developed, and this project 

developed a food-frequency questionnaire (FFQ) to assess habitual exposure.  

 

The FFQ and biomarker assessed the relationship between LCS exposure, weight status, dietary 

intakes, and food-related cognition, finding no clear relationships. The FFQ and biomarker 

both estimated LCS exposure as widespread (≥89%; Chapter 3, 4 & 5). Chapter 4 indicated 

that adults with a high saccharin exposure had 5% higher total energy intake (TEI) from sugar 

than those with medium exposure. Conversely, pregnant women with high acesulfame-k 

exposure had a 4% lower %TEI from carbohydrates than those with medium exposure (Chapter 

5). Chapter 3 indicated that high exposure to LCS-sweetened foods (LCSF) may be related to 

a lower ability to recognise sweet taste. The medium LCSB exposure grouping reported higher 

sweet-food preferences, compared to the no/low grouping. The included systematic review 

investigating the effectiveness of LCS as diabetes management tools also indicated that LCSB 

may increase blood glucose, whereas LCSF showed reductions in glucose concentrations, 

when compared to controls. 
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Although studies were observational and included small sample sizes, lack of clear 

relationships indicate that LCS are seemingly inert compounds. As the potential differences 

between individual LCS and delivery vehicles demonstrate the limitation in using LCSB as a 

proxy measurement, a multi-factorial approach utilising the FFQ and biomarker is optimal in 

similar future studies.  
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1.1 Background 

In the past four decades, the global prevalence of diabetes has nearly quadrupled (World Health 

Organisation, 2020a) and obesity has tripled (World Health Organisation, 2020b). In 2017, the 

global cost of obesity was estimated at £1.4 trillion, while in 2015 the annual cost of diabetes 

was estimated at £1 trillion (Bommer et al., 2018; Kushner and Kahan, 2018). Important factors 

in the risk of developing type 2 diabetes (T2DM) are excessive body weight and physical 

inactivity (World Health Organisation, 2020a). Obesity is primarily caused by increased 

intakes of energy dense foods and decreased physical activity (World Health Organisation, 

2020b). Therefore, reducing the energy content of foods may be an effective strategy to 

promote a negative energy balance, thereby potentially lowering the incidence of obesity (Hill 

et al., 2012) and T2DM (Dandona et al., 2004). A cross-sectional study in the US including 

9,688 adults recruited as part of the National Health and Nutrition Examination Survey found 

that dietary energy density was independently associated with higher body mass index (kg/m2) 

(BMI) in women (β = 0.44 [95% CI 0.14 - 0.73]) and trended towards significance in men (β 

= 0.37 [95% CI 0.01 to 0.74], P = 0.054) (Mendoza et al., 2007). Additionally, increased energy 

density was also associated with increased risk of metabolic syndrome (prevalence ratio = 1.10 

[95% CI 1.03 - 1.17]). The main sources of energy in the diet are carbohydrates, which can be 

classified as sugars, polyols, oligosaccharides, and polysaccharides (Scientific Advisory 

Committee On Nutrition, 2015). Sugars (monosaccharides and disaccharides) are digestible 

carbohydrates, meaning that they are absorbed and digested in the small intestine. Free sugars 

are defined as any sugars that are added to foods and beverages by the manufacturer, and sugars 

that are naturally occurring in fruit juices, honey, and syrups (Swan et al., 2018).  
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The Scientific Advisory Committee on Nutrition (SCAN) (2015) have found that prospective 

studies have consistently demonstrated that sugar consumption is related to dental cariers 

(Ismail et al. 2009), and consumption of sugar-sweetened beverages (SSB) is related to 

increased risk of T2DM (Greenwood et al., 2014). Greenwood et al. (2014) included five 

publications from six cohorts in a dose-response meta-analysis investigating the association of 

SSB and T2DM risk, finding that the pooled estimate of relative risk was 1.20 (95% CI 1·12, 

1·29) in those consuming 330ml of SSB per day, compared to non-consumers (P<0·001).  

Ismail et al. (2009) conducted a 2-year longitudinal study including 1, 021 dyads of a child and 

caregiver, investigating the association of SSB and dental cariers in children, finding that 

frequent consumption of SSB was associated with increased dental carriers’ incidence. 

Additionally, randomised control trials have indicated that SSB consumption in children and 

adolescents is linked to greater weight gain, and increases in body mass index (SACN, 2015). 

De Ruyter et al. (2012) conducted a double-blind randomised control trial including 641 normal 

weight children receiving 250ml of a SSB (435kJ) or an LCS-sweetened beverage daily for 18-

months. Post-intervention, children consuming the LCS-sweetened beverage had a lower BMI-

score and waist to hip ratio than those consuming SSB. Therefore, SACN (2015) recommend 

that free sugar consumption should not exceed 5% of total energy intake in those aged 2 years 

and upwards.  

 

A secondary analysis of 7-day food diaries demonstrating that total sugar consumption in 

children has remained relatively stable between 1983 and 1997, the sources of sugar in the diet 

have reportedly changed (Gibson, 2010). In 1983, the main source of sucrose was table sugar 

(18.0% of sucrose), with children also consuming 5.4% of sugar from fruit and 10.5% from 

milk and cream. In 1997, children consumed approximately the same amount of sugar from 
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fruit (5.5%); however, the main dietary source of sugar was SSB (20%), with a decrease in 

consumption of natural sugars from milk and cream (8.4%). There was also a doubling of sugar 

consumption through breakfast cereals (1983 = 2.6% versus 1997 = 5.8%; p < 0.05). The 

National Diet and Nutrition Survey (2014/2015 to 2015/2016) has also indicated that a quarter 

of adults aged 19 to 64 years free sugar is consumed through sugar, preserves and confectionary 

products (Roberts et al., 2018). Collectively, these results suggest that consuming ultra-

processed foods substantially contribute to free-sugar intakes, and therefore it may be 

beneficial for food industry to reduce the sugar content of such foods and beverages (Gibson, 

2010; Roberts et al., 2018). 

 

Such plans to reformulate food and beverages are evident in Public Health England's 2016 

strategy of reducing the overall sugar content of foods identified as high contributors to 

children's sugar consumption.  As soon as these products were identified, the food industry was 

then tasked with reducing their sugar content as measured in 2015 by 20% by 2020 (Her 

Majesty’s Government, 2016). Despite this policy, Public Health England has reported a much 

lower overall sugar reduction across all categories from 2015 to 2019 was 3% (Public Health 

England, 2020).  However, this report also indicated that the average sugar content in drinks 

had decreased by 44% between the two timepoints. Such results are likely due to the Soft 

Drinks Industry Levy (SDIL), which was implemented in 2018 to reduce sugar content of 

beverages produced by industry, except for fruit juices and milk-based products (Her Majesty's 

Treasury, 2018). Manufacturers and importers are charged £0.24 per litre for beverages with 

over 8 g of sugar per 100 ml and are charged £0.18 per litre for beverages with more than 5 g 

of sugar per 100 ml. Since the introduction of the SDIL, a repeat cross-over study analysed 

209,637 observations of soft drinks over 85 time points, and found that the percentage of 
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available drinks with over 5g sugar per 100ml decreased from 49% to 15% between September 

2015 and February 2019 (Scarborough et al., 2020). Public Health England states that the 

addition of low-calorie sweeteners (LCS) has been an efficient way to lower the free sugar 

content of foods and beverages whilst maintaining the palatability of the product (Tedstone et 

al., 2015).   

 

Artificial sweeteners are commonly used as a means to reduce energy density of foods in order 

to create an energy deficit, whilst maintaining diet palatability (Gwak et al. 2012). Artificial 

sweeteners can be divided into two main categories: bulk sweeteners and LCS (Stanner 2010). 

Bulk sweeteners have similar physical characteristics to sucrose and are used when these 

functional characteristics are required. Bulk sweeteners are usually sugar alcohols (e.g. sorbitol 

and xyitol) and, are added to products in similar quantities as sucrose. Bulk sweeteners lower 

the energy density of food and beverages when used to replace sucrose (4 kcal/g) as a sweetener 

as they contain on average 2.4 kcal/g. LCS contain no appreciable energy value and, when 

compared to sucrose are intensely sweet. As such, they can be added to food and beverages in 

minute amounts and, elicit a similar sweet taste to sucrose.  Therefore, LCS are more 

economically feasible when compared to bulk sweeteners (Gwak et al. 2012). Saccharin was 

the first LCS to be discovered and was approved for use in Europe in 1997, and since then their 

use has become more widespread as adverse consequences of excessive free sugar intake have 

been recognised (Arnold et al., 1983). As LCS are classed as food additives, the European Food 

Safety Authority (EFSA) evaluated safety and toxicological data from human and animal 

studies and have approved LCS for use in Europe (Table 1.1) (European Parliament the 

Council, 1994; EFSA, 2007; EFSA, 2010; EFSA, 2013). Assessments of LCS exposure have 

concluded that free-living population LCS consumption is within the acceptable daily intake 
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levels (ADI) for most population groups (Renwick, 1999; Renwick, 2006). Martyn et al. (2018) 

followed up these reviews finding that LCS exposure since 2008 remained relatively 

unchanged. However, Martyn et al. (2018) reported that the ADI was exceeded for cyclamate, 

saccharin, and steviol glycosides in some populations, but such results were only found in high 

exposure groups such as children and those with diabetes. In Ireland, Buffini et al. (2018) 

investigated LCS exposure in 1,500 adult participants in the National Adult and Nutrition 

Survey (2011) and found that the average intakes of acesulfame-k, cyclamate, saccharin, 

sucralose and steviol glycosides was 6.3%, 3.8%, 3.4%, 2.5% and 6.5% of the respective ADI, 

demonstrating LCS exposure was well below imposed safety levels. Martyn et al. (2018) 

demonstrated that the concentration of LCS used, and the type of LCS used in foods and 

beverages varies greatly over jurisdictions, and across the time periods considered. 

Additionally, it was highlighted that there was a paucity of research assessing actual LCS 

content of foods and beverages and limited publicly available information from food 

manufacturers.  

 

1.2 Current evidence regarding LCS and health outcomes 

1.2.1 Energy intake and body weight   

Despite extensive research of the effect of LCS on energy intake and weight management, the 

benefits or otherwise of LCS in this context have not been conclusively established. A 

systematic review investigating the effect of LCS on dietary intake in both animals and humans 

suggest LCS may be beneficial in weight management (Rogers et al., 2016). Rogers and 

Appleton (2020) updated this review, including a meta-analysis on human intervention studies, 

and found that LCS decreased body weight when compared to sugar in 29 parrel-group studies 
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(-1.06 kg, 95% Confidence Interval = -1.50 to -0.62). Laviada‐Molina et al. (2020) included 

27 human randomised control trials (n = 2914) in a meta-analysis, and found that LCS 

significantly reduced body weight, with a standardised mean difference of -1.3 kg (17 studies) 

and -0.1 kg/m2 (3 studies), compared to control phases. In contrast to these reviews, one meta-

analysis concluded that randomised control trials showed that LCS had no effect on weight 

management, however these results were based on only 7 intervention studies (Azad et al., 

2017). However, all included intervention studies investigated the effects of LCS compared to 

avoiding LCS consumption, placebo, or water consumption. As LCS are generally replace 

sugar, neglecting to assess LCS versus SSB consumption may be a limitation. In addition, 

control groups comprised of individuals avoiding LCS may be problematic as Sylvetsky et al. 

(2017) showed that LCS exposure assessed through a urinary biomarker approach may still be 

widespread in those actively avoiding LCS (Sylvetsky et al., 2017). Additionally, this review 

demonstrated that observational studies generally found that LCS consumption was positively 

associated with BMI. Although in contrast to interventions, such studies cannot determine 

causality. Certain animal studies have contradicted human intervention studies; for instance, 

intakes of LCS have been shown to increase caloric intake and weight gain in rats (Swithers et 

al., 2009; Swithers et al., 2013). However, a systematic review conducted by Rogers et al. 

(2016) found that only 9% of animal model studies investigating compulsory consumption of 

high doses of LCS daily resulted in increased weight. It is difficult to draw firm conclusions 

regarding the effectiveness of LCS as weight management tools owing to common 

methodological problems amongst human observational and intervention studies (Rogers et 

al., 2016). Both types of studies generally only investigate the effect of LCSB, neglecting 

LCSF. Additionally, they tend to treat LCS as homogenous compounds, overlooking the unique 

physical and chemical properties of individual LCS (Magnuson et al., 2016). Therefore, there 
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is a need for studies using robust assessment of LCS intakes, to investigate the relationship 

between LCS exposure, dietary intake, and weight management.   

 

1.2.2 Diabetes management 

LCS use in common in individuals with diabetes (Martyn et al., 2018).  Diabetes is 

characterised by an inability to produce insulin or an insensitivity to insulin, resulting in poor 

glycaemic control (Deshpande et al., 2008). Diabetes UK (2018) recommends that excessive 

free sugar intake should generally be avoided, including in those with diabetes, and 

recommends that replacing sugar with LCS may aid in diabetes management. In addition to 

lowering sugar intakes in individuals with diabetes, LCS may impact glycaemic control 

through activation of the cephalic phase response (Jang et al., 2007; Brown et al., 2009; Brown 

et al., 2012). The cephalic phase response is activated by sensory stimulation in anticipation of 

food, and is linked to the release of incretin hormones (Smeets et al., 2010). Two main incretin 

hormones, GLP-1 and GIP, stimulate the production and the release of insulin, a conditioned 

process to reduce elevated blood glucose resulting from ingested carbohydrates. An in vitro 

study has found that sucralose stimulating sweet receptors in the human intestinal cell line 

(NCI-H716) can stimulate GLP-1 secretion (Jang et al., 2007). Brown et al. (2009) conducted 

a cross-over study investigating the effect of LCS on blood glucose and incretin levels in 

healthy individuals. Participants (n = 22; (mean age 18.5 ± 4.2 years)) consumed 240 ml of 

LCSB or carbonated water before a 75 g oral glucose tolerance test, and GLP-1 area under the 

curve (AUC) was significantly higher in those who consumed LCSB compared to those who 

consumed water (AUC = 24.0 ± 15.2 pmol/l per 180 min versus AUC = 16.2 ± 9.0 pmol/l per 

180 min; p = 0.003). This may indicate that LCS may stimulate insulin secretion, thereby 

reducing blood glucose levels. Brown et al. (2012) conducted a similar study including youths 
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aged 12-25 years living with diabetes (type 1 = 9; type 2 = 10; healthy = 25), with participants 

consuming an aspartame- and sucralose-sweetened beverage, which was given prior to an oral 

glucose tolerance test. Participants with type 1 diabetes (T1DM) who consumed the LCSB had 

43% higher AUC GLP-1 concentrations compared to when carbonated water was consumed (p 

= 0.020). However, this was a small preliminary study, and no difference was observed in blood 

glucose concentrations between treatments. Despite increases in GLP-1, both studies did not 

find LCSB to significantly affect blood glucose or blood insulin concentrations (Brown et al., 

2009; Brown et al., 2012). Observational studies have also reported associations between LCS 

consumption and increased risk of type 2 diabetes mellitus (T2DM) (De Koning et al., 2011; 

Fagherazzi et al., 2013). A prospective cohort study involving 66,118 women found that high 

LCSB consumption (> 603ml/week) was associated with increased risk of T2DM, when 

adjusted for age (HR = 3.50, P<0.001) (Fagherazzi et al., 2013). After further adjustment for 

BMI and energy intake, results remained significant (HR = 1.68, p = 0.01). Additionally, in a 

prospective cohort study involving 2,680 men, the age-adjusted model found that a high 

consumption of LCSB (> 4.5 servings/week) was associated with higher incidence in T2DM 

(HR = 1.91, p <0.01) (De Koning et al., 2011). However, after adjustment for BMI and energy 

intake, results were no longer significant (HR = 1.09, p = 0.13). Most studies investigating the 

impact of LCS on blood glucose, insulin, and incretin hormone levels focus on healthy 

populations (Romo-Romo et al., 2016). However, due to variations in incretin hormones, GLP-

1 and GIP, between healthy and diabetic individuals, it is possible that LCS would have a 

differential effect on glycaemic control between the population groups (Vilsbøll et al., 2003). 

For instance, Temizkan et al. (2015) found that a pre-load of sucralose given before an oral 

glucose tolerance test significantly lowered blood glucose levels and increased GLP-1 response 

in healthy subjects but, not those with T2DM. As such, studies investigating the effect of LCS 

on glycaemic control in healthy populations may be irrelevant with regards to their 
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effectiveness as diabetes management tools, and more relevant to diabetes prevention. 

Currently, one systematic review exists investigating the effectiveness of LCS as diabetes 

management tools; however, it only included randomised control trials (Lohner et al., 2020).   

In total, this review included nine randomised control trials (randomised participants = 979) 

investigating the effect of LCS (Lohner et al., 2020). Due to limited research in this area, there 

was a need to expand on the Lohner et al. (2020) review to include observational and cross-

over studies to allow for a more comprehensive overview of the current literature on this topic.  

 

1.2.3 Prenatal nutrition 

The potential impact of LCS exposure in utero is of increasing interest in recent years. 

Although safety concerns have been assessed in a pregnant population, there is little known 

about the potential health effects of LCS exposure during pregnancy (European Parliament the 

Council, 1994; EFSA, 2007; EFSA, 2010; EFSA, 2013). Despite limited evidence, LCS 

consumption is common during pregnancy, with observational studies classifying 24%, 29.5% 

and 45.4% of pregnant women as LCS consumers in the US, Canada, and Demark respectively 

(Azad et al., 2016; Zhu et al., 2017; Sylvetsky et al., 2019). However, as previous studies 

utilised self-reported data prone to under-reporting, LCS consumption may be even more 

widespread (Cade et al., 2002). Ensuring a high diet quality is fundamental during pregnancy, 

to prevent complications, to optimise foetal growth, and to ensure optimal maternal and infant 

health. Indeed Drewnowski and Rehm (2014) assessed LCS consumption in 22,231 non-

pregnant adults (≥ 20 years) through a single 24-hour dietary recall and assessed diet quality 

based on the Healthy Eating Index (HEI) (2005), and found that LCS consumers were found 

to have a higher overall HEI score (reflecting better quality). However, another study, which 

utilised the 2010 version of the same HEI found that LCSB consumption was negatively 
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associated with diet quality in 59,344 mother-infant dyads (Azad et al., 2016). Additionally, a 

prospective cohort study including 59,334 women from the Danish National Birth Cohort 

(1996-2002) investigated the association between LCSB consumption and pre-term deliveries 

and found that consuming 4-servings of LCSB was associated with an increased risk of pre-

term delivery (OR = 1.78 (95% CI: 1.1, 2.66)). 

 

Despite these potential negative associations with LCS exposure, in theory, LCS consumption 

may be beneficial during pregnancy through reducing energy density and free sugar content of 

the diet. Increased intakes of macronutrients, especially carbohydrates, are associated with 

excessive gestational weight gain and macrosomia (Clapp III, 2002; Walsh et al., 2012). Oral 

et al. (2001) found that 10.6% of women delivering a macrosomic infant experienced 

pregnancy complications, compared to 4.3% that delivered a normal weight infant. 

Additionally, macrosomia has also been associated with adverse offspring health conditions in 

later life, such as obesity, diabetes, and cardiovascular disease (Hermann et al., 2010; Ornoy, 

2011). Due to this limited evidence, there is a need for a study to use robust exposure 

assessment methods to investigate the relationship between LCS exposure, dietary intake and 

diet quality in a free-living pregnant population.  

 

1.2.4 Behavioural, cognitive physiological effects of LCS 

Given that LCS at the concentrations found in foods and beverages contribute little or no 

energy, they should theoretically reduce the overall energy density of the diet provided no 

energy compensation occurs (Stanner, 2010). Yet it has been proposed that LCS may alter 

physiological mechanisms, such as insulin secretion and glucose metabolism, and certain 

mechanisms that may cause LCS to increase energy and free sugar consumption. For instance, 
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the addition of LCS increases the palatability of foods and beverages (Gwak et al., 2012) and 

it has been shown that palatability is positively associated with overconsumption of foods. 

Therefore, the addition of LCS to foods may increase energy intake. Indeed, Rogers and 

Blundell (1989) investigated the effect of adding sweetness to a meal on food intake in 24 

participants by providing either a plain unsweetened yoghurt or a saccharin yoghurt prior to a 

standardised lunch, and reported that food intake was higher when participants were provided 

a saccharin-sweetened pre-load, compared to unsweetened preload.  Furthermore, a well-

known phenomenon that may also relate choosing LCS to increase food intake is known as the 

‘health-halo’ effect (Fernan et al., 2018). This theory states that if a product is regarded as a 

healthier option, consumers are more inclined to increase intakes of such foods and beverages, 

thereby negating any health benefits. Therefore, whilst individuals may consume less energy 

and free sugar by consuming a certain quantity of LCSB and LCSF, the effect could be 

counteracted through increased portion sizes of LCS-sweetened foods (Mattes, 1990; Lavin et 

al., 2002).  

 

In addition to these potential impacts of LCS, several theories suggest that LCS are not 

metabolically inert, due to their activation of the sweet-taste receptors. Humans perceive sweet 

taste through the binding of the sweet tastant to two distinct G protein–coupled receptors; the 

T1R2/T1R3 sweet taste receptor (Low et al., 2014). LCS have a high affinity for binding to 

one or more sites on the T1R2/T1R3 heterodimer. In addition to being present on the tongue 

papillae, T1R2/T1R3 subunits are also present in tissues and organs, including the brain, the 

pancreas, and the gut (Laffitte et al., 2014). LCS have been postulated to potentially affect gut 

microbiota, gut hormone release, food-related cognitive functions and sweet taste thresholds 

through activation of the sweet taste receptors. As previously discussed, in vitro studies have 
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indicated that LCS may stimulate the release of GLP-1 (Jang et al., 2007). A randomised, 

double-blind human cross-over study investigated the effect of intraduodenal infusion of 75 g 

of glucose, compared to glucose with lactisole in 26 adults (0.73g glucose/min for 180 min) on 

GLP-1, PYY, and CCK (Gerspach et al., 2011). As lactisole can inhibit the T1R2/T1R3, this 

study aimed to investigate the physiological role of sweet receptors on the release of 

gastrointestinal satiation peptides associated with delayed gastric emptying, increased satiety 

and reduced food intake. Intraduodenal infusions of glucose and lactisole had a reduction in 

AUC (0-120mins) GLP-1 secretion, compared to glucose alone (p = 0.03). This indicates that 

the activation sweet receptors may influence the secretion of GLP-1 in response to food, albeit 

this is not the only factor involved in the release of this incretin hormone. It is hypothesised 

that repeated activation of sweet receptors in the absence of food or energy may lead to an 

uncoupling of the predictive value of sweet taste (Swithers et al., 2009). This may lead to a 

suppression of the cephalic phase response to foods and beverages regardless of caloric content, 

thereby decreasing the satiety response after the ingestion of carbohydrates.  

 

A recent systematic review investigating the effect of LCS on sweet taste detection reported no 

association between LCS consumption and sweet taste detection and recognition based on two 

studies (Tan and Tucker, 2019). The first study was conducted in Mexico, and included 56 

adult participants who completed 7-day food diaries and a two-alternative forced choice taste 

of aspartame-sweetened solutions of ascending concentration (0.82 × 10−3 M to 3.27 × 10−1 M) 

(Martinez-Cordero et al., 2015). Interestingly, Martinez-Cordero et al. (2015) found that 

aspartame threshold was negatively associated with energy intake (β = −0.003 ± 0.001; p < 

0.01) (Martinez-Cordero et al., 2015). In contrast, the second study including 60 participants 

found no association between the ability to detect and recognise solutions sweetened with 
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ascending concentrations of a steviol glycoside and dietary intakes (Low et al., 2016). 

However, these studies cannot be compared with one another because of the variation of dietary 

assessment methods to assess LCS consumption, with one using a 7-day food diary (Martinez-

Cordero et al., 2015) and the other using an FFQ (Low et al., 2016). Other studies investigating 

the effect of sucrose and sugar alcohols on sweet taste-thresholds used varying concentrations 

of sweeteners. Therefore, standardised and established methodologies such as the International 

Organisation of Standardisation’s three alternative forced choice method (Meilgaard et al., 

2006) should be implemented in future studies to allow for results to be comparable. 

Additionally, there is a lack of research investigating LCS relationship with food preferences. 

Tan and Tucker (2019) investigated the relationship between sweet food preferences and 

dietary intake; all 13 included studies assessed individual’s hedonic evaluation of sucrose- or 

glucose-sweetened solutions and found that sweet-food preferences were positively associated 

with total dietary intakes. However, it cannot be concluded with so few studies if there is a 

relationship between preferences for LCS-sweetened foods and dietary intake. Therefore, there 

is a need for studies to investigate the relationship between long-term exposure of LCS 

exposure, sweet taste thresholds and sweet-food preferences.  

 

1.2.5 Current methodologies to access the relationship between LCS exposure 

and health outcomes 

A common trend in studies investigating the relationship between LCS exposure and weight 

management, glycaemic control, and physiological mechanisms is the use of low-calorie 

sweetened beverage (LCSB) consumption as a proxy measurement for LCS exposure (Rogers 

et al., 2016). However, using such surrogate markers fails to assess total LCS exposure since 

LCS exposure from low-calorie sweetened foods (LCSF) is neglected. Limitations to such 

methodologies was recently highlighted by a small observational study (n = 79) comparing 
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self-reported LCSB consumption to LCS exposure estimated by a urinary biomarker approach 

(Logue et al., 2020). The urinary biomarker data found that 92% of participants were exposed 

to LCS, compared to 6% that reported LCSB consumption (p < 0.001) (Logue et al., 2020). An 

additional limitation to assessing LCS exposure through estimated LCSB consumption, is that 

this method tends to treat LCS as homogenous compounds. Although all LCS share the 

common characteristic of eliciting a sweet flavour, each LCS is structurally unique and 

therefore, their effect on health outcomes should be addressed on an individual basis 

(Magnuson et al., 2016). For instance, aspartame is metabolised into phenylalanine, aspartic 

acid, and methanol, and is completely absorbed by the body. In contrast, acesulfame-k, 

cyclamate, saccharin, and sucralose are not completely absorbed and are excreted in varying 

degrees in the urine (IARC Working Group on the Evaluation of Carcinogenic Risks to 

Humans, 1999; Magnuson et al., 2016). Additionally, steviol glycosides undergoes bacterial 

hydrolysis, and is excreted as steviol glucuronide in the urine (Magnuson et al., 2016).  

 

To assess exposure of individual LCS, a urinary biomarker approach was developed by this 

research group that can objectively and accurately estimate consumption of acesulfame-k, 

cyclamate, saccharin, sucralose, and steviol glycosides (Logue et al., 2017). A limitation to this 

dietary assessment method is its inability to assess long-term LCS exposure. As such, there is 

a need for a complementary tool to be used in conjunction with the biomarker approach to 

assess habitual LCS intake. Generally, methods to estimate food additive exposure are based 

on a tiered approach (EFSA Panel on Food Additives Nutrient Sources added to Food, 2012). 

The first initial tier is a crude estimation of food additive consumption based on theoretical 

food consumption data. Tier 2 estimations are based on a combination of actual food 

consumptions and maximum permitted levels (MPL) of food additives that can be added to 
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products as per EU legislation. Tier 3 is a further refinement of the Tier 2 approach, estimating 

through actual food consumption data and actual contents of the food additives. Ideally, when 

assessing the effects of food additives on health outcome the more sensitive Tier 3 approach is 

preferred, as the lower tiers generally overestimate exposure. However, as stated by Renwick 

(2006), an inherent difficulty in studies assessing LCS exposure, is the limited amount of 

information on the actual LCS content used in products made publicly available by the food 

industry. Therefore, MPL can be used to supplement actual LCS contents if necessary, although 

this may lead to overestimation of overall exposure.  

 

Utilising such information could potentially be used to develop and validate an LCS-focused 

food frequency questionnaire (FFQ). An FFQ is a quick and inexpensive method of assessing 

mid- to long-term dietary intake. A FFQ estimates dietary intake through assessing the 

frequency and portion sizes of relevant foods and beverages, and preferably an accurate 

estimation of the compound of interest in each food and beverage (Cade et al., 2002). Although 

a validated LCS-focused FFQ would ideally be used in conjunction with the urinary biomarker 

approach, it could potentially be used as a standalone method in large epidemiological studies, 

where the use of the urinary biomarker approach is not possible. In addition to ensuring that 

LCS are consumed within safe levels, such dietary assessment tools could be used to assess 

LCS effects on physiological processes, dietary intakes, and metabolic processes in the body.   

1.3 Thesis hypothesis 

Although, LCS contain negligible calories, it is unclear whether they and their metabolites are 

truly inert inside the body, and therefore studies investigating these potential mechanisms of 

LCS using appropriate dietary assessment methods in a variety of populations are essential. 

However, some research suggests that LCS do not alter food-related cognition and may 
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decrease free-sugar intake, thereby potentially improving weight-management and glycaemic 

control. Therefore, this PhD aimed to develop and validate a dietary assessment tool that can 

be used to assess LCS exposure in adults. This dietary assessment method was used in 

conjunction with a urinary biomarker approach to investigate the hypothesis that individuals 

with LCS exposure do not have altered food-related cognition and have lower intakes of total 

carbohydrates and free-sugars, and a healthier weight status and glycaemic control.  

 

The specific hypotheses for this PhD were: 

- LCS exposure is not related to sweet taste thresholds and sweet food preferences in a 

general adult population 

- LCS is related to lower total carbohydrate and free-sugar intake and healthier weight 

status in a general adult population 

- LCS is related to lower total carbohydrate and free-sugar intake, and improved diet 

quality, and healthier weight status in a pregnant population 

- LCS are beneficial tools in diabetes management 
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Tables and figures 

  

Table 1. 1 LCS approved for use in the European Union and corresponding most recent 

scientific reviews 

Sweetener E number ADIs (mg/kg/day) Scientific review 

Neohesperidine dihydrochalcone E959 0 -5  (EC, 1988) 

Thaumatin E957 Not specified (EC, 1988) 

Saccharine and its salts E954 5 mg/kg/day (EC, 1997) 

Sucralose E955 0 - 15 mg/kg/day (EC, 2000a) 

Cyclamates E952 0 - 7 mg/kg/day (EC, 2000b) 

Acesulfame-K E950 9 mg/kg/day (EC, 2000c) 

Neotame E961 0 - 2 mg/kg/day (EFSA, 2007) 

Aspartame E951 40 mg/kg/day (EFSA, 2013a) 

Aspartame-acesulfame salt E962 40 mg/kg/day (EFSA, 2013a) 

Advantame E969 5 mg/kg/day (EFSA, 2013b) 

Steviol glycosides E960 4 mg/kg/day (EFSA, 2010) 
Abbreviations: ADI = Acceptable Daily Intakes, E = European, EC = European Commission, EFSA = European Food Safety Authority 
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2.1 Summary 

Introduction 

Experimental data suggest a beneficial effect of low-calorie sweeteners (LCS) on weight 

management; however, data from free-living populations are less clear; primarily using 

reported intakes of low-calorie sweetened beverages as a marker of overall LCS exposure. 

Therefore, this study aimed to use the method of triads to validate a food frequency 

questionnaire (FFQ) for assessing habitual intakes of LCS. 

Methods 

Healthy adults (n = 120) completed three dietary assessment methods that estimated intakes of 

LCS; a urinary biomarker (UB) approach, a 60-item FFQ, and a 4-day food diary (FD). 

Participants consumed three 80 mg para-aminobenzoic acid (PABA) tablets at specified times 

to measure urine sample completeness. The UB approach objectively estimates intakes of 5 

common LCS. The FFQ and FD based intakes on estimated actual LCS content and maximum 

permitted usage levels (MPL) of LCS in foods and beverages.  Correlations between exposure 

assessment methods were used to validate the FFQ. 

Results 

Sixty-two participants (M = 44%) were included in the final analysis (PABA excretion 

>75.2%). Median (IQR) total LCS exposure using the FFQ and FD, and the UB approach were 

estimated as 16 (4, 39) mg/d, 13 (2, 31) mg/d, and 10 (3, 51) mg/d respectively. Moderate 

correlations were observed between each LCS assessment methods (all r ≥ 0.36; p < 0.05), and 

the FFQ overall validity co-efficient was moderate (0.66).  

Conclusion 

This suggests that the LCS-focused FFQ may be used to assess total LCS exposure in free-

living populations. However, using MPL of LCS to estimate exposure significantly 
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overestimate actual LCS intakes when compared to the biomarker. As the UB approach has 

been shown to accurately estimate actual LCS short-term intakes, the FFQ may be used as a 

complimentary tool to give a comprehensive overview of LCS intakes and assess the effects of 

LCS on health outcomes. 

 

2.2 Introduction 

Excessive consumption of free sugars has been associated with increased risk of obesity (Malik 

et al., 2006) and type 2 diabetes mellitus (T2DM) (Schulze et al., 2004). The World Health 

Organisation states that for individuals aged over 2 years, the desirable threshold for free sugar 

intake is 10% of total energy intake, and further recommends that for optimal health, free sugar 

intake should not exceed 5% of total energy intake (WHO, 2015). Low-calorie sweeteners 

(LCS) are used to aid in the reduction of energy and free sugar consumption, whilst maintaining 

diet palatability. Currently, there are 11 LCS approved for use in the European Union by the 

European Food Safety Authority (EFSA): acesulfame-k, advantame, aspartame, aspartame-

acesulfame-k salts, cyclamate, neohesperidine dihydrochalcone, neotame, saccharin, steviol 

glycosides, sucralose and thaumatin (EFSA, 2019). Each LCS is assigned a European 

Commission (EC) number and acceptable daily intake (ADI) levels are set by the European 

Food Safety Authority (EFSA) (Herrman and Younes, 1999). Thaumatin is the only LCS not 

to have an assigned ADI due to the lack of toxicity in available studies, and as its readily 

digestible to normal food components (EFSA Panel on Food Additives and Nutrient Sources 

added to Food, 2015). The ADI represents the amount/quantity of a chemical that can be safely 

consumed daily over a lifetime (mg/kg/day). A tiered approach is commonly used to estimate 

intake of food additives to ensure consumers do not exceed the ADI. The initial tiers included 

in this model overestimate and are generally utilised to assess exposure to food additives 
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(EFSA Panel on Food Additives Nutrient Sources added to Food, 2012). However, when 

assessing the effects of food additives on health outcomes, a more precise measurement of 

dietary intake is preferred. Yet as there is paucity of data relating to actual content of LCS of 

food and beverages (Martyn et al., 2018), dietary assessment methods assessing intakes of LCS 

must be supplemented with maximum permitted usage levels. 

 

Most studies investigating the effectiveness of LCS in reducing free-sugar and energy intake 

assess low-calorie sweetened beverages (LCSB) as a proxy measurement for total LCS 

exposure (Fowler et al., 2008; Rogers et al., 2016). Yet a recent review by Martyn et al. (2018) 

examining global intakes of LCS clearly demonstrated that LCS are consumed in a wide range 

of foods and beverages. Additionally, as each LCS are physically and chemically different, 

there is a need to assess actual intake of individual LCS (Magnuson et al., 2016). As a result 

of potential limitations with current methodologies (Fowler et al., 2008; Rogers et al., 2016), 

no clear conclusions can be drawn regarding the effects of LCS on weight management. For 

this reason, researchers at Ulster University have developed a urinary biomarker (UB) approach 

that accurately determines urinary excretion of five commonly consumed LCS, acesulfame-K, 

saccharin, sucralose, cyclamate, and steviol glycoside (Logue et al., 2017). However, as the 

urinary biomarker assesses LCS intakes via 24-hour urine samples, this method involves high-  

participant burden. Therefore, assessing the effectivess of fasting spot sample to assess LCS 

exposure would be adventagous. Additionally, approach only estimates short-term exposure, 

there is a need for another dietary assessment method to be used in conjunction with the 

biomarker approach to provide a more comprehensive view of habitual LCS intake. There are 

two main types of methods used for assessing dietary intake; namely retrospective (e.g. FFQ 

and 24-hr recall) and prospective (e.g. weighed food diary) (Cade et al., 2002). A weighed food 
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diary is thought to be the gold standard for assessing dietary intake (Ortega et al., 2015). Such 

records do not rely on the participants memory and allows for accurate portion size information, 

as well as brand and flavour information. However, food diaries (FD) are time-consuming, 

require a significant amount of training and there is a high level of burden passed onto the 

participant. Additionally, FD are prone to misreporting due to unconscious changes to habitual 

dietary intakes during the time of recording. Potentially, a validated LCS-focused FFQ may be 

a preferable dietary assessment tool, as it could be a quick and inexpensive method to assess 

dietary intake, whilst placing little burden on participants. 

 

One approach to validate dietary assessment tools is the method of triads (Kaaks, 1997). This 

method has been previously used to validate dietary assessment tools. It involves the evaluation 

of the correlation between three dietary assessment methods to the true intake, by calculating 

validity co-efficients. Generally, this method includes the use of a biomarker, usually as a 

reference method, and either a food record or a 24-hour dietary recall. For instance, Weir et al. 

(2016) validated an 17-item vitamin D-focused FFQ through comparison to 4-day weighed 

food diary (food record) and a fasting vitamin D status quantified by 25-hydroxyvitamin D 

(25(OH)D) (biomarker approach). Similarly, this study aimed to validate an LCS-focused FFQ 

by comparing this method of dietary assessment with a 4-day estimated food diary and a UB 

approach via 24-hour urine samples. A secondary analysis will investigate the effectiveness of 

the urinary biomarker via fasting spot samples using the method of triads approach, by 

comparison with the food diaries and the LCS-focused FFQ. 
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2.3 Materials and methods 

2.3.1 Study design and study population 

Ethical approval was obtained from the Ulster University Research Ethics Committee 

(REC/14/0105), and procedures were conducted in accordance with the Declaration of Helsinki 

(World Medical Association, 2015). One hundred and twenty participants were recruited at 

Ulster University, Coleraine campus. Participants gave informed consent and attended three 

appointments over six days at Ulster University (Figure 2.1). The EURopean micronutrient 

RECommendations Aligned Network of Excellence (EURRECA) recommends that if a 

comparative biomarker is included, a sample size of 50 is necessary to validate a dietary intake 

method (Serra-Majem et al., 2009).  Research has indicated that up to 47% of participants may 

be excluded from studies due to incomplete urine samples (John et al., 2016). Therefore, a total 

of 120 participants were recruited to this study to allow for dropouts and exclusion due to 

incomplete urine samples. Inclusion criteria were that participants had no major health 

conditions that affected renal excretion and were aged over 18 years. Exclusion criteria 

included individuals taking vitamin preparations that included para-aminobenzoic acid 

(PABA) or taking sulphonamide antibiotics as such compounds may affect PABA tablets 

excretion. Additionally, participants that had a known allergy to vitamins, sunscreen lotion, or 

hair dyes were excluded, as it may indicate a PABA allergy.  

 

2.3.2 Data collection 

Appointment 1 – Day 1 

Anthropometric measurements 

Participants removed shoes and removed excess clothing prior to measurements. All 

anthropometric measurements were taken by a trained researcher (AD). Participants’ height 
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and weight were measured as follows:  weight was measured twice to the nearest 0.1 kg using 

an electronic scale (Seca Medical 770, USA) and the mean was recorded; height was measured 

twice to the nearest 0.1 cm using a stadiometer (Seca 222 Telescopic Height Measuring Rod), 

and the mean recorded. From these measurements, body mass index (BMI) (kg/m2) was 

calculated. 

 

LCS-focused Food Frequency Questionnaire (FFQ) 

Participants completed an interviewer-led LCS-focused FFQ, with a section containing 

questions pertaining to health and lifestyle (Appendix 1). The health and lifestyle section 

contained demographic information and information relating to the participants’ satisfaction 

levels with their current weight. The FFQ had 22 categories and 60 food and beverage items. 

Products were selected based on the European Parliament and Council Directive 94/35/EC 

(1994), which lists foods and beverages in which LCS can be used. Frequency of consumption 

for each item was stated based on seven categories over the previous 3-month period: 

rarely/never, once/month, 1-2/week, 3-4/week, 5-6/week, once/day, 2-3/day, 4 or more/day. 

Participants also stated usual portion sizes based on household measurements. As the types of 

LCS vary between brand and flavours of certain foods and beverages the importance of detailed 

information was expressed to the participants. If participants could not remember brand and/or 

flavour information, encouragement was given to fully describe the visual appearance of the 

product using non-leading questions. Such detailed product information was noted and used to 

attempt to identify brand and/or flavour in a future online search. In addition, if a participant 

was unable to recognise a product by name, a visual aid in the form of a picture book was used 

to show common packaging of food and beverage products, brand name and flavour 

information was distorted. Participants were encouraged to bring information to the next 
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appointment if possible. If participant consumed a variety of brands and flavours, information 

was noted and integrated into the database. 

 

 

Participants were given a urine collection pack, containing a 3-litre labelled container (Sarsted 

Ltd.) containing 10 g of the preservative boric acid (Sigma-Aldrich) for the 24-hour urine 

collection, a 10 ml urine monovette with boric acid (Sarsted Ltd.) for fasting spot urine sample 

collection, a 500 ml collection cup (Sarsted Ltd.), a urine collection sheet and three 80 mg 

PABA tablets (MRC Elsie Widdowson Laboratory). Instructions for using the monovette to 

collect fasting spot samples were given verbally and included a visual aid provided by Sarsted 

Ltd. Participants were instructed to collect a fasting spot urine sample first thing in the morning 

on Day 3 and to commence their 24-hour urine collection on the second passing of urine up to 

and including the first urine excretion the following day. Participants were asked to note the 

time fasting spot samples were completed, the start and end of the 24-hours urine collection, 

and any missed urine collections were noted on the urine collection sheet. Participants were 

required to take three PABA tablets at specific times during the day (8am, 1pm, 6pm) on Day 

3 to help assess the completeness of the 24-hour urine samples. Participants were also required 

to note on the urine collection sheet the time at which each PABA tablet was taken. As the food 

diaries were also used to estimate LCS intakes, the importance of participants detailing brand 

and flavour information when completing the food diary was expressed.  

 

Appointment 2 – Day 4 

After fasting spot and 24-hour urine samples were collected, participants met with the 

researcher to submit the urine samples and urine collection sheet. Compliance was assessed 
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through assessment of the completed urine collection sheet. Similarly, a researcher verbally 

assessed compliance by asking if the participant had missed any samples or PABA tablets.  

 

 

Appointment 3 – Day 6 

4-day Estimated Food Diary  

Participants were provided guidance on how to accurately complete food diaries using 

household measurements during appointment 1. Participants submitted a completed estimated 

4-day FD, with all food and beverages estimated as accurately as possible using household 

measures along with information on brand name and flavour where appropriate.  

 

2.3.3 Data management 

Dietary assessment records 

To identify LCS-containing foods and beverages listed in the FFQ and the FD, an online label 

survey was conducted. Analysis of FFQ and FD data excluded oral hygiene products as they 

are generally not ingested and have minimal absorption. Absolute intakes of LCS were 

estimated from the FFQ and FD based on a combination of actual LCS content of foods and 

beverages and maximum permitted usage levels. Actual LCS content of food and beverages 

were estimated based on a recent review reporting studies investigating LCS content in 

foodstuffs in the European Union (Martyn et al., 2018). This review included twenty-seven 

papers reporting LCS consumption in the European Union, with 11 assessing and listing actual 

LCS of foods and beverages. Chemical concentrations of LCS in foods and beverages were 

reported in Ireland (Martyn et al., 2016; Buffini et al., 2018), Italy (Le Donne et al., 2017), 
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Belgium (Huvaere et al., 2012), France (Bemrah et al., 2008), Denmark (Leth et al., 2007), 

Portugal (Lino et al., 2008; Diogo et al., 2013) and Norway (Steffensen et al., 2014). EFSA 

also reported aspartame concentrations in foods and beverages as reported by industries in 

Slovakia, The Netherlands, and Italy (EFSA, 2013a). These papers assessed actual LCS of 

foods and beverages through collecting information directly from manufacturers (Bemrah et 

al., 2008; EFSA, 2013b; Steffensen et al., 2014; Buffini et al., 2018), or through HPLC-MS 

(Leth et al., 2007; Huvaere et al., 2012) or HPLC-UV (Lino et al., 2008; Diogo et al., 2013; 

Le Donne et al., 2017) analysis. These chemical concentrations were compiled and categorised 

into twenty one groups which mirrored groups listed in 94/35/EC directive (1994) (Appendix 

2).  For each product, mean concentration (mg/l or mg/kg) was calculated based on actual LCS 

contents of assessed foods and beverages for the relevant category. The mean concentrations 

(mg/l or mg/kg) for each product were inputted into the FFQ database to estimate actual LCS 

intake. Estimated actual content of LCS in certain types of foods and beverages was based on 

a limited number of products, resulting in a large standard deviation when calculating mean 

concentrations (Table 2.1). Due to the paucity of data relating to the content of LCS in products, 

maximum permitted usage levels supplemented this approach for certain items (European 

Parliament the Council, 1994; EFSA, 2007; EFSA, 2010; EFSA, 2013).  

For both the FFQ and FD, absolute intake (mg/day) for each LCS was calculated based on 

reported frequency of consumption, portion sizes, and LCS content (mg/kg or mg/l) (Appendix 

2) for each item.  

Fasting Spot and 24-hour Urine Collection 

All urine samples were processed within 2 hours of receipt. All samples were inverted 10 times 

to ensure homogenisation, and total volume of the 24-hour urine collection sample was 

recorded to the nearest 10 ml. Two 1 ml aliquots were retained and stored at -80 °C until 
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analysis. Using a novel biomarker approach urinary analysis was conducted in duplicate using 

HPLC-MS/MS for the assessment of the excretion of the LCS acesulfame-k, cyclamate, 

saccharin, sucralose and, the excretory product of steviol glycosides (i.e. steviol glucuronide) 

(Logue et al., 2017). Absolute intakes of LCS (mg/day) were calculated by multiplying LCS 

concentration (mg/ml) by total urine output. This method has previously been shown to 

accurately predict short-term intakes of the aforementioned 5 LCS, and therefore was used as 

the reference biomarker in this study (Logue et al., 2017). Fasting spot samples were also 

analysed using the same method to assess LCS exposure. Fasting samples were also assessed 

for creatinine (g/ml) via a colorimetric assay by ilab 650 (Werfen, Warrington, UK). For the 

fasting spots, LCS concentrations were standardised by dividing by creatine concentration 

(μg/g).  Completeness of the 24-hour urine sample was assessed by measuring PABA by HPLC 

using a method previously described by Jakobsen et al. (1997). This method involves 

participants consuming PABA during completion of a 24-hour urine sample. PABA 

metabolites in urine are converted into PABA using alkaline hydrolysis, which is then 

separated via reverse phase chromatograph with UV detection at 290nm. Although factors such 

as renal impairment may affect PABA excretion, the percentage of consumed PABA excreted 

in 24-hour urine samples is a common method to assess completeness of urine sample in the 

general population (Jakobsen et al., 2003). In this study, urine samples with an estimated 

PABA excretion of over 183mg/day (75.2%) were considered complete, as per Jakobsen et al. 

(2003) guidelines. For LCS urinary analysis, intra-batch and inter-day precision were within 

acceptable limit of below 15%. 

The Method of Triads 

In total, three dietary assessment methods were used to estimate actual individual intakes of 

LCS. The method of triads was used to validate the LCS-focused FFQ, using a reference 
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method (UB) and a dietary record (4-day estimated food diary).  The correlation between three 

methods of measurements to the true intake via validity co-efficient was measured using 

equations from Kaaks original model (1997) (Figure 2.2). Although Kaaks (1997) did not 

specify a validity co-efficient necessary to validate a dietary assessment tool, Yokota et al. 

(2010) listed 16 studies utilising the method of triads to develop and validate FFQ investigating 

a total of 44 parameters. Therefore, this FFQ validity was assessed through comparison to 

similar validated dietary assessment tools. The FS method’s effectiveness was also assessed 

using the method of triads approach, through comparison to the FFQ and the food diaries. 

 

Statistical analysis 

Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) ® 

version 26 (IBM, Chicago, US). Data were displayed as mean ± SD or median (IQR) where 

appropriate. Total LCS intakes (mg/day) were calculated through summation of absolute 

intakes of acesulfame-k, cyclamate, saccharin, sucralose and steviol glycoside. Total LCS 

exposure was split into tertiles, and whether participants were placed in matching or adjacent 

tertiles was assessed. The distribution of continuous data was assessed using the Shapiro-Wilk 

test. Variables that were not normally distributed were log-transformed prior to analysis. If 

variables remained not normally distributed, non-parametric tests were used. Statistical 

differences between included and excluded participants were assessed for gender, age-range, 

education level and BMI categories using chi-squared tests. Statistical differences between 

included and excluded participants in individual and total LCS exposure was assessed using 

Mann-Whitney-U tests. Statistical differences in estimation of LCS intake between different 

dietary assessment methods was assessed using Kruskall-Wallis Tests. Correlations between 
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dietary assessment methods was assessed using Spearman's Rank correlation test. A p-value < 

0.05 was deemed significant for all statistical analysis. 

 

2.4 Results 

2.4.1 General characteristics 

One-hundred and twenty participants were recruited (Male (M) = 60; Female (F) = 60), and 

109 completed the study (M = 51; F =58). Median (IQR) PABA excretion was 194.0 mg/day 

(80.8%) (138.9 mg/day (53.7%), 234.5 mg/day (97.7%)), with 62 participants (M = 27; F =35) 

excreting over 183 mg/day (75.2%) of PABA, and therefore only these individuals were 

included in subsequent analyses (Table 2.2). There was no significant difference in gender, 

age-range, BMI categories or LCS exposure between included and excluded participants (p > 

0.050). There was also no difference in education levels, age categories and estimated LCS 

exposure between genders and between BMI categories (p > 0.050). Seventy-nine percent of 

the included population was aged 18-34 years, and 67.7% held at least an undergraduate degree 

(See Table 2.2). Mean ± SD BMI was 26.1 ± 4.7kg/m2.  

 

For the FFQ, a median (IQR) of 12 products were of interest, and 86.7 (75.0, 100)% of these 

products had adequate brand and flavour information to be included in LCS estimation 

analysis. The FD had a median (IQR) of 1 (1, 2) products of interest, and a median (IQR) of 

100 (100, 100)% of products were included in LCS estimation analysis. The FFQ identified the 

highest number of LCS consumers (n = 53 (85.4%)), followed by the UB (n= 52 (83%)), the 

fasting spot (n= 60 (96.8%)), and the FD (n = 41 (66.1%)) approach (Table 2.3).  
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2.4.2 Estimation of LCS intake and exposure 

The FFQ approach had the highest median (IQR) total LCS intake at 16 (4, 39) mg/day, 

followed by the FD at 13 (2, 31) mg/day, and the UB at 10 (3, 51) mg/day. The FFQ median 

(IQR) estimation of acesulfame-k, saccharin, sucralose and steviol glycosides exposure were 

11 (2, 23), 1 (0, 2), 6 (1, 18) and 1 (1, 8) mg/day respectively. The FD estimation of median 

(IQR) acesulfame-k, saccharin, sucralose and steviol glycosides intake were estimated at 13 (3, 

25), 1 (0, 3), 7 (3, 15) and 1 mg/day respectively. Fasting spot samples are unable to estimate 

the actual intakes of LCS, as the method was originally developed to calculate intakes based 

on total 24-hour urine output. However, they may be able to categorise LCS exposure (Table 

2.3). As was the case with the UB method, saccharin (n = 46) and acesulfame-k (n = 42) were 

the most excreted LCS. Additionally, cyclamate was found to be the least consumed (n = 2).  

 

2.4.3 The effectiveness of the food-frequency questionnaire 

When comparing the FFQ and UB total LCS exposure groupings (no/low, medium and high 

exposure), 92% of consumers were categorised into matching or adjacent tertiles (Figure 2.3). 

There was a moderate correlation between all methods for assessing total LCS (FFQ-FD = 

0.52; FFQ-UB = 0.36; FD-UB = 0.43; all p ≥ 0.004) (Figure 2.4). The FD had the highest 

validity co-efficient for calculating total LCS (0.78), followed by the FFQ (0.66) and the UB 

(0.55). Due to a low number of consumers, the method of triads could not be used to investigate 

the FFQ validity for assessing individual LCS intakes. However, estimation of acesulfame-k 

still observed a moderate correlation across all dietary assessment methods (FFQ-FD = 0.46; 

FFQ-UB = 0.47; FD-UB = 0.57; p < 0.001), and the FFQ validity co-efficient was calculated 

as 0.68. The FFQ validity co-efficient for saccharin, sucralose and steviol glycosides was 0.65 

(p = 0.059), 0.60 (p = 0.259), and 0.80 (p = 0.737). 
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2.4.4 Fasting spot samples 

There was a strong correlation with the 24-hour urine samples and fasting spot samples (FS) 

for total LCS (r = 0.730; p < 0.001). There were also moderate correlations found between the 

two urine samples for acesulfame-k (r = 0.685; p < 0.001), cyclamate (r = 0.695; p < 0.001), 

saccharin (r = 0.629; p <0.001), sucralose (r = 0.606; p < 0.001), and steviol glycoside (r = 

0.636; p < 0.001). There was a moderate correlation between all methods for assessing total 

LCS (FFQ-FD = 0.52; FFQ-FS = 0.37; FD-FS = 0.35; all p ≥ 0.005). The FS validity co-

efficient for overall total LCS exposure was 0.51. 

2.5 Discussion 

The FFQ has the potential to be an effective method of categorising individuals as having 

no/low, medium, and high LCS exposure. This was demonstrated by the similar categorisation 

of total LCS exposure across dietary assessment methods, and the FFQ moderate validity co-

efficient. As FFQ have known limitations (Cade et al., 2002), the primary function of the FFQ 

should be to complement the UB approach. This study demonstrated that the FFQ and the UB 

together have the potential to assess both short- and long-term LCS intake. The FFQ has an 

added ability to be used as a stand-alone method in large epidemiolocal studies where the use 

of the UB may not be feasible. In such studies, the FFQ could potentially be complemented 

with the collection of fasting spot urine samples, as there was a strong agreement between the 

UB and FS methods. Additionally, the UB and FS methods had a similar validity co-efficient 

based on the method of triads calculation. An additional benefit of the FFQ is that it can 

determine dietary sources of LCS, and the effect of LCS through low-calorie sweetened foods 

and LCSB can be assessed. Clearly, the use of such dietary assessment methods is fundamental 

in assessing actual intakes of LCS, as opposed to previous proxy markers, such as, LCSB. With 
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more accurate measurements, the true effects of LCS on health outcomes can be investigated 

in future studies. 

 

To our knowledge, this validation study is the first of its kind to validate an LCS-focused FFQ. 

A review by Yokota et al. (2010) compiled similar studies from 1995-2009 that applied the 

method of triads to validate dietary records using biomarker approaches, with 16 studies being 

identified, and that investigated a total of 44 parameters. Parameters investigated included 

carotenoids (n = 7), tocopherols (n = 6), folic acid (n = 4), fatty acids (n = 4), proteins (n = 3), 

potassium (n = 2), vitamin B12 (n =  2), retinol (n =1), cholesterol (n = 1), dithiocarbamate (n 

= 1), flavonoids (n = 1) and phytoestrogens (n = 1). Thirteen of these studies calculated intakes 

of analyte consumption through detailed food composition tables from FFQ or FD. This is in 

contrast to the methodology of the current study which relied on maximum permitted usage 

levels and the sparse information available regarding the actual LCS content of foods and 

beverages. Despite this, the current study still found the LCS-focused FFQ to have a validity 

co-efficient (0.66) that was greater or equal to 60% of similar studies. As such, it is very likely 

that the FFQ accuracy may be improved further through including the actual LCS content of 

foods and beverages.  

 

Indeed, when comparing reviews that previously estimated LCS prior to 2008 (Renwick, 2006) 

and between 2008-2018 (Martyn et al., 2018), there has been an increase in studies 

investigating actual LCS content of foods and beverages. This may be due to article 27 of the 

European Commission regulation 1333/2008 (2008) which states that all EU member states are 

required to monitor food additive intakes (European Commission, 2010). Despite this increase, 

it is clear from assessing the current level of data that there is still a deficit in information 
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(Martyn et al., 2018) (Table 2.1). On a positive note, EFSA have stated that the safety levels 

of LCS was aimed to be re-evaluated by the end of 2020, and information pertaining to actual 

LCS content of food products was to be compiled (European Commission, 2010). However, 

data from collated studies is currently being analysed. The addition of such information will 

further improve the FFQ accuracy in assessing LCS intakes.  It is important to note that LCS 

content of foods and beverages is ever-changing and varies across jurisdictions. Consequently, 

the FFQ should be frequently adapted to reflect this. For instance, a recent study that 

investigated the effect of the UK’s soft-drinks industry levy on the sugar content of beverages 

found a significant change in beverage formulation in recent years (Scarborough et al., 2020). 

From 2005-2019 the percentage of available sugar-sweetened beverages with a sugar content 

of over 5g/100ml decreased from 49% to 15%, and there is a potential that this sugar reduction 

may increase LCS content in beverages. With the current WHO guidelines to reduce free sugar 

intake (2015), similar policies are likely to be passed to encourage the food industry to lower 

the free sugar content of their products. Therefore, the flexibility of the FFQ to integrate new 

LCS contents of foods and beverages will allow it to further exceed the abilities of previously 

used proxy measurements of intakes of LCS.  

 

The greater validity co-efficient for the FD is unsurprising, as FD are generally thought to be 

superior to FFQ due to their prospective nature, and as the UB and FD both estimate short-term 

LCS exposure (Ortega et al., 2015). The FD also demonstrated the ability to capture a high 

level of brand and flavour information. However, there were some flaws to this dietary 

assessment method. FD generally have a high-participant burden and are more time consuming 

compared to FFQ. Also, the FD identified a low number of products of interest, which is likely 

due to its short-time frame. Conversely, the FFQ had a lower level of brand and flavour 
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information, however this was coupled with a much higher number of identified products of 

interest. This was potentially due to the use of probing questions in the researcher-led 

interview. In addition, there was less than 8% discrepancy in matching tertiles between dietary 

assessment methods. This indicates that the FFQ may be a quicker, equally effective method 

in assessing LCS intake. Such results tied with the FFQ capability of assessing exposure over 

a 3-month time frame may indicate that the FFQ is a more useful dietary assessment method 

when combined with the UB.   

 

Although this study demonstrated a moderate strength validity co-efficient for both the FFQ 

and FD, certain limitations may have influenced such a result. For instance, the method of 

triads is unable to determine if a positive correlation is influenced by positive correlations 

between random errors (Kaaks, 1997). The method of triads also assumes that all measurements 

have independent random errors and are linearly related, however this limitation can be 

mitigated through using an objective biomarker approach (Serra-Majem et al., 2009). There 

are also common errors to both FFQ and FD as forms of dietary assessment (Ralph et al., 2011). 

FD place a high level of burden on participants and may not accurately reflect dietary intake. 

Further, researcher led FFQ are highly reliant on participants’ memory and generally require a 

skilled researcher. Additionally, the FFQ validity co-efficient were calculated through 

comparing the FD and the UB approach, both of which only measured short-term LCS 

exposure, which may account for the reference UB validity co-efficient being lower than 

expected. Although the FFQ was interviewer-led and detailed instructions on completing the 

FD were given, misreporting may still occur. Overweight and obese individuals are thought to 

be the highest consumers of LCS products (Sylvetsky et al., 2012). However, such individuals 

have also been shown to under-report dietary intake, potentially leading to lower estimation of 
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LCS exposure from high consumers (Heitmann and Lissner, 1995). This potential 

underestimation of LCS may explain the lack differences in LCS exposure between BMI 

categories in this study. Due to LCS variation between brands and flavours, several reported 

products could not be included in LCS intake estimation. Therefore, due to such variations 

between dietary assessment methods and the potential for random errors, the calculated validity 

co-efficient for the FFQ should be interpreted as the upper limit of the ‘true’ validity co-

efficient. Ideally the FFQ should be used in conjunction with an objective measure of dietary 

intake, such as the UB. In theory, the UB would be expected to achieve a higher validity co-

efficient as it has been previously found to accurately assess individual LCS intake (Logue et 

al., 2017). However, the UB validity co-efficient has likely been limited by using the FFQ and 

FD as comparative measurements, which use a similar method for assessing LCS exposure 

(Kaaks, 1997). Despite this, the UB approach was still demonstrated as a viable dietary 

assessment method for estimating intakes of LCS. Previous studies have treated LCS as 

homogenous compounds. However, despite all LCS eliciting a sweet taste, they are structurally 

and chemically unique (Magnuson et al., 2016). This study was unable to validate the FFQ for 

individual LCS exposure due to low number of consumers for specific LCS. However, this 

limitation can be mitigated by using the FFQ with the UB, which can accurately and objectively 

assess exposure of 5 commonly consumed LCS (Logue et al., 2017).  

 

As there were low numbers of LCS consumers, the FFQ effectiveness at estimating intakes of 

individual LCS could not be validated. However, the FFQ did demonstrate potential to assess 

intakes of the most consumed LCS, as the FFQ validity co-efficient for acesulfame-k was 

calculated at 0.61 (p < 0.001). Therefore, future work to include a larger sample size of 

acesulfame-k, cyclamate, saccharin, sucralose and steviol glycosides consumers is required. 
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Clearly, the dietary assessment tools complement each other well, with both methods giving a 

comprehensive view of intakes of LCS, and their delivery vehicles. The use of the two LCS 

exposure assessment methods would allow for the objective assessment of actual individual 

LCS intakes via the UB, and the assessment of long-term LCS exposure via the FFQ. The FFQ 

could also assess LCS exposure through beverages and foods. Due to previous studies using 

LCSB as a proxy measurement, the relationship between LCS exposure and health outcomes 

is unclear. Therefore, observational studies using the FFQ and biomarker have the potential to 

more accurately assess LCS exposure.  Indeed, such studies can serve as a basis to conduct 

randomised control trials on identified LCS and exposure vehicles of interests. With the 

implementation of these robust LCS exposure tools, the relationship between LCS exposure 

and health outcomes can be more accurately assessed. Further analysis of this data will be 

conducted to investigate the relationship between LCS exposure, dietary intakes, and weight 

status (see Chapter 4).  

 

2.6 Conclusion 

In this study, the method of triads suggests a moderate validity co-efficient of 0.66 suggesting 

that the FFQ may be useful for assessing total LCS intake through categorising consumers into 

those with no/low, medium, and high exposure. There are a multitude of benefits of utilising 

the UB and the FFQ together, and it is apparent that further alteration of the FFQ database to 

include more information of actual LCS in foodstuff would improve accuracy. However, this 

is dependent on the availability of such information. Due to low levels of LCS consumers, the 

FFQ could not be used to assess individual LCS consumption. Yet, the FFQ showed a 

promising ability to potentially assess intakes of the most consumed LCS, acesulfame-K. 

Potentially, a future validation study with a larger population would validate the FFQ for 
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assessing consumption of individual LCS intakes. The choice to use the FFQ or UB approach 

is dependent on study type and methodology. However, a multi-factorial approach utilising the 

FFQ and UB approach would be ideal in assessing short- and long-term LCS consumption 

accurately. In studies where the application of the UB approach would not be feasibly, the FS 

may be an appropriate method to categorise short-term LCS exposure.  The use of such dietary 

assessment methods is potentially superior to previous studies methodology using LCSB as a 

proxy measurement for intakes of LCS. 
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Table and figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: FD -= 4-day estimated food diary, FFQ = Food Frequency Questionnaire 
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Appointment 1: FFQ and health and 
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weight and height measured, and participants 

given information on collecting urine 

samples and completing FD 

 

Complete fasting spot urine samples, 

commence 24-hour urine collection and 

continue FD 

Complete estimated FD 

 

Day 6 

Submit estimated FD 

 

   Figure 2. 1 Diagrammatic protocol of study. 
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Figure 2. 2 Diagrammatic representation of the method of triads used to estimate the correlation 

between three dietary assessment methods and the true dietary intake (Kaaks, 1997). 
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Figure 2. 3 Classification of participants based on combined estimated exposure of 

acesulfame-k, aspartame, cyclamate, saccharin, sucralose and steviol glycosides from FFQ 

and the urinary biomarker approach.  
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LCS–focused 
FFQ (Q) 

Urinary 
Biomarker (B) 

4-day estimated 
food diary (R) 

r = 0.52 r = 0.36 

r = 0.43 

0.66 = ඨ
𝑟RQ × 𝑟𝑄𝐵

𝑟𝐵𝑅
 

FFQ 
Validity Co-
efficient 

Figure 2. 4 Illustration of the correlations between dietary assessment methods assessed using 

Spearman's Rank correlation test and the method of triads calculation to calculate the FFQ 

validity co-efficient (0.66) for estimated exposure of acesulfame-k, aspartame, cyclamate, and 

steviol glycosides (p ≥ 0.004). 
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Table 2. 1 Comparison of estimated of actual low-calorie sweetener concentration in foods and beverages based on 

European studies listed in review by Martyn et al. (2018) and maximum permitted levels (MPL) of LCS in foods and 

beverages as per EU legislation. 

Food/Beverage Products Acesulfame-K Aspartame Cyclamate Saccharin Sucralose Steviol Glycosides 

 MPL 
Actual LCS 

content
a
  

MPL 
Actual LCS 

content
a
 

MPL 
Actual LCS 

content
a
 

MPL 
LCS 

content
a
 

MPL 

Actual 
LCS 

content
a
 

MPL 
Actual LCS 

content
a
 

Processed vegetables 350 NS 1000 75
b
 250 NS NS NS 400 NS 200 NS 

Sauces 350 NS 350 4
b
 NS NS 320 226

b
  450 NS 175 7

b
  

Chocolate products 500 140
b
 2000 255

b
  500 NS 500 68

b
 800 372

b
  270 28

b
 

Jams 1000 361
b
 1000 415

b
 1000 582 ± 99 200 88 ± 65 400 212

b
 200 NS 

Chewing gum 2000 361 ± 525 5500 1545 ± 860 1500 NS 1200 NS 3000 358
b
 3300 NS 

Confectionary 1000 728 ± 350 2000 716 ± 515 500 NS 500 NS 1000 542 ± 336 350 NS 

Dairy Products  350 94 ± 41 1000 249 ± 168 250 219
b

  100 56
b

  400 103 ± 32 100 24
b
 

Milk-based drinks 350 115 ± 64 600 98 ± 45 250 246 ± 78 80 39 ± 2 300 118 ± 69 80 NS 

Dessert 350 NS 1000 NS 250 NS 100 NS 400 158 ± 110 100 NS 

Edible ices 800 303
b

  800 NS 250 NS 100 NS 320 185
b

  200 NS 

Ice-cream 350 70
b
 1000 89

b
  250 NS 100 NS 400 NS NS NS 

Ice-cream wafers/cones  2000 NS NS NS NS NS 80 838
b
 800 NS NS NS 

Potato- and cereal-snacks 350 NS 500 45
b

   NS NS 100 45
b
 200 164

b
  20 NS 

Alcoholic drinks 350 48 ± 31 600 79 ± 66 NS NS 80 12
b
 250 NS 150 NS 

Diet soft drinks 350 90 ± 40 600 176 ± 162 250 226 ± 42 100 36 ± 14 300 89 ± 45 80 16 ± 11 

Diet energy drinks 350 85 ± 45 600 175 ± 164 250 203 ± 85 100 42 ± 11 300 96 ± 39 80 16 ± 11 

Fruit Juices 350 100 ± 35 600 81 ± 47 250 270 ± 99 80 34 ± 21 300 77 ± 59 100 17 ± 11 

Flavored Water 350 74 ± 46 600 97 ± 58 250 294 ± 89 100 36 ± 21 300 80 ± 59 80 17 ± 11 

Soups 110 854
b
 110 NS NS NS 110 NS 45 NS 40 NS 

Solid Food Supplements 500 2005 ± 2827 2000 2904 ± 4092 500 2446 ± 3444 500 
764 ± 
1076 

2400 
1041 ± 
1468 

670 
NS 

Tabletop Sweeteners NS 44 ± 23 NS 57858 ± 115193 NS 520 ± 394 NS 154 ± 182 NS 55 ± 1 NS 9
b
  

Abbreviations: LCS = Low-Calorie Sweeteners, MPL = Maximum Permitted Levels, NS = Not Specified 

aMean ± SD (mg/l or mg/kg) of actual LCS content 
bOnly one study investigated LCS content of this products and therefore standard deviation was not calculated 
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Table 2. 2 General characteristics of participants included in method of triads 

calculation. 

Characteristic  

Overall                    

n = 62 (%
a
) 

Male                

n = 27 (%
a
) 

Female           

n = 35  (%
a
) 

 

p-value 

Age Group (years)    
 

   18-24  43.5 44.4 42.9  

 

 

0.201
b
 

   25-34  35.5 44.4 28.6 

   35-44  9.7 7.4 11.4 

   45-54  6.5 0 11.4 

   55-64  3.2 0 5.7 

   65+ 1.6 3.7 0 

BMI categories     

   Normal weight  45.2 33.3 54.3  

 

0.162
b
 

   Overweight  40.3 44.4 37.1 

   Obese  14.5 22.2 8.6 

Mean BMI (kg/m2) ± SD 26.1 ± 4.7 27.8 ±5.2 24.8 ±3.9 0.058
c
 

Education Level (%)     

   Below undergraduate 24.2 29.6 20  

 

0.483
c
 

   Undergraduate 43.5 48.1 40.0 

   Postgraduate 24.2 14.8 31.4 

   Other 8.1 7.4 8.6 

Smoking Status     

   No 88.7 81.5 34.3 
 

 

Abbreviations: BMI (kg/m2) = Body Mass Index, SD = Standard Deviation 
a
Values are displayed as percentages unless otherwise specified 

b
p-values were generated using Pearson's Chi-squared Test 

c
p-values were generated using Mann-Whitney U tests 
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Table 2. 3 Estimation of exposures of low-calorie sweeteners in 62 adults based on a food frequency questionnaire, 4-day food diary, and 

the urinary biomarker approach. 

  FFQ (mg/day) FD (mg/day) UB (mg/day) FS ug/g creatinine 

LCS intake  n Median (IQR) n Median (IQR) n Median (IQR) n Median (IQR) 

Total LCS 54
a
 16 (4, 39) 41

a
 13 (2, 31) 55

 a
 10 (3, 51) 60

b
 2728 (852, 9928) 

Ace-K 50 11 (2, 23) 30 13 (3, 25) 38 22 (2, 49) 42 1005 (222, 7217) 

Cyclamate 0 - 0 - 4 10 (2, 19) 2 5308 - 

Saccharin 20 1 (0, 2) 17 1 (0, 3) 35 2 (0, 5) 46 650 (404, 2425) 

Sucralose 41 6 (1, 18) 24 7 (3, 15) 21 9 (2, 34) 40 297 (103, 818) 

Steviol Glycosides 12 1 (1, 8) 3 1 (1, -) 33 1 (0, 4) 42 214 (34, 1105) 

Abbreviations: FD = Food Diary, FFQ = Food Frequency Questionnaire, FS = Fasting Spot, LCS = Low-calorie sweeteners N = identified consumers 
Symbols used: - = Value unable to be calculated 
a
Calculated through summation of estimated absolute intakes (mg/day) of acesulfame-k, cyclamate, saccharin. sucralose and steviol glycosides 

b
Calculated through summation of estimated absolute excretion (ug/g) creatinine of acesulfame-k, cyclamate, saccharin, sucralose and steviol glucuronide  
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3.1 Summary 

Introduction 

Various putative mechanisms of low-calorie sweeteners (LCS) are linked to weight 

management. As LCS consumption may be associated with sweet taste thresholds and food 

preferences, this study investigated the relationship between LCS exposure and food-related 

cognition. 

Methods 

A food-frequency questionnaire (FFQ) estimated intakes 5 commonly consumed LCS through 

utilising a combination of estimated actual content of LCS and maximum permitted levels of 

LCS used in foods. Individuals’ total LCS exposure from all sources, low-calorie sweetened 

beverages (LCSB) , and food (LCSF) were split into tertiles (no/low, medium, and high 

exposure). Anthropometric measurements were taken and sweet taste detection and recognition 

thresholds (g/l) were assessed via a three-alternative forced-choice method. Relative food 

preferences were assessed through the Leeds Food Preference Questionnaire in a sub-sample 

of forty participants. 

Results 

Seventy-six participants (M= 41%) were included in the final analysis. Median (IQR) BMI was 

23.4 (22.0, 25.9) kg/m2 and WHR was 0.8 (0.8, 0.9). Seventy-four percent of absolute intakes 

of LCS were consumed through LCSB. There was no difference between total LCS exposure 

and anthropometric measurement or sensory thresholds. The high LCSB group (25 (22, 28) 

kg/m2) had a higher BMI compared to the no/low LCSB group (22 (20, 25) kg/m2). The 
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medium LCSF group (3 (3, 4) g/l) recognised sweet taste at lower sucrose concentration 

compared to the high LCSF group (8 (3, 8) g/l). The medium LCSB group had a higher sweet 

foods preference  (20 ± 14), compared to the no/low LCSB group (-0 ± 12). 

Conclusion 

Although there was no clear relationship, results indicate that LCS exposure may be related to 

food-related cognition. This possible relationship with food-related cognition was relative to 

the LCS delivery vehicles. Using the biomarker results in future may strengthen conclusions 

regarding LCS relationship with fundamental physiological processes linked to weight status.   
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3.2 Introduction 

Low-calorie sweeteners (LCS) can be used to replace free sugars to lower energy contents of 

foods and beverages (Gwak et al., 2012). This suggests that LCS may be a useful tool in weight 

management; however, it is currently unclear whether the use of LCS results in reduced free 

sugar or total energy intake (Azad et al., 2017; Laviada‐Molina et al., 2020; Rogers and 

Appleton, 2020). It is theorised that there are various mechanisms by which LCS may affect 

conditions such as obesity, albeit none have been conclusively established (Laffitte et al., 

2014). For instance, although a recent review concluded that individuals’ ability to detect and 

recognise sweet taste was not associated with dietary intake, it has been noted that few studies 

include LCS (Tan and Tucker, 2019). Previous studies have also indicated that obese or 

overweight individuals have a higher visual attention bias towards sweet-tasting foods, which 

may indicate differences in food preferences (Doolan et al., 2014). However, research relating 

to the relationship between LCS and food preferences is limited (Tan and Tucker, 2019). 

Therefore, further research using validated methods for the assessment of LCS exposure is 

needed.  In addition to sweet taste thresholds, it is postulated that obese individuals may also 

have an increased preference for high sugar foods and beverages, thereby increasing free-sugar 

and total energy intake (Drewnowski et al., 2012). Through investigating the relationship 

between LCS exposure and sweet taste thresholds and food preferences, a greater 

understanding can be gained regarding the potential weight management related mechanisms 

of LCS. 

 

There is also a common potential methodological issue in both observational and intervention 

studies assessing the relationship between LCS exposure and physiological processes, with 

studies generally using consumption of low-calorie sweetened beverages (LCSB) as a proxy 
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measurement for total LCS exposure. However, a recent cross-sectional study has shown that 

this may not be an accurate method to identify consumers of LCS (Logue et al., 2020).  This 

study analysed seventy-nine participants fasting spot urine samples using a urinary biomarker 

approach (Logue et al., 2017), 97% of participants were exposed to LCS; however, this was a 

much higher prevalence than those that self-reported low-calorie sweetened beverage (LCSB) 

consumption (6%; p < 0.001) (Logue et al., 2020). Sylvetsky et al. (2017) also conducted an 

intervention study in which 18 participants were counselled on how to avoid LCS consumption 

prior to intervention, however, it was not specified if results were significant. Despite only one 

reporting consumption of LCS, upon urinary analysis, one-third of participants were exposed 

to sucralose at baseline. Although based on small sample sizes, results may indicate that LCSB 

may not be an accurate proxy measurement for total LCS exposure. Additionally, focusing on 

LCSB exposure neglects to assess the potential differential metabolic effects of low-calorie 

sweetened foods (LCSF). In general, LCSF will require increased oral processing time 

compared to LCSB, which may result in a variation of mechanical and chemical processes 

related to food and beverage ingestion (Lavin et al., 2002; Dhillon et al., 2017). Dhillon et al. 

(2017) demonstrated differential metabolic effects between LCS sources while investigating 

the effect of sucrose and LCS in solid and beverage form on the cephalic phase response in 64 

overweight and obese adults. Participants had to chew or swish LCS-sweetened products for 

15 seconds before expectorating, and those who had a positive insulin response post stimulus 

were classified as responders. Interestingly, responders had a significant increase in insulin to 

sucralose sweetened foods, compared to sucralose sweetened beverages. Therefore, research 

should aim to consider the delivery vehicle (i.e. via foods or beverages) when investigating 

LCS and health. For this reasoning, an LCS-focused food frequency questionnaire (FFQ) has 

also been developed at Ulster. This FFQ has been previously validated to categorise LCS 

exposure based on a summation of absolute intakes of acesulfame-k, cyclamate, saccharin, 
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sucralose and steviol glycosides using the method of triads approach (Chapter 2). The method 

of triads requires a minimum of 50 participants to validate a dietary assessment tool (Kaaks, 

1997). As there was a low number of participants classified as consumers of specific LCS, this 

FFQ could not be validated to categorise intakes of individual LCS. As most current studies do 

not use robust methods of dietary assessment, it is unlikely that the true effects of LCS on 

dietary intake can be determined by these studies. As such, the aim of this study was to assess 

the differences between LCS exposure groups in the following: weight status, sweet taste 

thresholds and self-reported food-preferences to both sweet-tasting foods & beverages. 

 

3.3 Methods 

The study was reviewed and approved by the Ulster University Research Ethics Committee 

(Study No. REC-18-0045) and carried out in accordance with the guidelines laid out in the 

Declaration of Helsinki (World Medical Association, 2015).  Inclusion criteria stated that 

participants had to be healthy and over 18 years of age, excluding individuals with diabetes or 

any condition linked to renal impairment. Volunteers were screened for eligibility and those 

who met the inclusion criteria were given further details of the study protocol and a period of 

24-hours to decide whether to participate in the study. Participants recruited to the study 

attended two appointments at the Human Intervention Studies Unit, Ulster University in a 

fasted state (See Figure 3.1). At appointment one, participants completed an LCS-focused FFQ 

with a health and lifestyle section (as described in chapter 2; copy in Appendix 1). 

Anthropometric measurements were taken, and participants then completed a sensory analysis 

task. Food preferences were assessed through a computer-based task. At appointment two, 

participants submitted a fasting spot urine sample and a 24-hour urine collection and completed 
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a visual attention bias task to assess preferences for high sugar foods and beverages. Meilgaard 

et al. (2006) stated a minimum of 50 participants were necessary for sensory analysis and the 

Leeds Food Preference Questionnaire has been validated in a sample size of 34 participants 

(Finlayson et al., 2011). To allow for exclusion due to incomplete urine samples, a target of 

100 participants for recruitment was set.  

 

3.3.1 Anthropometric measurements 

Participants removed shoes and removed excess clothing prior to measurements. All 

anthropometric measurements were taken by a trained researcher (AD). Anthropometric 

measurements were conducted twice, and the mean of both measurements was calculated. 

Weight (kg) was measured to the nearest 0.1 kg using an electronic scale (Seca Medical 770 

personal weighing scales). Height (m) was measured to the nearest 0.1 cm using a stadiometer 

(Seca 222 Telescopic Height Measuring Rod). Body mass index (kg/m2) was calculated by 

dividing weight (kg) by height (m2). Hip circumference (cm) and waist circumference (cm) 

were measured to the nearest 0.1 cm as per the World Health Organisation Guidelines (WHO) 

(WHO, 2011) and Waist: Hip ratio (WHR) was calculated by dividing waist (cm) by hip (cm).  

 

3.3.2 LCS consumption 

The FFQ was previously validated to categorise individuals based on total LCS consumption 

considering acesulfame-k, cyclamate, saccharin, sucralose and, steviol glycosides (Chapter 2). 

LCS consumers were classified as those who consumed any amount of LCS. Estimated 

consumption as listed in results section was based on relative LCS consumers. Additionally, 
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percentage contribution of LCS from beverages and food were calculated based on relative 

total LCS consumers. Intakes of the 5 LCS were summed to calculate total LCS (mg/day) and 

consumption was categorised into three tertiles: no/low, medium and high total LCS exposure. 

Similar groups were created based on LCS consumption through specific sources: LCSB and 

LCSF exposure. These exposure groups were created relative to this study’s population. 

 

3.3.3 Leeds Food Preference Questionnaire 

Food preferences are demonstrated implicitly or explicitly. An explicit preference refers to an 

individual being aware that they may have a fondness for a food, whereas implicit preference 

refers to an unconscious inclination. Additionally, explicit preferences are further 

subcategorised into ‘liking’ and ‘wanting’, with liking referring to how much a person likes a 

food in general and wanting to refer to how much they would like a food at that moment.  The 

Leeds Food Preference Questionnaire is a computerised behavioural task in which participants 

are presented with an array of commonly consumed foods to assess relative food preferences 

(Finlayson et al., 2008). This study used this questionnaire was used to assess self-reported 

preference of sweet foods compared to savoury foods.  

 

Eight high fat (HF) (>50% energy content) and low-fat (LF) (<20% energy content) breakfast 

food images were used as part of the Leeds Food Preference Questionnaire (See Figure 2). The 

food items were subcategorised as HF-sweet, HF-savoury, LF-sweet and LF-savoury. Explicit 

wanting was assessed first with each breakfast food presented individually. Firstly, each image 

was presented to the participant individually to assess explicit preferences. To assess explicit 

wanting, participants were asked, ‘how pleasant would it be to taste this food now’, for each 
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item using a visual analogue scale (VAS). Participants used the VAS to provide an answer 

ranging from ‘not at all’ to ‘extremely’. Explicit liking was assessed by presenting the same 

individual images in a similar manner, with the question ‘how much would [they] want to taste 

this food now’.  Explicit wanting and liking scores (range = 0 – 100) for each category was 

calculated based on scaled responses.  

 

To assess implicit wanting and relative preferences, two images were presented in pairs. 

Participants were asked to pick ‘which food [they] wanted to eat most right now’, as quickly 

and as accurately as possible. By the end of the experiment, participants were presented with 

each image paired with the other 15 images. This forced choice model assessed implicit 

wanting based on the response time, whereas relative preference of foods was assessed by the 

number of times participants chose items sweet- or savoury- foods.  As score for implicit 

wanting is based on reaction time, there is no minimum-maximum score for this measurement. 

A positive implicit and explicit score indicated a greater preference for sweet foods. 

Conversely, negative scores indicated a greater preference for savoury foods.  

 

3.3.4 Sensory analysis  

Sweet taste detection and recognition thresholds were assessed through a sensory analysis 

threshold test, which is based on the International Organisation of Standardisation (ISO, 200) 

three alternative forced choice method (Meilgaard et al., 2006). The detection threshold reflects 

an individual’s ability to detect a difference in taste between solutions, whereas recognition 

threshold reflects an individual’s ability to identify how solutions differ from each other, e.g. 

sweeter or more bitter.  Six water solutions were sweetened with an increasing amount of 
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granulated sucrose, ranging from 0.17 g/l to 40.50 g/l (Appendix 2 Figure S.1). Participants 

were presented with a trio of drinks: one sucrose-sweetened water, and two unsweetened still 

waters. Trios were presented in order of ascending sugar content of sucrose-sweetened 

solution. Participants were asked to identify which water solution was different in a forced 

choice design (detection threshold) and state and specify what was different about the sample 

(sensory threshold). If a participant incorrectly identified the sucrose solution in a trio it was 

classified as a ‘miss’. Sensory thresholds were calculated as the geometric mean of highest 

missed concentration of sucrose solution (g/l) and the next highest concentration of sucrose 

solution. 

 

3.3.5 Visual attention bias measurement 

Visual attention bias was assessed using an eye tracking system (Applied Science Laboratories 

Gaze Tracker Software, Massachusetts, USA), and results will be included in a future report. 

Visual attention bias is defined as how a person may focus on specific stimuli in an 

environment. Assessing visual attention bias may illustrate an individual’s preference for 

certain types of foods and beverages (Doolan et al., 2014). Prior to commencing the 

experiment, participants’ eye movements were calibrated by sitting in front of a screen and 

using an infrared bar mounted at the bottom of a computer screen. The infrared bar tracked eye 

movements via a 9-point calibration frame. After calibration, participants were presented with 

three sets of paired images, which included: savoury cues (n = 15) versus control objects, 

naturally and sucrose sweetened food cues (n = 15) versus control objects, and LCS foods (n = 

13) versus free sugar cues. Control tests included non-food items, such as, stationery and tools. 

Each set of paired images appeared on the screen for two seconds, and participants were asked 

to re-centre their focus to a cross that appeared in between each pair. Gaze dwell time and first 
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fixation were analysed for each food pair. Gaze dwell time is measured in milliseconds (ms) 

and refers to how long a participant spent looking at each cue. First fixation time refers to 

which food the participant looked at and how for long (ms). Gaze dwell time and first fixation 

resulted in either a positive or negative score for each pair. A positive score during the savoury 

cue versus control tests, indicates a visual attention bias towards savoury foods. Similarly, a 

positive score during the sweet cue versus control tests, a positive score indicates a bias towards 

sweet foods. A negative score between both tests indicates a bias towards the control objects. 

For the LCS versus free sugar sweetened products, a positive score indicates a visual attention 

bias towards LCS-foods, and negative score indicates a tendency towards free-sugars.  

 

3.3.6 Statistical analysis 

Statistical analysis was performed using Statistical Package for Social Sciences (SPSS) ® 

version 26 (IBM, Chicago, US). The distribution of continuous variables was assessed using 

the Shapiro-Wilk test. Pearson chi-square was used to assess differences between BMI 

categories and gender, smoking status, age categories, and education level. Statistical 

differences between genders and categorical variables were also assessed using Pearson chi-

squared tests. Statistical differences were assessed between genders for continuous variables 

using Mann-Whitney U tests. Data was displayed as mean ± SD or median (IQR) where 

appropriate. The differences between LCS exposure and Leeds Food Preference Questionnaire 

results was determined by One-Way ANOVA tests. Any differences between LCS exposure 

were further investigated through Tukey Post Hoc tests. During this pairwise comparison, each 

LCS exposure group was compared to each other relative exposure group, i.e no/low to medium 

exposure, medium to high exposure, and no/low to high exposure. After log-transformation, 

BMI, WHR, and sweet taste thresholds variables were not normally distributed. Therefore, the 
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differences between LCS exposure and these variables were assessed using Kruskal-Wallis 

tests. For all statistical analyses, a p-value of < 0.05 was considered as statistically significant. 

3.4 Results 

3.4.1 General characteristics 

Due to Covid-19 restrictions which commenced at the end of the planned study period, it was 

only possible to recruit 76 participants and it was not possible to analyse the urine samples and 

visual attention bias data. Therefore, intakes of LCS were estimated using the LCS-FFQ, which 

has been previously validated to categorise consumption of acesulfame-k, cyclamate, 

saccharin, sucralose and steviol glycoside into total LCS exposure (Chapter 2). Although fewer 

than originally planned, numbers were still considered sufficient for assessment of these 

outcomes as Meilgaard et al. (2006) stated a minimum of 50 participants are necessary for 

sensory analysis and the Leeds Food Preference Questionnaire has been validated in a sample 

size of 34 participants (Finlayson et al., 2011).  

 

All participants (n = 76) were included in final analysis (male = 31; female = 45) (Table 3.1). 

Ninety percent (n = 68) of the study population were aged 18 to 34 years, 8% (n = 6) were aged 

35 to 44 years, and 2% (n = 2) were aged over 45 years. Seventy-one percent (n = 55) of the 

population held at least an undergraduate degree. BMI was 23.4 (22.0, 25.9) kg/m2 and WHR 

was 0.8 (0.8, 0.9). Detection threshold and recognition threshold was 2.6 (0.9, 2.6) g/l and 2.6 

(2.6, 7.8) g/l respectively. There was no difference between BMI categories and sensory 

thresholds (both p > 0.05), or intakes of LCS (all p > 0.05). Males and females did not differ 

in relation to age categories, smoking status, education level, or intakes of LCS (all p > 0.05). 

Males had a significantly higher sweet taste detection threshold compared to females (2.6 (2.6, 
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7.8) g/l) and 2.6 (0.6, 2.6) g/l respectively; p = 0.039). Similarly, there was a significant 

difference in recognition threshold between males (7.8 (2.6, 7.8) g/l) and females (2.6 (2.6, 7.8) 

g/l); (p = 0.041)). Such results indicate that females were able to detect and recognise sweet 

taste at a lower concentration compared to males. Forty participants were included in the Leeds 

Food Preference Questionnaire analysis (Male = 22; Female =18). The total population and 

participants included in Leeds Food Preference Questionnaire analysis did not differ in relation 

to BMI, WHR or sensory threshold scores, age categories, smoking status or education level 

(all p > 0.05). There was no difference between intakes of total and most individual LCS 

between the two populations (p > 0.05). However, no cyclamate consumers were included in 

Leeds Food Preference Questionnaire analysis.  

 

3.4.2 Low-calorie sweetener consumption  

LCS consumption was considerably below acceptable daily intakes (ADI), with %ADI for 

acesulfame-k, cyclamate, saccharin, sucralose and steviol glycoside estimated at 2 (0, 3)%, 1 

(0, 3)%, 0 (0, 1)%, 1 (0, 2)%, 1 (0, 4)% respectively. Total LCS was 18 (10, 33) mg/day, with 

consumption for acesulfame-k, cyclamate, saccharin, steviol glycosides and sucralose 

estimated at 9 (2, 18) mg/day, 5 (3, 21) mg/day, 1 (0, 4) mg/day, 2 (0, 9) mg/day and 6 (1, 17) 

mg/day respectively. The total LCS consumption for no/low, medium, and high exposure 

groups was 3 (0, 19) mg/day, 12 (4, 17) mg/day and 35 (24, 85) mg/day respectively (p ≤ 

0.001).  Seventy participants (92.1%) were classified as LCS consumers. Sixty-two participants 

(81.6%) consumed LCS through LCSB, 64 (84.2%) consumed through LCSF, and 6 (7.9%) 

consumed through table-top sweeteners (Table 3.2). Acesulfame-K had the highest (n = 67; 

88.2%) and cyclamate had the lowest number of consumers (n = 5; 6.6%) (Table 3.1). Thirty-

five participants (46.1%) consumed saccharin, 54 participants (71.1%) consumed sucralose, 



 

72 

 

and 13 participants (17.1%) consumed steviol glycosides. Total LCS consumption was 18 (10, 

33) mg/day. The main source of LCS was LCSB, with 74.1 (10.8, 96.1)% of LCS consumed 

through LCSB (Table 3.2). Eighty-seven percent of acesulfame-k was through LCSB.  The 

most commonly LCS consumption via food was cyclamate (100.0 (82.7, 100.0)%), saccharin 

(100.0 (28.3, 100.0)%), sucralose (81.8 (0.0, 100.0)%) and steviol glycosides (100.0 (0.0, 

100.0)%).  Only six participants were exposed to LCS through table-top sweeteners, and as 70 

participants were classified as LCS consumers, table-top sweeteners were found to contribute 

0.0 (0.0, 0.0)% of total LCS exposure.  

 

3.4.5 Low-calorie sweetener and anthropometric measurements 

BMI did not differ between total LCS exposure groups (no/low: 23.0 (21.0, 25.8) kg/m2; 

medium: 23.6 (22.2, 25.4) kg/m2; high: 23.8 (22.0, 26.7) kg/m2 (p = 0.610). Similarly, WHR 

did not differ between total LCS exposure groups (p = 0.899).  There was no difference between 

total LCSB exposure and WHR (p < 0.05) (Figure 3.3). However, BMI was significantly 

different across BMI categories (p = 0.024), with those with high LCSB exposure having a 

higher BMI (24.8 (22.0, 28.1) kg/m2), compared to those with no/low exposure (22.4 (20.2, 

24.9) kg/m2; p = 0.021) (Figure 3.4). There was no difference in explicit liking of sweet foods 

(p = 0.087) and relative sweet food preferences (p = 0.050) between BMI categories. Yet, 

overweight participants (- 8.5 (-15.0, 6.5)) had a lower explicit wanting of sweet foods, 

compared to normal weight participants (16.2 (3.7, 29.9); p = 0.005). Although, there was a 

difference between BMI categories and implicit wanting of sweet foods (p = 0.024), when 

categories were analysed pairwise, there was no significant difference found (p > 0.05).  
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3.4.3 Low-calorie sweetener exposure and the sensory analysis 

There was no significant difference in detection threshold between total LCS exposure (no/low: 

3 (1, 5) g/l; medium: 3 (1, 8) g/l; high: 3 (2, 3) g/l; p = 0.944; Figure 3.5). Likewise, there was 

no significant difference in recognition threshold between total LCS exposure (no/low: 3 (3, 8) 

g/l; medium: 3 (2, 8) g/l; high: 3 (3, 8) g/l; p = 0.570; Figure 3.6).  There was no difference 

between the LCSB exposure and sensory thresholds (p > 0.05).  However, the medium LCSF 

exposure group (3 (3, 4) g/l) had lower sensory recognition threshold compared to the high 

LCSF exposure group (8 (3, 8) g/l; p = 0.016).  

 

3.4.4 Low-calorie sweetener exposure and the leeds food preference 

questionnaire 

Despite the One-Way ANOVA test signifying a differences in means between the total LCS 

exposure and explicit liking (p = 0.044; Figure 3.7) and wanting (p = 0.047; Figure 3.8) of 

sweet foods, post hoc test showed there was no significant differences between paired groups 

(p > 0.05). There was no difference between explicit liking and the total LCSB (p = 0.123) or 

total LCSF (p = 0.942) exposure. However, the medium LCSB exposure group had a higher 

explicit wanting (19.9 ± 14.4) toward sweet foods than the no/low LCSB exposure group (-0.4 

± 11.7; p = 0.018). There were no differences between implicit wanting or relative preferences 

of sweet foods and total LCS exposure across all sources (p > 0.05) (Figure 3.10 and Figure 

3.11).  
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3.5 Discussion  

Compared to the high LCSF exposure group, the medium LCSF exposure group was able to 

recognise sweet taste at a lower concentration (g/l). Additionally, the medium LCSB exposure 

group had a higher explicit wanting of sweet foods, compared to the no/low exposure group. 

Differences between LCS exposure and both sensory thresholds and food preferences, are quite 

unclear, as meaningful conclusions with such data are generally interpreted through 

incremental increases or decreases across exposure categories. Given the lack of clarity of the 

present findings, more conclusive results could be found through increasing sample sizes and 

using a more objective LCS exposure assessment method. If LCS exposure is associated with 

food-related cognition, LCS may be associated with weight status. Although there was no 

difference between total LCS exposure and BMI or WHR, BMI seemed to increase across 

LCSB exposure groups, with a difference found between the no/low LCSB exposure and the 

high LCSB exposure group. Interestingly, both differences between LCS exposure and sensory 

thresholds and weight status also varied between sources. A theory for this differential effect 

between LCSF and LCSB, is LCSF potential to spend an increased amount of time in the oral 

cavity compared to LCSB, as increased orosensory stimulation may result in several 

physiological processes (Lavin et al., 2002; Dhillon et al., 2017). Additionally, variation 

between sources may be due to difference in LCS being consumed. Acesulfame-k was clearly 

the main contributor to absolute LCS intakes through LCSB, however cyclamate, saccharin, 

steviol glycoside and sucralose were mainly consumed through food. Therefore, as all LCS are 

physically and chemically diverse this may result in variation between sources. Unlike other 

observation studies which have utilised LCSB as a proxy measurement (Fowler et al., 2008; 

Duffey et al., 2012), the use of the FFQ allows for exploration of potential differences between 

total and LCSF exposure and food-related cognition. Future analysis will include urinary 
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analysis to determine objectively the concentrations of specific LCS and visual attention bias 

results. This will investigate the relationship between LCS exposure and the attentional 

processing of visual cues of foods, which has been postulated to be linked to eating behaviours 

(Doolan et al., 2014). This will allow for more objective assessment of short-term intakes of 

LCS, and an additional indicator of sweet-food preferences. Additionally, few studies have 

investigated the relationship between LCS exposure, sweet taste thresholds and sweet food 

preferences (Tan and Tucker, 2019). This study adds to the limited research relating to LCS 

exposure and food-related cognition; however, it has a relatively small sample size, and due to 

the observational nature, causality cannot be determined. Especially as consumption of LCS 

has been linked with intentions to lose weight (Drewnowski and Rehm, 2016). Another 

limitation to this study was its inability to assess the relationship between LCS exposure, food-

related cognition, and free-sugar intakes. As such, results from such studies should be used as 

a stepping-stone, aiding in the generation of hypotheses to be tested in robust intervention 

studies including an assessment of dietary intake.  If the relationship between LCS exposure 

and increased sweet-food preferences, lower sweet taste thresholds and increased weight status 

are confirmed in future studies, LCS exposure may adversely affect dietary intake and weight 

management; negatively affecting public health. 

 

3.5.1 Variation between delivery vehicles (beverages verus solid foods) 

When assessing the differences between LCS exposure and sensory thresholds and weight 

status, there was an apparent variation between sources (LCSB versus LCSF). Although most 

LCS were consumed through LCSB, results indicate that neglecting to assess LCSF may result 

in disregarding over a fifth of intakes of LCS. More importantly, acesulfame-k was the LCS 

with the highest level of consumption, appearing to be the main driver of LCS consumed via 
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LCSB. In fact, the majority of cyclamate, saccharin, sucralose and, steviol glycosides exposure 

was via LCSF. Indeed, this potential variation in LCS added to LCSB and LCSF may result in 

differential metabolic effects between the sources, as individual LCS vary physically and 

chemically (Magnuson et al., 2016). Additionally, LCS are postulated to potentially affect 

sweet taste detection, food-related cognitive influences, gut microbiota, and gut hormone 

secretions through activating sweet taste receptors (Laffitte et al., 2014). Sweet taste receptors 

are found throughout the body, including in the oral cavity. Therefore, as LCSF generally have 

increased amount of time in the oral cavity compared to LCSB, LCSF have increased 

orosensory stimulation, thereby producing differential metabolic effects. Additionally, studies 

have found increased orosensory stimulation may result in decreases in appetite (Lavin et al., 

2002) and increases in insulin secretion (Dhillon et al., 2017). As LCS may influence sensory-

specific satiety and other cephalic response processes due to activation of the sweet taste 

receptors, with potential variation between LCSB and LCSF metabolic effects, further research 

is warranted in this area in future. To our knowledge, this is the first study to investigate the 

relationship between LCSB and LCSF exposure, and food-related cognition. This was possible 

using the FFQ, and although this is a subjective form of dietary assessment it has been 

previously shown to effectively categorise LCS exposure (Chapter 2). However, such 

retrospective methods are reliant on participant’s ability to recall and they require a significant 

amount of interviewer training. Therefore, coupling the FFQ and the urinary biomarker, will 

give a more comprehensive overview of intakes of LCS in this population, allowing for 

objective assessment of the relationship between LCS exposure and food-related cognition and 

weight status.  
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3.5.2 LCS and sweet sensory thresholds 

Interestingly, the medium LCSF exposure group was able to recognise sucrose at lower 

concentrations compared to the no/low and high LCSF exposure group. Humans’ ability to 

perceive sweet taste is linked to a potentially innate ability to identify ingestion of specific 

carbohydrates (Low et al., 2014). As such, sweet taste detection and recognition is linked to 

several physiological processes to digest and metabolise these carbohydrates (Jang et al., 2007; 

Brown et al., 2009). Therefore, it is theorised that if human’s perception of sweet taste is 

reduced, there is a reduction in satiation and other physiological processes related to sweet taste 

receptors activation, thereby increasing intakes of carbohydrates, such as free sugars. The 

effects of repeated LCS exposure was demonstrated by Swithers and Davidson (2008) 

conducting three experiments, the second of which assessed the effect of repeated exposure to 

sucrose-sweetened or saccharin-sweetened yoghurt on energy intake. After 5 weeks training, 

rats were given a sweet preload before being given ad libitum access to chow. Interestingly, 

rats that consumed sucrose-sweetened yoghurt during the training compensated by reducing 

chow intake. Yet, those trained with saccharin-sweetened yoghurt did not compensate, thereby 

consuming more calories than other groups. It may be of importance to note that sensory 

analysis utilised a liquid to assess sweet taste threshold. Therefore, as differential results were 

found between LCSB and LCSF exposure, potential further research could investigate the 

variations in individuals’ ability to detect and recognise sweet taste across various sources.  

 

Although research in humans is limited, two studies recently investigated the relationship 

between LCS taste thresholds and dietary intake (Martinez-Cordero et al., 2015; Low et al., 

2016). An included study assessed the relationship between the detection threshold of both 

aspartame- or sucrose-sweetened solution and showed that aspartame threshold was negatively 
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associated with energy intake, albeit the association was small (Martinez-Cordero et al., 2015). 

This suggests that participants with a poorer ability to detect sweetness in an aspartame-

sweetened solution had lower energy intakes. Although this contradicts theory, associations 

were weak, and this methodology did not account for the potential impact of habitual intakes 

of LCS. Indeed, one study assessed the consumption of LCS from foods and beverages and 

found no relationship between either sweet taste detection or recognition and dietary intake 

(Low et al., 2016). To our knowledge, these are the only two studies investigating the 

relationship between LCS taste sensitivity and dietary intake. However, one study investigating 

sucrose-taste sensitivity used an objective method for assessing dietary intake, with participants 

that were previously determined to be highly sensitive to the taste of a 9mM sucrose solution 

having lower percentage energy intake from carbohydrates. It is important to note that this 

study’s methodology for assessing sensitivity to sucrose is not a validated method, and it did 

not assess dietary intake in a free-living population. A common trend across similar studies to 

the study included as part of this thesis is the lack of objective dietary assessment methods, and 

thus the results of this study may be strengthened further through the inclusion of the urinary 

biomarker. Although results were difficult to interpret, it is clear that due to the low number of 

studies investigating the relationship between the LCS exposure and sensory thresholds, this 

study adds to the current body of evidence (Tan and Tucker, 2019).  

 

3.5.3 Sweet food preferences 

Currently, there is limited research regarding LCS relationship with food preferences (Tan and 

Tucker, 2019). Tan and Tucker (2019) investigated the relationship between sweet food 

preferences and dietary intake, however all 13 included studies assessed individual’s hedonic 

evaluation of sucrose- or glucose-sweetened solutions. Although methodologies were 
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extremely varied, in general sweet-food preference was positively associated with dietary 

intake. This review clearly demonstrates limited knowledge regarding LCS relationship with 

sweet-food preferences and dietary intake. If LCS exposure was associated with sweet taste 

preferences, such an association may influence dietary intake similarly to sucrose. This study 

demonstrated that there may be a relationship between LCS exposure and food preferences, 

although little can be interpreted from these results. Future analysis will incorporate results 

from the visual attention bias test. This validated method utilises non-invasive eye-tracking 

software to assess attention bias (Doolan et al., 2014). A previous study including 26 normal 

and 26 overweight participants indicated that overweight individuals had a higher visual 

attention bias towards energy dense foods. Additionally, this study demonstrated that this result 

was more pronounced in overweight and obese males. Doolan et al. (2014) observed that 

attentional processing of visual cues may be related to eating behaviour. Therefore, 

investigating visual attention bias may be integral to understanding obesity. Utilising this 

software to investigate the relationship between LCS exposure and visual attention bias 

towards sweet foods will be the first study of its kind. This, in conjunction with utilising a 

novel dietary assessment method such as the FFQ and the objective urinary biomarker will lead 

to innovative results in a new field of LCS research. 

 

3.5.4 LCS and weight status 

BMI increased across LCS exposure groups. This reflects results of other observational studies 

investigating the effect of LCSB on weight management (Fowler et al., 2008; Duffey et al., 

2012). Previous observational studies and this current study have similar methodologies 

utilising subjective dietary assessment methods. In contrast, a study that utilised the same LCS-

focused FFQ in conjunction with a urinary biomarker approach found that there was no 
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difference between LCS exposure and BMI or macronutrient intake (Chapter 4). It has been 

hypothesized that intakes of LCS may increase body weight through the reduction of sweet 

taste detection and recognition thresholds (Swithers and Davidson, 2008). With a reduction in 

sweet taste thresholds, it is theorised that individuals would consume increased levels of sweet-

tasting foods to reach hedonic pleasure, thereby increasing total caloric and free sugar intake 

(Tan and Tucker, 2019).  Yet, this study included in this thesis found no difference between 

BMI categories and sweet taste thresholds.  Although, studies have generally found no 

association between dietary intake and sensory threshold (Tan and Tucker, 2019), a connection 

has been made between sweet taste detection thresholds and BMI categories. Bartoshuk et al. 

(2006) investigated the association between BMI categories, sweet taste thresholds, and 

individual preferences for sweet foods. University students (n = 3740) were asked to rate the 

sweetness of a piece of hard candy, with individuals with a higher BMI identifying the candy 

as less sweet, indicating that individuals with a lower sweet taste intensity may be associated 

with increased dietary intake. However, another study that investigated the association between 

sweet taste thresholds, sweet food liking and intake in women (n = 42) found no correlation 

between sweet beverage thresholds and macronutrients intakes as a percentage of total energy 

intake (Jayasinghe et al., 2017).  Yet, this same study found that hedonic liking for sweet 

beverages was positively associated with intakes of total sugar as a percent of total energy.  

Indeed, a recent review by Tan and Tucker (2019) found that there is an apparent positive 

correlation between preferences for sweet foods and dietary intake. As this study found a 

possible relationship between LCS exposure and sweet-foods preferences, it may be deduced 

that there may be a relationship between LCS exposure and food-related cognition, thereby 

potentially impacting weight status.  
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3.6 Conclusion 

There was an apparent difference between total LCS exposure and explicit liking and wanting, 

however the extent of this relationship was unclear. These are preliminary results and further 

research will incorporate results from visual attention bias test to potential confirm these 

findings. As it has been indicated that visual attention bias towards food items may indicate 

food preferences, this will potentially allow for an objective assessment of individuals 

preferences towards sweet foods and beverages. There was no difference between total LCS 

exposure and sweet taste detection or recognition thresholds or weight status. There was a 

significant difference between sensory threshold and LCSF exposure, however differences 

between exposure were minimal. Similar to results pertaining to differences between LCS 

exposure groups and food preference, the differences between LCSF exposure and sensory 

thresholds were unclear. Yet it has been theorised that those individuals with lower sweet taste 

thresholds may have increased dietary intake. Results from this study found that BMI increased 

across LCSB exposure groups, which potential supports this theory.  However, to confirm that 

LCSB are related to weight status, results should be investigated further in studies including a 

dietary assessment method. Additionally, recognising that the LCS exposure results are based 

on a subjective dietary assessment method, future work to analyse stored urine samples using 

the objective urinary biomarker are needed to confirm the findings reported here.  Due to the 

observational nature of results and a lack of clear relationship between LCS exposure and food-

related cognition, no firm conclusion can be drawn from this study regarding LCS exposures 

relationship with sweet-food preferences or sensory thresholds. Nonetheless, this study 

combats previous studies’ limitations, utilising an FFQ that can allow for the comparison of 

LCS sources, and adds to a limited body of research in this field.  
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Recruitment 

Screening questionnaire and consent at least 24-hours 

after original recruitment 

Appointment 1 

Appointment 1:  Participants anthropometric 

measurements were taken and participants completed 

a low-calorie sweetener-focused food frequency 

questionnaire, sensory analysis tasks and the Leeds 

Food Preference Questionnaire 

Participants submitted urine samples and completed 

visual attentional bias task 

Appointment 2 

Figure 3. 1 Diagrammatic Study Protocol. 
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Figure 3. 2 Categorisation of  high-fat savoury, low-fat savoury, high-fat sweet, and low-fat 

sweet breakfast foods used as part of Leeds Food Preference Questionnaire (Finlayson et al., 

2008).

High Fat Low Fat 

Sweet 

Savoury 
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Figure 3. 3 Comparison of median (IQR) waist: hip ratio (cm) and low-calorie sweetener exposure determined via a food frequency questionnaire 

from beverages and foods in 76 participants. 

Abbreviations: p = p-value 

a
Differences between low-calorie sweetened beverages exposure groups assessed by Kruskal-Wallis tests 

b
Differences between low-calorie sweetened foods exposure groups assessed by Kruskal-Wallis tests 
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Figure 3. 4 Comparison of median (IQR) body mass index (kg/m2) and low-calorie sweetener exposure determined via a food frequency 

questionnaire from beverages and foods in 76 participants. 
Abbreviations: p = p-value 
a
Differences between low-calorie sweetened beverages exposure groups assessed by Kruskal-Wallis tests; Tukey Post-Hoc analysis p-values: no/low to medium exposure = 0.082; medium to high exposure = 0.326; 

no/low to high exposure = 0.007 

b
Differences between low-calorie sweetened foods exposure groups assessed by Kruskal-Wallis tests
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Figure 3. 5 Comparison of median (IQR) sensory detection of sucrose (g/l) and LCS exposure via a food frequency questionnaire from beverages 

and foods in 76 participants. 

Abbreviations: p = p-value 

a
Differences between low-calorie sweetened beverages exposure groups assessed by Kruskal-Wallis tests 

b
Differences between low-calorie sweetened foods exposure groups assessed by Kruskal-Wallis tests 
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Figure 3. 6 Comparison of median (IQR) sensory recognition of sucrose (g/l) and low-calorie sweetener exposure determined via a food frequency 

questionnaire from beverages and foods in 76 participants. 

Abbreviations: p = p-value 

a
Differences between low-calorie sweetened beverages exposure groups assessed by Kruskal-Wallis tests 

b
Differences between low-calorie sweetened foods exposure groups assessed by Kruskal-Wallis tests; Tukey Post-Hoc analysis p-values: no/low to medium exposure =  0.053; medium to high exposure = 0.016; no/low 

to high exposure = 0.640 
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Figure 3. 7 Estimation of explicit liking of savoury and sweet foods and low-calorie sweetener exposure determined via a food frequency 

questionnaire from all sources, low-calorie sweetened beverages and low-calorie sweetened foods in 40 participants. 

Abbreviations: p = p-value
  

a
Differences between low-calorie sweetened beverages exposure groups assessed by One-Way ANOVA tests 

b
Error bars represent standard deviation 

c
 Tukey Post-Hoc analysis p-values: no/low to medium exposure = 0.123; medium to high exposure = 0.052; no/low to high exposure = 0.913 
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Figure 3. 8 Estimation of explicit wanting of savoury and sweet foods and low-calorie sweetener exposure determined via a food frequency 

questionnaire from all sources, low-calorie sweetened beverages and low-calorie sweetened foods in 40 participants. 

Abbreviations: p = p-value 

a
Differences between low-calorie sweetened beverages exposure groups assessed by One-Way ANOVA tests 

b
Error bars represent standard deviation 

c
Tukey Post-Hoc analysis p-values: no/low to medium exposure = 0.093; medium to high exposure = 0.071; no/low to high exposure = 0.992 

d
Tukey Post-Hoc analysis p-values: no/low and medium exposure = 0.018; medium to high exposure = 0.301; no/low to high exposure = 0.384
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Figure 3. 9 Estimation of implicit wanting of savoury and sweet foods and low-calorie sweetener exposure determined via a food frequency 

questionnaire from all sources, low-calorie sweetened beverages, and low-calorie sweetened foods in 40 participants.  

Abbreviations: p = p = p-value
  

a
Differences between low-calorie sweetened beverages exposure groups assessed by One-Way ANOVA tests 

b
Error bars represent standard deviation
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Figure 3. 10 Estimation of relative preferences of savoury and sweet foods and LCS exposure 

from all sources, low-calorie sweetened beverages and low-calorie sweetened foods in 40 

participants. 

Abbreviations: p = p-value 

a
Differences between low-calorie sweetened beverages exposure groups assessed by One-Way ANOVA tests 

b
Error bars represent standard deviation 
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Table 3. 1 General characteristics of 76 participants. 

Characteristic  Overall Male Female p-value 

(%) n (%) = 31 n (%) = 45  

Age Group (n (%))     

   18-24  37 (48.7) 15 (48.4) 22 (48.9) 0.681
a
 

   25-34  31 (40.8) 13 (41.9) 18 (40.0) 

   35-44  6 (7.9) 2 (6.5) 4 (8.9) 

   45+ 2 (2.6) 1 (3.2) 1 (2.2) 

Education Level (%)     

   Below undergraduate 20 (26.7) 10 (32.3) 10 (22.7) 0.299
a
 

   Undergraduate 35 (46.7) 16 (51.6) 19 (43.2) 

   Postgraduate 18 (24.0) 5 (16.1) 13 (29.5) 

   Other 2 (2.7) 0.0 (0.0) 2 (4.5) 

 Median (IQR)  

Anthropometric Measurements     

   BMI (kg/m2) 23.4 (22.0, 25.9) 23.2 (22.4, 26.2) 23.5 (21.4, 25.8) 0.437
b
 

   Waist: Hip (cm) 0.8 (0.8, 0.9) 0.8 (0.8, 0.9) 0.8 (0.7, 0.8) 0.076
 b

 

LCS intake (mg/day)     

   Ace-K (n
a
) 9.1 (67) (2.1, 17.5) 6.6 (26) (1.3, 15.0) 11.3 (41) (2.4, 23.2) 0.091

 b
 

   Cyclamate (n
a
) 4.5 (5) (2.6, 20.8) 7.9 (2) (4.5, -) 4.2 (3) (1.1, -) 0.990

 b
 

   Saccharin (n
a
) 0.8 (35) (0.2, 4.2) 0.9 (12) (0.2, 3.9) 0.8 (23) (0.2, 6.3) 0.342

 b
 

   Sucralose (n
a
) 6.4 (54) (1.3, 17.0) 9.7 (22) (1.3, 30.6) 4.3 (32) (1.2, 12.5) 0.392

 b
 

   Steviol Glycosides (n
a
) 2.1 (13) (0.2, 8.6) 1.8 (5) (0.1, 39.5) 2.2 (8) (0.3, 7.0) 0.866

 b
 

Sensory Thresholds (g/l)     

   Detection Threshold 2.6 (0.9, 2.6) 2.6 (2.6, 7.8) 2.6 (0.6, 2.6) 0.039
 b

 

   Recognition Threshold 2.6 (2.6, 7.8) 7.8 (2.6, 7.8) 2.6 (2.6, 7.8) 0.041
 b

 

Abbreviations: Ace-K = Acesulfame-k, BMI = Body Mass Index, IQR = Inter-Quartile Range, LCS = Low-Calorie Sweeteners 

Data shown as percentages or Median (IQR) as specified 

a
n represents total number of consumers of individual LCS 

a
Calculated via Pearson’s Chi-Squared Tests 

b
 Calculated via Mann-Whitney U Tests 
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Table 3. 2 Absolute amounts and percentage contribution of LCS from beverages and food as estimated from food-frequency questionnaire. 

 Beverages Food 

LCS  mg/day (na) (IQR) % (nb) (IQR) mg/day (nc) (IQR) % (nb) (IQR) 

Total LCS
d
  22 (62) (8, 50) 74 (70) (11, 96) 7 (64) (2, 25) 22 (70) (3, 78) 

Acesulfame-K  8 (56) (2, 17) 87 (67) (31, 99) 1 (53) (0, 2) 12 (67) (1, 69) 

Cyclamate  7 (1) - 0 (5) (0, 17) 4 (4) (2, 19) 100 (5) (83, 100) 

Saccharin  1 (13) (1, 5) 0 (35) (0, 72) 0 (29) (0, 1) 100 (35) (28, 100) 

Sucralose  5 (33) (2, 11) 18 (54) (0, 100) 2 (37) (0, 11) 82 (54) (0, 100) 

Steviol Glycosides  2 (5) (0, 3) 0 (13) (0, 100) 5 (8) (0, 9) 100.0 (13) (0.0, 100.0) 

Abbreviations: IQR = Inter-Quartile Range, LCS = Low-Calorie Sweeteners, N = Number of consumers 

a
Number of consumers that consume LCS through beverages 

b
Number of consumers that consume LCS through beverages, foods or table-top sweeteners 

c
Number of consumers that consume LCS through food 

d
Calculated through summation of estimated absolute intakes (mg/day) of acesulfame-k, cyclamate, sucralose and steviol glycosides 
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Table 3. 3 Estimated LCS intake, anthropometric measurements, sensory threshold between LCS exposure groups. 

  Median (IQR) 

p-value
 a

 

  No/low exposure Medium LCS exposure High LCS exposure 

LCS intake (mg/day)     

   Total LCS
b 

3 (0, 19) 12 (4, 17) 35 (24, 85) p < 0.001 

Anthropometrics     

   BMI (kg/m2) 
23.0 (21.0, 25.8) 23.6 (22.2, 25.4) 23.8 (22.0, 26.7) 0.608 

   Waist: Hip (cm) 
0.8 (0.8, 0.9) 0.8 (0.8, 0.8) 0.8 (0.8, 0.9) 0.899 

Sensory Thresholds (g/l)     

   Detection Threshold 2.6 (0.9, 5.2) 2.6 (0.7, 7.8) 2.6 (1.7, 2.6) 0.944 

   Recognition Threshold 2.6 (2.6, 7.8) 2.6 (2.2, 7.8) 2.6 (2.6, 7.8) 0.570 

Abbreviations: BMI = Body Mass Index, IQR = Inter-Quartile Range, LCS = Low-Calorie Sweeteners 

a
Calculated through summation of estimated absolute intakes (mg/day) of acesulfame-k, cyclamate, sucralose and steviol glycosides 

b
Calculated via Kruskal-Wallis Test
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4 THE RELATIONSHIP BETWEEN 

LOW-CALORIE SWEETENER 

EXPOSURE, ANTHROPOMETRIC 

MEASUREMENTS AND DIETARY 

INTAKE IN AN ADULT 

POPULATION 
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4.1 Summary  

Introduction 

Excessive free-sugar intake has been associated with an increased risk of obesity. Although 

LCS reduce the energy density of foods, evidence is not conclusive regarding LCS potential 

beneficial role in weight management. Therefore, this study investigated the relationship 

between LCS exposure, dietary intake, and weight status in an adult population. 

Methods 

Excretion of 5 common LCS was assessed through fasting spot samples in healthy adults (n = 

120). An FFQ estimated intakes of LCS through utilising estimated actual content of LCS and 

maximum permitted levels of LCS used in foods. Four-day estimated food diaries were 

assessed for macronutrient intakes. Total LCS exposures (mg/day) were calculated through 

summation of intakes/excretions μg/g creatinine of LCS. Total LCS, individual LCS,  low-

calorie sweetener beverages (LCSB) and foods (LCSF) exposures were split into two or three 

exposure groups.  

Results 

One-hundred and nine participants completed the study, with 89% identified as total LCS 

consumers based on the FFQ (Median (IQR) = 17 (4, 60) mg/day). The fasting spot samples 

categorised 96% as LCS consumers (3741 (976, 14586) μg/g creatinine). Thirty-seven 

participants were classified as acceptable energy reporters (total energy intake (TEI): basal 

metabolic rate of ≥ 1.48). Within this sub-population, the no/low total LCS fasting spot 

exposure group had a higher %TEI from fat (38.8 (32.9, 44.1)%), compared to the high 

exposure group (31.3 (25.3, 40.7)%). Additionally, the medium saccharin exposure group had 

a lower %TEI from sugar (14.0 (15.5, 18.7)%), compared to the high exposure group (19.2 

(15.8, 25.0)%). There was no difference found between other LCS exposure groups, BMI, and 

dietary intakes. 
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Conclusion 

Despite a difference in intakes of macronutrients across total LCS exposure, there was no 

difference in TEI or BMI. Such results contradict previous observational studies; however, this 

may be due to using more objective tools to assess LCS exposure.  

  

4.2 Introduction 

Excessive free sugar consumption has been linked to an increased risk of obesity (Malik et al., 

2006). Therefore, the World Health Organisation (WHO) recommends that individuals limit 

free sugar intake to 10% of total energy intake with a further recommendation that optimal 

health may be achieved with a limit of 5% of total energy intake (WHO, 2015). LCS 

consumption has risen in recent years and given recent sugar reduction strategies, such 

increases are likely to continue (Renwick, 2006; Martyn et al., 2018). In theory, replacing free 

sugars with LCS should help lower total energy and free sugar intake, thereby facilitating in 

weight management. Despite this, studies investigating the effects of LCS on dietary intake 

and weight management have been contradictory and therefore inconclusive (Azad et al., 2017; 

Laviada‐Molina et al., 2020; Rogers and Appleton, 2020). A systematic review and meta-

analysis, which included animal studies (n = 57) together with observational studies (n = 7) 

and intervention studies (n = 55) in human participants, concluded that LCS may be useful as 

a weight management tool (Rogers et al., 2016). Another systematic review investigating the 

effect of LCS on body weight in 27 randomised control trials (n = 2914) found similar results 

(Laviada‐Molina et al., 2020). Participants consuming LCS had a significantly greater 

reduction in body weight and body mass index (kg/m2) (BMI) respectively, with a standardised 

mean difference of -1.3 kg (17 studies) and -0.1 kg/m2 (3 studies).  In contrast, Azad et al. 

(2017) conducted a systematic review that concluded that randomised control trials showed 
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LCS had no effect on weight management. However, this systematic review only included 7 

intervention studies, which only compared the effect of LCS compared to the effect of avoiding 

LCS, placebos, or consuming water. As no included intervention compared the effects of LCS 

and sugar, results should be interpreted with caution.  Additionally, Azad et al. (2017) 

demonstrated that observational studies (n = 30) generally found that LCSB consumption was 

positively associated with BMI. However, observational studies cannot determine causality. 

Additionally, some animal studies have found that LCS increase caloric intake and body weight 

in rats (Swithers et al., 2009; Swithers et al., 2013). However, these studies do not correlate 

with the results of similar studies, with a systematic review conducted by Rogers et al. (2016) 

finding that only 9% of animal model studies investigating compulsory consumption of high 

doses of LCS daily resulted in increased weight. Thus, to date, no clear conclusion can be 

drawn regarding the effectiveness of LCS as weight management tools.  

 

It has been theorised that the reasoning for such contradictory results is due to inaccurate 

assessments of LCS exposure. The use of LCSB as a proxy measurement for dietary intake is 

a major limitation to previous studies (Rogers et al., 2016). A recent review by Martyn et al. 

(2018) that assessed global intakes of LCS indicated that LCS are abundant in both foods and 

beverages, thereby demonstrating that LCSB are not likely to be an accurate measure of total 

LCS exposure.  Moreover, existing population-based research often fails to determine intake 

of specific LCS, which are chemically and physically diverse (Magnuson et al., 2016), and 

which may result in different effects within the body. Additionally, a cross-sectional study 

conducted by Logue et al. (2020) confirmed these limitations and utilised a urinary biomarker 

approach to analyse fasting spot samples of 79 participants. The study found that 92% of 

participants were exposed to LCS; a prevalence much higher than those who self-reported 
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LCSB consumption (6%; p < 0.001). Therefore, future research should aim to objectively 

estimate total LCS exposure and determine intakes of specific LCS.  

 

A urinary biomarker approach was developed to measure excretion of acesulfame-k, 

cyclamate, saccharin, sucralose and steviol glycosides via high-performance liquid 

chromatography with tandem-mass spectrometry (HPLC-MS/MS), which can be used to 

estimate recent intakes of LCS (Logue et al., 2017). Such an approach, which addresses some 

important limitations of current research methodologies, may enhance research in the area of 

LCS and human health. Previously, a study assessing 24-hour urine and fasting spot samples 

using the urinary biomarker approach observed a strong correlation between the two dietary 

assessment methods (r = 0.78; p <0.001) (Chapter 2). The sample size of this study was 

originally reduced by 44%, as a result of incomplete 24-hour urine samples based on a method 

criterion described by Jakobsen et al. (2003). As such, assessing fasting spot samples instead 

of 24-hour urine samples can allow for increased population size, increasing the power of 

studies, and remove dietary recall bias. However, fasting spot samples can only estimate LCS 

excretion and therefore are not indicative of actual intakes of LCS. Therefore, although a 

previous study has demonstrated a strong correlation between 24-hour urine samples and 

fasting spot samples estimations of total LCS exposure (r = 0.730; p <0.001) (Chapter 2), it is 

only appropriate to utilise fasting spot samples to categorise LCS exposure. As the urinary 

biomarker approach can only categorise short-term exposure to LCS, it is beneficial for it to be 

used in conjunction with a complementary dietary assessment method. Furthermore, an LCS-

focused FFQ has been developed to assess the habitual intakes of LCS based on a combination 

of the actual LCS contents of foods and beverages, and the maximum permitted levels of LCS 

allowed in products as per EU legislation (European Parliament the Council, 1994; EFSA, 

2007; EFSA, 2010; EFSA, 2013). This FFQ has been validated to categorise no/low, medium, 
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or high LCS exposure groups based on estimated intakes of acesulfame-k, cyclamate, 

saccharin, sucralose and steviol glycosides. The primary function of this FFQ was to categorise 

total LCS intake and LCS intakes based on sources. To reduce previous dietary assessments 

limitations, this study paired the urinary biomarker with the FFQ to categorise LCS exposure 

in an adult population previously recruited as part of an FFQ validation study (Chapter 2). This 

multifactorial approach is ideal in achieving a comprehensive overview of LCS exposure 

categorisation, allowing for an accurate assessment of the difference between LCS exposure, 

dietary intake, and weight status. The use of the FFQ allows for the assessment of LCS based 

on delivery vehicle, as some studies have indicated a potential variation in metabolic effects 

between LCSB and low-calorie sweetened foods (LCSF) (Lavin et al., 2002; Dhillon et al., 

2017). One study included 10 males and 10 females that were given a pre-load on different 

days of either a sucralose-containing pastille to be chewed for a 10-minute period, a sucralose 

containing jelly that was to consumed within 5 minutes or an equicaloric sucralose drink, and 

energy intake was measured in a subsequent test lunch (Lavin et al., 2002). It was concluded 

that the act of chewing food decreased hunger when compared to equicaloric drinks. This 

insinuates that the prandial orosensory stimulation may be influenced more by solids compared 

to liquids. Although there is limited research in this area, such results demonstrate that there 

may be a differential effect between LCS sources. Therefore, this study aimed to estimate LCS 

exposure, through a variety of sources, and assess the difference between LCS exposure, 

dietary intakes, and weight status.  

 

4.3 Methods 

Ethical approval was obtained from the Ulster University Research Ethics Committee 

(REC/14/0105), and procedures were conducted in accordance with the Declaration of Helsinki 
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(World Medical Association, 2015). One hundred and twenty participants were recruited as 

part of this study. Detailed methodology for this study is described in Chapter 2 (Figure 4.1). 

The minimal detectable difference utilising this sample size was determined based on nutrient 

intakes of adults 19 – 64 years of age in the UK as per the National Diet and Nutrition Survey 

from the years 2014/2015 to 2015/2016 (Roberts et al., 2018). To determine the minimal 

detectable differences between LCS exposure groupings of equal size the following 

information was required: the sample size of each group, the standard deviation of the variable 

of interest, and the standard normal deviants at 5% level of significance and 1 – βpower at 90% 

(Wang and Ji, 2020).  

 

When LCS exposure was split into tertiles within the total population, the minimal detectable 

difference between exposure groups and TEI (kJ/day), and %TEI from protein, fat, 

carbohydrates, and total sugar was 1656.5 kJ/day, and 2.6%, 4.4%, 5.2% and 5.2%  

respectively. When LCS exposure was split into two groups within the total population, the 

minimal detectable difference between exposure groups and TEI (kJ/day), and %TEI from 

protein, fat, carbohydrates, and total sugar was 1405.6 kJ/day, and 2.2%, 3.8%, 4.4% and 3.5% 

respectively. Within the acceptable-energy reporter population, the minimal detectable 

difference between three exposure groups was higher for TEI (kJ/day), and %TEI from protein, 

fat, carbohydrates, and total sugar at 2756.6 kJ/day, and 4.4%, 7.4%, 8.7%, and 6.9% 

respectively. 

 

Fasting spot samples were used to estimate short term LCS exposure using the urinary 

biomarker approach via HPLC-MS/MS (Logue et al., 2017). For the fasting spot urine analysis, 

LCS (μg) were standardised by dividing creatinine concentration (g) to account for hydration 
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status. Habitual LCS exposure was assessed using the LCS-focused FFQ data. Acceptable daily 

intake (ADI) levels were calculated for each participant (Herrman and Younes, 1999). The ADI 

represents the amount of a chemical that can be safely consumed daily over a lifetime 

(mg/kg/day) without adverse health effects. Body weight (kg) and height (m) were measured, 

and participants’ body mass index (BMI) (kg/m2) was calculated. Dietary intake information 

was estimated through assessment of 4-day food diaries using the Nutrition Analysis Software 

Nutritics (Nutritics, Co. Dublin, Ireland). Mean energy intake (kJ/day) and % total energy 

intakes (TEI) from protein, total fats, total carbohydrate and free sugars were calculated. BMR 

was calculated (Henry, 2005), and after adjustment for within-person and -population 

variations, participants with an TEI: BMR of ≥ 1.48 were classified as acceptable-energy 

reporters. Participants that were classified as low-energy reporters were excluded in a 

supplementary analysis (Goldberg et al., 1991). 

 

Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS) ® 

V26 (IBM, Chicago, US). Data was displayed as mean ± SD or median (IQR) where 

appropriate. The distribution of continuous variables was assessed using the Shapiro-Wilk test. 

For the FFQ, total LCS exposure (mg/day) was calculated through summation of acesulfame-

k, cyclamate, saccharin, sucralose, and steviol glycosides estimated intakes. Similarly, total 

LCS exposure µg/g creatinine was calculated through summation of acesulfame-k, cyclamate, 

saccharin, sucralose and steviol glucuronide estimated exposure. Total LCS exposures were 

estimated using the FFQ and the fasting spot samples and were evenly split into three tertiles; 

no/low, medium, and high exposure. For the FFQ, similar groups were created based on 

exposure to LCSB and LCSF. The differences in BMI and macronutrient intakes between LCS 

exposure was assessed using Kruskal-Wallis tests or Mann-Whitney U tests. Any differences 

found via the one-way ANOVA between LCS exposure was further investigated through 
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Tukey Post Hoc tests. During this pairwise comparison, each LCS exposure group was 

compared to each other relative exposure group, i.e no/low to medium exposure, medium to 

high exposure, and no/low to high exposure.  Participants were also classified as intending to 

lose weight, gain weight, or satisfied with current weight based on health and lifestyle 

questionnaire responses. Differences between LCS exposure and these individuals’ attitudes 

towards their current weight were assessed by one-way ANOVA and Tukey Post Hoc tests. 

Differences between low-energy reporters and acceptable-energy reporters, and gender, age-

range, and BMI categories were assessed using Pearson’s chi-squared tests, and differences in 

dietary intake and LCS exposure was assessed using Mann-Whitney U tests. For all statistical 

analyses, a p-value of < 0.05 was considered as statistically significant.  

 

4.4 Results 

4.4.1 General Characteristics 

One-hundred and nine participants completed the study (Male = 50; Female = 59) (Table 4.1). 

Most participants were aged between 18 and 43 years (86.2%), with few participants were 

within the 45-54y (6.4%), 55-64y (3.7%), and over 65y (3.7%) age categories. Sixty-nine 

percent of participants obtained an undergraduate degree, and 86.1% were non-smokers. Fifty-

three percent of participants were classified as normal weight, 32.4% were classified as 

overweight, and 11.1% was classified as obese. Between males and females, there was no 

difference in age categories, BMI categories, smoking status, education level, total LCS 

exposure estimated from the fasting spot samples μg/g creatinine, and %TEI from fat, total 

carbohydrates (p = 0.653), total sugars (p = 0.191) and free sugars (all p > 0.05). However, 

males had a higher total energy compared to females (9871 (8259, 11210) kJ/day vs. 7650 

(6632, 9028) kJ/day; p < 0.001). Additionally, males had a higher median (IQR) %TEI from 
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protein compared to females (18.4 (15.7, 23.3)% vs. 17.1 (14.6, 19.6)%; p = 0.033). Based on 

the FFQ, there was no difference in estimated exposure of cyclamate, saccharin, sucralose and 

steviol glycosides between males and females (all p > 0.05). Male consumers had higher 

median (IQR) exposure of total LCS (23 (4, 74) mg/day vs. 11 (1, 39) mg/day; p = 0.044) and 

acesulfame-k (11 (1, 40) mg/day vs. 3 (0, 14) mg/day; p = 0.019), compared to females. Males 

having a higher protein and total LCS intake may be explained by increased food and beverage 

intake, due to increased energy requirements. There was no significant difference between BMI 

categories and age categories, smoking status, education level, total LCS exposure estimated 

from the FFQ, LCS exposure estimated from the fasting spot samples μg/g creatinine, energy 

intake and %TEI from macronutrients (all p > 0.05). 

 

4.4.2 LCS exposure and sources of LCS in the diet 

Eighty-nine percent of participants were identified as LCS consumers based on the FFQ 

(Median (IQR) = 17 (4, 60) mg/day) and 96% were identified as total LCS consumers based 

on fasting spot excretion (Median (IQR) = 3741 (976, 14586) μg/g creatinine) (Table 4.2). 

There was no differences in LCS exposure between individuals aiming to lose weight (n = 42), 

aiming to gain weight (n = 10), and aiming to maintain weight (n = 57; p ≥ 0.05). According 

to the FFQ, acesulfame-k (median (IQR) = 11 (2, 33) mg/day) was the LCS with the highest 

prevalence of consumption (n = 92), and cyclamate had the lowest prevalence of consumption, 

with two participant consuming a median of 4 mg/day, and consuming 0.4% of recommended 

ADI. Participants’ median (IQR) ADI for acesulfame-k, saccharin, sucralose and steviol 

glycosides were 1.6 (0.3, 4.9)%, 0.3 (0.1, 0.5)%, 0.7 (0.2, 1.9)% and 0.2 (0.1, 1.8)% 

respectively. For the fasting spot samples, saccharin (1784 (194, 11102) μg/g creatinine had 

the highest number of consumers (n = 84).  Only three participants were identified as cyclamate 

consumers based on fasting spot samples, with a median exposure of 4293 μg/g creatinine. 
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LCS exposure from foods, beverages and tabletop sweeteners was determined using the FFQ 

(Table 4.3). The main vehicle for LCS was beverages, with a median (IQR) of 84 (26, 99)% of 

total LCS exposure being consumed through this medium. Non-carbonated drinks were the 

LCSB with the highest number of consumers (n = 61; median (IQR) = 4 (2, 10) mg/day) (Table 

4.4). However, LCSF still accounted for a median (IQR) of 16 (1, 74)% of total LCS 

consumption. Sweets and chewing gum were the most commonly consumed LCSF (n = 55; 

median (IQR) = 4 (1, 12)).  Most exposure to acesulfame-k (96 (63, 100)%), saccharin (78 (0, 

100)%) and sucralose (58 (0, 100%) was via beverage consumption whilst the majority of 

steviol glycosides (0 (0, 100)%) exposure was via food. Only two participants consumed 

cyclamate through food, and one participant consumed cyclamate through beverages. Exposure 

from table-top sweetener was negligible (<1%). 

 

4.4.3 LCS exposure, BMI and dietary intake 

Total LCS FFQ exposure from all sources, beverages, and food were split into three exposure 

groups (no/low = 36; medium =37; high = 36; Table 4. 5). Total LCS exposure and saccharin 

fasting spot exposure were split into similar groups. Due to low number of consumers, steviol 

glucuronide and sucralose fasting spot exposure were split into two exposure groups (no/low 

= 55; high = 54). There was no difference between total LCS FFQ exposure and BMI and 

dietary intakes (p ≥ 0.05) (Table 4.6). There were also no differences between sucralose and 

steviol glucuronide fasting spot exposure and BMI or dietary intakes (p ≥ 0.05) (Table 4.7). 

However, based on the fasting spot samples, those with high total LCS exposure had a higher 

%TEI from carbohydrates (median (IQR) = 45.5 (39.7, 50.8)%), compared to those with no/low 

total LCS exposure (42.9 (37.8, 46.9)%; p = 0.034). The high total LCS fasting spot exposure 

group had lower %TEI intake from fat (32.3 (29.0, 38.9)%), compared to the no/low exposure 

group (35.6 (30.9, 40.5)%; p = 0.007). In contrast the high saccharin fasting spot exposure 
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group had a higher %TEI from carbohydrate (44.8 (39.1, 51.1)%), compared to the no/low 

exposure group (43.9 (39.4, 47.5)%; p = 0.028). Individuals with high saccharin fasting spot 

exposure also had higher %TEI from protein (17.1 (14.8, 19.2)% vs. 16.6 (14.5, 20.6)%; p = 

0.039), and higher %TEI from sugar (18.8 (14.8, 22.2)% vs. 16.8 (13.6, 20.9)%; p = 0.022), 

compared to the no/low exposure groups. Additionally, individuals with high fasting spot 

acesulfame-k exposure had a lower %TEI from fat (32.4 (29.5, 37.1)%), compared to the 

no/low exposure group (35.6 (31.5, 40.4)%; p = 0.011). 

 

4.4.4 Acceptable-energy reporters 

Seventy participants were classified as low-energy reporters, and therefore 39 participants 

(Male = 18; Female = 21) were included in the analysis of acceptable-energy reporters. There 

was no significant difference between gender, age range, education level and smoking status 

between acceptable-energy reporters and low-energy reporters (all p > 0.05).  Low-energy 

reporters had a higher median (IQR) BMI of 25.3 (23.0, 28.7) kg/m2, compared to acceptable-

energy reporters (22.5 (20.7, 24.9) kg/m2; p < 0.001). Within the acceptable energy reporter 

group, one participant was classified as underweight, twenty-nine were classified as normal 

weight, nine were classified as overweight, and no participant was classified as obese. There 

was no significant difference in fasting spot exposure between acceptable-energy reporters and 

low-energy reporters (all p > 0.05). Additionally, there was no significant difference in FFQ 

exposure of cyclamate, saccharin and steviol glycosides between acceptable-energy reporters 

and low-energy reporters (p > 0.652). However, low-energy reporters had higher median (IQR) 

FFQ exposure of total LCS (23 (4, 75) mg/day vs. 5 (0, 21) mg/day), acesulfame-k (11 (2, 46) 

mg/day vs. 1 (0, 13) mg/day) and sucralose (3 (0, 16) mg/day vs. 0 (0, 6) mg/day). Compared 

to low-energy reporters, acceptable-energy reporters had significantly higher median (IQR) 

intakes in total energy (10333 (8610, 11797) kJ/day vs. 7615 (6528, 9294) kJ/day; p < 0.001). 
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There was no difference between low-energy reporters and acceptable-energy reporters and 

%TEI from any macronutrient (p > 0.05).  

 

All FFQ exposure were split into three exposure groups within the acceptable energy-reporter 

population (no/low = 13, medium = 13; high = 13). Total LCS, saccharin and sucralose 

exposure as estimated from the fasting spot samples were split into similar groups. Due to low 

numbers of consumers, acesulfame-k and steviol glucuronide exposure as estimated from the 

fasting spot samples were split into two groups (no/low = 20; high = 19). There was no 

difference between FFQ total LCS exposure, BMI and dietary intakes (p ≥ 0.05). Similarly, 

there was no differences between acesulfame-k, sucralose and steviol glucuronide fasting spot 

exposure, BMI and dietary intakes (p ≥ 0.05). Individuals with high total LCS exposure had a 

lower %TEI from fat (31.3 (25.3, 40.7)%) compared to those with no/low exposure (38.8 (32.9, 

44.1)%; p = 0.007). However, individuals with medium exposure did not have a different %TEI 

from fat (36.5 (33.5, 39.7)%) than those with no/low and high exposure (p ≥ 0.05). Also, 

individuals with high saccharin exposure had a higher %TEI from sugars (17.2 (15.8, 25.0)%), 

compared to those with medium exposure (14.0 (12.5, 18.7)%; p = 0.036). There was no 

difference in %TEI from sugar between individuals with no/low saccharin exposure (16.3 

(14.2, 19.3)%) and those with medium and high exposure (p ≥ 0.05). 

 

4.5 Discussion  

This study estimated LCS exposure through a variety of sources using an objective urinary 

biomarker approach and an LCS-focused FFQ. Although LCSB were the main contributor to 

total LCS exposure, most participants were also identified as LCSF consumers (n = 86). 

Additionally, steviol glycoside was mainly consumed through food. Therefore, solely relaying 
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on LCSB as a proxy measurement may neglect to assess overall LCS consumption, and LCS 

consumed through LCSF.  LCS consumption has been previously associated with a desire to 

lose weight (Drewnowski and Rehm, 2016), however, participants in this study with high LCS 

exposure did not have a higher BMI compared to other LCS exposure groups. Within the total 

population, individuals with the high total LCS exposure had lower intakes of fat and higher 

intakes of carbohydrates, compared to those with no/low exposure. Similarly, those with high 

acesulfame-k exposure had lower intakes of fat, compared to those with no/low exposure. 

Additionally, those with high saccharin exposure had higher intakes of carbohydrates and 

sugar, and lower intakes of protein. However, once analysis was adjusted for low-energy 

reporters, there were only differences within the total LCS and saccharin exposure groups. 

Individuals with high total LCS exposure had lower fat intakes, compared to those with no/low 

exposure. Additionally, those with high saccharin exposure had higher sugar intakes than those 

with no/low saccharin exposure. Potential reasonings for the lack differences between LCS 

exposure and dietary intakes within the acceptable-energy reporters may be the result of a 

reduction in sample size, the exclusion of dietary mis-reporters, or the exclusion of the majority 

or overweight- and obese- participants. However, due to the importance of excluding low-

energy reporters in studies investigating anthropometric measurements and dietary intakes, it 

would be inappropriate to draw conclusions from the entire study population (Goldberg et al., 

1991). Interestingly, those with high saccharin exposure higher sugar intakes contradicts 

theory, as LCS are added to foods and beverages to lower sugar intakes. However, such results 

may be the result of potential psychological and physiological effects of LCS on dietary intake 

(Burke and Small, 2015). Also, differences in fat intakes between LCS exposure may indicate 

that LCS exposure is negatively associated with intakes of high-fat foods, as previous research 

has indicated that individuals with high LCS exposure have higher intakes of fat-modified 

foods (Phelan et al., 2009). Phelan et al. (2009) assessed the use of LCS and low-fat foods via 
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24-hour recall in individuals who have lost and maintained ≥10% of their body weight, and 

individuals who have always been normal weight. Individuals with maintained weight loss 

reported consuming three times the number of servings of LCSB per day (0.91 vs 0.37; p = 

0.003), and 3.9% less TEI from fat (28.7 ± 8.4 vs. 32.6 ± 7.1; p < 0.001). However, results 

from the study included in this thesis were not paired with a decrease in TEI. This may be due 

to the large minimal detectable difference between exposure groups. It is important to note, 

these results should be interpreted with caution as this study was observational in nature, and 

therefore cannot determine causality. Although these results contradict previous observational 

studies assessing the relationship of LCS on dietary intake and weight management, such 

studies may have used flawed methods generally assessing LCSB exposure as a proxy measure 

for overall LCS exposure (Fowler et al., 2008; Duffey et al., 2012; Leahy et al., 2017).   

Replacing free sugars in foods and beverages with LCS reduces the total energy and free-sugar 

content of that product. Therefore, this should logically result in a reduction of the overall sugar 

content and energy density of the diet, and therefore aid in weight management. In contrast to 

this theory, individuals with high exposure to saccharin had higher sugar intake compared to 

those with medium exposure. These results may be due to potential psychological effects of 

LCS exposure which may increase food consumption, such as the ‘health-halo’ effect. This 

effect is based on the principle that individuals are more inclined to consume increased amounts 

of a food or beverage if the product is perceived as healthier (Fernan et al., 2018). For instance, 

one cross-over trial investigated this effect with participants consuming a breakfast cereal with 

no sweetener, or sweetened with sucrose, or aspartame, with only half the participants aware 

of the sweetener content of the product. Interestingly, informed aspartame-consumption 

increased total energy intake by 937 kJ/d, compared to informed sucrose consumption (Mattes, 

1990). Therefore, participants with high exposure to saccharin higher sugar intake could be due 

to increased portion sizes of sucrose-sweetened foods throughout the day, which potentially 
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cancel the effect of the reduced energy and sugar content of LCSB and LCSF. Additionally, 

animal model studies have shown that long-term consumption of LCS has been linked to 

increased energy intake and body weight in rats (Swithers et al., 2009; Swithers et al., 2013). 

As LCS exposure groups within this study were relative to the population, it may have been 

the case that those classified as having high exposure to saccharin consumed saccharin more 

frequently to those within other studies. Therefore, such high exposure could alter the body’s 

learned associations with sweet-taste, thereby increasing sugar intake (Burke and Small, 2015). 

Previous observational studies have found that consumption of LCS may be positively 

associated with BMI (Fowler et al., 2008; Duffey et al., 2012). Fowler et al. (2008) conducted 

a study including 5,158 adults and examined the effect of LCSB on obesity risk. Participants 

categorised as high LCSB consumers (>21 LCSB servings/week), were nearly twice as likely 

to be overweight or obese compared to non-LCSB consumers (hazard ratio = 1.93, p = 0.007). 

However, this study did not support these previous observational studies as no apparent 

relationship between BMI and total LCS exposure was found. In addition, there was no 

difference in TEI across LCS exposure. This correlates with results from an observational study 

conducted by Leahy et al. (2017) that included data from 25, 817 adults previously recruited 

as part of the National Health and Nutrition Examination Survey (2001–2012) investigating 

the relationship between LCSB consumption and dietary intake via a 24-hour recall. Leahy et 

al. (2017) concluded that there was no dose-response relationship of mean ± SD energy intake 

across LCSB consumption categories (< 1 LCSB/day = 2134 ± 10 kcal; 1-2 LCSB/day = 2038 

± 23 kcal; > 2 LCSB/day = 2080 ± 23 kcal; p = 0.037). In contrast to Leahy et al. (2017), 

Fowler et al. (2008) included 24-hour dietary recall data from 1, 495 participants, and 

concluded that LCSB consumers had significantly lower mean ± SD total energy compared to 

non-consumers (2,080.3 ± 903.9 kcal/day vs. 1,857.4 ± 827.8 kcal/day; p < 0.001). 

Additionally, both Fowler et al. (2008) and Leahy et al. (2017) indicated that LCSB 



 

   116 

consumption may be positively associated with intakes of total fat. Although, this contradicts 

results of the study included as part of this thesis, as %TEI from fat was found to decrease 

across total LCS exposure categories. 

 

Although this research does not correlate with other observational studies, it is important to 

note that such studies only assessed dietary intake through retrospective methods, and used 

semi-quantitative methods to assess LCSB exposure (Fowler et al., 2008; Duffey et al., 2012; 

Leahy et al., 2017).  Indeed, although the FFQ is self-reported, it is extensive and includes a 

comprehensive list of foods and beverages that can include LCS, as per EU legislation 

(European Parliament the Council, 1994).  Additionally, the urinary biomarker approach can 

estimate LCS excretion, and therefore may categorise LCS exposure. While it is encouraging 

from a weight-management perspective that according to these results LCS do not seem to be 

related to obesity, observational studies are unable to determine causality. In contrast, 

intervention studies have generally found that LCS were a beneficial weight management tool 

(Beridot-Therond et al., 1998; Raben et al., 2002). An RCT found that supplementing the diet 

of overweight men and women (n = 21) with unspecified LCSB and LCSF significantly 

reduced energy intake and body weight, compared to individuals who were given sucrose-

sweetened foods and beverages (Raben et al., 2002).  Additionally, a short cross-over study 

investigating the effect of different pre-loads on spontaneous intake in 24 participants found 

that LCSB may lower total energy intake (Beridot-Therond et al., 1998). Participants consumed 

an unsweetened beverage, a sugar-sweetened beverage (SSB), or an LCSB with 50 mg of 

aspartame. Beverages were consumed ad libitum 15 minutes before lunch and were also served 

at dinner later upon request. Although there was no significant difference in macronutrient 

intake from the lunch and dinner, the discrepancy in energy content between beverages led to 

participants consuming fewer total calories when served a LCSB compared to an SSB. 
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However, this contradicts a study by Madjd et al. (2018) that compared consumption of LCSB 

to water. This study included 71 overweight and obese participants who usually consumed 

LCSB and were randomised to switch to water or continue drinking LCSB for a 24-week 

period, coupled with an energy restricted diet. At the 12-month follow-up, those who drank 

water had a greater weight loss than those in the LCSB control group (Mean ± SD: -1.7 ± 2.8 

vs -0.1 ± 2.7 kg; p = 0.001). Such contradictory results may suggest that LCS may only be 

beneficial when replacing sucrose-sweetened products, however, it is important to note that 

current intervention studies generally do not include free-living populations, and they fail to 

adjust for habitual LCS exposure in statistical analysis (Raben et al., 2002; Madjd et al., 2018). 

Future intervention studies could benefit from the inclusion of a urinary biomarker approach 

and an LCS-focused FFQ. The use of a long-term dietary assessment method, like the FFQ and 

repeated urinary analysis, could aid in the identification of such potential confounders. 

Additionally, such tools could be used to assess compliance to LCS dietary interventions in 

future studies. 

 

Sixty-four percent of low-energy reporters were excluded prior to estimating the population’s 

exposure to LCS. Although there was a large proportion of low-energy reporters in the 

population, such participants must be excluded as there is a very high chance that their self-

reported dietary intake are unreliable (Goldberg et al., 1991). Low-energy reporters are 

common when using self-reported dietary assessment methods, and it is not unusual for 50% 

of the population to be classified as low-energy reporters (Schoeller, 1995). Yet some studies 

report much lower numbers, with one study investigating dietary misreporting in the Dietary 

and Nutritional Survey of British Adults. This study found that 33% participants were classified 

as low-energy reporters (Pryer et al., 1997). However, this study only excluded participants 

with an EI: BMR <1.2. Yet, an EI: BMR <1.2 is unlikely, unless an individual is chair-bound 
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or bed-ridden (Goldberg et al., 1991). Therefore, excluding participants with an EI: BMR <1.55 

is likely to be a more accurate approach. Obesity is positively associated with low-energy 

reporters (Maurer et al., 2006), and this was demonstrated by this study’s total exclusion of 

obese participants in the final analysis. This may have been a limitation in this study as 

consumption of LCS has been associated with intention to lose weight (Drewnowski and Rehm, 

2016). This correlated with results from this study, as excluded low-energy reporters had a 

higher BMI and higher long-term LCS exposure. Therefore, it is unclear if this study’s results 

were affected by reverse causation. Importantly, when low-energy reporters were excluded, 

significant differences were not found between acesulfame-k exposure, and BMI or %TEI from 

fat in acceptable-energy reporters. There was no longer difference between carbohydrate intake 

and total LCS exposure, and protein and carbohydrate intakes between saccharin exposure. 

However, such discrepancies may be due to a decrease in sample size, or the exclusion or 

participants with higher LCS exposure, or the exclusion of overweight- and obese-individuals. 

Therefore, no conclusions can be effectively drawn from the total population group. 

 

Intakes of all LCS were within the ADI for all participants. Acesulfame-k had the highest 

median %ADI (mg/g/day) consumption, yet the median (IQR) was still only 1.6 (0.3, 4.9)%. 

Most individuals’ total exposure of LCS was from beverages albeit 79% of participants were 

exposed to LCS through food. In addition, individuals were exposed to cyclamate, saccharin 

and sucralose primarily through food. As such, LCSF may be a major contributor to overall 

exposure of LCS. However, consumption of LCSB is commonly used as a proxy measurement 

for exposure to LCS (Rogers et al., 2016). A recent cross-sectional study has also shown that 

LCSB exposure may not be an accurate method of identify consumers of LCS (Logue et al., 

2020).  Logue et al. (2020) included seventy-nine participants with fasting spot samples, which 

were analysed using a urinary biomarker approach. Ninety-two percent of these participants 
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were exposed to LCS, however this was a much higher prevalence than those that self-reported 

LCSB consumption (6%; p < 0.001) (Logue et al., 2020). Although these results indicate that 

LCSB is not an accurate proxy measurement of LCS exposure, this study’s small sample size 

implies this methodology should be replicated in a larger cohort. Such results correlate with a 

recent review by Martyn et al. (2018) that demonstrated that LCS are common in a wide range 

of both foods and beverages. With 79% of this study classified as LCSF consumers, and other 

research indicating the widespread nature of LCS use, LCSB as a proxy measurement is 

inappropriate when assessing LCS exposure. As such the use of the urinary biomarker approach 

together with the FFQ is preferable, as both can assess total LCS exposure. 

 

A major benefit of both the FFQ and urinary biomarker, was their ability to estimate exposure 

to specific LCS. This a major benefit as LCS are physically and chemically diverse, and 

therefore their potential associations with physiological mechanisms should be investigated on 

an individual basis. Interestingly, cyclamate exposure was extremely rare within this cohort 

according to both the FFQ (n = 1.8%) and fasting spot samples (n = 2.8%).  Despite 11 LCS 

available for use in Europe (EFSA, 2019), such a result is to be expected as the use of LCS in 

foods and beverages varies greatly within jurisdictions (Martyn et al., 2018).  This study 

highlights the importance of repeated estimation of exposure to LCS due to the variation in 

LCS used in different foods and beverages (Martyn et al., 2018). 

4.6 Conclusions 

Individuals with a high total LCS exposure had lower fat intakes, and those with a high 

saccharin exposure had higher sugar intakes, compared to other exposure groups. However, 

this did not coincide with differences in TEI and BMI. Therefore, it might be concluded that 

LCS may not be associated with the overall energy density of the diet, however, such results 
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may be due to a large minimal detectable difference of TEI between exposure groupings. 

Additionally, as observational studies cannot determine causality, results should be interpreted 

with caution. As the choice of LCS and the concentrations of LCS used in foods and beverages 

greatly varies between regions, and tends to change over time, results from this study are only 

representative of this population and this timepoint. It is of the utmost importance that similar 

studies are repeatedly carried out using robust methods to ensure that LCS are consumed in a 

safe manner and are not adversely affecting individual’s health. If future studies confirm that 

LCS exposure is not related to TEI or BMI, it could suggest that LCS do not impact dietary 

intake or weight management. The use of tools for the assessment of LCS exposure, such as 

the urinary biomarker approach and the LCS-focused FFQ, are fundamental in such studies, as 

they can be adapted to reflect our everchanging relationship with LCS. These tools are greatly 

superior to those used previously allowing for the accurate categorisation of short- and long-

term exposure to LCS, allowing for a refined assessment of their association to health 

outcomes. Additionally, the use of such methods should not be confined to observational 

studies and should be used to assess long-term exposure of LCS and assess compliance to 

dietary interventions. 
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Table 4. 1 General characteristics and dietary information of total population 

Characteristic  

Overall 

n (%) = 109 
Male 

n (%) = 50 
Female 

n (%) = 59 
 

p-value 

Age Group (years)    
 

   18-24  57 (52.3) 27 (54.0) 30 (50.8) 

0.565
a
 

   25-34  29 (26.6) 16 (32.0) 13 (22.0) 

   35-44  8 (7.3) 2 (4.0) 6 (10.2) 

   45-54  7 (6.4) 3 (6.0) 4 (6.8) 

   55-64  4 (3.7) 1 (2.0) 3 (5.1) 

   65+ 4 (3.7) 1 (2.0) 3 (5.1) 

BMI categories
b     

   Underweight (< 18.5) 3 (2.8) 0 (0.0) 3 (5.1) 

0.241
a
 

 

   Normal weight (18.5 – 24.9) 58 (53.7) 24 (49.0) 34 (57.6) 

   Overweight (25.0 – 29.9) 35 (32.4) 18 (36.7) 17 (28.8) 

   Obese (≥ 30.0) 12 (11.1) 7 (14.3) 5 (8.5) 

Education Level (%)     

   Below undergraduate 29 (26.9) 40 (81.5) 12 (20.4) 

0.147
a
 

 

   Undergraduate 50 (45.9) 23 (46.9) 27 (45.8) 

   Postgraduate 25 (22.9) 8 (16.3) 17 (28.8) 

   Other 4 (3.7) 1 (2.0) 3 (5.1) 

Smoking Status
b     

   Yes 15 (13.9) 9 (18.0) 6 (10.3) 0.251
a
 

Dietary intake and LCS 

exposure 
  

   TEI (kJ/day) 8597 (7212, 10281) 9871 (8259, 11210) 7650 (6632, 9028) < 0.001
c
 

   Protein (%TEI)  18 (15, 21) 18 (16, 23) 17 (15, 20) 0.033
c
 

   Fat (%TEI) 35 (31, 40) 34 (31, 39) 36 (31, 40) 0.684
c
 

   Carbohydrates (%TEI) 43 (39, 47) 43 (38, 48) 44 (39, 47) 0.653
c
 

   Total Sugars (%TEI) 16 (14, 21) 16 (11, 21) 17 (14, 21) 0.191
c
 

   Free Sugars (%TEI) 6 (3.7, 8.1) 5 (3, 8) 7 (4, 8) 0.064
c
 

Abbreviations: BMI (kg/m2) = Body Mass Index, IQR = Interquartile range, N = Number of Participants, TEI = Total energy intake 

Data shown as percentages or Median (IQR) as specified 
a
Assessed via Pearson’s Chi-Squared Tests 

b
Based from data from 108 participants 

c
Assessed via Mann-Whitney U Tests 



 

 
Table 4. 2 Estimated short-term and long-term LCS exposure of total population, based on fasting spot samples and 

LCS-focused food frequency questionnaire. 

LCS exposure  
Food frequency questionnaire 

(mg/day) 

Fasting spot 

LCS µg/g creatinine 

n Median (IQR) n Median (IQR) 

Total LCS 97
a 17 (4, 60)

  105
b 3741 (976, 14586) 

Ace-k 92 11 (2, 33) 74 1784 (194, 11102) 

Cyclamate 2 4 - 3 4293 - 

Saccharin 36 1 (0, 2) 84 810 (409, 2632) 

Sucralose 70 7 (2, 21) 70 217 (91, 853) 

Steviol glycosides 20 1 (0, 6) 69 307 (58, 1128) 

%ADI ace-k 92 2 (0, 5) - - 

%ADI cyclamate 2 0 - - - 

%ADI saccharin 36 0 (0, 1) - - 

%ADI sucralose 70 1 (0, 2) - - 

%ADI steviol glycosides 20 0 (0, 2) - - 

Abbreviations: Ace-K = Acesulfame-K, ADI = Adequate Daily Intake, IQR = Interquartile range, LCS = Low-calorie sweeteners, N = Number of consumers  
a
Calculated through summation of estimated absolute exposure (mg/day) of acesulfame-k, cyclamate, saccharin, sucralose and steviol glycoside 

b
Calculated through summationc of estimated LCS:  Creatinine (µg/g) excretion of acesulfame-k, cyclamate, sucralose and steviol glucuronide 
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Table 4. 3 Absolute amounts and percentage contribution of LCS from beverages and foods of as estimated from food-

frequency questionnaires.  

 Beverages Food 

LCS (n
a
) mg/day (nb) (IQR) % (IQR) mg/day (nb) (IQR) % (IQR) 

Total 5 LCS
c
 (97) 11 (86) (2, 46) 84 (26, 99) 2 (86) (0, 10) 16 (1, 74) 

Ace-K (92) 10 (79) (2, 34) 96 (63, 100) 1 (59) (0, 4) 4 (0, 37) 

Cyclamate (2) 7 (1) - 50 - 0 (1) - 50 - 

Saccharin (36) 1 (23) (0, 3) 78 (0, 100) 0 (23) (0, 1) 11.7 (0, 100) 

Steviol Glycosides (20) 0.5 (6) (0, 1) 0 (0, 100) 1 (14) (0, 8) 0 (0, 100) 

Sucralose (70) 5 (46) (1, 14) 58 (0, 100) 3 (49) (0, 14) 37 (0, 100) 

Abbreviations: Ace-K = Acesulfame-K, ADI = Adequate Daily Intake, FD = Food Diary, FFQ = Food Frequency Questionnaire, LCS = Low-calorie sweeteners 
a
Total number of total or individual LCS consumers from beverages, food, and tabletop sweeteners  

b
Total number of total or individual LCS consumers from beverages or food 

c
Calculated through summation of estimated absolute exposure (mg/day) of acesulfame-k, cyclamate, saccharin, sucralose and steviol glycoside 
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Table 4. 4 Absolute amounts of LCS consumed from various sources as estimated from food-frequency questionnaires. 

 Median LCS (mg/day) (n) (IQR) 

 Ace-K Asp SaltAsp Cyc Sac Stev Suc Overall 

Vegetable 

products NC NC NC NC <1 (11) (<1, <1) NC NC <1 (11) (<1, 1) 

Sauces & 

condiments NC NC NC NC NC <1 (6) (<1, <1) 1 (3) - 1 (6) (<1, 2) 

Cereal beans & 

spaghetti NC NC NC <1 (1) - NC NC NC <1 (1) - 

Crisps, popcorn, 

nuts, rice cakes NC <1 (4) (<1, 1) NC NC <1 (10) (<1, <1) NC <1 (8) (<1, 1) <1 (13) (<1, 1) 

Sweets & 

chewing gum 1 (54) (<1, 1) 2 (53) (1, 5) 3 (21) (1, 7) NC NC NC <1 (21) (<1, 1) 4 (55) (1, 12) 

Hot chocolate & 

coffees 17 (3) - NC NC NC NC NC NC 17 (3) - 

Medicine NC NC NC NC <1 (1) - NC NC <1 (1) - 

Jelly, custard & 

desserts 5 (6) (1, 19) 28 (4) (9, 94) NC NC NC NC 1 (1) - 19 (6) (2, 71) 

Yoghurt 6 (4) (3, 8) 22 (6) (15, 37) NC NC NC NC 3 (5) (1, 6) 11 (11) (3, 25) 

Ice lollies/ice 

cream <1 (1) - NC NC NC NC NC NC <1 (1) - 

Wafers NC NC NC NC <1 (6) (<1, 1) NC NC <1 (6) (<1, 1) 

Carbonated 

drinks 10 (59) (2, 35) 19 (55) (2, 69) NC NC NC NC 5 (17) (1, 17) 29 (59) (5, 100) 

Alcohol 5 (15) (3, 29) 16 (14) (2, 42) NC 7 (1) - 3 (1) - NC 4 (6) (3, 29) 10 (20) (3, 57) 

Non-carbonated 

drinks 2 (41) (1, 5) 2 (35) (1, 5) NC NC 1 (21) (<1, 3) 1 (4) (<1, 2) 2 (33) (1, 7) 4 (61) (2, 10) 

Soups 8 (1) - NC NC NC NC <1 (1) - NC 8 (1) - 

Supplements NC NC NC NC NC 8 (8) (1.1, 17.1) 16 (20) (12, 30) 13 (25) (8, 29) 

Tabletop 

sweeteners <1 (3) - <1 (3) - NC NC <1 (3) - <1 (1) - <1 (3) - <1 (9) (<1, <1) 

Abbreviations: Ace-K = Acesulfame-K, Asp = Aspartame, Cyc = Cyclamate, Sac = Saccharin, SaltAsp = Aspartame-Acesulfame Salt, Steviol Glycosides, Suc = Sucralose, LCS = Low-Calorie Sweeteners, N 

= Number of Consumers, NC = Not Consumed, IQR = Inter-Quartile Range 
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Table 4. 5 LCS exposure of total population in no/low, medium and high LCS exposure groups as estimated from food-

frequency questionnaire and fasting spot samples. 

 
No/low exposure 

(n = 36) 

Medium exposure 

(n = 37) 

High exposure 

(n = 36) 
p-valuea 

Food-frequency questionnaire (mg/day)     

   Total 5 LCS from all sources
b
 0 (0, 1) 14 (10, 22) 75 (46, 110) < 0.001 

   Total 5 LCS from beverages 0 (0, 1) 6 (3, 11) 58 (27, 97) < 0.001 

   Total 5 LCS from food 0 (0, 0) 1 (0, 2) 13 (8, 26) < 0.001 

Fasting Spot LCS: Creatinine (µg/g)     

   Total 5 LCS
c
 539 (189, 915) 3590 (1959, 4688) 21634 (13513, 44376) < 0.001 

   Steviol glucuronide
d
 0 (0, 5) - 695 (193, 1373) < 0.001 

   Sucralose
d
 0 (0, 13) - 445 (167, 1106) < 0.001 

   Saccharin 0 (0,73) 580 (400, 706) 3848 (1916, 12326) < 0.001 

Abbreviations: LCS = Low-calorie sweeteners 
a
Differences between exposure groups was assessed by Kruskal-Wallis Test 

b
Calculated through summation of estimated absolute exposure (mg/day) of acesulfame-k, cyclamate, saccharin, sucralose and steviol glycoside 

c
Calculated through summation of estimated LCS:  Creatinine (µg/g) excretion of acesulfame-k, cyclamate, sucralose and steviol glucuronide 

d
LCS exposure is split into two groups; no/low = 55; high = 54 
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Table 4. 6 Dietary intake and anthropometric measurements of total population in no/low, medium and high LCS exposure groups as 

estimated from food-frequency questionnaire. 

 
No/low exposure 

(n = 36) 

Medium exposure 

(n = 37) 

High exposure 

(n = 36) p-value
a
 

Total 5 LCS
b
 (mg/day) 0 (0, 1) 14 (10, 22) 75 (46, 110) < 0.001 

BMI (kg/m2) 24.2 (22.4, 28.1) 23.6 (21.7, 26.4) 25.2 (22.4, 29.2)
c
 0.354 

TEI (kJ/day)
d
 9096 (7200, 10791) 8457.2 (7068, 10000) 8404 (7311, 10389) 0.606 

Protein (%TEI)
d 16.3 (14.5, 20.3) 17.7 (15.7, 20.7) 18.1 (15.1, 22.7) 0.128 

Fat (%TEI)
d
 37.9 (31.0, 41.1) 34.3 (30.9, 39.4) 34.4 (31.0, 37.2) 0.105 

Carbohydrates (%TEI)
d
 40.1 (36.8, 46.9) 44.2 (41.7, 47.1) 42.9 (37.8, 49.2) 0.178 

Total sugars (%TEI)
d
 16.6 (12.9, 21.2) 17.2 (14.9, 21.7) 15.4 (11.6, 20.1) 0.250 

Free sugars (%TEI)
d
 5.9 (4.3, 7.7) 5.8 (3.8, 7.9) 6.6 (2.7, 9.1) 0.935 

LCS = Low-calorie sweeteners, BMI (kg/m2) = Body Mass Index, TEI = Total energy intake 
a
Differences between FFQ exposure groups was assessed by One-way ANOVA 

b
Calculated through summation of estimated LCS:  Creatinine (µg/g) excretion of acesulfame-k, cyclamate, sucralose and steviol glucuronide 

c
Based on data from 35 participants 

d
Data was log-transformed 
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Table 4. 7 Dietary intake and anthropometric measurements of total population in no/low, medium and high LCS exposure groups as 

estimated from fasting spot samples. 

 
No/low exposure 

(n = 36) 

Medium exposure 

(n = 37) 

High exposure 

(n = 36) 
p-value

a
 

Total 5 LCS: Creatinine (µg/g)
b 539 (189, 915) 3590 (1959, 4688) 21634 (13513, 44376) 

< 0.001 

BMI (kg/m2) 24.0 (22.6, 27.8) 25.0 (22.5, 29.0) 23.6 (20.9, 26.3) 0.305 

TEI (kJ/day)
d 9096 (7847, 10717) 8649 (7023, 10053) 7518 (6727, 9633) 0.062 

Protein (%TEI)
d
 17.6 (14.8, 20.8) 17.1 (15.1, 20.3) 18.1 (15.6, 21.2) 0.940 

Fat (%TEI)
d
 37.4 (33.4, 40.8) 35.6 (30.9, 40.5) 32.3 (29.0, 28.9) 0.008 

Carbohydrates (%TEI)
d
 40.8 (37.4, 44.6) 42.9 (37.8, 46.9) 45.5 (39.7, 50.8) 0.042 

Total sugars (%TEI)
d
 14.3 (10.9, 19.8) 16.3 (14.1, 21.7) 17.4 (14.6, 21.3) 0.063 

Free sugars (%TEI)
d
 4.4 (2.9, 7.0) 6.9 (4.6, 8.6) 6.6 (4.2, 9.2) 0.084 

BMI (kg/m2) = Body Mass Index, LCS = Low-calorie sweeteners, TEI = Total Energy Intake 
a
Differences between FFQ exposure groups was assessed by One-way ANOVA

 

b
Calculated through summation of estimated LCS:  Creatinine (µg/g) excretion of acesulfame-k, cyclamate, sucralose and steviol glycosides 

c
Based on data from 35 participants 

d
Data was log-transformed 
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5.1 Summary 

Introduction 

During pregnancy adequate dietary intakes and diet quality is vital to prevent complications, 

to optimise foetal growth, and to ensure optimal maternal and infant health. As low-calorie 

sweetener (LCS) exposure has been associated with better diet quality in a general adult 

population, LCS may be associated with improved dietary quality during pregnancy. Therefore, 

this study aimed to assess the relationship between LCS exposure, dietary intakes, and diet 

quality during early and late pregnancy.   

Method 

A sub-sample of 100 pregnant women who were previously recruited as part of the ROLO 

study were included in this preliminary analysis. Three-day food diaries assessed dietary 

intakes during the 2nd and 3rd trimester. Exposure of 5 commonly consumed LCS were 

determined using fasting spot samples at 12- and 28-week gestation using a novel urinary 

biomarker. Diet quality was assessed using an 80-point scoring system based on an alternative 

healthy eating index for pregnancy. Total and individual LCS excretion were split into two or 

three exposure groups.  

Results 

Mean ± SD age was 32.8 ± 4.3 years and BMI was 25.7 ± 4.0 kg/m2 at initial appointment. All 

participants were exposed to LCS during early pregnancy (total LCS exposure = 3497 (922, 

11891) μg/g creatinine), and 99% were exposed to LCS during late pregnancy (total LCS 

exposure = 7195 (1904, 22565) μg/g creatinine). There was no difference in dietary intakes or 

dietary quality between total LCS exposure groupings. The high acesulfame-k exposure group 
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reported consuming a 4% lower total energy intake (TEI) from carbohydrates compared to the 

medium acesulfame-k exposure group. 

Conclusion 

LCS exposure was widespread within this pregnant population. There were clear relationships 

between LCS exposure and dietary intakes or diet quality during pregnancy. However, it was 

indicated that acesulfame-k exposure may lower intakes of carbohydrates during pregnancy, 

potentially aiding weight management. 

 

5.2 Introduction 

Appropriate nutrition during pregnancy is essential to promote optimal maternal health, and 

foetal growth and development (Clapp III, 2002; Walsh et al., 2012). For instance, increased 

protein intake during pregnancy is necessary for the initial deposition and maintenance of 

pregnancy-related tissue (Abu-Saad and Fraser, 2010; Khan, 2013). Consumption of certain 

dietary fats are beneficial, with omega-3 suggested to improve foetal growth by prolonging 

gestation (Coletta et al., 2010). In addition to macronutrients, micronutrients play a vital role 

in ensuring maternal and foetal health during pregnancy. For example, inadequate intakes of 

iron and folate increases the risk of pre-term or low-birth-weight infants (Abu-Saad and Fraser, 

2010; Khan, 2013). Also, as folate is a cofactor for DNA and nucleic acid synthesis, it is critical 

for foetal development. In addition to ensuring sufficient intakes of nutrients during pregnancy, 

excessive macronutrient intakes should be avoided owing to the positive association with 

gestational weight gain and macrosomia (Clapp III, 2002; Walsh et al., 2012). Additionally, 

macrosomia is positively associated with other pregnancy-related complications (Najafian and 

Cheraghi, 2012).  Najafian and Cheraghi (2012) found that macrosomia was positively 

associated with uterine atony, cervix/vaginal laceration, uterine rapture, and neonatal 
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complications, such as brachial plexus injury and clavicle fracture. Likewise, Oral et al. (2001) 

found that 10.6% of women who delivered a macrosomic infant experienced complications, 

compared to 4.3% of women who delivered normal weight infants (p < 0.001).  Macrosomic 

infants are also at risk of chronic conditions in later life, such as, obesity, cardiovascular 

disease, and metabolic syndrome (Hermann et al., 2010; Ornoy, 2011). With clear associations 

between diet and complications during pregnancy, foetal growth, and maternal and infant 

health, the potential factors impacting dietary intakes and diet quality during pregnancy should 

be investigated.  

 

In theory, low-calorie sweeteners (LCS) may be used during pregnancy to reduce the energy 

density of foods and beverages (Gwak et al., 2012), and therefore, may be a beneficial tool in 

preventing excessive gestational weight gain and macrosomia (Clapp III, 2002; Walsh et al., 

2012). Current legislation states that LCS exposure is safe during pregnancy, however, there is 

a paucity of research investigating the relationship between LCS exposure during pregnancy 

and health outcomes (European Parliament the Council, 1994; EFSA, 2007; EFSA, 2010; 

EFSA, 2013). Observational studies have found that LCS exposure is common during 

pregnancy (Zhu et al., 2017; Sylvetsky et al., 2019). In Denmark, 918 mothers completed a 

food-frequency questionnaire that assessed low-calorie sweetened beverage (LCSB) 

consumption and found that nearly half of the cohort had consumed LCSB during pregnancy 

(Zhu et al., 2017). Sylvetsky et al. (2019) found no difference in LCS exposure across 

trimesters during pregnancy. However, in theory, LCS exposure may be expected to increase, 

as energy requirements increase across trimesters, potentially resulting in increased intakes of 

LCSB and LCSF (Butte and King, 2005). Therefore, studies should aim to investigate further 

differences in LCS exposure between early and late pregnancy. As LCS consumption has also 

been associated with a better diet quality in a general adult population (Drewnowski and Rehm, 
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2014), their use may be associated with improved prenatal nutrition. Drewnowski and Rehm 

(2014) assessed LCS consumption in 22,231 non-pregnant adults (≥ 20 years) through a single 

24-hour dietary recall and assessed diet quality based on the Healthy Eating Index (HEI) (2005) 

(Guenther et al., 2008). Interestingly, LCS consumers were found to have a higher overall HEI 

score (reflecting better quality), with higher sub scores for vegetables, low-fat dairy, and whole 

grains. Yet, this study also indicated that LCS consumers had poorer sub scores for intakes of 

saturated fat and sodium, potentially adversely affecting health. In contrast, a study including 

59,334 mother-infant dyads utilised an updated HEI (Guenther et al., 2013), and found that 

maternal LCSB consumption was associated with poorer diet quality (Azad et al., 2016). 

Therefore, with such differing results and population groups, the relationship between LCS and 

diet quality during pregnancy is currently unclear. Additionally, a study using data from the 

Danish National Birth Cohort (1996 – 2002) investigated the association between LCSB 

consumption and pre-term deliveries using a food-frequency questionnaire during mid-

pregnancy and found that consuming 4-servings of LCSB was associated with an increased 

risk of pre-term delivery (OR = 1.78 (95% CI: 1.1, 2.66)) (Halldorsson et al., 2010). 

Unfortunately, studies assessing LCS relationship with health outcomes during pregnancy have 

used overly simplistic assessment methods, simply comparing LCS consumers versus non-

consumers (Drewnowski and Rehm, 2014), or using semi-quantitative methods, such as, using 

LCSB consumption as a proxy measurement (Halldorsson et al., 2010; Guenther et al., 2013).  

Animal model studies have also suggested a relationship with LCS exposure during pregnancy 

and infant health outcomes (Collison et al., 2012a; Zhang et al., 2011). For instance, in utero 

exposure to aspartame has been shown to increase mice offspring’s body weight and fasting 

blood glucose levels, compared to the control group (Collison et al., 2012a; Collison et al., 

2012b). Additionally, maternal intakes of intraoral acesulfame-k solutions in pregnant and 

lactating mice has also been shown to decrease preference threshold for acesulfame-k and 
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sucrose in offspring compared to sucrose solutions (Zhang et al., 2011). This suggests that in 

utero exposure to LCS could activate offspring’s sweet taste receptors, potentially leading to 

increased sweet food intake and metabolic effects in later life (Pepino, 2015). However, results 

from human studies have been somewhat contradictory (Azad et al., 2016; Gillman et al., 

2017). A prospective cohort study involving 3,033 pregnant women found that consumption 

of LCSB was positively associated with BMI z-score in the offspring (Azad et al., 2016). In 

contrast, the only other similar observational study including 1,078 mother-child pairs in the 

US found no association between infant BMI and LCSB consumption (Gillman et al., 2017). 

To characterise the actual role of LCS in the context of health, researchers must first implement 

effective exposure assessments. Observational studies investigating the relationship between 

LCS exposure often use LCSB as a proxy measurement, ignoring other forms of consumption 

such as low-calorie sweetened foods (LCSF) (Azad et al., 2016; Gillman et al., 2017). A 

urinary biomarker approach was developed to simultaneously measure the excretion of 5 

commonly used LCS namely, acesulfame-k, cyclamate, saccharin, sucralose, and steviol 

glucuronide (the excretory metabolite of steviol glycosides), via HPLC-MS/MS (Logue et al., 

2016). As such, this urinary biomarker approach may be a more effective method to categorise 

LCS exposure. With a clear need for more human studies investigating LCS exposure during 

pregnancy, this pilot study was based on a sub-sample of those previously recruited as part of 

the Randomised cOntrol trial of a LOw glycaemic index diet in pregnancy to prevent 

macrosomia (ROLO) study (Walsh et al., 2012). Therefore, this study aimed to assess LCS 

exposure during early and late pregnancy and  to determine differences in dietary intakes and 

diet quality across LCS exposure.  
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5.3 Methods 

The present study involves the analysis of a sub-sample of 100 participants previously recruited 

as part of the ROLO study (Walsh et al., 2012). This was a randomised control trial 

investigating the effect of a low-glycaemic index diet on infant birth weight and gestational 

weight gain in adult women, who had previously delivered macrosomic babies over 4000 g 

(Walsh et al., 2012). At baseline, demographic information was recorded, weight (kg) and 

height (m) were measured, and body mass index (BMI) (kg/m2) was calculated.  Fasting urine 

samples were collected at the 2nd trimester (13 weeks) and the 3rd trimester (28 weeks). Three-

day estimated food diaries were completed during the 1st, 2nd and 3rd trimester of pregnancy. 

Fasting spot samples were used to measure and categorise LCS exposure during early and late 

pregnancy via the urinary biomarker approach (Logue et al., 2017). Dietary intakes and diet 

quality were assessed via food diaries using NetWISP version 3.0 software (Tinuviel Software, 

Warrington, UK). Participants’ diet quality was assessed based on adherence to dietary 

guidelines during pregnancy (Rifas-Shiman et al., 2009). 

 

The minimal detectable difference utilising this sample size was determined based on nutrient 

intakes of women 19 – 64 years of age in the Republic of Ireland as per the National Adult 

Nutrition Survey (2008 - 2010) (Irish Universities Nutrition Alliance, 2011). To determine the 

minimal detectable differences between LCS exposure groupings of equal size the following 

information was required: the sample size of each group, the standard deviation of the variable 

of interest, and the standard normal deviants at 5% level of significance and 1 – βpower at 90% 

(Wang and Ji, 2020). When LCS exposure was split into tertiles, the minimal detectable 

difference between exposure groups and TEI (kJ/day), and %TEI from protein, fat, 

carbohydrates, and total sugar was 1390.1 kJ/day, and 2.6%, 4.1%, 4.3% and 3.9% 

respectively. In instances where it was only possible to categorise LCS exposure into two 
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exposure groups, the minimal detectable difference between groups and TEI (kJ/day), and 

%TEI from protein, fat, carbohydrates, and total sugar was 1129.4 kJ/day, and 2.1%, 3.3%, 

3.5% and 3.1% respectively.  

 

5.3.1 LCS exposure 

Excretion of acesulfame-k, cyclamate, saccharin, sucralose and the excretory product of steviol 

glycosides (i.e. steviol glucuronide) were assessed through fasting spot samples via the urinary 

biomarker approach (Logue et al., 2017). Fasting samples were also assessed for creatinine 

(g/ml) using through a colorimetric assay by ilab 650 (Werfen, Warrington, UK). LCS 

excretion were adjusted for creatinine concentrations to account for hydration status and were 

expressed as LCS μg/g creatinine. Total LCS excretion (μg/g creatinine) were calculated 

through summation of excretion of acesulfame-k, cyclamate, sucralose, saccharin and steviol 

glucuronide. Total LCS excretion were split into tertiles to create total LCS exposure groups; 

no/low, medium, and high LCS exposure. Individual LCS exposure was evenly split into two 

or three exposure groups. Participants who excreted any amount of acesulfame-k, cyclamate, 

saccharin, sucralose, or steviol glucuronide were classified as LCS consumers. 

 

5.3.2 Dietary intakes and diet quality  

The Alternate HEI for Pregnancy is a 90-point scoring system which included nine 

components: fruit, vegetables, fibre, white to red meat ratio, polyunsaturated fats to saturated 

fats ratio, and intakes of trans-fats, folate, calcium, and iron (Rifas-Shiman et al., 2009). 

However, as intakes of trans-fats were not assessed as part of the original ROLO study, the 

scoring system used within this study included eight components. All foods and beverages 

were categorised as classified by the HEI. For the fruit, vegetables, white meat, red meat and 
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fibre components, points were based on the total amount of food consumed within these 

categories (g/day).  Points for polyunsaturated fats (PUFA), saturated fats, folate, calcium, and 

iron categories were based on the relative amount of nutrients consumed. White meat to red 

meat ratio was calculated through dividing white meat consumed (g/day) by red meat 

consumed (g/day). Likewise, PUFA consumed (g/day) was divided by saturated fat consumed 

(g/day) to calculate PUFA to saturated fats ratio. Participants’ intakes were assigned a 

continuous score between 0 to 10 points for each dietary component; fruit (10 points = ≥ 320 

g/day), vegetables (10 points = ≥ 320 g/day), fibre (10 points = ≥ 400 g/day), white to red meat 

ratio (10 points = ≥ 4), polyunsaturated fats to saturated fats ratio (10 points = ≥ 1), and intakes 

of folate (10 points = ≥ 600 µg/day), calcium (10 points = ≥ 1200 mg/day), and iron (10 points 

= ≥ 2.7 mg/day). Scores for each category were summed, with a possible overall HEI score of 

80 points. 

5.3.3 Statistical analysis 

All statistical analysis was conducted using the Statistical Package for Social Sciences (SPSS) 

software version 26 (IBM, Chicago, US). Variables were displayed as mean ± SD, unless 

otherwise specified. The distribution of continuous variables was assessed using the Shapiro-

Wilk test. Continuous variables that did not have a normal distribution were log-transformed 

to approximate normality. Where normality was not achieved with data transformations, non-

parametric tests were used. Statistical differences in age groups, education level, and LCS 

exposure between BMI categories were assessed using one-way ANOVA or Pearson’s chi-

squared tests. Statistical differences in BMI, and total LCS consumption between sexes were 

assessed using independent t-tests or Mann-Whitney U tests. Correlation between early and 

late pregnancy LCS exposure was assessed through Spearman’s correlation tests. The 

differences in dietary intakes and diet quality between LCS exposures, were assessed via one-

way ANOVA or independent t-tests. Any differences found via the one-way ANOVA tests 
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between LCS exposure groups were further investigated through Tukey Post Hoc tests. During 

this pairwise comparison, each LCS exposure group was compared to each relative exposure 

group, i.e no/low to medium exposure, medium to high exposure, and no/low to high exposure. 

For all statistical analyses, a p-value of < 0.05 was considered as statistically significant. 

 

5.4 Results 

5.4.1 General characteristics 

Mean ± SD age of the study population was 32.8 ± 4.3 years and BMI was 25.7 ± 4.0 kg/m2 at 

initial appointment (Table 5.1). Ethnicity was predominately White Irish (91%), and 8% were 

classified as Black and Ethnic Minority Irish and 1% classified as Filipino/South-East Asian. 

Energy intake did not change between trimester 1 (7900 ± 1599 kJ/day), trimester 2 (7912 ± 

1824 kJ/day) and trimester 3 (8368 ± 1864 kJ/day; p = 0.054). There was also no significant 

difference in overall HEI across trimesters (trimester 1 = 39.6 ± 9.4; trimester 2 = 39.9 ± 8.6; 

trimester 3 = 40.6 ± 9.3; p = 0.731). Additionally, there was no difference in %TEI from 

protein, fat, total carbohydrates, and total sugars across trimesters (all p > 0.05). Between BMI 

categories, there were no significances differences in ethnicity, education level, TEI, %TEI 

from macronutrients or LCS exposure during trimesters (all p > 0.05).  

 

5.4.2 LCS excretion during pregnancy 

All participants were classified as exposed to LCS during early pregnancy, and 99% were 

exposed to LCS during late pregnancy (Table 5.2). Total LCS excretion during early pregnancy 

(Median (IQR) 3497 = 922, 11891) μg/g creatinine) was moderately correlated with total LCS 

excretion during late pregnancy (7195 (1904, 22565) μg/g creatinine) (r = 0.32; p = 0.001). 
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Saccharin was the most commonly excreted LCS both during early (n = 99) and late (n = 97) 

pregnancy. Steviol glucuronide was the least commonly excreted, with excretion evident in 

three participants during early pregnancy ((952 μg/g creatinine), and two participants in late 

pregnancy (303 μg/g creatinine), with a strong correlation in exposure between the two 

timepoints (r = 0.82; p < 0.001). There was a significant moderate correlation between 

acesulfame-k excretion during early (1322 (102, 5925) μg/g creatinine) and late pregnancy 

(1748 (280, 8038) μg/g creatinine; r = 0.38; p < 0.001). There was also a significant moderate 

correlation between cyclamate excretion during early (449 (248, 6346)) μg/g creatinine) and 

late pregnancy (1916 (141, 4362) μg/g creatinine; r = 0.34; p < 0.001). Similarly, there was a 

significant moderate correlation between saccharin excretion between the two timepoints (2193 

(633, 4496) μg/g creatinine vs. 2885 (1066, 13130) μg/g creatinine; r = 0.40; p < 0.001). 

However, there was no significant correlation between sucralose excretion during early 

pregnancy (130 (30, 181) μg/g creatinine) and during late pregnancy (79 (18, 380) μg/g 

creatinine; r = 0.10; p = 0.340). 

 

5.4.3 Dietary intake and diet quality 

Acesulfame-k and saccharin were the only individual LCS that could be split into exposure 

groups of adequate sizes (Wang and Ji, 2020). Early pregnancy acesulfame-k excretion were 

evenly split into two exposure groups (no/low = 50 =; high = 50) (Table 5.3). In contrast, late 

pregnancy acesulfame-k excretion, and both early and late pregnancy saccharin excretion and 

total LCS excretion were split into three exposure groups (no/low = 33; medium = 34; high = 

33). LCS exposure increased across total LCS, acesulfame-k and saccharin exposure groups (p 

< 0.001; Table 5.3). There was no difference in dietary intakes or diet quality between early 

acesulfame-k exposure or between late saccharin exposure (all p > 0.05). There was a 

significant difference in %TEI from carbohydrates between early saccharin exposure (no/low 



 

   148 

= 49.0 ± 5.2; medium = 47.5 ± 5.6; high = 50.4 ± 4.4; p = 0.047) However, upon pairwise 

analysis of these exposure groups, there was no difference in %TEI from carbohydrates (all p 

> 0.05). Additionally, there was a difference between acesulfame-k exposure and %TEI from 

carbohydrates (no/low = 49.1 ± 5.7; medium = 50.5 ± 4.9; high = 46.7 ± 5.6; p = 0.015). 

Individuals with high exposure to acesulfame-k during late pregnancy had a lower %TEI from 

carbohydrates compared to those with medium exposure to acesulfame-k (p = 0.015). There 

was no difference across total LCS exposure and TEI (kJ/day) during early pregnancy (no/low 

= 7852 ± 1761; medium = 7984 ± 1934; high = 7897 ± 1824; p = 0.961) (Table 5.4). There was 

also no difference in TEI (kJ/day) during late pregnancy (no/low = 8404 ± 1784; medium = 

8709 ± 2019.2; high = 7981 ± 1754; p = 0.322). Similarly, there was no difference between 

%TEI of macronutrients between total LCS exposure during early or late pregnancy (all p > 

0.05).  Average HEI for early and late pregnancy was 39.9 ± 8.6 and 40.6 ± 9.3 points, 

respectively (Table 5.5). There was also no difference found between average HEI and total 

LCS exposure during early (no/low = 39.9 ± 8.3; medium = 40.0 ± 9.3; high = 39.6 ± 8.2; p = 

0.979) or late (no/low = 41.1 ± 10.1; medium = 40.4 ± 8.4; high = 40.3 ± 9.7; p = 0.942) 

pregnancy. 

 

5.5 Discussion 

Exposure to LCS was widespread within this cohort and remained relatively unchanged from 

early to late pregnancy. In general, there was no apparent difference in dietary intakes and diet 

quality and LCS exposure. However, results indicated that high exposure to acesulfame-k may 

be linked to lower intakes of carbohydrates. If so, acesulfame-k may not impact gestational 

weight gain and the risk of macrosomia (Clapp III, 2002; Walsh et al., 2012). This reduction 

in %TEI from carbohydrates did not coincide with a reduction in overall TEI. However, this 

may be due to a high minimum detectable difference between late acesulfame-k exposure 
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groups of 1379 kJ/day. Therefore, results from this pilot study, which was conducted in a 

subsample (n = 100), should be further investigated to include the entire ROLO cohort (n = 

500).  

5.5.1 Low-calorie sweetener exposure  

The potential limitations with self-reported dietary intakes were demonstrated by a recent 

observational study (n = 79) that compared LCSB consumption with analysed fasting spot urine 

samples using the urinary biomarker approach. The urinary biomarker data found that 92% of 

participants were exposed to LCS, compared to 6% that reported LCSB consumption (p < 

0.001) (Logue et al., 2020). Similarly, Sylvetsky et al. (2017) conducted a small 2-week trial 

in which 18 participants were counselled at baseline on avoiding LCS exposure. Despite only 

one participant stating LCS consumption, 8 participants excreted sucralose after the 2-week 

run-in period, however, it was not specified if results were significant. These findings suggest 

that self-reporting dietary intakes of LCS is not a sufficient method for identifying LCS 

consumers. Within this cohort, LCS exposure was widespread, with all participants exposed to 

LCS during early pregnancy. Exposure to saccharin was the most common, with 99% and 97% 

of participants excreting this LCS during early and late pregnancy respectively. Steviol 

glucuronide was the least commonly excreted. As steviol glycoside was only approved for use 

in the European Union in 2010 (EFSA, 2010), and pregnant women were recruited between 

2007 to 2011 (Walsh et al., 2012), steviol glycoside-sweetened foods and beverages may have 

not been available in the Irish market. There has been a lack of studies assessing LCS exposure 

during pregnancy in the European Union. One observational study in the US assessed LCS 

consumption in pregnant women through analyzing 24-hour dietary recalls collected as part of 

the National Health and Nutrition Survey from 1999-2000 to 2007-2014 (Sylvetsky et al., 

2019). Between these two timepoints, LCS consumption rose from 16.2% to 24.0% (p = 0.04), 

potentially indicating increases in the consumption of LCS products. Other observational 
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studies estimated that 29.5% of pregnant women consumed LCS in Canada (Azad et al., 2016), 

and 45.4% of pregnant women consumed LCS in Denmark (Zhu et al., 2017). Except for 

sucralose, there was no significant difference in LCS exposure between trimesters within this 

ROLO study sub-sample. Although, Sylvetsky et al. (2019) did not assess individual LCS 

exposure; exposure from various LCS sources was assessed separately. Sylvetsky et al. (2019) 

found no significant difference in percentage of total LCS (p= 0.47), LCSB (p = 0.38), LCSF 

(p = 0.36), and table-top sweetener consumers (p = 0.17) across trimesters. As energy 

requirements increase during pregnancy, there is the potential that LCSB and LCSF 

consumption would also increase (Butte and King, 2005). However, results from the ROLO 

cohort and Sylvetsky et al. (2019) may indicate that LCS consumption patterns do not change 

during pregnancy.  

5.5.2 Prenatal nutrition 

With such widespread exposure to LCS in pregnant populations, it is of the utmost importance 

that the relationship between LCS exposure and prenatal nutrition is understood. Currently, 

little is known regarding LCS and dietary intake and diet quality during pregnancy, with most 

studies focusing on non-pregnant populations (Laviada‐Molina et al., 2020; Rogers and 

Appleton, 2020). Original data from the ROLO study found that participants consuming a low-

glycemic index diet had a lower gestational weight gain compared to the control group (12.2 

vs. 13.7 kg; standard mean difference = -1.3 kg; 95% Confidence Interval = -2.4 to -.0.2; p = 

0.01). As prenatal nutrition and gestational weight gain is intrinsically linked to health 

outcomes, it is crucial that LCS relationship with prenatal nutrition is assessed. In theory, LCS 

can help reduce the sugar content and energy density of foods and beverages if no or partial 

compensation occurs, resulting in a reduction in the energy density of the diet (Low et al., 

2014). Therefore, increased LCS exposure may reduce intakes of carbohydrates, thereby 

reducing risk of excessive foetal growth (Clapp III, 2002; Walsh et al., 2012). Within this 
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cohort, there was no difference across total LCS exposure, and dietary intakes and diet quality, 

individuals with high exposure to acesulfame-k were found to have a lower %TEI from 

carbohydrates compared to those with medium exposure to acesulfame-k. However, it is 

difficult to interpret LCS consumption’s relationship with %TEI from carbohydrates due to a 

lack of clear relationship across exposure categories. However, these results clearly warrant 

further investigation as this pilot study included a small sample size of 100 participants and 

future analysis including the entire ROLO cohort (n = 500) is necessary to confirm these 

findings.  

 

However, there may be an explanation for a lack of incremental increase or decrease across 

consumer categories found within the ROLO cohort. Animal model studies conducted by 

Swithers et al. (2009) concluded that repeated exposure to LCS-sweetened foods could alter 

learned caloric associations with sweet-tasting foods. Therefore, although short-term LCS may 

reduce free-sugar and energy of the diet, repeated exposure may hinder potential caloric 

deficits. However, little knowledge can be gained from animal model studies, as results have 

not translated to human intervention studies. For instance, Raben et al. (2002) included 41 

overweight men and woman in an intervention study investigating the effect of long-term 

dietary supplementation with foods and drinks sweetened with sucrose or LCS. After 10-

weeks, the LCS group had a small decrease in energy density, intakes of sucrose and body 

weight (- 1.0kg). In contrast, the sucrose group had increased energy intake by 1.6 MJ/day and 

increased body weight by 1.6 kg at the end of the intervention.  There has been little research 

conducted regarding LCS consumption and maternal body weight, with most research focusing 

on animal model studies (Morahan et al., 2020). However, a systematic review including 24 

animal model studies investigating the relationship between maternal diet and offspring body 

weight, feeding behavior and glycemic control, found 11 studies that linked LCS consumption 
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to reduced maternal body weight. However, this effect may be due to high LCS dosage, 

resulting in reduced palatability of food, and therefore it could not conclude LCS true effect on 

maternal weight and diet. 

 

In the current study, there was no difference in HEI during early or late pregnancy and LCS 

exposure. Other studies investigating the relationship between LCS exposure and diet quality 

have found contradictory results (Drewnowski and Rehm, 2014; Azad et al., 2016). One 

observational study including 3,033 Canadian mother-infant dyads used semi-quantitative 

methods to categorised LCSB consumption, and assessed diet quality, through a HEI based on 

adherence to US Department of Agriculture’s 2010 Dietary Guidelines (Guenther et al., 2013; 

Azad et al., 2016). This 100-point scoring system incorporates 12 components assessing dietary 

adequacy, and 3 components relating to dietary moderation. Interestingly, diet quality score 

decreased across LCSB consumption categories (< 1 LCSB/month = 73.1 ± 8.6; ≤ 1 

LCSB/week = 73.9 ± 7.7; 2-6 LCSB/week = 72.1 ± 9.0; ≥ 1 LCSB/day 71.6 ± 7.7; p = 0.02). 

In the US, Drewnowski and Rehm (2014) utilised the 2005 version of the original HEI to assess 

diet quality in 22,231 non-pregnant adults through 24-hour recall (Drewnowski and Rehm, 

2014). They reported that LCS consumption was positively associated with HEI, which was 

mainly driven by lower intakes of solid fats, free sugars, and alcohol. A possible reasoning for 

this study contradicting previous observational studies is the use of an objective biomarker 

approach, as small observational studies have indicated that self-reported exposure of LCS may 

not be an accurate estimation of overall LCS exposure (Sylvetsky et al., 2019; Logue et al., 

2020). Sylvetsky et al. (2019) found that there was no statistical significance between BMI and 

LCS consumers and non-consumers (p = 0.21). However, it is important to note that this study 

simply classified participants as consumers and non-consumers, rather than using categories 

that may indicate the frequency or amount of exposure. Other observational studies 
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investigating maternal and infant health have used semi-quantities methods to estimate LCSB 

exposure (Azad et al., 2016; Zhu et al., 2017). In Denmark, a study which investigated the 

association of LCSB consumption during pregnancy and offspring growth included 918 

pregnant women (Zhu et al., 2017). Dietary intake was estimated through a validated FFQ at 

25 weeks, and LCSB consumption was categorised; never, < 1 LCSB/week; 1-6 LCSB/week; 

≥ 1 LCSB/day. Across consumer categories, LCSB consumption was associated with higher 

pre-pregnancy weight. Despite this, LCSB consumption was also negatively associated with 

total energy intake, glycemic index, and glycemic load. These findings contradicted the study 

by Azad et al. (2016) which found that LCSB consumption was positively associated with BMI 

(p < 0.001), as there was no association found with daily energy intake. With such unclear 

findings within this area of research regarding LCS exposure and weight status during 

pregnancy, the relationship between LCS exposure, and maternal weight and gestational weight 

will be assessed in a future study (Azad et al., 2016; Zhu et al., 2017; Sylvetsky et al., 2019). 

 

5.5.3 Low-calorie sweetener exposure during pregnancy and infant health 

Some LCS, such as aspartame, is fully broken down in the gastrointestinal tract, and therefore 

cannot be transmitted to the foetus during pregnancy (Magnuson et al., 2016). However, animal 

model studies have indicated that in-utero exposure to acesulfame-k, saccharin, and sucralose 

resulted in LCS exposure in offspring (Ayoob, 2020). Currently there is no evidence that steviol 

glucuronide passes the placenta barrier. With the potential for the foetus to be exposed to LCS 

during pregnancy, there is the possibility that such exposure may have an impact on infant 

health. Analysis within the ROLO cohort has already shown associations between prenatal 

nutrition and infant anthropometric measurements (Horan et al., 2014; Horan et al., 2016). The 

original secondary analysis aimed to investigate the association between maternal dietary 

intake and neonatal adiposity, with abdominal circumference (cm) information available for 
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222 infants (Horan et al., 2014).  During the 3rd trimester, maternal saturated fat intake was 

positively associated with abdominal circumference (β = 0.147, p = 0.004). Additionally, a 

follow-up study found that maternal intakes of PUFA during the 2nd trimester was negatively 

associated with waist: height ratio at 2 years of age (β = −0.005, p = 0.017). The 1st trimester’s 

GI was also positively associated with indices of infant adiposity (Hip circumference: β = 

−0.180, p = 0.026; Skinfold thickness: β = −0.405, p = 0.023; BMI z-score: β = −0.045, p = 

0.014). Within this cohort, the GI of the maternal diet has been linked to gestational weight 

gain (Walsh et al., 2012) and infant adiposity (Horan et al., 2016). Therefore, it is essential to 

determine the relationship between LCS exposure during pregnancy and infant health. A future 

study is planned to investigate the relationship between LCS exposure during pregnancy and 

offspring’s free sugar intake, utilising data from the original and follow-up ROLO studies 

(Walsh et al., 2012; Horan et al., 2016; Yelverton et al., 2020).  This study will also be able to 

investigate the relationship between LCS exposure during pregnancy and anthropometric 

measurement at birth, 2 months, 6 months, 2 years, and 5 years. With the use of the urinary 

biomarker approach, these studies will be novel by objectively assessing the relationship 

between prenatal LCS exposure and infant health. 

 

5.6 Conclusion 

LCS exposure was high in both stages of pregnancy, contrasting previous observational studies 

that have utilised LCSB as proxy measurements for LCS exposure. Research relating to LCS 

during pregnancy is greatly under researched and based on limited methodologies. As such, 

the use of the urinary biomarker approach has led to novel information regarding the 

relationship of LCS exposure and prenatal nutrition.  There was no difference in TEI between 

LCS, which may indicate that LCS exposure is not related to gestational weight gain and risk 
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of macrosomia. However, this result may also be due to a large detectable difference in TEI 

between exposures. Additionally, results indicated women with higher acesulfame-k exposure 

may have reduced %TEI from carbohydrates, although there was no clear relationship. 

However, if such results are confirmed in future, acesulfame-k may be a useful weight 

management tool during pregnancy. With the expansion of this pilot study to include the entire 

study, results will be explored further. Undoubtedly, with the inclusion of more rigorous 

methods to estimate LCS exposure, this research will add to the limited information regarding 

LCS exposure, prenatal nutrition, maternal and infant health. 
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Tables and Figures

  Table 5. 1 General characteristics of 100 participants sub-sample and 542 participants originally recruited as part of the ROLO 

study (Horan et al., 2014). 

Characteristic
a
 Sub-sample Original Study p-value

b
 

Age (years)c 32.8 ± 4.3 26.2 ± 4.4  

Ethnicity  (%)    

   White Irish 91.0 91.4
c 

 

   Black and Ethnic Minority Irish 8.0 6.7
c
  

   Filipino/South-East Asian 1.0 1.0
c
  

Anthropometric Measurements    

   BMI (kg/m2)
d 25.7 ± 4.0 26.2 ± 4.4  

Dietary Intake within sub-sample Trimester 1 Trimester 2 Trimester 3  

   Healthy Eating Index scores
e 39.6 ± 9.4 39.9 ± 8.6 40.6 ± 9.3 0.731 

   Energy Intake (kJ) 7900 ± 1599 7911 ± 1824 8368 ± 1864 0.054 

   Protein (%TEI) 17.2 ± 3.1 17.3 ± 3.1 17.1 ± 3.5 0.727 

   Total Fat (%TEI) 36.3 ± 5.4 36.7 ± 4.9 36.9 ± 5.0 0.636 

   Carbohydrate (%TEI) 49.5 ± 6.4 48.9 ± 5.2 48.8 ± 5.6 0.665 

   Sugars (%TEI) 19.3 ± 6.1 19.1 ± 5.3 19.6 ± 6.0 0.184 

Abbreviations used:  BMI = Body Mass Index, GWG = Gestational Weight Gain, TEI = Total Energy Intake, kJ = Kilojoules SD = Standard Deviation 
a
Results are displayed as mean ± SD, unless otherwise specified 

b
p-values were calculated via One-Way ANOVA tests, and TEI and %TEI from sugar data log-transformed  

c
Other participants: African = 0.3%, Chinese = 0.5% 

d
Measurements taken at initial appointment 

e
Healthy Eating Index scores were estimated based on a scoring system originally described by Rifas-Shiman et al. (2009) 
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Table 5. 2 Estimation of participants' LCS exposure using the urinary biomarker approach in 100 participants.  

 LCS μg/g creatinine 
Early pregnancy consumersa Late pregnancy consumersa 

R-Value p-valueb 

nc Median (IQR) nc Median (IQR) 

     Total LCSd 100 3497 (922, 11891) 99 7195 (1904, 22565) 0.32 0.001 

     Acesulfame-K 
53 1322 (102, 5925) 71 1748 (280, 8038) 0.38 < 0.001 

     Cyclamate 
23 449 (248, 6346) 21 1916 (141, 4362) 0.34 < 0.001 

     Saccharin 
99 2193 (633, 4496) 97 2885 (1066, 13130) 0.40 < 0.001 

     Sucralose 
5 130 (30, 181) 8 79 (18, 380) 0.10 0.340 

     Steviol glucuronide 
3 952 - 2 303 - 0.82 < 0.001 

a
p-values calculated through Spearman's Rank Correlation Coefficient Test 

b
Based on fasting urine samples collected 13- and 28-weeks’ gestation in 100 participants 

c
Number of LCS consumers 

d
Total LCS exposure groups estimated through a summation of excretion of acesulfame-k, cyclamate, sucralose, saccharin and steviol glucuronide μg/g creatinine 
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Table 5. 3 Estimated LCS excretion μg/g creatinine of LCS exposure in 100 participants. 

  

 LCS excretion μg/g creatinine 

No/low exposure 

(n = 33) 

Medium exposure 

(n = 34) 

High exposure 

(n = 33) p-value
a
 

Median (IQR) 

Early Pregnancy     

   Total LCS
b 

598 (387, 926) 3497 (2396, 4730) 17313 (11876, 34814) < 0.001 

   Acesulfame-k
c
 0 (0, 0) - 1487 (147, 6473) < 0.001 

   Saccharin 
475 (240, 612) 2115 (1394, 2698) 8054 (4471, 15378) < 0.001 

Late Pregnancy 
   < 0.001 

   Total LCS
b
 1480 (902, 1892) 7095 (4150, 10537) 27272 (22075, 45990)  

   Acesulfame-k 0 (0, 0) 389 (90, 879) 82712 (4188, 17230) < 0.001 

   Saccharin 612 (311, 977) 2786 (1924, 3689) 18680 (12875, 26968) < 0.001 

Abbreviations: LCS = Low-calorie sweeteners 

a
Total LCS exposure groups were estimated through a summation of excretion of acesulfame-k, cyclamate, sucralose, saccharin and steviol glucuronide μg/g creatinine 

b
p-values were calculated via One-Way ANOVA tests 

c
There was 50 participants within each early acesulfame-k exposure group 
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Abbreviations: G = Gram, kJ -= Kilojoules, LCS = Low-Calorie Sweeteners, N = Number of Participants, TEI = Total Energy Intake, SD = Standard Deviation 
a
p-values were calculated via One-Way ANOVA tests  

b
Total LCS exposure groups estimated through a summation of excretion of acesulfame-k, cyclamate, sucralose, saccharin and steviol glucuronide μg/g creatinine 

c/LCS consumer data estimated through analysis of fasting spot samples taken at 13 weeks gestation (2nd trimester) and 28 weeks gestation (3rd trimester) in 100 participants  
d

Dietary data was log-transformed 

Table 5. 4 Estimation dietary intakes during early and late pregnancy within total low-calorie sweetener exposure in 100 participants. 

 Dietary intake (g/day) 
No/low LCS consumers

a Medium LCS consumers
a High LCS consumers

a
  

p-value
b
 

Mean ± SD (n = 33) Mean ± SD (n = 34) Mean ± SD (n = 33) 

2nd Trimesterc   

     Total Energy (kJ/day)
c 7852 ± 1761 7984 ± 1934 7897 ± 1824 0.961 

     Protein (%TEI) 17.6 ± 2.9 16.8 ± 3.6 17.4 ± 2.7 0.425 

     Total Fat (%TEI) 36.5 ± 5.0 36.8 ± 5.0 36.8 ± 4.8 0.942 

     Carbohydrate (%TEI) 48.8 ± 5.3 49.2 ± 6.0 48.8 ± 4.3 0.971 

     Sugars (%TEI)
c 19.5 ± 4.7 19.6 ± 6.3 18.1 ± 4.7 0.501 

     Overall Health Score 41.4 ± 10.2 40.2 ± 6.7 37.8 ± 8.0 0.979 

3rd Trimesterc  

     Total Energy (kJ/day)
d 8404 ± 1784 8709 ± 2019 7981 ± 1754 0.322 

     Protein (%TEI) 16.9 ± 3.5 16.3 ± 3.2 18.2 ± 3.7 0.089 

     Total Fat (%TEI) 36.3 ± 3.5 37.0 ± 5.3 37.4 ± 6.0 0.802 

     Carbohydrate (%TEI) 49.6 ± 4.4 49.7 ± 6.0 47.0 ± 5.8 0.070 

     Sugars (%TEI)
d 20.3 ± 6.2 19.9 ± 6.1 18.6 ± 5.6 0.431 

     Overall Health Score 42.7 ± 9.6 39.8 ± 9.2 39.4 ± 9.2 0.942 
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Table 5. 5 Healthy Eating Index scores based on Rifas-Shiman et al. (2009) scoring system at each trimester in 100 participants.  

Scoring System Maximum points criteria
a
 1st Trimester 2nd Trimester 3rd Trimester p-value

b
 

Overall Healthy Eating Index  Maximum Score = 80 points 39.6 ± 9.4 39.9 ± 8.6 40.6 ± 9.3 0.755 

Fruit ≥ 320 g/day = 10 points 5.2 ± 3.0 4.9 ± 2.7 4.8 ± 2.6 0.504 

Vegetable ≥ 400 g/day = 10 points 3.0 ± 2.2 3.2 ± 2.5 3.1 ± 2.3 0.678 

White meat to red meat ratio ≥ 4 = 10 points 3.5 ± 3.5 3.4 ± 3.5 3.7 ± 3.5 0.750 

PUFA to saturated fat ratio ≥ 1 = 10 points 4.1 ± 1.8 4.4 ± 1.7 4.3 ± 1.7 0.343 

Fibre ≥ 25 g/day = 10 points 7.4 ± 1.9 7.8 ± 1.7 7.8 ± 1.9 0.236 

Calcium ≥ 1200 mg/day = 10 points 7.4 ± 1.8 7.4 ± 2.1 7.8 ± 2.1 0.374 

Folate ≥ 600 µg/day = 10 points 4.6 ± 1.6 4.7 ± 1.5 4.7 ± 1.7 0.746 

Iron ≥ 2.7 mg/day = 10 points 4.4 ± 1.5 4.2 ± 1.3 4.5 ± 1.4 0.042 

a
Participants were given a continuous score between 0 and 10 for each dietary component 

b
p-values calculated via One-Way ANOVA tests 
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6 A SYSTEMATIC REVIEW OF THE 

EFFECTIVENESS OF LOW-

CALORIE SWEETENERS AS 

DIABETES MANAGEMENT AIDS 
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6.1 Summary 

Objective 

Low-calorie sweeteners (LCS) are often used to reduce sugar content of the diet for the 

management of diabetes mellitus; however, the effectiveness of this remains unclear. Most 

reviews investigating the glycaemic effect of LCS are in healthy individuals. Therefore, this 

study will systematically review the literature regarding the effectiveness of LCS in glycaemic 

control in individuals living with Type 1 (T1DM) or Type 2 diabetes mellitus (T2DM). 

Methods 

This study was carried out in line with published PROSPERO protocol (number: 

CRD42019119659) and PRISMA 2020 guidelines. MEDLINE and EMBASE via OVID 

interface, Cochrane Library, and Scopus databases were searched using MeSH headings and 

search terms identifying studies with at least one LCS and one indicator of glycaemic control. 

LCS effectiveness as diabetes management tools were assessed by their effect on indicators of 

glycaemic control. Included studies were quantitative, in English, published between January 

1970 and March 2020, and included a human population with T1DM or T2DM. Risk of bias 

was assessed using the Critical Appraisal Skills Programme and the Cochrane risk of bias tool. 

Due to heterogeneity of the included studies, a narrative synthesis was carried out. 

Results 

Twenty-three studies were included in the qualitative review (Observational = 4; Intervention 

= 19). Two observational studies reported that low-calorie sweetened beverages (LCSB) were 

associated with elevated glycated haemoglobin (HbA1c). One RCT reported decreased blood 

glucose when replacing LCSB with water. Conversely, two studies showed food to benefit 

glycaemic control when sweetened with stevioside or sucralose, when compared to controls.  
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Discussion 

Overall, LCS had no clear significant effect on glycaemic control. However, intervention 

studies reviewed were of short duration and assessed different LCS and sources, which could 

impact metabolic effects. Therefore, further research is needed to evaluate the longer-term 

effects of individual and combinations of LCS when consumed from different sources. 

 

6.2 Introduction 

The global prevalence of type 2 diabetes mellitus (T2DM) has increased dramatically over 

recent decades, with an estimated 422 million people now living with the condition (World 

Health Organisation, 2020). Nutritional and lifestyle interventions form a cornerstone of the 

prevention and management of T2DM.  Both the American Diabetes Association (ADA) 

(2008) and Diabetes UK (2018) recommend that individuals living with type 1 diabetes 

mellitus (T1DM) or T2DM should monitor carbohydrate intake to optimise glycemia. Free 

sugars are defined as sugars that are added to foods and beverages, and those that naturally 

occur in honey, syrups, and fruit juices. (WHO, 2015). Given that consumption of sugar-

sweetened foods and beverages can significantly increase dietary carbohydrate intake, the 

ADA (2008) recommends that individuals living with diabetes should limit intake of free 

sugars. Furthermore, both organisations recommend that overweight and obese individuals 

living with T2DM, or those at risk of developing the condition, should moderate energy intake 

to reduce body weight and improve glycaemic control (American Diabetes Association et al., 

2008; Dyson et al., 2011).  
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To reduce the free sugar content of foods and beverages, low-calorie sweeteners (LCS) may be 

used as they contain little or no appreciable energy while providing a desired sweet flavour 

(Stanner, 2010).  Eight LCS are currently approved for use in the US by the Food & Drug 

Administration (FDA): acesulfame-k, advantame, aspartame, neotame, saccharin, luo han guo 

fruit extracts, steviol glycosides, and sucralose (U.S. Food & Drug Administration, 2018). 

Asides from luo han guo, these LCS together with aspartame-acesulfame-k salts, cyclamate, 

neohesperidine dc and thaumatin are approved for use in the European Union (EU) by the 

European Food Safety Authority (EFSA) (European Parliament the Council, 1994; EFSA, 

2007; EFSA, 2010; EFSA, 2013). Both the FDA and EFSA, set an acceptable daily intake 

(ADI) (mg/kg/day) for each LCS, except thaumatin. The ADI (mg/kg/day) is defined as the 

amount of an LCS that can be safely consumed on a daily basis over the course of a life-time, 

and is based on stringent assessment of available evidence, usually from animal studies but 

may also be from human research (U.S. Food & Drug Administration, 2018; The European 

Commission's science and knowledge service, 2019).  

 

Since LCS may help reduce the sugar content of the diet, they are often regarded as a useful 

tool for glycaemic management. Despite LCS being increasingly used on the market, current 

research regarding the impact LCS may have on glycaemic control is not conclusive and have 

generally focused on healthy populations (Wiebe et al., 2011; Nichol et al., 2018). However, a 

recent Cochrane review investigated the effect of LCS in diabetes management and concluded 

based on 9 randomised control trial (RCT) that there was no difference in effect on glycaemic 

control between non-nutritive LCS, and sugar, placebo and nutritive low-calorie sweetener in 

diabetic individuals (Lohner et al., 2020). It is important to note that these reviews only focused 

on RCT, neglecting to include analysis of observational and cross-over studies. Another recent 
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systematic review, which investigated the effect of LCS on glucose metabolism in individuals 

with and without diabetes, reported contradictory findings; however, it was reported that 

studies were not comparable due to major methodological differences (Romo-Romo et al., 

2016). The Romo-Romo et al. (2016) review focuses on the observational studies that assess 

the association between LCS and metabolic disorder incidence, and the included narrative 

synthesis of intervention studies’ results did not assess LCS effect on healthy and diabetic 

populations separately. However, a RCT reported an increase in plasma insulin in healthy 

individuals following the consumption of an aspartame-sweetened beverage compared to an 

unsweetened beverage albeit these findings were not replicated in individuals living with 

T2DM (Horwitz et al., 1988). Therefore, LCS may have a differential effect on glycaemic 

control in healthy individuals and those with diabetes. To date, most studies have investigated 

the effects of LCS focus on healthy populations; therefore, there is a need for research that 

provides more conclusive evidence regarding their impact as a diabetes management aid. As 

such, the objective of this systematic review was to assess the impact of LCS on glycaemic 

control in individuals living with T1DM and T2DM based on observational and intervention 

studies. 

 

6.3 Methodology 

6.3.1 Research design and methods 

In line with a published protocol (PROSPERO number: CRD42019119659), a systematic 

review was conducted in accordance with Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) guidelines (Page et al., 2020). 
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6.3.2 Data sources and search strategy 

A systematic search of the literature was undertaken to identify studies that investigated the 

effect of LCS in diabetes management in humans. The databases, MEDLINE and EMBASE 

via OVID interface, Cochrane Library, and Scopus were searched on September 12, 2018. The 

search strategy was re-run on March 20, 2020, with date restrictions to include all studies after 

the original search. A combination of search terms and MeSH headings was used to identify 

studies that included a combination of relevant exposure, i.e., one or more of the selected LCS, 

and indicators of glycaemic control (See Appendix 1). The search strategy for all databases 

included the following keywords, with appropriate wildcards and truncations: “artificial 

sweeteners”, “low-calorie sweeteners”, “low-energy sweeteners”, “low-or-no calorie 

sweeteners”, “high-intensity sweeteners”, “non-nutritive sweeteners”, “intense sweeteners”, 

“diet soda”, “diet beverages”, “sugar-free beverages”, “low-calorie beverages”, “acesulfame-

k”, “acesulfame potassium”, “advantame”, “aspartame”, “aspartame-acesulfame”, 

“cyclamates”, “cyclamic acid”, “Luo Han Guo”, “monk fruit”, “neohesperidine, 

dihydrochalcone”, “neohesperidine dc”, “rebaudiosides”, “saccharin”, “saccharine”, 

“sucralose”, “siraitia grosvenorii”, “stevia”, “steviol glycosides”, “stevioside”, “thaumatin”, 

“diabetic”, “diabetes”, “IDDM”, “NIDDM”, “T1DM” and “T2DM”. All included papers were 

hand searched for additional references. Records were managed using Covidence Systematic 

Review Software from Veritas Health Innovation in Melbourne, Australia (Innovation VH, 

2017). 

 

6.3.3 Study selection 

Two researchers (AD, TR) independently screened titles and/or abstracts retrieved from the 

search strategy and discussed discrepancies between included studies and selected reasons for 
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exclusions.  Eligible studies were quantitative observational or intervention studies, an original 

English piece, published between January 1, 1970, and March 20, 2020, included a human 

population living with T1DM or T2DM, at least one LCS permitted for use in the US or EU, 

and at least one of the following measurements of glycaemic control: blood glucose, C-peptide, 

insulin, GLP-1, GIP or glucagon. Studies were included from 1970 as it was deemed enough 

time to capture all relevant information pertaining to the first published legislation specific to 

LCS in the EU (European Parliament the Council, 1994; EFSA, 2007; EFSA, 2010; EFSA, 

2013) and the US (U.S. Food & Drug Administration, 2018). Studies published before January 

1, 1970 and after June 10, 2020 that were qualitative, in vitro, or ex vivo experiments, not in 

English, unoriginal pieces or only included an animal population were excluded. The full text 

of each included study was assessed by the two researchers independently (AD, TR). As with 

post-title and abstract screening, discrepancies were discussed by the two researchers (AD, 

TR), and any conflicts were resolved by a third researcher (CL) albeit there were none.  

 

6.3.4 Data extraction 

The following information was extracted from all included studies: study type, location, study 

population, study duration, population demographics, study methodology, intervention and 

control information (where appropriate), anthropometric measurements, indicators of 

glycaemic control, and the main findings from each study. Authors of included studies were 

contacted regarding inconsistencies and incomplete data were requested where required.  

6.3.5 Data synthesis 

The studies included for analysis were of a heterogeneous nature; therefore, a quantitative 

analysis was not possible. A narrative synthesis of the findings was conducted. Summaries 

were provided based the relationship between LCS use and outcome measurements. Cross-
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over studies and RCT with an intervention shorter than two months were categorised as short-

term, and studies with an intervention of two months or longer were classified as longer-term. 

All observational studies assessed LCS exposure through one dietary assessment, and therefore 

were all classified as short-term. Studies were classified as such as it generally take two to three 

months for glycated haemoglobin (HbA1c) levels to change, which are indicative of long-term 

glycaemic status (Ali, 2020). 

 

6.3.6 Critical appraisal 

The risk of bias for RCT and cohort studies was assessed using the Critical Appraisal Skills 

Programme (Critical Appraisal Skills Programme, 2019a, Critical Appraisal Skills Programme, 

2019b) and cross-over studies were assessed using the Cochrane risk of bias tool (Ding et al., 

2015). These checklists provided criteria that should be met for each study type to estimate the 

risk of bias; however, for RCT, the size of treatment effect was not considered in risk of bias 

calculations, due to the qualitative nature of this review. The percentage risk of bias score was 

calculated based on the number of criteria that were not met divided by the number of criteria 

in each checklist, multiplied by a factor of 100. Studies with a risk of bias score ≥50% were 

not included in the descriptive analysis. 

 

6.4 Results 

A total of 6,354 records were imported to the Covidence Systematic Review Software database 

for screening (See Figure 1). After an initial screening to remove duplicates (n = 2,577) and 

those records that did not meet inclusion criteria (n = 3,718), 59 records were fully assessed 

for eligibility. Thirty-two studies were excluded as: the association or effect of LCS could not 
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be determined (n = 15), they were classified as grey literature (n = 5), had no indicators of 

glycaemic control (n = 4), were duplicate studies (n = 3), were not in English (n = 3), or did 

not include a population with diabetes (n = 2). Therefore, 27 records were included for 

qualitative analysis, one of which contained two separate studies, and 28 studies were included. 

Two RCT (Stern et al., 1976; Ritu and Nandini, 2016) and three cross-over studies (Lenner, 

1976; Shigeta et al., 1985; Mathur et al., 2020) were excluded from further analysis owing to 

a risk of bias score ≥ 50%; this left a total of 23 studies for qualitative review, namely four 

observational, 7 RCT and 12 cross-over studies. 

 

6.4.1 Observational studies 

General Characteristics 

Four observational studies were included in the qualitative analysis (Devitt and Daneman, 

2004; Mackenzie et al., 2006; Fenwick et al., 2018), three cross-sectional observational studies 

were based in North America (Mackenzie et al., 2006; Devitt and Daneman, 2004; Bortsov et 

al., 2011), and one based in Australia (Fenwick et al., 2018) (See Table 1). Two studies 

investigated the association between LCS consumption and selected outcome measurements in 

T1DM (Devitt and Daneman, 2004; Bortsov et al., 2011), and two studies included individuals 

with T1DM and T2DM (Mackenzie et al., 2006; Fenwick et al., 2018). Sample sizes ranged 

from 609 (Fenwick et al., 2018) to 13,876 participants (Mackenzie et al., 2006). Two studies 

included adults (Mackenzie et al., 2006; Fenwick et al., 2018), one included children between 

2 and 6 years (Devitt and Daneman, 2004), and one included youth under 20 years (Bortsov et 

al., 2011), with these studies being the only two included studies that investigated the 

association between LCS and diabetes management in young people.  
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Assessments of glycaemic control 

Three studies used HbA1c concentrations only as an indicator of glycaemic control (Devitt and 

Daneman, 2004; Mackenzie et al., 2006; Bortsov et al., 2011), whilst one study measured 

HbA1c and fasting blood glucose concentrations (Fenwick et al., 2018). Three studies utilised 

short-term dietary assessment methods, estimating short-term LCS exposure via 24-hour 

recalls from the entire diet (Devitt and Daneman, 2004), one-week (Bortsov et al., 2011) or 

one-month (Mackenzie et al., 2006). Fenwick et al. (2018) did not assess LCS consumption 

from the entire diet and utilised a singular FFQ to assess soft drink consumption from the 

previous 12-month. Three observational studies used semi-quantitative assessment methods to 

estimate LCS exposure through LCSB-focused FFQ (Mackenzie et al., 2006; Bortsov et al., 

2011; Fenwick et al., 2018). One study used a 24-hour recall to estimate exposure of specific 

LCS including acesulfame-k, aspartame, sucralose, and cyclamate (Devitt and Daneman, 

2004). Although, the association between LCS consumption and glycaemic control was 

assessed through simply classifying participants as non-consumers and consumers of LCS. All 

observational studies did not consider exposure of individual LCS in the analysis, instead 

categorising consumption based on number of LCSB/months (Mackenzie et al., 2006; Bortsov 

et al., 2011), or more generally as non-consumers or consumers (Devitt and Daneman, 2004; 

Fenwick et al., 2018). Bortsov et al. (2011) estimated LCSB exposure in young people with 

T1DM, and categorised consumption into three groups: no LCSB consumption, < 1 glass/day, 

or ≥ 1 glass/day. The two remaining observational studies investigated the association between 

LCSB consumption and glycaemic control in adults with T1DM and T2DM. One study 

categorised monthly consumption of LCSB into the following categories: no reported 

LCSB/month, 1-29 LCSB/month, 30-59 LCSB/month, and ≥ 60 LCSB/month (Mackenzie et 

al., 2006). Another study categorised consumption as <1, 1-4, >4 LCSB per week, and 
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participants were further classified as LCSB consumers and non-consumers (Fenwick et al., 

2018). Only two observational studies investigated the association between LCS consumption 

and dietary intake (Devitt and Daneman, 2004; Fenwick et al., 2018), and Fenwick et al. (2008) 

was the only observational study to include multiple dietary assessments over time. 

 

Glycaemic control outcomes 

Bortsov et al. (2011) found that HbA1c increased across LCSB consumption groups with a 

mean concentration of 8.7%, 8.9% to 9.3% respectively (p < 0.001). Conversely, the other 

study including young children with T1DM, aged two to four years, found LCS consumption 

from the entire diet to have no significant association with HbA1c levels (Devitt and Daneman, 

2004). However, as this was the only observational study that did not adjust for potential 

confounders, factors such as, age, race, body mass index (kg/m2) (BMI) and dietary intake, 

could have impacted statistical analysis. Although, it was indicated there was no differences 

found in LCS consumption between genders or BMI (z-score) (p > 0.05). Mackenzie et al. 

(2006) found LCS consumption to be positively associated with HbA1c across consumption 

groups with a mean concentration of 7.3%, 7.7%, 8.0% to 8.2% respectively in adults with 

T1DM and T2DM (p < 0.001). The other observational study that included adults reported LCS 

to have no association with any glycaemic control indicator (Fenwick et al., 2018). Bortsov et 

al. (2011) estimated dietary intake and found that males (p < 0.01) and females (p = 0.02) who 

consumed > 1 LCSB/day had higher mean ± SD total energy intake (kcal/day) (male = 2,254 

± 1,031; female 1,778  ± 793) compared to individuals consuming <1 LCSB/day (male = 1975 

± 736; female 1,626  ± 725). Conversely, Fenwick et al. (2008) found no association between 

LCSB and total energy intake (kcal/day) based on three 4-day food diaries spaced equally 

throughout the year (p = 0.65).  
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6.4.2 Randomised control trials 

General Characteristics 

Seven RCT were included in the descriptive analysis (Nehrling et al., 1985; Wise et al., 1989; 

Barriocanal et al., 2008; Maki et al., 2008; Argiana et al., 2015; Grotz et al., 2017; Madjd et 

al., 2017) (See Table 2). Three studies took place in the US (Wise et al., 1989; Maki et al., 

2008; Grotz et al., 2017), and other studies took place in Paraguay (Barriocanal et al., 2008), 

Iran (Madjd et al., 2017), and Japan (Argiana et al., 2015). One study had an unspecified 

location, and information was unable to be obtained from the corresponding author (Nehrling 

et al., 1985).  The duration of RCT interventions ranged from 5 to 168 days (median (IQR) = 

102 (84 – 137) days) and sample sizes ranged from 22 to 128 adults (median (IQR) = 62 (46-

122) days), with a total of 53 individuals with T1DM and 503 individuals with T2DM. Six 

RCT were classified as longer-term (Nehrling et al., 1985; Barriocanal et al., 2008; Maki et 

al., 2008; Argiana et al., 2015; Grotz et al., 2017; Madjd et al., 2017). 

 

Methodologies and assessments of glycaemic control 

Daily supplementation of LCS in capsule form was used in four studies (Nehrling et al., 1985; 

Barriocanal et al., 2008; Maki et al., 2008; Grotz et al., 2017), two studies investigated the 

effect of LCS-sweetened foods (Wise et al., 1989; Argiana et al., 2015) and one investigated 

the effect of LCSB (Madjd et al., 2017). A variety of LCS were investigated across studies, 

with two investigating steviol glycosides (Barriocanal et al., 2008; Maki et al., 2008), two 

investigating aspartame (Nehrling et al., 1985; Wise et al., 1989), one investigating sucralose 

(Grotz et al., 2017), and two investigating unreported blends of LCS (Argiana et al., 2015; 
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Madjd et al., 2017). Additionally, three studies used commercial food products and beverages, 

and as such, the amount of LCS used was not specified (Wise et al., 1989; Argiana et al., 2015; 

Madjd et al., 2017). Despite the heterogeneity of the dosing and delivery vehicle used, all RCT 

measured blood glucose concentrations. However, not all studies considered other markers of 

glycaemic control, with four studies measuring insulin concentrations (Maki et al., 2008; 

Barriocanal et al., 2008; Madjd et al., 2017; Argiana et al., 2015), one measuring C-peptide 

concentrations (Grotz et al., 2017), and no RCT investigated the effect of LCS on incretin 

hormones. Another major limitation of these RCT was that habitual LCS consumption prior to 

intervention was not considered by any study and could not be adjusted for in statistical 

analysis. However, of particular note, all three studies assessing the effect of LCS-sweetened 

foods ensured that all whole diets were equicaloric (Wise et al., 1989; Argiana et al., 2015; 

Madjd et al., 2017). These studies assessed compliance, however, as it was self-reported dietary 

assessment methods it is not entirely reliable. Interventions using LCS capsules used placebo 

capsules as controls and verbally assessed compliance at interviews every 2 weeks (Barriocanal 

et al., 2008; Grotz et al., 2017), every 2-3 weeks (Nehrling et al., 1985) or every four-weeks 

(Maki et al., 2008).  

 

Only one study was classified as short-term with an intervention duration of 5 days and 

investigated the effect of snacks sweetened with an unspecified amount of aspartame for five 

days on blood glucose levels (Wise et al., 1989). Snacks were equally proportioned to contain 

the same amount of carbohydrates, and the quantity participants consumed was dependent upon 

their total caloric intake. All participants were adults aiding in the running of a camp for youth 

with diabetes and were fed a standard camp diet, and capillary blood glucose was measured 

four times a day, with glycaemic control monitored daily by a camp dietitian. Another study 
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investigated the effect of supplementation of a 250 mg steviol glycoside capsules three times 

daily in adults with T1DM over three months. Similarly, a RCT considered the effect of a dose 

of 500 mg steviol glycoside (Rebaudioside A) twice daily for 16-weeks on glycaemic control 

indicators (Maki et al., 2008). The daily supplementation of 667 mg sucralose via capsules in 

adults with T2DM was also investigated over 91 days (Grotz et al., 2017). One RCT 

investigated the effect of daily supplementation of 2.7 g aspartame as three 0.9 g doses in 

capsules with each main meal was investigated in adults with T1DM and T2DM over 126 days 

(Nehrling et al., 1985). At baseline and post-intervention, fasting plasma glucose and 2-hour 

postprandial glucose (2HPP) was assessed. Two studies assessed the effect of LCSB or LCSF 

sweetened with unspecified amount of LCS (Argiana et al., 2015; Madjd et al., 2017). Over 

24-weeks, Madjd et al., (2017) replaced LCSB with water in obese women with T2DM who 

were regular LCSB consumers, with control participants consuming 250 ml of LCSB five times 

a week. Another RCT included participants undergoing a hypocaloric diet for 12-weeks and 

consumed either four low-glycaemic-index (GI) desserts per week sweetened with an 

unspecified amount of sucralose or one portion of their favourite sucrose-sweetened dessert 

per week (Argiana et al., 2015).   

 

Glycaemic control outcomes 

Wise et al., (1989) found that there was no significant effect of LCS on blood glucose levels 

pre- and post-intervention, compared to the sucrose group, although it would be unlikely to see 

changes in blood glucose parameters in such a short-time frame.  Participants total energy 

intake (kcal/day) increased by 5% in the sucrose group and 6% in the aspartame group, 

however, results on energy intake were difficult to interpret as participants appetite may vary 

due to potential increases in physical activity, compared to home-setting. Additionally, there 
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was no indication of statistical analysis to determine if there was a difference in total calorie 

intake between groups. Due to the short length of this study it is not comparable to the other 

RCT included within this review. The four studies that administered LCS via capsules reported 

no effect of LCS on glycaemic control (Nehrling et al., 1985; Barriocanal et al., 2008; Maki et 

al., 2008; Grotz et al., 2017). Two longer-term RCT that did not specify the amount of LCS 

consumed reported contradictory effects on glycaemic control (Argiana et al., 2015; Madjd et 

al., 2017).  Madjd et al., (2017) found that both groups had a lower reported fasting blood 

glucose, fasting serum insulin, 2HPP, HbA1c and HOMA-IR over the 24-week period (p < 

0.001) (Madjd et al., 2017). It is unclear if such results are a result of both groups undergoing 

a hypoglycaemic diet. However, the intervention group, which replaced LCSB consumption 

with water, had higher mean decreases in fasting blood glucose (p < 0.001), 2HPP (p = 0.027) 

and HOMA-IR (p = 0.003) when compared to the control group. Argiana et al., (2015) found 

that participants consuming low-GI desserts had decreased HbA1c levels from 6.6% to 6.3% 

(p = 0.005),  and a decrease in HOMA-IR (p = 0.013) and insulin secretion (p = 0.031), and 

there no significant change in glycaemic control indicators in the control group (Argiana et al., 

2015). 

 

6.4.3 Cross-over studies 

General Characteristics 

Twelve cross-over studies were included for descriptive analysis, four of which were in Europe, 

(Slama et al., 1984; Chantelau et al., 1985; Forlani et al., 1989; Gregersen et al., 2004), three 

in the US (Horwitz et al., 1988; Mezitis et al., 1996; Brown et al., 2012), two in Australia 

(Cooper et al., 1988; Colagiuri et al., 1989), and three in Asia (Okuno et al., 1986; Temizkan 

et al., 2015) (Table 3). Populations sizes ranged from six to forty-four participants. Each study 
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investigated the effect of LCS on blood glucose, and all cross-over studies did not assess 

habitual LCS prior to interventions. However, this is generally where the consistency in 

methodologies ends. All cross-over studies were classified as short-term, with the longest 

interventions ranging from 28 and 42 days (Chantelau et al., 1985; Cooper et al., 1988; 

Colagiuri et al., 1989).  

 

Methodologies and assessments of glycaemic control 

Included cross-over studies investigated the effect of daily LCS supplementation on glycaemic 

control, through tablets and liquids (Chantelau et al., 1985), LCS-sweetened foods and 

beverages (Cooper et al., 1988), or LCSB (Colagiuri et al., 1989). There was also a wide range 

of sources used. Two studies investigated LCS in capsule form (Mezitis et al., 1996; Gregersen 

et al., 2004), five studies investigated LCSB (Okuno et al., 1986; Horwitz et al., 1988; Forlani 

et al., 1989; Brown et al., 2012; Temizkan et al., 2015), and five investigated food (Slama et 

al., 1984; Chantelau et al., 1985; Okuno et al., 1986; Colagiuri et al., 1989). Five studies 

investigated aspartame (Okuno et al., 1986; Horwitz et al., 1988; Colagiuri et al., 1989; 

Temizkan et al., 2015), four investigated saccharin (Slama et al., 1984; Horwitz et al., 1988; 

Cooper et al., 1988; Forlani et al., 1989), three investigated sucralose (Mezitis et al., 1996; 

Brown et al., 2012; Temizkan et al., 2015), one investigated acesulfame-k (Brown et al., 2012), 

one investigated steviol glycosides (Gregersen et al., 2004), and one investigated cyclamate 

(Chantelau et al., 1985). Chantelau et al. (1985) was the only included intervention study that 

investigated the effect of ad libitum consumption of LCS, with sodium cyclamate (mean intake 

± SD = 348 ± 270 mg/day) versus ad libitum sucrose (mean intake ± SD = 24 ± 13g/day) being 

investigated in individuals with T1DM (Chantelau et al., 1985). Two cross-over studies 

investigated the effect of daily supplementation of LCS in individuals with T2DM through 
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supplementation with 162mg aspartame (Colagiuri et al., 1989) and an unspecified amount of 

saccharin (Cooper et al., 1988) compared to sucrose. Studies investigated a variety of 

additional indicators of glycaemic control, as seven measured insulin (Slama et al., 1984; 

Okuno et al., 1986; Horwitz et al., 1988; Colagiuri et al., 1989; Forlani et al., 1989; Gregersen 

et al., 2004; Temizkan et al., 2015), two measured C-peptide (Mezitis et al., 1996; Temizkan 

et al., 2015), GLP-1 (Gregersen et al., 2004; Brown et al., 2012; Temizkan et al., 2015) and 

two measured GIP (Gregersen et al., 2004; Brown et al., 2012), and only one measured peptide 

YY (Brown et al., 2012)  and glucagon concentrations (Okuno et al., 1986). Participants 

compliance was assessed in two cross-over studies (Cooper et al., 1988; Colagiuri et al., 1989), 

and whilst compliance was encouraged by Cooper et al. (1988) during weekly visits, it was not 

evaluated.  

 

Eight cross-over studies investigated the acute effects of LCS, including one-off test days, with 

some studies not indicating any washout period (Slama et al., 1984; Okuno et al., 1986; 

Horwitz et al., 1988; Forlani et al., 1989; Mezitis et al., 1996; Gregersen et al,. 2004; Brown 

et al., 2012; Temizkan et al., 2015). A second two-week experiment was described by Okuno 

et al. (1986) and is included in this discussion. However, this study was not strictly an RCT or 

a cross-over study as all participants took part in the same intervention with no control group. 

Individuals with T1DM and T2DM consumed jelly desert with no appreciable energy content 

sweetened with 125mg of aspartame. A 50g oral glucose tolerance test performed at the start 

and end of intervention, with no significant difference found in glycaemic control indicators 

between the two timepoints. Additionally, compliance was not assessed during this experiment. 

Additionally, Okuno et al. (1986) compared ingestion of an aspartame-sweetened beverage to 

a 100g oral glucose tolerance test (~400kcal). Horwitz et al. (1988) investigated the effect of 
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LCSB sweetened with 135mg saccharin and a LCSB sweetened with 400mg of aspartame, 

compared to an unsweetened beverage in adult women with T2DM. Similarly, Temizkan et al. 

(2015) investigated the effect of a beverage sweetened with a mixture of 72mg of aspartame 

and 24mg of sucralose, compared to an unsweetened beverage, prior to an 75g oral glucose 

tolerance test. One study also investigated aspartame and sucralose-sweetened beverage was 

given before an oral glucose tolerance test (Brown et al., 2012). Two studies investigated the 

effects of serving a meal that was accompanied by an LCS-sweetened product versus a meal 

served with a similar sucrose product (Slama et al., 1984; Forlani et al., 1989). For both of 

these studies, the meals and sweetened products consumed were equicaloric. Slama et al. 

(1984) investigated the effect of a rice dessert sweetened with 40mg of saccharin, and Forlani 

et al. (1989) investigated an LCSB with an unspecified amount of saccharin. Mezitis et al. 

(1996) also investigated the effect of 360kcal liquid breakfast, served with a 1000mg sucralose 

capsule following an overnight fast.  

 

Glycaemic control outcomes 

Two short-term cross-sectional studies that found LCS to have no significant effect on 

glycaemic control investigated the effect of a one-off consumption of LCSB (Horwitz et al., 

1988; Temizkan et al., 2015). Five other cross-over studies with one-off testing periods found 

no significant effect of LCS on glycaemic control in individuals with diabetes (Slama et al., 

1984; Okuno et al., 1986; Forlani et al., 1989; Mezitis et al., 1996). The three cross-over studies 

with the longest interventions reported no effect on glycaemic control indicators (Chantelau et 

al., 1985; Colagiuri et al., 1989; Cooper et al., 1998). Three short-term cross-over studies 

reported a significant effect on markers of glycaemic control (Okuno et al., 1986; Gregersen et 

al., 2004; Brown et al., 2012). Another study investigated the effect of an aspartame-sweetened 
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beverage, with a significant decrease in blood glucose concentrations reported 3 hours after 

administration (Okuno et al., 1986). Okuno et al. (1986) found that LCSB decreased in blood 

glucose concentrations reported 3 hours after administration compared to an oral glucose 

tolerance test. However, such comparasions may not be an accurate comparator due to the large 

discrepancy in energy content. Gregersen et al. (2004) investigated the effect of a meal 

supplemented with 1000mg of stevioside, which equates to 357% of EFSA recommended ADI 

(mg/kg/day) of stevioside for a 70kg person.  Brown et al., 2012 observed significantly 

increased GLP-1 concentrations (area under the curve) of 43% after receiving LCSB in 

individuals with T1DM compared to carbonated water (p = 0.020). This was a small pilot study, 

and there no significant difference found in blood glucose levels between treatments. 

Additionally, a study investigating effects of a standard carbohydrate-rich meal supplemented 

with 1000mg of stevioside in capsule reported significant reduction in blood glucose 

concentrations in individuals with T2DM (Mean intake ± SD = 18% ± 5%; p < 0.004), and 

resulted in a significant increase (of 40%) in HOMA-IR (p < 0.001), compared to the control 

group that was supplemented with 1000mg starch (Gregersen et al., 2004).  

 

6.5 Discussion 

Overall, this review found no significant association between LCS consumption and glycaemic 

control in individuals with diabetes albeit the heterogeneity of studies in this area i.e. varying 

intervention lengths, sources, testing conditions and study population, make it difficult to draw 

a firm conclusion. Although some studies indicated LCS may aid in diabetes management 

(Okuno et al., 1986; Gregersen et al., 2004; Brown et al., 2012; Argiana et al., 2015; Madjd et 

al., 2017), there were certain limitations to these studies. Firstly, Brown et al. (2012) was a 
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small preliminary study that found acute consumption of LCSB significantly increased GLP-1 

in individuals with T1DM, yet this result was not coupled with a decrease in blood glucose 

levels. Additionally, two other studies also suggested that LCS-sweetened products may 

improve glycaemic control, however both studies included participants undergoing a 

hypocaloric diet, and therefore it is unclear if this improved diabetes management if solely 

linked to LCS consumption (Argiana et al., 2015; Madjd et al., 2017). However, it is important 

to note that LCS concentration in foods, beverages and capsules that were used in interventions 

were higher when compared to those found in foods and beverages in the European Union 

(European Parliament the Council, 1994; EFSA, 2007; EFSA, 2010; EFSA, 2013). A recent 

review by Martyn et al. (2018) investigating global intakes of LCS stated that ADI was rarely 

exceeded, and therefore the doses included in these studies are unrealistic.  

 

To combat these limitations, a new urinary biomarker approach has been developed to assess 

actual consumption of 5 commonly used LCS more objectively compared to current dietary 

assessment methods (Logue et al., 2017). Two small observational studies have shown that 

self-reported LCSB exposure may not be an accurate representation of LCS exposure 

(Sylvetsky et al., 2017; Logue et al., 2020). Therefore, a more appropriate assessment may be 

a urinary biomarker approach, which could be used repeatedly during interventions to assess 

compliance. A long-term dietary assessment method, such as an LCS-focused FFQ could be 

used in conjunction with the urinary biomarker approach to assess habitual LCS exposure to 

adjust for possible confounders. Although the inclusion of a biomarker approach can help 

mitigate some limitations of observational studies, it cannot aid in determining reverse 

causality, as this is based on study design. Although this review found no apparent association 

between LCS and diabetes management, there are several factors that should be considered 
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while analysing studies investigating the metabolic effects of LCS. For instance, included 

studies investigated a variety of LCS, over different lengths of time, in various environments, 

with different population groups, and through different sources. Therefore, there is a pressing 

need for more studies that account for these potential influencing factors. 

 

6.5.1 LCS effect in a free-living population 

Only the four observational studies assessed LCS impact in a free-living population (Devitt 

and Daneman, 2004; Mackenzie et al., 2006; Bortsov et al., 2011; Fenwick et al., 2018). 

Additionally, Colagiuri et al. (1989) produced the only intervention study to investigate the 

effects of LCS ad-libitum. Therefore, current studies neglect to assess the psychological impact 

of LCS on food and beverage exposure. For example, if a food or beverage is sweetened with 

LCS instead of sucrose, it may be perceived as healthier, causing individuals to consume more, 

negating the impact of the product’s lower energy density, known as the health-halo effect 

(Provencher et al., 2009). However, a cross-over study outside this review investigated the 

consumption of equicaloric breakfasts, including aspartame-sweetened foods or sucrose-

sweetened foods, and found that those consuming LCS foods in an unblinded setting increase 

daily energy intake, compared to informed consumption of sucrose-sweetened foods in a 

blinded setting (Mattes, 1990). All intervention studies failed to assess habitual LCS 

consumption prior to studies commencing, and only one study used an objective biomarker to 

assess compliance (Grotz et al., 2017). Hereafter a more extensive dietary assessment, such as 

the previously mentioned urinary biomarker approach (Logue et al., 2017), should be used to 

assess LCS excretion to estimate LCS exposure in free-living population, and to ensure 

compliance to interventions. 
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6.5.2 Variation between LCS 

The use of the biomarker approach would also allow for the assessment of 5 individual 

commonly used LCS and certain mixtures of LCS (Logue et al., 2017). A major limitation to 

current research is that all observational studies treated LCS as homogenous compounds and 

carried out statistical analysis using overly simplistic classification of participants LCS 

consumption.  However, this should not be the case as although all LCS have the same basic 

principle of eliciting a sweet taste whilst having few calories, they are each structurally unique 

and therefore investigation of their health impacts should be addressed on an individual basis 

in future studies (Magnuson et al., 2016). Furthermore, LCS potential metabolic effects should 

be investigated in combinations, to assess any possible synergistic effects of LCS. There was 

a wide variety of LCS explained in the intervention studies, and one of the most popular LCS 

to be examined was sucralose (Mezitis et al., 1996; Brown et al., 2012; Argiana et al., 2015; 

Temizkan et al., 2015; Grotz et al., 2017). Additionally some studies investigated mixtures of 

LCS, with Brown et al. (2012), investigating the effect of LCSB sweetened with a mixture of 

acesulfame-k and sucralose, and although Argiana et al. (2015), stated that consumed desserts 

were mainly sweetened with sucralose, the other LCS used were not specified. Therefore, it is 

difficult to assess the sole effect of sucralose as a diabetes management tool. Furthermore, 

whilst aspartame (Okuno et al., 1986) and steviol glycosides (Gregersen et al., 2004) indicated 

a potential to improve glycaemic control, other studies investigating the sole effects of these 

LCS contradict these findings (Nehrling et al., 1985; Horwitz et al., 1988; Colagiuri et al., 

1989; Barriocanal et al., 2008; Maki et al., 2008; Temizkan et al., 2015). As such, this review 

was unable to draw conclusions regarding the effectiveness of any individual LCS as diabetes 

management tools, or indeed certain mixtures of LCS. Conversely, a recent systematic review 

included RCT investigating the glycaemic impact of LCS, and stated that although structurally 
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different, all LCS exhibited no effect on glycaemic control in healthy and diabetic population 

(Lohner et al., 2020). These opposing results demonstrate the need for more rigid dietary 

assessments to estimate actual dietary intake of individual LCS. However, as this review 

focused solely on RCT, it neglected observational and cross-over studies. This strict exclusion 

criteria resulted in four studies, which indicated that LCS may impact diabetes management 

(Gregersen et al., 2004; Mackenzie et al., 2006; Bortsov et al., 2011; Brown et al., 2012). 

 

6.5.3 Variation of LCS sources 

In this review, a possible differential effect was observed across different sources on glycaemic 

control. Two studies investigating LCS-sweetened foods demonstrated a potentially beneficial 

effect of LCS in diabetes management (Gregersen et al., 2004; Argiana et al., 2015), as opposed 

to three studies investigating LCSB and which reported potential negative effects (Mackenzie 

et al., 2006; Bortsov et al., 2011). These results agree with the literature as foods and beverages 

have been postulated to have differential effects in the cephalic phase response due to variations 

in orosensory stimulation or activation of sweet receptors (Dhillon et al., 2017). Dhillon et al. 

(2017) included 64 overweight- and obese- participants in a RCT investigating the variation in 

cephalic phase response to LCS-sweetened food and LCSB, and found LCS-sweetened food to 

result in a greater increase in insulin-positive incremental area under the curve, compared to 

LCSB. Moreover, a cross-over study found the length of oral processing time to influence 

appetite, with a sucralose-containing pastille causing a significant decrease in hunger, 

compared to an equicaloric sucralose-sweetened jelly or drink (Lavin et al., 2002). This 

differential effect could potentially be due to increased prandial orosensory stimulation from 

chewing. It is possible that this decrease in appetite could be fundamental in LCS potential to 

improve glycaemic control, as they may decrease intakes of carbohydrates, leading to lower 
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blood glucose concentrations and body weight in individuals with diabetes (American Diabetes 

Association et al., 2008).  

 

In the present review, only one of the six studies investigating the effect of LCS capsules 

reported a significant effect on a glycaemic control indicator (Gregersen et al., 2004), and this 

may be due to the by-passing of sweet taste receptor stimulation in the oral cavity. However, 

this was one of two studies which investigated the effect of capsules containing LCS with a 

test meal, which may indicate LCS only have an effect on glycaemic control when paired with 

caloric intake (Mezitis et al., 1996; Gregersen et al., 2004). In contrast, Mezitis et al., (1996) 

did not find sucralose to have any effect on glycaemic control indicators, however, this might 

be due to variation in LCS assessed. Similarly, another systematic review assessing LCS effect 

on energy intake and weight found that LCS in foods and beverages were associated with 

decreased energy intake, but no effect was observed when LCS was given in capsule form 

(Rogers et al., 2016). A recent review regarding global intakes of LCS has found that most 

research has investigated LCS consumption through assessing LCSB exposure, however, LCS 

are increasingly being added to several foods (Martyn et al., 2018). Therefore, as LCS are 

consumed through a variety of vehicles, more studies are needed to investigate the effects of 

LCS-sweetened foods, as opposed to LCSB and/or LCS delivered via capsules.  Indeed, using 

the urinary biomarker approach in future studies would allow for more accurate estimation of 

LCS consumption through all consumption vehicles.  
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6.5.4 Duration of interventions 

Most studies included in this review reported no effect of LCS on glycaemic control in 

individuals with diabetes, and this may have been affected by the short length of included 

studies. Theoretically, replacing sugar with LCS should result in a reduction in carbohydrate 

and energy intake (Gwak et al., 2012). However, this is dependent on whether the calories 

saved through the consumption of reduced-energy products are not negated by LCS increasing 

appetite or compensatory effects increasing consumption, which may have a differential effect 

over time (Pepino, 2015). It is currently unclear if LCS have the potential to cause such an 

effect. However, a cross-over trial investigated the effect of females without diabetes who 

restrict their eating consuming water, sugar-sweetened beverages or LCSB consumption with 

a meal, and LCSB was found to significantly increase energy intake the day after eating the 

meal, compared to controls (Lavin et al., 2002). Yet, a recent review investigating LCS effect 

on energy intake and weight has contradicted these studies, showing that LCS in food and 

beverages causes incomplete compensation, resulting in lower energy intake (Rogers et al., 

2016). However, these effects on food intake and glycaemic control may not be seen in this 

review due to most studies’ short duration. For instance, there was only six included longer-

term RCT, two of which found LCS to have a potential beneficial effect on glycaemic control. 

One of these studies investigated the effect of LCS-food for a period of 12-weeks, longer than 

68% of intervention studies (Argiana et al., 2015). Also, the other longer-term RCT that 

indicated that LCSB may an effective diabetes management aid had the longest intervention of 

any included study at 24-weeks (Madjd et al., 2017). Additionally, most cross-over studies 

included one-day tests, some without any indication of wash-out period (Slama et al., 1984; 

Okuno et al., 1986; Brown et al., 2012; Temizkan et al., 2015). Therefore, future studies 

assessing the impact of LCS on diabetes management over several months may give a more 
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realistic view of their potential longer-term metabolic effects. As the urinary biomarker 

approach can only assess short-term LCS exposure, future longer-term studies would benefit 

from repeated estimation of LCS exposure throughout both intervention and observational 

studies. The assessment of habitual exposure of LCS and compliance to protocols in long-term 

studies could also be further refined by the development of a long-term LCS-focused FFQ, to 

be used in conjunction with the urinary biomarker approach.  

 

6.5.5 Differential effects of LCS in T1DM and T2DM management 

In addition to lowering sugar intakes in individuals with diabetes, LCS may impact glycaemic 

control through activation of the cephalic phase response (Jang et al., 2007; Brown et al., 2009; 

Brown et al., 2012). The cephalic phase response is activated by sensory stimulation in 

anticipation of food, and is linked to the release of incretin hormones, such as, glucagon like 

peptide-1 (GLP-1) and glucose dependent insulinotropic peptide (GIP) (Smeets et al., 2010). 

The primary function of incretion hormones are to stimulate to release of insulin, and therefore 

control blood glucose post-ingestion of calories (Kim and Egan, 2008). This review 

demonstrated that much of the research to date has focused on individuals living with T2DM. 

However, LCS may have differential effects in those with T1DM and T2DM owing to different 

hormonal profiles between conditions. For instance, a cross-over study not included in this 

review investigated the effect of meal size on incretin hormones, finding GLP-1 levels were 

lower in individuals with T2DM compared to individuals with T1DM (Vilsbøll et al., 2003). 

Even though, individuals with T1DM have similar GLP-1 and GIP concentrations compared 

to individuals without diabetes, their marked B-cell function has led to a reduced ability to 

produce insulin in response to incretin hormones (Greenbaum, 2002). Due to limited research, 
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it is unclear if individuals with T1DM may benefit from the potential release of incretin 

hormones.   

 

As there is an apparent difference in incretin hormone profile between diabetes conditions, 

studying the effect of LCS on incretin hormones is of paramount importance in diabetes 

management. Despite this, only three included studies investigated LCS effect on incretin 

hormones (Gregersen et al., 2004; Brown et al., 2012; Temizkan et al., 2015). LCS have been 

postulated to affect glycaemic control by activating sweet taste receptors throughout the body, 

stimulating the cephalic phase response (Jang et al., 2007; Brown et al., 2009; Brown et al., 

2012). Stimulation of the cephalic phase response can lead to the release of incretin hormones, 

such as GLP-1 and GIP, causing insulin secretion resulting in a reduction in blood glucose 

concentrations (Smeets et al., 2010).  Some animal model studies have also found LCS to affect 

gut microbiota and altered the cephalic phase response (Suez et al., 2014). A study concluded 

that low-doses of aspartame consumption (5 – 7 mg/kg/day) induced glucose intolerance in 

mice (Palmnäs et al., 2014). Aspartame was also been found to disrupt gut microbiota in rats 

when a commercial formula (5% LCS; 95% glucose) was added to drinking water, resulting in 

increased fasting blood glucose concentrations and impaired glucose intolerance. Further 

studies are needed to investigate whether these effects of LCS on incretin hormones, which to 

date, largely observed in animal models, translate to individuals with diabetes.  

 

6.6 Conclusion 

To conclude, there is a pressing need for more accurate dietary assessment methods that can 

objectively estimate actual exposures of individual LCS, such as the urinary biomarker (Logue 
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et al., 2017). Ideally, this approach would be repeated as individual analysis of 24-hour urine 

samples can only estimate short-term LCS exposure. To improve the estimation of LCS 

exposure further, an LCS-focused FFQ should be used in conjunction with the biomarker 

approach. Such methods would improve further research by allowing for the investigation of 

individual LCS as diabetes management tools, and it would also allow for the investigation of 

the effect of different doses, sources and duration of consumption of LCS. There is also a clear 

lack of studies investigating the effect of LCS as diabetes management tools in young people. 

In addition to examining the effect of LCS on blood glucose levels, the effect of LCS on dietary 

intake and incretin hormones should be investigated more thoroughly to elucidate the effect of 

LCS in the context of diabetes. This would lead to a more comprehensive understanding of the 

potential mechanisms that may lead certain LCS to be effective diabetes management tools. As 

it stands, due to the lack of long-term studies in free-living individuals with diabetes, and 

studies investigating a variety of LCS through various vehicles, their effectiveness as diabetes 

management tools cannot be determined. Despite no evidence to suggest that LCS can have 

long-term beneficial or negative effects, they are commonly used as diabetes management 

tools. Moving forward, the limitations of previous research outlined in this review should be 

addressed, allowing for more concrete conclusions regarding LCS effectiveness at maintain 

glycaemic control in those with diabetes, thereby providing more evidence-based patient care.  
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Table and figures 

Figure 6. 1 PRISMA flow diagram. 
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Table 6. 1 Characteristics of observational studies included in qualitative analysis listed from oldest to most recently published. 

Reference Location Population groups (N) Outcome 

measurements 

Comparative groups BMI ± SD HbA1c (%) ± SD Main Findings Risk of 

bias
a
 

Devitt 

(2004)  

Canada T1DM children 

(56) 

24-hr dietary recall, 

anthropometric and 

HbA1c measurements 

LCS Consumers  0.7 ± 0.8
a 8.1 ± 1.9 NSD in GCI or BMI 30% 

LCS Non-Consumers 0.9 ± 1.0
a
 8.3 ± 1.1 

         

Fenwick 

(2008)  

Australia T1DM/T2DM adults 

(609) 

Beverage focused-FFQ, 

HbA1c, FG and 

anthropometric 

measurements 

LCSB Non-Consumers 29.1 ± 8.4
b
 7.3 ± 1.4 NSD in GCI. LCSB 

consumers 

+ve with BMI (p = 0.01) 

10% 

LCSB Consumers 30.2 ± 7.5
b
 7.6 ± 1.9 

         

Mackenzie 

(2006)  

USA ND adults 

(13876) 

Beverage focused- 

FFQ, HbA1c 

measurement 

Zero LCSB/month 

- 

5.2 LCSB consumption +ve 

with HbA1c 

concentrations (p < 0.01) 

30% 

1-29 LCSB /month 5.2 

30-59 LCSB/month 5.2 

≥60 LCSB/month 5.2 

   

T1DM/T2DM adults 

(1024) 

Zero LCSB/month 7.3* 

1-29 LCSB /month 7.7* 

30-59 LCSB/month 8.0* 

≥60 LCSB/month 8.2* 

         

Bortsov 

(2011)  

USA T1DM youths 

(1806) 

Beverage focused-FFQ, 

HbA1c and 

anthropometric 

measurements 

No LCSB 0.56 ± 0.81
a
 8.7* LCSB consumption +ve 

with HbA1c 

concentrations (p < 

0.001) 

10% 

LCSB <1 glass/day 0.56 ± 0.85
a
 8.9* 

LCSB ≥1 glass/day 0.66 ± 0.91
a
 9.3* 

Abbreviations: ASB = Artificially Sweetened Beverages, BCF = Beta Cell Function, BMI = Body Mass Index, Confidence Interval = CI,  FFQ = Food Frequency Questionnaire, Fasting Glucose = FG, GCI = 
Glycaemic Control Indicator, HbA1c = Glycated Hemoglobin, I = Insulin, LCSB = Low-calorie sweetened beverage, OR = Odd Ratio, PD = Prediabetes, ND = Population without diabetes, NDT2DM = Newly 

diagnosed Type 2 Diabetes Mellitus, PDT2DM = Previously diagnosed Type 2 Diabetes Mellitus, NSD = No significant Difference, P = p-value, OR = Odds Ratio, SD = Standard Deviation, T1DM = Type 1 

diabetes mellitus, T2DM = Type 2 diabetes mellitus, Y = Year, +ve = positively associated 
a
Assessed via Critical Appraisal Skills Programme cohort study checklist (2019b); 

b
BMI (z-score); 

c
BMI (kg/m2); *p < 0.05; *p < 0.01 
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Table 6. 2 Characteristics of randomised control trials (RCT) included in qualitative analysis listed from shortest to longest intervention 

period. 

Reference Location 
Population 

groups (N) 
Length of study Intervention Outcome measurements Main findings 

Risk of 

bias
a 

Wise 

(1989)  
USA 

T1DM adults 

(6) 
5 days 

Two daily snacks 

(containing 

aspartame (ANS) or 

sucrose) 

BW measured at baseline and 

post-intervention. CBG 

measured before each meal 

and bedtime snack 

NSD in CGI or BW between time 

points in both groups 
40% 

Barriocanal  

(2006)  
Paraguay 

T1DM adults 

(16) 

 

T2DM adults 

(30) 

12-week 

750mg of steviol 

glycoside or 

matching placebo 

daily 

CBG and BW measured every 

2-weeks. At baseline and post-

intervention, BI (F), BG, and 

HbA1c measured 

NSD in GCI or BW in both groups 10% 

Argiana 

(2014)  
Japan 

T2DM adults 

(58) 
12-weeks 

4 low-GI/low-GL 

desserts/week mainly 

sweetened with 

sucralose or one 

portion of sucrose-

sweetened 

dessert/week (ANS) 

At baseline and post-

intervention, 24-hour dietary 

recall was completed and BW, 

BP, BG, HbA1c and SI 

measured 

LCS and Sucrose was -ve with BW 

(p < 0.01). 

LCS was -ve with HbA1c (p = 

0.01), serum insulin (p = 0.031), 

and HOMA-IR (p = 0.01). NSD in 

GCI in control group 

10% 

Grotz 

(2003)  
USA 

T2DM adults 

(128) 

6-week screening 

phase, 13-week 

intervention, phase, 4-

week follow-up phase 

667mg of sucralose 

or matching placebo 

capsules daily 

HbA1c, serum C-peptide and 

BG (F) measured every 2 

weeks 

NSD in GCI in both group 10% 

Abbreviations: ANS: Amount Not Specified, BG = Blood Glucose, BI = Blood Insulin, BP = Blood Pressure, BW = Body Weight, CBG = Capillary Blood Glucose, F = Fasting, HbA1c = Glycated Hemoglobin, 

GCI = Glycaemic Control Indicators, HOMA-IR = Homeostatic Model Assessment of Insulin Resistance, LCSB = Low-Calorie Sweetened Beverage, NSD = No significant Difference, P = p-value, PG = Plasma 
Glucose, SCP = serum C-peptide, SI = Serum Insulin, T1DM = Type 1 Diabetes Mellitus, T2DM = Type 2 Diabetes Mellitus, -ve = Negatively associated 

a
Assessed via Critical Appraisal Skills Programme randomised control trial checklist (2019a) 
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Table 6. 2 (Continued) Characteristics of randomised control trials included in qualitative analysis listed from shortest to longest intervention 

period. 

Reference Location 
Population 

groups (N) 
Length of study Intervention Outcome measurements Main findings 

Risk of 

bias
a 

Maki  

(2008)  
USA 

T2DM adults 

(122) 

2-week run-in, 16-

week intervention 

1000mg Rebaudioside 

A (Steviol Glycoside) 

or matching placebo 

daily 

Every 4 weeks, BW, BP, 

HbA1c, BG (F) and BI 

were measured 

NSD in GCI or BW between groups 10% 

Nehrling 

(1985)  
- 

T1DM adults 

(31) 

 

T2DM adults 

(31) 

1-week run-in 

period, 18-week of 

intervention 

2.7g aspartame or 

matching placebo daily 

At baseline and post-

intervention, BG (F) and 

2-hour PPBG were 

measured 

NSD in GCI between groups 20% 

Madjd 

(2017)  
Iran 

Regular LCSB 

women 

consumers with 

T2DM  

(81) 

2-week run in 

period, 24-weeks 

intervention 

LCSB replaced with 

water or LCSB 

consumption continued. 

250ml of LCSB or 

water given after lunch 

5 days/week 

At baseline, 12-weeks and 

24-weeks, BW, PG (F), 2-

hr PPBG, HbA1c, BI, 

HOMA-IR measured.  

LCS and water -ve with PG (F), 2-hr 

PPBG, HOMA-IR and BW (p ≤ 0.03). 

Water group had greater decrease in 

weight and GCI (p ≤ 0.011) compared to 

LCSB 

10% 

Abbreviations: BG = Blood Glucose, BI = Blood Insulin, BP = Blood Pressure, BW = Body Weight, GCI = Control Indicators, HbA1c = Glycated Hemoglobin, HOMA-IR = Homeostatic Model Assessment of 

Insulin Resistance, NSD = No significant Difference, PPBG = Postprandial blood glucose, P = p-value, SI = Serum Insulin, T1DM = Type 1 diabetes mellitus, T2DM = Type 2 diabetes mellitus, -ve = negatively 
associated 
a
Assessed via Critical Appraisal Skills Programme randomised control trial checklist (2018a) 
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Table 6. 3 Characteristics of included cross-over studies included in qualitative analysis listed from shortest to longest intervention period. 

Reference Location Population groups (N) 
Length of 

study 
Intervention Outcome measurements Main findings 

Risk of 

bias
a 

Brown 

(2012)  
USA 

ND adults  

(25) 

T1DM adults 

 (9) 

T2DM adults 

 (10) 

2 test days 

LCSB (sucralose and 

acesulfame-K) or 

carbonated water before 

OGTT (F) 

PG, GLP-1, GIP and PYY 

measured from -15 to 180 

minutes after OGTT 

LCSB +ve with GLP-1 in 

T1DM (43%; p = 0.02). NSD 

in BG, C-peptide or PYY 

between tests. 

22% 

Temizkan  

(2015)  
Turkey  

ND adults  

(8) 

T2DM adults  

(8) 

3 test days 

LCSB (24mg aspartame 

or 72mg sucralose) or 

water before OGTT (F) 

BG, BI, GLP-1 and C-peptide 

measured from - 15 to 120 

minutes after OGTT 

NSD in GCI in T2DM group 

between tests 
22% 

Okuno 

(1986)  

Experiment A 

Japan 

ND adults  

(7) 

T1DM/T2DMadults 

  

(22) 

2 test days 
LCSB (500mg 

aspartame) or OGTT 

PG, PI and serum glucagon 

measured 0 to 180 minutes after 

drink 

LCS -ve with 2hour PPBG 

 (p < 0.05) 
44% 

Slama 

(1985)  
France 

T1DM adults  

(6) 

T2DM adults  

(12) 

2 test days 

Mixed meal served with 

rice dessert (40mg 

saccharin or sucrose) 

BG (F), BI and BG measured 

from 0 to 180 minute after meal 

NSD in GCI between tests 

phases 
33% 

Forlani 

(1989)  
Italy 

T1DM adults  

(6) 

36 hours 

pre-testing, 

2 test days 

Two meals served with 

LCSB (saccharin) or 

SSB 

BG, PG, PI over a period of 30 

minutes before and 180 minutes 

after meal 

NSD in CGI 44% 

Abbreviations: BG = Blood Glucose, BI = Blood Insulin, F = Fasting, GCI = Glycaemic Control Indicators, GIP = Gastric inhibitory polypeptide, GLP-1 = Glucagon-like peptide 1, LCSB = Low-calorie sweetened 

beverage, ND = Non diabetics, NSD = No significant Difference, P = p-value, PG = Plasma Glucose, PI = Plasma Insulin, PPBG = Postprandial blood glucose, OGTT = Oral Glucose Tolerance Test, PYY = Peptide 
YY,  SD = Standard Deviation,  SSB = sugar-sweetened beverages, T1DM = Type 1 diabetes mellitus, T2DM = Type 2 diabetes mellitus, Y = Years, +ve = positively associated, -ve = negatively associated 
a
Assessed via quality assessment of cross-over studies involved in Cochrane Systematic Reviews (Ding et al., 2015) 
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Table 6. 3 (Continued) Characteristics of cross-over studies included in qualitative analysis listed from shortest to longest intervention period. 

Author Location 
Population 

groups (N) 
Length of study Intervention Outcome measurements Main findings 

Risk of 

bias
a 

Gregersen 

(2004)  
Denmark 

T2DM adults 

(12) 

1-week washouts, 2 

test days 

Meal supplemented 

with 1000mg of 

stevioside or 1000mg of 

starch capsule 

PI, HbA1c, glucagon, GLP-

1 and GIP measured from -

30 to 240 minutes after 

meal 

LCS -ve with BG 

(18% +/- 5%; p < .004) and +ve with PI 

(40%; p <0.01) compared to placebo. 

NSD in other GCI 

22% 

Horwitz (1988)  USA 

ND adults 

 (12) 

T2DM adults 

(10) 

Min.1-week 

washouts periods 

and 3 test days 

USB (F) or LCSB (F) 

(135mg saccharin or 

400mg aspartame) 

BG, BI and glucagon 

measured from -5 to 180 

minutes after drink 

NSD in GCI between tests in T2DM 

group 
11% 

Mezitis (1996)  USA 

T1DM adults 

(13) 

 

T2DM adults 

(14) 

2-6 weeks screening 

phase, 1-week 

washouts, 2 test 

days, 1-week 

follow-ups 

360-kcal breakfast (F) 

with 1000mg sucralose 

capsule or placebo 

BG and C-peptide measured 

-30 minutes before and 240 

minutes after meal 

NSD in any GCI between tests 11% 

Okuno 

(1986) 

Experiment B 

Japan 

T1DM/T2DM 

adults 

 (9) 

2 weeks 
One jelly dessert/day 

(125mg aspartame) 

Twice a week, BG (F), 1-hr 

and 2-hr PPBG measured. 

At baseline and post-

intervention, 

OGTT was carried out. 

NSD in any GCI between tests 44% 

Abbreviations: BG = Blood Glucose, BI = Blood Insulin, F = Fasting, GCI = Control Indicators, GIP = Gastric inhibitory polypeptide, GLP-1 = Glucagon-like peptide 1, HbA1c = Glycated Hemoglobin, LCSB = 

Low-calorie sweetened beverage, ND = Population without diabetes, NSD = No significant Difference, P = Value, PI = Plasma Insulin, OGTT = Oral Glucose Tolerance Test, PPBG = Postprandial blood glucose, 
SD = Standard Deviation, T1DM = Type 1 diabetes mellitus, T2DM = Type 2 diabetes mellitus, USB = Unsweetened Beverage, Y = Years, +ve = positively associated, -ve = negatively associated 
a
Assessed via quality assessment of cross-over studies involved in Cochrane Systematic Reviews (Ding et al., 2015) 

 



 

 

220 

 

 

Table 6.3 (Continued) Characteristics of cross-over studies included in qualitative analysis listed from shortest to longest intervention 

period. 

Author Location 
Population 

groups (N) 
Length of study Intervention Outcome measurements Main findings Risk of bias

a 

Chantelau 

(1985)  
Germany 

T1DM adults  

(10) 

4-week run in 

periods, 4-week 

interventions 

Sodium Cyclamate ad-libitum 

(348 ± 270mg/day) or sucrose 

ad-libitum (24 ± 13g/day) 

BG, daily insulin doses and 

carbohydrate intake were self-

reported daily. At baseline, 2-

weeks and 4-weeks, PG and 

HbA1c measured 

NSD in GCI or 

BW between tests 
33% 

Colagiuri 

(1989) 
Australia 

T2DM adults 

(9) 

Prior assessment 

≥ 3 months and 

6-week  

interventions 

Diet supplemented with 

162mg aspartame or 45g 

sucrose daily 

At baseline and post-intervention, 

BW, HbA1c, PG (F), BL, 

carbohydrate tolerance and in 

vivo insulin action measured 

NSD in GCI or 

BW between tests 
33% 

Cooper 

(1998)  
Australia 

T2DM adults 

(17) 

Two 6-week 

interventions 

Diet supplemented with 28g 

sucrose or saccharin 

equivalent daily 

At baseline and post-intervention, 

BG (F) and BW were measured, 

and BG measured from -15 to 180 

minutes after a test meal 

NSD in GCI or 

BW between tests 
44% 

Abbreviations: BDA = The British Dietetic Association, BG = Blood Glucose, BL = Blood Lipids, BW = Body weight, F = Fasting, GCI = Control Indicators, GIP = Gastric inhibitory polypeptide, GLP-1 = 

Glucagon-like peptide 1, HbA1c = Glycated Hemoglobin, LCS = Low-calorie sweeteners, PG = Plasma Glucose, T1DM = Type 1 diabetes mellitus, T2DM = Type 2 diabetes mellitus, Y = Years 

a
Assessed via quality assessment of cross-over studies involved in Cochrane Systematic Reviews (Ding et al., 2015) 
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7 DISCUSSION 
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As part of this PhD project, a novel food frequency questionnaire (FFQ) was developed and 

validated to categorise adults based on low-calorie sweetener (LCS) exposure over the previous 

3-months into no/low, medium, and high exposure groupings (Chapter 2). The studies in this 

thesis aimed to investigate the relationship between LCS exposure, weight status, glycaemic 

control, and food-related cognition. Chapters 4 and 5 demonstrated in studies of healthy adults 

and pregnant women there were no significant differences in total energy intake (TEI) or BMI 

according to LCS exposure. The bespoke dietary assessment tool was used to investigate the 

relationship between LCS exposure and food-related cognition, finding that there was no 

difference in sweet taste thresholds or sweet food preferences between LCS exposure 

categories (Chapter 3). Two studies, which utilised a urinary biomarker approach to assess the 

relationship between LCS exposure and diet in an adult population (Chapter 4) and during 

pregnancy (Chapter 5) observed no differences in dietary intakes or diet quality based on LCS 

exposure. The systematic review investigating LCS as diabetes management tools concluded 

that LCS generally had no effect on glycaemic control (Chapter 6). Findings presented in this 

thesis suggest that LCS may not be metabolically active compounds, and may not be related to 

weight management, diabetes management, sweet taste thresholds or sweet food preferences. 

Although no study found any clear relationships across LCS exposure, some differences in 

sweet-food preferences, sweet-taste thresholds, dietary intakes, and weight status were 

observed. The aim of this chapter is to critically discuss the overall thesis findings.  

 

7.1 Estimations of LCS exposure 

Until now, most studies investigating the relationship between LCS exposure and health 

outcomes have failed to accurately measure LCS and have instead depended upon estimations.  
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Most studies have used low-calorie sweetened beverages (LCSB) as a proxy measurement for 

overall LCS exposure, neglecting to assess low-calorie sweetened food (LCSF) exposure and 

table-top LCS (Wiebe et al., 2011; Azad et al., 2017; Laviada‐Molina et al., 2020; Rogers and 

Appleton, 2020). However, observational studies with small sample sizes using urinary 

biomarker approaches suggest exposure of LCS is more widespread than previously thought, 

indicating that LCSB may not be a useful proxy measurement of LCS exposure (Sylvetsky et 

al., 2017; Logue et al., 2020). Therefore, the studies presented in this thesis utilised a urinary 

biomarker approach to objectively assess intakes of acesulfame-k, cyclamate, saccharin, 

sucralose, and steviol glycosides by assessing excretions via 24-hour urine samples (Logue et 

al., 2017). As this approach can only estimate short-term LCS exposure, a study in Chapter 2 

aimed to develop a complementary tool to assess long-term LCS exposure (Chapter 2). This 

study successfully developed and validated an LCS-focused FFQ to assess LCS exposure from 

the previous 3-months period (Chapter 2). Using the method of triads, the overall validity co-

efficient for this FFQ was moderate (0.66), which was greater or equal to 60% of similar studies 

described by a systematic review compiling studies utilising the method of triads approach to 

validate dietary assessment tools (Yokota et al., 2010). Additionally, the FFQ validation study 

estimated total LCS excretions from fasting spot urine samples and demonstrated a strong 

correlation between total LCS exposure estimated from 24-hour urine samples and fasting spot 

samples (r = 0.78; p <0.001), suggesting a good agreement between both methodologies 

(Chapter 2). The prospect of utilising fasting spot samples may result in less participant burden, 

when compared to the collection of 24-hour urine samples. As such, fasting spot samples in 

studies in Chapter 4 and 5 were used to categorise total LCS exposure, based on LCS excretion.  

To address limitations with previous studies, the FFQ and the urinary biomarker approach were 

utilised to investigate the relationship between LCS exposure and dietary intakes in a general 
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population (Chapter 4).  Furthermore, the urinary biomarker approach was also used to assess 

differences in dietary intakes and diet quality according to LCS exposure in a pregnant 

population (Chapter 5). Additionally, the FFQ was used as a stand-alone method to investigate 

the relationship between LCS exposure and food-related cognition (Chapter 3). 

 

All studies in this thesis reported widespread exposure to LCS in adults. Studies utilising the 

FFQ approach estimated LCS exposure at 92% (Chapter 3) and 89% (Chapter 4). Furthermore, 

studies utilising the urinary biomarker approach estimated LCS exposure at 96% in a general 

population (Chapter 4), and 99% during early pregnancy and 100% during late pregnancy 

(Chapter 5). This correlates with a study conducted by Sylvetsky et al. (2017) including 18 

participants that were advised on how to avoid LCS exposure, and which found that eight 

participants excreted sucralose, despite only one reporting consumption. Additionally, Logue 

et al. (2020) conducted an observational study including 79 participants and found that less 

participants were classified as LCS consumers based on self-reported LCSB consumption 

(6%), compared to those classified through assessment of LCS exposure by a urinary biomarker 

approach (96%). Due to the small sample sizes, such results need to be replicated in larger 

studies (Sylvetsky et al., 2017; Logue et al., 2020). Intakes of LCS were estimated as part of 

studies within Chapters 2 and 3, and all participants had intakes which were below acceptable 

daily intake levels (ADIs) for all LCS (European Parliament the Council, 1994; EFSA, 2007; 

EFSA, 2010; EFSA, 2013). In a similar Irish adult population, LCS exposure was also well 

below the ADIs with mean %ADI for acesulfame-k, cyclamate, saccharin, sucralose and steviol 

glycosides at 6.3%, 3.8% 3.4% 2.5% and 6.5% respectively (Buffini et al., 2018). Thus, LCS 

exposure in general adult populations is seemingly within safe levels within the island of 

Ireland. 
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The prevalence of LCS exposure varies greatly between jurisdictions, as demonstrated in the 

studies reported in Chapters 4 and 5. Participants recruited as part of the study investigating 

the relationship between LCS exposure, dietary intakes and weight status were recruited at 

Ulster University, Northern Ireland (Chapter 4). Prevalence of exposure for acesulfame-k, 

cyclamate, saccharin, sucralose, and steviol glucuronide were 68%, 3%, 77%, 64%, and 63% 

respectively. In contrast, participants recruited as part of the ROLO study were recruited in 

Dublin, Republic of Ireland (Chapter 5). Prevalence of LCS exposure were assessed during 

early and late pregnancy, with mean prevalence of acesulfame-k, cyclamate, saccharin, 

sucralose, and steviol glucuronide exposure at 62%, 22%, 98%, 7%, and 3% respectively. In 

addition to jurisdiction, the time during which recruitment for the studies took place may have 

functioned as a potential impacting factor. For instance, steviol glucuronide was found to be 

consumed by 63% of the Northern Irish cohort, compared to 3% percent in the Republic of 

Ireland cohort. However, it is worth noting that studies recruited participants approximately 10 

years apart, with the ROLO study recruiting between 2007 to 2011 (Walsh et al., 2012), and 

steviol glycoside was only approved for use in the European Union in 2010 (EFSA, 2010). 

Therefore, steviol glycoside-sweetened products may not have been readily available on the 

Irish market during the study period. Additionally, datasets may not be comparable as one study 

assessed the prevalence of LCS exposure in a general adult population, and one assessed 

prevalence within a pregnant population. For instance, observational studies in the US utilising 

the National Health and Nutrition Examination Survey data reported that between 2005-2006, 

the prevalence of LCS exposure was 6% higher in pregnant women (38%) than in the general 

population (32%) (Sylvetsky et al., 2012; Sylvetsky et al., 2019). This variation between 

studies suggests that LCS exposure should be repeatedly assessed over time, and within 
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different jurisdictions and populations. As Article 27 of Regulation (EU) 1333/2008 states EU 

member states are obliged to monitor food additive exposure, the combination of the FFQ and 

the 24-hour urinary biomarker may be appropriate methods to regularly monitor LCS exposure 

within different population groups (European Commission, 2008). 

 

7.2 Assessment of individual LCS exposure and LCS sources 

One of the major benefits of the objective urinary biomarker is its ability to assess individual 

LCS exposure of acesulfame-k, cyclamate, saccharin, sucralose, and steviol glycosides (Logue 

et al., 2017). This allows for LCS to be treated as heterogenous compounds, which is 

fundamental in this research area since LCS are physically and chemically diverse (Magnuson 

et al., 2016). Such differences may have been highlighted in comparing results from the studies 

investigating the relationship between LCS exposure and dietary intakes in a general adult 

population (Chapter 4) and in a pregnant population (Chapter 5).  For instance, the results 

outlined in Chapter 4 indicated that individuals with a high saccharin exposure had higher 

%TEI from sugar (19.2 (15.8, 25.0)%) compared to those with medium exposure (14.0 (15.5, 

18.7)%). However, within the ROLO population, individuals with high acesulfame-k exposure 

had lower %TEI from fat (46.7 ± 5.6%) compared to those with medium exposure (50.5 ± 

4.9%). It is important to note that neither study found a clear relationship between acesulfame-

k or saccharin exposure and dietary intake, however such results may indicate a differential 

effect between individual LCS. Acesulfame-k and saccharin are similar in that they both 

contain zero energy and are organic compounds (Chattopadhyay et al., 2014). Acesulfame-k is 

120 times sweeter, and saccharin is 300 times sweeter than sucrose, and therefore are added to 

foods and beverages in differing amounts to provide the same level of sweetness. Furthermore, 
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while acesulfame-k is highly soluble in water, the parent compound of saccharin is not, and 

therefore it is usually paired with sodium and calcium to improve solubility. Research 

regarding acesulfame-k potential relationship with energy intake and body weight is limited. 

For instance, Rogers et al. (2016) conducted a systematic review including animal model 

studies investigating the effect of compulsory consumption of LCS on energy intake and weight 

management, and only one study investigated acesulfame-k. Polyák et al. (2010) conducted a 

study including 30 male and 30 female CBA/CA inbred mice that were fed saccharin, 

cyclamate, acesulfame-k or aspartame sweetened water ad libitum, and given ad libitum access 

to chow. This study found that only saccharin and aspartame increased body weight. However, 

this study had several limitations, namely that the doses of LCS tested were unclear and the 

authors did not state the extent of LCS impact on weight status. Nonetheless, this study 

highlights the fact that each LCS is unique and therefore, their effect on health outcomes should 

be addressed on an individual basis. Additionally, combination of LCS should also be 

investigated to assess any possible synergistic effects of LCS. 

 

Additionally, assessing LCS exposure using the FFQ allowed for the identification of LCS 

intake from specific sources. Interestingly, there was a potential differential effect of LCSB 

and LCSF in diabetes management identified in Chapter 6. LCSF, in some cases, improved 

glycaemic control, whereas LCSB were positively associated with blood glucose levels in some 

instances (Chapter 6).  Such results may indicate that LCSF may be beneficial in diabetes 

management, however, longer-term studies are needed to confirm this finding. Additionally, in 

the study investigating the relationship between LCS and food-related cognition, there was no 

difference in weight status, sweet-taste thresholds, or sweet food preferences according to LCS 

exposure as estimated from all sources (Chapter 3). Individuals with high LCSB exposure had 
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a higher BMI, and those with medium LCSB exposure had a higher sweet-food preference, 

compared to those with no/low exposure. Additionally, individuals with high LCSF exposure 

had a poorer ability to recognise sweet taste than those with medium exposure. Such results 

suggest that LCS may have a differential relationship with food-related cognition dependent 

on sources. Differences found between LCS sources may be due to LCSB spending less time 

in the oral cavity, thus resulting in less prandial orosensory stimulation, when compared to 

LCSF (Lavin et al., 2002; Dhillon et al., 2017). A cross-over study found the length of oral 

processing time influences appetite, with a sucralose-containing pastille causing a significant 

decrease in hunger, compared to an equicaloric sucralose-sweetened jelly or drink (Lavin et 

al., 2002). However, it is unclear whether this differential effect is due to variations in caloric 

consumption, volumetric differences, or nutrient composition between products. In contrast, 

one study investigated the insulin response to sucrose- or LCS-sweetened foods or beverages 

without ingesting calories (Dhillon et al., 2017). In this study, Dhillon et al. (2017) 

demonstrated differential metabolic effects between LCS sources in 64 overweight and obese 

participants. Individuals who had a positive insulin response to swishing beverages or chewing 

food for 15 seconds before expectorating were classified as ‘responders’. In individuals 

classified as responders, insulin secretion was significantly higher when exposed to sucralose-

sweetened foods, compared to sucralose-sweetened beverages. Therefore, LCSF may have an 

increased potential to affect the insulin response, compared to LCSB.  

 

The FFQ can be utilised in future studies to categorise LCSB and LCSF consumers and further 

investigate the relationship between LCS exposure through different sources and health 

outcomes. However, it is important to note that the FFQ is a subjective dietary assessment 

method, and is therefore subject to misreporting (Cade et al., 2002). Nonetheless, the FFQ 
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validation has demonstrated that it may be a potentially superior dietary assessment method 

than the use of LCSB consumption as a proxy marker for overall LCS exposure. Although, the 

FFQ is a useful complimentary tool to the urinary biomarker, it has also been proven to work 

effectively independently (Chapter 3). As this method is more cost-effective and has a lower 

participant burden, it may be useful in large epidemiological studies where the urinary 

biomarker may not be feasible, and it is necessary to identify the sources of LCS. Additionally, 

few studies have accounted for the effect of long-term LCS exposure during intervention 

studies (Lohner et al., 2020; Rogers and Appleton, 2020). Therefore, the FFQ could be used in 

future intervention studies to appropriately adjust for long-term LCS exposure in statistical 

analysis investigating the effect of LCS on health outcomes. As it has been previously 

demonstrated that LCS consumption is difficult to avoid, the urinary biomarker should also be 

repeatedly used in intervention studies to assess compliance to study protocols (Sylvetsky et 

al., 2017).  

 

7.3 Energy Intake and Weight Status 

The relationship between LCS, energy intake and weight management has been extensively 

researched; however, whether LCS are beneficial or otherwise in this context has not been 

conclusively established (Azad et al., 2017, Laviada‐Molina et al., 2020; Rogers and Appleton, 

2020). Generally, such studies investigating the relationship between LCS, dietary intakes and 

weight management have used LCSB as a surrogate measurement. Therefore, a study within 

this thesis (Chapter 4) aimed to assess LCS exposure within an adult poupulation using a 

urinary biomarker approach (Louge et al., 2017) and a LCS-focused FFQ. No difference in 

TEI, %TEI from protein, carbohydrates, or free sugar between LCS exposures was observed. 
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However, %TEI from fat was an average of 7.5% lower in those with high LCS exposure than 

those with no/low LCS exposure. However, individuals with medium exposure did not have a 

different %TEI from fat than those with no/low and high exposure. Results described in 

Chapter 4 and supported by Phelan et al. (2009) indicate that LCS exposure may be related to 

decreased fat intake. Observational studies have also demonstrated that individuals aiming to 

lose weight (Drewnowski and Rehm, 2016), and those intending to maintain weight loss 

(Phelan et al., 2009), have a higher consumption of LCS. However, results described in Chapter 

4 observed no difference in LCS exposure between individuals intending to lose weight and 

those aiming to gain weight or maintain the same weight. In contrast, Phelan et al. (2009) 

assessed the use of LCS and low-fat foods via 24-hour recall in overweight/obese individuals 

who have lost and maintained ≥10% of their body weight to within a normal weight level, and 

individuals who have always been normal weight. Individuals with maintained weight loss 

reported consuming three times the servings of LCSB per day (0.91 vs 0.37), and 3.9% less 

TEI from fat, compared to those who were always normal weight. The findings suggest that 

individuals actively trying to maintain weight-loss may choose LCS-sweetened and low-fat 

foods and beverages. While Phelan et al. (2009) recruited individuals who successfully lost 

excessive weight and maintained weight loss, participants in the Chapter 4 study only 

completed a single subjective question response to investigate the individual’s desire to lose 

weight. As such, it is unclear whether indiviudals with a desire to change weight were currently 

altering their diet or lifestyle. As the potential reasoning for this lower fat intake among 

consumers with high saccharin exposure remains unclear, it would be beneficial if future 

research utilised the urinary biomarker approach and LCS-focused FFQ to further explore 

individuals reasoning for choosing LCS-sweetened products.  
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Additionally, the study outlined in Chapter 4 also found that consumers with high saccharin 

exposure had on average a 5.2% higher %TEI from sugar, compared to those with medium 

saccharin exposure. However, there was no difference in %TEI sugar between individuals with 

no/low saccharin exposure and those with medium and high exposure. As sugar is a major 

contributor to energy intakes of UK adults, potential relationships between LCS and sugar 

intake may also affect TEI (Roberts et al., 2018). LCS are often added to lower the free sugar 

and energy content of foods and beverages. Whilst results presented in Chapter 4 contradict 

the theory that LCS may lower the overall energy density of the diet (Gwak et al., 2012), some 

research suppports these findings (Rogers and Blundell, 1989; Swithers et al., 2009; Fernan et 

al., 2018). LCS are also added to foods and beverages to maintain palatability (Gwak et al., 

2012). Increased palatability may promote the overconsumption of food, thereby increasing 

overall energy intake (Rogers and Blundell, 1989). Rogers and Blundell (1989) investigated 

the effect of adding sweetness to a meal in 24 participants by providing either a plain 

unsweetened or a saccharin-sweetened yoghurt before a standardised lunch. It was found that 

overall energy intake was higher when participants were provided with a saccharin-sweetened 

pre-load, compared to an unsweetened preload. Furthermore, choosing LCS-sweetened foods 

may increase dietary intakes through a phenomenon known as the ‘health-halo’ effect, which 

states that individuals are more likely to consume more of a product if it was perceived as 

healthy (Mattes, 1990; Fernan et al., 2018).  Individuals with high LCS exposure may have 

more frequent exposure to LCS, thereby more regularly activating sweet receptors, which may 

lead to increased energy consumption, thereby increasing body weight (Swithers et al., 2009). 

Swithers et al. (2009) conducted animal model studies which concluded that repeated exposure 

to LCS-sweetened foods could alter learned caloric associations with sweet-tasting foods. 

Although Swithers et al. (2009) suggests that long-term LCS exposure may hinder reduction 
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in overall energy consumption, this result is generally not supported by other animal studies 

investigating the effect of LCS on energy intake and body weight. In fact, a systematic review 

conducted by Rogers et al. (2016) found that only 9% of animal model studies investigating 

compulsory consumption of high daily doses of LCS increased weight. In the study within 

Chapter 4, based on calculations described by Wang and Ji (2020), the minimal detectable 

difference of energy intakes between population exposure groupings was between 1129 to 1390 

kJ/day. Therefore, the sample size may not have been large enough to detect small changes in 

energy intake. This lack of difference in BMI across LCS exposure outlined in Chapter 4 also 

contradicts previous observational studies (Fowler et al., 2008; Nettleton et al., 2009; Duffey 

et al., 2012). Another study included in this thesis (Chapter 3) found that individuals with 

no/low LCSB exposure had a lower BMI than those with high LCSB exposure. However, there 

was no difference in BMI between those with medium LCSB exposure, and those with no/low 

or high exposure. Despite a lack of a clear relationship, results from Chapter 3 may indicate 

that LCSB exposure is related to increased BMI. Such results correlate with a systematic review 

by Azad et al. (2017) that included 30 cohort studies, finding that LCSB consumption was 

associated with a moderate increase in BMI. Contradictions in results outlined in Chapters 3 

and Chapter 4 may be due to small sample size or the observational nature of the studies. 

Interestingly, neither of the studies in Chapters 3 and 4 indicate a difference in LCSF exposure 

and BMI. With a lack of studies assessing overall and LCSF exposure, future cohort studies 

investigating LCS exposure’s relationship with dietary intakes and weight status should utilise 

the urinary biomarker and LCS-focused FFQ.  

 

It is also important to note that studies in Chapters 3 and 4 contradict meta-analysis of human 

intervention studies that indicated that LCS may be beneficial tools in weight management 
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when used to replace sugar in the diet (Laviada‐Molina et al., 2020; Rogers and Appleton et 

al., 2020). However, both studies indicated that LCS may have no impact on energy intake and 

BMI when compared to water or placebo. Similarly, an additional meta-analysis conducted by 

Azad et al. (2017) included seven intervention studies and concluded that LCS had no effect 

on BMI. However, it is important to note that all intervention studies included in this review 

compared LCS to the effects of avoiding LCS, placebo, or water consumption, neglecting to 

investigate LCS versus sugar consumption. As LCS primary use is to replace sucrose, it may 

be inappropriate to use such comparators. Additionally, as a small observational study found 

that LCS exposure is difficult to avoid, comparing effects of individuals consuming LCS to a 

control group abstaining from LCS consumption may be problematic (Sylvetsky et al., 2017). 

Therefore, intervention studies should assess overall LCS exposure utilising the urinary 

biomarker approach (Logue et al., 2017) and the LCS-focused FFQ to adjust for habitual LCS 

exposure during statistical analysis, and check compliance during interventions.   

 

7.4 LCS consumption, dietary intakes and diet quality during 

pregnancy  

As there have been clear associations between diet and complications during pregnancy, foetal 

growth, and maternal and infant health, it is of the utmost importance that factors that may 

impact diet and nutrition during pregnancy are investigated (Abu-Saad and Fraser, 2010; 

Halldorsson et al., 2010; Guenther et al., 2013; Khan, 2013). LCS consumption has been 

associated with improved overall diet quality in a general adult population (Drewnowski and 

Rehm, 2014); however, LCSB consumption has been negatively associated with diet quality 

during pregnancy (Guenther et al., 2013). However, due to a paucity of evidence, and studies 
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using simplistic methods to assess LCS consumption, utilising LCSB as a proxy measurement, 

the relationship between LCS and prenatal nutrition remains unclear (Guenther et al., 2013). 

Therefore, a study within this thesis aimed to investigate the relationship between dietary intake 

and diet quality during pregnancy and overall LCS exposure (Chapter 5). 

 

Within the ROLO sub-sample, there was no difference in Healthy Eating Index (HEI) across 

LCS exposure. However, an observational study conducted by Azad et al. (2016), based on the 

US Department of Agriculture’s 2010 Dietary Guidelines, found that individuals with higher 

LCSB consumption had a lower diet quality score. However, the use of the urinary biomarker 

approach within the ROLO cohort allowed for the objective assessment of recent exposure to 

acesulfame-k, cyclamate, saccharin, sucralose, and steviol glycosides, which may explain 

contradictory results. There was also no difference in TEI, %TEI from fats, protein, or total 

sugars between LCS exposure groups. However, consumers with high acesulfame-k exposure 

had 3.8% lower %TEI from carbohydrates, compared to those with medium acesulfame-k 

exposure during late pregnancy. Although there was no difference in %TEI from carbohydrates 

between individuals with no/low exposure compared to those with medium and high exposure. 

Such results may indicate that acesulfame-k exposure may reduce overall carbohydrate intake, 

through the reduction of free-sugar content of foods and beverages (Gwak et al., 2012). 

However, larger studies investigating these relationships are needed to confirm findings. If 

LCS reduce energy density of foods and free sugar content of the diet, their use may be 

beneficial in preventing excessive gestational weight gain and macrosomia (Clapp III, 2002; 

Walsh et al., 2012). Macrosomic infants, defined as those born with a birth weight of over 

4000g (Júnior et al., 2017), are at risk of developing life-long conditions such as, obesity, 

cardiovascular disease, and metabolic syndrome (Hermann et al., 2010; Ornoy, 2011). 
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Therefore, if acesulfame-k exposure is related to lower carbohydrate intake, it may be a useful 

weight management tool during pregnancy. As this is the first study of its kind to objectively 

investigate the relationship between LCS exposure and prenatal nutrition, future larger studies 

with similar methodologies are needed to gain firmer conclusions. 

 

7.5 The effectiveness of LCS as diabetes management tools 

As with pregnant populations, LCS are commonly used by individuals with diabetes despite 

little knowledge existing regarding LCS effects on physiological processes within this 

population group (Wiebe et al., 2011; Romo-Romo et al., 2016; Nichol et al., 2018). As such, 

the effectiveness of LCS within diabetes management is generally not well understood, with 

most research investigating LCS effect on glycaemic control pertaining to healthy populations. 

Therefore, a systematic review to investigate the effectiveness of LCS as diabetes management 

tools was conducted as part of this research (Chapter 6). In total, this review included 23 studies 

(observational = 4; intervention = 19). Interestingly, this review included two observational 

studies that indicated that LCSB may have a negative impact on glycaemic control, elevating 

HbA1c (Mackenzie et al., 2006; Bortsov et al., 2011). Additionally, one randomised control 

trial indicated that individuals consuming LCSB had higher blood glucose levels, compared to 

those drinking water (Madjd et al., 2017). Although one cross-over study did demonstrate that 

LCSB may lower 2-hour post-prandial blood glucose levels, the LCSB was compared to a 100g 

oral glucose tolerance test, and this was not found to be an appropriate comparator due to the 

large discrepancy in energy content (Okuno et al., 1986). In contrast, two studies demonstrated 

that LCSF may be associated with improved glycaemic control, with stevioside and sucralose 

reducing blood glucose and HbA1c respectively (Gregersen et al., 2004; Argiana et al., 2014). 
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These results may indicate a differential effect between LCSB and LCSF in diabetes 

management. However, it appears that LCS had no clear effect on glycaemic control, mainly 

due to varying lengths of interventions, LCS sources, testing conditions and study populations. 

Similarly, Romo-Romo et al. (2016) conducted a systematic review investigating the effect of 

LCS on glycaemic control in healthy and diabetic populations and concluded that, owing to the 

heterogeneity of studies, no firm consensus could be drawn from the included studies. Similar 

results were echoed by another systematic review, which included randomised control trials 

assessing the effectiveness of LCS within diabetes management (Lohner et al., 2020). The 

systematic review outlined in Chapter 6 had a similar aim to Lohner et al. (2020); however, the 

inclusion criteria was broadened to include observational and cross-sectional studies, resulting 

in a further 15 studies of interest being identified. This expansion of inclusion criteria was due 

to the limited amount of information regarding LCS as diabetes management tools and allowed 

for a more comprehensive overview of research within this area. Through this, the review 

included as part of this research highlighted similar limitations across all study types. It is clear 

that accurate dietary assessment tools must be utilised in all studies, to assess the relationship 

of individual LCS exposure through a variety of delivery vehicles.  This study found 

intervention studies were short in duration, and investigated a variety of LCS, through several 

sources, potentially leading to differential metabolic effects. As a result of such varying 

methodologies, this study concluded that LCS had no clear effect on glycaemic control. Further 

research is needed in this area to establish the longer-term effectiveness of individual and 

combinations of LCS through a variety of vehicles in diabetes management. 
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7.6 Sweet-food preferences and sweet-taste threshold 

To our knowledge, the study investigating the relationship between overall LCS exposure and 

sweet taste thresholds was the first of its kind (Chapter 3). There is also little research relating 

to sweet food preferences and dietary intake (Tan and Tucker, 2019). Common methods to 

investigate perception of sweet taste is to assess sweet taste detection and recognition 

thresholds. The detection threshold reflects an individual’s ability to detect a difference in taste 

between solutions, whereas recognition threshold reflects an individual’s ability to identify 

how solutions differ from each other, i.e., sweeter, or more bitter.  Additionally, intensity 

testing can be used to assess sensitivity to sweet taste through rating the level of sweetness in 

a beverage or food. The study in Chapter 3 indicated that those with a high LCSF exposure had 

a 3-fold higher sensory recognition threshold compared with those who were regarded as 

having medium exposure. However, recognition thresholds did not differ between individuals 

with no/low LCSF exposure and those with medium or high exposure. Such results indicate 

that high LCSF exposure may decrease consumers’ ability to recognise sweet taste. If true, this 

could possibly alter the satiety response related to carbohydrates, leading to excessive energy 

consumption (Swithers et al., 2009). The study in Chapter 3 also found that explicit wanting 

towards sweet foods was an average of 19.5 points higher in consumers with medium LCSB 

exposure compared to those with no/low LCSB exposure. However, individuals with high 

LCSB exposure did not have a different explicit wanting towards sweet foods, compare to those 

with no/low or medium exposure. If LCS exposure was related with sweet taste preferences, 

such a relationship may influence dietary intake, potentially increasing energy intakes (Tan and 

Tucker, 2019). Although LCS contribute little or no energy, it has been hypothesised that the 

use of LCS may influence food intake via cognitive or behavioural mechanisms (Rogers and 

Blundell, 1989; Fernan et al., 2018). Furthermore, LCS may impact dietary intake through 
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activation of sweet receptors, which may lead to the release of gastrointestinal satiation 

peptides associated with delayed gastric emptying, increased satiety and reduced food intake 

(Gerspach et al., 2011). Despite this potential relationship between sweet receptors and dietary 

intake, few studies have investigated the relationship between LCS exposure, sweet taste 

threshold and dietary intakes (Tan and Tucker, 2019). Martinez-Cordero et al. (2015) found 

that there was a weak inverse relationship between sweet taste detection of both aspartame- 

and sucrose-sweetened solution and energy intake, indicating that individuals with a poorer 

ability to detect sweet taste may have increased energy and free-sugar intake. However, this 

study did not account for habitual LCS consumption and used a subjective method to assess 

dietary intakes. Low et al. (2016) assessed habitual LCSB and LCSF consumption through an 

FFQ and found no association between sweet taste thresholds and energy intakes. Only one 

study included an objective form of dietary assessment, with ad libitum dietary intake estimated 

after participants consumed a soup with no flavour, a sweet flavour, or an umami flavour (Han 

et al., 2017). Participants classified as highly sensitive to sweet taste, had decreased %TEI from 

carbohydrates; however, this method of assessing sweet taste sensitivity is not validated. Tan 

and Tucker (2019) reviewed 13 studies that investigated the relationship between sweet food 

preference and dietary intake, finding that increased preference towards sucrose- or glucose-

sweetened solution was positively associated with dietary intake. However, it is important to 

note that methodologies were extremely varied, there has been no study to date that has 

investigated the relationship between overall LCS exposure, food preferences and dietary 

intakes. Therefore, although this study presented novel findings, the relationship between LCS 

exposure and food-related cognition remains unclear.  
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7.7 Future Work 

The lack of an observed clear relationship between LCS exposure and health outcomes may be 

due to the small sample size of studies.  Therefore, future observational studies should increase 

sample size to effectively assess the relationship between LCS exposure and dietary intakes, 

glycaemic control, and food-related cognition. To combat previous studies’ limitations, a 

multi-factorial approach utilising the FFQ, and biomarker is optimal to investigate the 

relationship of total LCS exposure, LCS exposure through a variety of vehicles, and health 

outcomes. As observational studies cannot determine causality, results from such studies 

should be used as a stepping-stone to develop robust long-term intervention studies to 

investigate the effects of LCS on health outcomes. Utilising both the FFQ and the urinary 

biomarker in intervention studies would also allow for the adjustment of habitual LCS exposure 

during statistical analysis, and the assessment of compliance during interventions. It would be 

beneficial if a future validation study with a larger population would validate the FFQ for 

assessing consumption of individual LCS intakes and sources, further improving this 

complementary tool to the urinary biomarker. Owing to Covid-19, recruitment of the study in 

Chapter 3 was suspended. Therefore, this study will recommence early 2022 expanding the 

sample size by 24 participants, and urinary analysis of fasting spot samples will be completed 

to provide a more objective estimation of LCS exposure. Additionally, visual attention bias 

results will be investigated to provide an additional indicator of sweet food preferences, 

potentially allowing for a more accurate assessment of LCS exposure. As the study outlined in 

Chapter 5 was a pilot study, further urinary analysis will take place at UU to expand the sample 

size to include 500 participants, thereby allowing for more conclusive results regarding the 

relationship between LCS exposure and dietary intake and diet quality during pregnancy. 

Regarding LCS effectiveness as diabetes management aids, it is clear there is a need for longer-
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term studies assessing LCS as heterogenous compounds through different sources. With all 

future studies, it is essential that accurate tools, such as the urinary biomarker and an LCS-

focused FFQ are utilised to provide an accurate representation of overall LCS exposure. 

 

7.8 Conclusions   

As part of this PhD, novel dietary assessment methods were used to assess total LCS 

consumption and categorise individuals based on LCS exposure. Using the FFQ and a urinary 

biomarker approach, LCS exposure was found to be more widespread than previous 

observational studies in all population groups. Despite this widespread exposure, no participant 

exceeded the recommend ADI for any LCS. Therefore, it seems there is no current safety 

concern regarding LCS consumption within the investigated populations. Generally, there was 

no clear relationship between LCS and any health outcome, however, this may have been due 

to the small sample size of studies. This work demonstrated that LCS may have differential 

relationships with weight status, glycaemic control, sensory thresholds, and sweet-food 

preferences, dependent on delivery vehicle. There was also variation in the relationship 

between total and individuals LCS exposure and dietary intakes, highlighting the need to treat 

LCS as heterogenous compounds. With limited research utilising accurate assessments of LCS 

exposure, this work provided novel findings regarding LCS exposure, providing more accurate 

investigations into the relationship between LCS exposure weight status, glycaemic control, 

and food-related cognition compared to previous studies. However, studies included in this 

thesis were observational, and as such results should be interpreted with caution. Nonetheless, 

this work repeatedly demonstrated the advantages of using the FFQ and biomarker approaches 

compared to using LCSB consumption as a proxy measurement for overall LCS exposure. In 
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future, using these LCS exposure assessment tools should be used to provide a comprehensive 

overview of overall LCS exposure and LCS exposure from various delivery vehicles.   
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APPENDIX 1 LOW-CALORIE SWEETENER FOOD FREQUENCY 

QUESTIONNAIRE
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Food Frequency Questionnaire 

Low-calorie sweeteners 

 

 

Researchers at the Nutrition Innovation Centre for Food & Health at Ulster University have 

developed this food frequency questionnaire (FFQ) which is designed to investigate and assess 

dietary intakes of low-calorie sweeteners (LCSs). 

 

The survey should take approximately 10 minutes to complete and consists of the following 

sections:  

1. Demographic & health and lifestyle information 

2. Food frequency questionnaire 

 

If you have any questions about this survey, please contact the Principal Investigator: 

Dr Caomhan Logue                    

Email: c.logue@ulster.ac.uk                     

Telephone: 02870 124451 

 

Participant ID:     

Date:      
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Researcher ID:         

(Researcher to read to participant before starting) 

 

The following questions are designed to estimate the amount of LCSs present in the foods and 

drinks you usually consume. Please answer them as accurately as possible in terms of what and 

how much you consume. They are not designed to check whether you have a healthy diet, or 

to criticise what you eat or drink – therefore we require your honesty to give us the truest results 

possible.  

 

Don’t worry if you are unsure whether you consume a particular product, we will have some 

photos of example products and portion sizes to help you remember. 

 

If you have any issues during its completion, don’t hesitate in speaking to the researcher 

present. 
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Part 1 (a) Demographic information 

1) What is your gender? (Please tick one) 

 Male 

Female 

Other 

Prefer not to say 

 

2) What age are you? 

18-24 years 

25-34 years 

35-44 years        

45-54 years 

55-64 years 

65+ years 

 

 

3) Weight and height (to be measured by a researcher): 

Weight: ________ kg   

Height: ________  m 

 

Body mass index:   kg/m2 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

258 

 

4) Are you satisfied with your current weight?  

 Yes    

 No 

 If not, what would you like to change? 

Lose weight 

Gain weight 

 

5) What is the highest level of education you have ACHIEVED to date?  

Secondary education: GCSE or equivalent 

Secondary education: A-level or equivalent 

Further education: BTEC or equivalent 

Higher education: Undergraduate degree  

Higher education: Postgraduate degree  

 Other (please specify): ___________________________________ 
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6) What is your current employment status (tick all that apply)? 

Work part-time 

Work full-time 

Unemployed 

Student full-time 

Student part-time 

Self-employed 

Retired 

 Other (please specify): ___________________________________ 

 

7) If you are a student, please state your course of study and year of study:  

 ______________________________________________________________ 

 Also, if employed, please provide your job title:  

 ______________________________________________________________ 
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Part 1 (b) Health & Lifestyle Information 

1) Have you been diagnosed with any of following conditions? (Please tick appropriate): 

Diabetes Type 1 

Diabetes Type 2 

Heart disease 

 Other (please specify):  __________________________________ 

 

2a) Do you smoke?  

Yes 

No 

 

2b) If yes, do you smoke normal cigarettes or e-cigarettes?  

 

Normal Cigarettes   

E-cigarettes  

 

2c) If you smoke e-cigarettes, please state the brand & flavour you usually use: 

  ____________________________________________________________________  
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3) How often do you consume alcohol 

I never drink alcohol 

Less than once a month 

Less than once a week 

1 – 2 days a week 

3 – 4 days a week 

5 – 6 days a week 

Every day  

 

4) On the days that you do consume alcohol, how many standard drinks do you drink? 

 1 – 2 drinks per day 

 3 – 4 drinks per day 

 5 - 8 drinks per day 

 9 or more drinks per day 

 

5) How much of each following alcoholic beverages do you consume? 

Beer, Lager or Cider         _______          pints each week 

 

Wine                                 _______          glasses each week 

 

Sherry/Fortified wine       _______           glasses each week 

 

Spirits                               _______            glasses (single servings) each week 
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6) In a typical week, how long do you spend doing the following? (Hours or minutes) 

  

Physical exercise such as gym, football, running, swimming, aerobics, tennis (give total time)

    

______________________________________________________________ 

 

Cycling (including to and from work) 

 

______________________________________________________________ 

     

Walking (including to and from work) 

______________________________________________________________ 

 

     

Housework 

______________________________________________________________ 

 

     

Gardening or DIY 

______________________________________________________________ 

 

     

Other (please specify):  

______________________________________________________________ 
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Part 2- Food frequency questionnaire 

Products Average Use 

(Please tick the appropriate box) 

Amount 

consumed  

in one sitting  

Brand name/ 

flavour 

Vegetable products Rarely/ 

Never 

Once/ 

month 

1-2/ 

week 

3-4/ 

week 

5-6/ 

week 

Once/ 

day 

2-3/ 

day 

4 or more/ 

day 

  

Processed cabbage           

Caviar e.g. Costa Del 

Tapas Tomato 

          

Sushi Ginger 

 

          

Beetroot           

Sweet Piccalilli 

 

          

Hot dill cucumbers            

Others:           

Sauces & condiments           



 

 

264 

 

Mustard 

 

          

Relish           

Chutney           

Tomato ketchup           

Sweet chilli sauce           

Salad cream           

Brown sauce           

Others:           
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Products Average Use 

(Please tick the appropriate box) 

Amount 

consumed 

in one 

sitting  

Brand 

name/ 

flavour 

Beans, spaghetti etc.  

 

Rarely/ 

Never 

Once/ 

month 
1-2/week 3-4/week 5-6/week 

Once/

day 
2-3/day 

4 or more/ 

day 

  

Reduced 

sugar/energy baked 

beans  

          

Reduced sugar 

spaghetti in tomato 

sauce 

          

Others:           

Chocolate           

No added sugar 

chocolate (Dark, 

milk, and white) 

          

Jams & marmalades           
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Reduced sugar 

jam/marmalade 

          

Others: 

 

          

Crisps, popcorn, nuts 

or rice cakes etc. 

 

          

Potato crisps 

 

 

 

          

Flavoured rice & 

corn snacks 
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Products Average Use 

(Please tick the appropriate box) 

Amount 

consumed in 

one sitting  

Brand name/ 

flavour 

Crisps, popcorn, nuts or 

rice cakes etc. 

 

Rarely/ 

Never 

Once/ 

month 

1-

2/week 

3-

4/week 

5-

6/week 

Once/

day 

2-

3/day 

4 or more/ 

day 

  

Flavoured peanuts 

 

 

          

Popcorn 

 

          

Others: 

 

          

Sweets & chewing gum 

 

          

Sugar free/reduced 

sugar chewing gum 

          



 

 

268 

 

 

 

Sugar free/reduced 

sugar lollies 

 

          

Sugar free/reduced 

sugar confectionary 

 

 

          

Sugar free/reduced 

sugar mints 
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Products Average Use 

(Please tick the appropriate box) 

Amount 

consumed in 

one sitting  

Brand name/ 

flavour 

Hot chocolate & coffee  Rarely/

Never 

Once/ 

month 

1-2/ 

week 

3-4/ 

week 

5-6/ 

week 

Once/

day 
2-3/day 

4 or more/ 

day 

  

Sugar free/reduced 

sugar hot chocolate or 

malt drink 

 

          

Milky latte  

e.g. Skinny latte 

          

Others:           

Medicine 

 

          

Sugar free cough 

medicine 

          

Sugar free decongestant 

(e.g. Rennie) 
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Others:           

Oral Hygiene Products 

 

          

Mouthwash 

 

          

Flavoured dental floss 

 

          

Toothpaste 
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Do you take any dietary supplements (vitamin/mineral tablets or capsules, protein powders, bars or workout drinks, chewable sweets or 

effervescent tablets)? 

Name of product Frequency (dose/day) Duration 

   

   

   

   

Thank you very much for your cooperation and participation in the completion of this FFQ, it is greatly appreciated. 
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APPENDIX 2 SUPPLEMENTARY TABLES AND FIGURES 
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Trio 1: 0.17 g/l 

 

Trio 1: 0.17 g/l 

Trio 2: 0.50 g/l 

 

Trio 2: 0.50 g/l 

Trio 3: 1.50 g/l 

 

Trio 3: 1.50 g/l 

Trio 4: 4.50 g/l 

 

Trio 4: 4.50 g/l 

Trio 5: 13.5 g/l 

 

Trio 5: 13.5 g/l 

Trio 6: 40.5 g/l 

 

Figure S. 1 Visual 

representation of 

sensory analysis task 

indicating each sucrose 

solution concentration 

(g/l) and placement for 

each trioTrio 6: 40.5 g/l 

Figure S. 1 Visual representation of sensory analysis task indicating each sucrose solution 

concentration (g/l) and placement for each trio 
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Table S. 1 Estimation of actual LCS concentration in foods and beverages based on 

European studies listed based on review by Martyn et al. (2018) 

Food/Beverage 

Products 

Mean concentration of LCS* (mg/l or mg/kg) (n) 

Lino (2012) Leth (2007) Huavere (2012) 

Ace-K Asp Ace-K Asp Cyc Sac Ace-K Asp Cyc Sac Suc 

Jams NS NS NS NS NS NS NS NS 
512 

(3**) 

134 

(3**) 
NS 

Chewing gum NS NS NS NS NS NS 
1747 
(6**) 

2151 
(6**) 

NS NS NS 

Confectionary NS NS NS NS NS NS 
1087 

(12**) 

756 

(12**) 
NS NS 

802 

(12**) 

Milk-based drinks 72 (18) 
89 

(23) 

62 

(39) 
56 (43) 

333 

(55) 

37 

(42) 

201 

(4**) 

85 

(4**) 

158 

(4**) 

41 

(4**) 

166 

(4**) 

Dessert NS NS NS NS NS NS NS NS NS NS 
235 
(2**) 

Alcohol drinks NS NS NS NS NS NS 
26 

(16**) 

32 

(16**) 
NS 

12 

(16**) 
NS 

Diet soft drinks 72 (18) 
89 

(23) 

129 

(8) 

159 

(20) 

245 

(13) 

29 

(11) 

88 

(19**) 

45 

(19**) 

173 

(19**) 

27 

(19**) 

54 

(19**) 

Diet energy drinks 72 (18) 
89 
(23) 

129 
(8) 

159 
(20) 

245 
(13) 

29 
(11) 

20 
(2**) 

15 
(2**) 

61 
(2**) 

NS 
81 
(2**) 

Fruit Juices 
128 

(10) 
73 (8) 

62 

(39) 
56 (43) 

333 

(55) 

37 

(42) 

107 

(14**) 

59 

(14**) 

152 

(14**) 

33 

(14**) 

30 

(14**) 

Flavored Water 48 (10) 82 (8) 
62 

(39) 
56 (43) 

333 

(55) 

37 

(42) 

35 

(5**) 

47 

(5**) 
NS NS 

28 

(5**) 

Abbreviations: n = number of products containing LCS analysed, NS = Not specified  
*Concentration of LCS (mg/l or mg/kg) in products was estimated through HPLC-UV analysis (Lino et al., 2008)  or HPLC-MS (Leth et 

al., 2007; Huvaere et al., 2012) 

**Number of products analysed include products that do not contain LCS 
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Abbreviations: n = number of products containing LCS analysed, NS = Not specified 

*Concentration of LCS (mg/l or mg/kg) in products was estimated through data collected from food and beverage manufacturers (Steffensen et al., 2014; Bemrah et al., 2008; EFSA, 2013a) or through HPLC-UV analysis 

(Diogo et al., 2013)

Continued Table S. 1 Estimation of actual LCS concentration in foods and beverages based on European studies listed based on 

review by Martyn et al. (2018) 

Food/Beverage Products 

Mean concentration of LCS * (n) 

Diogo  

(2013) 

VKM  

(2014a) 

VKM  

(2014b) 

Bemrah 
(2008) 

 

EFSA (2013) 

Ace-K Asp Sac Cyc Sac Stev Ace-K Asp Suc Cyc Asp 

Processed vegetables NS NS NS NS NS NS NS NS NS NS 75 (1) 

Sauces NS NS NS NS NS NS NS NS NS NS 4 (2) 

Chewing gum NS NS NS NS NS NS NS NS NS NS 561 (1) 

Confectionary NS NS NS NS NS NS NS NS NS NS 40 (11) 

Dairy Products NS NS NS 219 (3) 56 (3) 24 (2) 48 (32) 487 (32) 78 (11) NS 94 (1) 

Milk-based drinks NS NS NS NS NS NS NS NS NS 285 (9) NS 

Dessert NS NS NS NS NS NS NS NS NS NS NS 

Edible ices NS NS NS NS NS NS NS NS NS NS NS 

Ice-cream NS NS NS NS NS NS NS NS NS NS NS 

Ice-cream wafers/cones  NS NS NS NS NS NS NS NS NS NS NS 

Potato- and cereal- snacks NS NS NS NS NS NS NS NS NS NS NS 

Alcoholic drinks NS NS NS NS NS NS NS NS NS NS NS 

Diet soft drinks 38 (19) 16 (8) 18 (12) 219 (3) 56 (3) 24 (2) 48 (32) 487 (32) 78 (11) 285 (9) NS 

Diet energy drinks 66 (1) 33 (1) NS 219 (3) 56 (3) 24 (2) 48 (32) 487 (32) 78 (11) 285 (9) NS 

Fruit Juices 88 (16) 98 (8) 1 (1) 219 (3) 56 (3) 24 (2) 130 (1) 60 (1) NS 285 (9) NS 

Flavored Water 34 (9) 56 (4) 0 (1) 219 (3) 56 (3) 24 (2) NS NS NS 285 (9) NS 

Soups NS NS NS NS NS NS NS NS NS NS NS 

Solid Food Supplements NS NS NS NS NS NS NS NS NS NS NS 

Tabletop Sweeteners NS NS NS NS NS NS NS NS NS NS 230647 (1) 
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Continued Table S. 1 Estimation of actual LCS concentration in foods and beverages based on European studies listed based on review by Martyn et 

al. (2018) 

Food/Beverage 

Products 

Mean concentration of LCS * (n) 

Buffini  

(2018) 

Le Donne  

(2017) 

Ace-K Asp Cyc Sac Suc Stev Ace-K Asp Cyc Sac Suc 

Processed vegetables NS NS NS NS NS NS NS NS NS NS NS 

Sauces NS NS NS NS NS 7 ± 10 (15*) NS NS NS 226 (1) NS 

Chocolate products 140 ± 112 (13*) 255 ± 99 (13*) NS 68 ± 3 (13*) 372 ± 386 (13*) 28 (1) NS NS NS NS NS 

Jams 361 ± 164 (8*) 415 ± 128 (8*) NS NS NS NS NS NS 652 ± 162 (5) 42 ± 13 (5) 212 ± 95 (9) 

Chewing gum NS NS NS NS NS NS 1005 ± 561 (40) 
1922 ± 1245 
(42) 

NS NS 358 ± 478 (31) 

Confectionary 708 ± 200 (4*) 1295 ± 33 (4*) NS NS 660 (1) NS 388 ± 162 (42) 773 ± 320 (16) NS NS 163 ± 95 (13) 

Dairy Products  126 ± 59 (75*) 226 ± 89 (75*) NS NS 139 ± 102 (75*)  NS 109 ± 27 (38)  187 ± 24 (5)  NS NS 91 ± 32 (38) 

Milk-based drinks NS NS NS NS NS NS 126 ± 72 (47) 162 ± 120 (20) 207 ± 47 (23) 40 ± 13 (4) 69 ± 44 (37) 

Dessert NS 135 (1) NS NS 80 ± 23 (4*) NS NS NS NS NS NS 

Edible ices 303 ± 8 (3*) NS NS NS 185 (1) NS NS NS NS NS NS 

Ice-cream NS NS NS NS NS NS 70 ± 34 (3) 89 ± 16 (3) NS NS NS 

Ice-cream wafers/cones  NS NS NS 838 ± 690 (5*) NS NS NS NS NS NS NS 

Potato/cereal snacks NS 45 (1) NS 45 ± 57 (6*) 164 ± 103 (6*) NS NS NS NS NS NS 

Alcoholic drinks 70 (1) 126 (1) NS NS NS NS NS NS NS NS NS 

Diet soft drinks 132 ± 63 (98*) 277 ± 238 (98*) NS 44 ± 28 (98*) 154 ± 69 (98*) 8 ± 4 (98*) 126 ± 72 (47) 162 ± 120 (20) 207 ± 47 (23) 40 ± 13 (4) 69 ± 44 (37) 

Diet energy drinks 132 ± 63 (98*) 277 ± 238 (98*) NS 44 ± 28 (98*) 154 ± 69 (98*) 8 ± 4 (98*) 126 ± 72 (47) 162 ± 120 (20) 207 ± 47 (23) 40 ± 13 (4) 69 ± 44 (37) 

Fruit Juices 137 ± 110 (98*) 179 ± 86 (98*) 424 (1) 45 ± 13 (98*) 144 ± 101 (98*) 9 ± 5 (98*) 50 ± 50 (8) 39 ± 49 (3) 206 ± 6 (3) NS 58 ± 19 (11) 

Flavored Water 137 ± 110 (98*) 179 ± 86 (98*) 424 (1) 45 ± 13 (98*) 144 ± 101 (98*) 9 ± 5 (98*) 126 ± 72 (47) 162 ± 120 (20) 207 ± 47 (23) 40 ± 13 (4) 69 ± 44 (37) 

Soups 854 (1) NS NS NS NS NS NS NS NS NS NS 

Solid Food Supplements 6 ± 3 (21*) 10 ± 2 (21*) 10 ± 7 (21*) 3 ± 2 (21*)  3 ± 2 (21*) NS 4004 ± 4801 (23) 
5797 ± 3814 

(11) 

4881 ± 5087 

(6) 

1525 ± 847 

(10) 
2079 ± 2799 (26) 

Tabletop Sweeteners 44 ± 46 (18*) 306 ± 397 (18*) 941 (1) 364 ±  217 (18*) 54 ±  49 (18*)  9 ± 10 (18*) 67 ± 77 (6) 388 ± 32 (2) 459 ± 502 (2) 61 ± 51 (7) 56 ± 64 (4) 

Abbreviations: n = number of products containing LCS analysed, NS = Not specified  

*Concentration of LCS (mg/l or mg/kg) in products was estimated through data collected from food and beverage manufacturers (Buffini et al., 2018) or through HPLC-UV analysis (Le Donne et al., 2017) 
*Total number of products analysed 
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Assessment of the intake of low-calorie sweeteners 
Thank you for taking the time to consider taking part in this study. Before deciding whether to 

participate or not, it is important that you read the following information so that you are fully 

aware of the reasons we are conducting the study, as well as understanding what you will be 

asked to do. If you require clarification of any aspect of the process, please do not hesitate to 

ask any questions. Full contact details for the research team are provided overleaf. 

 

Background & reasons for carrying out this study 

The use of low calorie intense sweeteners (LCS) in food and beverage products has become 

more widespread over recent years as manufacturers try to reduce the overall sugar content of 

some of their products. By law, European countries are required to monitor intake levels of 

LCS and various methods have been used to do this. There are some disadvantages to these 

methods, however, as they can be prone to error as well as being very expensive to undertake 

routinely. 

This research team has developed a novel method of measuring the excretion of five commonly 

consumed LCS in urine and we now want to establish whether it can be used within a free-

living population for estimating exposure to LCS and also use it to assess the usefulness of a 

new LCS-focused food frequency questionnaire.  

 

Why have I been chosen to take part?  

As you are healthy and over the age of 18, you are considered suitable to take part in this study. 

It is estimated that up to 200 volunteers will be recruited to take part in the study in total. 

 

Is taking part voluntary? 

Yes, you are under no obligations to take part; it is entirely your decision but if you do decide 

to, you will be asked to sign a consent form, a copy of which you will also receive. If you 

choose to take part but later change your mind, you are free to withdraw from the study at any 

time by notifying a member of the research team with no need to give a reason. 

 

What will happen to me if I take part? 

This study will be conducted at the Coleraine campus of the Ulster University and 

participation will involve short visits to the university on three separate occasions over a six-

day period. Your contact within the university will be Dr. Caomhan Logue and  PhD 

researcher Aoibheann Dunne and Two BSc students Aislinn Bryson and Cliodhna McGowan  

(contact details overleaf). If you decide to take part, there are a number of things that will 

happen: 

 

• You may be asked to keep a record of everything you eat and drink over a consecutive 

four-day period.  

 

 

• You may be asked to collect one fasting spot urine sample and one 24-hour urine 

sample. 

• A trained researcher will take some measurements, namely weight and height.  
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• You will be asked to complete a short food frequency and health and lifestyle 

questionnaire on one occasion. 

• You may also be asked to take some paraminobenzoic acid (PABA) tablets for the 24-

hour urine collection period as a way for us to assess the completeness of the sample. 

PABA is a naturally substance found in foods such as offal, whole grains, mushrooms and 

spinach and therefore there is minimal risk to taking it as advised during this study. 

PABA may also be found in larger amounts in some vitamin tablets so if you are taking any 

supplements, please let us know.  How and when you should take the tablets will be explained 

to you by one of the researchers on the relevant days. 

 

What do I have to do? 

Figure 1 (below) provides an illustration of what will be asked of you. You will not be asked 

to do anything in addition to what has been outlined above. Some participants will not be asked 

to collect a fasting spot urine sample, a 24-hour urine sample or to collect information on what 

they ate or drank for a 4-day period. 

 

Figure 1. What participation in the study entails. 

 
 

 

Are there any risks or side effects associated with any aspects of the investigation? 

 

There will be very little risk associated with taking part in this study. All the necessary 

equipment for urine collection will be provided along with an explanation of how to use it. The 

containers will contain a preservative, which may cause some irritation if it comes into contact 

with sensitive skin, however this can be prevented by using the equipment provided. 
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Are there any potential benefits to taking part? 

 

Although there are no direct benefits for volunteers, this work may contribute to the 

development of a novel approach for monitoring intakes of commonly consumed LCS which 

may help research in their role in health. 

 

What happens when the study ends? 

 

Once the study ends and all information and samples have been collected, you will not be 

required to do anything else.  

 

What if something goes wrong? 

 

It is very unlikely that anything will go wrong; full training will be provided on how to collect 

your samples. There are clear protocols and procedures set in place by the University to 

investigate, record and handle any adverse events. If, at any stage, you would like to make a 

complaint, you should contact the chief investigator  

(Contact details overleaf). All complaints will be taken seriously and fully investigated. 

 

Further details on the complaints procedure can be found in the University’s “Research 

Ethics and Governance” webpage, which can be found at: 

http://research.ulster.ac.uk/rg/0208ResearchVolunteerComplaintsProcedure.pdf. 

 

Will my taking part be kept confidential? 

 

Yes, in order to ensure confidentiality, you will be immediately assigned a unique participant 

number and all personal details and collected data will be securely stored and only available to 

the researchers directly involved in the study. Due to freedom of information legislation some 

general, non-personal data may be accessible to anyone who may request it however it will not 

be possible identify you from this.  

 

 

What will happen to the results of the study? 

 

The results of this study will be written up as part of one PhD thesis and two BSc research 

projects. It is also our intention to report these results as a scientific article in a relevant 

scientific peer-reviewed journal. All results and other general information will be presented in 

a way that it will not be possible to identify you.    

 

How is this research being funded and who has reviewed this study? 

 

This research is part of an MSc research project and has been funded by the School of 

Biomedical Sciences, Ulster University. The study has been reviewed and approved by the 

Ulster University Research Ethics Committee. 

 

http://research.ulster.ac.uk/rg/0208ResearchVolunteerComplaintsProcedure.pdf
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Contact details 

Chief Investigator                                                                PhD Researcher 

 

 

 

 

 

 

 

 

 

 

 

 

 

BSc Student        BSc Student 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aislinn Bryson 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

 

Tel: +44 28 70 124451 

Email: Bryson-A@ulster.ac.uk 

 

Aislinn Bryson 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

Dr. Caomhan Logue 

Room W2064 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

Tel: +44 28 70 124451 

Email: c.logue@ulster.ac.uk   
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Aoibheann Dunne 

Room W2064 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

Tel: +44 28 70 125219 

Email: Dunne-A@ulster.ac.uk  

 

Aoibheann Dunne 

Room W2064 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

Tel: +44 28 70 125219 

Email: Dunne-A@ulster.ac.uk  

Cliodhna Mc Gowan 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

 

 

Tel: +44 28 70 124451 

Email: McGowan-C14@ulster.ac.uk 

 

Cliodhna Mc Gowan 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

mailto:c.logue@ulster.ac.uk
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Investigation of food-related behaviours in adults in Northern 

Ireland 
 

Thank you for taking the time to consider taking part in this study. Before deciding whether to 

participate or not, it is important that you read the following information so that you are aware 

of the reasons we are conducting the study, as well as understanding what you will be asked to 

do. If you require clarification on any aspect of the process, please do not hesitate to ask any 

questions. Full contact details for the research team are provided overleaf. 

 

Background & reasons for carrying out this study 

Over recent years, dietary behaviours in the population have changed with the increased 

availability of a wide range of new products and changes to lifestyles. Evidence suggests that 

some of these changes may lead to the development of chronic conditions such as obesity, or 

indeed may have a protective effect. By conducting this study, we would like to investigate 

certain food-related behaviours relating to taste perception and food preference in a healthy 

adult population. 

 

Why have I been chosen to take part?  

We have verified that you are eligible to take part in the study through the completion of a 

screening questionnaire at the outset. In total, we are aiming to recruit up to 100 volunteers. 

 

Is taking part voluntary? 

Yes, you are under no obligations to take part; it is entirely your decision but if you do decide 

to, you will be asked to sign a consent form at your first appointment, a copy of which you will 

also receive. If you choose to take part but later change your mind, you are free to withdraw 

from the study at any time by notifying a member of the research team with no need to give a 

reason. 

 

What will happen to me if I take part? 

This study will be conducted at the Coleraine campus of the Ulster University and participation 

will involve two visits to the University lasting approximately 60 minutes and 30 minutes 

respectively (see below and overleaf for further details). You will be asked to fast overnight 

before coming to your appointments; this means not consuming anything other than water for 

at least 8 hours before your appointment. As well as this, you will be asked to collect a single 

fasting spot urine sample and a single 24-hour urine sample; you will receive all the information 

and equipment you need to do this. Your contacts within the University will be Dr Caomhan 

Logue, and two MSc students, Mr Michael Day and Ms Sarah Mullins (contact details 

overleaf). 

 

What do I have to do? 

Your part in the study will involve collecting two urine samples (a fasting spot sample and a 

24-hour urine sample), as well as attending two appointments at the Coleraine campus of the 

Ulster University. The appointments will last approximately 60 minutes and 30 minutes 

respectively.  
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Appointment 1 (approximately 60 minutes) 

• A trained researcher will measure your weight, height, and waist and hip 

circumferences.  

• You will complete a short questionnaire to collect dietary intake and health and 

lifestyle information. 

• You will be asked to take part in two short experiments which will consist of: 

o Tasting some water-based drinks 

o Completing a computer-based task 

• You will also receive equipment and instructions for collecting the urine samples. The 24-

hour urine sample will involve collection of all your urine for a specified 24-hour period 

and the fasting spot sample will involve the collection of one sample on a specified 

morning. As part of this: 

o You will be asked to take some para aminobenzoic acid (PABA) tablets for 

the 24-hour urine collection period as a way for us to assess the completeness 

of the sample. PABA is a natural substance found in foods such as offal, 

whole grains, mushrooms and spinach and therefore there is minimal risk 

associated with taking it as advised during this study. 

o PABA may also be found in larger amounts in some vitamin tablets so if you 

are taking any supplements, please let us know.  How and when you should 

take the tablets will be explained to you by one of the researchers. 

Appointment 2 (approximately 30 minutes) 

• You will submit your urine samples 

• You will be asked to complete a computer-based task. This computer-based task will 

involve showing you a series of images and tracking your eye movements using safe, 

non-invasive and commonly used technology. All instructions will be provided at the 

time of your appointment and you will have the chance to have a practice before you 

commence the test. 

Are there any risks or side effects associated with any aspects of the investigation? 

 

There will be very little risk associated with taking part in this study; the procedures are well 

established and safe. All the necessary equipment for urine collection will be provided along 

with an explanation of how to use it. The containers will contain a preservative, which may 

cause some irritation if it comes into contact with sensitive skin; however, this can be prevented 

by using the equipment provided. A member of the research team will always be available 

during participation to guide you on what you need to do. 

 

 

Are there any potential benefits to taking part? 

 

Although there are no direct benefits for volunteers, this work may contribute to our knowledge 

of food-related dietary behaviours and how these might potentially impact on health. 

 

What if new information becomes available?  
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If new information becomes available during the study that influences your 

participation in any way, you will be kept informed. New information could 

result in termination of the study, withdrawal of certain participants or modifications to the 

protocol and we will explain these fully with reasons for any changes. 

 

What happens when the study ends? 

 

Once the study ends and all information and samples have been collected, you will not be 

required to do anything else. If you provide consent for us to retain your urine samples for 

future research, we will securely store these for a minimum period of 6 years and use in future 

studies. 

 

What if something goes wrong? 

 

It is very unlikely that anything will go wrong; full guidance will be provided on how to 

complete the study. There are clear protocols and procedures set in place by the University  

to investigate, record and handle any adverse events. If, at any stage, you would like to make a 

complaint, you should contact the chief investigator (contact details overleaf). All complaints 

will be taken seriously and fully investigated. 

 

Further details on the complaints procedure can be found in the University’s “Research 

Ethics and Governance” webpage, which can be found at: 

https://www.ulster.ac.uk/__data/assets/pdf_file/0011/75638/Complaints.pdf . 

 

Will my taking part be kept confidential? 

 

Yes, to ensure confidentiality, you will be assigned a unique participant number and all 

personal details and collected data will be securely stored and only available to the researchers 

directly involved in the study. Due to freedom of information legislation some general, non-

personal data may be accessible to anyone who may request it; however, it will not be possible 

to identify you from this.  

 

What will happen to the results of the study? 

 

The results of this study will primarily be written up as part of two MSc research projects. We 

also aim to write the results up as a scientific research paper that will be published in a relevant 

peer-reviewed scientific journal. All results and other general information will be  

 

 

 

presented in a way that it will not be possible to identify you. All anonymous data generated 

as part of this study will be stored securely and retained for up to 25 years, with identifying 

information deleted as soon as it is no longer required. 

 

How is this research being funded and who has reviewed this study? 

 

This research is part of two MSc research project and has been funded by the School of 

Biomedical Sciences, Ulster University. The study has been reviewed and approved by the 

Ulster University Research Ethics Filter Committee. 

https://www.ulster.ac.uk/__data/assets/pdf_file/0011/75638/Complaints.pdf
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NB. Contact details for the research team can be found overleaf 
 

 

Contact details 
Chief Investigator                                                              PhD researcher 

        Aoibh Dunne (Dunne-A@ulster.ac.uk)   

   

 MSc students 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dr Caomhan Logue 

Room W2064 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

Tel: +44 28 70 124451 

Email: c.logue@ulster.ac.uk   
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Charlotte Butler (butler-c10@ulster.ac.uk) 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

 

Charlotte Butler (butler-c10@ulster.ac.uk) 

School of Biomedical Sciences 

University of Ulster 

Cromore Road 

Coleraine 

BT52 1SA 

mailto:Dunne-A@ulster.ac.uk
mailto:c.logue@ulster.ac.uk
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A4. 1 Attended conferenes 

- Ulster University’s Biomedical Postgraduate Conference (poster presentation): 13th July 

2018 

- International Sweetener Association 2018 (attendant): 6th November 2018 

- The Nutrition Society Irish Section Postgraduate Conference 2019 (oral presentation – no 

abstract submitted): 13th – 15th February 2019 

- Ulster University’s Festival of PhD Research (oral presentation): 9th April 2019 

- Three Minute Thesis (3MT) competition qualifiers (oral presentation – no abstract 

submitted): 2nd May 2019 

- Three Minute Thesis (3MT) semi-finals (oral presentation – no abstract submitted): 16th 

May 2019 

- The 13th Federation of European Nutrition Societies conference (poster presentation): 

15th – 18th October 2019 

- The Nutrition Society Irish Section Postgraduate Conference 2020 (oral presentation – no 

abstract submitted): 12th – 14th February 2020 
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 A4. 2 Ulster University’s Biomedical Postgraduate Conference  

A4.2.1 Low-calorie sweeteners effect on total energy and free sugar intake in an 

adult population 

Excessive consumption of free sugars has been associated with several adverse health 

outcomes, such as obesity and type 2 diabetes mellitus (T2DM)[1]. The World Health 

Organisation has recommended the reduction of free sugar intake to less than 10% of total 

energy intake, in both adults and children[2]. As a result, low-calorie sweeteners (LCS) are 

commonly used as a means to reduce the energy density of foods in order to create an energy 

deficit, whilst maintaining diet palatability[3]. However, it has been suggested that LCS may 

have adverse metabolic effects[4]. Observational studies have shown a significant positive 

association between LCS consumption and increased obesity[5-7] and T2DM[8-10]. This aim of 

the present study will be to assess the effect of total LCS consumption on total energy and free 

sugar intake in an adult population. 

In total, 69 participants (M, 23; F, 46) were recruited to the study and each participant 

completed the FFQ, a 4-day estimated food diary and had anthropometric measurements taken. 

Consumption of LCS was estimated using data from the FFQ and maximum permitted levels 

of LCS in products, energy and free sugars consumption was estimated using data from the 4-

day food diary. Median (IQR) body mass index was 24.1 kg/m2 (22.4 - 27.3 kg/m2) (M, 24.3 

kg/m2 (22.4 - 26.6 kg/m2); F, 23.8 kg/m2 (22.4 - 27.9 kg/m2). Median (IQR) total energy intake 

(kJ/day) was 7846.0 kJ (6753.1 - 9605.2 kJ) and median (IQR) free sugar intake (g/day) was 

31.2 g (21.0 - 39.8 g). Ninety percent of participants were found to consume LCS, from sources 

other than oral hygiene products. Median (IQR) total LCS consumption was 108.2 mg/day 

(28.3 - 308.0 mg).  Total LCS consumption was split into three tertiles, relative to the 

population; low (n=23), medium (n=23) and high (n=23) consumption. There was no 

significant difference found between LCS consumption (low, medium, high consumption 

groups) and energy intake or free sugar intake (p>0.05). In conclusion, LCS consumption was 

no associated with a change in total energy or free sugar intake in this population. In August 

2018, a urinary biomarker approach will be utilised to confirm the FFQ findings. 

A4.2.2 References 

1. Schulze MB, Manson JE, Ludwig DS, Colditz GA, Stampfer MJ, Willett WC, et al. Sugar-

sweetened beverages, weight gain, and incidence of type 2 diabetes in young and middle-aged 

women. JAMA. 2004;292(8):927-34. 
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2. World Health Organisation. Guideline: Sugars intake for adults and children. Geneva: World 

Health Organisation; 2015. 

3. Gwak M, Chung S, Kim YJ, Lim CS. Relative sweetness and sensory characteristics of bulk and 

intense sweeteners. Food Science and Biotechnology. 2012;21(3):889-94. 

4. Burke MV, Small DM. Physiological mechanisms by which non-nutritive sweeteners may impact 

body weight and metabolism. Physiol Behav. 2015;152:381-8. 

5. Fowler SP, Williams K, Resendez RG, Hunt KJ, Hazuda HP, Stern MP. Fueling the obesity 

epidemic? Artificially sweetened beverage use and long‐term weight gain. Obesity. 2008;16(8):1894-

900. 

6. Duffey KJ, Steffen LM, Van Horn L, Jacobs Jr DR, Popkin BM. Dietary patterns matter: diet 

beverages and cardiometabolic risks in the longitudinal Coronary Artery Risk Development in Young 

Adults (CARDIA) Study–. Am J Clin Nutr. 2012;95(4):909-15. 

7. Laska MN, Murray DM, Lytle LA, Harnack LJ. Longitudinal associations between key dietary 

behaviors and weight gain over time: transitions through the adolescent years. Obesity. 

2012;20(1):118-25. 

8. de Koning L, Malik VS, Rimm EB, Willett WC, Hu FB. Sugar-sweetened and artificially 

sweetened beverage consumption and risk of type 2 diabetes in men. Am J Clin Nutr. 2011 

Jun;93(6):1321-7. 

9. Greenwood D, Threapleton D, Evans C, Cleghorn C, Nykjaer C, Woodhead C, et al. Association 

between sugar-sweetened and artificially sweetened soft drinks and type 2 diabetes: systematic review 

and dose–response meta-analysis of prospective studies. Br J Nutr. 2014;112(5):725-34. 

10. Malik VS, Schulze MB, Hu FB. Intake of sugar-sweetened beverages and weight gain: a 

systematic review. Am J Clin Nutr. 2006 Aug;84(2):274-88. 
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A4. 2. 3 Poster 
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A4. 3 Ulster University’s Festival of PhD Research  

A4.3.1 A systematic review on the effectiveness of various low-calorie 

sweeteners (LCS) as diabetes management tools 

Aoibheann Dunne, Maria Mulhern, Alison Gallagher, Caomhan Logue 

Nutrition Innovation Centre for Food and Health (NICHE), Ulster University 

OBJECTIVE  

To systematically review the literature related to the effectiveness of low-calorie sweeteners 

(LCS) in managing glycaemia in individuals with Type 1 (T1DM) and Type 2 diabetes mellitus 

(T2DM). 

 

RESEARCH DESIGN AND METHODS 

MEDLINE and EMBASE via OVID interface, Cochrane Library and Scopus databases were 

searched using MeSH headings and search terms identifying studies with at least one European 

Union-approved LCS and one indicator of glycaemic control. Included studies were to be 

quantitative, English language, published after 1st January 1974, and include a human 

population with T1DM or T2DM.  

 

RESULTS  

Twenty-six studies were included for qualitative analysis, and four were subsequently excluded 

owing to high risk of bias. Six of the studies showed that LCS may affect diabetes management. 

Observational studies (n=2) indicated that low-calorie sweetened beverages (LCSB) were 

associated with significantly increased glycated haemoglobin (HbA1c) with an intervention 

study resulting in increased fasting plasma glucose when replacing LCSB with water. 

Furthermore, LCSB were shown to significantly increase glucagon-like peptide-1. Studies 

investigating LCS in food showed benefits on glycaemic control via reductions in blood 

glucose and HbA1c concentrations observed with stevioside and sucralose respectively when 

compared to placebos. 
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CONCLUSION 

Whilst some effects of LCS on glycaemic indicators were observed, LCS had no overall 

significant effect on diabetes management. However, studies were short in duration and 

involved various LCS and vehicles for consumption, which could result in differential 

metabolic effects. Therefore, further research is needed to evaluate the long-term effects of 

individual and combinations of LCS when consumed from different sources. 

 

4.3.2 References 

ARGIANA, V., KANELLOS, P.Τ, MAKRILAKIS, K., ELEFTHERIADOU, I., 

TSITSINAKIS, G., KOKKINOS, A., PERREA, D. and TENTOLOURIS, N., 2015. The effect 

of consumption of low-glycemic-index and low-glycemic-load desserts on anthropometric 

parameters and inflammatory markers in patients with type 2 diabetes mellitus. European 

journal of nutrition, 54(7), pp. 1173-1180. 

BORTSOV, A.V., LIESE, A.D., BELL, R.A., DABELEA, D., D’AGOSTINO, R.B., 

HAMMAN, R.F., KLINGENSMITH, G.J., LAWRENCE, J.M., MAAHS, D.M. and 

MCKEOWN, R., 2011. Sugar-sweetened and diet beverage consumption is associated with 

cardiovascular risk factor profile in youth with type 1 diabetes. Acta Diabetologica, 48(4), pp. 

275-282. 

BROWN, R.J., WALTER, M. and ROTHER, K.I., 2012. Effects of diet soda on gut hormones 

in youths with diabetes. Diabetes care, 35(5), pp. 959-964. 

GREGERSEN, S., JEPPESEN, P.B., HOLST, J.J. and HERMANSEN, K., 2004. 

Antihyperglycemic effects of stevioside in type 2 diabetic subjects. Metabolism, 53(1), pp. 73-

76. 

MACKENZIE, T., BROOKS, B. and O'CONNOR, G., 2006. Beverage intake, diabetes, and 

glucose control of adults in America. Annals of Epidemiology, 16(9), pp. 688-691. 

MADJD, A., TAYLOR, M.A., DELAVARI, A., MALEKZADEH, R., MACDONALD, I.A. 

and FARSHCHI, H.R., 2017. Beneficial effects of replacing diet beverages with water on type 

2 diabetic obese women following a hypo‐energetic diet: A randomised, 24‐week clinical trial. 

Diabetes, Obesity and Metabolism, 19(1), pp. 125-132. 
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A4. 4 The 13th Federation of European Nutrition Societies (FENS) 

conference – 15th – 18th October 2019 

A4.4.1 Validation of a low-calorie sweetener (LCS)-focused food frequency 

questionnaire for assessment of intakes in a free-living adult population: 

preliminary results. 

 

Both obesity and type 2 diabetes mellitus have been associated with excessive free sugar 

consumption. Increasingly, LCS are used to replace free sugar to reduce the energy density of 

the diet, whilst maintaining diet palatability.  However, while experimental data suggest a 

beneficial effect of LCS on weight management and glycaemic control, data from free-living 

populations are contradictory and primarily use reported intakes of low-calorie sweetened 

beverages as a marker of overall LCS consumption. Therefore, a dietary assessment tool that 

reliably assesses overall LCS consumption and is applicable in large-scale epidemiological 

studies is desirable. This study aimed to validate an LCS-focused food frequency questionnaire 

(FFQ) for assessing habitual dietary intake of the LCS using the method of triads (1). Healthy 

adults were recruited at Ulster University, Coleraine (n=120).  A 65-item FFQ and a 4-day food 

diary (FD) were used to assess dietary intake of LCS with amounts based on maximum 

permitted levels for foods and beverages as per EU legislation. A novel urinary biomarker 

approach, developed by this research group, was used to objectively assess consumption of 5 

commonly used LCS. The method of triads was used to validate the FFQ by evaluating the 

correlations between the FFQ, FD and the urinary biomarkers (reference method). A total of 

110 participants (51 males, 59 females) completed all analyses. Median (IQR) total LCS 

consumption estimated from the FFQ, FD and urinary biomarker was 116.8 (24.9-303.3) mg/d, 

27.8 (0.0-247.3) mg/d and 5.0 (0.6-34.9) mg/d respectively. Moderate correlations were 

observed between the FD and urinary biomarker (r=0.471; P<0.001) and between the FFQ and 

FD (r=0.471; P<0.001).  There was a low correlation between the FFQ and urinary biomarker 

(r=0.291; P<0.001). Using the method of triads, the overall validity co-efficient for the FFQ 

was moderate (0.54). These preliminary results indicate potential for this LCS-focused FFQ as 

a method of assessing LCS consumption in free-living populations. However, as maximum 

permitted levels of LCS in foods and beverages were used to estimate LCS consumption from 

the FFQ and FD, they are likely to significantly overestimate actual LCS intakes as compared 

to the more reliable biomarker approach. Therefore, the FFQ ability to categorise individuals 
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into low-, medium- and high LCS consumers will be tested. Further analysis is ongoing to 

assess the completeness of urine collections using PABA analysis and will also focus on 

individual LCS intake. 

A4.4.2 References 

(1) Kaaks RJ (1997) Am J Clin Nutr65(4 Suppl), 1232S-1239S. 
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A4.4.3 Poster 
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