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Abstract
Background

Individual variability in taste perception may influence diet, possibly modifying eating
behaviour and long-term food choice. Research into taste perception and weight status,
dietary intake, eating behaviour and endocrine regulators of metabolic health could
provide new important insights. Taste perception may be modifiable, and as such may
be a target for future intervention strategies which may have the potential to prevent or
treat obesity.

Objectives

The aims of this study were to determine associations between (1) fatty acid taste,
olfaction, mouthfeel of fat, dietary intake, eating behaviour and body mass index (BMI),
and (2) associations between taste perception of glucose (sweet taste), quinine (bitter
taste) and milk (fat perception) with body composition and hormonal adiposity signals
(fasting insulin and leptin), dietary intake and eating behaviour.

Design

For the first cross-sectional study, 50 premenopausal women assessed oleic acid taste
and olfaction thresholds. BMI was calculated from weight (kg) and height (m). Dietary
intake and eating behaviour were evaluated using a food frequency and three-factor
eating questionnaire (TFEQ), respectively. Binomial regression analysis was used to
model fatty acid taste and olfaction data and fatty acid taster status was determined
(hypersensitive, n= 22; hyposensitive, n= 28).

For the second cross-sectional study (the PROMISE study), 351 premenopausal Pacific
and New Zealand (NZ) European women were recruited and stratified by non-obese and
obese groups. Suprathreshold intensity, hedonic liking, and discrimination of taste by a
ranking task were measured using a range of concentrations of sweet, bitter, and fat
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solutions. Participants were classified as likers or dislikers for each tastant using a
hierarchical cluster analysis. Body fat (BF) was quantified by dual x-ray
absorptiometry. Total energy and macronutrient intake were assessed using a 5-day
estimated food record and eating behaviour was assessed by TFEQ. Socioeconomic
status was measured by deprivation index (NZDep2013). Logistic and linear regression
analyses were used to analyse study outcomes and to adjust for potential confounders
(socioeconomic position, age, etc). Both studies were undertaken in Auckland, NZ.

Outcomes

The results of the first study showed taste and olfactory detection for oleic acid were
positively correlated (r= 0.325; P< 0.02). The eating behaviour disinhibition and BMI
were higher in women who were hyposensitive to oleic acid taste (P< 0.05).

The PROMISE study showed women who incorrectly discriminated sweet taste by
ranking task were nearly three times more likely to have >35 BF% (adjusted, OR 2.9,
P< 0.01). Cluster analysis revealed distinct patterns of liking for each tastant. NZ
European sweet likers were twice as likely to have >35 BF% compared to sweet
dislikers (adjusted, OR 2.1, P< 0.05), however, this comparison was not significant in
Pacific women. Conversely, bitter likers had a decreased likelihood of having >35 BF%
in comparison to bitter dislikers (adjusted, OR 0.4, P< 0.01). Having higher fasting
plasma leptin concentration significantly increased the likelihood of being a sweet liker
in Pacific and in NZ European combined (adjusted; OR 1.7, P< 0.05), but in NZ
European women, the likelihood of this was further increased (adjusted; OR 3.6, P<
0.001). Higher fasting plasma insulin concentration also increased the likelihood of
being a sweet liker (adjusted, OR 1.7, P< 0.05).

New Zealand European sweet likers had a significantly higher intake of carbohydrates,
all sugars and starch (199.4 ± 51.1, 87.9 ± 27.4 and 111.1 ± 34.6 g/day) when compared
to sweet taste dislikers (165.9 ± 48.7, 71.4 ± 25.2 and 94.1 ± 34.7 g/day, P< 0.001, P<
0.01, and P< 0.01, respectively), however, this comparison was not significant in Pacific
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women. NZ European women in the sweet likers group had an increased disinhibited
eating behaviour score (P< 0.01).

Conclusions

Fatty acid taste perception was found to be associated with olfaction, eating behaviour
and body composition. The findings from the PROMISE study have shown differences
in sweet taste perception in relation to adiposity which is further associated with
circulating plasma leptin and insulin concentrations. Sweet taste perception was
associated with dietary intake and eating behaviour in NZ European women. The tastediet associations observed in NZ European women were not observed in Pacific women.
Therefore, population groups with lower metabolic disease risk may have dissimilar
taste-diet associations compared to those with a higher metabolic disease risk. Taste
perception is a promising target for future weight-loss and intervention strategies due to
demonstrating links with dietary intake, eating behaviour and body composition.
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Chapter I.
Introduction

1.1. Background
Sensory properties of food influence food selection and the desire to eat. The
major sensory properties of food (e.g. taste, texture, aroma, appearance, etc) are
perceived by the primary human senses (e.g. gustatory (taste), tactile (touch), olfactory
(smell), visual (sight), auditory (hearing), and chemesthesis) (Drewnowski & AlmironRoig, 2010; Newman, Haryono, & Keast, 2013). Among these sensory properties, taste
perception is a key driver of food choice. Taste sensation or perception is triggered by
chemicals when they meet taste bud cells (TBCs) of the tongue (Calvo & Egan, 2015).
These distinct taste sensations (e.g. sweet, salty, umami, sour) influence the selection
and consumption of food or conversely, may trigger the rejection of food due to toxins
(e.g. bitter).

Texture is the sensory and functional manifestation of the structural, mechanical and
surface properties of foods detected through the senses of vision, hearing, touch, and
kinesthetics. In contrast to other sensory food attributes (e.g. taste), there are no single
and specific receptors for texture because of its complex multimodal representation
(Rolls, 2004). Most textural properties are perceived when the food is deformed on
chewing with the teeth, manipulated and moved by the tongue around the oral cavity
(Szczesniak, 2002).

Stimulation of smell (olfaction) occurs through odour receptors which bind to specific
volatile (mostly organic) aroma compounds. Volatile odour compounds are first
detected in the nasal neuroepithelium by olfactory receptor neurons. The interaction of
odorous molecules with receptors results in consecutive transduction events that initiate
the opening of ion channels in neuronal cell membranes (Swiegers, Chambers, &
Pretorius, 2005). Compared to taste, we can detect thousands of different odorants,
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which are critical in perceiving differences in flavour.

Some researchers have emphasised the role of food appearance and colour in the
selection of foods, for example, phytochemicals account for various colours of fruit and
vegetables (Barnes, Prasain, & Kim, 2013). The intensity of fruit colour is intimately
associated with ripeness and food acceptance (Delwiche, 2012). Food saliency,
visibility and portion size can increase food intake (Dube et al., 2010), and visual
presentation can impact the appeal of a food product (i.e. fresh apple compared to an
apple puree) (Keller & Duizer, 2014). The multimodal sensory perception of
appearance, mouthfeel, aroma, taste (i.e. flavour) and auditory cues impact food choice
(Prescott, 2015).

1.1.1. Taste perception
Taste perception is the sensation that results when taste buds convey information about
the chemical composition of a soluble stimulus (Bradbury, 2004). Taste and its
associated signalling pathways help govern the body’s response to incoming food
(Trivedi, 2012a). The physiological mechanisms of taste signal the appeal of food items
and provide feedback to the digestive system to assist in the regulation of satiety
(Trivedi, 2012b). Binding of taste molecules (e.g. glucose, fructose, etc) to specific taste
receptors (i.e. G-protein coupled receptors) causes chemical signalling (Lin, 2013). To
date there are five recognised primary tastes (bitter, sweet, salt, sour and umami), and
the newly recognised fatty acid taste (‘oleogustus’) (Running, Craig, & Mattes, 2015)
which can be described as ‘nutrient sensors’, facilitating variety seeking and the intake
of essential dietary components (van Dongen, van den Berg, Vink, Kok, & de Graaf,
2012). For example, sweet taste facilitates the consumption of energy providing foods
which contain sugar (i.e. glucose) (van Dongen et al., 2012) and salt taste facilitates the
consumption of sodium which is an essential micronutrient (Liem, Miremadi, & Keast,
2011).

Dependent on life stage, individuals have been shown to vary in their responsiveness to
detect and recognise taste (Methven, Allen, Withers, & Gosney, 2012). There is some
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evidence that increased density of the fungiform papillae on the tongue is responsible
for heightened oral sensitivity for sweet, bitter, and salt tastes (Delwiche, Buletic, &
Breslin, 2001; Doty et al., 2016; Haryono, Sprajcer, & Keast, 2014). An individual’s
responsiveness to a taste stimulus is directly dependent on the concentration of the
stimulus. However, there is a wide distribution of detection and recognition thresholds
for individual tastants when measured across a population (Keast & Roper, 2007). This
heterogeneity in taste behaviour is reflective of the plasticity and the adaptive
mechanism of taste receptor expression, as well as a range of other influential factors
such as gender, age, and genetics (Dando, 2015).

In order to accurately characterise taste perception, corresponding taste testing
methodologies need to be valid, reproducible, and consistent. Taste perception can be
measured in a variety of ways, including detection threshold, recognition threshold,
discrimination tasks, and ratings of suprathreshold intensity and hedonic liking, which
all have important yet distinct characteristics (Haryono et al., 2014; Keast & Roper,
2007). Previous studies on taste perception have mainly used two measures, namely
detection threshold, which is defined as ‘the weakest stimulus that can be detected’, and
secondly recognition threshold, which is defined as ‘the level at which the stimulus can
not only be detected but also recognised’ (Bartoshuk, 1978; Cox, Hendrie, & Carty,
2015; Tan & Tucker, 2019). Taste perception can be further defined by the following
criteria: (1) there must be a distinct class of affective stimuli; (2) transduction
mechanisms include receptors to change the chemical stimulus to an electrical signal;
(3) there must be neurotransmission of the electrical signal to the brain; (4) it must have
perceptual independence from other taste qualities; (5) there must be physiological
effects after activation of taste bud cells, and; (6) it must provide an adaptive
(evolutionary) advantage (Mattes, 2011).

1.1.2. Taste perception and dietary intake
Variation in oral sensation and taste hedonics has been proposed to influence dietary
intake, as individuals eat what they like and avoid what they dislike (Duffy, 2007).
Taste perception or sensitivity to taste may also influence dietary intake through
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appetite and satiety mechanisms (Duffy, 2007). Establishing how taste perception is
associated with dietary intake may produce significant opportunities for health
improvement. However, dietary intake and eating behaviour have been inconsistently
linked with taste sensitivity and therefore requires further investigation using robust
methodology (Cox et al., 2015).

Recent evidence suggests that taste threshold measurements may have limited use in
dietary intake studies, as real-world experiences are not at the low concentrations that
are used and measured in threshold studies (Low, Lacy, McBride, & Keast, 2016). The
development of the generalised labelled magnitude scale (gLMS) and labelled affective
magnitude (LAM) scale has allowed investigating the rating of both intensity and
hedonic liking of taste respectively. Measurements using the gLMS can be compared
across groups by anchoring each end of the scale (i.e. “strongest imaginable sensation of
any kind”) negating when taste is perceived differently between individuals (Bartoshuk
et al., 2004; Kaufman, Choo, Koh, & Dando, 2018, Schutz and Cardello, 2001). Use of
the gLMS at suprathreshold concentration levels has revealed convincing associations
between sweet taste perception and dietary intake in more recent studies (Jayasinghe et
al., 2017; Low et al., 2016).

There are a range of methods for assessing dietary intake: weighed or estimated food
record (in which all foods and beverages are recorded at the time of consumption), and
the food frequency questionnaire (FFQ) (in which individuals report how often they
have consumed particular foods from a predefined list over a chosen time period, either
with or without portion estimation) (Biro, Hulshof, Ovesen, & Amorim Cruz, 2002).
Additionally, there is the 24-hour recall (in which individuals recall all foods and
beverages consumed over the previous 24-hours), and the diet history (which consists of
a series of methods; (i) an interview to determine usual meal patterns, (ii) a food
frequency questionnaire, and (iii) a 3 day diet record) (Biro et al., 2002). To date, there
is no consensus as to the best dietary assessment method for identifying taste-diet
relationships (Tan & Tucker, 2019). It has been recommended that taste-diet studies
should measure the whole diet, as opposed to only the comparisons of interest (e.g.
associations between bitter taste perception and vegetable intake) to reduce outcome
bias (Cox et al., 2015).
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The Western-style diet provides a wide range of highly palatable food choices, resulting
in dietary intake which is higher in saturated fat and added sugar (Stevenson et al.,
2016). Interestingly, intervention studies of both low fat (Newman, Bolhuis, Torres, &
Keast, 2016) and low-sugar (Wise, Nattress, Flammer, & Beauchamp, 2016) diets have
been shown to increase fat and sweet taste sensitivity, respectively. This suggests that
sensitivity for a specific taste can act as a marker of dietary habits in relation to the
associated nutrients. Supportive of this, is that taste cells are continually renewed with
the average taste cell lifespan of approximately 10-14 days, where normal function of
taste buds is dependent on a continuous supply of properly differentiated taste receptor
cells (Kaufman et al., 2018). This dynamic taste receptor expression and subsequent
taste sensitivity is adaptive, which may be associated with satiety and reward signalling
pathways across population groups (Silhan, Robinett, Deshpande, & Liggett, 2012).
How the modern food environment interacts with adaptive taste perception mechanisms
and subsequent appetite and signalling pathways is yet to be established.

1.2. Taste perception and metabolic health
Despite the emerging evidence of associations between taste perception and dietary
intake, individual responsiveness to taste stimuli has not yet been clearly linked to longterm weight status. There is evidence that taste is indicative of appetite regulation and
satiety due to its critical role in the signalling of incoming nutrients (Touzani, Bodnar,
& Sclafani, 2010). Further signalling occurs as dietary components of the ingested
nutrients continues throughout the gastrointestinal (GI) tract (Roper & Chaudhari,
2017). Dysregulation of these signalling and appetitive pathways may be linked to the
conditioning of food preferences (Sclafani & Ackroff, 2012).

Causes of obesity are multifaceted and involve complex interactions between genetic,
metabolic, cultural, environmental, socio-economic and behavioural factors
(Heymsfield & Wadden, 2017; Schwartz et al., 2017). Obesity reflects a state of
positive energy balance and arises because of how the body regulates energy intake,
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energy expenditure, and energy storage. This imbalance occurs through dietary
behaviours that do not trigger strong biological opposition (Hill, 2006). Obesity leads to
a state of excessive insulin secretion and a series of metabolic responses that produce
systemic insulin resistance (Thompson et al., 2007). Desensitisation to insulin action is
accompanied by increased oxidative stress (Hayes & Dinkova-Kostova, 2014), leptin
secretion, and inflammation. Subsequent changes in the functioning of endocrine
regulators include insulin, leptin, ghrelin and glucagon-like peptide-1 (GLP-1) which
disturb appetite regulation (Sumithran et al., 2011). High sugar and fat intake have been
proposed as a potential cause of the increasing prevalence of obesity (WHO, 2015,
2018).

1.2.1. Linking taste perception, dietary intake and metabolic health
Sensory perception and the physiological mechanism underlying our taste experience
are known to play a role in long-term food choice and eating behaviour (Dando, 2015;
Keast, 2016). However, the range of determinants of dietary intake are extensive and
include genetic, economic, social, cultural, physiological, environmental, and
psychological influences (Story, Kaphingst, Robinson-O’Brien, & Glanz, 2008). By
focusing on the biology of taste perception, we gain insight into why people are more
vulnerable to a food environment rich in high-fat, sweetened and highly processed
foods. Excess energy intake is linked with a multifaceted metabolic condition, it
involves interactions between taste, hedonic responses and dietary intake (Calvo &
Egan, 2015). Obesity, alongside inflammation, has recently been associated with
dysregulation of the renewal of taste buds (Kaufman et al., 2018). Taste perception
research may support future intervention studies involving specific dietary approaches
to reduce obesity. In turn, weight management and the reduction in metabolic health
dysregulation will decrease the risk of type 2 diabetes, some cancers, and heart disease
(Dube et al., 2010).

Commonly-cited causes of obesity include major changes in our food environment
which have led to over-consumption of inexpensive, highly palatable energy-dense and
nutrient-poor foods (Schwartz et al., 2017). Current economic policies expose the
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population to strong cues that favour energy availability and a positive energy balance
(Story et al., 2008; Swinburn et al., 2013). Previous studies which have observed tastediet interactions have not adjusted findings for factors such as socioeconomic status.
However, this is important as living in a deprived residential setting may lead to
decreased dietary choices or variety due to availability and cost (Pechey & Monsivais,
2016). In a recent meta-analysis (Seidelmann et al., 2018), it was found that
socioeconomic status was associated with an increased percentage of energy from
carbohydrates, primarily associated with higher intakes of refined carbohydrates such as
white rice. The prevalence of obesity increases alongside low income, low education
and low socioeconomic status (Dube et al., 2010). Associations made between obesity,
diet and taste perception should take into consideration the socioeconomic status and
health inequities, to determine the key drivers of weight gain (New Zealand Medical
Association., 2014).

1.2.2. Sweet and fatty acid taste perception and obesity
Despite knowing that overeating is harmful, many people who are overweight are
unable to control their food intake (Calvo & Egan, 2015). The satisfaction gained from
eating highly palatable, energy-dense food overcomes satiety feedback mechanisms
(Berthoud, 2012). Mechanistic studies suggest that consumption of sugar and fat is
driven by taste hedonics, which may exacerbate dietary intake (Keast, 2016). Sweetness
and fat have a powerful hedonic appeal, so preferences for sweet and fatty foods are
important contributors to increases in body weight and metabolic disease risk (Laffitte,
Neiers, & Briand, 2014; Martínez-Ruiz, López-Díaz, Wall-Medrano, Jiménez-Castro, &
Angulo, 2014).

Hormones may further modify the intensity of taste perception (Kubasova, Burdakov, &
Domingos, 2015; Yoshida et al., 2015). People learn to associate the taste properties
from foods with the metabolic consequences of ingestion (e.g. increased feelings of
fullness, decreased food cravings, etc), which results in a cycle of learning,
expectations, and reward feedback, driving subsequent food selection (Rolls, 2016).
Studies in mice have indicated that leptin might function to prevent over-consumption
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of sugar by interacting directly with sweet taste receptors at the taste bud (Kawai,
Sugimoto, Nakashima, Miura, & Ninomiya, 2000; Yoshida et al., 2015). However, in
the leptin-resistant state, such as obesity, this mechanism of regulating sweet-food
intake might be blunted (Calvo & Egan, 2015). Additional studies support the existence
of functional and homeostatic interactions between glucagon-like peptide 1 (GLP-1) and
leptin activity at the level of the taste bud (Martin et al., 2010). If gustatory cues were
altered in the obese state, this may lead to increased consumption of food in order to
experience the same ‘food reward’ or satiety signals that a normal weight individual
would experience (Maliphol, Garth, & Medler, 2013; Thanos et al., 2015).
In addition, the emergence of unique sweet taster patterns (i.e. ‘sweet likers’ and ‘sweet
dislikers’) (Kim, Prescott, & Kim, 2014) suggests that a ‘one size fits all’ dietary
recommendation strategy may not be effective. There is recent compelling evidence that
in a normal, metabolically healthy state, sweet taste hedonic liking is positively
associated with the intake of dietary carbohydrates and sugars (Jayasinghe et al., 2017).
Other studies on sweet taste perception have found associations with the hedonic liking
of sweet taste and the increased intake of sweet-tasting food and beverages (Garneau,
Nuessle, Mendelsberg, Shepard, & Tucker, 2018; Turner-McGrievy, Tate, Moore, &
Popkin, 2013). However, taste perception may be inherently different for an obese
person in comparison to a normal weight individual, due to the dysregulation of
appetite-regulating pathways (Sanematsu, Nakamura, Nomura, Shigemura, &
Ninomiya, 2018). Further investigation into taste-diet associations in the non-obese and
obese state is warranted.

1.3. The link between taste perception and metabolic health consequences
In our Western society, there is an abundance of energy-dense foods, such as sugarsweetened beverages and sweet or savoury snacks (Bray et al., 2018). An evolutionary
perspective on food and human taste perception suggests that easy access to tasty,
energy-dense foods exploits our sensitivities for sugary, and fatty foods that are linked
with nutrition-related diseases, such as obesity and type 2 diabetes (Breslin, 2013). In
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our current food supply, where many foods are highly processed (van Dongen et al.,
2012), it may be that taste perception and the underlying signalling mechanisms
associated with taste are to some extent disconnected from the energy content that is
being consumed.

Previous studies on taste perception have found associations between psychophysical
measurements of taste function and dietary intake. For sweet taste perception studies,
sensitivity testing and intensity measures have often lacked any association with dietary
intake, whereas hedonic liking ratings have shown clear taste-diet associations (Tan &
Tucker, 2019). In contrast, fatty acid taste perception studies have shown taste-diet
associations using sensitivity or threshold testing (Cox et al., 2015). Increased
sensitivity to fatty acid taste (i.e. hypersensitivity) has been associated with decreased
intake of dietary fat (Heinze et al., 2018; Liang et al., 2012; Martínez-Ruiz et al., 2014)
and total energy intake (Stewart et al., 2010). The hedonic liking of fatty acid taste in
isolation is difficult to measure, as these solutions can evoke ‘scratchy’ and unlikable
taste sensations (Burgess et al., 2018).

Although many studies have investigated the link between sweet and sensitivity to
wider associations of fat (i.e. mouthfeel) and/or fatty acid taste perception and obesity,
the findings of these studies are inconsistent to date (Cox et al., 2015; Feeney, O’Brien,
Scannell, Markey, & Gibney, 2017). These inconsistent and contradicting results
highlight the need for further investigation in larger cohorts, with well-defined body fat
measurements, using established and validated sensory techniques and assessment of
dietary intake.

1.3.1. Significance of research (conducted in my PhD programme)
The current PhD research aims to advance knowledge of the role of taste perception in
food choice, food intake, energy balance and weight management. Taste perception
phenotypes and taste preferences, with a focus on sweet, bitter and fatty acid taste, will
be investigated alongside body composition, dietary intake and eating behaviour
measurements. As well as this, the comparison of taste sensitivity, taste preferences and
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food choice in different physiological settings (e.g. non-obese and obese) will be
conducted. The study population selected for this PhD research are premenopausal
women of 18 – 45 years. Women of child-bearing age are an important population to
study in this context as increased maternal adiposity has been shown to be related to
adverse health outcomes in the next generation (Eriksson, Sandboge, Salonen, Kajantie,
and Osmond, 2014). This cross-sectional investigation will expand upon the current
literature and will help identify distinct associations between diet and taste perception,
and in turn, associations with body composition. Translation of this knowledge will help
to identify novel targets for improving dietary intake, eating behaviour and metabolic
health.
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1.4. Study aims and objectives

1.4.1. Primary aim
The overall aim of this PhD research was to advance our understanding of the
relationship between sweet taste, fatty acid taste, bitter taste, additional measurements
of sensory perception (i.e. mouthfeel of fat and olfaction) and dietary intake and eating
behaviour, and, how this may be associated with biomarkers and endocrine regulators of
energy metabolism in premenopausal women in the context of obesity.

1.4.2. Specific objectives
1)

To investigate the relationships between (Chapter 3):

1.1. Detection threshold of oleic acid taste, olfactory detection of oleic acid, olfactory
detection of n-butanol and measurements of fat mouthfeel, and;
1.2. How oleic acid taste, olfactory measurements and measurements of fat mouthfeel may
relate to dietary intake and eating behaviour.

The secondary objectives included to:

(i) measure oleic acid taste, olfactory detection and test re-test repeatability;
(ii) explore links between oleic acid taste, olfaction and mouthfeel perception of fat and;
(iii) investigate oleic acid taste detection and associations with eating behaviour, dietary
intake, and body composition.
→ Hypothesis 1: Hypersensitivity to fatty acid taste detection, olfactory detection of
fatty acids and measurements of fat mouthfeel is associated with specific measurements
of eating behaviour, adiposity, and dietary intake.

2)

To investigate the association between suprathreshold measurements of sweet,
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bitter and milk fat mouthfeel perception, intensity, liking and discrimination by ranking
task, with (Chapter 4):

2.1. Adiposity in 18-45-year-old women with markedly different metabolic disease risks
(Pacific and NZ European women), and;
2.2. The long-term adiposity signals, insulin and leptin, which are known to influence
energy balance, body weight and food intake.

The secondary objectives included to:

(i) measure and characterise the perception of suprathreshold concentrations of sweet,
bitter and milk fat mouthfeel by intensity rating, liking rating and discrimination by
ranking task;
(ii) investigate the liking of suprathreshold concentrations of sweet, bitter and milk fat
mouthfeel by hierarchical cluster analysis, alongside comparing different population
groups;
(ii) explore associations between measurements of blood glucose regulation and blood
cholesterol with sweet taste, bitter taste and milk fat mouthfeel perception and;
(iv) determine the nature of the associations between taste perception and markers of
metabolic health by adjusting for additional factors which may influence dietary intake
(e.g. age, socioeconomic status).
→ Hypothesis 2: Hedonic liking of sweet taste, bitter taste, and milk fat mouthfeel
perception varies between people and is associated with specific differences in adiposity
and metabolic regulators of adiposity.

3)

To increase our understanding of the influence of sweet taste, bitter taste and

milk fat mouthfeel perception, intensity, liking and discrimination by ranking task, on
(Chapter 5):

3.1. Dietary intake measured by a 5-day non-consecutive estimated food record, and;
3.2. Eating behaviour measured by the three-factor eating questionnaire.
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The secondary objectives included to:

(i) determine the strength of the associations between taste perception and dietary intake
by adjusting for additional factors which may influence dietary intake (e.g. age,
socioeconomic status); and
(ii) determine the strength of the associations between taste perception and eating
behaviour by adjusting for additional factors (e.g. age, socioeconomic status).
→ Hypothesis 3: Increased hedonic liking of suprathreshold taste solutions (sweet
taste, bitter taste and milk fat mouthfeel perception) is associated with specific
differences in dietary intake. In addition, hedonic liking of suprathreshold taste
solutions is associated with specific differences in cognitive measurements of eating
behaviour (i.e. dietary restraint, disinhibition of control and susceptibility to hunger).
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1.4.3. Structure of the thesis
This thesis begins with a review of the literature focusing on influences of food choice,
the physiology of taste perception, the methodology used in sensory research and links
between sensory perception and metabolic health. This is followed by three manuscripts
presenting the results of this research (Table 1.1). As each study is presented in the form
of a manuscript suitable for publication, there may be some repetition throughout the
thesis. For example, there is repetition in the material and methods sections of chapter 4
and 5 as both chapters use data from the same study.

To reach our objectives (or to test these hypotheses) we developed two cross-sectional
studies. The first study titled the ‘Dessert Taste study’ was a cross-sectional study
which investigated fatty acid taste perception alongside olfactory and mouthfeel
perception, with further associations between eating behaviour and adiposity reported
(chapter three). This manuscript was published in the journal ‘Nutrients’ (Kindleysides
et al., 2017).

Table 1.1. Outline of current publication status of research chapters
Outline of current publication status of research chapters
Chapter Current status

Journal

III

Kindleysides, S.; Beck, K.L.; Walsh, D.C.I.; Henderson,

Published

L.; Jayasinghe, S.N.; Golding, M.; Breier, B.H. Fat
Sensation: Fatty Acid Taste and Olfaction Sensitivity
and the Link with Disinhibited Eating
Behaviour. Nutrients 2017, 9, 879.
IV

Peer reviewed

International Journal of Obesity

V

To be submitted

Nutrients OR American Journal of Clinical Nutrition

The second cross-sectional study titled the ‘PROMISE study’ was a larger study
conducted in healthy, premenopausal Pacific and NZ European women, with different
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body fat measurements (chapter four and five; Figure 1). The second manuscript
explores the perception of sweet taste, bitter taste, and milk fat and compares
differences in taste perception with markers of metabolic health (chapter four). The
third research manuscript investigates dietary intake and how sweet taste, bitter taste
and milk fat perception influence dietary intake and eating behaviour (chapter five). The
study protocol and recruitment strategy manuscript for the PROMISE study was
published in the journal ‘JMIR Research Protocols’ (Kindleysides et al., 2019). This
publication is presented in the appendix (Appendix 1.5).

The overview of participant recruitment for the two studies is shown in Figure 1. The
thesis concludes with a discussion on the main results, new insights and the studies’
strengths and limitations. The the final discussion also highlights the new knowledge
presented in this PhD thesis.
Overall PhD recruitment
Healthy premenopausal NZ women, Auckland NZ
18 - 45 years
N= 402

Fatty acid taste, olfaction, mouthfeel
and associations with eating
behaviour

Sweet, bitter and milk fat perception,
dietary intake, eating behaviour and
metabolic health status

'Dessert Taste study'

'PROMISE study'

(Chapter 3)
N = 51

(Chapter 4 and 5)
N= 351

Figure 1.1. Overview of participant recruitment
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Chapter II.
Literature review

2.1. OVERVIEW
In this literature review, determinants of food choice including sensory perception and
taste are explored. The role of taste is critically evaluated to better understand its overall
physiological function. This review compares taste perception to other primary senses
and reviews how recent studies provide evidence for a link between taste sensitivity and
health outcomes. The current methodology for the evaluation of taste and aroma is
critically evaluated. Individual responsiveness to taste is investigated, as it can vary
across different population groups which may be connected to alterations in food
selection and long-term dietary behaviour. Dietary intake and eating behaviour
methodology are also assessed, with a key focus on developing a link with taste
perception. Finally, a critical review of the current literature connecting taste perception,
dietary intake and body composition completes this chapter.

2.1.1. DETERMINANTS OF FOOD CHOICE
When choosing food and beverages to eat or drink, taste appears to have a strong
influence. Many individuals choose exciting tastes and intense flavours to satisfy their
hunger or thirst. However, other influences, both external and internal impact on foods
and beverages selected for consumption. These influences may encourage or deter an
individual from overeating (Story, Kaphingst, Robinson-O’Brien, & Glanz, 2008; van
Dongen, 2012) (see Figure 2.1).
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Figure 2.1. Factors that influence an individual’s eating habits (Story et al., 2008; van
Dongen, 2012). Figure used with permission from Annual Reviews, Inc.

2.1.1.1. Society
Societal influences on dietary behaviour and intake include socio-cultural influences,
the food industry, government and political systems. Socio-cultural norms influence
long-term dietary habits through traditional ideas within a society (Jahoda, 2012). For
example, in New Zealand (NZ), differences in eating habits are seen in Pacific people,
who have a greater focus on sharing food than NZ European people (Tupai-Firestone et
al., 2016). The food industry drives food availability, alongside the industry being
profit-driven, which often conflicts with healthy eating recommendations and portion
control (Roberto et al., 2015). A range of food products have higher quantities of sugar,
fat, and salt, which increases the reward value of foods (Roberto et al., 2015; Wansink
& Sobal, 2007). However, there are many products which are marketed as low in sugar,
fat, or salt to meet consumer demand (Hutchings, Low, & Keast, 2018). The food
industry in NZ is investing in digital media which enables food marketers to directly
engage with their target audiences in dynamic ways to sell food products (Vandevijvere,
Sagar, Kelly, & Swinburn, 2017). Additionally, there is an association between
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geographic access to fast food outlets and neighbourhood deprivation in NZ, which
influences food choice and may contribute to obesity (Pearce, Blakely, Witten, &
Bartie, 2007).

The political environment can positively influence health and well-being if policies,
food regulation and education in schools are carefully instated. For example, the
introduction of high salt warning labels in Finland has been successful in reducing the
intake of salt and encouraging food manufacturers to develop foods with lower salt
content (Pietinen, Valsta, Hirvonen, & Sinkko, 2008). In NZ, there is an ongoing drive
to tax sugar which is supported by the World Health Organisation, academics, local
health groups and health professionals (Cropp, 2017). A sugar tax is expected to reduce
consumption of sugar-sweetened beverages, with a corresponding small decrease in
caloric intake, based on the data from high and middle-income countries that have
successfully instated a sugar tax (Backholer et al., 2016; Nakhimovsky et al., 2016).

2.1.1.2. Social environment and community
The social environment and the community (e.g. family, friends, workplaces, schools,
etc) have an influence on food choice. Families have an influence on food choice due to
providing the social environment where eating patterns and food preferences develop
during childhood (Story et al., 2008). In children and adolescents, the presence of peers
and friends can increase energy intake, except in situations where peers exhibit healthy
eating (Salvy, de la Haye, Bowker, & Hermans, 2012). Therefore, friends and social
facilitation have a major influence on food and beverage choices, particularly during
adolescence (Herman, Roth, & Polivy, 2003). Schools and workplaces can also impact
which foods are available to eat and may provide opportunities to facilitate or hinder
healthy eating (Gerritsen & Wall, 2017). Accessibility of fast food outlets and takeaway
options are increasingly prevalent but may contribute to poorer-quality diets in NZ
(Mackay, Vandevijvere, Xie, Lee, & Swinburn, 2017).

Health intervention strategies can be implemented through the social changes of
communities. An example of such a health intervention strategy addresses the increase
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in levels of childhood obesity in NZ is that of ‘Project Energize’, which is a region-wide
whole-school nutrition and physical activity programme (Rush et al., 2014). Results of
this work have shown that the long-term regional commitment to the programme in
schools may enhance healthy eating and a reduction in weight gain (Rush et al., 2014).

2.1.1.3. Individual factors
Individual determinants of food choice include food preferences, individual attitudes,
culture and religion, knowledge and education, skills, demographics, lifestyle and
biological factors. Food preferences can have an important influence on dietary habits
that can last over a lifetime. Culture and religion may impact food choice by restricting
food intake (i.e. Ramadan) or by eliminating distinct food items from the diet (i.e.
restrictions on the consumption of pork in Jews and Muslims) (Ali & Abizari, 2018;
Meyer-Rochow, 2009). Knowledge and education may improve dietary intake. It has
been previously shown that education level is positively correlated with improved diet
quality (Thiele, Mensink, & Beitz, 2004). Conversely, those who are less educated
alongside having a lower income, are at an increased risk of weight gain (Johnston &
Lordan, 2014). In addition, individual skills (i.e. cooking skills) increase the probability
of eating meals at home, which is associated with improved diet quality and therefore a
decreased risk of obesity (Zong, Eisenberg, Hu, & Sun, 2016).

Demographics can further impact food choice, for example, males typically consume
more food than females due to their higher physiological requirements (Rolls, Fedoroff,
& Guthrie, 1991). Lifestyle factors, in addition, can play an important role in dietary
intake. For example, it has been shown that individuals who are shift workers skip more
meals and have increased intake of foods which are high in sugar and fat (Souza,
Sarmento, de Almeida, & Canuto, 2019).

In the current PhD study, biological factors which include genetics, age, gender, taste
and sensory perception, are acknowledged as critical influencers of food choice.
However, one of the most influential factors governing food intake is taste perception
(Breslin, 2013). Consumer behaviour, long-term habits and hedonic liking of food are
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affected by taste and flavour perception. For example, sugar-sweetened beverages are a
major contributor to weight gain and obesity (Malik, Pan, Willett, & Hu, 2013), and one
key reason for high consumption of sugar-sweetened beverages is their enhanced taste
and palatability (Garneau, Nuessle, Mendelsberg, Shepard, & Tucker, 2018). The
following sections will describe the physiology of taste perception, alongside olfactory
and mouthfeel sensory modalities as important factors that impact, influence and
motivate food choice.
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2.2. SENSORY PERCEPTION

2.2.1. MULTIMODAL SENSORY PERCEPTION - AN OVERVIEW
The ability to ‘sense’ comes from the physiological capacity of an organism to translate
external information into a feeling or sensation. This perception requires sensory cell
types that are able to respond to a specific physical input and corresponds to a group of
regions within the brain where the information is received and decoded (Rolls, 2007).
The physical properties of food can affect many of our senses, including taste, touch
(e.g. texture), sound (e.g. crunchiness), smell, thermoception, kinaesthetic sense and
even pain. Figure 2.2 shows the physiology and the receptors for taste and aroma and
how these signals are transmitted to the brain.

Figure 2.2. Basic physiology of taste and smell receptors signalling to the brain. The
combination of sensory signals leads to our interpretation of flavour perception (Society
for Neuroscience, 2012). Image used with permission from the Society for
Neuroscience (SfN).
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2.2.1.1. Sensory perception and the digestive system
Variation in individual responses to sensory stimuli has been reported over a number of
decades (Pangborn, 1959). Genetics, age, gender and body composition are all proposed
to have differentiated effects on an individual’s sensory perception. Further, sensory
preferences are thought to be a result of positive energy intake in the gastrointestinal
tract creating a feedback loop which induces hunger and craving for familiar foods
(Figure 2.3.). For example, the consumption of a highly palatable meal (e.g. a
hamburger) is reinforced by appetitive sensory stimulation. As the meal is consumed the
person will decide on how much to consume. Satiation occurs during or after the
consumption of the meal, which triggers a cascade of hormones that drive short-term
(e.g. Glucagon-like peptide 1, Peptide YY) and long-term (e.g. insulin, leptin) appetite
regulation (Figure 3). These signals apply the ‘brake’ on eating when digestive
components transit through the small intestine (Shin, Ingram, McGill, & Poppitt, 2013;
Steinert et al., 2017).

Figure 2.3. The hypothalamus and brainstem play a crucial role in the control of
ingestive behaviour (Berthoud, 2011, 2012). The brain aids the modulation of food
intake and energy expenditure by (a) external (taste, sight, sound, feel and smell)
sensory input to the hypothalamic energy sensor, (b) input from the reward processing
system, (c) inputs from the emotional motor system, and (d) voluntary behavioural
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control (adapted from Berthoud, 2012). Image (adapted) used with permission from
Elsevier.
The brain plays a critical role in anticipating food intake and responds to sensory cues
which prepare the body for digestion and absorption of nutrients. The preparation for
digestion already occurs during the tasting process and even prior to the experience of
taste perception, initiated by the visual and olfaction cues of the food, such as the nonconscious salivating response in anticipation of eating (Krishna, Morrin, & Sayin,
2014). Therefore, taste and oro-sensory cues are quickly and strongly associated with
the post-ingestive cues of eating, which includes hormonal and metabolic pre-absorptive
reflexes (Swithers & Davidson, 2008).

Appetitive sensory cues (e.g. taste, aroma, mouthfeel) may lead to the programming of
food craving and habits, so when signals of hunger are increased, there will be a drive to
consume food. This drive will continue until the point at which nutrients are sensed in
the gastrointestinal tract, which triggers the release of appetite-regulating hormones
indicating fullness (Maljaars, Peters, Mela, & Masclee, 2008; Shin et al., 2013). It has
been suggested that this predictive control pathway may be compromised by highly
processed food (e.g. flavour or aroma enhancers), due to a discrepancy between sensory
signalling and the actual energy content consumed (van Dongen, van den Berg, Vink,
Kok, & de Graaf, 2012).

2.2.2. TASTE
Human beings eat in order to meet the energy and nutrient requirement essential for
survival. From an evolutionary perspective, taste perception has theoretically evolved
primarily as a way to decide if the selected food is safe, suitable and whether or not it
will contribute to energy and nutrient demands (Niven & Laughlin, 2008). For example,
bitter taste can signal the presence of toxic compounds (Drewnowski, 1997), whereas
sour taste can represent the presence of acidic or unripe foods (Huang et al., 2006). The
cognitive translation of these signals leads to the development of long-term dietary
preferences and habits. The next part of the literature review will describe the
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physiology of taste perception and the primary tastes (e.g. sweet, salty, bitter).

2.2.2.1. Basic taste physiology
The gustatory system recognises chemical stimuli that trigger distinct qualities: sweet,
salty, bitter, umami and sour. In addition, a proposed sixth taste for fatty acids termed
‘oleogustus’ has strong supportive evidence of being defined as a basic taste (Running,
Craig, & Mattes, 2015). Taste detection occurs primarily through cells present on the
tongue, and activation of these taste cells by specific stimuli releases neurotransmitters
onto afferent cranial nerve fibres to elicit taste information (Fernstrom et al., 2012). The
interaction of taste and flavour (i.e. flavour is the combined sense of taste and odour)
occurs during the chewing process (Prescott, 2012). If food is sensed as being
unsuitable during this process it will be immediately rejected or it may result in a
learned association to avoid that food or taste in future (Mennella, Reiter, & Daniels,
2016).

2.2.2.2. Tongue, fungiform papillae and taste cell types
The tongue is a complex organ containing a variety of papillae types (circumvallate,
filiform, fungiform, and foliate papillae). Within each of these papillae, there are taste
buds. There are 50 – 100 taste buds per papillae (see Figure 2.4), that are anatomically
classified into four types of taste bud (Trivedi, 2012a). It has been proposed that most of
the taste cells on the tongue are short-lived, lasting only for a few days (Chandrashekar,
Hoon, Ryba, & Zuker, 2006), but that some taste cells are longer-lived cells lasting up
to 10 weeks (Hamamichi, Asano-Miyoshi, & Emori, 2006). Whilst specialist taste cells
are tuned to one taste quality only (i.e. sweet), there appears to be cell to cell
communication (paracrine transmission) between specialist and generalist cell types,
which work in unison to send a transmission signal to the brain (Roper & Chaudhari,
2009, 2017). The interaction of multiple tastes and how the signals are transmitted is
complex and there are still several interactions that are yet to be understood.
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Figure 2.4. Four types of papillae (a) are present on the human tongue (circumvallate,
fungiform, filiform and foliate papillae). Circumvallate, fungiform and foliate contain
taste buds; (b) whereas the filiform papillae detect the texture of food (adapted from
Trivedi, 2012). Image used with permission from Springer Nature.

2.2.2.3. G-protein coupled receptors and taste physiology
The discovery of taste perception via G-protein coupled receptors (GPCRs) was
highlighted by the Nobel Prize in chemistry awarded to Lefkowitz and Kobilka in 2012
(Lefkowitz, 2013; Lin, 2013). The receptors for sweet, bitter and umami are GPCRs
(Gravitz, 2012), as well as fatty acid taste by GPR120 (Galindo et al., 2012). There is a
fast transition from the taste stimulant (ligand) binding to the appropriate GPCR,
initiating a signalling cascade that activates a chain of signalling events that lead to taste
recognition (Hausch & Holsboer, 2012). Taste sensation is transmitted to the brain by
multiple pathways, therefore the total loss of taste is very uncommon (Bromley, 2000).

2.2.2.4. Sweet taste
The innate preference for sweet is present early in life and is arguably one of the key
sensory drivers to consume breast milk, which is vital for our survival during infancy
(Mennella, 2014). Sweet taste stimuli bind to and activate the taste receptor type 1
member 2 (T1R2) and taste receptor type 1 member 3 (T1R3) receptors present on taste
buds on the tongue. Sucrose, aspartame, cyclamate, saccharin and a range of other
compounds taste ‘sweet’ by triggering the T1R2 and T1R3 receptors, however,
chemically these compounds are relatively diverse (Fernstrom et al., 2012).
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2.2.2.5. Salt taste
Salt is an essential micronutrient. Salt or sodium chloride (NaCl) has highly palatable
influence on a wide range of foods (McLean & Hoek, 2014). The salt taste mechanism
was confirmed in 2010, as an ion channel called the epithelium sodium channel (ENaC)
sodium-salt taste receptor (Chandrashekar et al., 2010; Trivedi, 2012a). The brain is
said to be finely tuned and highly selective when discerning ‘salt taste’ and this may be
attributed to a strong innate preference for NaCl. This craving or an increased desire for
‘salt taste’ has been attributed to the importance of salt in our diet which influences
many important physiological functions (Liem, Miremadi, & Keast, 2011).

2.2.2.6. Bitter taste
Bitter tastants trigger bitter taste receptors, which also belong to the superfamily of
GPCRs. However, unlike the positive response that sweet taste has, bitter taste leads to
an adverse reaction and is typically and instinctively ‘disliked’ (e.g. bitter vegetables,
medicine). In some cases, however, bitter taste can be highly enjoyable (e.g. coffee,
tea). The initial physiological reaction to bitter taste may be similar to that of poison or
something that should not be ingested (Garcia-Burgos & Zamora, 2013; Mennella,
2014). Over time, however, there tends to be a change in the perception of bitter taste
components in that individuals accept a wider range of vegetables, or products like
coffee and tea, leading to long-term acceptability (Mennella, 2014).

In previous studies, bitter taste was described as a key indicator of taste ability, with the
term ‘supertaster’ applied to those who could perceive the presence of
phenylthiocarbamide (PTC) or its chemical relative, 6-n-propylthiouracil (PROP)
(Bartoshuk, Duffy, & Miller, 1994). The origins of this classification stem from a
laboratory accident in 1931, whereby PTC unintentionally was inhaled and tasted bitter
to one individual, but not to the other individual (Anonymous, 1931; Wooding, 2006).
Further inquiry by Fox and colleagues determined that some individuals are “taste
blind” to PTC/PROP and others are not. Much later it was found that differences in the
perception of bitterness recognition can be accounted for by differences in
polymorphisms in the bitter receptor gene hTAS2R38, coding for distinct receptor types
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(Bufe et al., 2005; Kim et al., 2003). A single specific gene detects bitterness in
PTC/PROP, but that gene represents one of approximately 25 bitter taste receptors
(TAS2R) (Behrens & Meyerhof, 2006; Lossow et al., 2016).

2.2.2.7. Umami taste

The taste ‘umami’ is a description of the savoury-like taste that results from the amino
acid taste receptor. The umami taste is linked with activation of the GPCRs T1R1 and
T1R3, which have been termed as broadly tuned to respond to most of the 20 amino
acids, but not their D-enantiomers or other compounds (Nelson et al., 2002). It is
thought that these savoury tasting percept’s binding to the GPCR dimer can also bind to
other receptors called metabotropic glutamate receptor 1 and 4 (mGluR1 and mGluR4)
(Chaudhari, Pereira, & Roper, 2009). The umami taste is predominately associated with
the taste of monosodium glutamate (MSG), which is often used as a flavour enhancer in
processed foods and is found naturally in tomatoes, mushrooms and parmesan cheese.

2.2.2.8. Sour taste
Sour taste is triggered by the presence of protons (H+), a breakdown product from acidic
foods. The mechanism of sensing sour is hypothesised to prevent the ingestion of unripe
or acidic food choices which may cause acute sickness or harm (Baeyens,
Vansteenwegen, De Houwer, & Crombez, 1996). Sour taste can have some appeal and
the biological instinct to reject this taste can be altered through habituation, in a similar
way to bitter taste. Changes to the sensitivity to sour taste has been further proposed to
aid in the detection of key vitamins in the context of deficiency (i.e. Vitamin C) (Teng
et al., 2019).

The mechanism for sour taste has been recently described by Teng et al as a protonselective ion channel Otop1 (Teng et al., 2019). These ion channels are expressed by
type III taste receptor cells (TRCs), located in taste buds across the tongue which
selectively detect the presence of acidic stimuli (i.e. H+). When studying sour taste
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recognition and hedonic liking, the most common substance used is citric acid (Wise &
Breslin, 2013). Acceptance of citric acid has been shown to relate to fruit intake and
sour taste acceptance in toddlers (Blossfeld et al., 2007).

2.2.2.9. Fatty acid taste
Studies have shown that humans can detect fatty acid taste at low concentrations
(Chalé-Rush, Burgess, & Mattes, 2007; Keast & Costanzo, 2015; Mattes, 2005),
however, the sensation is extremely complex. Unlike other tastes (e.g. sweet, bitter) the
taste of a pure short-chain fatty acid is difficult to describe and can be confused with
‘sour’ (Running et al., 2015). Fat has gustatory, olfactory, and somatosensory cues,
reflecting the broad sensitivity to fatty acid stimuli. There are several proposed
receptors for fatty acids which are present on the tongue, as well as on entero-endocrine
cells throughout the gastrointestinal (GI) tract (Figure 2.5).

Figure 2.5. Fatty acid receptors and transporters, which have been isolated from
gastrointestinal (GI) enteroendocrine cells of both rodents and humans. Receptors
include a cluster of differentiation-36 (CD36), as well as G protein-coupled receptors
(GPR120, GPR40, GPR41, and GPR43) and delayed rectifying potassium (K+) channels
(Stewart, Feinle-Bisset, & Keast, 2011). Figure (adapted) used with permission from
Elsevier.
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The gustatory receptor elements that have been attributed to fatty acid taste are CD36,
GPR120, GPR40 and two long chain fatty acid (LCFA) specific receptors (Galindo et
al., 2012). Evidence suggests that fatty acid stimulation could involve a cascade of more
than one of the above receptor candidates (Galindo et al., 2012).

2.2.2.10. Sensory perception of fat terminology

Dietary fats are perceived by multiple sensory pathways. As such, it is important to
clearly define each mode of the sensory perception of fat:

(1) Oral perception of fatty acids (fat taste or fatty acid taste). Fat taste has been
recognised as a primary taste (Running et al., 2015). For fatty acid taste to be perceived,
free fatty acids must activate fat taste receptors located on taste cells. Lingual lipases in
the oral cavity can hydrolyse triacylglycerides which will increase free fatty acid
exposure to taste receptors. However, in large amounts, free fatty acids elicit a rancid
taste (Costanzo et al., 2017).

(2) Texture or mouthfeel perception of fat (fat mouthfeel). The perception of
triacylglycerides differs from the perception of free fatty acids (e.g. fatty acid taste) as
triacylglycerides impart odour, textural and irritant dimensions. Textural properties of
fat are perceived by multiple routes (i.e. somatosensory). These fat textural cues are
transmitted via trigeminal neurons (DiPatrizio, 2014).

(3) Olfaction or odour perception of fat (fat olfaction). Aroma of fat (i.e. odour) is
perceived by volatiles which are perceived by olfactory receptors (Boesveldt and
Lundström, 2014).

(4) Overall perception of dietary fats (fat perception). The combined perceived
sensation of all the sensory properties of fat (i.e. taste, mouthfeel, olfaction, etc) can be
described as fat perception.
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2.2.3. OLFACTION
2.2.3.1. Olfaction pathways and physiology
Olfaction is a result of odorants binding to specific sites on olfactory receptors located
in the nasal cavity, which form the sense of smell. Humans have around 400 functional
olfactory receptors which stem from one of the largest gene families known across all
animal species. The olfactory receptor cells themselves are primarily bipolar sensory
neurons where the axon extends without synapsing to the central nervous system (Ache
& Young, 2005). Due to olfactory receptors working in combination, it has been
suggested that humans can detect 1 trillion different olfactory stimuli (Bushdid,
Magnasco, Vosshall, & Keller, 2014). In other words, a single receptor is able to
recognise multiple odours, and a single odorant is recognised by multiple receptors
(Ghinea & Ademoye, 2010). This complex mapping of different combinations of
odorant receptors creates a vast array of odours which are interpreted by the brain. Only
10% of olfactory receptors have known agonists and very little is known about specific
human olfactory receptors (Gonzalez-Kristeller, do Nascimento, Galante, & Malnic,
2015).

Odorous chemicals enter the nasal passage during inhalation, and they dissolve in the
olfactory mucus, where they diffuse or are actively transported to receptors on the cilia
of olfactory receptor cells (Bromley, 2000). The anatomic ties between the olfactory
system and the hypothalamus, amygdala, and hippocampus help explain the intimate
associations between odour perception and cognitive functions such as memory,
motivation, activity, and digestion (Doty & Bromley, 2012).

When food is chewed, volatiles are released that are sensed by bipolar neurons which
are orthonasal (olfaction arising from odour compounds passing through the external
nares or nose) and retronasal (odour compounds passing through the internal nares or
through the mouth, more commonly sensed after swallowing) (Small, Gerber, Mak, &
Hummel, 2005). Complex aroma signals are interpreted by the brain and the interplay
between that input and other sensations (e.g. taste, textural attributes, visual) creates the
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final interpretation of the aroma. For example, the perception of strawberries and their
flavour is enhanced substantially by breaking down the fruit via homogenisation, which
releases more odorant compounds equivalent to chewing (Ingham, 1995).

The reciprocal effects of odour and taste are of interest, due to different types of
exposure and learning over our lifetime (Prescott, 2012). When presented
simultaneously, ‘strawberry odour’ with sweet taste (i.e. sucrose) and ‘grapefruit odour’
with sour taste (i.e. citric acid) will significantly improve taste recognition speed (White
& Prescott, 2007). This phenomenon is thought to be a result of prior co-occurrence and
repeated exposure. It is apparent that not only the taste preference but in fact the unique
somatosensory interaction, is driving individual dietary behaviour.

2.2.3.2. Olfactory-based fat discrimination
Detection of fatty acids is unique in that humans are able to detect high concentrations
of fatty acid by the sense of smell alone. Humans may be able to detect the fat content
of food via olfaction due to the evolutionary pressure to detect fat as an important
energy source (Boesveldt & Lundström, 2014). In contrast, other tastes (e.g. sweet,
bitter) are sole ‘taste’ sensations that do not elicit a sense of smell. Recently, a study has
revealed that humans are able to discriminate the presence of varying levels of fat in
milk samples using smell and that this ability reflects the ability to detect fat content in
a range of real food products (Boesveldt & Lundström, 2014). Another study has
demonstrated that odour thresholds for a range of free fatty acids (e.g. linoleic, oleic and
stearic acids) can be measured, however, a lack of association was observed between
these threshold measures suggesting they function independently (Chalé-Rush et al.,
2007). New and innovative future approaches towards a reduction in dietary fat intake
may benefit from a better understanding of the physiology of olfactory-based fat
discrimination.

2.2.4. MOUTHFEEL / TEXTURE
2.2.4.1. Mouthfeel physiology
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Mouthfeel or texture is a product’s interaction with the mouth, which can be
experienced through the physical interaction of biting, chewing (mastication) and
swallowing. During each stage of food fracture and breakdown, the perception of how
the product feels in the mouth will change. Mouthfeel can be defined in detail,
throughout each stage of mastication. Typical descriptions of the perception of
mouthfeel include density, dryness, graininess, gumminess, hardness, heaviness, mouthcoating, roughness, slipperiness and smoothness (Hutchings, Foster, Hedderley, &
Morgenstern, 2014). Descriptions such as these often give food their unique quality or
characteristic, so the association of mouthfeel with flavour is a crucial relationship for
food acceptance. Oral processing is becoming more critical in the understanding of
overall sensory perception and hedonic preference. A recent development in this area is
the classifications of oral processing in individuals and the way food is orally perceived
(see Table 2.1).

Table 2.1. The U.S. population mouth behaviour classification and categorisation.
Source: The Understanding and Insight Group, Limited Liability Company (LLC)
(Jeltema, Beckley, & Vahalik, 2014). Table used with permission from John Wiley and
Sons.
Classification

Qualitative hedonic preference for chocolate

Approx. % of
U.S. population
43

Chewers

Prefer chocolate that has a good chewing
texture.

Crunchers

Prefer chocolate that contains nuts.

33

Smooshers

Prefer chocolate that melts fast.

16

Suckers

Prefer chocolate that is hard enough to suck on.
Prefer to alternate chewing and sucking on
chocolates.

8

Mouth behaviour alters the perception of flavour intensity and the availability of aroma
volatiles, which in turn, may influence dietary intake and eating behaviour (Jeltema et
al., 2014). An example of this is that ‘chewers’ will breakdown food in the oral cavity
more so than ‘suckers’ would, resulting in an increase in aroma volatiles interacting
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with olfactory receptors, which subsequently increases flavour intensity.

2.2.4.2. Mouthfeel-based fat and sugar discrimination
The textural qualities of highly palatable foods will contribute to the overall appeal,
which can be altered by ingredients such as fat and sugar (i.e. found in foods such as
chocolate). The quantity of fat present in a food product or liquid will significantly alter
mouthfeel and textural qualities. Some measurements of the textural properties of dairy
products include the tribological measurement, which includes lubricating qualities
which can be compared to the oral breakdown rate in the mouth (Nguyen, Bhandari, &
Prakash, 2016). It has been reported by trained panels that fattiness perception is highest
in emulsions of fat that melts at body temperature, being high in saturated fat (e.g. solid
milk fat) in comparison to other oils such as sunflower oil (Vingerhoeds, de Wijk, Zoet,
Nixdorf, & van Aken, 2008). The higher degree of saturated fat leans itself toward
shear-induced coalescence of these emulsions and therefore increased fat-related
textural attributes. Fattiness perception may be determined by the mouthfeel of the fat
itself, or instead, by taste receptor interaction of the fatty acid. The combination of taste
and textural attributes, as well as olfaction, may enhance fatty acid recognition
(Stevenson et al., 2016).

Such an ability to perceive fat content may vary between fatty acid taste hypo- and
hypersensitive individuals (Stewart et al., 2010). This question of the liking of textural
attributes is of interest, as it is well known that commercial products with ‘fat replacers’
that mimic the textural attributes of fat often fail to attain the same level of hedonic
liking or craving response than that of a full fat equivalent (Jervis, Gerard, Drake,
Lopetcharat, & Drake, 2014).

Sugar not only contributes sweetness to a product, but it also contributes to the body
and mouthfeel of foods and beverages. Significant differences are found between
artificially sweetened and caloric sugar equivalents when evaluating mouthfeel
(Oliveira et al., 2015). Sucrose mouthfeel detection thresholds have been measured in
studies (Hewson, Hollowood, Chandra, & Hort, 2008; Kappes, Schmidt, & Lee, 2006).
Therefore, reformulation of products with reduced sugar has the added complexity of
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impacting the contribution sugar has on texture, viscosity, and mouthfeel (Hutchings et
al., 2018).

2.2.5. REGULATORS OF METABOLIC HEALTH AND DIGESTIVE
PHYSIOLOGY
2.2.5.1. Gastrointestinal tract physiology
The physiology of nutrient-sensing involves the multimodal perception of oral taste,
olfaction and mouthfeel chemo-sensation, but taste is also further sensed within the GI
tract (Janssen & Depoortere, 2013). Food learning in itself has been proposed to involve
multiple processes, where oral and post-oral properties of nutrients (e.g. nutrient
feedback) allow for the preference of an associated taste (Touzani, Bodnar, & Sclafani,
2010). Gut chemosensors are thought to be linked to digestive effects, providing
positive feedback which may condition food preferences over time (Sclafani & Ackroff,
2012). Receptors in the gut have been found to be homologous to the taste receptors
found in the oral cavity and consist of GPCR mediated signalling and ion channel
pathways (Reimann, Tolhurst, & Gribble, 2012). GPCRs are distributed throughout the
stomach, intestine, and pancreas, acting to aid the digestive process by influencing
appetite and regulating insulin production.

The GI tract is the largest endocrine organ and hormones (e.g. cholecystokinin (CCK),
glucagon-like peptide-1 (GLP-1)) within the GI tract act on the central nervous system
to regulate appetite and glycemia post-meal consumption (Côté, Zadeh-Tahmasebi,
Rasmussen, Duca, & Lam, 2014). The T1R2 and T1R3 ‘sweet’ receptors are present on
enteroendocrine cells, which are homologous to taste receptor cells on the tongue
(Spreckley & Murphy, 2015). T1R2 and T1R3 ‘sweet’ receptor cells in the intestine
secrete hormones called incretins, which in turn stimulate insulin secretion (Jang et al.,
2007). As research continues into this area, it becomes more apparent how the presence
of such receptors is vital for normal physiological function (Figure 2.6). As an example,
the presence of ‘bitter’ receptors are thought to be protective in the GI tract, as the
presence of bitter chemicals (i.e. poison) in the large intestine evokes secretion of
anions triggering the entrance of water, which leads to diarrhoea removing the toxins
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from the body (Kaji, Karaki, Fukami, Terasaki, & Kuwahara, 2009).

Figure 2.6. Image of the receptors found in the digestive tract that are nutrient sensors
homologous to receptors (GPCRs) found in the oral cavity, nasal epithelium and trachea
(Trivedi, 2012b). Image used with permission from Springer Nature.

2.2.5.2. Signalling and interactions of the enteroendocrine system
Information regarding incoming nutrients is conveyed by hormones that originate from
epithelial cells or bile acids, together with neural signals (Monteiro & Batterham, 2017).
Key hormones that are secreted from enteroendocrine cells, which are critical in
appetite and food intake control include GLP-1, Peptide YY (PYY), gastric leptin,
somatostatin, and CCK, as well as others (Bauer, Hamr, & Duca, 2016). GLP-1 levels
increase when nutrients enter the proximal GI tract, leading to a biphasic response of a
rapid increase of GLP-1, followed by another peak after 60 - 90 minutes (Monteiro &
Batterham, 2017). PYY is co-secreted with GLP-1, and with other peptides such as
CCK, secretin, glucose-dependent insulinotropic polypeptide (GIP), and neurotensin
(NT). In response to nutrient ingestion, PYY levels increase rapidly and remain elevated
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for several hours, with energy content and macronutrient composition impacting upon
secretion. In contrast, circulating ghrelin increases before meals and falls rapidly after
nutrient ingestion in proportion to the energy intake consumed (Hopkins & Blundell,
2016). Ghrelin, GLP-1, GIP, and CCK are all associated with gastrointestinal taste
receptors that may play a functional role in detecting luminal nutrients which affect
glucose and energy homeostasis (Janssen et al., 2011).

2.2.5.3. Insulin, leptin and appetite regulation
The early insulin response to meal ingestion is important for the regulation of
subsequent glucose tolerance as post-absorptive nutrient status is in part managed by
insulin levels (Blundell et al., 2010). It has been suggested that a blunted pre-absorptive
insulin response is associated with obesity, which can exacerbate already dysregulated
metabolic pathways (Hopkins & Blundell, 2016). Interestingly, the sweet taste receptor
is expressed in β-cells, and activation of this receptor further acts to induce insulin
secretion (Nakagawa et al., 2009). Chronic, acquired diseases such as type 2 diabetes
(T2D) occur when normal physiologic control goes awry, so it is crucial that blood
glucose homeostasis and metabolite levels are maintained within physiological
parameters (Kotas & Medzhitov, 2015). Therefore, the interaction of the sweet taste
receptor with subsequent insulin secretion in β-cells may play a critical role in the longterm regulation of glucose homeostasis and metabolic health.

Insulin increases body fat mass (Benoit, Clegg, Seeley, & Woods, 2004). However,
insulin stimulates the production and secretion of leptin, the satiety hormone, that acts
centrally to reduce food intake and increase energy expenditure (Amitani, Asakawa,
Amitani, & Inui, 2013). Leptin then suppresses insulin secretion by both central and
direct actions on the pancreas (Kieffer & Habener, 2000). Leptin is predominantly
produced by adipose tissue and enterocytes in the small intestine. As a consequence,
plasma levels of leptin are directly proportional to body fat mass (Seufert, 2004). The
most significant roles of leptin include regulation of energy homeostasis,
neuroendocrine function, energy metabolism and energy expenditure (Covey et al.,
2006). Leptin activates a complex neural circuit in the hypothalamus including
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anorexigenic (appetite-diminishing) and orexigenic (appetite-stimulating) neuropeptides
to control food intake (Amitani et al., 2013). Outside of the hypothalamus, leptin
interacts with the mesolimbic dopamine system, which is involved in motivation for and
reward of feeding, and the nucleus of the solitary tract of the brainstem to contribute to
satiety (Besnard, 2016).

In a healthy physiological state, an increase of adiposity and therefore plasma leptin,
results in decreasing insulin production and reducing fat mass (Amitani et al., 2013).
However, in the obese state, dysregulation of the insulin-leptin feedback system occurs,
characterised by hyperinsulinemia and hyperleptinemia, and endocrine desensitisation
(Owei, Umekwe, Provo, Wan, & Dagogo-Jack, 2017; Tchernof & Després, 2013).
Leptin also aids to control sugar reward via the central nervous system by acting on
glucose-sensing neural circuitry and thus maintains long-term homeostatic control of
adipose tissue mass (Kubasova, Burdakov, & Domingos, 2015). Gastric leptin regulates
food intake in the short-term and is rapidly secreted in response to both food and
peptide hormones, such as CCK and insulin (Monteiro & Batterham, 2017). Further,
leptin has been shown to modulate sweet taste sensitivities in mice (Kawai, Sugimoto,
Nakashima, Miura, & Ninomiya, 2000). Sweet taste receptors are expressed in taste
buds but also in enteroendocrine cells acting as sensors for sugar (Nakagawa et al.,
2009).

2.2.5.4. Blood glucose regulation
Blood glucose regulation involves maintaining blood glucose at a constant level. Insulin
and glucagon act to maintain an optimal range of blood glucose, where insulin is
released when blood glucose levels are elevated, and glucagon is released when there
are low levels (Jones, Tan, & Bloom, 2012). However, with obesity, insulin resistance
can occur where cells in the muscles, liver and in adipose tissue resist the hormone
insulin, resulting in elevated circulating blood glucose. High blood glucose levels over a
prolonged period are associated with serious health complications, including T2D
(Jones et al., 2012).
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Taste receptors are important in the regulation of food intake and nutrient assimilation
and therefore may be intimately linked with blood glucose regulation and endocrine
responses (Dotson et al., 2008). Differences in sweet and bitter taste receptor efficacy
have been hypothesised to influence glucose homeostasis (Dotson et al., 2008). This
efficacy or sensitivity to nutrients may be homologous across both oral and
gastrointestinal receptors. One study showed a positive correlation between taste
responsiveness to sucrose and the number of metabolic disturbances in female
adolescents (Pasquet, Laure Frelut, Simmen, Marcel Hladik, & Monneuse, 2007).
Additionally, a range of studies has investigated the role of intestinal sweet taste
receptors, where low energy sweeteners have been shown to impact on glucose
absorption, GLP-1 release and GIP release (Renwick & Molinary, 2010). The role of
the sweet taste and bitter taste receptors in regulating metabolic processes indicates that
it is a potential target for novel therapeutic treatments of obesity and metabolic
dysfunctions (Laffitte, Neiers, & Briand, 2014).

2.2.5.5. Obesity, metabolic health and the current public health setting
Obesity is a global health issue (Ng et al., 2014). The current obesogenic environment
suggests that across many people living in westernised countries, energy homeostasis is
impaired (Berthoud, 2012). For example, the prevalence in NZ has increased over the
last decade, with 1.2 million adults (32% of the population) currently being obese
(Ministry of Health, 2016) and NZ ranking as the third most obese country in the
Organization for Economic Co-operation and Development (OECD) (Ng et al., 2014).
In NZ, Pacific (69%) and Māori (50%) are disproportionately affected by obesity
compared with the general population in NZ (32%), and rates are highest in the most
deprived areas (Ministry of Health., 2017). Major influences on deprivation and
socioeconomic status include employment, income, qualifications, home ownership,
family structure and housing (Atkinson, Salmond, & Crampton, 2014). In turn, deprived
socioeconomic status is associated with weight gain and obesity risk due to the
increased intake of cheap, highly palatable and processed food options (Swinburn et al.,
2013), lower adherence to current dietary recommendations (Schwartz et al., 2017) and
unhealthy lifestyle choices and habits (Duca & Lam, 2014).
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Interventions and government led strategies to halt the obesity epidemic have been
unsuccessful to date (Dubé, 2010; Ng et al., 2014). Obesity increases the risk of
developing a range of diseases including cardiovascular disease (CVD), T2D and cancer
(Heymsfield & Wadden, 2017; Huxley, Mendis, Zheleznyakov, Reddy, & Chan, 2010).
The underlying causes of obesity are complex; however, excess energy intake is
increased by several factors including cognition, habit-forming, brain reward, nutrient
sensing in the gut and predictive control (see Figure 2.3). Obesity is further associated
with a mild inflammatory state, which is impacted by elevated circulating leptin (Bauer
et al., 2016; Monteiro & Batterham, 2017). Insulin and leptin resistance can both occur
as a result of obesity, resulting in the impaired regulation of appetite and metabolism.
Other known factors contributing to obesity include imbalances in pathways of glucose
and lipid metabolism that occur as a consequence of variations in quantity and quality
of the diet, sedentary lifestyle and genetic predisposition (Phillips, 2017; Tchernof &
Després, 2013). Obesity arises because of how the body regulates energy intake, energy
expenditure and energy storage, and reflects a state of positive energy balance.

Current public health research in obesity aims at generating effective food and nutrition
policies (Swinburn et al., 2013), increasing the availability of and access to healthier
food choices (Ni Mhurchu et al., 2013) and community-based interventions (Rush et al.,
2014). It has become clear that obesity is due to a complex interplay between the central
nervous system and metabolic processes that over time contribute to a large range of
comorbidities and deterioration in health (Dube et al., 2010). Progress in obesity
management will require a greater understanding of the biological, behavioural, and
environmental factors associated with lifestyle changes including both diet and taste
perception (Hill, 2006; McGill, 2014; N. Thompson et al., 2014). Taste perception,
eating behaviour and dietary intake may be important biological factors that require
further understanding. Given that both sweet taste and fat have a powerful hedonic
appeal, associated preferences for sweet and fatty foods are important contributors to
increases in body weight and metabolic disease risk (Laffitte et al., 2014; MartínezRuiz, López-Díaz, Wall-Medrano, Jiménez-Castro, & Angulo, 2014). Recent studies
have indicated that overweight and obese groups may experience a diminished taste
perception compared to normal weight groups (Dando, 2015; Kaufman, Choo, Koh, &
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Dando, 2018; Proserpio et al., 2016). This further suggests that overweight and obese
groups may have altered taste preferences based on the concentration level of taste
(Kure Liu et al., 2019; Proserpio et al., 2016). Taste perception, dietary intake and body
composition associations will be reviewed in more detail in section 5.3.
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2.3. POTENTIAL INFLUENCES ON TASTE PERCEPTION

Taste perception can be impacted by a range of other biological factors. These important
influences on sensory perception are genetics, age, gender, and body weight. Each of
these will be discussed as follows.

2.3.1. GENETICS
Humans show substantial differences in taste perception and in part this is due to
genetics (Reed & Xia, 2015). For example, differences observed in the CD36 fatty acid
taste receptor genotype may lead to weight gain over time (Keast & Costanzo, 2015;
Pepino, Kuda, Samovski, & Abumrad, 2014; Sayed et al., 2015). However, this type of
association brings up the question ‘what came first, the chicken or the egg’ scenario for
fat intake; is it an initial impairment in fatty acid taste sensitivity that may lead to
obesity, or do individuals with obesity develop this impaired chemoreception overtime?
Does this impaired chemoreception lead to overeating and therefore weight gain? In
support of this, a recent investigation has found a significantly higher CD36-A allele
frequency in young children with obesity when compared to lean children (Sayed et al.,
2015). Another study found that acceptance of added fats and oils and perceived
creaminess varied between individuals with different CD36 polymorphisms (Keller et
al., 2012). Based on molecular evidence, GPCRs and CD36 function in the presence of
fatty acids to trigger peptide secretions in the oral cavity and in the gut (see Table 2.2).

Table 2.2. Peptide secretions triggered by fatty acids in both taste cells and
enteroendocrine cells and the corresponding fatty acid receptors (Pepino et al., 2014).
Table used with permission from Annual Reviews, Inc.

Taste
cells

Peptide

Primary site

Fat ligand

FA receptor

GLP-1

Circumvallate papillae

LCFA

GPR120

Serotonin

Circumvallate papillae

LCFA

CD36

EE cells
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K cells

GIP

Duodenum/Jejunum

LCFA

GPCR40, 119, 120

S cells

Secretin

Duodenum/Jejunum

LCFA

CD36

I cells

CCK

Duodenum/Jejunum

LCFA

CD36, GPCR40

L cells

PYY

Ileum/Colon

ShFA

GPCR41, 43

L cells

GLP-1

Ileum/Colon

LCFA,
OEA

GPCR40, 119, 120

CCK, cholecystokinin; CD36, cluster of differentiation 36; EE, enteroendocrine; FA,
fatty acid; GIP, glucose insulinotropic peptide; GLP, glucagon-like peptide; GPCR, Gprotein coupled receptor; LCFA, long-chain fatty acid; OEA, oleoylethanolamide; PYY,
peptide YY.

2.3.2. AGE (GESTATION, CHILDHOOD, ADULT TO AGING)
The association of early life exposure and taste preferences later in life are still being
established. During development, it has been shown that periods of heightened
sensitivity to environmental exposure, such as sensory experiences, can strongly
influence food preferences (Mennella, 2014). Longitudinal studies suggest that some
food habits can be tracked from infancy into adolescence, which is particularly
important for fruit and vegetable intake (Lioret, McNaughton, Spence, Crawford, &
Campbell, 2013; Mikkilä, Räsänen, Raitakari, Pietinen, & Viikari, 2005; Skinner,
Carruth, Bounds, Ziegler, & Reidy, 2002). It is the hedonic liking of specific foods (e.g.
broccoli, kale or other bitter-tasting cruciferous vegetables) that may be most influenced
by this early exposure. Theoretically, if such ‘bitter’ taste experiences are acceptable in
early life, then the daily intake of healthy vegetables is more likely to occur throughout
adult life (Mennella, 2014). Genetic influences interact with this behaviour as it has
been found that non-taster PROP children (i.e. less sensitive to bitter taste) consume
more vegetables in a free-choice setting (Bell & Tepper, 2006) and those who are
sensitive to bitter taste consume fewer vegetables (Keller, Steinmann, Nurse, & Tepper,
2002).

Taste perception has been found to decline with age (Methven, Allen, Withers, &
Gosney, 2012) a trend which is seen across all primary tastes. Taste acuity has also been
shown to decline with the onset of some diseases such as chronic obstructive pulmonary
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disease (Wardwell, Chapman-Novakofski, & Brewer, 2009).

2.3.3. GENDER
There is conflicting evidence as to whether or not there is any difference in sensitivity to
primary taste by gender (Chang, Chung, Kim, Chung, & Kho, 2006; Gudziol &
Hummel, 2007; James, Laing, & Oram, 1997; Landis et al., 2009; Pingel, Ostwald, Pau,
Hummel, & Just, 2010; Wardwell et al., 2009). The studies which have found women to
be more sensitive to taste may have observed differences due to hormonal differences
between genders (Kuga, Ikeda, & Suzuki, 1999; McNeil, Cameron, Finlayson, Blundell,
& Doucet, 2013), behavioural differences (e.g. dieting, restrictive behaviours),
differences in neural or endocrine systems and potentially variation in subjective
scoring, decision-making and psychology (Doty, 1978; Haase, Green, & Murphy, 2011;
Running, Mattes, & Tucker, 2013).

2.3.4. BODY WEIGHT AND OBESITY
A number of studies have raised the question of whether there is a link between
increased adiposity and taste perception, or sensitivity to taste (Bartoshuk, Duffy,
Hayes, Moskowitz, & Snyder, 2006; Donaldson, Bennett, Baic, & Melichar, 2009;
Pepino, Finkbeiner, Beauchamp, & Mennella, 2010; Salbe, DelParigi, Pratley,
Drewnowski, & Tataranni, 2004; Sartor et al., 2011). However, testing methods used
across these studies are inconsistent (Cox, Hendrie, & Carty, 2015; Low, Lacy,
McBride, & Keast, 2017).

Interestingly, the most successful therapeutic treatment for morbid obesity to date has
been bariatric surgery (Ashrafian & le Roux, 2009). Bariatric surgery modulates gut and
adipose hormones. It has been found that bypass and foregut exclusion operations (i.e.
Roux-en-Y gastric bypass) produce stronger gut hormone responses than banding or
restrictive procedures (Buchwald et al., 2009). So, what effect does bariatric surgery
have on taste perception? Initially, it has been suggested that taste sensation for those
who have undergone bariatric surgery increases, with sweet and fatty tastes becoming
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less pleasant at higher concentrations. Gastric bypass is therefore thought to reverse
taste hedonics (Miras & Le Roux, 2014), for example, the palatability of sweetness as
measured by taste testing has been shown to shift from pleasant to unpleasant (Nance,
Eagon, Klein, & Pepino, 2017). Roux-en-Y gastric bypass has been found to alter brain
activity in areas involved in reward expectation and taste processing upon anticipation
of fatty food in rats (Thanos et al., 2015). This information is of great interest as the
cerebellar regions related to altered metabolism following gastric bypass may help to
highlight novel therapeutic targets for prevention of weight gain.

Establishment of taste perception alongside the measurements of the regulators of
appetite and fat storage may elucidate important mechanisms and taste-appetite
associations. For example, the adipocyte hormone leptin aids to control sugar reward
via the central nervous system by acting on glucose-sensing neural circuitry and may
have a distinct influence on sweet taste perception (Kubasova et al., 2015). Compelling
work has shown that circulating leptin concentrations correspond with diurnal variation
in sweet taste recognition in humans (Nakamura et al., 2008). These associations are
complex, as both TAS1R and TAS2R taste receptors detect both sweet and bitter-tasting
stimuli (Dotson et al., 2008). The determination of distinct hormonal influences on each
primary taste response may reveal important associations between taste perception,
body weight and body composition.
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2.4. SENSORY PERCEPTION MEASUREMENTS

2.4.1. TASTE METHODOLOGY
Taste perception can be measured by a wide range of techniques. A commonly utilised
taste perception measurement is that of ‘sensitivity’, or the absolute minimum
concentration of a stimulus that can be perceived (i.e. detection threshold). An
additional measurement that is commonly used is the minimum concentration of a
stimulus that can be recognised, or ‘named’ (i.e. recognition threshold). The perceived
intensity and hedonic ratings of suprathreshold concentrations are rated using a scale,
general linear magnitude scale (gLMS), or labelled affective magnitude (LAM) scale
which have been increasingly used in recent studies (Noel, Sugrue, & Dando, 2017).
Other methods include, but are not limited to: ranking tasks, paired comparison taste
tests, and discrimination tasks (Ettinger, Duizer, & Caldwell, 2012; Haryono, Sprajcer,
& Keast, 2014; Kim, Prescott, & Kim, 2014; Newman, Torres, Bolhuis, & Keast, 2016).
These taste testing methodologies are further described below.

2.4.1.1. Taste threshold and taste recognition methodology

Detection thresholds are evaluated using specific testing methods, the two most
commonly used methods are 1. staircase method and 2. ascending forced choice
procedure (ASTM, 2011; Tucker & Mattes, 2013). Each method has its own
advantages; however, the ascending forced choice method has the distinct benefit of
minimising desensitisation, as it starts from the lowest concentration and increases until
the taste is detected. Furthermore, the ascending forced choice method avoids bias as it
doesn’t start from a higher concentration or predetermined midpoint (Haryono et al.,
2014), and it has less probability of random chance influencing results (3.7%), as
opposed to the staircase method (11.1%). Recognition threshold is typically measured
from an ascending order, with the detection threshold concentration used as the starting
point (Low et al., 2017). Participants continue to trial taste samples until they reach the
point at which they can correctly identify the taste quality (i.e. “sour”) two or three
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times consecutively (Pasquet, Monneuse, Simmen, Marez, & Hladik, 2006).
The ability to recognise a taste (i.e. the ability to describe a taste as ‘sweet’ or ‘salty’) is
different from the ability to detect a taste (i.e. noticing the presence of the agonist,
without being able to define what it is). For example, the test re-test of salty and sour
taste mechanisms were investigated by Wise and Breslin (2013) who suggested that
recognition and detection abilities are likely to be controlled by different physiological
processes (Wise & Breslin, 2013). More recent studies have found clear differences
between detection thresholds and recognition thresholds of taste, as well as
suprathreshold intensity ratings of taste (Giguère et al., 2016; Jayasinghe et al., 2017;
Low, Lacy, McBride, & Keast, 2016). It is critical that these descriptions of taste
perception are clearly distinguished as there appears to be a complex relationship
between chemical concentration, detection and suprathreshold intensity (Keast & Roper,
2007).

2.4.1.2. Suprathreshold taste ratings
The suprathreshold intensity assessment of taste uses higher concentration levels than
that of the recognition levels of taste. Usually, only a small range of taste concentrations
are selected that have been previously described as distinct concentration levels (i.e.
‘weak’, ‘moderate’ and ‘strong’) (Low et al., 2016). Each concentration of stimuli is
then rated by participants, often using a validated scale; the most frequently used is the
gLMS following a standard protocol (Bartoshuk, 2000). Measurements using these
scales (i.e. intensity) are subjective measurements, they can be influenced by opinions
or feelings (Hardikar, Höchenberger, Villringer, & Ohla, 2017).

2.4.1.3. Other taste perception measurements
A range of other objective taste perception measurements can be utilised. Previous
studies have used ranking tasks, where participants rank four samples from the highest
through to the lowest concentration of taste (i.e. 1 = highest concentration of stimulus, 4
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= lowest concentration of stimulus). This methodology has been successfully used in
previous studies (Haryono et al., 2014; Stewart et al., 2010; Stewart, Newman, & Keast,
2011). Taste sensitivity scores derived from ranking tasks have shown similar results to
detection threshold measurements (Stewart et al., 2010). Ranking tasks significantly
reduce participant fatigue in comparison to threshold testing.

Impregnated taste strips are commonly used in studies as a measure of taste recognition
involving large numbers of participants (Fernandez-Garcia et al., 2017), as well as in
studies involving children (Overberg, Hummel, Krude, & Wiegand, 2012; Tucker,
Nuessle, Garneau, Smutzer, & Mattes, 2015). These studies can be carried out in offsite locations (i.e. schools). Paired comparison tests, or discrimination tasks, can be used
to determine if differences can be perceived between two different samples (i.e. apple
juice containing either 4g or 10g of sucrose, presented side by side, where the
participant determines which has the highest concentration of sugar) (Alexy et al.,
2011). However, both impregnated taste strips and discrimination tasks may only
provide broad measurements or single concentration measurements which may be
difficult to compare with dietary intake data. However, the distinct advantage of these
tasks is the ‘right or wrong’ outcome, which provides non-subjective results with
minimal participant fatigue.

2.4.1.4. Fatty acid taste threshold methodology
Unlike the other primary tastes, fat is the most difficult to test because fat has textural,
visual and solubility issues when creating test samples. Milk or whey protein-based
tasting samples are regarded as a more stable emulsion vehicle, and a number of studies
have utilised this milk or protein-based stimuli in lieu of distilled water (Galindo et al.,
2012; Keast, Azzopardi, Newman, & Haryono, 2014; Panek-Scarborough, Dewey, &
Temple, 2012; Stewart et al., 2010; Stewart & Keast, 2012). Fatty acids can be kept
longer and retain a more homogenous mixture in milk than a water-based solution. It
has been recommended that non-fat, ultra-high temperature (UHT) processed milk is a
suitable base for oral fatty acid threshold assessment (Haryono et al., 2014). In order to
evaluate the presence of fatty acid, and the fatty acid taste sensitivity that an individual
may have, most studies work on determining the lowest concentration of a fatty acid
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which can be distinguished from a background sample (e.g. water or ice-cream) lacking
fatty acid (Running et al., 2015).

2.4.2. OLFACTORY METHODOLOGY
When measuring the ability to smell a substance, it is important to note that the
interaction of odour volatiles is complex. One of the most common procedures for
measuring the ability to sense smell is that of the Sniffin’ Sticks test (Burghart
Messtechnik GmbH, Germany). Sniffin’ Sticks is a method for testing orthonasal
stimulation (Hummel, Sekinger, Wolf, Pauli, & Kobal, 1997), and retronasal
stimulation (the olfactory stimulation sensed when food is in the mouth) (Heilmann,
Strehle, Rosenheim, Damm, & Hummel, 2002). A range of studies using Sniffin’ Sticks
has utilised a total score (TDI), which combines odour threshold, odour discrimination
and odour identification ability (Haehner et al., 2009; Hummel, Kobal, Gudziol, &
Mackay-Sim, 2007; Hummel et al., 1997). Odour threshold is measured with a series of
sticks containing n-butanol or phenyl ethyl alcohol alongside control sticks, and when
consecutive correct identifications are made, this is considered to be the detection
threshold (lowest concentration at which the odour is detected) (Denzer et al., 2014;
Hummel et al., 1997). Discrimination is where three odours are presented, and the
individual is asked to identify the stick with the different smell. Identification is
assessed with common odours (e.g. peppermint, banana, lemon) and from a multiplechoice question, participants are asked to identify the odour (Freiherr et al., 2012).
Individually these measurements can give an indication as to whether a person has
“normal” olfactory perception (normosmic), has reduced sensitivity to smell (hyposmic)
or no sense of smell (anosmic) (Haxel, Fuchs, Fruth, Mann, & Lippert, 2011; Kobal et
al., 2000).

Threshold tests have been designed for measuring olfactory sensitivity with targeted
food odours, such as dark chocolate (Stafford & Whittle, 2015). Another useful method
for measuring odour recognition is the 40-item University of Pennsylvania Smell
Identification Test (UPSIT, Sensonics, Inc. Haddon Heights, NJ, USA) as well as the
short version of this - the 8-item test pocket smell test (PST) (Doty, Shaman, & Dann,
1984). These tests have been validated and conducting the test is simple due to the
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stimuli being a ‘scratch and sniff’ card (Fornazieri et al., 2013; Haugen et al., 2016;
Rawal, Hoffman, Honda, Huedo-Medina, & Duffy, 2015). Another 40-item
identification test is one that uses an olfactometer (OLFACT-ID™, Osmic Enterprises,
Inc.) which provides better control of aroma stimuli with computerised regulation of
aroma output and timing (Rawal et al., 2015).
One of the major challenges for olfactory measurement is ‘adaptation’, which is a
phenomenon where intense odours become less intense over time due to physiological
desensitisation (Stuck, Fadel, Hummel, & Sommer, 2014). Olfactory tests which test a
range of odours at different concentrations (i.e. staircase method) may require repeated
testing in order to overcome this limitation at different study visits. Few studies have
investigated the test re-test reliability of smell (Rawal et al., 2015).

2.4.3. MOUTHFEEL SENSATION METHODOLOGY
Mouthfeel provides food with desirable qualities that are crucial in product acceptance
as well as complimenting taste and flavour attributes (Stokes, Boehm, & Baier, 2013).
Textural qualities such as smoothness, fattiness, and creaminess are likely to vary
among individuals, however, the measurement of these feelings is challenging.

Measurement of sensation is often subjective and can vary widely between individuals.
To overcome this, trained panels are often used who are taught exact mouthfeel or
textural sensations. Alternatively, researchers can use visual analogue scales (VAS), or
a categorical scale, in an attempt to quantify subjective feelings from untrained
panellists (Chaput, Gilbert, Gregersen, Pedersen, & Sjödin, 2010).

2.4.4. SENSORY PERCEPTION SUMMARY
The ‘obesity epidemic’ cannot be solely contributed to hereditary factors, as it has only
been of acute concern in recent years (Swinburn et al., 2013). Therefore, multiple
influences explain the ‘obesity epidemic’ beyond individual factors (Story et al., 2008;
Vandenbroeck, Goossens, & Clemens, 2007). However, individual factors and
associated biological mechanisms may be the key to specific targets for therapeutic and
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long-term intervention strategies to reduce population obesity. Associations between
taste perception, dietary intake, eating behaviour and obesity are reviewed in detail
below.
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2.5. DIETARY INTAKE AND EATING BEHAVIOUR

2.5.1. DIETARY INTAKE
Individual dietary intake can be influenced by a range of factors (see Section 1.1.),
impacting on total energy intake or the intake of individual macronutrients. Whole diets
are complex, and the interaction of multiple tastes which would occur during the
consumption of a meal may act to enhance or inhibit sensory perception on the oral
surface (Newby & Tucker, 2004). Therefore, measurement of the whole diet alongside
taste perception is important to advance our understanding of these associations. One
example is that of ‘sensory-specific satiety’, which is the decline in liking for a
consumed item relative to other non-consumed items (Rolls, 2015), which is an
explanation for increased intake (altered liking) with variety. Studies have shown that
when exposed to a wide variety of foods (i.e. buffet-style meal options) the variety will
induce increased consumption of up to 44% in comparison with an item restricted buffet
(Raynor & Epstein, 2001).

2.5.1.1. Assessing dietary intake
There is a wide range of dietary intake methodologies which are used in sensory
perception and taste perception studies. Weighed and estimated food records are the
‘gold standard’ method for quantifying nutrient intake (Beck & Heath, 2013). However,
in large cohort studies, the use of food records may not be feasible. Additional tools for
the measurement of dietary data include food frequency questionnaires. Questionnaires
of this nature are faster, often computer-based and require the recall of ‘usual’ foods
consumed over a month or over a year (Carroll et al., 2012). The advantage to this is
that foods consumed less frequently (i.e. once a month) will be captured by the food
frequency questionnaire, whereas this information would be lost in a food record, or
possibly over-represented (Beck & Heath, 2013). Other dietary intake methods include
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24-hour recalls and diet histories. These interview-style methods involve a higher
researcher burden but require less participant literacy and reduce participant-burden.
The limitations of 24-hr recalls are the increased likelihood of underreporting, single
day reporting may not be representative of usual intake, and poorer estimation of
serving sizes and recipes (F. E. Thompson & Subar, 2013).

To date, there are no studies that have drawn an overall conclusion as to the best dietary
intake methodology to use together with taste perception data. A review of fatty acid,
bitter taste and sweet taste studies show that meaningful diet-taste associations have
been found using food records (see Table 2.3, Table 2.4 and Table 2.5). However, in a
recent systematic review, there was no recommendation made for the best dietary
assessment method, due to the heterogeneity of study outcomes (Tan & Tucker, 2019).
Interestingly, the authors concluded that day-to-day variability in dietary intake could
obscure immediate or acute diet-taste relationships (Tan & Tucker, 2019). Therefore,
dietary information gathered over multiple days (including both weekdays and weekend
days) may be an important consideration for taste perception researchers.

2.5.2. EATING BEHAVIOUR
Eating behaviour is a term that encompasses food choice and motives, dieting, eating
practices, and eating-related problems (Story et al., 2008). Eating practices and habits
such as dietary restraint are suggested to play an important role in the development of
eating disorders and obesity (Blundell & Gillett, 2001). Other types of behaviour such
as the loss of control over intake and the tendency to overeat (i.e. disinhibition) are also
important contributors to weight gain and dietary intake (Stunkard & Messick, 1985).
Research has demonstrated that those who have increased restraint have a lower body
mass index (BMI), due to being more conscious of their dietary intake (Moor, Scott, &
McIntosh, 2012).

Food preferences can be influenced by cognitive responses to food, such as emotionally
driven eating. This form of eating can be increased by external factors, however, those
who are ‘sensitive to reward’ as a personality trait may learn to continue eating in the
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absence of hunger (Davis et al., 2007). This trait has been positively correlated with a
preference for sweet and fatty food, which is thought to be a physiological and
psychological motivation. In part, this could be due to the endogenous opioid release in
the brain when palatable foods are consumed (Drewnowski & Bellisle, 2007).
Furthermore, it is thought that high energy diets interfere with the hippocampus,
impairing the ability to retrieve the memory of the food-related cue, leading to increased
food intake.

There is little information on how sensory perception relates to eating behaviour or
related characteristics. Mindful eating has been recognised as a new way in which to
consciously heighten our recognition of the amount of food we eat (Moor et al., 2012;
Wilson & Dillard, 2015). This process of eating with intention and attention acts to
strongly enhance our perception and slow eating speed, as each sensory cue (e.g. taste,
aroma, mouthfeel, appearance) becomes a stronger point of focus (Wilson & Dillard,
2015). The reason this may be very effective is that it is believed people with higher
disinhibition are generally unaware of all the food decisions they make, which means
food intake can occur with little conscious recognition. It is thought that these
involuntary decisions can lead to weight gain (Wansink & Sobal, 2007) and that people
often underestimate portions consumed. Recent studies have found that when eating
speed is slow, total food and energy intake can be significantly reduced in normalweight subjects when compared to faster eating (Shah et al., 2014). A functional
magnetic resonance imaging (fMRI) study measured anticipated responses to the intake
of a chocolate milkshake against a tasteless solution, and it was found that the brain
response in participants with obesity was different to the response in normal-weight
participants, where greater activation of the insular cortex appears to play a role in
anticipatory food reward (Stice, Spoor, Bohon, Veldhuizen, & Small, 2008).

2.5.2.1. Assessing eating behaviour
Eating behaviour can be broadly described in terms of three dimensions of human
eating behaviour: (1) cognitive dietary restraint (restraint), (2) disinhibition of control
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(disinhibition) and (3) susceptibility to hunger (hunger) by calculating scores for these
dimensions using the three-factor eating questionnaire (Stunkard & Messick, 1985).
Subscales of eating behaviour can be deduced from the same questionnaire; these
include flexible and rigid restraint; habitual, emotional and situational susceptibility to
disinhibition and internal and external locus of hunger (Bond, McDowell, & Wilkinson,
2001; Westenhoefer, 1991; Westenhoefer, Stunkard, & Pudel, 1999). To score the
questionnaire, each item is given either 0 or 1 point with possible scores ranging from
‘0-0-0’ to ‘21-16-14’ (Stunkard & Messick, 1985). High scores denote higher levels of
restrained, disinhibited eating or predisposition to hunger.

A range of other validated eating behaviour and associated eating pattern questionnaires
can be used to assess specific research questions. Examples of these questionnaires and
specific diet-and eating-related assessments are: eating and weight patterns (QEWP),
dutch eating behaviour questionnaire (DEBQ), eating attitudes test (EAT), food
cravings inventory (FCI) and the binge eating scale (BES) (Bryant et al., 2014; PanekScarborough et al., 2012; Pepino & Mennella, 2014).

2.5.3. TASTE, DIETARY INTAKE, EATING BEHAVIOUR AND OBESITY
The prevalence of obesity and excess energy intake among westernised populations is
theoretically exacerbated by the increased availability of unhealthy food (Roberto et al.,
2015). Therefore, associations between taste sensitivity, dietary intake, eating behaviour
and obesity are highly relevant. There is a need to better understand the preferences for
specific tastes between people who are obese in order to develop strategies to reduce the
prevalence of overweight and obesity (Martinez-Cordero, Malacara-Hernandez, &
Martinez-Cordero, 2015).

Generally speaking, increased taste sensitivity to sweet and fatty acids is hypothesised
to decrease energy intake (Cox et al., 2015). In contrast, increased taste sensitivity to
bitter or sour taste is hypothesised to decrease intake of vegetables and fruit, due to their
taste being less palatable to sensitive tasters (Keller & Adise, 2016; Mennella et al.,
2016). It is thought that children who reject such tastes and continue to avoid vegetables
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will reject these vegetables in later life; as a consequence, bitter taste sensitivity may
indirectly influence their future health and wellbeing (Bell & Tepper, 2006). However,
genetic factors have been shown to influence taste perception, such as single taste
receptor gene variations (i.e. hTAS2R38) which leads to taste blindness to PTC and
PROP in approximately 20 to 30 percent of individuals (Duffy & Bartoshuk, 2000;
Sandell et al., 2014). Genetic differences in hTAS2R38 have been associated with
differences in vegetable and sweet food consumption (Sandell et al., 2014).

There has been little research on savoury taste in relation to dietary intake. However, it
is of note that children who are obese eat significantly more savoury snacks than sweet
snacks when compared to normal-weight children (Maffeis et al., 2008). This
association may be related to the combined effects of salt and savoury taste, which
when optimised, is appealing. In addition, monosodium glutamate (MSG) perception
may be associated with weight gain, due to MSG enhancing food palatability and
increasing overall food intake (Donaldson et al., 2009).

2.5.3.1. Sweet taste perception and dietary intake
The influence of taste and sensory cues on subsequent appetite is of interest, due to the
long-term health consequences associated with overeating. Several studies have
attempted to measure sensory sensitivity and subsequent food intake, or, measurement
of typical food intake and the relationship this may have with taste sensitivity. Sweet
taste is a universal trait, however the inter-individual variation in the liking of, and
perceived level of sweetness intensity is worthy of further investigation. The level of
sweetness in food and the optimal level of sweetness may further influence dietary
intake (Sørensen, Møller, Flint, Martens, & Raben, 2003). A key question is whether
individuals with obesity or at risk of weight gain have a preferred liking for sweettasting foods (Bartoshuk et al., 2006; Ettinger et al., 2012; Jayasinghe et al., 2017). If
so, does this lead to increased energy intake and how does this affect the relative
perception of sweet taste intensity over time? The ability to detect sweet taste could be
improved with an energy-restricted diet (Umabiki et al., 2010), which in turn could
strengthen the biological mechanism which triggers satiety.
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In Table 3, a range of studies were found that showed positive associations between
sweet taste hedonic liking and intake of carbohydrates and sugars (Garneau et al., 2018;
Holt, Cobiac, Beaumont-Smith, Easton, & Best, 2000; Jayasinghe et al., 2017; Smith,
Ludy, & Tucker, 2016; Turner-McGrievy, Tate, Moore, & Popkin, 2013). In contrast,
there was only one study that found a relationship between detection or recognition
thresholds of sweet taste, and dietary intake (Martinez-Cordero et al., 2015), and
conversely there were a number of studies that found no relationship between these
measures (Jayasinghe et al., 2017; Low et al., 2016; Smith et al., 2016). In a recent
systematic review, sweet taste as a predictor of dietary intake was investigated (Tan &
Tucker, 2019) and it was concluded that hedonic measurements of taste were more
likely to be associated with dietary measures. In addition, analysing data from sweet
likers separately from sweet dislikers derived from cluster analysis were shown to
improve sweet taste and dietary intake relationships (Tan & Tucker, 2019).

Ratings of sweet taste with more than one concentration level of sweet stimulus, have
resulted in the subsequent reporting of stronger taste-diet relationships (Garneau et al.,
2018; Holt et al., 2000; Jayasinghe et al., 2017) than studies that drew conclusions from
perception of taste at one concentration level (Cicerale, Riddell, & Keast, 2012; Leong,
Forde, Tey, & Henry, 2018a). The gLMS scale rating method was used in a number of
studies measuring sweet taste (i.e. intensity) and a major advantage of this approach is
its suitability for comparisons across different population groups (Cicerale et al., 2012;
Jayasinghe et al., 2017; Low et al., 2016). This review suggests that suprathreshold
ratings of intensity and liking of sweet taste are useful measurements for determining
taste-diet relationships (Table 2.3).

2.5.3.2. Sweet taste perception and eating behaviour
There were few sweet taste and dietary intake studies that have measured eating
behaviour (i.e. using the TFEQ) (Table 2.3). One study that measured restraint from the
three-factor eating questionnaire used this to characterise the normal study population
but did not compare the restraint measurement to taste sensitivity (Drewnowski,
93

Henderson, Levine, & Hann, 1999). Another study measured food behaviour, however,
there were no significant associations between food behaviour scores and sweet taste
sensitivity (Cicerale et al., 2012).

2.5.3.3. Sweet taste perception and body composition
When investigating sweet taste perception, an interesting inquiry is whether body
weight per se may influence taste sensitivity. Several studies have investigated this
relationship (Table 2.3). There are studies that have found that obese individuals exhibit
higher thresholds for sweet tastants than their normal-weight counterparts (Park et al.,
2015; Skrandies & Zschieschang, 2015). However, other studies investigating basic
tastes (i.e. sweet) have found no association between any taste response and BMI
(Martinez-Cordero et al., 2015). Overall, a direct relationship is not yet established and
the variation in evidence for this association is at least in part due to a lack of robust or
comparable sensory methodology (Cox et al., 2015; Tucker et al., 2017) (Table 3).

One study found evidence for an association between sweet taste and body weight,
where diurnal changes in sweet taste recognition were associated with circulating
plasma leptin (Nakamura et al., 2008). However, a follow-up study in obese participants
did not find the same association (Sanematsu, Nakamura, Nomura, Shigemura, &
Ninomiya, 2018). It remains unknown as to whether changes in nutrient sensing,
hormonal signalling, or inflammation can impair our sense of sweet taste or taste
recognition (Kaufman et al., 2018).

94

Garneau, et al,
2018
Cross-sectional
observational

Drewnowski,
Henderson,
Levine, &
Hann, 1999
Cross-sectional
observational

Cicerale,
Riddell, &
Keast, 2012
Cross-sectional
observational

Study

Australia.
N=30 adults
Age mean±SD
27.1±1.0y

Australia.
N=69
Australian &
63 Malaysian
adults.
Age mean±SD
22.2±2.8y

Han, Keast, &
Roura, 2017
Randomised
cross-over
design
experiment

Holt, Cobiac,
BeaumontSmith, Easton,
& Best, 2000
Cross-sectional
observational

Suprathreshold
intensity &
liking rated on
VAS. Sucrose
in water at 5
concentrations.
Ratings of
orange juice,
custard, biscuit.

n/a

FFQ (78 foods).

n/a

Beverage food frequency
questionnaire (BEVQ-15).

TFEQ

Restraint scale &
eating attitudes
test (EAT).

3-day food records (N=87)
& food preference
checklist.

Suprathreshold
hedonic liking
on a 9-point
scale. Sucrose
in water at 5
concentration
levels.
Suprathreshold
intensity &
liking on VAS.
Sucrose in
water at 5
concentrations.
Sensitivity to
the 9mM
concentration of
sucrose in water
(triangle test).

USA.
N= 159
women
Age
mean(SEM)
27 (0.7) y

Taste & rating of liking of
sweet soup. Energy intake
from the soup. Food
choices.

Food behaviours
questionnaire.

2 x 24hr FR. food & diet
questionnaire.

gLMS rated
intensity of
sucrose at one
concentration.

Australia.
N= 130 adults
Age mean±SD
21±4y.

USA.
N=418
adults
Age mean±SD
41.8±16.5y

EB tool

DA tool

Sweet taste
tests

Population,
participants

BMI

BMI

Sugar intake (g) as
refined & total.

BMI, BF%

BMI

BMI

Body
composition

EI (kJ),
macronutrient
intake from buffet
meal.

EI from beverages.
(e.g. coffee, juice).

EI, macronutrients,
fibre, β-carotene.

EI, macronutrients,
micronutrients.

DA & EB
outcomes

Sweet likers (group)
had a greater energy
intake from sweetened
juice & sweetened tea
(P<0.05) compared to
the sweet neutral group.
High sensitivity to
sweet (group)
consumed fewer CHOs
(% energy) & more
non-sweet foods. No
differences in eating
behaviour.
No association between
intensity & sugar
intake. Refined sugar
intake is higher in sweet
likers. Preferred sucrose
level was positively
associated with sweet
food consumption &
sugars intake (P<0.05).

No associations
between dietary
activities, food beliefs,
& sweet taste intensity.
Weak association with
sodium intake (P<0.05).
Higher preference for
sucrose in water was
associated with
increased self-reported
preference for sweet
desserts (P<0.05).

Outcome

Table 2.3. Studies which have investigated sweet taste sensitivity and dietary intake, eating behaviour and body composition.
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Yes, ↑ liking to sweet
taste, ↑ sugar & sweet
food.

Yes, ↑ sensitivity to sweet
taste, ↓ in CHO intake (%
energy) from the soup.

Yes, ↑ hedonic liking of
sucrose, ↑ sweetened
beverage intake, & energy
intake.

None.

None.

DA & chemo-sensory /
EB relationship

Low, Lacy,
McBride, &
Keast, 2016
Cross-sectional
observational

Leong et al.,
2018
Cross-sectional
observational

Jayasinghe et
al., 2017
Cross-sectional
observational

Study

Suprathreshold
intensity &
liking on a VAS
of sucrose in
water at one
concentration.
Detection,
recognition
thresholds &
suprathreshold
intensity
(gLMS) in 7
sugars &
sweeteners.

Singapore.
100 adults.
Age mean±SD
25.7±4.6y

Mexico.
56 adults.
Age mean±SD
33.2±8.7y

UK.
N=36 adults.
Age median
26y.

Methven et al.,
2016
Cross-sectional
observational

Hedonic liking
of sucrose in
water using
VAS at 5
concentrations.

The detection
threshold of
sucrose &
aspartame.

Detection,
recognition
thresholds &
suprathreshold
intensity gLMS
glucose in water
at 4
concentrations.

New Zealand.
N=44 women.
Age mean±SD
28±6y

Australia.
60 adults.
Age mean±SD
26±7.8y

Sweet taste
tests

Population,
participants

MartinezCordero et al.,
2015
Cross-sectional
observational
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n/a

2 x 24hr diet recalls.

n/a

n/a

7-day FR.

FFQ. Sweetness intensity
of jelly & juice samples.

n/a

n/a

4-day weighed FR. Sweet
food FFQ & sweet
beverage liking
questionnaire (visual
analog scales).

FFQ.

EB tool

DA tool

Total carbohydrate
& sugar intakes.

BMI

BMI, WC, HC,
BF%

BMI, WC

EI (kJ) &
macronutrient
intake.

EI (kcal) &
macronutrient
intake.

BMI, BF%, BP

BMI, BF%

Body
composition

EI (kJ),
macronutrients,
salt, potassium,
dietary fibre, &
total sugars.

EI (kJ) &
macronutrient
intakes. Sugars
consumption (e.g.
fructose, lactose,
maltose).

DA & EB
outcomes

None.

Yes, ↑ intensity rating to
artificial sweetener, ↑ in
total energy intake.

No association between
sweet-liking or intensity
with dietary intake.

No correlations between
thresholds & dietary
intake. Intensity rating
(high-intensity
sweetener, sucralose,
Rebaudioside A)
significantly correlated
with total EI. No
association BMI, WC.
No associations with
BMI, WC, HC, BF%.
Perception threshold of
aspartame was
negatively associated
with energy intake.
Dietary intake did not
differ between sweet
likers & dislikers.
Difference in ratings of
sweetness between
sweet likers & dislikers
(P=0.019).

None.

Yes, ↑ detection threshold
to aspartame, ↓ in total
energy intake.

Yes, ↑ liking to sweet taste
(at concentrations above
500 mM), ↑ sugar & sweet
food & ↓ intensity to sweet
taste (at higher
concentrations), ↑ energy
& CHO intake).

DA & chemo-sensory /
EB relationship

No association between
thresholds of glucose &
dietary intake. Both
intensity & liking gLMS
of sweet taste
significantly correlated
with EI & CHO intake.

Outcome

Pleasantness,
intensity &
preference
scores for 5
concentrations
of sucrose in
water.
Detection
threshold of
sucrose (3AFC). Preferred
sweetness
concentration
using paired
tests (sucrose).
Liking &
intensity of
sucrose in water
(1 strong & 1
weak solution)
rated on LMS.
Liking of 5
suprathreshold
concentrations
of sucrose in
water. Rated on
LMS.

UK.
Study 1: N=33
(normal &
obese); Study
2: N=12 adults
Age mean±SD
26±6y
USA.
N=51 adults
Age mean±SD
25±8y

Australia.
N=87 adults.
Age mean±SD
21±3y

Sweet taste
tests

Population,
participants

n/a

n/a

2 x 24 hr recalls

26-item dietary fat & sugar
questionnaire (DFS).

n/a

EB tool

14-day FR.

DA tool

Questionnaire
score (approx.
higher fat & sugar
intake or ‘westernstyle’ diet)

EI &
macronutrient
intakes.

EI &
macronutrient
intake.

DA & EB
outcomes

Yes, ↑ sweet preference
correlated with ↑ energy
intake & CHO intake
(after short-sleep night, all
participants).
Long-sleepers had a
higher sweet taste
preference (P=0.04).
Sweet preference after
short sleep night
correlated with EI &
CHO intake (P<0.05).

BMI

BMI, BF%

None.

Overweight/obese
perceived sweet taste as
less intense. No
association between
taste measurements &
dietary intake.

Body weight,
fat & lean mass.

DA & chemo-sensory /
EB relationship

Outcome

Body
composition

Western-style diet*
None.
associated with hedonic
differences in taste &
flavor perception. No
association between diet
& BMI.
TurnerUSA.
2 x 24hr recalls.
n/a
EI &
BMI, WC, BP
Sweet likers are more
Yes, ↑ sweet liking
McGrievy, et
N=196 adults.
macronutrient
likely to be Africanassociated with ↑ energy
al, 2013
Age mean±SD
(focus on
Americans. Sweet likers intake from beverages &
6-month, 3
42.6±11y
beverages).
& supertaster (PROP
decreased fibre intake.
groups,
bitter taster) interaction
randomised
associated with fibre,
weight loss
beverage intake &
trial
metabolic syndrome.
Abbreviations: EB; eating behaviour; DA, dietary assessment; AFC, alternative-forced choice; sem, standard error of the mean; SD, standard deviation; y, years; OA, oleic acid; BMI, body mass index; WC,
waist circumference; HC, hip circumference; EI, energy intake; WS, western-style (diet); TFEQ; three-factor eating questionnaire; BP, blood pressure; gLMS, general labelled magnitude scale; LMS, labelled
magnitude scale; kcal/d, kilocalories per day; FFQ, food frequency questionnaire; VAS, visual analogue scale; FR, food record; BF%, body fat percentage; CHO, carbohydrate.
*Dietary pattern ‘Western-Style’ diet determined from food frequency data and compared to chemosensory abilities.

Stevenson et
al., 2016
Cross-sectional
observational

Smith, Ludy, &
Tucker, 2016
Crosssectional/
randomised
sleep
intervention

Sartor et al.,
2011
Cross-sectional
observational

Study

.
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2.5.3.4. Bitter taste perception and dietary intake
The review on bitter taste perception studies conducted for this PhD thesis suggests that
increased sensitivity to bitter taste influences dietary intake. Of the 14 studies reviewed,
10 reported a link between bitter taste and dietary intake and/or food preference (Table
4). However, the most convincing association is that bitter taste sensitivity has an
impact on the dietary intake or preference of cruciferous or bitter-tasting vegetables
(Barajas-Ramírez, Quintana-Castro, Oliart-Ros, & Angulo-Guerrero, 2016;
Drewnowski et al., 1999; Duffy et al., 2010; Inoue et al., 2017; Laureati et al., 2018). In
addition, increased bitter taste sensitivity was associated with decreased intake or
preference for bitter-tasting foods such as green tea (Pasquet, Oberti, El Ati, & Hladik,
2002), healthy food choices (Sharafi, Rawal, Fernandez, Huedo-Medina, & Duffy,
2018) and beer (Perna et al., 2018) (Table 2.4). Differences between tasters and
different tastants are variable, as PROP and PTC taster status follow a bimodal
distribution (Duffy et al., 2010; U. Kim et al., 2003; Lawless, 1980). Across these bitter
taste perception studies there was high variability in chosen bitter taste stimuli (i.e.
quinine, caffeine, PTC, PROP), the psychophysical measurements used (i.e. gLMS
intensity ratings, detection thresholds, recognition thresholds) and the number of
participants which ranged from N=17 through to N=1225 (Table 2.4).

2.5.3.5. Bitter taste perception and eating behaviour

Few studies to date have explored the relationship between eating behaviour with bitter
taste perception. Of the 14 studies reviewed, there were 5 that included an eating
behaviour questionnaire or measurement (Table 2.4). Sharafi et al (2018) reported that
low sensitivity to quinine was associated with a higher restraint score and low intake of
high fat/sweet foods; despite an increased preference of high fat/sweet foods (Sharafi et
al., 2018). However, other studies which measured eating behaviour did not report any
direct bitter taste and eating behaviour association (Barajas-Ramírez et al., 2016;
Drewnowski et al., 1999). For example, participants with high levels of cognitive
restraint were excluded from analysis in some studies (Barajas-Ramírez et al., 2016;
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Duffy et al., 2010), in order to remove the confounding effect of the conscious control
of eating, which may mask the associations between taste sensitivity and body weight.

2.5.3.6. Bitter taste perception and body composition
None of the studies reviewed found an association between body composition and bitter
taste sensitivity (Table 2.4.).
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Drewnowski,
Henderson,
Levine, &
Hann, 1999
Crosssectional
observational

Restraint scale EI, macronutrients,
& eating
fibre, β-carotene.
attitudes test
(EAT).

Suprathreshold
hedonic liking on a 9point scale. PROP in
water at 5
concentration levels.

3-day FR (N=87) &
food preference
checklist.

USA.
N= 159 women
Age mean (sem)
27 (0.7) y

BMI

BMI, WC, BP

EI, sodium intake,
Mediterranean diet
adherence.

n/a

Validated FFQ.
17-item questionnaire
for assessing
adherence to energyrestricted
Mediterranean diet.

Category scale
ratings of intensity at
5 concentrations of
PTC and PROP
solutions.
Lowest to highest
concentration.

Spain.
N=381 adults;
including 144 with
T2D^.
Age mean±SD
65.1±4.7y

BMI

Food group intake
(DFE of 22groups). EI,
macronutrients.

n/a

Food and Beverage
Questionnaire (FBFFQ). 7-day food
diary.

Italy.
N=59 adults
Age mean (sem)
23.3±0.3y.

Cattaneo,
Riso,
Laureati,
Gargari, and
Pagliarini,
2019
Crosssectional
observational
Coltell et al.,
2019
Crosssectional
observational

BMI, WC

Subjects were free from eating
disorders (EAT test) and had
normal restraint scores. PROP
thresholds exhibited a bimodal
distribution.

Total taste score, and bitter
taste intensity ratings at the
highest concentration only
(PROP and PTC) inversely
associated with BMI, WC
(P<0.05).

Bitter threshold significantly
correlated with sweet threshold
(r= 0.34, P<0.01) and sour (r =
0.31, P< 0.05).

No association between
adiposity and PROP threshold.
PROP taste sensitivity
associated with linoleic acid
taste sensitivity (P<0.05).

Body
Outcome
composition

Energy &
macronutrient
intake. Vegetables,
fruits, grains,
protein-rich, dairy,
oils, sweets, added
sugars & alcohol.

TFEQ

7-day FR (two
seasons, 6-months
between each)

Detection threshold
PROP (water).
Ascending 2-AFC
procedure “two down
-1 up rule”. Intensity
of PROP. PROP
taster status of non-,
med-, & supertasters.
Recognition threshold
caffeine. 7
concentration levels.
3-AFC procedure.

DA & EB
outcomes

Mexico.
N=76 adults
Age mean (sem)
22.8±0.6y.

BarajasRamírez et
al, 2016†
Crosssectional
observational

EB tool

DA tool

Population,
participants

Study

Bitter taste tests

Table 2.4. Studies which have investigated bitter taste sensitivity and dietary intake, eating behaviour and body composition.
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Yes, ↑ PROP
sensitivity ↓
preference for
brussel sprouts,
cabbage, spinach,
coffee (P<0.05)

None.

Yes, ↑ PROP
sensitivity
consumed ↓
vegetables than
non-tasters
(P<0.05). Tasters
had ↓ dairy &
grain (P<0.05).
Yes, ↑ caffeine
sensitivity ↑ intake
of EI and CHO
(food record). ↑
caffeine sensitivity
↓ oil intake.

DA & chemosensory / EB
relationship

Population,
participants

USA.
N=59 adults
Age mean (sem)
26.1 (0.55) y

Japan.
Study 1: N=50
women;
Study 2: N=40
women.
Age range: 20-22y

Italy.
N=1225 adults
Age mean±SD
36.9±12.9y

Singapore.
N=100 adults.
Age mean±SD
25.7±4.6y

Study

Duffy et al.,
2010
Crosssectional
observational

Inoue et al.,
2017
Crosssectional
observational

Laureati et
al., 2018
Crosssectional
observational

Leong,
Forde, Tey,
and Henry,
2018a
Crosssectional
observational
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Food familiarity &
food preference
questionnaire.

n/a

Food
Neophobia
Scale (FNS)

3-day weighed FR.

Study 1: Intensity
ratings PROP (4
concentrations).
Study 2: Intensity
ratings PROP (2
concentrations)
0-100 scale.
Intensity ratings of
dark chocolate
pudding at 4
concentrations levels
of bitterness. PROP
taster status.

Suprathreshold
2 x 24hr diet recalls.
intensity & liking on
VAS of PTC or
quinine hydrochloride
in water.

TFEQ
restraint only
(high restraint
score
excluded from
study)
n/a

EB tool

5-day nonconsecutive FR.
Validated FFQ.

DA tool

PROP gLMS
bitterness and
threshold. Quinine
gLMS bitterness
rating.

Bitter taste tests

BMI, WC

n/a

EI (kJ),
BMI, BF%,
macronutrients, salt, BP
potassium, dietary
fibre, & total
sugars.

Vegetables,
beverages &
desserts: food
familiarity 5-point
scale; Preference 9point scale. Food
Neophobia
statements.

Yes, ↑ PROP
intensity ↓
brassica vegetable
intake & ↑ salt
intake.

Yes, ↑ intensity (&
genotype) ↓
vegetable intake
(all types).

DA & chemosensory / EB
relationship

High neophobia rated bitterness Yes‡, ↑ bitter
of dark chocolate more intense chemosensory
than low neophobics.
intensity (&↑ food
neophobia) ↓
liking of bitter
vegetables &
beverages.
No PROP taster
association.
Bitter-liking and intensity
None.
negatively correlated (r= 0.501, P<0.05). Decreased taste
preference for PTC correlated
with dietary fibre intake (r= 0.030, P<0.05).

Carriers of the functional PAV
allele consumed less vegetables
than AVI/AVI homozygotes,
and PROP bitterness was
negatively correlated with
vegetable intake.
Higher PROP sensitivity
associated with higher salt
intake (P<0.05).

Body
Outcome
composition

EI, sodium (g), total BMI
vegetables (g),
Brassica vegetables
(g).

EI (kJ), vegetable
intake.

DA & EB
outcomes

MartinezCordero et
al., 2015
Crosssectional
observational
Newman and
Keast, 2013
Crosssectional
observational
Pasquet,
Oberti, El
Ati, and
Hladik, 2002
Crosssectional
observational

n/a

FR on testing days
(30 sessions)

Detection threshold
of caffeine (8
concentrations).

Recognition threshold Preference of 43 food
(bitter) quinine
items using scale
hydrocholoride (11
rating.
concentrations) &
PROP (12
concentrations).
Staircase method.

Australia.
N=17 adults.
Age mean±SD
28.6±3.2y

Tunisia.
N=123 adults.
Age mean±SD
36.0±10.7y

n/a

n/a

n/a

FFQ caffeine and
quinine (i.e. tonic
water) questionnaire.

7-day FR.

USA.
N=20
Age mean±SD
31±1y

Lipchock et
al., 2017
Crosssectional
observational

n/a

3-day FR.

7 increasing
concentrations of
caffeine in water.
Sequential monadic
order defining. 1) no
taste; 2) detection; 3)
recognition (defined).
Forced choice.
Rated bitterness on
gLMS scale for
PROP, caffeine,
quinine, benzoate &
urea.

Detection threshold
of caffeine and
quinine
hydrocholoride.
2-AFC.

Singapore.
N=114 adults.
Indian, Chinese.
Age mean(SEM)
Age 26.6 (0.6)y

Leong,
Forde, Tey,
and Henry,
2018b
Crosssectional
observational

EB tool

DA tool

Bitter taste tests

Mexico.
N=56 adults.
Age mean±SD
33.2±8.7y

Population,
participants

Study

102
Hedonic ratings of
43 food groups.

EI (kJ),
macronutrients

EI (kcal) &
macronutrient
intake.

7- point scale of
habitual caffeine &
quinine intake.

EI (kcal),
macronutrients,
fibre, sodium,
potassium.

DA & EB
outcomes

n/a

BMI

BMI, WC,
HC, BF%

n/a

BMI, BF%,
WC

Yes, ↑ bitterness
of caffeine ↑
caffeine daily use
(small sample size
to compare
groups).
Yes, ↑ bitter taste
(caffeine)
sensitivity ↑ in
percent of protein
energy intake.
Bitterness of caffeine related to
mRNA expression of
associated receptors.

PROP sensitivity negatively
correlated with hedonic
response to NaCl solutions.
High sensitivity to PROP
associated with greater taste
sensitivity to sucrose.

Yes, ↑ PROP
sensitivity ↑
preference bread,
aubergines,
oranges, liver &
eggs; ↓ preference
green tea.

Bitter taste threshold repeatable None.
and reliable measure (test retest).

No associations with BMI,
WC, HC, BF%. No gender
differences in insulin levels or
HOMA-IR.

None.

DA & chemosensory / EB
relationship

Indians had higher recognition
threshold for all tastes,
including bitter, compared to
Chinese (P<0.05). EI not
different between ethnicities.

Body
Outcome
composition

EB tool

n/a

DA tool

Preference of 30
items using scale
rating.

Bitter taste tests

Detection threshold
test caffeine (5
concentrations) and
PROP (6
concentrations);

Population,
participants

Italy.
N=118 adults.
Age mean±SD
45.3±12.8y

Hedonic ratings of
30 food groups.

DA & EB
outcomes
BMI, BF%,
Android fat
%, Gynoid fat
% (DXA)

Subjects with RS713598
polymorphism had higher
PROP and caffeine thresholds
(‘non-tasters’).

Body
Outcome
composition

Yes‡, bitter
genotype
nontasters
associated with ↑
beer & ↓ butter &
meat preference.
Yes, ↑ PROP
sensitivity ↑
healthy diet
consumption.

DA & chemosensory / EB
relationship

Sharafi et al.,
2018
Crosssectional
observational

USA.
N=110 women.
Age mean±SD
45.3±8.7y.

PROP taster status
from perceived
intensity (5
concentrations)

3 24-hr FR.
Block98 FFQ.
Food preference 47
food items.

TFEQ,
Healthy
Eating
preference
Index (HEPI).

Liking for fats,
BMI, WC, BP Low consumption of
sweets, salty,
sweet/high-fat foods associated
protein &
with high dietary restraint and
fruits/vege. Scores
low quinine taste function.
intake-based fruit,
PROP non-tasters lower diet
vegetables, grains,
quality; PROP supertasters
dairy, proteins &
consume a healthier diet (but
fatty acids.
low preference).
Abbreviations: EB; eating behaviour; DA, dietary assessment; AFC, alternative-forced choice; sem, standard error of the mean; SD, standard deviation; y, years; BMI, body mass index; WC, waist
circumference; HC, hip circumference; EI, energy intake; TFEQ; three-factor eating questionnaire; BP, blood pressure; gLMS, general labelled magnitude scale; LMS, labelled magnitude scale; kcal/d,
kilocalories per day; FFQ, food frequency questionnaire; sem, standard error of the mean;VAS, visual analogue scale; FR, food record; BF%, body fat percentage; CHO, carbohydrate; PTC,
phenylthiocarbamide; DFE, daily frequency equivalent. †Food groups and food consumption frequency of different food groups analysed. ^Subjects with type 2 diabetes (T2D). ‡Indirect and an implied
relationship based on food neophobia scale or genotype/phenotype relationship.

Perna et al.,
2018
Crosssectional
observational

Study
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2.5.3.7. Fatty acid taste perception and dietary intake
In metabolic health research, it is of interest whether dietary fat intake correlates to fatty
acid taste sensitivity. The review conducted for this PhD thesis suggests that, overall,
increased sensitivity to fatty acid taste (or fat) has a significant influence on dietary
intake (Table 2.5). This was observed directly and indirectly in 11 out of 22 studies.
Several of the reviewed studies found that increased sensitivity to fatty acid taste was
significantly associated with decreased energy intake from fat (Costanzo et al., 2018;
Costanzo, Orellana, Nowson, Duesing, & Keast, 2017; Heinze et al., 2018; Keller et al.,
2012; Liang et al., 2012; Martínez-Ruiz et al., 2014; Stevenson et al., 2016; Stewart et
al., 2010; Stewart & Keast, 2012; Tucker, Edlinger, Craig, & Mattes, 2014). However,
like the bitter taste perception studies reviewed, there were considerable differences in
the (1) taste stimuli used, (2) participants recruited, and (3) dietary intake measurements
(Table 2.5). This heterogeneity observed in measurements, stimulus concentrations, and
the chosen sample size is likely to obscure consistent relationships. As previously
concluded in another recently published systematic review, this means that studies on
fatty acid taste perception are difficult to directly compare or to draw meaningful
conclusions from (Cox et al., 2015).

2.5.3.8. Fatty acid taste perception and eating behaviour
The current review of the literature revealed a few studies that measured eating
behaviour (i.e. TFEQ) (Table 2.5). However, this was commonly done in order to use
the cognitive restraint score as a variable to control, or adjust, for population differences
(Keller et al., 2012; Liang et al., 2012; Panek-Scarborough et al., 2012) as high
cognitive restraint may impact dietary intake and body weight. It was observed that the
eating behaviour scores were not directly compared to the taste perception outcomes, or
else not reported (Keller et al., 2012; Liang et al., 2012; Panek-Scarborough et al.,
2012). In one study, participants with high levels of cognitive restraint were excluded
from analysis entirely, as this is an important measurement of the conscious control of
eating (Barajas-Ramírez et al., 2016). One study found BMI was significantly
associated with disinhibition, however, no direct taste-disinhibition relationship was
described (Shen, Kennedy, & Methven, 2017). Therefore, a gap in the current literature
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is the direct investigation of associations between fatty acid taste and cognitive eating
behaviour (Table 2.5).

2.5.3.9. Fatty acid taste perception and body composition
It has been proposed that sensitivity to fatty acid taste is impaired in obese people, at
both levels, the oral and GI tract, when compared to normal-weight subjects (Brennan et
al., 2012). This may be due to overeating as a result of the reduced satiating effect of
fatty foods. Low-sensitivity to fat has been correlated with higher body fat (Stewart et
al., 2010) and increased consumption of fatty foods (Martínez-Ruiz et al., 2014). Out of
the 22 studies reviewed (Table 2.5), 8 studies found associations between fatty acid
taste perception and body composition (Barajas-Ramírez et al., 2016; Lanfer et al.,
2012; Liang et al., 2012; Martínez-Ruiz et al., 2014; Mela & Sacchetti, 1991; Pepino &
Mennella, 2014; Ricketts, 1997; Tucker et al., 2014). These studies generally support
that increased preference for high-fat foods, or decreased sensitivity to fatty acid taste,
are associated with a higher BMI (Table 2.5).
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n/a

Questionnaire about
dairy consumption.

Three 24-h dietary
recalls at pre & post
8-week dietary
intervention.

1. 24-h recall
2. FFQ (96 food
items)

Odour
discrimination,
intensity &
pleasantness of three
milk samples (skim,
medium, fat) on
100mm VAS.
3-AFC randomised.

Detection threshold
oleic acid (FATT)
rank in food. Liking
ratings for high-fat &
reduced-fat foods &
intensity ratings of
tastants.

Oleic acid detection
threshold (milk), fat
ranking task (custard
samples)

1 USA / 2 The
Netherlands.
1) N=30 adults &
N=30 Normal
weight; N=30
ow/ob adults.
2) N=18 adults
Age mean (SD)
26.7±4.2.
Australia.
Adult twins
Age mean (SD)
43.7±15.4y.

Australia.
Females, N=69.
Age mean (SD)
41.3±15.6y.

Boesveldt &
Lundström,
2014
Crosssectional
observational

Costanzo et al,
2017
Baseline from
co-twin
randomised
control trial

Costanzo et
al., 2018
Co-twin
randomised
control trial

Food liking
based on
seven high& low-fat
foods

n/a

TFEQ

7-day FR (two
seasons, 6-months
between each)

Detection threshold
linoleic acid (water).
Ascending 2-AFC
procedure “two
down -1 up rule”.

Mexico.
N=76 adults
Age mean (sem)
22.8±0.6y.

BarajasRamírez et al,
2016†
Crosssectional
observational

EB tool

DA tool

Population,
participants

Study

Fatty acid / fat
related tests

Total EI (MJ/d),
protein (g), fats
(g), CHOs (g) &
alcohol (g) & % of
EI.

Energy (kJ),
macronutrient (g)
& percentage of
energy from
macronutrients.

Total dairy per
day, full or reduced
milk consumption
Total fat from
dairy.

Energy &
macronutrient
intake. Vegetables,
fruits, grains,
protein-rich, dairy,
oils, sweets, added
sugars & alcohol.

DA & EB
outcomes

BMI, HC, WC

BMI, HC, WC

BMI

BMI, WC

Body
composition

None.

BMI & WC negatively
correlated with linoleic acid
detection threshold
(P<0.05). CHO
consumption & linoleic acid
detection both negatively
correlated with WC
(R2=0.34).
Participants were able to
discriminate minute
differences in fat content by
odour alone (significant
across all 3 experiments).
No relationships between
dairy consumption, BMI &
ability to discriminate fat in
milk samples.
Significant time x diet
interaction for FT rank after
the 8-week trial (P< 0.001)
where low-fat diet
intervention decreased
detection threshold & highfat diet intervention
increased detection
threshold.
Fat taste threshold
associated with % energy
from fat & negatively with
% energy CHO. Short-term
fat intake associated with
diet but not body size.

Yes, ↑ sensitivity
relates to ↓ %
energy from fat &
↑ % energy from
CHO

Yes, ↑ sensitivity
relates to ↓ fat in
the diet
(intervention)

None.

DA & chemosensory / EB
relationship

Outcome

Table 2.5. Studies which have investigated fatty acid taste/aroma sensitivity and dietary intake, eating behaviour and body composition.
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Population,
participants

USA.
N=18 children
3-5 years.
Age mean (sem)
4.3±0.2y.

Australia. N=30
adults.
Age mean (SD)
29.2±3.7y.

Australia.
N=24
Age mean (SD)
28±15.6y.

USA.
N=317 AfricanAmerican adults.
Age mean (SD)
35.5±11.3y.

Study

Fisher and
Birch, 1995
Crosssectional
observational

Heinze et al.,
2018
Crosssectional
observational

Keast et al.,
2014
Blinded crossover study

Keller et al.,
2012
Crosssectional
observational

107

1) Breakfasts with
varying
macronutrient levels
(high
fat/protein/CHO/bala
nced) followed by
buffet lunch
2) FFQ (Validated)
3) 4-day FR
(weighed/estimated)
n/a

Oleic, ascending 3AFC method (milk)
Classified hypo- or
hyper- sensitive

Ratings of oiliness,
fat content,
creaminess of 5%,
35% & 55% salad
dressings. Rated with
170-mm VAS.

TFEQ
(parental
results only)

Weighed food intake
data from 6 x30-hour
periods of
observation (5 meals
& 4 snacks during
each session).
Standard meals used
during observational
sessions.
1) FFQ
2) 24-h recall (12 in
total)

Rank-order
preference for foods
served at lunch &
dinner. Seven items
of 5 low-fat & 2
high-fat items
alongside samples of
food to taste &
categorise on a scale.
Oleic acid (milk),
paraffin oil, canola
oil, & canola oil
spiked with oleic
acid

TFEQ, selfreported
liking of 83
fat-containing
foods, rated
on 170-mm
VAS.

Satiety
questionnaire

Hunger,
satiety, &
fullness VAS
prior to taste
testing (12
sessions)

EB tool

DA tool

Fatty acid / fat
related tests

Mean
liking/acceptance
of two food
groups: high-fat
foods & added fats
& oils.

Total EI, protein
(g), fats (g), CHOs
(g) &
vitamins/minerals.
Food groups (e.g.
savoury, high-fat,
sweet, fruits)
EI at controlled ad
lib lunch.
Satiety measures
(fullness, hunger,
overeating), liking
of food items EI &
macronutrient
intake

BMI, WC

BMI

Detection threshold
correlated with high-fat food
intake. No association with
BMI.

BMI, HC, WC

Yes, ↑ sensitivity
relates to ↓ intake
of energy (MJ)§.

Yes‡ G/A
genotype (↑CD36
expression
compared to A/A)
associated with ↓
liking of high-fat
foods.

Those with impaired
sensitivity to oleic acid
(hyposensitive, n=10)
consumed more total energy
at a controlled lunch
following a high-fat
breakfast (P<0.05).

Variation in rs1761667 was
associated with a mean
reported liking for added fats
& oils (P=0.02).

Yes, ↑ sensitivity
relates to ↓ intake
of savoury &
high-fat food
(R=0.589,
P<0.01)

Yes, ↑ preference
high-fat food
relates to ↑ intake
of high-fat foods
(children).

Children who preferred
high-fat foods in the ranking
task had higher total fat
intakes (P<0.05). Fat
preferences were
significantly related to
skinfold measures (P<0.01).

Height/weight
triceps &
subscapular
skinfold
measures.

Energy intake
(kcal/d),
macronutrient
intake (% intake).

DA & chemosensory / EB
relationship

Outcome

Body
composition

DA & EB
outcomes

Population,
participants

Italy, Estonia,
Cyprus, Belgium,
Sweden,
Germany,
Hungary, Spain.
N=1,696 children.
Age 6-9y.

USA.
N=317 AfricanAmerican adults.
Age mean (SD)
35.3±11.3y.

Mexico.
N=121.
Age mean (SD)
21.1±3.6y.

USA.
N=30 adults.
Age mean (SD)
27.5±7y.

Study

Lanfer et al.,
2012
Multi-site
Crosssectional
observational

Liang et al.,
2012
Crosssectional
observational

Martínez-Ruiz
et al., 2014
Crosssectional
observational

Mela and
Sacchetti,
1991
Crosssectional
observational
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Preference
rating for
foods†.

24-hour recall for
30-35 days (online
self-administered).
Food group analysis
of most frequently
consumed foods.

Preference testing of
10 fat containing
stimuli, 2-5 levels of
fat (e.g. scrambled
eggs with 5, 10, 20,
30 g oil).
n/a

TFEQ, Food
preference
questionnaire
(83 food
items)

FFQ (83 food items)

10-day FR
(estimated)

Children’s
eating habits
questionnaire
.

Children’s eating
habits questionnaire
FFQ (43 food items).

A sensory testing
session where the
choice between a
high- versus low-fat
cracker & a natural
versus sugarsweetened apple
juice.

Fat discrimination
testing (7 samples,
ranging from 5%55% fat content).
“Same” or
“different” against
the second sample.
Linoleic acid
FA (water)
Rated with intensity
scales (not threshold)

EB tool

DA tool

Fatty acid / fat
related tests

EI (kcal/d),
Macronutrient
intake (kcal/d),
dietary fat intake
(% of kcal)

Total EI (kcal/d)
Food liking &
preference

Food group intake
(monthly), food
group preferences.

Weekly
consumption
frequency of food
items & food
groups.

DA & EB
outcomes

BMI, WC,
BF% using
skinfold
measures
(bicipital,
tricipital,
subscapular &
suprailiac)
BMI, body fat
%

BMI, WC

BMI, BMI zscores.

Body
composition
Frequent consumption of
fatty foods related to fat
preference (P<0.01).
Ow/ob positively associated
with fat preference & sweet
preference testing (odds
ratio 1.8). BMI associated
with fat preference for girls
(P=0.02).
Fat non-discriminators
reported greater
consumption of added fats &
reduced fat foods (P<0.05).
Fat non-discriminators had
greater abdominal adiposity
(P<0.05).
Perceived taste of linoleic
acid rated as high intensity
correlated with lower
consumption of high-fat fast
foods (P=0.04). Participants
with high-intensity linoleic
acid ratings had lower BMI
(P=0.04) & WC (P=0.03).
No consistent relationships
with sensory & dietary
measures. A positive
correlation between fat
preference & BF% (P<0.01).

Outcome

None.

Yes, ↑ sensitivity
relates to ↓ intake
of high-fat foods.

Yes, ↑ sensitivity
(fat
discriminators)
relates to ↓ intake
of added fats &
reduced fat foods.

None.

DA & chemosensory / EB
relationship

Population,
participants

USA.
1 N=59.
Age mean (sem)
21.9±0.7y.
2 N=34.
Age mean (sem)
24.9±1.7y.

USA.
African American
& Caucasian
N=21 obese
adults. Age mean
(SD) 39.1±3.5y.

USA.
N=47 women.
Age mean (SD)
28.5±6.7y.

USA.
N=88 children.
Age mean 10.8y.

Study

PanekScarborough,
Dewey, &
Temple, 2012
Crosssectional
observational

Pepino et al.,
2012
Crosssectional
observational

Pepino &
Mennella,
2014
Crosssectional
observational

Ricketts, 1997
Crosssectional
observational

109

Regular & low-fat
versions of baked
snacks, cookies.
Taste & hedonic
evaluation of 9-point
scales.
3-day FR (estimated)

n/a

24-h recall with
dietitian interview

n/a

1)
Reinforcing
the value of
food
(computer
task)
2) TFEQ
3) Hunger,
fullness &
food liking
1) Fat
preference
questionnaire
(FPQ,
validated)
2) Food
craving
inventory
1) Fat
preference
2) Food
cravings
3) Restrictive
eating

24-h dietary intake
recall

Fat from cream
mixed with fat-free
milk which yields
0.25, 0.5, 1, 2, 4, 6,
10% fat by volume
(threshold series).
Staircase procedure

Oleic acid & triolein
FA (water)
Tested with &
without orlistat
added to the
emulsion as control
(to prevent
absorption of fats)
Fat ranking task
Intensity perception
(gLMS scales)
creaminess, oiliness,
sweetness, &
saltiness

EB tool

DA tool

Fatty acid / fat
related tests

Energy intake
(kcal/d),
Macronutrient
intake (% intake)

Fat preference
Food craving
Restrictive eating
measures

Mean EI (kcal/d),
fat consumed,
macronutrient
distribution
Fat preference
Food cravings

BMI, Tricep &
subscapular
skinfold
measures.

Smokers who were obese
rated desserts as less creamy
& less sweet than other
groups (P<0.02).
Smokers identified high-fat
food as items that ‘taste
better’, as well as crave &
eat more than never-smokers
(P<0.03).
Children who preferred
high-fat snacks had a high
dietary fat intake as a
percentage of daily energy
intake (P<0.05). Tricep
skinfold & BMI measures
positively correlated with
high-fat food preferences
(P<0.05).
BMI, HC, WC,
BIA

Yes, ↑ fat
preference relates
to ↑fat intake
(children).

Relationship not
clearly reported.

None.

CD36 genotype grouping
did not influence dietary
intake, fat preference or food
craving (P>0.20).

BMI

DA & chemosensory / EB
relationship
Relationship not
clearly reported.

BMI

Did not report any
24-h recall results.
Reinforcing the
value of food
Dietary restraint,
hunger &
disinhibition, &
binge eating
disorders

Outcome

High-fat detection threshold
(i.e. insensitivity) predicted
the greater reinforcing value
of food ratings (P<0.02). No
other predictors found.

Body
composition

DA & EB
outcomes

Stewart et al.,
2010
Crosssectional
observational

UK.
N=136
Age 18-55y.

Shen, et al.,
2017
Randomised
dietary
intervention
(low fat or
portion control
diet)
Stevenson et
al., 2016*
Crosssectional
observational

Stewart &
Keast, 2012
Randomised
cross-over
dietary
intervention
(high fat, lowfat diet)

Australia.
N=19.
Age mean (SD)
33±13y.

Australia.
1 N=31
Age mean (sem)
29±1.4y.
2 N=54
Age mean (sem)
20±0.3y.

Australia.
N=87
Age mean (SD)
59.9±13.7y.

Population,
participants

Study
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Oleic, ascending 3AFC method (milk)
Ranking task with
custard
1) 24-h food recall
2) Dietary
intervention (high-fat
diet & low-fat diet)a measure of
sensitivity post
dietary intervention

2-day diet record
(weighed/estimated).

Hedonic
liking for
full-fat &
low-fat foods

n/a

n/a

Dietary fat & sugar
questionnaire (DFS)
food frequency.

Oleic, linoleic, lauric
fatty acids
Ascending 3-AFC
method. Fat ranking
task with vanilla
custard.

TFEQ

1 FFQ (133 food
items)
2 x 3-day FR

Hedonic liking for
ice-cream with four
concentration levels
of fat (6%, 10%,
15%, & 20%), 9point hedonic scale.
Genotyping of CD36
& CA6.
1) Ratings of
intensity, fattiness,
hedonics, gLMS for
test solutions.
2) Sniffin’ Sticks test

EB tool

DA tool

Fatty acid / fat
related tests

EI & macronutrient
distribution
(intervention) &
sensitivity to taste
measured after.
Sensitivity
increased post-lowfat diet.

BMI

BMI

BMI

High saturated fat
& added sugar in
diet termed WS
diet.

EI (kJ) &
macronutrient
distribution

BMI, WC, HC,
body fat %.

Body
composition

EI (kcal), fat intake
(g), dairy food
group consumption
from (FFQ).

DA & EB
outcomes

Consumption of a low-fat
diet appeared to increase
sensitivity to oleic acid
(P<0.05) & increased the
ability to rank fat content in
custard samples (P=0.05).

High-fat liker group found
to have higher dairy
consumption compared to
high-fat dislikers (P<0.05).
CA6 genotype is
significantly related to fat
intake as a percentage of
energy intake (P<0.02).
Odour identification poorer
in consumers of westernstyle diet (P<0.05). Fat
discrimination was poorer in
consumers of WS diet
(P<0.01). No association
between diet & BMI.
Hypersensitivity (n=12)
associated with lower total
energy & lower fat intake in
the diet (P<0.05) compared
to hyposensitivity (n=42).

Outcome

Yes, ↑ sensitivity
relates to ↓ intake
of dietary fat
(intervention§).

Yes, ↑ sensitivity
relates to ↓ intake
of energy & fat
intake.

Yes, ↑ fat
discrimination
relates to ↓ intake
of dietary fat &
sugar.

Unclear.

DA & chemosensory / EB
relationship

Population,
participants

USA.
N=48
Age mean (SD)
28.5±10.4y.

UK.
1 N=46
Age 19-53y.
2 N=51
Age 18-55y.

Study

Tucker,
Edlinger,
Craig, &
Mattes, 2014
Crosssectional
observational

Zhou, Shen,
Parker,
Kennedy, and
Methven, 2016
Crosssectional
observational

n/a

BRFS Block Rapid
Fat Screener – a selfadministered survey
of 100-items to
correlate with fat
intake in the diet

FFQ (Validated)

Oleic acid (water)
Modified staircase
procedure
7 visits for repeated
measure

1) Fat intensity
ratings under (i.e.
mouthfeel odourmasked, etc). OA
threshold 3-AFC,
staircase procedure.
2) Fat intensity
ratings. 2-AFC
discrimination test.
OA threshold 3-AFC
staircase procedure.
n/a

EB tool

DA tool

Fatty acid / fat
related tests
BMI

BMI

EI, fat intake

Body
composition

Total fat, saturated
fat,
monounsaturated,
cholesterol intake.
Sensitivity
decreased with
higher saturated fat
intake in the diet.

DA & EB
outcomes

Yes, baseline ↑
sensitivity relates
to ↓ intake of
saturated fat
intake.

Saturated fat intake & the
oleic acid threshold were
positively correlated, as fat
intake increased sensitivity
decreased (P<0.001). The
lean & overweight group had
total fat intake & oleic acid
threshold positively correlated
(P<0.001)
Odour increases fat intensity
perception (P<0.0001).
Mouthfeel increases fat
intensity perception
(P<0.0001). No association
between taste detection,
nutrient intake or BMI.

None.

DA & chemosensory / EB
relationship

Outcome

Abbreviations: EB; eating behaviour; DA, dietary assessment; AFC, alternative-forced choice; sem, standard error of the mean; SD, standard deviation; y, years; OA, oleic acid; BMI, body mass index;
WC, waist circumference; HC, hip circumference; EI, energy intake; BIA, bioelectrical impedance analysis; WS, western-style (diet); TFEQ; three-factor eating questionnaire; BP, blood pressure;
gLMS, general labelled magnitude scale; LMS, labelled magnitude scale; kcal/d, kilocalories per day; FFQ, food frequency questionnaire; VAS, visual analogue scale; FR, food record; BF%, body fat
percentage; CHO, carbohydrate; ow/ob, overweight/obese; QEWP, Questionnaire on Eating and Weight Patterns; BES, binge eating scale.
*Dietary pattern ‘Western-Style’ diet determined from food frequency data and compared to chemosensory abilities.
†Food groups and food consumption frequency of different food groups analysed.
§One variable controlled in the relationship (i.e. low-fat diet intervention for 6 weeks = increased fatty acid taste sensitivity post-intervention).
‡Indirect and an implied relationship based on supportive data from the literature (Keller et al., 2012).

111

2.5.3.10. Olfaction, dietary intake, and obesity
Few studies have been conducted on aroma perception and dietary intake in humans.
One study has demonstrated that high aroma intensity was associated with a smaller
bite-size of vanilla custard dessert samples (de Wijk, Polet, Boek, Coenraad, & Bult,
2012). In mice, the sense of smell is enhanced, and olfactory circuits are sensitive to
changes in energy balance (Palouzier-Paulignan et al., 2012; Soria-Gómez et al., 2014).

Impairment of smell has been associated with eating disorders, such as anorexia
(Roessner, Bleich, Banaschewski, & Rothenberger, 2005). The lack of odour
recognition in anorexic people has been associated with restrained eating habits
(Stafford, Tucker, & Gerstner, 2013). In consideration of weight gain and long-term
metabolic health outcomes, how olfactory sensitivity may relate to taste perception and
dietary intake is of interest. One study has shown that retro-nasal olfactory perception
can be affected by the onset of obesity (Palouzier-Paulignan et al., 2012). Importantly,
with increasing BMI the ability to detect and identify odours decreases (Simchen,
Koebnick, Hoyer, Issanchou, & Zunft, 2006).

2.5.3.11. Mouthfeel, dietary intake, and obesity
Alongside taste and aroma, the textural influence of food plays another crucial role in
overall dietary intake. Previous research on oral processing time and bite-size are linked
to the degree of satiety (de Wijk, Zijlstra, Mars, de Graaf, & Prinz, 2008; Zijlstra, de
Wijk, Mars, Stafleu, & de Graaf, 2009; Zijlstra, Mars, de Wijk, Westerterp-Plantenga,
& de Graaf, 2008). A study on oral processing showed that the intake of hard foods
reduces overall energy intake when compared to soft foods (Bolhuis et al., 2014).
Studies have found positive associations between body weight status and eating rate
speed (Maruyama et al., 2008; Otsuka et al., 2006). This supports the belief that highly
processed foods which require minimal oral processing can lead to weight gain and
obesity (Stieger & Van de Velde, 2013).
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2.6. SUMMARY OF THE LITERATURE REVIEW
From the explored literature it was clear that there are external determinants of food
choice such as society, the government and the food industry (Story et al., 2008). For
example, the government can introduce policies and taxes which may change long-term
dietary habits (i.e. sugar tax) (Cropp, 2017). The second level of influence comes from
the social environment and the community. This is where cultural influences, family,
friends, schools and workplaces can further shape long-term dietary intake and habits
through social facilitation (Gerritsen & Wall, 2017; Herman et al., 2003; Salvy et al.,
2012). Finally, individual-level factors which include lifestyle, attitude, and biological
factors were reviewed as the third level of influence. Whilst individual and biological
factors (e.g. genetics, age, taste and sensory perception) are promising targets for healthrelated or weight loss intervention studies, it is important that these are addressed in the
wider context in which people make decisions.

The biological feedback system is initiated by sensory perception and further leads to
hypothalamic signalling, reward processing, and the behavioural control of eating
(Rolls, 2015). Adiposity may be associated with taste perception by influencing appetite
regulation and satiety (Dando, 2015). The alteration of taste sensitivity and hedonics has
been linked to changes in gut-derived appetite signalling hormones (Miras & le Roux,
2014). The most compelling evidence to date of this association is that taste sensitivity
has been shown to change after bariatric surgery (Thanos et al., 2015). Taste perception
has also been shown to be influenced by genetics, age and life stage, gender and obesity.
In addition, olfaction and mouthfeel perception are key drivers of food intake due to
their influence on flavour perception and acceptance (Doty & Bromley, 2012; Ingham,
1995; Jeltema et al., 2014).

Detection and recognition threshold measurements have been used to determine
individual sensitivity to low concentrations of taste stimuli (Giguère et al., 2016; Tucker
et al., 2017). However, a number of recent studies which look to compare dietary intake
and taste perception are choosing to measure taste perception with suprathreshold
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concentrations of taste (Feeney, O’Brien, Scannell, Markey, & Gibney, 2017; Noel et
al., 2017). Suprathreshold taste can be measured with gLMS scales to give an indication
of intensity perception (Bartoshuk et al., 2004).

Dietary assessment methods such as food records and FFQs appear to be the most
commonly used measures to provide robust associations with taste perception.
Measurement of the whole diet was considered to be superior in order to draw
associations with taste perception (Stevenson et al., 2016). Additionally, eating
behaviour measurements which further impact dietary motives are related to cognitive
responses to food, which can be measured with validated questionnaires, the most
common of which measures dietary restraint, disinhibition of control and susceptibility
to hunger (Stunkard & Messick, 1985).

Studies on sweet taste, bitter taste and fatty acid taste perception were reviewed which
also measured dietary intake, body composition and/or eating behaviour. Associations
between taste perception and dietary intake were observed in bitter taste and fatty acid
taste perception studies (Table 2.4 and Table 2.5). Increased sensitivity to bitter taste
was most strongly associated with a decreased intake in vegetables (i.e cruciferous
vegetables) and increased fatty acid taste perception was associated with decreased
intake of total energy intake (kJ) and dietary fat. In contrast, sweet taste hedonic liking
measurements or sweet taste liking clusters were associated with the dietary intake of
sugars, but detection threshold measurements were not (Table 2.3). However, there was
a significant proportion of studies across sweet taste, bitter taste and fatty acid taste
perception studies that showed no diet-taste associations (approx. 40% of the studies
reviewed).

The review conducted for this PhD supports that there are a number of studies that have
found meaningful associations between taste perception and dietary intake and weight
status. However, there is no conclusive evidence confirming the biological basis for
these taste perception and dietary intake associations. There are recent studies which
have found associations between sweet taste perception and long-term appetite
regulators such as plasma leptin (Han, Keast, & Roura, 2017; Overberg et al., 2012)
which explains some of the day-to-day variations in taste (Tan & Tucker, 2019).
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Endocrine regulation and appetite sensation were shown to be associated with reward
signalling pathways which are likely to influence cognitive eating behaviour.

2.6.1. Gaps in the current literature
To date, there is no conclusive evidence of an association between taste perception and
dietary intake. However, studies continue to investigate whether the decreased
sensitivity of a primary taste is associated with the increased dietary intake of the
associated macronutrients (Stewart, Newman, et al., 2011). It has been suggested that
measurements of hedonic liking of taste may be more strongly associated with longterm dietary habits (Ettinger et al., 2012), but additional research is required to
substantiate this link.

Cognitive domains of eating behaviour may also be associated with taste perception. A
number of studies have investigated measurements of dietary restraint in taste
perception studies, but have used the restraint score to either exclude participants with
high dietary restraint (Barajas-Ramírez et al., 2016) or the measurement was used to
adjust for study outcomes as a covariate (Keller et al., 2012; Panek-Scarborough et al.,
2012). As taste perception may be intimately linked with cognitive reward signalling
pathways and appetite regulation, a better understanding of associations with the
cognitive domains of eating behaviour may further support associations with food
choice. In addition to eating behaviour, there is emerging evidence of a link between
endocrine regulation, appetite regulation and taste perception (Kubasova et al., 2015).
There are only a few studies which have measured endocrine regulators of appetite and
energy metabolism. Additional research in this area may help to establish the distinct
role of these signalling pathways alongside taste perception.

Finally, body composition may be associated with taste perception. It is still unclear as
to whether or not specific tastes (i.e. sweet taste) is more likely to be associated with
body weight status. It may instead be that inflammation which arises from obesity and
metabolic dysregulation causes insensitivity to general taste acuity by inhibiting the
renewal of taste buds (Kaufman et al., 2018). Conversely, there are studies which have
115

observed that obesity is associated with increased taste sensitivity (Hardikar et al., 2017;
Pasquet et al., 2007). Further investigation into this area is warranted.

In conclusion, food consumption involves complex taste perception interactions, as well
as the added complexity of aroma, visual, auditory and mouthfeel sensations. The
information on how these components relate to one another, as well as their influence
on long term metabolic health, is scarce and needs to be further explored. A better
understanding of sensory perception and associations with dietary intake is an important
step in further understanding the biological mechanisms which influence body weight.
However, taste testing procedures and dietary intake measurements both must be
reliable in order to draw valid conclusions. It has been found that a lack of repeatability
is a potentially misleading factor in the design of previous studies which have aimed to
determine the taste perception capabilities of an individual. More studies are required to
determine the reproducibility of methods for taste perception as well as determining
quantitative sensory measures which may have an association with metabolic disease
risk or body weight gain. In addition, investigation into whether relationships exist
between taste perception, dietary intake, eating behaviour and markers of metabolic
health is warranted.
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Chapter III.

Fat Sensation: Oleic Acid Taste and Olfaction Sensitivity and
the Link with Disinhibited Eating Behaviour

3.1. Abstract
Perception of fatty acid taste, aroma and texture are proposed to influence food
preferences, thus shaping dietary intake and eating behaviour and consequently longterm health. In this study, we investigated associations between fatty acid taste,
olfaction, the mouthfeel of fat, dietary intake, eating behaviour and body mass index
(BMI). Fifty women attended three sessions to assess oleic acid taste and olfaction
thresholds, the olfactory threshold for n-butanol and subjective mouthfeel ratings of
custard samples. Dietary intake and eating behaviour were evaluated using a food
frequency and three-factor eating questionnaire, respectively. Binomial regression
analysis was used to model fatty acid taste and olfaction data. Taste and olfactory
detection for oleic acid were positively correlated (r=0.325; P< 0.02). Oleic acid taste
hypersensitive women had significantly increased n-butanol olfactory sensitivity (P<
0.03). The eating behaviour disinhibition and BMI were higher in women who were
hyposensitive to oleic acid taste (P< 0.05). Dietary intake of nuts, nut spreads and seeds
were significantly correlated with high olfactory sensitivity to oleic acid (rs= -0.410, <
0.01). These findings demonstrate a clear link between fatty acid taste sensitivity and
olfaction and suggest that fatty acid taste perception is associated with specific
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characteristics of eating behaviour and body composition.
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3.2. Introduction
Taste is the sensation experienced when a chemical stimulus or tastant in the mouth is
recognised by receptors of the taste buds. There are five established taste modalities
including sweet, salty, sour, bitter, and umami (savoury). Sweet, umami and bitter
molecular sensors have been identified as G-protein coupled receptors (GPCRs), salt is
recognised by an ion channel receptor (ENaC) and the sour taste receptor mechanism
(yet to be identified) responds to the presence of acid (Trivedi, 2012a, 2012b; Ye et al.,
2016).

Fat creates a range of textural qualities which are considered to be the well-known
sensory properties of fat, such as creaminess, oiliness and thickness (Chen & Eaton,
2012; Szczesniak, 2002). Until recently, fat was considered only to be perceived
through mouthfeel and olfaction, but there is now considerable evidence that fatty acids
can be perceived by specific taste receptors of the tongue (Chalé-Rush, Burgess, &
Mattes, 2007a; Keast & Costanzo, 2015; Running, Craig, & Mattes, 2015). Several
studies have demonstrated varying gustatory sensitivities to fatty acids at low
concentrations (Mattes, 2009; Running, Mattes, & Tucker, 2013; Stewart et al., 2010;
Stewart, Newman, & Keast, 2011). Furthermore, detection of volatile fatty acids by
odour (Boesveldt & Lundström, 2014; Chalé-Rush, Burgess, & Mattes, 2007b) or
mouthfeel have been implicated in enhancing enjoyable eating experiences (Liou &
Grün, 2007). The oral perception of fatty acids (fat taste or fatty acid taste) is distinct
from that of wider textural fat sensations. Fatty acid taste can be confused with or
perceived as a ‘sour’ or ‘bitter’ taste sensation. Fatty acid taste is also different to the
perception of oxidised or degraded fatty acids, which is instead an irritant ‘rancid’ or
‘acidic’ profile that is perceived via trigeminal signalling pathways (Running, Craig, &
Mattes, 2015).

Increasingly, taste is being investigated for its role in the signalling pathways which
govern the body’s response to incoming food (Cvijanovic, Feinle-Bisset, Young, &
Little, 2015). The physiological mechanisms of taste have multiple functions which
include: signalling appeal or safety of items in the oral cavity, providing feedback to the
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digestive system about incoming food, and supporting the regulation of satiety (Liu,
Archer, Duesing, Hannan, & Keast, 2016). It has recently been suggested that overconsumption of dietary fat might alter the sensitivity or the expression of taste receptors
(Stewart, Newman, et al., 2011) and that high-fat diet exposure can decrease sensitivity
to fatty acid taste in lean participants (Stewart & Keast, 2012). These data suggest
sensitivity to fatty acid taste may have a significant impact on eating behaviour and
long-term dietary intake with important health consequences (Cox, Hendrie, & Carty,
2015). Commonly cited causes of obesity include major changes in our food
environment (Swinburn et al., 2013) which have led to over-consumption of
inexpensive, highly palatable energy-dense and nutrient-poor foods. Given that fat rich
foods have a powerful hedonic appeal, preferences for fatty foods are important
contributors to increases in body weight and metabolic disease risk (Martínez-Ruiz,
López-Díaz, Wall-Medrano, Jiménez-Castro, & Angulo, 2014).

To date, only a few studies have investigated the relationship between olfactory
sensitivity to fatty acids and dietary intake, eating behaviour or obesity development
(Boesveldt & Lundström, 2014; Stevenson et al., 2016). Human studies have shown that
the fat content level of milk can be discriminated by odour alone, however, this ability
was shown to have no relationship with BMI or dairy consumption (Boesveldt &
Lundström, 2014). Stevenson et al (2016) found that a western-style diet was associated
with poor odour identification as well as poor fat discrimination by taste (Stevenson et
al., 2016). Other studies have reported that olfaction may be desensitised in individuals
who are morbidly obese (Jurowich et al., 2014; Richardson, Vander Woude, Sudan,
Thompson, & Leopold, 2004). This may be due to changes in olfactory sensory neurons
(OSNs), with a decline of OSNs shown to occur over time during high-fat intake in
animal studies (Thiebaud et al., 2014). In contrast, another study found participants with
obesity had a stronger hedonic response towards the smell of dark chocolate than nonobese participants, rating the odour as significantly more pleasant (Stafford & Whittle,
2015). Furthermore, there is emerging evidence that variations in human olfactory
receptor gene expression can influence eating behaviour, resulting in increased
adiposity (Choquette et al., 2012). Similarly, it has been suggested that individuals who
are obese may have a better sense of smell for food odours but not to non-food odours
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(Stafford & Welbeck, 2011; Stafford & Whittle, 2015). Despite some authors
suggesting olfactory cues may be dispensable for the detection of dietary fats (Mattes,
2009), it is not clear whether olfactory sensitivity for fatty acid runs in parallel with an
individual’s sensitivity to fatty acid taste.

Recent work has found the ability to detect different levels of fat in a food matrix is
related to taste sensitivity by comparing results of a fat ranking task with threshold
sensitivity to oleic acid (Stewart et al., 2010). Similar fat ranking tasks have classified
participants as being fat ‘discriminators’ or ‘non-discriminators’, where nondiscriminators consumed greater amounts of dietary fat and had higher abdominal
adiposity (Liang et al., 2012). Despite mouthfeel perception and the dynamic nature of
eating being critical for food acceptance (Appelqvist, Poelman, Cochet-Broch, &
Delahunty, 2016), there are still relatively few studies on how mouthfeel perception
relates to other sensory attributes such as taste and olfactory modalities (Proserpio,
Laureati, Invitti, et al., 2016; Zhou, Shen, Parker, Kennedy, & Methven, 2016).

In the present study, we designed a series of experiments to investigate the relationships
between fatty acid taste, olfaction and mouthfeel modalities, and how fatty acid taste
perception measurements may relate to dietary intake and eating behaviour. The present
study aimed to (i) measure oleic acid taste and olfactory detection, (ii) explore links
between oleic acid taste, olfaction and mouthfeel perception of fat, and (iii) investigate
oleic acid taste detection and associations with eating behaviour, dietary intake and
body composition.
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3.3. Materials and Methods
Fatty acid taste and olfactory detection rate of oleic acid were determined in this study
by extending the commonly used 3-alternative forced choice (AFC) procedure testing
past the assumed taste threshold level and by carrying out three repeated sessions to
increase accuracy and precision. The relationship between these sensory modalities was
established as well as comparison with eating behaviour, dietary intake, olfactory
detection of n-butanol, mouthfeel perception of fat and body composition.

3.3.1. Participants
Participants included premenopausal, non-pregnant, non-lactating New Zealand (NZ)
European women aged 18-45 years living in Auckland, NZ. All participants selfreported being healthy, had no cold or flu symptoms on test days, had no food allergies
or intolerances, nor a dislike towards milk, coconut or dairy based products, were nonsmokers and had no medical history or evidence of conditions that could alter gustatory
function e.g. undergoing chemotherapy, having diabetes, nor had taken antibiotics over
the past three months (Kruger et al., 2015; Steinbach et al., 2009). Participants were
recruited using posters, flyers, social media (e.g. Facebook, Twitter) and via email lists
(e.g. Massey University staff and student lists). Participants were screened with an
online questionnaire to assess the inclusion and exclusion criteria. This study was
conducted according to guidelines laid down in the Declaration of Helsinki and all
procedures were considered to be low-risk by the Massey University Human Ethics
Committee, NZ. Written, informed consent was obtained from all the participants prior
to participating in the study.

Participants were required to attend three morning sessions in a fasted state at which
they were tested on taste, olfactory and mouthfeel measurements. Participant height and
weight were measured at the first visit using a standardised protocol. Body mass index
(BMI) was calculated (weight (kg) / height (m2)). Body fat percentage was measured at
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the first visit using bioelectrical impedance (BIA) measurement (InBody230, Biospace
Co. Ltd, Seoul, Korea) and standardised techniques (von Hurst et al., 2015). In-between
study visits participants were required to complete two online questionnaires to assess
dietary intake and eating behaviour.

3.3.2. Stimuli preparation for sensory measurements

3.3.2.1. Stimuli for fatty acid taste measurement
The methodology for taste testing is described in further detail by Haryono et al.
(Haryono, Sprajcer, & Keast, 2014). In brief, a milk emulsion vehicle was used and
made from non-fat UHT milk (Homebrand, NZ), added to a glass beaker along with
food grade gum arabic (Hawkins Watts, NZ). The addition of 0.01% EDTA (FCC,
Spectrum Laboratory Products Inc., Gardena CA, USA) was added to prevent oxidation.
The milk base had 5% mineral oil added (Purity FCC grade, Canadian Oil Company,
Ontario, Canada). This solution was homogenised thoroughly with a Silverson L4RT
homogeniser. The milk base solution was divided in half so that a series of the fatty acid
vehicle with increasing concentrations of oleic acid could be created. Half of the milk
base was used for the blank testing solutions. Each concentration in the series of active
stimuli required a separate beaker. In each beaker, in the series, the appropriate amount
of oleic acid (Sigma-Aldrich, St Louis, MO, USA) was added to the milk.
Homogenisation of each beaker was undertaken in ascending order. The homogeniser
was sanitised after contact with oleic acid to prevent any contamination of non-oleic
acid solutions. Testing stimuli were made fresh on the day of evaluation. This oleic acid
in milk emulsion concentration series (0.02, 0.06, 1, 1.4, 2, 2.8, 3.8, 5, 6.4, 8, 9.8, 12
and 20mM) has previously been used in several studies (Keast, Azzopardi, Newman, &
Haryono, 2014; Panek-Scarborough, Dewey, & Temple, 2012; Stewart et al., 2010;
Stewart & Keast, 2012).

3.3.2.2. Stimuli for fatty acid olfactory measurement
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Olfactory stimuli were created from oleic acid to create a series with an increasing
concentration of fatty acid content. The stimuli and procedure were developed in order
to align with the taste testing (Haryono et al., 2014), however, our internal testing
showed that higher concentrations of oleic acid were required for olfactory detection.
The stimuli were prepared by adding the oleic acid to odourless light mineral oil
(Sigma-Aldrich, St Louis, MO, USA) in a concentration series. All blank testing
solutions bottles contained 5 mL of odourless light mineral oil. The series of active
stimuli concentrations ranged from a 6 mM oleic acid solution to a 380 mM oleic acid
solution (6, 12, 24, 48, 95, 190 and 380 mM). Olfactory stimuli were kept in small,
individual containers with a screw top lid (Figure 3.1). Oleic acid required mixing by
drawing 3-4 times with a 10 mL pipette, to ensure an even emulsion of fatty acid and
mineral oil. All olfactory stimuli were made fresh on the day of evaluation. All oleic
acid used was from the same batch as the tasting procedure and obtained from the same
supplier to allow for comparison across testing stimuli. The methodology for olfactory
testing used the same procedure as taste testing (3-AFC) but with a decreased number of
concentrations (see Table 3.1).

Figure 3.1. Image of sniffing bottles for oleic acid olfactory measurement using the
ascending 3-AFC procedure.
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3.3.2.3. n-butanol threshold test
The overall olfactory performance of each participant was established using a test kit
‘Sniffin’ Sticks’ which has been widely used in research (Hummel, Kobal, Gudziol, &
Mackay-Sim, 2007) in order to compare results with the oleic acid olfaction test. The
‘Sniffin’ Sticks’ kit contains 16 pen sets (triplets) with increasing thresholds of the
volatile n-butanol, alongside blank odour pens (Burghart Instruments, Wedel,
Germany). The 16 pen sets require presentation of three pens each time with only one of
the three pens containing the target odourant (forced choice procedure). Pen no. 1 is the
highest concentration and pen no. 16 is the lowest, with a high score representing
increased sensitivity to n-butanol, and a score over 6.5 considered to be ‘normosmia’
(Denzer et al., 2014; Hummel et al., 2007).
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Sensitivity to oleic acid (C18:1)
olfactory threshold
measurement

Sensitivity to n-butanol
(Sniffin’ Sticks) olfactory
threshold

Daily energy, macronutrient
and food group intake

Restraint, disinhibition and
hunger measurement

Silverson homogeniser (L4RT)

-

Burghart Sniffin’ Sticks smell test

-

Analysis using Foodworks 7 2012
(Xyris Software, Australia).
Questionnaire completed on
SurveyMonkey™ online platform
Questionnaire completed on
SurveyMonkey™ online platform

Developed in this study with reference
to Haryono et al., 2014; Keast et al.,
2014; Mattes, 2007; Running, 2014;
Stewart et al., 2010; Stewart, FeinleBisset, et al., 2011; Stewart, Newman,
et al., 2011; Tucker & Mattes, 2013
Developed in this study with reference
to Boesveldt & Lundström, 2014;
Hummel et al., 1997; Kallas &
Halpern, 2011
Denzer et al., 2014; Hummel et al.,
2007

Developed in this study with reference
to Ares et al., 2009; Keller et al., 2012;
Martínez-Ruiz et al., 2014; Popper,
2014; Worch et al., 2012
Houston, 2014; Kruger et al., 2015

Stunkard & Messick, 1985

3-AFC procedure ascending
method with 6 correct
responses (3 at the same
concentration and 3 at
consecutive higher
concentrations)

3-AFC procedure. Maximum
of 7 concentration levels

3-AFC procedure. 16
concentration levels presented
in rising order (pens 16, 14,
12, etc)

Subjective hedonic and
intensity linear scales, JAR
scales

220-item FFQ

TFEQ

Taste perception
oleic acid (C18:1)

Olfactory perception
oleic acid (C18:1)

n-butanol olfactory
perception

Mouthfeel perception

Dietary intake

Eating behaviour

Abbreviations: BIA, bioelectrical impedance; BMI, body mass index; AFC, alternative-forced choice; FFQ, food frequency questionnaire; JAR, just
about right; TFEQ, three-factor eating questionnaire

Subjective rating of mouthfeel
(intensity, liking, etc)

Sensitivity to oleic acid (C18:1)
threshold measurement.
Identification of ‘hypo’ or
‘hypersensitivity’

Body composition
- BMI profiling (height and
weight)
- fat and lean mass

Direct segmental measurement
(DSM) BIA (InBody230, Biospace
Co. Ltd, Seoul, Korea). Stadiometer

Ling et al., 2011; von Hurst et al., 2015

Anthropometric measurements
(height, weight) and BIA

Body composition
profile

Outcomes

Equipment

Reference

Methods

Measurement

Table 3.1. Trial measurements and methods
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3.3.2.4. Subjective mouthfeel measurement test
For testing of mouthfeel and textural influence of fat, vanilla custard tasting stimuli
were designed. Test stimuli were created using coconut oil, which has a high saturated
fat content providing a high level of fat-related textural attributes (Vingerhoeds, de
Wijk, Zoet, Nixdorf, & van Aken, 2008). The base for vanilla custard involved mixing 3
tablespoons of cornstarch (Edmonds, NZ), 3 tablespoons of sugar (Homebrand, NZ), 1
teaspoon vanilla essence (Hansells, NZ), ¼ teaspoon of yellow food colouring
(Hansells, NZ) and 500 mL of non-fat milk (Homebrand, NZ). The mixture was heated
in a microwave (4 minutes, stirred, 3 minutes, stirred) and homogenised. Coconut oil
(Blue Coconut, Canterbury, NZ) was added to each bowl at 0%, 5%, 10%, and 15%
quantities and then custard added to give a total weight of 50 g. Each bowl was
thoroughly and consistently mixed. Smaller portion cups (35 mL cups) were labelled
with individual 3-digit codes and filled with 20 g of custard and then refrigerated.
Testing stimuli were made approximately 12 hours prior to taste testing (see Table 1 for
details of methodology).

Subjective evaluation of vanilla custard was recorded on paper by placing a vertical line
through 150 mm linear scales. The questionnaire and overall evaluation used to assess
the vanilla custard (real world food model) was similar to that of consumer sensory
evaluation techniques (Haryono et al., 2014; Popper, 2014). At each fat concentration
level, a separate questionnaire was administered, with no side-by-side comparisons.
Participants were not informed of the fat content levels and were untrained, as we were
looking for naïve ratings of attributes and ratings of hedonic liking associated with a
real world food model (Ares, Barreiro, & Giménez, 2009). Prior to the assessment, the
participant was told that there were no ‘right or wrong’ answers. On each visit,
participants evaluated two out of the four custard stimuli. These were selected in a
randomised order so that all four custard stimuli were tested at the first two visits. The
questions asked related to liking (“How much do you like or dislike the aroma / taste /
mouthfeel / sweetness of the vanilla custard?”), ideal preferences (“Compared to your
ideal vanilla custard, what do you think of the aroma / flavour strength / mouthfeel /
sweetness?”), overall like or dislike (“Overall, how much do you like or dislike this
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vanilla custard?”), fat content (“How would you rate the fat content level?”), and fat
taste intensity (“How would you rate the intensity of the fat taste?)” (Keller et al., 2012;
Martínez-Ruiz et al., 2014). The scales were anchored at either end by statements;
“Strongest imaginable dislike / Too weak / Not enough flavour / Too dry / Not sweet
enough / Very low fat content (The lowest I have ever tasted in custard)/ Very low fat
taste” on the left and “Strongest imaginable like / Too strong / Too much flavour / Too
fatty oily / Too sweet / Very high fat content (The highest I have ever tasted in custard /
Very high fat taste” on the right. The final question was to circle the % of fat thought to
be present in the vanilla custard stimuli from a range of options (0%, 1%, 2%, 5%, 10%
or 15%).

3.3.3. Eating behaviour and dietary intake questionnaires
Eating behaviour was assessed using the validated three-factor eating questionnaire
(TFEQ) to measure cognitive dietary restraint (21 items), disinhibition of control (16
items) and susceptibility to hunger (14 items) (Stunkard & Messick, 1985). Each item
scores either 0 or 1 point with possible scores ranging from 0-0-0 to 21-16-14 (Stunkard
& Messick, 1985). TFEQ scores were allocated for each category and associated
subscales were calculated under each of the three factors (Bond, McDowell, &
Wilkinson, 2001; Westenhoefer, 1991; Westenhoefer, Stunkard, & Pudel, 1999), where
higher scores denote higher levels of restrained eating, disinhibited eating and
predisposition to hunger (Stunkard & Messick, 1985).

Dietary intake (energy, macronutrients, food groups) was measured by a 220-item food
frequency questionnaire (FFQ) developed for the Women’s EXPLORE study
(“EXamining Predictors Linking Obesity Related Elements”) and adapted from the FFQ
used in the National Nutrition Survey in NZ (Houston, 2014; Kruger et al., 2015;
Quigley & Watts, 1997; Russell, Parnell, & Wilson, 1997). Approximate frequency of
food and beverage intake was for items consumed over the previous month. Dietary data
from the FFQ were combined into key food groups as recommended by the Eating and
Activity Guidelines for NZ Adults of i. fruit, ii. vegetables, iii. grains, iv. milk and milk
products, v. nuts, nut spreads and seeds, vi. eggs, poultry and fish, vii, red meat, viii,
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takeaways, ix, sugary treats, x. butter, margarine and oil, xi. legumes and xii. alcohol
(Ministry of Health. & Health, 2015). Dietary intake data are expressed as daily
frequency equivalent’s (DFE’s) where frequency responses were calculated as a per day
value (i.e. ‘4-6x/week’ was calculated as 5 / 7 days = 0.71 DFE’s (da Silva, Sichieri,
Pereira, da Silva, & Ferreira, 2013). Data from the FFQ and was entered into
Foodworks version 7 (Xyris Software 2012, Queensland, Australia). Foodworks uses
the NZ Food Composition Database and FOODfiles (New Zealand Institute for Plant
and Food Research, 2011) to determine total energy (kJ) and macronutrient (g) intake.
In-depth analysis of the dietary intake data collected in this study is reported elsewhere
(Henderson, 2016).

3.3.4. Testing procedure
Each participant attended three testing sessions which took place on nonconsecutive
days within a period of one month. During all three testing sessions, oleic acid taste and
olfaction threshold testing was conducted. Participants were asked not to eat, drink,
wear perfume, or taste any other products prior to testing and on arrival had fasted for
approximately 12 hours. Testing took place between 0700 and 0930 hours. All stimuli
were evaluated at room temperature (20°C) in individual taste testing booths. Tasting
stimuli were whole mouth samples which were evaluated using a sip-and-spit procedure
with no solution ingested (Mattes, 2009). Participants were asked to wear a nose clip for
the taste evaluation only. Prior to sensory testing, a short training procedure was
conducted to familiarise each participant with the unique taste of the oleic acid solution
(9.8 mM) while wearing a nose-clip and to compare this taste to that of a blank milk
emulsion (R. Keast, personal communication, June 2015). If the participant failed to
notice any difference between the target (9.8 mM) and the blank, they were asked to try
again with higher concentrations, until the participant recognised the taste. During the
testing procedure, participants rinsed out their mouth with water between each set of
tasting stimuli. Oleic acid taste perception testing was conducted first (wearing noseclip), followed by oleic acid olfactory testing (nose-clip removed). Red lights were left
on throughout the tasting, olfactory and custard stimuli evaluation. To finish, evaluation
of vanilla custard tasting stimuli was conducted (visit 1 and 2) or the n-butanol
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threshold test (visit 3). All testing took approximately an hour to complete. The TFEQ
and FFQ were answered in one sitting on SurveyMonkey™ in-between study visits in a
location where participants had minimal distraction.

3.3.5. Statistical analysis
Statistical analyses were performed using IBM SPSS software for Windows (version
22.0; SPSS Inc, Armonk, NY: IBM Corp, USA). The sample size calculation was
performed based on a pilot study which measured linoleic acid fatty acid taste threshold.
It was estimated that 50 participants were required based on alpha risk at 0.05 and beta
risk at 0.2 (power 80%) to find a difference in oleic acid taste perception between
concentration levels. The sample size is similar to other studies investigating oleic acid
taste perception (Stewart et al., 2010; Tucker, Edlinger, Craig, & Mattes, 2014; Zhou et
al., 2016). Binomial regression models were performed using R version 3.2.5. Data
were checked for normality using the Kolmogorov-Smirnov test. Normally distributed
data are presented as mean±SD and non-normally distributed data as median [25, 75
percentiles]. Correlations of fatty acid taste detection, n-butanol detection, oleic acid
olfaction and dietary intake were tested using Pearson’s correlation coefficient and
Spearman’s correlation coefficient depending on the normality of the data. Intra-class
correlation (ICC) using two-way random effects model, single measures was performed
to detect associations between fatty acid detection thresholds and proportion of correct
trials across testing days. The fitted fatty acid taste models of the probability of correct
detection used binomial regression to model the success or failure of taste and olfaction
detection. Binomial regression employs a link function to connect the binary outcome
variable with the continuous predictor variables. The link functions that gave the most
stable fit to each data set were applied, these were the logit link function for the
olfaction data, and the complementary-log-log function for the taste data at all three
testing sessions (Lawless, 2010). The rationale to interpolate at 0.66 probability was
based on the publication by Lawless, 2010 (Lawless, 2010). Lawless (2010) describes
an alternative analysis of forced-choice threshold data sets (ASTM, 2011; Lawless,
2010). The interpolation of chance-corrected thresholds does not discount correct
responses of early concentrations but does take into account the probability that
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guessing correctly may have. This analysis does not exhibit the downward bias that can
occur from correct guessing and has proven practical applications (Lawless, 2010).

The probability of guessing would be 0.33 or 1/3 correct trials. Therefore, the
probability of 0.66 or 2/3 correct samples ensures that the detection rate is above
“chance” level. By using a single 0.66 probability cut-off for all participants we were
able to assess their sensitivity at the same point identified by the binomial regression
model. A similar approach has been used by Giguère et al, 2016 and Jayasinghe et al,
2017 (Giguère et al., 2016; Jayasinghe et al., 2017). The probability of 0.66
differentiated between participants at a common intercept and is a chance-corrected
detection rate.

Sensitivity to oleic acid was treated as a grouping variable and was defined as
‘hypersensitive’ or ‘hyposensitive’ to taste similar to previous publications (Stewart et
al., 2010; Stewart, Feinle-Bisset, & Keast, 2011). For this purpose, we chose the cut-off
of 5.7 mM as this was the median detection threshold on average, across the three days.
Group differences between taste detection rate, taste detection threshold, olfactory
scores, eating behaviour scores, energy intake, macronutrient intake, food group intake
and mouthfeel ratings (continuous variables) were investigated using independent
samples t-tests and Mann-Whitney U test for non-normally distributed data. BMI
categories and taste sensitivity (hypersensitive versus hyposensitive) were compared
using a chi-squared test. A P value of <0.05 was considered as significant.
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3.4. Results

3.4.1. Participants
A total of fifty-one female NZ European participants were recruited to take part in the
study (Table 3.2). Of these, 50 women completed all three required visitations. The
majority of the participants were of normal weight (BMI between 18.5 and 24.9 kg/m2;
62%), with some overweight (BMI 25-29.9 kg/m2; 22%) and some obese (BMI≥30
kg/m2; 16%) participants.

Table 3.2. Anthropometric characteristics of participants
Variable
All (n=50)
1
Age (y)
26 [22, 32]
2
Height (cm)
166 ± 6
1
Weight (kg)
67 [57, 76]
1
BMI (kg/m²)
24 [21, 28]
2
PBF (%)
30 ± 8
Abbreviations: y, years; PBF, percentage body fat; SD, standard deviation. 1Median
[25th-75thquartiles]; 2Values are means±SD.

3.4.2. Taste and olfaction detection curves of oleic acid
Detection curves were modelled from the data obtained from all three sessions in order
to interpolate the detection rate of oleic acid taste perception for each individual. Each
taste trial, which comprised a set of three samples containing two controls and one oleic
acid ‘target’ sample, was used to create a binomial regression model (incorrect vs.
correct identification per 3-AFC set). Figure 3.2a shows the taste detection curvesi of

i

Detection curves: concentration of taste stimulus (mM) vs. the probability of correctly identifying taste.
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oleic acid using the probabilityii of correctly identifying a taste stimulus at each trial.
Each line represents an individual participant showing that detection ability increases
with increasing concentration of oleic acid.

Figure 3.2. Comparison of (a) taste detection curves and (b) olfactory detection curves
of oleic acid (n=50). Participants marked in red showed strong olfactory detection rate
(b) and those same participants are shown in the taste model also in red (a). The fitted
models of binomial regression for taste and olfaction show successful vs. failed
individual trials across all 3 testing days (3-AFC) modelled with a link function.

We evaluated between session repeatability of the probability of detection (taste) for
each participant, where moderate significant correlations were found across all testing
sessions 1, 2 and 3 (ICC=0.52, CI=0.36-0.67, P< 0.001, two-way random effects model,
single measures). When comparing side-by-side sessions ‘1 and 2’, and ‘2 and 3’,
repeatability was stronger, showing significant moderate correlations (ICC=0.67,
CI=0.48-0.80, P< 0.001 and ICC=0.59, CI=0.38-0.75, P< 0.001, respectively).
Detection curves for taste were variable across the group of participants but
significantly repeatable within an individual’s data sets across sessions 1, 2 and 3. In
addition, there were no significant differences between taste detection thresholds across
the three sessions.
ii

Probability of detection: the probability of a trial being correctly identified at each concentration (3-AFC

method). One in three trials will be correctly identified by chance alone (0.333, or 33.3%).
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Figure 3.2b shows the olfactory detection curves using the probability of correctly
identifying oleic acid odour at each trial. Olfactory detection curves increased with
higher concentrations of oleic acid (data obtained from all three sessions). When
evaluating the repeatability of the probability of detection for oleic acid odour, moderate
correlations were found across visits for sessions 1, 2 and 3 (ICC=0.41, CI=0.23-0.58,
P< 0.001, two-way random effects model, single measures). When comparing side-byside sessions ‘1 and 2’, and ‘2 and 3’, olfactory repeatability was consistent with
comparing all three sessions showing significant moderate correlations (ICC=0.44,
CI=0.19-0.64, P< 0.001 and ICC=0.39, CI=0.13-0.6, P< 0.002, respectively). There
were no significant differences between olfactory detection thresholds across the three
sessions.

3.4.3. Fatty acid taste hypo- and hypersensitivity
Previous studies have defined oleic acid taste hypersensitivity empirically as a detection
thresholdiii at a concentration of less than 3.8 mM (Haryono et al., 2014). In this current
study, we used a model to determine taste detection rate. Interpolation of each detection
curve was required to characterise participants as hypo- or hypersensitive to oleic acid
taste perception. In order to create an equivalent classification to previous studies
(Haryono et al., 2014; Keast et al., 2014; Stewart, Newman, et al., 2011), the
concentration (mM) at which detection is 0.66 (66%; equivalent to successfully
obtaining 2 out of 3 correct trials at that given concentration) was considered to be the
detection rateiv. Taste hypersensitive participants (n=22) were defined as individuals
who obtained a detection rate of less than or equal to 5.7 mM at 0.66 (66%) of the trials,
based on their taste detection curve.

iii

Detection threshold: the lowest concentration at which a stimulus is detected, determined by 3
consecutively correct taste trials at that given concentration (3-AFC method).
iv

Detection rate: concentration of stimulus at which an individual would correctly identify 2 out of 3 (0.66
or 66%) of trials, using the predictive detection rate curves.
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Table 3.3. Comparison of median [25th – 75th quartiles] detection rate and detection
threshold of hypersensitive and hyposensitive fatty acid detection (oleic acid) taste
groups.
Variable
Detection rate1
Detection threshold2

Hypersensitive (n=22)
3.36 mM [2.14, 5.53]
2.58 mM [1.47, 3.35]

Hyposensitive (n=28)
12.12 mM [8.91, 19.37]
11.10 mM [6.07, 12.73]

(Haryono et al., 2014; Keast et al.,
2014; Stewart, Newman, et al., 2011)
1

Detection rate: concentration of stimulus at which an individual would correctly
identify 2 out of 3 (0.66 or 66%) of trials, using the predictive detection rate curves;
2
Detection threshold: the lowest concentration at which a stimulus is detected,
determined by 3 consecutively correct taste trials at that given concentration (3-AFC
method).

3.4.4. Relationship between oleic acid taste perception and olfaction
A significant, positive correlation between taste probability of detection and the
olfactory probability of detection (r=0.325, n=50, P< 0.02) of oleic acid was found
(Figure 3.3).

Figure 3.3. Scatterplot of the relationship between oleic acid olfaction and taste
(probability of detection), the weighted average across all three sessions.
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P-value
<0.001
<0.001

3.4.5. Relationship between oleic acid taste hypo- and hypersensitivity, olfaction
detection rate, n-butanol olfactory threshold and eating behaviour
Taste hypersensitive participants had a lower olfactory detection rate (higher sensitivity)
than the hyposensitive taster group (Table 3.4, P< 0.05). Scores obtained for n-butanol
threshold demonstrated a similar relationship to oleic acid olfactory detection rate, taste
hypersensitive participants obtained a higher mean score (higher sensitivity) for nbutanol threshold ‘Sniffin’ Sticks’ (P< 0.03). The mean score for n-butanol threshold
was 8.7±2.2. Based on normative values, 43 participants were classified as normosmic
(test score >6.5), and 7 as hyposmic to odour (test score <6.5, less sensitive). There was
a trend for the olfactory oleic acid detection rate (mM) to correlate with n-butanol
threshold score (rs= -0.263, P= 0.07).

The three eating behaviours assessed by the TFEQ were cognitive restraint,
disinhibition and hunger as well as associated subscales. Results from the questionnaire
were analysed based on scoring criteria established by Stunkard and Messick (1985).
For cognitive restraint, the majority of participants (68%) reported low scores (0-10 out
of a possible score of 21). Participants also reported mostly low scores for disinhibition
(74% scored 0-8 out of 16). For susceptibility to hunger, 80% of participants scored low
(0-7 out of 14) (Shen, Kennedy, & Methven, 2017). A significant difference in
disinhibition score and emotional disinhibition (subscale) was observed between
hypersensitive and hyposensitive groups (P< 0.05; P< 0.03, respectively). There were
no significant correlations between eating behaviour factors when compared to oleic
acid olfactory detection or n-butanol threshold (all, P> 0.05).
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Table 3.4. Comparison of TFEQ scores and olfactory detection for hyper- and
hyposensitive fatty acid detection (oleic acid) taste groups.

Oleic acid olfactory detection
rate1 (mM)2
n-butanol threshold score3

Hypersensitive
(n=22)

Hyposensitive
(n=28)

TOTAL
(n=50)

P-value

24.2 [11, 61]

97.3 [24, 181]

45.4 [16, 158]

0.0414

9.5±1.8

8.1±2.3

8.7±2.2

0.0294

Cognitive dietary restraint2
8.0 [4, 11]
10 [7, 12]
9.0 [5, 11]
0.232
2
Flexible restraint
3.0 [1, 4]
3.5 [2, 5]
3.0 [1.8, 4]
0.159
2
Rigid restraint
2.0 [1, 3]
3.0 [1.5, 4]
3.0 [1, 4]
0.133
Disinhibition2
4.0 [3, 6]
6.5 [3, 10]
5.0 [3, 9]
0.0464
Habitual susceptibility2
0.0 [0, 1]
0.5 [0, 2]
0.0 [0, 1]
0.197
Emotional susceptibility2
0.0 [0, 1]
2.0 [0, 3]
1.0 [0, 2]
0.0294
Situational susceptibility2
2.0 [2, 4]
3.0 [1, 4]
3.0 [1, 4]
0.538
2
Hunger
3.5 [2, 6]
4.0 [2, 7.5]
4.0 [2, 6.3]
0.313
Internal locus2
2.0 [0, 3]
2.0 [1, 3]
2.0 [0, 3]
0.638
2
External locus
1.0 [0, 2]
2.0 [1, 4]
1.5 [0.8, 3]
0.125
Abbreviations: TFEQ, three-factor eating questionnaire; mM, millimolar; SD, standard
deviation. 1Detection rate (mM), defined as the concentration at which correct detection is 0.66
(66% correct trials over 3 days) using the odour detection curves; 2Median [25th-75th quartiles];
3
Values are means±SD; 4Significant difference found between hypersensitive and hyposensitive
taste groups (P< 0.05).

3.4.6. Relationship between oleic acid taste hypo- and hypersensitivity, mouthfeel rating
and olfaction
Distinct from fatty acid taste is the ability to feel the texture of fat in food or drinks in
the mouth, which are the tactile sensations that can be described as ‘creamy’ or ‘oily’
(Vingerhoeds et al., 2008). Significant differences were found between hyposensitive
and hypersensitive participants when asked to subjectively rate how much they liked the
mouthfeel of high-fat custard (P< 0.05) and when rating the mouthfeel of the medium
fat custard in comparison to what they perceived as an ideal level of fat content (P<
0.05) (see Figure 3.4). Additional vanilla custard rating questions (e.g. sweetness
intensity, flavour liking, etc.) were not significantly different between hyper- and
hyposensitive taste groups (all, P> 0.05).
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Figure 3.4. Comparison of (a) mouthfeel rating and (b) mouthfeel liking of high (15%
coconut oil), medium (10% coconut oil), low (5% coconut oil) and no fat custard (0%
coconut oil) split by taste hypersensitive (n=22) and hyposensitive (n=28) participants.
Data presented as mean±sem. *P< 0.05.

Mouthfeel perception of high-fat custard (15% coconut oil) was correlated with nbutanol sensitivity, where a rating of ‘too fatty/oily’ being associated with higher
olfactory sensitivity (r=0.393, P< 0.01). No other noteworthy significant associations
were found between the mouthfeel ratings of custard, n-butanol threshold or oleic acid
olfactory threshold.

3.4.7. Relationships between oleic acid taste perception, oleic acid olfaction, dietary
intake, mouthfeel rating and eating behaviour
In the current study, food group intake was measured, and energy intake evaluated
across the study population. An in-depth analysis of dietary patterns and food group
data is reported elsewhere (Henderson, 2016). Nuts, nut spreads and seeds food group
intake (DFE’s) was significantly correlated with oleic acid olfactory detection rate
(mM), where high sensitivity (low detection rate) correlated with higher intake of nuts,
nut spreads and seeds (rs= -0.410, P< 0.01). We found no other significant relationships
between oleic acid olfactory detection rate, n-butanol threshold or oleic acid taste
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perception and food group intakes, energy and macronutrient intake. Additionally, there
were no significant differences in food groups, energy or macronutrient intake between
hypo- and hypersensitive taste groups.

Restraint and hunger eating behaviour factors were related to intake of specific food
groups in our sample population. A high hunger score was correlated with higher intake
of takeaways (rs= 0.33, P< 0.02) and butter, margarine and oil (rs= 0.32, P< 0.03). High
sugary treat food intake was inversely associated with restraint (rs= -0.39, P< 0.01).
Vegetable intake was positively correlated with restraint score (rs= 0.32, P< 0.03) and
negatively with hunger score (rs= -0.31, P< 0.03). No other significant relationships
between eating behaviour, food group intake, energy or macronutrient intakes were
found.

3.4.8. Oleic acid taste perception and olfaction detection rate and body composition
Oleic acid taste hypersensitive participants were significantly more likely to have a low
BMI (be lean) (X2 (1, n=50) =3.89, P< 0.05) and hyposensitive participants were 3.4
times more likely to be overweight or obese than hypersensitive participants. There was
a trend for hypersensitive participants to have a lower PBF than hyposensitive
participants (27.8%±7.2 vs. 32.2%±8.8; P= 0.06). There were no relationships found
between oleic acid olfactory detection rate and BMI as a continuous variable or between
BMI categories or percentage body fat. There were no significant differences in oleic
acid olfactory detection rate, oleic acid mouthfeel perception, n-butanol threshold, food
group intake, energy, macronutrient intakes or eating behaviour between BMI
categories.
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3.5. Discussion
The present study investigated the relationship between oleic acid taste and olfaction
detection rates, and how these measurements may relate to dietary intake, eating
behaviour, mouthfeel ratings of fat added to test custard and body composition. The
results show that sensitivity to oleic acid taste perception and olfaction varies
considerably between participants, with individual detection rates covering three orders
of magnitude. The present study shows for the first time that fatty acid olfactory
sensitivity is clearly linked with fatty acid taste sensitivity albeit acting through separate
pathways. Hyposensitivity to fatty acid taste was associated with disinhibited eating
behaviour. Furthermore, participants who were hypersensitive to oleic acid taste
perception had lower BMI values than those who were hyposensitive. The findings of
this study show remarkable parallels in fatty acid taste and olfaction detection rates with
clear and consistent individual differences in detection ability. These individual
differences in fat detection appear to be linked with disinhibited eating behaviour that
may have implications for long-term metabolic health outcomes (Hays & Roberts,
2008).

3.5.1. Oleic acid taste and olfactory detection rate
In this study, we created tailored models to characterise the detection curves of taste and
olfaction with increasing oleic acid concentrations in healthy women. Our data confirm
that there is great variability in taste sensitivity between individuals, which is consistent
with previous studies in presenting a range of taste detection thresholds across different
participants (Chalé-Rush et al., 2007a; Stewart et al., 2010; Zhou et al., 2016). In
humans, sensing of ‘fat’ has been attributed to CD36 receptors in taste cells, as well as
GPR120, 41, 40 and 43 receptors (Baillie, Coburn, & Abumrad, 1996; Galindo et al.,
2012; Pepino, Kuda, Samovski, & Abumrad, 2014). It is thought that CD36 receptors
may function in fatty acid recognition at low concentrations, whereas GPR120 may be
functioning at higher concentrations, acting to enhance the signalling of fatty acids and
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providing sustained taste experiences (Ozdener et al., 2014). Thus, oral detection of
fatty acids may be a result of dual, complementary mechanisms (Besnard, PassillyDegrace, & Khan, 2016). We, therefore, chose to identify the probability of oleic acid
taste detection over a wider range of concentrations in the present study, given that fatty
acid taste may be detected by multiple receptors and a range of transduction pathways
(Abdoul-Azize, Selvakumar, Sadou, Besnard, & Khan, 2014; Besnard et al., 2016;
Gilbertson & Khan, 2014; Liu et al., 2016; Ozdener et al., 2014).

In consideration of a postulated multiple receptor mechanism that detects fatty acids, we
chose to extend the ascending 3-AFC method to continue testing past three correct
evaluations, by adding an additional three higher concentrations past the commonly
used ‘stopping point’ (Mattes, 2007). An extension of the stopping rule was further
implemented to collect enough data points across the three repeated sessions to create
the binomial regression models. We were then able to interpolate an individual’s
performance using the model and from this, we were able to classify individuals as
hypo- or hypersensitive as a grouping variable. This approach decreases the number of
false-positives which can occur through guessing the correct solution by chance alone
(Running, 2014). The extension of the stopping rule further enhanced the quality of our
data by broadening the range of concentration levels evaluated, which allowed us to
model taste behaviour for each participant. One of the limitations of extending the
procedure is inducement of fatigue, but the integration of the probability of correct
detection at each concentration level obtained from multiple visits decreases the
influence of this effect on the detection rate (Mattes, 2007; Running, 2014). The fatty
acid detection rates applied in this study account for the possibility of guessing correctly
but do not discount the correct responses which may occur at low concentrations. The
between-participant variance was further reduced in this study by limiting our
participants to the same gender, age range (premenopausal only) and to one ethnic
group.

3.5.2. Fatty acid taste hypo- and hypersensitivity
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We were able to identify a detection rate for all participants to then further establish our
classification into hypo- or hypersensitive fatty acid taster groups, based on their
performance across three days of testing, as opposed to a single session measurement.
The ratio of participants classified as hypersensitive in our study, based on their
detection rate, was comparable to findings in previous studies (Keast et al., 2014;
Stewart, Newman, et al., 2011). The repeatability of fatty acid taste threshold
assessments has been investigated previously (Newman & Keast, 2013; Tucker &
Mattes, 2013), and consistent with these studies, we found significant repeatability
across all sessions. Whilst we found that fatty acid taste detection was clearly
repeatable, we would recommend a minimum of three testing sessions to measure fatty
acid taste or olfaction detection rates, in order to obtain enough data to determine the
probability of correctly identifying taste at each concentration level (Newman & Keast,
2013; Tucker et al., 2014; Tucker & Mattes, 2013). In the present study, all sessions
were conducted in the morning, prior to consuming breakfast, which we believe
enhanced the repeatability of the taste perception data in this study.

3.5.3. Relationship between oleic acid taste perception and olfaction
Our results show that the ability to detect fatty acid by taste was significantly associated
with that of olfaction. In a ‘real-world’ food setting, the recognition of fatty acid taste
would be further enhanced by mastication behaviour (chewing), due to the enhanced
release of organic odour volatiles (Ployon, Morzel, & Canon, 2017). In support of a
fatty acid taste and olfactory relationship, the previous research identified that the
expression of the CD36 receptors in the olfactory epithelium may be related to the longchain fatty acid taste receptor mechanisms (Xavier et al., 2016). There is a possible role
in odorant detection by this scavenger receptor (Xavier et al., 2016), suggesting
individuals with higher CD36 taste expression potentially have a homologous olfactory
detection ability. This has been observed in CD36-deficient mice who displayed altered
olfactory behaviour when exposed to long-chain fatty acids (Xavier et al., 2016). In
support of our findings, in vitro work on human olfactory mucus has found an odorant
binding protein which has a strong affinity for long-chain fatty acids, including lauric
acid and capric acids (Xavier et al., 2016). Additionally, the variability in a human
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odorant-binding protein OBPIIa was associated with individual differences in the
bitterness perception of oleic acid (Abdoul-Azize et al., 2014). It would be interesting to
investigate in future studies whether individuals who are more sensitive to oleic acid
olfaction are carriers of the variation in the olfactory binding protein described by
Tomassini Barbarossa et al. (Tomassini Barbarossa et al., 2017). Interestingly, in
humans, olfactory-based discrimination of the fat content of milk and specific fatty
acids at a range of concentration levels has been demonstrated and supports the notion
that humans are able to detect small differences in fat content by odour alone (Boesveldt
& Lundström, 2014; Kallas & Halpern, 2011).

In comparison to the oleic acid tasting procedure in this study, the concentration of oleic
acid used in the olfactory detection tests went to a considerably higher concentration.
This was required due to the stimuli being tested orthonasally, at room temperature
(20°C) with fresh oleic acid in partially filled bottles to generate an open headspace for
inhalation. Because this is a new procedure we covered a wider range of concentrations
but used fewer steps (seven concentrations) as we wanted to avoid adaptation effects
which have been reported in some previous olfactory studies (Stuck, Fadel, Hummel, &
Sommer, 2014; Thompson & Spencer, 1966).

Our results indicate that there is a difference between hypo- and hypersensitive groups
in sensitivity to n-butanol odour (‘Sniffin’ Sticks’ score). The n-butanol odour
sensitivity test is widely used for the evaluation of human olfactory performance and
can be used by medical practitioners to assess olfactory dysfunction (Denzer et al.,
2014). In the present study, the n-butanol threshold test was incorporated to see if a
well-established olfactory assessment method may relate to the oleic acid olfactory test
introduced in this study. We found that n-butanol sensitivity is weakly associated with
oleic acid olfactory perception.

3.5.4. Oleic acid taste perception and disinhibited eating behaviour
Significant associations were found between oleic acid taste sensitivity and
‘disinhibition’ and the eating behaviour sub-category ‘emotional disinhibition’, where
169

higher disinhibition scores were obtained by the oleic acid taste hyposensitive group.
Disinhibition refers to opportunistic eating behaviour, which could play a role in weight
gain (Bryant, King, & Blundell, 2008). Previous studies have found emotional
disinhibition significantly predicts body fat percentage in young NZ women (Kruger,
De Bray, Beck, Conlon, & Stonehouse, 2016), and another study in a young French
cohort found higher disinhibition scores were associated with a higher BMI (Lesdéma et
al., 2012). It has been suggested that an inability to detect fat efficiently may result in
compensation of cognitive satisfaction with other tastes, such as ‘sweet’ (Asano et al.,
2016) which may account for additional weight gain over time (Newman, Haryono, &
Keast, 2013; Rolls, 2007). Eating behaviour and fatty acid taste sensitivity have not
been directly compared in previous studies (Liang et al., 2012; Panek-Scarborough et
al., 2012; Shen et al., 2017). This study is the first to report a relationship between fatty
acid taste sensitivity and disinhibited eating behaviour.

3.5.5. Oleic acid taste perception and mouthfeel
The subjectively rated mouthfeel of fat in the food matrix in the present study varied
between hypo- and hypersensitive participants. Given the textural properties of fat, it
was important to investigate whether fatty acid taste sensitivity (which is independent of
texture or mouthfeel) can be compared to the liking of ‘real-world’ foods. In this study,
we found that oleic acid taste hypersensitivity was significantly related to increased
rating of ‘oily/fatty’ mouthfeel perception, as well as negatively impacting the hedonic
liking of a high-fat product. The hedonic liking of fat textural attributes in comparison
to fatty acid taste sensitivity was of interest, as it is well known that commercial
products with ‘fat replacers’ often fail to attain the craving response of a full fat
equivalent (Jervis, Gerard, Drake, Lopetcharat, & Drake, 2014). This study provides
further evidence that fatty acid taste itself (i.e. the presence of fatty acid ligands), in
addition to mouthfeel, plays a critical role in the recognition and perception of fat. It is
recognised that the presence of fatty acid ligands are critical throughout the digestion
process as receptors in the gut are considered to be homologous with oral taste
receptors, which may further support an individual’s satiety response (Shin, Ingram,
McGill, & Poppitt, 2013). In animal studies, it has been shown that consumption of a
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high-fat diet related to an increase in CD36 mRNA expression (Primeaux, Braymer, &
Bray, 2013). CD36 mRNA expression was found to occur on circumvallate papillae as
well as duodenal enterocytes, supporting the possibility that there is complementary
sensing of long-chain fatty acids in the two different regions (Primeaux et al., 2013).
Receptors isolated from human intestinal enteroendocrine cells include CD36 and Gprotein coupled receptors (GPR120, GPR40) (Rasoamanana, Darcel, Fromentin, &
Tomé, 2012). The CD36 protein, in particular, is expressed in the duodenum and
jejunum and has been proposed to play a role in signaling pathways that mediate fatty
acid detection in the gut (Rasoamanana et al., 2012; Shin et al., 2013).

3.5.6. Oleic acid taste perception, olfaction and body composition
The results of the present study showed that participants who were hypersensitive to
oleic acid taste had a significantly lower BMI, a finding consistent with previous studies
on oleic acid taste perception (Asano et al., 2016; Proserpio, Laureati, Bertoli,
Battezzati, & Pagliarini, 2016; Stewart et al., 2010; Stewart, Newman, et al., 2011) and
linoleic acid taste perception (Martínez-Ruiz et al., 2014). Positive correlations have
also been found between fat preference scores and percent body fat estimates (Mela &
Sacchetti, 1991). A comprehensive review by Cox et al. concluded that low sensitivity
to fatty acid taste, as well as liking and preference for fat, is related to higher weight
status (Cox et al., 2015). However, not all studies have found an association between
taste sensitivity and BMI (Chevrot et al., 2014; Tucker, Nuessle, Garneau, Smutzer, &
Mattes, 2015; Zhou et al., 2016). A recent meta-analysis of studies on taste sensitivity
has concluded that fatty acid taste sensitivity does not precede or result in obesity
(Tucker et al., 2017). Of particular interest are studies which have found that a low-fat
diet or a high-fat diet can modulate taste sensitivity, where a low-fat diet was shown to
significantly increase taste sensitivity to oleic acid over a four-week period while there
was no significant difference in sensitivity at baseline (Stewart & Keast, 2012). In
support of this, a six-week, low-fat dietary intervention study in overweight and obese
participants showed that fatty acid taste sensitivity can be enhanced significantly during
this time period (Newman, Bolhuis, Torres, & Keast, 2016). These studies support the
notion that fatty acid taste sensitivity can be related to body fat mass in some settings.
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Our results did not suggest any direct relationship between oleic acid olfactory
sensitivity and body composition. Interestingly, a report by Fernandez-Garcia et al
(Fernandez-Garcia et al., 2017) suggests that olfactory function may be desensitised in
response to changing levels of endocrine regulation in the obese state (PalouzierPaulignan et al., 2012). Increased visceral body fat functions as an endocrine gland with
increased secretion of adipokines (Fernandez-Garcia et al., 2017). Another recent study
has found that a decreased sense of both taste and olfaction correlated with visceral fat
rating (Fernandez-Garcia et al., 2017). However, in patients that have had gastric bypass
surgery, olfactory function does not change, while in contrast taste sensitivity can
improve (Richardson, Vanderwoude, Sudan, Leopold, & Thompson, 2012). Our data
further suggests that overall olfactory sensitivity is not directly linked to eating
behaviour or dietary intake. In support of this, a previous study found that milk odour
discrimination performance was not related to BMI (Boesveldt & Lundström, 2014).
Future studies focusing on sensory sensitivities across different BMI categories are
required to explore the relationship between taste and odour sensitivity in conjunction
with metabolic health status. It is important to note that body fat percentage values are
clinically more relevant than BMI categories (Ho-Pham, Lai, Nguyen, & Nguyen,
2015). In the present study we obtained body fat percentage values from BIA
measurements, however, it has been shown that typically a BIA will underestimate body
fat percentage by 2% (von Hurst et al., 2015). We would recommend that future studies
ascertain body fat percentage, ideally from air displacement plethysmography (ADP) or
dual-energy X-ray absorptiometry (DXA) and compare these values to chemosensory
perception.

3.5.7. Oleic acid taste perception, olfaction and dietary intake
In this study, no major associations were found between taste sensitivity and dietary
intake. However, we did find a significant association between sensitivity to olfactory
oleic acid and the intake of ‘nuts, nut spreads and seeds’. Olfaction has been identified
as an important means for the interpretation of food flavours, and hedonic liking is due
to the presence of odour volatiles released during the eating process (Ployon et al.,
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2017). It is possible that participants who had a higher intake of nuts and seeds may
have an increased ability to recognise the associated odours. To date, there has been no
consensus about whether there is a relationship between fatty acid taste sensitivity and
dietary intake. It is likely that discrepancies between studies are due to differences in the
study participants (e.g. gender, ethnicity, age), assessment methods of fatty acid taste
perception (psychophysical measurement, type of fatty acid stimulus) or dietary intake
assessment methods which in turn generates inconsistencies about the potential
biological or functional relationships (Cox et al., 2015; Zhou et al., 2016). The FFQ
used in this study is a retrospective account of dietary intake, which was used to obtain
individual energy (kJ), macronutrient (fat, protein, carbohydrate and saturated fat) and
food group intakes. A recommendation for future studies would be to measure dietary
intake with a four-day food diary directly prior to taste testing. Whilst all self-reported
dietary intake assessments are influenced by under- or over-reporting (Gemming, Jiang,
Swinburn, Utter, & Mhurchu, 2014), we consider the FFQ would be better used as a
population tool for larger studies as opposed to individual comparisons to physiological
mechanisms.

3.5.8. Additional strengths and limitations of this study
In this study, the sample size was powered for determining significant differences in
oleic acid taste perception. The additional aspects investigated in the study (e.g.
mouthfeel ratings, eating behaviour, BMI, etc.) were exploratory variables that were
ancillary to the modelling of fatty acid taste perception. In order to extend any of the
findings from this study to the wider population, an incorporation of additional
participants and representative demographic groupings would be required.

3.5.9. Conclusions
Fatty acid taste detection mechanisms are complex and cannot be explained by a single
receptor mechanism (Galindo et al., 2012). Therefore, the methodology chosen for this
study optimised taste perception measurements by detection rate of a single fatty acid
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across a broad range of concentrations, which modelled each participant’s individual
taste behaviour. The modelling of taste behaviour was based on the probability of
correctly identifying the oleic acid taste at each concentration level, which was unique
to this study and was a refined version of previously applied approaches. Furthermore,
we were able to apply the same binomial regression model to olfactory detection which
allowed us to compare the chemosensitivity of each sensory modality. This study is the
first to report a link between fatty acid taste and olfaction sensitivity in humans.
Furthermore, we drew conclusions about specific characteristics of disinhibited eating
behaviour in hypo- and hypersensitive fatty acid taste groups which were determined
from taste detection rate.

Although the ability to perceive fatty acid taste varied markedly between participants,
the association between fatty acid taste perception and disinhibited eating behaviour
observed in the present study suggests that fatty acid taste perception may influence
dietary habits that have long-term metabolic health consequences. Additionally,
sensitivity to fatty acid taste was related to body composition and hyposensitivity to
oleic acid was clearly associated with a higher BMI. In conclusion, our study presents
strong evidence for a link between oleic acid taste perception, olfactory perception and
the mouthfeel perception of fat; suggesting there are intimate relationships between
multiple modalities of fat sensation in humans. Further research is required to
investigate whether there is a causal relationship between fatty acid taste perception and
olfaction in the etiology of obesity, especially in an obesogenic environment of highly
palatable energy-dense and nutrient-poor foods.
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Chapter IV.
Taste perception and its association with adiposity and
endocrine regulation in Pacific and New Zealand European
women

4.1. Abstract
Taste perception may influence food consumption, which can affect long-term weight
status and metabolic health. The aims of this study were to determine the association
between measures of taste perception, body composition and hormonal adiposity signals
(fasting insulin and leptin) in obese and non-obese women from Pacific and NZ
European population groups. Participants (n = 351; aged 18 - 45) were recruited in
Auckland, New Zealand (NZ). Taste perception was assessed by perceived
suprathreshold intensity, hedonic liking, and discrimination of taste by a ranking task
using a range of concentrations of sweet (glucose), bitter (quinine), and fat (milk fat)
solutions. Participants were classified as likers or dislikers for each tastant using a
hierarchical cluster analysis. Body composition was quantified by dual x-ray
absorptiometry (DXA).

Women who incorrectly discriminated sweet taste by ranking task were nearly three
times more likely to have higher body fat (BF) >35% (adjusted, P< 0.01). Cluster
analysis revealed distinct patterns of liking for each tastant. NZ European sweet likers
were twice as likely to have >35 BF% compared to sweet dislikers (adjusted, P< 0.05),
however, this comparison was not significant in Pacific women. Conversely, bitter
likers had a decreased likelihood of having >35 BF% in comparison to bitter dislikers
(adjusted; OR 0.4, P< 0.01). Having higher fasting plasma leptin concentration
significantly increased the likelihood of being a sweet liker in Pacific and NZ European
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combined (adjusted; OR 1.7, P< 0.05), but in NZ European women, the likelihood of
this was further increased (adjusted; OR 3.6, P< 0.001). Higher fasting plasma insulin
concentration also increased the likelihood of being a sweet liker (adjusted, P< 0.05).

The present study has shown differences in sweet taste perception in relation to
adiposity, which is further associated with circulating plasma leptin and plasma insulin
concentrations.

Contributing authors: Sophie Kindleysides, Rozanne Kruger, Jeroen Douwes, Marine
Corbin, Martin Dickens, John R Ingram, Bernhard H Breier.
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4.2. Introduction
Obesity is a worldwide health issue of epidemic proportion and interventions to halt the
epidemic have been largely unsuccessful (WHO, 2018). Commonly-cited causes of
obesity include the obesogenic food environment (Lenard & Berthoud, 2008) which has
led to over-consumption of inexpensive, highly palatable, energy dense and nutrient
poor foods. Foods high in caloric density with added sugar and fat, coupled with a low
intake of vegetables and dietary fibre, are associated with weight gain (Swinburn et al.,
2011).

The perception of the taste of food is a complex experience based on multiple senses
including taste, olfaction and touch (mouthfeel), visual, and other sensory cues (Loper,
La Sala, Dotson, & Steinle, 2015). Primary tastes include sweet, sour, salty, bitter,
umami and the proposed fatty acid taste (Running, Craig, & Mattes, 2015). Taste
detection is carried out by specific chemosensors located on taste buds found in
fungiform, foliate and circumvallate papillae (Besnard, 2016). Stimulation of specific
chemosensors by a tastant (e.g. glucose) triggers a signalling cascade leading to
neurotransmitter release and these signals are subsequently transmitted by nerves to the
brain (Besnard, 2016). Individual variation exists in both genotype and taste receptor
mRNA expression (Lipchock, Mennella, Spielman, & Reed, 2013) and the cognitive
processing of these taste signals (Hayes, Feeney, & Allen, 2013).

Associations between body composition and sweet or fat taste phenotype are of interest
because sweet and fat are associated with foods of high energy density, which may
contribute to increases in body weight and metabolic disease risk (Burgess, Rao, &
Tepper, 2016; Dando, 2015). A range of studies have investigated the perception of
sweet or fatty acid taste and have found significant associations between poor taste
sensitivity and increased adiposity (Asano et al., 2016; Ettinger, Duizer, & Caldwell,
2012; Pepino, Finkbeiner, Beauchamp, & Mennella, 2010; Proserpio, Laureati, Bertoli,
Battezzati, & Pagliarini, 2016). However, the majority of studies to date have not found
a conclusive link between taste perception and obesity in human studies (Cox, Hendrie,
& Carty, 2015). Genotypic variation in bitter taste receptors (e.g. T2R38) has been
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linked to differences in bitter taste perception that influence food preference and intake
(Chamoun et al., 2016). For example, increased bitter taste sensitivity has been shown
to reduce the intake of healthier food choices, such as cruciferous vegetables (Keller &
Adise, 2016). While there are inconsistent data about a proposed link between taste
perception and obesity there is a dearth of convincing evidence of physiological
mechanisms that may link taste perception and obesity in humans (Laffitte, Neiers, &
Briand, 2014; Loper et al., 2015).

Obesity arises as a consequence of how the body regulates energy intake, expenditure
and storage, and reflects a state of positive energy balance. The dual hormonal feedback
system involving insulin and leptin, produced by the pancreas and adipose tissue
respectively, are involved in long-term adiposity signals and the regulation of body
weight as well as energy storage as fat (Kieffer & Habener, 2000). Insulin increases
body fat mass, and stimulates the production and secretion of leptin, the satiety
hormone, that acts centrally to reduce food intake and increase energy expenditure.
Leptin in turn suppresses insulin secretion by both central actions and direct actions on
the pancreas (D’souza, Neumann, Glavas, & Kieffer, 2017). Plasma levels of leptin are
directly proportional to body fat mass. In a healthy physiological state, an increase of
adiposity increases plasma leptin, thereby decreasing insulin production and reducing
fat mass (Seufert, 2004). However, in the obese state dysregulation of the insulin-leptin
feedback system, characterised by hyperinsulinemia and hyperleptinemia, leads to
endocrine desensitisation (Owei, Umekwe, Provo, Wan, & Dagogo-Jack, 2017;
Tchernof & Després, 2013). With advancing obesity, a decreased ability to metabolise
lipid and default energy storage as adipose tissue occurs (D’souza et al., 2017; Kieffer
& Habener, 2000). Furthermore, changes in the action of insulin and leptin disturb
appetite regulation in the obese state, rendering sustained weight loss difficult to
achieve (Amitani, Asakawa, Amitani, & Inui, 2013).

New evidence suggests an important mechanistic link between leptin and sweet taste
perception. Yoshida et al. discovered that leptin specifically regulates sweet taste
responses in taste buds, and they described a novel peripheral mechanism linking leptin
receptors (Ob-Rb) to the suppression of sweet taste in mice. In humans, patterns of
sweet taste recognition thresholds are correlated with circulating leptin levels in non188

obese subjects (Nakamura et al., 2008). These findings are further supported by a study
which found associations between high salivary leptin levels and decreased sweet taste
sensitivity in normal weight children, but not in obese children (Rodrigues et al., 2017).
In addition, reduced taste sensitivity to sucrose has been associated with an increased
salivary leptin level and higher carbohydrate intake (Han, Keast, & Roura, 2017).
Similarly, Sanematsu et al. reported that in obese subjects increased plasma leptin levels
may inhibit the modulation of sweet taste intensity (Sanematsu, Nakamura, Nomura,
Shigemura, & Ninomiya, 2018). Leptin suppresses sweet taste via specific leptin
receptors, but it does not suppress taste cell responses to bitter tasting compounds
(Yoshida et al., 2015). Sweet and bitter taste are both mediated by G-protein coupled
receptors and their function is associated with shared genes (Hwang et al., 2016).
However, sweet and bitter tastes clearly have unique neural and behavioural responses
which occur as a result of differentiated molecular pathways (Bufe et al., 2005).

Tasting sweet food stimulates insulin release prior to an increase in plasma glucose
levels; this is known as the cephalic phase insulin release and is characterised by the
initiation of insulin secretion before the post-absorptive rise in plasma glucose level
(Power & Schulkin, 2008). Based on studies in mice, a link between the sweet taste
receptor system and insulin has recently been proposed (Maruoka et al., 2015).
Although functional insulin receptors have not been identified in taste cells of the
tongue, there is increasing evidence that circulating insulin concentrations may
influence sweet taste perception indirectly (Behrens & Meyerhof, 2019; Glendinning et
al., 2015). These indirect influences of circulating insulin on taste perception may
involve central or peripheral pathways. In an obese state, they may be linked with the
changing leptin-feedback system and changes in insulin sensitivity and a rise in
circulating glucose concentrations discussed above (Schwartz et al., 2017). Therefore,
sweet taste perception may be modulated by the long-term adiposity signals, insulin and
leptin, that influence energy balance, body weight and food intake (Blundell et al.,
2010). The gustatory perception of fat is an interesting contrast to sweet and bitter taste
perception, as fat is a key nutrient that is related to energy storage but the mechanistic
pathways of fatty acid taste differ markedly from those of sweet and bitter taste (Mattes,
2011).
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Underlying the biological mechanisms of taste perception are the diverse taste
preferences which exist between different population groups due to genetic, cultural and
socio-economic factors (Sable, Warren, DuFlo, Bartoshuk, & Skarulis, 2012; Williams,
Bartoshuk, Fillingim, & Dotson, 2016). External influences on different population
groups (level of income or socioeconomic setting) have also been shown to further
explain metabolic disease risk with the highest obesity rates most prevalent in deprived
areas (Ministry of Health., 2017). In New Zealand (NZ), obesity is linked to significant
health inequities. Pacific peoples have a higher rate of obesity (69%) compared to the
general population (32%). The specific aims of this study were to assess in
premenopausal (18-45-year-old) obese and non-obese women from Pacific and NZ
European population groups the association between taste perception, body composition
and long-term adiposity signals (fasting insulin and leptin). Identification of distinct
relationships between taste perception and the endocrine regulation of adiposity will
advance our understanding of the aetiology of obesity and may open new avenues for
therapeutic targets.
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4.3. Materials and methods

4.3.1. Design and participant recruitment

The main research programme in which this study was nested is described in the study
protocol (Kindleysides et al., 2019). The screening process was based on self-reported
measurements of height and weight, with women invited to participate that had either a
normal weight profile (body mass index (BMI): 18.5 – 24.9 kg/m2) or an obese profile
(BMI ≥30 kg/m2). Subsequently, in this study we grouped women into high and low
body fat (BF) %, using a cut point of 35% (Oliveros, Somers, Sochor, Goel, & LopezJimenez, 2014), based on initial screening and inclusion criteria we expected an
approximately equal proportion of women in each group. The BF% cut point was used
in accordance with the AACE/ACE guidelines (obesity in women was defined as >35
BF%) (Dickey et al., 1998; Jo & Mainous, 2018; Oliveros et al., 2014). Inclusion
criteria were: age 18-45 years, being post-menarche and pre-menopausal (as defined by
a regular menstrual cycle for the last year), ethnicity (self-identified as NZ European
and having lived in NZ for a minimum of 5 years, or self-identified as Pacific and
having at least one parent of full Pacific ethnicity), willingness to comply with study
requirements and being healthy. Exclusion criteria were: BMI ≤18.5 kg/m2, pregnant or
lactating, presence of any diagnosed chronic illness (e.g. type 2 diabetes, CVD, cancer,
etc), bariatric surgery, severe food allergy, use of medication that interferes with
appetite or the immune system, smoking, severe dietary restriction or avoidances (e.g.
vegan) and antibiotic use in the last three months.

Participants were recruited in Auckland, New Zealand between July 2016 and
September 2017 and comprised of 174 Pacific and 177 New Zealand (NZ) European
women. Initial participant screening was conducted either online, in-person or over the
phone. Further details have been published in the study protocol paper (Kindleysides et
al., 2019). The study was approved by the Southern Health and Disability Ethics
Committee (16/STH/32) and written informed consent was provided by each
participant. The trial was registered at anzctr.org.nz as ACTRN12618000432213. This
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study complies with the Declaration of Helsinki for medical research involving human
subjects.

4.3.2. Study procedure

All participants attended two clinic visits, 11-14 days apart. At visit one, participants
completed a health and demographic face-to-face interview and had their height and
weight measured. In addition, they provided a blood sample and underwent taste testing
of three tastants (sweet, bitter and milk fat), in a (10-hour) fasted state. Three
measurements of taste perception were determined by taste testing; hedonic liking
rating, intensity rating and discrimination of taste concentration by ranking task.
Participants initially sampled the blank water solution (labelled “sweet”), prior to
tasting the four individual 10 mL sweet taste solutions, followed by the sweet taste
ranking task. This procedure was repeated for bitter taste solutions and finally for milk
fat solutions. All taste stimuli were evaluated at room temperature (20°C) in individual
taste testing booths as whole mouth samples which were evaluated using a sip-and-spit
procedure (Martinez-Cordero, Malacara-Hernandez, & Martinez-Cordero, 2015; Mattes,
2009). Before taste testing, a short one-on-one training procedure took place to
familiarise each participant with the general labelled magnitude scale (gLMS; see
below), labelled affective magnitude (LAM) scale and facilities. Taste testing took place
between 07:00 and 09:00 at visit one. At visit two, participants underwent a whole-body
scan using dual x-ray absorptiometry (DXA).

4.3.3. Taste perception measurements
4.3.3.1. Stimuli for sweet taste, bitter taste and milk fat perception measurement

All taste solutions were prepared on the day of testing. Sweet taste solutions comprised
of dissolved glucose (dextrose monohydrate, Sherratt Ingredients, Auckland, New
Zealand) in distilled water, similar to previous studies (Jayasinghe et al., 2017). Bitter
taste solutions were prepared from a refrigerated stock solution, prepared on a weekly
basis, of quinine hydrochloride dehydrate (Sigma-Aldrich, St Louis MO, USA)
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dissolved in distilled water. Milk fat samples were made from full-fat milk (Anchor™
Blue Top standardised milk, New Zealand) and cream (Anchor™ Fresh Cream, New
Zealand) which, once opened were used on the day of testing. Each individual milk fat
sample was thoroughly mixed by drawing the solution 5-6 times with a 10 mL pipette.
These were chosen to create a series of milk fat perception tastants using the whole
mouth sip and spit technique (Chen & Eaton, 2012).

Glucose was the stimulus chosen for sweet taste perception measurement, as it has been
used in similar studies and cited as having clearly defined links with sweet taste
perception being a simple sugar (Jayasinghe et al., 2017). Glucose also has clearly
defined metabolic links and direct association with intestinal glucose-mediated
receptors, subsequent insulin release and energy utilisation (Calvo and Egan, 2015).
Quinine has been described as a practical measure for broader bitter taste functioning
(Rawal, Hoffman, Honda, Huedo-Medina, & Duffy, 2015). Milk and cream were
chosen to create a series of milk fat perception solutions (Zhou, Shen, Parker, Kennedy,
& Methven, 2016). Milk and cream is a complex tastant due to comprising of at least
three further elements responsible for the sensory properties of milk, including: (1)
pleasant mouthfeel due to presence of macromolecules, such as fat globules and
colloidal proteins, (2) salt and sweet taste due to milk salts and lactose, respectively, and
(3) an aroma profile (Cadwallader, 2010). As such, milk fat solutions were used to
measure the perception of fat, but not taste perception.

4.3.3.2. gLMS and LAM measurement of sweet, bitter and milk fat hedonic liking and
intensity

The intensity and hedonic liking rating scales were evaluated simultaneously on the
same single-sided questionnaire, for each of the individual taste solutions. The blank
water solution was evaluated first, followed by individual glucose solutions presented in
a randomised order (30 g/L, 60 g/L, 120 g/L and 240 g/L), with no side-by-side
comparisons, each identified by a random 3-digit code. The intensity and hedonic liking
of quinine samples was evaluated at concentrations of 0.008 g/L, 0.016 g/L, 0.03 g/L
and 0.06 g/L (randomised) and milk fat perception samples at concentrations of 3.3%,
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11.8%, 20.3% and 37.3% milk fat (randomised). Participants rinsed their palate with
distilled water and expelled the water between tasting samples.

Hedonic liking for each solution was rated using a LAM scale with the anchors:
‘Strongest imaginable dislike of any kind’ (scale score -50) through to ‘Strongest
imaginable like of any kind’ (50). Intermediate labels on the LAM liking scale were:
‘very strongly dislike’ (-26.5), ‘strongly dislike’ (-17.5), ‘moderately dislike’ (-8.5),
‘weakly dislike’ (-3), ‘neutral’ (0), ‘weakly like’ (3), ‘moderately like’ (8.5), ‘strongly
like’ (17.5), and ‘very strongly like’ (26.5) (Schutz and Cardello, 2001). Sweet taste
intensity for each solution was rated alongside hedonic liking, using a gLMS with the
anchors ‘No sensation’ (scale score =0) and ‘Strongest imaginable sensation of any
kind’ (100), with intermediate labels ‘barely detectable’ (1.5), ‘weak sensation’ (6),
‘moderate sensation’ (17), ‘strong sensation’ (35), and ‘very strong sensation’ (53)
(Bartoshuk et al., 2004).

4.3.3.3. Taste concentration ranking task

After tasting all the individual solutions of the same type, starting with glucose, four
new solutions (30 g/L, 60 g/L, 120 g/L and 240 g/L glucose) were presented as a taste
ranking task. All four solutions were presented at once, randomised and identified with
unique 3-digit random codes. The four samples were tasted by the participant and
placed in order from the highest to the lowest perceived concentration of taste.
Similarly, after evaluation of the individual quinine solutions, the ranking task
procedure took place for bitter taste (0.008 g/L, 0.016 g/L, 0.03 g/L and 0.06 g/L
quinine). To end, the milk fat perception ranking task was completed after evaluating
the milk fat solutions. The milk fat ranking task solutions (3.3%, 11.8%, 20.3% and
37.3% fat) were covered in aluminium foil and tasted through a straw to prevent any
visuals cues.

4.3.4. Anthropometric measurements
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Stretched height (stadiometer) and weight (Sauter platform scale E1200, GmbH,
Germany) were measured using the International Society of the Advancement of
Kinanthropometry (ISAK) protocols and used to calculate BMI (Stewart, Marfell-Jones,
Olds, and de Ridder, 2011). Body composition was measured by DXA to obtain BF%
data (Hologic QDR Discovery A, Hologic Inc, Bedford, MA with APEX V. 3.2
software). Prior to DXA scanning, participants changed into appropriate clothing (i.e.
tight fitting activewear, swimwear, etc), emptied their bladder, removed jewellery and
glasses and re-asked if they were pregnant, had a pacemaker or any metal implants.
Research staff conducting these measures were Level 1 ISAK trained.

4.3.5. Blood sample collection

Fasting venous blood samples were collected into pre-chilled tubes containing
ethylenediaminetetraacetic acid (EDTA) with dipeptidyl-aminopeptidase IV inhibitor (2
mL Becton Dickinson Vacutainer®, Proprietary Cocktail of Protease, Esterase and
DPP-IV Inhibitors; BD P800 hemogard™ closure, NZ) and plain vacutainer tubes (10
mL Becton Dickinson vacutainer® red top, BD hemogard™ closure, NZ) and whole
blood EDTA containing vacutainer (10 mL Becton Dickinson vacutainer® lavender top,
whole blood tube, BD hemogard™ closure, NZ).

4.3.6. Blood sample processing and analysis

The blood in the EDTA aminopeptidase tube was centrifuged (1500 g, 4°C, 15 min) to
obtain a plasma sample for the determination of leptin. The blood in the plain tube was
allowed to clot and the tube was then centrifuged (1500 g, 4°C, 15 min) to obtain a
serum sample for determination of insulin, glucose and blood cholesterol. The blood in
the whole blood EDTA tube was used for determination of glycated haemoglobin
(HbA1c). Appropriate aliquots of plasma and serum were transferred into 1.5 mL
microcentrifuge tubes (Eppendorf® safe-lock PCR clean tubes, Hamburg, Germany) and
stored immediately at -80°C. Serum insulin, glucose and blood cholesterol markers
were analysed with the use of an autoanalyser (Roche Cobas e411). Serum insulin
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values are expressed as ng/mL (Rodriguez-Cabaleiro, Van Uytfanghe, Stove, Fiers, &
Thienpont, 2007). The serum insulin assay range was 0.10 – 5.06 ng/mL [interassay
CV: 0.51%]. Serum glucose range was 4.4 – 15.6 mmol/L [interassay CV: 0.7%]; serum
HDL range was 0.86 – 2.94 mmol/L [interassay CV: 6.08%]; serum LDL range was
0.93 – 8.74 mmol/L [interassay CV: 0.92%]; serum triglyceride range was 0.29 – 4.06
mmol/L [interassay CV: 0.84%]; serum cholesterol range was 2.44 – 10.6 mmol/L
[interassay CV: 1.97%] and whole blood HbA1c range was 25.3 – 87.1 mmol/mol
[interassay CV: 1.56%]. Plasma leptin was analysed using the
MILLIPLEX MAP Human Metabolic Hormone Magnetic Bead Panel 96-Well
Metabolism Multiplex Assay (Millipore, USA, Cat # HMHEMAG-34K) (Poppitt et al.,
2017). Leptin samples were assayed in duplicate, and plates were read with a Bioplex
100 Analyzer System (Bio-Rad). The leptin assay range was 0.37 – 66.0 ng/mL
[interassay CV: 4.1%].

4.3.7. Health and demographic face-to-face interview and deprivation index

General information was obtained by a one-on-one interview with participants which
included a range of questions about occupation, number of children, alcohol
consumption and work patterns (data not reported). The 2013 New Zealand Deprivation
(NZDep) index was used as a measurement of socioeconomic status, based on the
participant’s home address. It is a scale from 1-10, with 1 representing the least
deprived and 10 the most deprived (Atkinson, Salmond, & Crampton, 2014).

4.3.8. Data handling

4.3.8.1. Taste perception hedonic liking groups

A hierarchical cluster analysis was conducted to classify participants into
sweet/bitter/fat liking/disliking clusters using LAM hedonic ratings (5 concentrations
for sweet and 4 concentrations for bitter and milk fat). This analysis grouped
participants into either sweet, bitter and milk fat liking status or into disliking status.
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This analysis was chosen as it clusters seemingly homogenous data together and does
not require any a priori decisions regarding the number of clusters, or groups, produced
(Garneau, Nuessle, Mendelsberg, Shepard, & Tucker, 2018).

4.3.8.2. Statistical Analysis

Descriptive statistics were reported as mean and standard deviation (SD) or median and
25th, 75th percentiles, and group data presented as the number of participants (n) and %.
Data were checked for normality using the Shapiro-Wilks test. Differences between
groups were evaluated by t-test for normally distributed data and by Mann-Whitney U
test for data that were not normally distributed (Field, 2013). Chi-square tests were used
to compare the ranking task outcome (correct vs. incorrect) or taste liking clusters
(likers vs. dislikers). We used linear mixed models with a random intercept for subject
(taking into account repeated measurements) to assess the association between
concentration and taste perception.

A hierarchical cluster analysis was performed using LAM liking ratings for sweet, bitter
and milk fat perception. Clusters were assessed using the agglomerative method with
Ward’s minimum variance algorithm (Asao et al., 2015). Distinct taste liker phenotypes
were identified. This method derives meaningful groups (clusters) of participants who
shared similar liking patterns within each group but were heterogenous in the betweengroup contrasts. The squared Euclidean distance between pairs of cases or clusters and
the between-groups (averages) linkage method were selected to assist with the merging
process (Iatridi et al., 2019). These results were checked with the elbow method,
silhouette method and gap statistics to observe the optimal number of clusters. Using
the majority rule for each method checked, two liking clusters for each tastant (sweet,
bitter and milk fat) were selected (Rousseuw & Kaufman, 1990).

Logistic regression was used to estimate the effects of taste perception (by liking
clusters or ranking task) on BF% (high compared to low BF%). Analyses were adjusted
for age, deprivation, and ethnicity. Additional analyses were conducted to estimate the
effects of fasting plasma leptin and plasma insulin concentration, on taste perception
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outcome (by liking clusters or ranking task), adjusted for age, deprivation and ethnicity.
Analyses to estimate the effects of taste perception (by liking cluster or ranking task) on
fasting blood glucose regulation and cholesterol concentrations were conducted,
adjusting for age, deprivation and ethnicity.

In logistic regression models, a median cut-off was used to determine associations
between higher compared to lower plasma leptin levels (median = 12 ng/mL) and
plasma insulin levels (median = 0.46 ng/mL) as independent variables. Median cut-offs
for associations between higher and lower blood glucose and HbA1c concentrations,
and blood cholesterol concentrations were used as outcome variables: glucose = 5.30
mmol/L; HbA1c = 32.0 mmol/L; HDL cholesterol = 1.52 mmol/L; LDL cholesterol =
2.92 mmol/L; Total cholesterol = 4.74 mmol/L; Triglycerides = 0.90 mmol/L.

All analyses were conducted separately for Pacific and NZ European women. A P-value
of less than 0.05 was considered statistically significant. Analyses were conducted using
SPSS version 25 (IBM Corporation, New York, USA). Linear mixed model and cluster
analyses were conducted using SAS (v9.3, SAS Institute, Cary, NC, USA).
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4.4. Results

4.4.1. Participant characteristics

A total of 351 women were recruited. Overall, eleven women were excluded due to
exclusion criteria (e.g. pregnancy, medication use). Anthropometric and adiposity
characteristics of the study participants are presented in Table 4.1. Pacific women were
significantly younger than NZ European women (P< 0.001) and measurements of
weight, BMI and BF% (with exception of gynoid body fat) were significantly higher
among Pacific women with low BF% compared to NZ European women of the same
BF% group (P< 0.001). Similarly, BMI and weight were significantly higher among
Pacific women with high BF% compared to NZ European women of the same BF%
group (P< 0.05); however, there were no differences in BF% distribution
measurements.

Pacific women with <35 BF% had a significantly higher plasma leptin, plasma insulin
and glucose concentration than NZ European women of the same BF% group (P< 0.01,
Table 4.1). Furthermore, Pacific women with >35 BF% had a significantly higher
fasting plasma insulin concentration compared to NZ European women with >35 BF%
(P< 0.001). HbA1c was higher in Pacific women in comparison to NZ European
women, irrespective of BF% (P< 0.05, Table 4.1). HDL cholesterol was lower in
Pacific women compared to NZ European women (P< 0.05, Table 4.1) and LDL and
total cholesterol levels were higher in NZ European women with >35 BF%, compared
to Pacific women with >35 BF% (P< 0.05, Table 4.1).

In Pacific women, there were more (64%) sweet dislikers compared to NZ European
women (55%). NZ European women with >35 BF% had the highest percentage of
sweet likers (51%), significantly higher than in Pacific women of the same BF% group
(P< 0.05, Table 4.1). A higher percentage of Pacific women with <35 BF% correctly
ranked the sweet taste task (89%) compared to those with >35 BF% (73%) (Table 4.1).
Pacific women with <35 BF% had a significantly higher number of bitter likers (23%)
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compared to Pacific women with >35 BF% (11%). No differences across the groups
were observed in terms of milk fat liking.
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High BF (>35%)
N= 94
Mean ± SD
35.9 ± 6.56 #
101.9 ± 20.5 #
168.3 ± 6.58
40.3 ± 3.84
42.3 ± 5.12
41.7 ± 3.70
40.5 ± 5.29
Median (25, 75 percentiles)
23.0 (21.0, 27.0) #
8.0 (7.0, 9.0) #
21.5 (15.7, 29.9)
0.86 (0.56, 1.28) #
5.43 (5.13, 5.85)
33.8 (32.3, 36.5) #
1.32 (1.18, 1.56) #
2.92 (2.44, 3.32) #
4.52 (4.14, 5.09) #
0.99 (0.85, 1.48)

Pacific
Low BF (<35%)
N= 75
Mean ± SD
25.8 ± 3.78 †, #
73.9 ± 11.5 †, #
169.1 ± 6.84
30.0 ± 3.23 †, #
29.5 ± 5.24 †, #
34.8 ± 3.43 †
27.2 ± 5.67 †, #

Median (25, 75 percentiles)
23.0 (20.0, 29.0) #
7.5 (5.0, 10.0) #
7.67 (5.02, 12.3) †, #
0.47 (0.32, 0.65) †, #
5.25 (5.02, 5.48) †, #
32.1 (30.8, 33.8) †, #
1.50 (1.33, 1.81) †, #
2.80 (2.42, 3.26)
4.50 (4.11, 5.07) #
0.79 (0.67, 1.07) †

BMI (kg/m2)
Weight (kg)
Height (cm)
Body fat (%)
Android fat (%) §
Gynoid fat (%) §
Visceral fat (%) §

Age (yrs)
NZDep2013 §
Fasting leptin (ng/mL) §
Fasting insulin (ng/mL) §
Glucose (mmol/L) §
HbA1c (mmol/mol) §
HDL (mmol/L) §
LDL (mmol/L) §
Total cholesterol (mmol/L) §
Triglycerides (mmol/L) §

Table 4.1. Participant characteristics (n=340).

Median (25, 75 percentiles)
29.0 (24.0, 36.0) †
3.0 (2.0, 6.0) †
4.95 (2.79, 8.65) †
0.29 (0.19, 0.35) †
5.09 (4.86, 5.34) †
30.6 (29.0, 31.9) †
1.83 (1.63, 2.04) †
2.76 (2.35, 3.39) †
4.89 (4.31, 5.43) †
0.70 (0.57, 0.94) †

NZ European
Low BF (<35%)
N= 87
Mean ± SD
22.6 ± 2.06 †
63.1 ± 7.47 †
167.2 ± 5.57
28.0 ± 4.89 †
24.9 ± 5.15 †
33.5 ± 4.19 †
22.3 ± 5.87 †
Median (25, 75 percentiles)
34.0 (28.0, 40.0)
5.0 (3.0, 6.0)
20.3 (13.7, 30.6)
0.52 (0.40, 0.76)
5.56 (5.12, 5.75)
31.1 (28.8, 33.3)
1.43 (1.28, 1.66)
3.43 (2.72, 4.09)
5.23 (4.68, 6.09)
1.05 (0.79, 1.50)

High BF (>35%)
N= 84
Mean ± SD
33.6 ± 4.07
94.4 ± 13.9
167.5 ± 6.90
41.2 ± 3.76
41.5 ± 4.90
42.6 ± 4.13
39.6 ± 5.14

n (%)
n (%)
n (%)
n (%)
Sweet likers (group)
28 (37%)
32 (35%) #
34 (39%)
43 (51%)
†
Bitter likers (group)
17 (23%)
10 (11%)
18 (21%)
10 (12%)
Milk fat likers (group)
54 (72%)
58 (63%)
63 (72%)
63 (75%)
Sweet ranking task (correct)
67 (89%) †
67 (73%)
76 (87%)
64 (77%)
Bitter ranking task (correct)
22 (29%) #
33 (36%)
43 (49%)
41 (49%)
Milk fat ranking task (correct)
28 (37%)
25 (27%) #
37 (43%)
42 (50%)
t-test.
task groups, categorical
Mann-Whitney
samples
liking/ranking
Chi-square
percentiles);
taste
independent
75
test.
for
SD;
U
(25,
±
test
Means
Median
#
group comparisons. † P< 0.05 for test comparing body fat groups within the ethnic group. P< 0.05 for test comparing between ethnic groups within body fat
group. BMI, body mass index. §Calculated from complete datasets only (n=304). n (%) refers to the number and the percentage of participants that are
likers/taste ranking task correct within the group, compared to dislikers/taste ranking task incorrect.
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4.4.2. Sweet, bitter and milk fat perception and liking clusters

Linear mixed model analyses showed that increased glucose concentrations were
associated with increased intensity ratings (P< 0.001) and a decrease in sweet taste
hedonic liking (P< 0.001). Bitter taste intensity ratings increased (P< 0.001) and liking
decreased (P< 0.001) with increasing quinine concentration. Ratings of milk fat
intensity significantly increased with increasing milk fat concentration (P< 0.001),
however, milk fat hedonic liking were similar across all concentrations (data not
shown).
Hierarchical cluster analysis identified taste ‘likers’ and ‘dislikers’ for sweet, bitter and
milk fat. Sweet likers rated the intensity of each glucose concentration level as
significantly less intense than sweet dislikers at 30 g/L (P< 0.05), 60 g/L, 120 g/L and
240 g/L (P< 0.001) (Figure 4.1, A). Similarly, bitter dislikers rated all concentrations as
significantly more intense than bitter likers (Figure 4.1, B). There was little difference
in the intensity rating between milk fat likers and dislikers, with milk fat likers rating
intensity of taste as more intense only at the 20.3% concentration level (P< 0.05)
(Figure 4.1, C).

In NZ European women, the intensity ratings of 30 g/L glucose were significantly
higher in sweet likers than dislikers (P< 0.01); this was not observed in Pacific women
(Figure 4.2, A-B). Similarly, in NZ European women, the intensity rating of 0.008 g/L
quinine concentration was significantly higher in bitter likers than dislikers (P< 0.001)
and this was not observed in Pacific women (Figure 4.2, C-D). In Pacific women,
intensity ratings of 20.3% milk fat were higher in sweet likers compared to sweet
dislikers (P< 0.01); this was not observed in NZ European women (Figure 4.2, E-F).
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(C) Milk fat

(F) Milk Fat

(B) Quinine (bitter)

(E) Quinine (bitter)

(A) Glucose (sweet)

(D) Glucose (sweet)

Figure 4.1. The effect of tastant concentration on subjective ratings of suprathreshold taste intensity (A-C) and liking (D-F) for sweet (glucose), bitter
(quinine) and fat (milk fat) solutions by liking cluster as determined by hierarchical cluster analysis (N= 340). Independent samples t-test. C.I.
confidence interval; g/L, grams per litre. *P< 0.05, **P< 0.01, ***P< 0.001.
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(A)

Pacific

(B)

(C)

(D)

(E)

(F)

NZ European

Figure 4.2. The effect of tastant concentration in Pacific and NZ European women, on
subjective gLMS ratings of suprathreshold taste intensity for sweet (glucose, A-B),
bitter (quinine, C-D) and fat (milk fat, E-F) solutions by liking cluster (N= 340).
Independent samples t-test. C.I. confidence interval; g/L, grams per litre. **P< 0.01,
***P< 0.001.
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4.4.3. Taste liking and body fat percentage

In NZ European women, sweet likers were twice as likely to have a high >35 BF%
compared to sweet dislikers (P< 0.05). In contrast, in Pacific women, sweet liking was
not associated with BF% (Table 4.2).

Women (Pacific and NZ European combined) who incorrectly discriminated taste by
sweet ranking task were nearly three times more likely to have a high >35 BF%
compared to those who correctly ranked the task (P< 0.01; Table 4.2). This effect was
most pronounced in Pacific women (OR 3.8, P< 0.01; Table 4.2). In contrast, across
both populations, women who were bitter likers had a decreased likelihood (OR = 0.4,
P< 0.01; Table 4.2) of being in the >35 BF% group, when compared to bitter dislikers.
There were no significant associations found when comparing milk fat perception by
liking or ranking task outcomes across BF% groups.
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0.98 (0.49, 1.95)
0.65 (0.35, 1.21)

Milk fat likers (vs dislikers) 0.67 (0.32, 1.37)
Milk fat ranking task
1.78 (0.88, 3.60)
incorrect (vs correct)

0.81 (0.50, 1.34)
1.01 (0.63, 1.60)

0.52 (0.28, 0.96)*
0.89 (0.56, 1.42)

0.75 (0.36, 1.58)
1.61 (0.75, 3.42)

0.35 (0.14, 0.89)*
0.79 (0.38, 1.62)

1.23 (0.58, 2.61)
0.64 (0.33, 1.25)

0.51 (0.21, 1.28)
0.97 (0.50, 1.87)

1.25 (0.79, 1.99)
1.02 (0.51, 2.07)
2.06 (1.04, 4.11)*
2.43 (1.31, 4.52)** 3.77 (1.39, 10.2)** 2.41 (0.98, 5.93)

Pacific #
(n=142)

0.94 (0.56, 1.58)
0.94 (0.58, 1.53)

0.42 (0.22, 0.80)**
0.89 (0.55, 1.45)

1.39 (0.86, 2.24)
2.94 (1.53, 5.65)**

Adjusted
High vs low BF% (OR, 95% C.I.)
NZ European #
TOTAL ^
(n=162)
(n=304)

BF, body fat; OR, odds ratio; C.I. confidence interval. Adjusted for: ‡ ethnicity; # Age and NZDep2013; ^ ethnicity, age and NZDep2013. *P< 0.05, **P<
0.01. §Calculated from complete datasets only (i.e. excludes dropouts and participants with missing blood data).

0.59 (0.25, 1.37)
1.00 (0.54, 1.86)

0.99 (0.50, 1.96)
1.53 (0.82, 2.85)
3.23 (1.27, 8.22)** 1.91 (0.82, 4.42)

Bitter likers (vs dislikers) 0.45 (0.18, 1.10)
Bitter ranking task incorrect 0.77 (0.38, 1.56)
(vs correct)

Sweet likers (vs dislikers)
Sweet ranking task
incorrect (vs correct)

Pacific
(n=142)

Unadjusted
High vs low BF% (OR, 95% C.I.)
NZ European
TOTAL ‡
(n=162)
(n=304)

Table 4.2. Associations between taste liking and ranking, and body fat % (N=304§).
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4.4.4. Fasting plasma leptin and insulin and taste perception

High fasting leptin in NZ European women was strongly associated with the likelihood
of being a sweet liker (OR 3.6, P< 0.001), whereas no association was observed in
Pacific women (Table 4.3). Also, NZ European women with high plasma insulin levels
were nearly three times more likely to be a sweet liker (P< 0.01; Table 4.3). Again, no
association was observed in Pacific women.

Higher plasma insulin increased the likelihood of incorrectly ranking the sweet taste
ranking task, but this was only statistically significant for insulin for the combined
(Pacific and NZ European women) group, without adjusting for BF% (OR 2.3, P< 0.05;
Table 4.3). Additional adjustment for BF% to account for study design did not
significantly alter the associations between leptin and insulin and taste perception. There
were no associations between plasma insulin or leptin levels and bitter and milk fat
liking, nor ranking task outcomes (Table 4.3).
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0.96 (0.46, 2.04)
0.65 (0.31, 1.36)
0.82 (0.40, 1.66)
1.36 (0.63, 2.92)

1.04 (0.50, 2.19)
2.37 (0.82, 6.82)
0.84 (0.34, 2.09)
0.90 (0.42, 1.92)
0.69 (0.31, 1.54)
1.08 (0.49, 2.39)

Bitter likers (vs dislikers)
Bitter ranking task incorrect (vs correct)

Milk fat likers (vs dislikers)
Milk fat ranking task incorrect (vs correct)

Sweet likers (vs dislikers)
Sweet ranking task incorrect (vs correct)

Bitter likers (vs dislikers)
Bitter ranking task incorrect (vs correct)

Milk fat likers (vs dislikers)
Milk fat ranking task incorrect (vs correct)

1.61 (0.74, 3.53)
0.94 (0.49, 1.84)

0.56 (0.21, 1.49)
0.90 (0.46, 1.75)

2.86 (1.43, 5.72)**
2.27 (0.97, 5.32)

High versus low plasma insulin (OR, 95% C.I.)

1.05 (0.51, 2.19)
0.81 (0.43, 1.53)

0.54 (0.22, 1.33)
0.94 (0.50, 1.78)

3.64 (1.82, 7.27)***
1.91 (0.82, 4.49)

NZ European #
(n= 162)
High versus low plasma leptin (OR, 95% C.I.)

1.06 (0.62, 1.81)
0.92 (0.56, 1.51)

0.65 (0.34, 1.23)
0.91 (0.55, 1.49)

1.74 (1.06, 2.88)*
2.26 (1.17, 4.36)*

0.99 (0.59, 1.67)
1.00 (0.62, 1.61)

0.70 (0.38, 1.30)
0.81 (0.51, 1.31)

1.72 (1.06, 2.78)*
1.70 (0.92, 3.16)

TOTAL ^
(n= 304)

Models adjusted for # age and NZDep2013 and ^ age, NZDep2013, and ethnicity. *P< 0.05, **P< 0.01, ***P< 0.001. OR: odds ratio; C.I. confidence interval.
Missing values: insulin n=7, leptin n=2. §Calculated from complete datasets only (i.e. excludes dropouts and participants with missing blood data).

0.82 (0.40, 1.66)
1.49 (0.61, 3.65)

Sweet likers (vs dislikers)
Sweet ranking task incorrect (vs correct)

Pacific #
(n= 142)

Table 4.3. Association between plasma leptin and insulin and taste liking and taste ranking task (N=304§).

4.4.5. Sweet taste liking and taste ranking task and markers of blood glucose regulation
and cholesterol

Due to finding significant associations between sweet taste perception and metabolic
regulators of adiposity, the effects that taste perception may have on blood glucose
regulation and cholesterol were further investigated. In Pacific women, sweet likers had
decreased fasting HbA1c, LDL cholesterol and total cholesterol concentration in
comparison to sweet dislikers (P< 0.05; Table 4.4).

NZ European sweet likers had fasting circulating glucose concentration which was three
times higher than sweet dislikers (P< 0.01; Table 4.4). NZ European sweet likers had a
decrease in fasting HDL cholesterol compared to sweet dislikers (OR 0.4, P< 0.01;
Table 4.4). In NZ European and Pacific combined, HDL cholesterol was decreased in
sweet likers (OR 0.5, P< 0.05). Adjustment for BF% to account for study design did not
significantly alter blood glucose regulation or cholesterol associations with taste
perception in Pacific and NZ European women. Further, analysis of blood glucose
regulation markers and cholesterol as continuous variables (linear regression) gave
similar results.

4.4.6. Bitter and milk fat perception liking and ranking task outcome and blood glucose
regulation and cholesterol concentrations

Pacific women who incorrectly ranked the bitter taste task were twice as likely to have
high HbA1c (OR 2.2, P< 0.05) compared to Pacific women who correctly ranked the
task. No other clear associations were found between blood glucose regulation markers
and cholesterol with bitter taste or milk fat perception outcomes in Pacific or NZ
European women (Suppl. 1). Adjusting for BF% did not significantly alter associations
between blood glucose or cholesterol and taste perception.

209

Glucose (mmol/L)
HbA1c (mmol/mol)
HDL (mmol/L)
LDL (mmol/L)
Total cholesterol (mmol/L)
Triglycerides (mmol/L)

95% C.I.)
1.50 (0.94, 2.40)
0.92 (0.55, 1.54)
0.72 (0.45, 1.17)
0.82 (0.50, 1.32)
0.76 (0.46, 1.24)
1.05 (0.66, 1.67)

TOTAL ^
(n= 304)

1.82 (0.74, 4.48)
1.43 (0.52, 3.94)
0.49 (0.18, 1.33)
1.37 (0.56, 3.36)
0.74 (0.29, 1.92)
1.15 (0.47, 2.77)

1.11 (0.48, 2.58)
2.07 (0.86, 5.01)
0.48 (0.21, 1.12)
2.25 (0.88, 5.76)
1.76 (0.69, 4.49)
1.65 (0.71, 3.82)

1.39 (0.76, 2.55)
1.77 (0.90, 3.46)
0.50 (0.26, 0.95)*
1.68 (0.89, 3.16)
1.11 (0.59, 2.10)
1.41 (0.77, 2.58)

Models adjusted for # age and NZDep2013 and ^ age, NZDep2013, and ethnicity. *P< 0.05, **P< 0.01, ***P< 0.001. OR: odds ratio; CI confidence interval.
§Calculated from complete datasets only (i.e. excludes dropouts and participants with missing blood data).

Glucose (mmol/L)
HbA1c (mmol/mol)
HDL (mmol/L)
LDL (mmol/L)
Total cholesterol (mmol/L)
Triglycerides (mmol/L)

3.18 (1.62, 6.26)**
1.80 (0.89, 3.66)
0.40 (0.20, 0.77)**
1.28 (0.66, 2.48)
1.11 (0.57, 2.18)
1.10 (0.59, 2.08)

Sweet likers versus dislikers (OR,

NZ European #
(n= 162)

Sweet ranking task incorrect versus correct (OR, 95% C.I.)

0.71 (0.35, 1.44)
0.44 (0.21, 0.95)*
1.31 (0.63, 2.73)
0.46 (0.21, 0.98)*
0.44 (0.20, 0.97)*
1.00 (0.49, 2.03)

Pacific #
(n= 142)

Table 4.4. Associations between sweet taste perception liking and ranking and plasma blood glucose and cholesterol (N= 304§).

210

4.5. Discussion

This cross-sectional study characterises sweet taste, bitter taste and milk fat perception
in two population groups with markedly different metabolic disease risk and different
body fat measurements. Our study describes that taste perception is significantly
influenced by levels of body fat, ethnic-cultural and socio-economic characteristics. We
further demonstrate links between taste perception and the long-term adiposity signals,
insulin and leptin that influence energy balance, body weight and food intake.

4.5.1. Study population

The present report describes a segment of the PROMISE (PRedictors linking Obesity
and gut MIcrobiomE) study (Kindleysides et al., 2019) which investigates obesity in
Pacific women, known to have a high metabolic disease risk, and NZ European women,
known to have a moderate metabolic disease risk. The study explores whether findings
are different in terms of physical, ethnic-cultural and socio-economic characteristics.
Pacific women with lower total body fat (<35%) had a higher proportion of android and
visceral fat, despite having the same proportion of gynoid fat, when compared to NZ
European women. Overall, Pacific women had higher levels of fasting plasma leptin
and insulin concentrations. In addition, Pacific women had a significantly higher
deprivation index (i.e. more deprived) when compared to NZ European women. In NZ
European women, those with higher body fat (>35%) had a significantly higher
deprivation index than those with lower body fat. These findings indicate there is
marked socio-economic inequity observed between these two ethnic groups, which
appears to be linked with obesity profiles. In addition, variability in taste perception and
hedonic taste preferences were observed across our study population. Previous studies
have shown associations between taste receptors and glucose and insulin homeostasis
(Dotson et al., 2008; Park & Song, 2019). Taste perception classification and how this is
linked with endocrine and metabolic regulation will be explored in more detail below.
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4.5.2. Comparisons of taste perception clusters and population groups

In Pacific women, there were a higher number of sweet dislikers (64%) than in NZ
European women (55%). Pacific women were twice as likely to be sweet taste dislikers
compared with NZ European women with high BF%. In both Pacific and NZ European,
women with lower body fat % had a higher proportion of bitter likers (~22%) compared
to women with higher body fat % (~12%). In contrast, more than half of the participants
in this study were milk fat likers (~71%) irrespective of ethnicity.

In a recent study by Szajer et al, sweet taste liking was compared between different
ethnicities. Comparisons were made between Hispanic and non-Hispanic young adults,
where Hispanic overweight individuals had a decreased liking for sweet taste compared
to non-Hispanics (Szajer, Jacobson, Green, & Murphy, 2017). Furthermore, the
Hispanic group had significantly lower hedonic reward processing during the evaluation
of sucrose when compared to the non-Hispanic group (Szajer et al., 2017). Our study
may be showing that Pacific women do not perceive the same reward value from higher
concentrations of sweet taste. In this context, it is important to acknowledge that dietary
intake varies as a function of cultural and socio-economic background, current
environment and upbringing, which may have influenced the hedonic evaluation in this
study (Shintani & Hughes, 1994). This study suggests that a different sweet taster
profile exists for Pacific women in comparison to NZ European women, which may be
reflective of differences in genetics (Risso et al., 2017), environmental upbringing or
socio-cultural differences (Tupai-Firestone et al., 2016).

4.5.3. Sweet taste ranking task and obesity

In this study of our population of pre-menopausal healthy women, 20% of women
incorrectly discriminated sweet taste concentrations. Discrimination of taste at
suprathreshold levels was measured using a ranking task, similar to previous studies
(Costanzo et al., 2018; Fushan, Simons, Slack, Manichaikul, and Drayna, 2009; Stewart
et al., 2010). Both Pacific and NZ European women who incorrectly ranked sweet taste
were nearly three times more likely to have more body fat compared to those who
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correctly ranked the task. In a study by Fushan and colleagues, a ranking task using
sucrose solutions was used to measure sweet taste sensitivity, and they found that the
grading of solutions was related to genetic differences in taste receptor type 1 member 3
(T1R3) transcription (Fushan et al., 2009). This sweet taste sensitivity explained 16% of
population variability, which was correlated with the T1R3 coding sequence (Fushan et
al., 2009), however other studies to date have not replicated these findings (Running &
Hayes, 2016). The genetic differences observed by Fushan and colleagues (2009) may
be existent in our participants, which would partially explain the differences observed in
the grading of sweet ranking task solutions. However, further investigation into genetic
data would be required in order to substantiate this.

Complementary to the sweet taste ranking task results, our study further showed a
significant difference in body fat between NZ European sweet likers and dislikers. NZ
European sweet likers had twice the likelihood of increased body fat in comparison to
sweet dislikers. Previous studies have found no differences between normal weight and
obese women in sweet taste liking (Alexy et al., 2011; Cox et al., 2015; Garneau et al.,
2018). However, there is emerging evidence that there may be some link between
decreased taste sensitivity in an obese state with increased markers of inflammation
(Kaufman, Choo, Koh, & Dando, 2018). As previously reported, our current data
support the notion that obesity and parameters of metabolic health are influenced by
income and socioeconomic status (Bray et al., 2018), as well as age (Dubé, 2010).
However, after adjusting for these factors, our data strongly suggest that differences in
sweet taste perception may be an important contributor to the complex causes of obesity
(Donaldson, Bennett, Baic, & Melichar, 2009).

4.5.4. Sweet taste perception and fasting plasma leptin concentration

Women with higher fasting plasma leptin concentrations were more likely to be sweet
likers compared to those with lower fasting plasma leptin concentrations. This is in
contrast to bitter taste and milk fat perception where no association was found. A
possible mechanism for a link between increased sweet taste liking and circulating
concentrations of leptin is that leptin specifically inhibits the response to sweet
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substances at the level of the sweet receptor of the tongue (Kawai, Sugimoto,
Nakashima, Miura, & Ninomiya, 2000). The leptin receptor (Ob-Rb) co-localises with
approximately 40% of T1R3 expressing sweet-sensing taste cells (Kubasova, Burdakov,
& Domingos, 2015). The important finding of a significant positive association between
circulating leptin levels and taste liking was specific to sweet taste perception in our
present study which supports the notion of a specific molecular association between
sweet taste perception and leptin pathways (Yoshida et al., 2015).

This study suggests that sweet taste suppression by higher levels of circulating fasting
leptin may have resulted in decreased gLMS ratings of sweet taste intensity, resulting in
the differences observed between sweet likers and dislikers. Additionally, the
associations between high fasting insulin and sweet taste liking are of interest, as there
is no receptor for insulin on taste cells engaged in sweet taste perception (Behrens &
Meyerhof, 2019). Therefore, the observation of an association between sweet taste
liking and increased insulin may be due to leptin regulating peripheral insulin sensitivity
(D’Elia, Strazzullo, Iacone, Russo, & Galletti, 2019). Leptin levels, in association with
the adipoinsular axis (Kieffer & Habener, 2000), have been shown to be predictive of
the development of insulin resistance in normal weight individuals (D’Elia et al., 2019).
In the pancreas, beta cells located in the islets of Langerhans are involved in the
regulation of blood glucose level via insulin secretion (Calvo & Egan, 2015). All the
components necessary for the detection of sweet-tasting compounds (e.g. T1R2, T1R3
and α-gustducin) are present on the human beta cell surface (Henquin, 2012) and the
presence of sweet compounds results in an increase in insulin (Laffitte et al., 2014). NZ
European women in this study who were sweet likers were significantly more likely to
have hyperinsulinemia and hyperleptinemia and they also had decreased levels of HDL
cholesterol and increased levels of fasting glucose concentrations. The maintenance of
body weight and glucose homeostasis is regulated by leptin, which in turn acts to
regulate insulin secretion (Covey et al., 2006; D’souza et al., 2017). These results
demonstrate that leptin and insulin associations were mirrored by sweet taste
perception. Interestingly, these regulators of adiposity were not associated with either
bitter taste or milk fat perception.

Interestingly, the link between sweet taste liking and higher fasting leptin levels in NZ
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European women was not observed in Pacific women. The reason for this may be due to
a state of relative leptin resistance, as Pacific women in our study population had
significantly higher fasting leptin concentrations than NZ European women. In a recent
study, increased circulating leptin levels were considered to exceed the level at which
leptin can be effective in modulating the recognition of sweet taste (Sanematsu et al.,
2018). For individuals with higher body fat, correspondingly increased levels of
circulating leptin leads to leptin resistance, impacting the reward system of the brain
(Lenard & Berthoud, 2008). For example, in the leptin resistant state, the permeability
of the blood-brain barrier to leptin is decreased, resulting in insufficient signalling at the
hypothalamus, impacting feeding behaviour and appetite (Amitani et al., 2013). In the
present study, it is plausible that in the leptin-sensitive state, sweet taste intensity ratings
which are influenced by circulating leptin may be significantly influencing sweet taste
liking. In contrast, in the leptin resistant state, these associations may be dysregulated.
Further investigation into these associations is warranted.

Studies have shown that sweet taste sensitivity increases after bariatric surgery (Shoar,
Naderan, Shoar, Modukuru, & Mahmoodzadeh, 2019; Zakeri & Batterham, 2017)
alongside altered taste acuity is the decreased liking, enjoyment or desire for sweet and
fatty tasting foods (Gero et al., 2017; Nance, Eagon, Klein, & Pepino, 2017; Van
Vuuren, Strodl, White, & Lockie, 2017). The exact reason for these changes is
unknown, however gut derived signals and appetite signalling mechanisms are
considered to be causal factors (Zakeri & Batterham, 2017). In addition to taste changes,
rapid improvements in insulin sensitivity and release occur immediately after surgery
(Casimiro, Sam, & Brady, 2019). These effects on pancreatic beta cells are mostly due
to increased gut hormone secretion due to the improvement of nutrient delivery to the
small intestine. Hyperleptinemia may be further alleviated in parallel with reducing fat
mass (Sinclair, Docherty, & Roux, 2018). Such changes in gut derived signalling
mechanisms are intimately linked with regulating food intake and reward-processing,
resulting in favourable changes in eating behaviour and reduced energy intake (Zakeri
& Batterham, 2017). Future studies will reveal more detail on associations between the
taste perception, food hedonics, brain reward system responses to food, eating
behaviours, body fat content, microbiome and insulin sensitivity (Glaysher et al., 2017).
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Preventative measures may be introduced to enhance taste perception, potentially
improving signalling mechanisms associated with endocrine regulators of adiposity.

4.5.5. Bitter taste and milk fat perception

In this study, being a bitter liker decreased the likelihood of having higher body fat
(>35%), compared to those who were bitter dislikers. Differences in bitter liking
influencing weight status is feasible. Increased sensitivity and aversion
to bitterness may lead to a decrease in the consumption of healthy, bitter tasting foods
(i.e. cruciferous vegetables), resulting in weight gain (Ortega et al., 2016; Turner et al.,
2018). Minor ethnic-cultural differences in bitter taste perception may have been
observed due to differences in long-term adaption, bitter taste recognition or bitter taste
genes (Breslin, 2013; Risso et al., 2017). In contrast, no clear associations were found
between milk fat perception measurements and BF%, or between milk fat perception
and metabolic regulators of adiposity.

4.5.6. Strengths and limitations of this study and public health implications

One of the strengths of this study was the use of the gLMS and LAM scale and the
administration of a range of concentration levels for the measurement of taste
perception, as food and beverage consumption generally takes place at suprathreshold
concentration levels (Hardikar, Höchenberger, Villringer, & Ohla, 2017). Studies
investigating taste status have increasingly supported rating suprathreshold taste
solutions with the validated gLMS, to align responses from different population groups
such as normal weight and obese (Bartoshuk et al., 2004). An additional strength was
the measurement of taste perception using the ranking task, as it did not require the
interpretation of a scale it is considered a non-subjective comparative tool. In addition,
this study used hierarchical cluster analysis, so the likelihood of misclassifying sweet
likers was reduced, in comparison to previously used cut-off approaches (Garneau et al.,
2018; Methven, Xiao, Cai, & Prescott, 2016). Hierarchical cluster analysis allowed for
the determination of taster status measured from a range of different concentration
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levels (Asao et al., 2015; Garneau et al., 2018; Iatridi et al., 2019; Kim et al., 2014).
Similar results have been observed in other studies, identifying either two groups (sweet
likers and dislikers) (Asao et al., 2015; Kim, Prescott, and Kim, 2017), or three groups
(sweet likers, neutral and dislikers) (Garneau et al., 2018; Iatridi et al., 2019; Kim et al.,
2014; Puputti, Aisala, Hoppu, and Sandell, 2018).

There are some limitations that need to be considered. In this study, all taster groups
were described as either ‘liker’ or ‘disliker’ groups for ease of interpretation. However,
when comparing the average hedonic liking rating at each concentration level, the group
‘bitter likers’ may be more accurately described as ‘bitter neutral’. In addition, the
group ‘milk fat dislikers’ may be more accurately described as ‘milk fat neutral’. In
sweet taste studies where three groups are derived from hierarchical cluster analysis, the
intermediate group or taster ‘neutral’ group is a distinct and important phenotype
(Garneau et al., 2018; Iatridi et al., 2019; Kim et al., 2014). It is acknowledged that in
this study the lack of an intermediate phenotype for each taste type may have obfuscated
potential relationships between each phenotype and health outcomes of interest.

In this study the sweet taste stimulus chosen was glucose because glucose is a simple
sugar/monosaccharide that has clearly defined metabolic links and glucose sensors are
ubiquitous throughout the body, including the GI tract and hypothalamus (Jayasinghe et
al., 2017). However, the majority of previous studies have used sucrose as a sweet taste
stimulus (Cox et al, 2015, Tan and Tucker, 2019). The choice of sweet stimulus and the
range of concentrations tested (0 g/L – 240 g/L) may partially explain the lack of an
intermediate or neutral phenotype derived from the hierarchical cluster analysis. A
broader range of sweetness or the use of sucrose, which is perceived differently to
glucose (Peng, Hautus, Oey, and Silcock, 2016), may have also resulted in a decreased
number of sweet taste dislikers, which would be more consistent with the proportion of
sweet taste likers and dislikers found in data from the US (Garneau et al., 2018), Korea
(Kim et al., 2017) and the UK (Iatridi et al., 2019) where typically 20-25% of
participants are sweet dislikers. Future studies will continue to compare different types
of sweeteners and how these influence sweet taste phenotype by hierarchical cluster
analysis for clarification of these associations.
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Measurements of milk fat perception (liking, intensity, and ranking task) were not a
direct measurement of ‘taste’, primarily due to the presence of non-taste sensory inputs
such as mouthfeel and aroma. Due to the study aims, it was inappropriate to measure the
hedonic liking of a single fatty acid, as it is generally an unrecognisable taste which
evokes ‘irritation’ or ‘scratchy’ sensations at suprathreshold levels (Burgess et al.,
2018). In this study, the milk fat perception samples were administered without the use
of a nose-clip. For measurements of hedonic liking, it seemed inappropriate to block the
nares as the true experience and sensation of fat in the mouth includes aroma (Boesveldt
& Lundström, 2014). Further, in previous studies conducted in our lab (Kindleysides et
al., 2017), we found that nose-clips can cause moderate discomfort and sinus irritation
which in some cases causes a runny nose. Therefore, we chose to create an environment
which enhanced engagement and minimised fatigue, particularly as the study included
rating the hedonic liking of solutions. However, in order to determine associations with
adiposity and markers of metabolic health, we recommend that future studies
incorporate a measurement of fatty acid taste perception (Kindleysides et al., 2017; J.
Stewart et al., 2010).

A further limitation of this study is the cross-sectional design, which was chosen to
characterise women with different body fat measurements (normal and obese) in two
population groups (Pacific and NZ European). The allocation of participants into
distinct categories (i.e. lower BF% and higher BF%) allows for stratification and effect
modification. A cross-sectional study does not infer causality (Hanage, 2014), however,
it is a highly efficient approach that may help to inform future longitudinal and
intervention studies.

In New Zealand, health inequities exist between population groups which are impacting
on health and wellbeing, resulting in weight gain, obesity and the onset of poor
metabolic health outcomes (Roberto et al., 2015). Of major concern is that these health
inequities are impacting younger adults, adolescents, and children (Schwartz et al.,
2017; Tupai-Firestone et al., 2016; Verbiest et al., 2018). Poor metabolic health
outcomes are further influenced by ethnic-cultural and socio-economic characteristics
(Dubé, 2010; Wen, Rush, & Plank, 2010).
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Government and political actions, such as the introduction of a ‘sugar tax’, could be a
successful approach to reduce population weight gain (Backholer et al., 2016;
Nakhimovsky et al., 2016). Weight loss interventions, which may further improve sweet
taste acuity, may have the long-term effect of reducing hyperinsulinemia and
hyperleptinemia which would improve cephalic responses and regulatory actions
determined by the hypothalamus (Amitani et al., 2013). Improved appetite response
mechanisms and signalling by the hypothalamus may diminish food reward and
enhance the response to satiety signals that are generated during food consumption
(Farooqi et al., 2007). Future studies may look at determining the most efficient
intervention strategies to improve insulin sensitivity to reverse the cascade of metabolic
dysregulation occurring prior to the onset of metabolic disease. For example, one
previous intervention study demonstrated the successful enhancement of the perception
of sweet-taste intensity ratings with dietary intervention (Wise, Nattress, Flammer, &
Beauchamp, 2016). Taste modification could be administered in the form of a pill or
functional food ingredient, such as taste-modifying proteins similar to that of
‘Miraculin’ (Misaka, 2013; Swamy, Hadi, Sekaran, & Pichika, 2014), alongside dietary
intervention and weight loss.

4.5.7. Conclusions

In this study, we found that decreased sweet taste perception is associated with higher
body fat mass. In contrast, increased bitter taste liking was associated with lower body
fat mass. Our data show a relationship between obesity and sweet taste perception.
Given the cross-sectional nature of this study, our results do not allow us to explore the
direction of this relationship, whether increasing obesity may influence sweet taste
perception through dysregulation of the insulin-leptin feedback system (Amitani et al.,
2013; Behrens & Meyerhof, 2019), or vice-versa, whether an enhanced sweet liking
may cause obesity. Importantly, the data presented in this paper suggest that the
hyperinsulinemia and hyperleptinemia in the obese state is linked with an endocrine
desensitisation of the sweet taste receptor. It is tempting to speculate that alterations in
signal transduction pathways at the sweet taste receptors in the obese state may lead to
long-term changes of taste preferences, thus contributing to a cycle of unhealthy food
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choices and disturbed appetite regulation and further increasing adiposity. The sweet
taste receptor may be a powerful candidate and a potential target for future weight
control interventions. The therapeutic potential of the taste receptor system is yet to be
fully explored, but as the first point of contact between the food we eat and the
endocrine regulation of adiposity, it could be a promising focus for future metabolic
health research.

220

Acknowledgements

This present study was funded by the Health Research Council (HRC) of New Zealand.
We would like to thank the HRC. SK would like to thank Massey University for the
doctoral scholarship (College of Health). The authors would like to thank the PROMISE
participants for their devoted participation in this trial. The authors would like to thank
all the students and staff who participated in data collection for this study: PhD and
MSc candidates: Nikki Renall, Jo Slater, Shivon Singh, Elizabeth Cullen, Bronte
Anscombe, Beatrice Drury and Laura Mickleson. We gratefully acknowledge our
research staff, assistants and volunteers: Niamh Brennan, Moana Manukia, Marilize
Richter, Owen Mugridge, Shakeela Jayasinghe, Sherina Holland, Guojiao (Maggie)
Cao, Ashleigh Jackson, PC Tong, Sunna Jacobsen and Carolin Friedle. We additionally
thank Eric Thorstensen for his assistance with blood sample analysis and study advice.
In addition, we would like to thank Plant and Food Research for blood sample analysis.

221

Suppl 4.1. Associations with bitter taste and milk fat perception liking groups and
plasma blood glucose and cholesterol markers (N= 304§).

Pacific #
(n= 142)

NZ European #
(n= 162)

Bitter likers versus dislikers (OR,
Glucose (mmol/L)
HbA1c (mmol/mol)
HDL (mmol/L)
LDL (mmol/L)
Total cholesterol (mmol/L)
Triglycerides (mmol/L)

0.67 (0.27, 1.36)
0.79 (0.30, 2.07)
1.36 (0.54, 3.38)
1.00 (0.40, 2.52)
0.98 (0.38, 2.53)
1.32 (0.53, 3.27)

TOTAL ^
(n= 304)
95% C.I.)

1.59 (0.68, 3.70)
1.07 (0.44, 2.64)
1.88 (0.74, 4.79)
0.44 (0.18, 1.05)
0.76 (0.32, 1.81)
1.00 (0.44, 2.30)

1.00 (0.55, 1.82)
0.94 (0.48, 1.83)
1.76 (0.93, 3.32)
0.60 (0.32, 1.13)
0.80 (0.42, 1.50)
1.17 (0.64, 2.15)

Bitter ranking task incorrect versus correct (OR, 95% C.I.)
Glucose (mmol/L)
HbA1c (mmol/mol)
HDL (mmol/L)
LDL (mmol/L)
Total cholesterol (mmol/L)
Triglycerides (mmol/L)

0.74 (0.36, 1.52)
2.20 (1.02, 4.73)*
1.03 (0.48, 2.20)
1.52 (0.71, 3.22)
1.59 (0.73, 3.46)
0.80 (0.39, 1.66)

1.47 (0.78, 2.78)
0.64 (0.32, 1.29)
0.90 (0.47, 1.71)
0.90 (0.47, 1.74)
0.76 (0.39, 1.47)
0.97 (0.52, 1.82)

Milk fat likers versus dislikers (OR,
Glucose (mmol/L)
HbA1c (mmol/mol)
HDL (mmol/L)
LDL (mmol/L)
Total cholesterol (mmol/L)
Triglycerides (mmol/L)

1.11 (0.53, 2.31)
0.58 (0.25, 1.36)
1.09 (0.50, 2.37)
1.47 (0.68, 3.18)
1.50 (0.68, 3.34)
0.77 (0.36, 1.61)

1.04 (0.50, 2.12)
0.72 (0.33, 1.55)
0.80 (0.38, 1.68)
1.29 (0.61, 2.73)
1.27 (0.59, 2.72)
0.72 (0.35, 1.47)

1.10 (0.69, 1.76)
1.13 (0.67, 1.89)
0.94 (0.58, 1.52)
1.12 (0.69, 1.82)
1.03 (0.63, 1.69)
0.90 (0.56, 1.44)

95% C.I.)
1.06 (0.63, 1.76)
0.65 (0.37, 1.13)
0.94 (0.56, 1.60)
1.38 (0.81, 2.34)
1.38 (0.80, 2.37)
0.74 (0.44, 1.23)

Milk fat ranking task incorrect versus correct (OR, 95% C.I.)
Glucose (mmol/L)
HbA1c (mmol/mol)
HDL (mmol/L)
LDL (mmol/L)
Total cholesterol (mmol/L)
Triglycerides (mmol/L)

0.58 (0.27, 1.24)
1.06 (0.47, 2.43)
1.21 (0.54, 2.70)
0.77 (0.35, 1.68)
1.25 (0.56, 2.80)
1.13 (0.53, 2.41)

0.71 (0.38, 1.34)
0.96 (0.48, 1.92)
1.33 (0.70, 2.53)
1.43 (0.74, 2.77)
1.34 (0.69, 2.61)
1.18 (0.63, 2.20)

0.63 (0.39, 1.01)
1.03 (0.61, 1.72)
1.43 (0.87, 2.33)
1.01 (0.62, 1.64)
1.18 (0.71, 1.94)
1.21 (0.75, 0.94)

Models adjusted for # age and NZDep2013; † age, NZDep2013, and ethnicity; ^ age,
NZDep2013, BF% and ethnicity. *P< 0.05, **P< 0.01, ***P< 0.001. OR: odds ratio;
CI confidence interval. §Calculated from complete datasets only (i.e. excludes dropouts
and participants with missing blood data).
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Dubé, L. (2010). Obesity prevention : the role of brain and society on individual
behavior. Obesity Prevention. Elsevier/Academic Press.
Ettinger, L., Duizer, L., & Caldwell, T. (2012). Body fat, sweetness sensitivity, and
preference: determining the relationship. Canadian Journal of Dietetic Practice &
Research, 73(1), 45–48. https://doi.org/10.3148/73.1.2012.45
Farooqi, I. S., Bullmore, E., Keogh, J., Gillard, J., O’Rahilly, S., & Fletcher, P. C.
(2007). Leptin Regulates Striatal Regions and Human Eating Behavior. Science,
317(5843), 1355–1355. https://doi.org/10.1126/science.1144599
Field, A. (2013). Discovering Statistics using IBM SPSS Statistics. (M. Carmichael,
Ed.), Statistics (4th ed.). London: SAGE Publications Ltd.
Fushan, A. A., Simons, C. T., Slack, J. P., Manichaikul, A., & Drayna, D. (2009).
Allelic Polymorphism within the TAS1R3 Promoter Is Associated with Human
Taste Sensitivity to Sucrose. Current Biology, 19(15), 1288–1293.
https://doi.org/10.1016/j.cub.2009.06.015
Garneau, N. L., Nuessle, T. M., Mendelsberg, B. J., Shepard, S., & Tucker, R. M.
(2018). Sweet liker status in children and adults: Consequences for beverage intake
in adults. Food Quality & Preference, 65, 175–180.
https://doi.org/10.1016/J.FOODQUAL.2017.10.005
Gero, D., Dib, F., Ribeiro-Parenti, L., Arapis, K., Chosidow, D., & Marmuse, J.-P.
(2017). Desire for Core Tastes Decreases After Sleeve Gastrectomy: a SingleCenter Longitudinal Observational Study with 6-Month Follow-up. Obesity
Surgery, 27(11), 2919–2926. https://doi.org/10.1007/s11695-017-2718-2
Glaysher, M. A., Mohanaruban, A., Prechtl, C. G., Goldstone, A. P., Miras, A. D., Lord,
J., … Teare, J. P. (2017). A randomised controlled trial of a duodenal-jejunal
bypass sleeve device (EndoBarrier) compared with standard medical therapy for
the management of obese subjects with type 2 diabetes mellitus. BMJ Open, 7(11),
e018598. https://doi.org/10.1136/bmjopen-2017-018598
Glendinning, J. I., Stano, S., Holter, M., Azenkot, T., Goldman, O., Margolskee, R. F.,
… Sclafani, A. (2015). Sugar-induced cephalic-phase insulin release is mediated
by a T1r2+T1r3-independent taste transduction pathway in mice. American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
309(5), R552–R560. https://doi.org/10.1152/ajpregu.00056.2015
Green, B. G., Dalton, P., Cowart, B., Shaffer, G., Rankin, K., & Higgins, J. (1996).
Evaluating the “labeled magnitude scale” for measuring sensations of taste and
smell. Chemical Senses, 21(3), 323–334. https://doi.org/10.1093/chemse/21.3.323
Han, P., Keast, R., & Roura, E. (2017). Salivary leptin and TAS1R2/TAS1R3
polymorphisms are related to sweet taste sensitivity and carbohydrate intake from a
buffet meal in healthy young adults. British Journal of Nutrition, 118(10), 763–
770. https://doi.org/10.1017/S0007114517002872
Hanage, W. P. (2014). Microbiology: Microbiome science needs a healthy dose of
225

scepticism. Nature, 512(7514), 247–248. https://doi.org/10.1038/512247a
Hardikar, S., Höchenberger, R., Villringer, A., & Ohla, K. (2017). Higher sensitivity to
sweet and salty taste in obese compared to lean individuals. Appetite, 111, 158–
165. https://doi.org/10.1016/J.APPET.2016.12.017
Hayes, J. E., Feeney, E. L., & Allen, A. L. (2013). Do polymorphisms in chemosensory
genes matter for human ingestive behavior? Food Quality and Preference, 30(2),
202–216. https://doi.org/10.1016/j.foodqual.2013.05.013
Henquin, J. C. (2012). Do pancreatic β cells “taste” nutrients to secrete insulin? Science
Signaling. https://doi.org/10.1126/scisignal.2003325
Hwang, L.-D., Breslin, P. A. S., Reed, D. R., Zhu, G., Martin, N. G., & Wright, M. J.
(2016). Is the Association Between Sweet and Bitter Perception due to Genetic
Variation? Chemical Senses, 41(9), 737–744.
https://doi.org/10.1093/chemse/bjw083
Iatridi, V., Hayes, J., Yeomans, M., Iatridi, V., Hayes, J. E., & Yeomans, M. R. (2019).
Quantifying Sweet Taste Liker Phenotypes: Time for Some Consistency in the
Classification Criteria. Nutrients, 11(1), 129. https://doi.org/10.3390/nu11010129
Jo, A., & Mainous, A. G. (2018). Informational value of percent body fat with body
mass index for the risk of abnormal blood glucose: a nationally representative
cross-sectional study. BMJ Open, 8(4), e019200. https://doi.org/10.1136/bmjopen2017-019200
Kaufman, A., Choo, E., Koh, A., & Dando, R. (2018). Inflammation arising from
obesity reduces taste bud abundance and inhibits renewal. PLOS Biology, 16(3),
e2001959. https://doi.org/10.1371/journal.pbio.2001959
Kawai, K., Sugimoto, K., Nakashima, K., Miura, H., & Ninomiya, Y. (2000). Leptin as
a modulator of sweet taste sensitivities in mice. Proceedings of the National
Academy of Sciences, 97(20), 11044–11049.
https://doi.org/10.1073/pnas.190066697
Keller, K. L., & Adise, S. (2016). Variation in the Ability to Taste Bitter Thiourea
Compounds: Implications for Food Acceptance, Dietary Intake, and Obesity Risk
in Children. The Annual Review of Nutrition, 36, 157–182.
https://doi.org/10.1146/annurev-nutr-071715-050916
Kieffer, T. J., & Habener, J. F. (2000). The adipoinsular axis: effects of leptin on
pancreatic β-cells. American Journal of Physiology-Endocrinology & Metabolism,
278(1), E1–E14. https://doi.org/10.1152/ajpendo.2000.278.1.E1
Kim, J.-Y., Prescott, J., & Kim, K.-O. (2017). Emotional responses to sweet foods
according to sweet liker status. Food Quality & Preference, 59, 1–7.
https://doi.org/10.1016/J.FOODQUAL.2017.01.013
Kim, J. Y., Prescott, J., & Kim, K. O. (2014). Patterns of sweet liking in sucrose
solutions and beverages. Food Quality & Preference, 36, 96–103.
https://doi.org/10.1016/j.foodqual.2014.03.009
Kindleysides, S., Beck, K. L., Walsh, D. C. I., Henderson, L., Jayasinghe, S. N.,
Golding, M., & Breier, B. H. H. (2017). Fat Sensation: Fatty Acid Taste and
Olfaction Sensitivity and the Link with Disinhibited Eating Behaviour. Nutrients,
9(8), 879. https://doi.org/10.3390/nu9080879
Kindleysides, S., Kruger, R., Douwes, J., Tannock, G. W., Renall, N., Slater, J., …
Breier, B. H. (2019). Predictors Linking Obesity and the Gut Microbiome (the
PROMISE Study): Protocol and Recruitment Strategy for a Cross-Sectional Study
on Pathways That Affect the Gut Microbiome and Its Impact on Obesity. JMIR Res
Protoc, 8(8), e14529. https://doi.org/10.2196/14529
226

Kubasova, N., Burdakov, D., & Domingos, A. I. (2015). Sweet and Low on Leptin:
Hormonal Regulation of Sweet Taste Buds. Diabetes, 64(11), 3651–3652.
https://doi.org/10.2337/dbi15-0004
Laffitte, A., Neiers, F., & Briand, L. (2014). Functional roles of the sweet taste receptor
in oral and extraoral tissues. Current Opinion in Clinical Nutrition and Metabolic
Care, 17(4), 379–385. https://doi.org/10.1097/MCO.0000000000000058
Lenard, N. R., & Berthoud, H.-R. (2008). Central and peripheral regulation of food
intake and physical activity: pathways and genes. Obesity (Silver Spring, Md.), 16
Suppl 3(SUPPL. 3), S11-22. https://doi.org/10.1038/oby.2008.511
Lipchock, S. V., Mennella, J. A., Spielman, A. I., & Reed, D. R. (2013). Human bitter
perception correlates with bitter receptor messenger RNA expression in taste cells.
American Journal of Clinical Nutrition, 98(4).
https://doi.org/10.3945/ajcn.113.066688
Loper, H. B., La Sala, M., Dotson, C., & Steinle, N. (2015). Taste perception,
associated hormonal modulation, and nutrient intake. Nutrition Reviews, 73(2), 83–
91. https://doi.org/10.1093/nutrit/nuu009
Martinez-Cordero, E., Malacara-Hernandez, J. M., & Martinez-Cordero, C. (2015).
Taste perception in normal and overweight Mexican adults. Appetite, 89, 192–195.
https://doi.org/10.1016/j.appet.2015.02.015
Maruoka, D., Arai, M., Tanaka, T., Okimoto, K., Oyamada, A., Minemura, S., …
Yokosuka, O. (2015). Mosapride Citrate Increases Postprandial Glucagon-Like
Peptide-1, Insulin, and Gene Expression of Sweet Taste Receptors, 60(2), 345–
353. https://doi.org/10.1007/s10620-014-3271-7
Mattes, R. D. (2009). Oral detection of short-, medium-, and long-chain free fatty acids
in humans. Chemical Senses, 34(2), 145–150.
https://doi.org/10.1093/chemse/bjn072
Mattes, R. D. (2011). Accumulating evidence supports a taste component for free fatty
acids in humans. Physiology & Behavior, 104(4), 624–631.
https://doi.org/10.1016/j.physbeh.2011.05.002
Methven, L., Xiao, C., Cai, M., & Prescott, J. (2016). Rejection thresholds (RjT) of
sweet likers and dislikers. Food Quality & Preference, 52, 74–80.
https://doi.org/10.1016/J.FOODQUAL.2016.03.012
Ministry of Health. (2017). Annual Data Explorer 2016/17: New Zealand Health Survey
[Data File]. Retrieved from https://minhealthnz.shinyapps.io/nz-health-survey2016-17-annual-update
Misaka, T. (2013). Molecular mechanisms of the action of miraculin, a taste-modifying
protein. Seminars in Cell & Developmental Biology, 24(3), 222–225.
https://doi.org/10.1016/j.semcdb.2013.02.008
Nakamura, Y., Sanematsu, K., Ohta, R., Shirosaki, S., Koyano, K., Nonaka, K., …
Ninomiya, Y. (2008). Diurnal variation of human sweet taste recognition
thresholds is correlated with plasma leptin levels. Diabetes, 57(10), 2661–2665.
https://doi.org/10.2337/db07-1103
Nakhimovsky, S. S., Feigl, A. B., Avila, C., O’Sullivan, G., Macgregor-Skinner, E., &
Spranca, M. (2016). Taxes on Sugar-Sweetened Beverages to Reduce Overweight
and Obesity in Middle-Income Countries: A Systematic Review. PLOS ONE,
11(9), e0163358. https://doi.org/10.1371/journal.pone.0163358
Nance, K., Eagon, J., Klein, S., & Pepino, M. (2017). Effects of Sleeve Gastrectomy vs.
Roux-en-Y Gastric Bypass on Eating Behavior and Sweet Taste Perception in
Subjects with Obesity. Nutrients, 10(1), 18. https://doi.org/10.3390/nu10010018
227

Oliveros, E., Somers, V. K., Sochor, O., Goel, K., & Lopez-Jimenez, F. (2014). The
Concept of Normal Weight Obesity. Progress in Cardiovascular Diseases, 56(4),
426–433. https://doi.org/10.1016/j.pcad.2013.10.003
Ortega, F. J., Agüera, Z., Sabater, M., Moreno-Navarrete, J. M., Alonso-Ledesma, I.,
Xifra, G., … Fernández-Real, J. M. (2016). Genetic variations of the bitter taste
receptor TAS2R38 are associated with obesity and impact on single immune traits.
Molecular Nutrition & Food Research, 60(7), 1673–1683.
https://doi.org/10.1002/mnfr.201500804
Owei, I., Umekwe, N., Provo, C., Wan, J., & Dagogo-Jack, S. (2017). Insulin-sensitive
and insulin-resistant obese and non-obese phenotypes: role in prediction of
incident pre-diabetes in a longitudinal biracial cohort. BMJ Open Diabetes
Research & Care, 5(1), e000415. https://doi.org/10.1136/bmjdrc-2017-000415
Park, J.-H., & Song, D.-K. (2019). Sweet taste receptors as a tool for an amplifying
pathway of glucose-stimulated insulin secretion in pancreatic β cells. Pflügers
Archiv - European Journal of Physiology, 471(4), 655–657.
https://doi.org/10.1007/s00424-019-02271-6
Peng, M., Hautus, M. J., Oey, I., and Silcock, P. (2016). Is there a generalized
sweetness sensitivity for an individual? A psychophysical investigation of interindividual differences in detectability and discriminability for sucrose and fructose.
Physiology & Behavior, 165, 239–248.
https://doi.org/10.1016/J.PHYSBEH.2016.08.004
Pepino, M. Y., Finkbeiner, S., Beauchamp, G. K., & Mennella, J. A. (2010). Obese
women have lower monosodium glutamate taste sensitivity and prefer higher
concentrations than do normal-weight women. Obesity (Silver Spring, Md.), 18(5),
959–965. https://doi.org/10.1038/oby.2009.493
Poppitt, S. D., Shin, H. S., McGill, A.-T., Budgett, S. C., Lo, K., Pahl, M., … Ingram, J.
R. (2017). Duodenal and ileal glucose infusions differentially alter gastrointestinal
peptides, appetite response, and food intake: a tube feeding study. The American
Journal of Clinical Nutrition, 106(3), 725–735.
https://doi.org/10.3945/ajcn.117.157248
Power, M. L., & Schulkin, J. (2008). Anticipatory physiological regulation in feeding
biology: Cephalic phase responses. Appetite, 50(2–3), 194–206.
https://doi.org/10.1016/j.appet.2007.10.006
Proserpio, C., Laureati, M., Bertoli, S., Battezzati, A., & Pagliarini, E. (2016).
Determinants of Obesity in Italian Adults: The Role of Taste Sensitivity, Food
Liking, and Food Neophobia. Chemical Senses, 41(2), 169–176.
https://doi.org/10.1093/chemse/bjv072
Puputti, S., Aisala, H., Hoppu, U., & Sandell, M. (2018). Multidimensional
measurement of individual differences in taste perception. Food Quality &
Preference, 65, 10–17. https://doi.org/10.1016/J.FOODQUAL.2017.12.006
Rawal, S., Hoffman, H. J., Honda, M., Huedo-Medina, T. B., & Duffy, V. B. (2015).
The Taste and Smell Protocol in the 2011–2014 US National Health and Nutrition
Examination Survey (NHANES): Test–Retest Reliability and Validity Testing.
Chemosensory Perception, 8(3), 138–148. https://doi.org/10.1007/s12078-0159194-7
Risso, D. S., Giuliani, C., Antinucci, M., Morini, G., Garagnani, P., Tofanelli, S., &
Luiselli, D. (2017). A bio-cultural approach to the study of food choice: The
contribution of taste genetics, population and culture. Appetite, 114, 240–247.
https://doi.org/10.1016/j.appet.2017.03.046
228

Roberto, C. A., Swinburn, B., Hawkes, C., Huang, T. T.-K., Costa, S. A., Ashe, M., …
Brownell, K. D. (2015). Patchy progress on obesity prevention: Emerging
examples, entrenched barriers, and new thinking. The Lancet, 385(9985).
https://doi.org/10.1016/S0140-6736(14)61744-X
Rodrigues, L., Espanca, R., Costa, A. R., Antunes, C. M., Pomar, C., Capela-Silva, F.,
… Lamy, E. (2017). Association between Salivary Leptin Levels and Taste
Perception in Children. Journal of Clinical Nutrition & Metabolism, 2017,
7260169. https://doi.org/10.1155/2017/7260169
Rodriguez-Cabaleiro, D., Van Uytfanghe, K., Stove, V., Fiers, T., & Thienpont, L. M.
(2007). Pilot Study for the Standardization of Insulin Immunoassays with Isotope
Dilution Liquid Chromatography/Tandem Mass Spectrometry. Clinical Chemistry,
53(8), 1462–1469. https://doi.org/10.1373/clinchem.2007.088393
Rousseuw, P. J., & Kaufman, L. (1990). Finding Groups in Data: An Introduction to
Cluster Analysis. Wiley Series in Probability and Statistics (1st ed., Vol. 344).
Hoboken, New Jersey: John Wiley & Sons. https://doi.org/10.2307/2532178
Running, C. A., Craig, B. A., & Mattes, R. D. (2015). Oleogustus: The Unique Taste of
Fat. Chemical Senses, 40(7), 507–516. https://doi.org/10.1093/chemse/bjv036
Running, C. A., & Hayes, J. E. (2016). Individual Differences in Multisensory Flavor
Perception. In B. Piqueras-Fiszmanô & C. Spence (Eds.), Multisensory Flavor
Perception: From Fundamental Neuroscience Through to the Marketplace (1st ed.,
pp. 191–194). Duxford, UK: Woodhead Publishing. https://doi.org/10.1016/B9780-08-100350-3.00010-9
Sable, S., Warren, M., DuFlo, A., Bartoshuk, L. M., & Skarulis, M. C. (2012). Taste
Perception, Race, and Ethnicity: A Novel Link to Differences in Cardiometabolic
Risk? Current Cardiovascular Risk Reports, 6(3), 238–244.
https://doi.org/10.1007/s12170-012-0232-6
Sanematsu, K., Nakamura, Y., Nomura, M., Shigemura, N., & Ninomiya, Y. (2018).
Diurnal Variation of Sweet Taste Recognition Thresholds Is Absent in Overweight
and Obese Humans. Nutrients, 10(3), 297. https://doi.org/10.3390/nu10030297
Schutz, H. G., and Cardello, A. V. (2001). A labeled affective magnitude (LAM) scale
for assessing food liking/disliking. Journal of Sensory Studies, 16(2), 117–159.
https://doi.org/10.1111/j.1745-459X.2001.tb00293.x
Schwartz, M. W., Seeley, R. J., Zeltser, L. M., Drewnowski, A., Ravussin, E., Redman,
L. M., & Leibel, R. L. (2017). Obesity Pathogenesis: An Endocrine Society
Scientific Statement. Endocrine Reviews, 38(4), 267–296.
https://doi.org/10.1210/er.2017-00111
Seufert, J. (2004). Leptin effects on pancreatic beta-cell gene expression and function.
Diabetes, 53 Suppl 1, S152-8.
Shintani, T. T., & Hughes, C. K. (1994). Traditional Diets of the Pacific and Coronary
Heart Disease. The European Journal of Cardiovascular Prevention &
Rehabilitation, 1(1), 16–20. https://doi.org/10.1177/174182679400100104
Shoar, S., Naderan, M., Shoar, N., Modukuru, V. R., & Mahmoodzadeh, H. (2019).
Alteration Pattern of Taste Perception After Bariatric Surgery: a Systematic
Review of Four Taste Domains. Obesity Surgery, 29(5), 1542–1550.
https://doi.org/10.1007/s11695-019-03730-w
Sinclair, P., Docherty, N., & Roux, C. W. le. (2018). Metabolic Effects of Bariatric
Surgery. Clinical Chemistry, 64(1), 72–81.
https://doi.org/10.1373/CLINCHEM.2017.272336
Stewart, A., Marfell-Jones, M., Olds, T., & de Ridder, H. (2011). International
229

standards for anthropometric assessment. Lower Hutt.: The International Society
for the Advancement of Kinanthropometry.
Stewart, J., Feinle-Bisset, C., Golding, M., Delahunty, C., Clifton, P., & Keast, R.
(2010). Oral sensitivity to fatty acids, food consumption and BMI in human
subjects. British Journal of Nutrition, 104(1), 145–152.
https://doi.org/10.1017/S0007114510000267
Swamy, K. B., Hadi, S. A., Sekaran, M., & Pichika, M. R. (2014). The Clinical Effects
of Synsepalum dulcificum : A Review. Journal of Medicinal Food, 17(11), 1165–
1169. https://doi.org/10.1089/jmf.2013.3084
Swinburn, B. A., Sacks, G., Hall, K. D., McPherson, K., Finegood, D. T., Moodie, M.
L., & Gortmaker, S. L. (2011). The global obesity pandemic: shaped by global
drivers and local environments. The Lancet, 378(9793), 804–814.
https://doi.org/10.1016/S0140-6736(11)60813-1
Szajer, J., Jacobson, A., Green, E., & Murphy, C. (2017). Reduced brain response to a
sweet taste in Hispanic young adults. Brain Research, 1674, 101–110.
https://doi.org/10.1016/J.BRAINRES.2017.08.024
Tan, S.-Y., & Tucker, R. (2019). Sweet Taste as a Predictor of Dietary Intake: A
Systematic Review. Nutrients, 11(1), 94. https://doi.org/10.3390/nu11010094
Tchernof, A., & Després, J.-P. (2013). Pathophysiology of Human Visceral Obesity: An
Update. Physiological Reviews, 93(1), 359–404.
https://doi.org/10.1152/physrev.00033.2011
Tupai-Firestone, R., Tuisano, H., Manukia, M., Kaholokula, K., Foliaki, S., Kingi, T.
K., … Ellison-Loschmann, L. (2016). Understanding Pasifika youth and the
obesogenic environment, Auckland and Wellington, New Zealand. New Zealand
Medical Journal, 129(1434), 23–35. https://doi.org/2
Turner, A., Veysey, M., Keely, S., Scarlett, C., Lucock, M., & Beckett, E. (2018).
Interactions between Bitter Taste, Diet and Dysbiosis: Consequences for Appetite
and Obesity. Nutrients, 10(10), 1336. https://doi.org/10.3390/nu10101336
Van Vuuren, M. A. J., Strodl, E., White, K. M., & Lockie, P. D. (2017). Taste,
Enjoyment, and Desire of Flavors Change After Sleeve Gastrectomy-Short Term
Results. Obesity Surgery, 27(6), 1466–1473. https://doi.org/10.1007/s11695-0162497-1
Verbiest, M., Borrell, S., Dalhousie, S., Tupa’i-Firestone, R., Funaki, T., Goodwin, D.,
… Ni Mhurchu, C. (2018). A Co-Designed, Culturally-Tailored mHealth Tool to
Support Healthy Lifestyles in Māori and Pasifika Communities in New Zealand:
Protocol for a Cluster Randomized Controlled Trial. JMIR Research Protocols,
7(8), e10789. https://doi.org/10.2196/10789
Wen, J. Y. J., Rush, E. C., & Plank, L. D. (2010). Assessment of obesity in New
Zealand Chinese: a comparative analysis of adults aged 30-39 years from five
ethnic groups. New Zealand Medical Journal, 123(1327), 87–98.
WHO. (2018). Obesity and Overweight factsheet from the World Health Organisation
WHO [online] 2018.
Williams, J. A., Bartoshuk, L. M., Fillingim, R. B., & Dotson, C. D. (2016). Exploring
ethnic differences in taste perception. Chemical Senses, 41(5).
https://doi.org/10.1093/chemse/bjw021
Wise, P. M., Nattress, L., Flammer, L. J., & Beauchamp, G. K. (2016). Reduced dietary
intake of simple sugars alters perceived sweet taste intensity but not perceived
pleasantness. American Journal of Clinical Nutrition, 103(1), 50–60.
https://doi.org/10.3945/ajcn.115.112300
230

Yoshida, R., Noguchi, K., Shigemura, N., Jyotaki, M., Takahashi, I., Margolskee, R. F.,
& Ninomiya, Y. (2015). Leptin Suppresses Mouse Taste Cell Responses to Sweet
Compounds. Diabetes, 64(11), 3751–3762. https://doi.org/10.2337/db14-1462
Zakeri, R., & Batterham, R. L. (2017). Potential mechanisms underlying the effect of
bariatric surgery on eating behaviour. Current Opinion in Endocrinology &
Diabetes and Obesity, 25(1), 1. https://doi.org/10.1097/MED.0000000000000379
Zhou, X., Shen, Y., Parker, J. K., Kennedy, O. B., & Methven, L. (2016). Relative
Effects of Sensory Modalities and Importance of Fatty Acid Sensitivity on Fat
Perception in a Real Food Model. Chemosensory Perception, 9(3), 105–119.
https://doi.org/10.1007/s12078-016-9211-5

231

232

Chapter V.
Associations between taste perception, dietary intake and
eating behaviour in Pacific and NZ European women

5.1. Abstract
Taste perception may influence dietary preferences, potentially contributing to increased
dietary intake of energy dense and nutrient poor foods, which may consequently
contribute to the development of obesity. The aims of this study are to characterise
sweet taste, bitter taste and milk fat perception in two populations with markedly
different metabolic disease risk (Pacific and European women) and different levels of
body fat (normal and obese) and to explore the association of taste perception with
dietary intake and eating behaviour.

Sweet taste perception, assessed as intensity, hedonic liking and discrimination of taste
concentration by ranking task was investigated in 304 women (18 − 45 years) selected
based on ethnicity (47% Pacific and 53% NZ European) and body fat percentage (body
fat %; 51% normal and 49% high, using a cut-point of 35% body fat). Body fat
percentage (BF%) was measured by dual-energy x-ray absorptiometry (DXA). Hedonic
liking and intensity ratings of taste were investigated using the labelled affective
magnitude (LAM) and general labelled magnitude scales (gLMS). Hierarchical cluster
analysis was used to obtain taste liking clusters of ‘likers’ and ‘dislikers’ from LAM
ratings. Dietary intake was assessed using a 5-day estimated food record to measure
total energy and macronutrient intake. Eating behaviour was assessed by the three-factor
eating questionnaire. Socioeconomic status was measured by deprivation index
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(NZDep2013).

In NZ European women, sweet likers had a significantly higher intake of carbohydrates,
sugars and starch (199.4 ± 51.1, 87.9 ± 27.4 and 111.1 ± 34.6 g/day) when compared to
sweet taste dislikers (165.9 ± 48.7, 71.4 ± 25.2 and 94.1 ± 34.7 g/day, respectively; P<
0.001, P< 0.01, and P< 0.01). In contrast, in Pacific women there was no difference in
dietary intake between sweet liking groups. NZ European women in the sweet liking
group had an increased disinhibited eating behaviour score (adjusted, P< 0.01). Pacific
(>35 BF%) and NZ European (<35 BF%) bitter likers had a decreased protein intake (g)
compared to bitter dislikers (adjusted, P< 0.05). NZ European bitter likers had a higher
intake of dietary fibre (% energy) than bitter dislikers (adjusted, P< 0.01). Pacific milk
fat likers with >35 BF% had a higher intake of protein (g) than milk fat dislikers
(adjusted, P< 0.05).

The present study provides evidence that sweet taste perception and hedonic liking of
taste at suprathreshold concentrations are associated with carbohydrate and sugar intake,
which is further associated with disinhibited eating behaviour. It further reveals ethnic
group-specific differences in the association between taste perception and dietary
intake.

Contributing authors: Sophie Kindleysides, Rozanne Kruger, Jeroen Douwes, Marine
Corbin, Nikki Renall, Jo Slater, Bernhard H Breier.
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5.2. Introduction
Obesity is a global pandemic with a multitude of complex interrelated causes. One of
the key drivers is the over-consumption of highly palatable, inexpensive, energy-dense
and nutrient poor foods (Swinburn et al., 2011; Vandenbroeck, Goossens, and Clemens,
2007). Furthermore, in New Zealand, major health inequities appear to be linked with
obesity. Pacific people are disproportionately affected and 2.5 times more likely to be
obese than NZ European people (Ministry of Health, 2016; Sundborn et al., 2010).

Taste perception has been proposed to contribute to weight gain and obesity, as taste
preferences influence food choice (Loper, La Sala, Dotson, and Steinle, 2015). A
number of studies have shown a range of associations between taste perception, dietary
intake, appetite regulation and eating behaviour (Han, Keast, and Roura, 2017;
Nakamura et al., 2008; Pasquet, Laure Frelut, Simmen, Marcel Hladik, and Monneuse,
2007; Sanematsu, Nakamura, Nomura, Shigemura, and Ninomiya, 2018; Stafford,
Tucker, and Gerstner, 2013). Dietary interventions focusing on low fat and sugar
intakes have shown an increase in fatty acid taste sensitivity (Costanzo et al., 2018;
Stewart and Keast, 2012), and improved sweet taste acuity respectively (Wise, Nattress,
Flammer, and Beauchamp, 2016). Cross-sectional studies have found that increased
fatty acid taste sensitivity is associated with decreased dietary fat intake (Heinze et al.,
2018; Keller et al., 2012; Liang et al., 2012; Martínez-Ruiz, López-Díaz, WallMedrano, Jiménez-Castro, and Angulo, 2014; Stevenson et al., 2016) or energy intake
(Stewart et al., 2010). However, inconclusive and contradictory results have been
observed. Some cross-sectional studies have found increased sweet taste perception to
be associated with a reduced intake of sweet-tasting food (Jayasinghe et al., 2017; Low,
Lacy, McBride, and Keast, 2016; Martinez-Cordero, Malacara-Hernandez, and
Martinez-Cordero, 2015), while other studies have found no association (Cicerale,
Riddell, and Keast, 2012; Leong, Forde, Tey, and Henry, 2018). Few studies to date
have compared the outcomes of different taste perception measurements (e.g. sweet,
bitter, fat) to each other and how they might relate to dietary intake and eating
behaviour.
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Differences and limitations in study design may contribute to the variations in findings
from different studies, including study participants (e.g. age, gender, ethnicity),
assessment methods of taste perception (i.e. the concentration of stimuli), and dietary
intake assessment methods (Cox, Hendrie, and Carty, 2015). For example, a number of
studies measuring taste perception have used food frequency questionnaires (FFQs).
Whilst FFQs have low participant and researcher burden, they are prone to inaccurate
reporting of quantities consumed due to their reliance on memory (Garneau, Nuessle,
Mendelsberg, Shepard, and Tucker, 2018; Low et al., 2016; Methven, Xiao, Cai, and
Prescott, 2016; Thompson and Subar, 2013). Food records are more accurate for
measuring macronutrient intake (Bingham et al., 1994; Thompson and Subar, 2013). In
addition, few studies on taste perception account for the importance of external
influences on dietary intake such as socio-cultural and socio-economic factors which
may impact on taste-diet associations (Baumann, Szabo, and Johnston, 2017; Low et al.,
2016; Overberg, Hummel, Krude, and Wiegand, 2012).

Increasing evidence demonstrates links between higher detection threshold levels (low
taste sensitivity) to primary tastes and a higher body mass index (BMI) (Donaldson,
Bennett, Baic, and Melichar, 2009; Park et al., 2015). Additionally, studies have shown
a link between BMI and the hedonic liking of sweetness (Bartoshuk, Duffy, Hayes,
Moskowitz, and Snyder, 2006; Deglaire et al., 2015; Ettinger, Duizer, and Caldwell,
2012; Proserpio et al., 2016). There is increasing interest in the role of sweet, bitter and
fatty acid taste perception and together how these mechanisms may impact on energy
intake (Burgess, Rao, and Tepper, 2016).

Currently, there are few studies that have compared associations between taste
perception and dietary intake by obesity status (Martinez-Cordero et al., 2015; Tucker,
Edlinger, Craig, and Mattes, 2014). Investigation of taste perception status in non-obese
and obese groups is an important development as weight status may impact taste
perception (Tyrovolas, Koyanagi, Stickley, and Haro, 2015). In addition, the
investigation of different population groups which have different metabolic disease risk
profiles may provide new insights. Taste perception is variable between people for a
number of other reasons, including genetics (Behrens and Meyerhof, 2019; Neiers,
Canivenc-Lavier, and Briand, 2016; Risso et al., 2017; Sable, Warren, DuFlo,
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Bartoshuk, and Skarulis, 2012). For example, differences in taste perception associated
with genetics have been observed between different ethnic groups (Sable et al., 2012),
however, few studies have investigated ethnic differences in taste perception in relation
to dietary intake (Williams, Bartoshuk, Fillingim, and Dotson, 2016).

Taste perception may also influence eating behaviour. The modulation of hunger,
satiety and energy balance is associated with eating behaviour, which is further
influenced by taste perception (Tomassini Barbarossa et al., 2013). Previous studies
have found associations between taste perception and eating behaviour (Kindleysides et
al., 2017; Stafford et al., 2013; Tomassini Barbarossa et al., 2013). However, there is a
lack of studies which compare taste perception and eating behaviour alongside other
influences on energy intake, such as body weight.

This study is the first to characterise sweet taste, bitter taste and milk fat perception in
two population groups with markedly different metabolic disease risk, Pacific and NZ
European women, and different levels of body fat, obese and non-obese. The specific
aims of this study are (1) to characterise in 18 to 45-year-old Pacific and NZ European
women sweet taste, bitter taste and milk fat perception, and (2) explore the association
of taste perception with dietary intake and eating behaviour. The potential identification
of a distinct role for taste perception in modifying dietary intake and eating behaviour
will advance our understanding of the aetiology of obesity and contribute to the
development of new therapeutic approaches.
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5.3. Materials and methods

5.3.1. Participants
Participants for this sub-analysis of the PROMISE (PRedictors linking Obesity and the
gut MIcrobiomE) study, which investigated the role of the gut microbiome in obesity,
were recruited in Auckland, New Zealand. Details of the study protocol and recruitment
strategy have been published elsewhere (Kindleysides et al., 2019). The PROMISE
study involved a range of assessments including diet, taste perception, eating behaviour
and anthropometric measurements. Inclusion criteria were: women aged 18-45 years,
being post menarche and pre-menopausal (as defined by a regular menstrual cycle for
the last year), and ethnicity (self-identifying as NZ European and having lived in NZ for
at least five years or self-identifying as Pacific and having at least one parent of full
Pacific ethnicity). Participants were required to have a BMI categorised as normal (18.5
– 24.9 kg/m2) or obese (≥ 30 kg/m2), with the study designed so that approximately half
in each ethnic group had a normal BMI, and the other half a BMI defined as obese.
Exclusion criteria included pregnancy and lactation, presence of any diagnosed chronic
illness (e.g. type 2 diabetes, CVD, cancer, etc), bariatric surgery, severe food allergies,
severe dietary restriction or avoidances (e.g. vegan), taking medication that interferes
with appetite or the immune system, antibiotic use in the last three months and smoking.
Participants were either screened online, in-person or over the phone and self-reported
height and weight were used to determine BMI. The protocol for this study was
approved by the Southern Health and Disability Ethics Committee (16/STH/32) and
written informed consent was provided by each participant. This study complies with
the Declaration of Helsinki for medical research involving human subjects. The trial
was registered at anzctr.org.nz as ACTRN12618000432213.

5.3.2. Study procedure
The study was conducted at the Massey University Human Nutrition Research Unit
(HNRU) between July 2016 and September 2017. All participants attended two visits,
with the second visit scheduled 11-14 days after the first. At visit one, participants
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arrived at 07:00 am in a fasted state (not eating or drinking anything apart from water
since 10pm the previous night) and were asked not to wear perfume, exercise or taste
any other products prior to taste testing. Participants completed a health and
demographic face-to-face interview, had their height and weight measured, underwent
sensory testing (between 07:00 and 09:00) and completed the three-factor eating
questionnaire (TFEQ). A 5-day food record was completed at home between visits 1
and 2. At visit 2, participants underwent a whole-body scan using dual-energy x-ray
absorptiometry (DXA).

5.3.3. Health and demographic face-to-face interview and deprivation index
General participant information was obtained by a one-on-one interview which included
questions about occupation, work patterns, dietary supplement use, frequency of alcohol
consumption and recruitment method (not all data reported). The New Zealand index of
deprivation 2013 (NZDep2013) was used as a measurement of socioeconomic status
based on the participant’s home address, which combines census data relating to
income, home ownership, employment, qualifications, family structure, housing, access
to public transport and communications (Atkinson, Salmond, and Crampton, 2014).
NZDep2013 is a scale ranging from 1-10, with 1 representing the least deprived and 10
the most deprived levels (Atkinson et al., 2014).

5.3.4. Body composition and anthropometric measurements

Stretched height (stadiometer) and weight (Sauter platform scale E1200, GmbH,
Germany) were measured. BMI was calculated as weight (kg) / height (m2). A wholebody scan was performed using dual-energy x-ray absorptiometry (DXA) (Hologic
QDR Discovery A, Hologic Inc, Bedford, MA with APEX V. 3.2 software) to obtain
data on body composition using a standardised protocol.

5.3.5. Taste perception measurements
Three measurements of taste perception were performed by sensory testing; hedonic
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liking rating, intensity rating and discrimination of taste concentration by ranking task.
All three psychophysical tests were conducted for sweet taste, bitter taste and milk fat
perception. All stimuli were evaluated at room temperature (20°C) in individual taste
testing booths as whole mouth samples which were evaluated using a sip-and-spit
procedure with no solution ingested (Martinez-Cordero et al., 2015; Mattes, 2009).
Between each set of tasting stimuli, participants rinsed their palate with water and
expelled the water. Prior to sensory testing, a short training procedure was conducted to
familiarise each participant with the general labelled magnitude scale (gLMS) and
labelled affective magnitude (LAM) scale independently (intensity and hedonic liking,
respectively). The blank water solution (labelled “sweet”) was tasted first as a control,
followed by all sweet taste solutions, all bitter taste and finally all milk fat solutions.
Glucose was the chosen tastant for sweet taste, as it has been used in similar studies and
cited as having clearly defined links with sweet taste perception being a simple sugar
(Jayasinghe et al., 2017). Quinine was the chosen tastant for bitter taste (Rawal,
Hoffman, Honda, Huedo-Medina, and Duffy, 2015) and milk and cream were chosen to
create a series of milk fat perception tastants (Zhou, Shen, Parker, Kennedy, and
Methven, 2016). Milk and cream is a complex tastant due to comprising at least three
further elements responsible for the sensory properties of milk, including: (1) mouthfeel
and texture due to presence of macromolecules, such as fat globules and colloidal
proteins, (2) salt and sweet taste due to milk salts and lactose, respectively, and (3)
aroma (Cadwallader, 2010).

5.3.5.1. Preparation of sweet taste, bitter taste and milk fat perception solutions
Solutions for taste testing were prepared on the day of testing. Sweet taste solutions
were prepared by dissolving glucose (dextrose monohydrate, Sherratt ingredients,
Auckland, New Zealand) in distilled water. Bitter taste solutions were prepared from a
stock solution made from distilled water and quinine hydrochloride dehydrate (SigmaAldrich, St Louis MO, USA) and refrigerated. Fresh stock was prepared weekly. This
was used to create a dilution series from 0.4 mL of 80 mM stock solution added to 200
mL of filtered water (0.16 mM solution/0.06 g/L).
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Milk fat perception samples were made from full fat milk (Anchor™ Blue Top
standardised milk, New Zealand) and cream (Anchor™ Fresh Cream, New Zealand).
Mixtures of milk and cream were prepared on the day of testing and used once only
after opening. Each individual sample was mixed by drawing the solution 5-6 times
with a 10 mL pipette (Eppendorf Research® pipette, Hamburg, Germany).

5.3.5.2. Intensity and hedonic liking measurements of sweet taste, bitter taste and milk
fat perception
Hedonic liking and intensity rating scales were evaluated simultaneously (i.e. LAM
scale questions on the same single-sided page) for each of the individual solutions
presented. Hedonic liking for each solution was rated using a LAM scale with the
extreme anchors of ‘strongest imaginable dislike of any kind’ (scale score = -50)
through to ‘strongest imaginable like of any kind’ (50). Intermediate labels on the
gLMS liking scale were: ‘very strongly dislike’ (-26.5), ‘strongly dislike (-17.5),
‘moderately dislike’ (-8.5), ‘weakly dislike’ (-3), ‘neutral’ (0), ‘weakly like’ (3),
‘moderately like’ (8.5), ‘strongly like’ (17.5), and ‘very strongly like’ (26.5) (Schutz
and Cardello, 2001). Sweet taste intensity for each solution was rated using a gLMS
with the extreme anchors ‘no sensation’ (scale score =0) to ‘strongest imaginable
sensation of any kind’ (200), with intermediate labels ‘barely detectable’ (1.5), ‘weak
sensation’ (6), ‘moderate sensation’ (17), ‘strong sensation’ (35), and ‘very strong
sensation’ (53) (Bartoshuk et al., 2004).

Taste solutions were presented in a randomised manner, with no side-by-side
comparisons and identified by a random 3-digit code. Participants initially sampled
water (blank), followed by tasting the four individual 10 mL solutions of glucose
dissolved in distilled water (30 g/L, 60 g/L, 120 g/L and 240 g/L). These concentrations
were selected as they span a range of sweetness levels (Jayasinghe et al., 2017). Quinine
samples were evaluated for hedonic liking and intensity of bitter taste, after evaluation
of sweet taste samples, at four concentration levels in a randomised order (0.008 g/L,
0.016 g/L, 0.03 g/L and 0.06 g/L) using LAM and gLMS rating scales. Next, milk fat
perception samples were evaluated for hedonic liking and intensity in a randomised
order (3.3%, 11.8%, 20.3% and 37.3% milk fat).
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5.3.5.3. Taste concentration ranking task
After tasting all the individual solutions of the same type, starting with glucose, four
new solutions (30 g/L, 60 g/L, 120 g/L and 240 g/L glucose) were presented to perform
the taste ranking task. All four solutions were presented at once, randomised and
identified with unique 3-digit random codes. The four samples were tasted and placed in
order from the highest to the lowest perceived concentration of taste. Similarly, after
evaluation of the individual quinine solutions, the ranking task procedure took place for
bitter taste (0.008 g/L, 0.016 g/L, 0.03 g/L and 0.06 g/L quinine). To end, milk fat
perception ranking task was completed after evaluating the milk fat solutions. The milk
fat ranking task solutions (3.3%, 11.8%, 20.3% and 37.3% fat) were covered in foil and
tasted through a straw to prevent any visuals cues affecting the taste ranking.

5.3.6. Dietary intake
Participants were given a schedule to ensure that a non-consecutive 5-day food record
was kept across both week- and weekend days. Dietary intake was recorded every
second day with a minimum of one weekend day, with most participants recording two
weekend days and three weekdays of food record data. The 5 days were selected in
advance with research staff liaising with each participant to determine suitable data
collection days. The 5 days were aligned with the wider PROMISE study at-home data
collection protocol (Kindleysides et al., 2019). A 10-minute instructional video was
viewed providing in-depth instructions and examples of how to keep a detailed
estimated food record. Each participant received further training for estimating and
documenting portion sizes. Each food record was reviewed by a registered dietitian at
visit 2, in a one-on-one interview to identify any gaps, to clarify reported data, to clarify
brands consumed, and to confirm portion size information by using visual aids (e.g.
picture guides, measuring cups, spoons, etc). Additional ambiguities in the food record
were clarified by the participant providing empty food packages, detailed recipes, food
labels, or photographs of meals eaten (e.g. restaurant, takeaway and café meals).
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5.3.7. Eating behaviour
Eating behaviour was assessed using the validated three-factor eating questionnaire
(TFEQ) to measure cognitive dietary restraint (21 items), disinhibition of control (16
items) and susceptibility to hunger (14 items) (Kruger, De Bray, Beck, Conlon, and
Stonehouse, 2016; Stunkard and Messick, 1985). The TFEQ was administered using an
online questionnaire hosted on SurveyMonkey© survey software.

5.3.8. Data handling

5.3.8.1. Taste perception measurements
A hierarchical cluster analysis was performed on LAM scale hedonic ratings of 5
variables for sweet taste (5 concentrations), 4 variables for bitter taste (4 concentrations)
and 4 variables for milk fat (4 concentrations) to allocate participants into liking
clusters. Hierarchical cluster analysis examines the underlying structure of seemingly
homogenous data whilst not requiring a priori decisions regarding the number of
clusters (Garneau et al., 2018). Two clusters for each tastant were derived from the
analysis, with one group labelled as ‘likers’ and the other group labelled as ‘dislikers’
based on the average LAM scale rating of liking of the group.

5.3.8.2. Dietary intake measurements
Nutrient analysis of the food record was performed using the Foodworks 9 (Xyris
Software (Australia) Pty Ltd, Queensland, Australia) dietary analysis software, which
uses FOODfiles 2016 (developed by the NZ Institute for Plant & Food Research and the
NZ Ministry of Health) as a reference food composition table for analysis. Additionally,
the Xyris database AusFoods 2017 and AusBrands 2017, which are based on the
Australian food composition databases AUSNUT 2011-13 (developed by Food
Standards Australia New Zealand) were used (Commonwealth Department of Health
and Ageing, Ministry of Health NZ, 2018) when food and beverage data were
unavailable through the NZ FOODfiles. The data were used to assess dietary adequacy
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in terms of energy and nutrient intakes using the current Australia/NZ Nutrient
Reference Values (NRV) (Commonwealth Department of Health and Ageing; Ministry
of Health NZ, 2018).

Dietary data were assessed for over- and underreporting by assessing the plausibility of
intakes and using epidemiological cut-offs; >2,100kJ and <27,000kJ, as the range for
under and over reported energy intakes in this population group (Carroll et al., 2012;
House, Shearrer, Boisseau, Bray, and Davis, 2018; Willett, 2013). No dietary data were
excluded for the primary analysis (N=304). Sensitivity analysis was conducted to verify
that removal of under- and over-reporters, as defined by the Goldberg criteria (Black,
2000; Goldberg et al., 1991), did not change key outcomes of the study (Suppl 5.6.).
Goldberg cut-offs were calculated using a low-moderate physical activity (PAL) of 1.55
and the Schofield equation to calculate basal metabolic rate. The ratio of reported
energy intake (EIrep): estimated basal metabolic rate (BMRest) gave the interval 1.04 –
1.90, which was used to determine plausible reporters.

5.3.8.3. Eating behaviour measurements
TFEQ scores were allocated for each category and associated subscales were calculated
under each of the three factors (Bond, McDowell, and Wilkinson, 2001; Westenhoefer,
1991; Westenhoefer, Stunkard, and Pudel, 1999). Higher scores denoted higher levels of
restrained eating, disinhibited eating and predisposition to hunger (Stunkard and
Messick, 1985).

5.3.8.4. Body composition grouping
An obesity cut-off point for body fat percentage was obtained from the American
Association of Clinical Endocrinologists and American College of Endocrinology
(AACE/ACE) guidelines (obesity in women >35%) (Dickey et al., 1998; Jo and
Mainous, 2018; Oliveros, Somers, Sochor, Goel, and Lopez-Jimenez, 2014). For this
analysis, BF% was used instead of BMI to classify obesity status, because previous
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studies have shown BMI can grossly misclassify population groups known to have
higher metabolic disease risk (Hunma et al., 2016).

5.3.9. Statistical Analysis
Statistical analyses were performed using IBM SPSS software for Windows (version
24.0; SPSS Inc, Armonk, NY: IBM Corp, USA). Data were checked for normality using
Shapiro-Wilks test. Descriptive statistics were reported as arithmetic means and
standard deviation (SD). Descriptive unadjusted data were presented as medians (25th,
75th percentiles) and compared with Mann-Whitney U independent samples t-tests.
Group differences were compared using chi-square tests. Unadjusted dietary intake data
in bar graphs were presented as means (95% C.I.) and compared using independent
samples t-tests.

Hierarchical cluster analysis was performed using LAM liking ratings for each taste.
Distinct taste liker phenotypes were identified. This method derives meaningful groups
(clusters) of participants using the agglomerative method with Ward’s minimum
variance algorithm (Asao et al., 2015). Clusters define those who shared similar liking
patterns within each group but were heterogenous in the between-group contrasts. The
squared Euclidean distance between pairs of cases or clusters and the between-groups
(averages) linkage method were selected to assist with the merging process (Iatridi et
al., 2019). These results were checked with the elbow method, silhouette method and
gap statistics to observe the optimal number of clusters. Using the majority rule, two
liking clusters for each tastant (sweet, bitter and milk fat) were selected (Rousseuw &
Kaufman, 1990).

Assessment of linear trends between the concentrations of the different solutions and
the taste perception measures was carried out using linear mixed models and random
intercepts to account for repeated measurements within each individual. For example,
this showed that sweet taste likers rated taste as significantly less intense at 60 g/L, 120
g/L and 240 g/L concentrations when compared to sweet dislikers (P< 0.001). Similarly,
bitter likers rated all concentrations of taste as significantly less intense than bitter
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dislikers (P< 0.01). In contrast, milk fat likers rated fat perception intensity as
significantly more intense than milk fat dislikers at the two highest concentration levels
only (20.3% and 37.3% fat, P< 0.05).

Univariate general linear models were used to estimate the effects of age, BF% and
NZDep2013 on dietary intake (e.g. macronutrients). For general linear models,
unstandardized coefficient estimates (B) were reported along with 95% C.I. Univariate
general linear models for eating behaviour scores were stratified by ethnicity and the
data were log-transformed where exponential of B (ratio) were reported along with 95%
C.I. A P-value of <0.05 was considered statistically significant.
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5.4. Results

5.4.1 Participant characteristics and dietary intake
In this study, Pacific women were younger (P< 0.001), lived in more socioeconomically
deprived areas (P< 0.001) and had a higher BMI (P< 0.01) than NZ European women.
Pacific women had higher intakes of carbohydrate (g), total sugar (g) and starch (g, %
energy); and lower intakes of protein (% energy), fat (% energy), polyunsaturated fat (g,
% energy), dietary fibre (g, % energy) and alcohol (g, % energy) compared with NZ
European women (P< 0.05; Table 1). On average, all Pacific and NZ European women
consumed more fat, saturated fat and total sugar; and had inadequate carbohydrate
intakes (P< 0.05) compared with general recommendations (NHMRC, 2006; WHO,
2015). Only NZ European women with <35 BF% met the recommended intake for
dietary fibre (Table 5.1).

In Pacific women, there were no differences between BF% groups in demographic or
dietary intake measures. In NZ European women, those with >35 BF% had a higher
NZDep2013 score (P< 0.05) and were older than women with <35 BF% (P< 0.001;
Table 5.1). NZ European women with <35 BF% had lower saturated fat intake (%
energy), higher polyunsaturated fat (% energy), dietary fibre (g, % energy) and alcohol
intake (g) (P< 0.05) than those with >35 BF%.
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Reference values
8700 – 8800 kJ 1
8904.4 ± 2727.8
83.0 ± 27.3
16.0 ± 3.21 #
92.9 ± 30.9
38.6 ± 5.50
36.0 ± 13.6
14.9 ± 2.71
12.5 ± 4.62
5.25 ± 1.49 #

8557.3 ± 2749.0
82.8 ± 25.3
16.8 ± 3.35
89.6 ± 33.0
38.3 ± 4.84
35.0 ± 14.1
14.9 ± 2.89
11.3 ± 4.84
4.94 ± 1.54

Pacific
High body fat
(>35%)
Mean ± SD (n= 74)
25.2 ± 5.81 #
7.86 ± 1.96 #
40.0 ± 3.81
36.1 ± 6.18 #
102.3 ± 19.2 #
168.3 ± 6.92

8723.5 ± 2734.7
82.9 ± 26.2
16.4 ± 3.3‡
91.2 ± 32.0
38.4 ± 5.15‡
35.5 ± 13.8
14.9 ± 2.79
11.9 ± 4.75‡
5.09 ± 1.52‡

TOTAL
Mean ± SD
(n= 142)
25.0 ± 6.25‡
7.57 ± 2.27‡
35.2 ± 6.15
31.2 ± 7.29‡
88.6 ± 21.5‡
168.6 ± 6.92

8230.4 ± 1638.1
83.6 ± 18.0
17.5 ± 3.61
89.7 ± 26.1
40.1 ± 7.59
32.6 ± 11.6
14.6 ± 3.89 †
14.0 ± 6.27
6.21 ± 1.97 †

Low body fat
(<35%)
Mean ± SD (n= 87)
29.7 ± 6.53 †
3.77 ± 2.44 †
27.9 ± 4.42 †
22.5 ± 2.11 †
63.1 ± 7.53 †
167.3 ± 5.58

8245.5 ± 1729.7
84.0 ± 17.9
17.6 ± 3.25
91.0 ± 30.4
40.0 ± 7.80
36.2 ± 14.4
15.9 ± 4.01
12.3 ± 5.81
5.44 ± 1.95

NZ European
High body fat
(>35%)
Mean ± SD (n= 75)
33.5 ± 7.01
4.61 ± 2.30
41.1 ± 3.77
33.7 ± 3.76
94.4 ± 13.2
167.2 ± 7.0

8237.4 ±
1675.9
83.8 ± 17.9
17.6 ± 3.44
90.3 ± 28.1
40.1 ± 7.66
34.3 ± 3.06
15.2 ± 3.99
13.2 ± 6.10
5.85 ± 1.99
33.4 ± 10.7

TOTAL
Mean ± SD
(n= 162)
31.5 ± 7.00
4.16 ± 2.41
34.0 ± 7.80
27.7 ± 6.33
77.6 ± 18.9
167.2 ± 6.26

Protein (g)
46 g 2
Protein (%)
15 – 25% 3
Fat (g)
n/a
Fat (%)
20 – 35% 3
Saturated fat (g)
n/a
Saturated fat (%)
<10% 3
Polyunsaturated fat (g) n/a
Polyunsaturated fat (%) n/a
Monounsaturated fat n/a
(g)
34.9 ± 12.0
34.2 ± 13.6
34.6 ± 12.8
33.7 ± 10.0
33.1 ± 11.4
Monounsaturated fat n/a
14.9 ± 3.44
(%)
14.6 ± 2.52
14.6 ± 2.67
14.6 ± 2.59
15.1 ± 3.44
14.6 ± 3.44
Carbohydrate (g)
n/a
223.3 ± 76.7 #
215.6 ± 76.4 #
219.3 ± 76.4‡
178.0 ± 53.1
184.5 ± 51.6
181.0 ± 52.4
Carbohydrate (%)
45 – 65% 3
42.7 ± 7.05 #
42.9 ± 5.55 #
42.8 ± 6.29‡
36.8 ± 8.28
38.5 ± 8.94
37.6 ± 8.61
Total sugar (g)
n/a
92.3 ± 39.0 #
85.8 ± 40.0
88.9 ± 39.5‡
77.0 ± 26.6
81.0 ± 28.3
78.8 ± 27.4
Total sugar (%)
<10% 4
17.6 ± 5.30
17.1 ± 5.30
17.3 ± 5.30
16.1 ± 4.90
17.0 ± 6.0
16.5 ± 5.42
Starch (g)
n/a
130.4 ± 46.8 #
129.6 ± 48.7 #
130.0 ± 47.7‡
100.5 ± 38.4
103.2 ± 32.1
101.8 ± 35.6
Starch (%)
n/a
25.0 ± 4.56 #
25.7 ± 4.34 #
25.3 ± 4.45‡
20.6 ± 6.32
21.5 ± 5.81
21.0 ± 6.09
Dietary fibre (g)
25g 5
19.5 ± 6.96 #
18.6 ± 6.66 #
19.0 ± 6.80‡
25.8 ± 8.98 †
22.0 ± 6.50
24.1 ± 8.13
Dietary fibre (%)
n/a
1.78 ± 0.45 #
1.80 ± 0.52 #
1.79 ± 0.48‡
2.53 ± 0.74 †
2.19 ± 0.63
2.37 ± 0.71
6
Alcohol (g)
<20 g
4.44 ± 14.0 #
1.50 ± 5.18 #
2.91 ± 10.5‡
9.28 ± 13.1 †
5.53 ± 10.4
7.55 ± 12.0
Alcohol (%)
n/a
1.16 ± 3.27 #
0.50 ± 1.71 #
0.81 ± 2.59‡
3.15 ± 4.38
1.92 ± 3.70
2.58 ± 4.12
Means ± SD. † P< 0.05 for t-test comparing body fat groups within the ethnic group. # P< 0.05 for t-test comparing between ethnic groups within body fat group. ‡ P<
0.05 for t-test comparing between ethnicity only.

Macronutrient intake
Total energy (kJ)

Age (yrs)
NZDep2013
Total body fat (%)
BMI (kg/m2)
Weight (kg)
Height (cm)

Low body fat
(<35%)
Mean ± SD (n= 68)
24.9 ± 6.74 #
7.24 ± 2.55 #
30.0 ± 3.22 †,#
25.8 ± 3.84 †,#
73.7 ± 11.7 †,#
169.0 ± 6.96

Table 5.1. Participant characteristics, dietary intake and body fat percentage groups in Pacific (N=142) and NZ European women (N=162).
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6. Based on guidelines from the Ministry of Health, equivalent to no more than two standard drinks per day (Ministry of Health, 2019)

5. Adequate intake of dietary fibre (NHMRC, 2006).

4. World Health Organisation (WHO) recommendation for ‘free sugar’ intake as a percentage of energy intake (not including intrinsic
sugars) (WHO, 2015).

3. AMDR for adults. Macronutrients expressed as a percentage of energy in kJ (NHMRC, 2006).

1. Estimated energy requirement calculation based on women aged 19 – 50 years and physical activity level 1.6 (minimally active)
(NHMRC, 2006).
2. RDI for women between 19 – 50 years, Australian National Health and Medical Research Council & New Zealand Ministry of Health
(NHMRC, 2006).

5.4.2. Participant eating behaviour and taste perception
In Pacific women, disinhibition scores were lower, and hunger scores higher when
compared with NZ European women (P< 0.05). There was no difference in cognitive
restraint scores between ethnicities (Table 5.2). Averages for restraint and disinhibition
scores were within the low range in Pacific and NZ European women compared to
reference values (Stunkard and Messick, 1985). However, Pacific women had a high
hunger score (score 7; high range 7-14) and NZ European women a medium hunger
score compared to reference values (score 5; medium range 4-6) (Table 5.2).

Disinhibited eating behaviour was highest in NZ European women with >35 BF% and
was in the medium range (P <0.05) (score 11; medium range 9-12). In Pacific women,
those with >35 BF% had a higher disinhibition score than those with <35 BF% (P<
0.05). In NZ European, women with >35 BF% had higher disinhibition, lower restraint
and higher hunger score compared to NZ European with <35 BF% (P< 0.05; Table 5.2).

There were no significant differences in the number of likers and dislikers of sweet
taste, bitter taste or milk fat perception when comparing BF% groups or ethnicity (Table
5.2). Most participants correctly discriminated sweet taste concentration by ranking task
(>73%; Table 2). In contrast, less than half of the participants correctly ranked the bitter
taste task, and on average less than half correctly ranked the milk fat ranking task (Table
5.2). Pacific women with <35 BF% were more likely to correctly rank the sweet taste
ranking task than Pacific women with >35 BF% (P< 0.05).
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6.0 (4.0, 10) #
2.0 (1.0, 4.0) #
1.0 (0.0, 3.0) #
6.0 (4.0, 9.0) †
1.0 (1.0, 3.0)
0.0 (0.0, 2.0)
3.0 (1.0, 4.0)
6.0 (3.0, 8.0)
2.0 (1.0, 4.0) †
2.0 (1.0, 4.0)

n (%)
25 (37%)
16 (24%)
50 (74%)

Eating behaviour
Cognitive dietary restraint1
Flexible control restraint
Rigid control restraint
Disinhibition2
Habitual disinhibition
Emotional disinhibition
Situational disinhibition
Hunger3
Internal locus hunger
External locus hunger

Taste clusters §
Sweet likers (group)
Bitter likers (group)
Milk fat likers (group)

Low BF (<35%)
N=68
Median (25th, 75th
percentiles)

n (%)
52 (37%)
25 (18%)
98 (69%)

7.0 (4.0, 10.5)
2.0 (1.0, 4.0)
1.5 (1.0, 3.0)‡
7.0 (5.0, 9.0)‡
1.5 (1.0, 3.0)
1.0 (0.0, 2.0)‡
3.0 (2.0, 4.0)‡
7.0 (4.0, 9.0)‡
3.0 (1.0, 4.0)‡
2.0 (1.0, 4.0)

TOTAL
N= 142
Median (25th, 75th
percentiles)

n (%)
34 (39%)
18 (21%)
63 (72%)

9.0 (6.0, 12) †
3.0 (2.0, 4.0) †
3.0 (2.0, 4.0)
7.0 (4.0, 10.0) †
1.0 (0.0, 2.0) †
1.0 (0.0, 2.0) †
3.0 (2.0, 4.0) †
4.0 (3.0, 8.0) †
2.0 (1.0, 3.0)
2.0 (1.0, 3.0) †

Low BF (<35%)
N=87
Median (25th, 75th
percentiles)

n (%)
38 (51%)
10 (13%)
54 (72%)

7.0 (5.0, 10)
2.0 (1.0, 3.0)
2.0 (1.0, 3.0)
11 (8.0, 13.0)
3.0 (1.0, 4.0)
3.0 (2.0, 3.0)
4.0 (3.0, 5.0)
6.0 (4.0, 9.0)
2.0 (1.0, 4.0)
3.0 (1.0, 4.0)

High BF (>35%)
N=75
Median (25th, 75th
percentiles)

NZ European

n (%)
73 (45%)
28 (17%)
117 (72%)

8.0 (5.0, 11.0)
2.0 (1.0, 4.0)
3.0 (2.0, 4.0)
8.0 (5.0, 12.0)
1.0 (0.0, 3.0)
2.0 (0.0, 3.0)
3.0 (2.0, 4.0)
5.0 (3.0, 9.0)
2.0 (1.0, 4.0)
2.0 (1.0, 4.0)

TOTAL
N= 162
Median (25th, 75th
percentiles)

Taste ranking task
Sweet (correct)
61 (90%) †
54 (73%)
115 (81%)
76 (87%)
58 (78%)
134 (83%)
Bitter (correct)
20 (29%) #
26 (35%)
46 (32%)‡
43 (49%)
37 (49%)
80 (49%)
#
Milk fat (correct)
27 (40%)
20 (27%)
47 (33%)‡
37 (43%)
40 (53%)
77 (48%)
Median (25th, 75th percentiles) Mann-Whitney U test. † P< 0.05 for test comparing body fat groups within the ethnic group. # P< 0.05 for test comparing between ethnic
groups within body fat group. ‡ P< 0.05 for t-test comparing ethnicity only. 1Restraint reference values = Low, 4-14; Medium, 15-17; High, 18-21. 2Disinhibition
reference values = Low, 1-8; Medium, 9-12; High, 13-16. 3Hunger reference values = Low, 0-3; Medium, 4-6; High, 7-14 (Stunkard and Messick, 1985).
§
Sweet taste likers rated taste as significantly less intense at 60 g/L, 120 g/L and 240 g/L concentrations when compared to sweet dislikers (P< 0.001). Bitter likers rated
all concentrations of taste as significantly less intense than bitter dislikers (P< 0.01). In contrast, milk fat likers rated fat perception intensity as significantly more intense
than milk fat dislikers at the two highest concentration levels only (20.3% and 37.3% fat, P< 0.05).

n (%)
27 (37%)
9 (12%)
48 (65%)

7.0 (5.0, 11)
3.0 (1.0, 4.0) #
2.0 (1.0, 4.0)
8.0 (6.0, 10.0) #
2.0 (1.0, 3.0) #
1.0 (0.0, 2.0) #
3.0 (2.0, 4.0) #
7.0 (5.0, 10)
3.0 (2.0, 5.0) #
3.0 (1.0, 4.0)

High BF (>35%)
N=74
Median (25th, 75th
percentiles)

Pacific

Table 5.2. Eating behaviour scores and taste perception parameters in Pacific (N=142) and NZ European women (N=162).
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5.4.3. Taste perception and dietary intake
Across all participants (N= 304), sweet likers had a higher percentage of carbohydrate
intake compared to sweet dislikers (mean 41 versus 39%, P< 0.05). Conversely, sweet
likers had a decreased intake of fat (% energy) compared to sweet dislikers (mean 38
versus 40%, P< 0.01). However, there was no significant difference in the grams of
carbohydrate (mean 202.9 versus 196.1 g) or fats (mean 88.3 versus 92.3 g) when
comparing sweet likers and dislikers, respectively (P> 0.05).

When stratified by ethnic group, NZ European sweet likers had a significantly higher
intake of carbohydrates, sugars and starch (199, 88 and 111 g/day respectively) when
compared to sweet taste dislikers (166, 71 and 94 g/day, respectively; P< 0.01). As a
percentage of energy, carbohydrates, sugars and starch intake were also significantly
higher in NZ European sweet likers (41, 18 and 23% respectively) than in dislikers (35,
15 and 20% respectively, P< 0.01). There were no significant differences between
Pacific sweet likers and sweet dislikers when comparing intake of macronutrients in
grams or percentage of energy (unadjusted, Figure 1). There were no clear differences
found for either bitter or milk fat hedonic liking clusters in relation to macronutrient
(grams and percentage) or total energy intake in either ethnic group (Figure 5.1).
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(D) NZ European, Bitter taste clusters

(B) NZ European, Sweet taste clusters

(F) NZ European, Milk fat perception clusters

(E) Pacific, Milk fat perception clusters

Figure 5.1. Comparison of daily macronutrient intake between likers and dislikers (sweet taste, bitter taste and milk fat perception) in (A, C, E)
Pacific (N=142) and (B, D, F) NZ European (N= 162), unadjusted. Means (95% C.I.). C.I., confidence interval. Independent samples t-test. **P<
0.01, ***P< 0.001.

(C) Pacific, Bitter taste clusters

(A) Pacific, Sweet taste clusters

5.4.4. Associations between taste perception, dietary intake and body fat % groups
Linear regression analysis showed that Pacific sweet likers had a significantly higher
protein intake (% energy), after adjusting for age, BF% and NZDep2013 (P< 0.01) and
this effect was most pronounced in Pacific women with <35 BF% (Table 5.3).
However, there were no other significant differences in total energy or macronutrient
intake between sweet likers and dislikers in Pacific women (Table 5.3). Sensitivity
analysis by removal of Pacific under- and over-reporters (n=53), as defined by the
Goldberg equation, did not change the significant differences observed between sweet
likers and dislikers in Pacific women (Suppl 5.6).

NZ European sweet likers had higher carbohydrate, sugar and starch intake compared to
sweet dislikers, after adjustment for age, BF% and NZDep2013 (Table 5.3). NZ
European sweet likers had a significantly decreased intake of fat and monounsaturated
fat (% energy) (adjusted, P< 0.01; Table 3). Sugar (as % energy) and starch intake (in g)
were significantly higher for sweet likers versus dislikers in NZ European women with
>35 BF% (P< 0.05), but not in NZ European women with <35 BF% (Table 5.3).
Sensitivity analysis by removal of NZ European under- and over-reporters (n=36), as
defined by the Goldberg equation, did not change the significant differences observed
between sweet likers and dislikers in NZ European women (Suppl 5.6).

Pacific (>35 BF%) and NZ European (<35 BF%) bitter likers had a decreased protein
intake (g) compared to bitter dislikers (P< 0.05; Suppl 5.1). NZ European bitter likers
had a higher intake of dietary fibre (% energy) than bitter dislikers (P< 0.01; Suppl 5.1).
Pacific bitter likers (>35% BF%) had a higher alcohol intake (% energy) than bitter
dislikers in the same BF% group (P< 0.05; Suppl 5.1). There were no other clear
associations found in relation to bitter liking clusters in macronutrient or total energy
intake within each BF% group in either NZ European or Pacific women (Suppl 5.1).

Pacific milk fat likers with >35 BF% had a higher intake of protein (g) than milk fat
dislikers (P< 0.05; Suppl 5.2). NZ European milk fat likers with >35 BF% had a lower
alcohol intake than milk fat dislikers (P< 0.05; Suppl 5.2). There were no other clear
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associations found in relation to milk fat liking clusters in macronutrient or total energy
intake in either NZ European or Pacific women (Suppl 5.2).

5.4.5. Taste ranking task outcome and dietary intake
There were no associations found in relation to ranking task outcomes and
macronutrient or total energy intake (Suppl 5.3).
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-458.8 (-1431.7, 514.1) 509.4 (-248.7,
1267.6)
2.11 (-7.15, 11.4)
-1.22 (-9.65, 7.20)
1.53 (0.41, 2.66)**
-1.15 (-2.82, 0.53)
-3.40 (-14.7, 7.90)
-2.07 (-14.1, 9.92)
0.30 (-1.50, 2.10)
-3.97 (-7.29, -0.64)*
-0.20 (-5.11, 4.71)
-0.78 (-4.57, 6.13)
0.62 (-0.37, 1.61)
-0.93 (-2.70, 0.84)
-1.36 (-2.98, 0.27)
-0.15 (-3.06, 2.76)
-0.31 (-0.82, 0.21)
-0.44 (-1.36, 0.47)
-1.95 (-6.50, 2.60)
-2.38 (-7.00, 2.24)
-0.23 (-1.15, 0.69)
-2.14 (-3.66, -0.62)**

B (95% C.I.)#

0.32 (-8.12, 8.76)
-0.47 (-1.95, 1.01)
-8.02 (-22.1, 6.06)
-4.43 (-7.90, -0.96)**
-2.80 (-9.52, 3.91)
-1.50 (-3.35, 0.35)
-0.67 (-3.38, 2.04)
-0.42 (-1.33, 0.49)
-4.01 (-9.28, 1.26)
-2.20 (-3.73, 0.67)**

B (95% C.I.)^
156.0 (-641.0, 953.0) 271.6 (-260.7, 803.9)

B (95% C.I.)#

New Zealand European (N= 162)
Sweet liking
Sweet liking
Sweet liking
(groups)§
(groups)§
(groups)§
Low body fat (<35%) High body fat
NZ European (all)
(n= 87)
(>35%) (n= 75)
(n= 162)

-0.83 (-6.56, 4.90)
-0.79 (-1.88, 0.29)
-5.09 (-13.9, 3.73)
-3.99 (-6.29, -1.69)**
-1.17 (-5.26, 2.92)
-1.18 (-2.41, 0.04)
-0.38 (-2.29, 1.54)
-0.39 (-1.00, 0.23)
-3.14 (-6.48, 0.20)
-2.07 (-3.10, 1.04)***
Carbohydrate (g)
-26.3 (-66.2, 13.6)
-16.5 (-54.2, 21.3)
-21.4 (-48.3, 5.58)
33.1 (9.61, 56.6)** 29.9 (8.29, 51.4)** 29.8 (14.3, 45.4)***
Carbohydrate (%)
-2.94 (-6.39, 0.52)
-1.35 (-3.95, 1.26)
-2.04 (-4.13, 0.05)
4.97 (1.42, 8.52)** 5.76 (1.87, 9.66)** 5.42 (2.90, 7.93)***
Total sugar (g)
-15.5 (-34.4, 3.50)
-6.09 (-25.3, 13.1)
-11.4 (-24.8, 2.04)
15.9 (4.09, 27.7)** 15.0 (2.60, 27.3)*
15.1 (6.88, 23.4)***
Total sugar (%)
-2.24 (-4.80, 0.33)
-0.00 (-2.42, 2.41)
-1.16 (-2.93, 0.61)
2.18 (-0.01, 4.37)
3.32 (0.62, 6.02)*
2.93 (1.27, 4.58)**
Starch (g)
-10.51 (-35.6, 14.6) -10.5 (-34.2, 13.3)
-9.82 (-26.8, 7.16)
17.0 (-0.56, 34.5)
14.8 (0.81, 28.8)*
14.6 (3.69, 25.5)**
Starch (%)
-0.62 (-2.99, 1.75)
-1.36 (-3.42, 0.70)
-0.85 (-2.37, 0.67)
2.75 (-0.07, 5.57)
2.43 (-0.23, 5.08)
2.48 (0.62, 4.34)**
Dietary fibre (g)
-2.89 (-6.42, 0.65)
-0.01 (-3.20, 3.17)
-1.55 (-3.87, 0.77)
0.46 (-3.74, 4.66)
1.72 (-1.34, 4.78)
1.18 (-1.31, 3.67)
Dietary fibre (%)
-0.16 (-0.38, 0.06)
0.13 (-0.12, 0.38)
-0.01 (-0.18, 0.15)
-0.09 (-0.44, 0.25)
0.16 (-0.14, 0.45)
0.06 (-0.16, 0.28)
Alcohol (g)
-0.34 (-7.85, 7.17)
1.14 (-1.40, 3.68)
0.12 (-3.55, 3.80)
1.58 (-4.44, 7.60)
-2.44 (-7.44, 2.55)
-1.34 (-5.19, 2.52)
Alcohol (%)
0.18 (-1.56, 1.93)
0.37 (-0.46, 1.20)
0.21 (-0.70, 1.11)
0.30 (-1.72, 2.32)
-0.97 (-2.74, 0.79)
-0.65 (-1.96, 0.67)
General linear model coefficients and 95% CI adjusted for # age and NZDep2013 and for ^ age, NZDep2013 and BF% (groups). *P< 0.05, **P< 0.01, ***P<
0.001. BF%, body fat percentage. §Reference category: sweet dislikers, Pacific sweet dislikers n= 90; NZ European sweet dislikers n= 89. Statistically significant
observations are highlighted in bold.

-313.9 (-1670.1,
1042.3)
1.97 (-10.4, 14.4)
1.06 (-0.58, 2.70)
-2.74 (-18.9, 13.4)
-0.22 (-2.56, 2.11)
-0.25 (-6.73, 7.23)
0.56 (-0.87, 1.98)
-1.48 (-3.77, 0.82)
-0.41 (-1.14, 0.33)
-1.72 (-8.31, 4.87)
-0.55 (-1.83, 0.73)

B (95% C.I.)#

B (95% C.I.)#

B (95% C.I.)^

Pacific (N= 142)
Sweet liking
Sweet liking (groups)§
(groups)§
Pacific (all)
High body fat (>35%) (n= 142)
(n= 74)

Sweet liking
(groups)§
Low body fat (<35%)
(n= 68)

-608.6 (-2056.7,
839.5)
Protein (g)
1.09 (-13.2, 15.4)
Protein (%)
1.80 (0.23, 3.38)*
Fat (g)
-4.05 (-20.3, 12.2)
Fat (%)
1.08 (-1.82, 3.99)
Saturated fat (g)
-0.99 (-8.11, 6.13)
Saturated fat (%)
0.64 (-0.78, 2.05)
Polyunsaturated fat (g) -0.94 (-3.36, 1.47)
Polyunsaturated fat (%) -0.05 (-0.83, 0.72)
Monounsaturated fat (g) -2.08 (-8.48, 4.33)
Monounsaturated fat (%) 0.26 (-1.10, 1.62)

Total energy (kJ)

Macronutrient intake

Table 5.3. Associations between macronutrient intake and sweet liking in Pacific and NZ European women (N=304).
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5.4.6. Relationships between eating behaviour and sweet taste, bitter taste and milk fat
liking and ranking task outcome
NZ European sweet likers had a 19% increase in disinhibition score compared to NZ
European sweet dislikers (adjusted, P< 0.01; Table 5.4), however, no differences were
observed in Pacific women. In NZ European, situational disinhibition was significantly
higher in sweet likers than dislikers, after adjusting for age, NZDep2013 and BF%
(adjusted, P< 0.01; Table 5.4). Emotional disinhibition was 26% higher in NZ European
sweet likers compared to NZ European dislikers without adjusting for BF% (P< 0.05),
however adjustment for BF% attenuated this association (adjusted, P> 0.05; Table 5.4).
No significant associations were found between sweet taste ranking task outcomes and
eating behaviour scores, after adjustment for confounders.

Pacific bitter likers had a 34% higher habitual disinhibition score than Pacific bitter
dislikers (adjusted ratio = 1.3, P< 0.05; Suppl. 5.4). In addition, Pacific milk fat likers
had a 25% higher external locus hunger score compared to Pacific milk fat dislikers
(adjusted ratio = 1.3, P< 0.05; Suppl 5.5). No other significant associations were found
between bitter and milk fat taste liking groups and eating behaviour scores (Suppl. 5.4
and 5.5), or between bitter and milk fat ranking task outcomes and eating behaviour
scores.
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Sweet liking
(groups)
Low BF (<35%) #
(n= 68)
Ratio (95% C.I.)
1.05 (0.75, 1.46)
1.06 (0.78, 1.44)
1.25 (0.89, 1.75)
0.95 (0.73, 1.25)
0.85 (0.63, 1.13)
1.00 (0.75, 1.32)
1.04 (0.79, 1.38)
1.25 (0.91, 1.72)
1.13 (0.81, 1.59)
1.15 (0.87, 1.53)

Sweet liking
(groups)
TOTAL ‡
(n= 142)
Ratio (95% C.I.)
1.07 (0.88, 1.31)
1.15 (0.95, 1.41)
1.11 (0.89, 1.39)
0.97 (0.83, 1.14)
0.87 (0.71, 1.05)
1.06 (0.88, 1.28)
1.07 (0.90, 1.26)
1.06 (0.88, 1.27)
0.99 (0.81, 1.20)
1.07 (0.90, 1.29)

High BF (>35%)
(n= 74)
Ratio (95% C.I.)
1.08 (0.84, 1.40)
1.24 (0.95, 1.62)
1.00 (0.74, 1.34)
0.96 (0.79, 1.17)
0.86 (0.65, 1.14)
1.16 (0.89, 1.52)
1.03 (0.84, 1.25)
0.89 (0.72, 1.10)
0.84 (0.66, 1.07)
0.97 (0.76, 1.24)

High BF (>35%) #
(n= 74)
Ratio (95% C.I.)
1.06 (0.82, 1.38)
1.23 (0.93, 1.61)
0.94 (0.70, 1.26)
0.97 (0.80, 1.19)
0.86 (0.64, 1.15)
1.16 (0.88, 1.52)
1.05 (0.86, 1.28)
0.90 (0.72, 1.12)
0.84 (0.65, 1.08)
1.00 (0.78, 1.28)

Adjusted
Sweet liking
(groups)
TOTAL ^
(n= 142)
Ratio (95% C.I.)
1.05 (0.85, 1.29)
1.15 (0.94, 1.40)
1.09 (0.87, 1.35)
0.96 (0.81, 1.12)
0.86 (0.70, 1.05)
1.08 (0.89, 1.30)
1.03 (0.87, 1.22)
1.05 (0.87, 1.27)
0.96 (0.79, 1.18)
1.07 (0.89, 1.29)

Sweet liking
(groups)

NZ European (N= 162)
(n= 87)
(n= 75)
(n= 162)
(n= 87)
(n= 75)
(n= 162)
Cognitive dietary restraint1 0.92 (0.72, 1.18)
0.96 (0.75, 1.24) 0.94 (0.79, 1.12)
0.90 (0.67, 1.12) 0.95 (0.74, 0.23)
0.91 (0.76, 1.08)
Flexible control restraint 0.92 (0.75, 1.12)
1.04 (0.84, 1.29) 0.97 (0.84, 1.12)
0.86 (0.70, 1.05) 1.04 (0.83, 1.30)
0.94 (0.82, 1.09)
Rigid control restraint
0.91 (0.73, 1.14)
1.04 (0.82, 1.32) 0.97 (0.83, 1.14)
0.92 (0.73, 1.16) 1.02 (0.80, 1.30)
0.95 (0.81, 1.11)
Disinhibition2
1.28 (1.04, 1.57)*
1.15 (0.98, 1.36) 1.22 (1.07, 1.39)** 1.23 (1.00, 1.53) 1.16 (0.98, 1.38)
1.19 (1.04, 1.36)**
Habitual disinhibition
1.15 (0.88, 1.50)
1.11 (0.84, 1.46) 1.13 (0.94, 1.37)
1.18 (0.90, 1.55) 1.15 (0.88, 1.52)
1.13 (0.93, 1.37)
Emotional disinhibition 1.16 (0.90, 1.50)
1.18 (0.96, 1.46) 1.17 (0.99, 1.38)
1.15 (0.88, 1.52) 1.19 (0.96, 1.48)
1.17 (0.99, 1.39)
Situational disinhibition 1.24 (1.04, 1.48)*
1.18 (1.00, 1.39) 1.21 (1.07, 1.37)** 1.20 (0.99, 1.45) 1.18 (1.00, 1.39)
1.18 (1.04, 1.32)**
Hunger3
1.07 (0.85, 1.35)
1.11 (0.85, 1.46) 1.09 (0.92, 1.30)
1.06 (1.83, 1.34) 1.08 (0.82, 1.43)
1.05 (0.88, 1.25)
Internal locus hunger
1.03 (0.79, 1.34)
1.06 (0.78, 1.43) 1.04 (0.86, 1.27)
1.02 (0.77, 1.35) 1.04 (0.77, 1.42)
1.03 (0.84, 1.25)
External locus hunger
1.14 (0.90, 1.44)
1.18 (0.90, 1.54) 1.16 (0.97, 1.38)
1.12 (0.88, 1.44) 1.15 (0.89, 1.50)
1.10 (0.93, 1.32)
All dependent values log transformed. General linear model exponentiated coefficients and 95% CI adjusted for ‡ BF% group; # age, NZDep; for ^ age,
NZDep2013 and BF% group. *P< 0.05, **P< 0.01, ***P< 0.001. C.I., confidence interval. BF%, body fat percentage. Reference category: sweet dislikers,
Pacific sweet dislikers n= 90; NZ European sweet dislikers n= 89. 1Restraint reference values = Low, 4-14; Medium, 15-17; High, 18-21. 2Disinhibition
reference values = Low, 1-8; Medium, 9-12; High, 13-16. 3Hunger reference values = Low, 0-3; Medium, 4-6; High, 7-14 (Stunkard and Messick, 1985).
Statistically significant observations are highlighted in bold.

Pacific (N = 142)

Low BF (<35%)
(n= 68)
Ratio (95% C.I.)
Cognitive dietary restraint1 1.06 (0.77, 1.46)
Flexible control restraint 1.07 (0.79, 1.44)
Rigid control restraint
1.25 (0.89, 1.74)
Disinhibition2
0.98 (0.76, 1.27)
Habitual disinhibition
0.87 (0.66, 1.15)
Emotional disinhibition 0.96 (0.74, 1.26)
Situational disinhibition 1.11 (0.84, 1.45)
Hunger3
1.28 (0.94, 1.73)
Internal locus hunger
1.67 (0.85, 1.60)
External locus hunger
1.19 (0.91, 1.57)

Sweet liking
(groups)

Unadjusted
Sweet liking
(groups)

Table 5.4. Relationships between eating behaviour and sweet taste liking (compared to disliking) (N= 304).

5.5. Discussion

The present study aimed to increase our understanding of sweet taste, bitter taste and
milk fat perception and associations with dietary intake, using a 5-day food record, and
eating behaviour, using a three-factor eating questionnaire, in Pacific and NZ European
women. These associations were explored in obese and non-obese participants. An
adjustment was made for potential factors influencing dietary intake, including age,
adiposity and socioeconomic status.

5.5.1. Participant demographics, dietary intake and eating behaviour

Associations between taste perception, dietary intake and eating behaviour were
explored separately in Pacific and NZ European women. Pacific women in this study
were younger, more likely to reside in a socioeconomically deprived area and had a
higher BMI than NZ European women. NZ European women with obesity were older
and had a significantly higher deprivation score than non-obese NZ European.
However, there were no significant differences between any of the study groups (Pacific
and NZ European; obese versus non-obese) for mean energy intakes. Our results are
similar to energy intakes reported in previous studies (Pacific: 8700 to 10,300 kJ/day;
NZ European: 8100 to 8500 kJ/day) (Metcalf et al., 2008; Ministry of Health, 2011).
Participants consumed adequate protein but higher fat, saturated fat and sugar; and
lower levels of carbohydrate compared to the acceptable macronutrient distribution
ranges (AMDRs) for NZ adults (NHMRC, 2006).

Pacific women had a higher intake of total carbohydrates, sugar and starch; but lower
intake of dietary fibre and alcohol in comparison to NZ European women. There are a
number of well documented factors contributing to differences in dietary intake between
Pacific and NZ European women. For example, some Pacific families have an increased
number of social and special occasions where food can play an important role (TupaiFirestone et al., 2016). Other factors which may influence dietary intake in Pacific
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women are socioeconomic status and food availability. For example, it has been
observed that takeaway food outlets are more common in socioeconomically deprived
areas (Mackay, Vandevijvere, Xie, Lee, and Swinburn, 2017; Oaken, Vaughan,
Fa’avale, Ware, and Schubert, 2017) and decreased intake of healthy food options may
be due to cost (Pechey and Monsivais, 2016). However, some Pacific women residing
in NZ may have a similar dietary intake to that of NZ European women through
acculturation (Wall et al., 2016). Therefore, it was considered necessary to adjust for
socioeconomic status in the current study to acknowledge how dietary quality can be
impacted by socioeconomic factors.

Disinhibited eating behaviour was higher and predisposition to hunger was lower in NZ
European compared with Pacific women. This implies NZ European women may be
more prone to eating in times of stress or eating in response to heightened palatability,
as reported in previous studies (Haynes, Lee, and Yeomans, 2003; Yeomans, 2010).
Susceptibility to feelings of hunger may result in impulsive eating, or increased
consumption of food outside of mealtimes (Booth, Spronk, Grol, and Fox, 2018).
Feelings of increased hunger in Pacific women may be associated with dysregulated
reward signalling pathways, which has been associated with the metabolic dysregulation
of satiety signals (Barkeling, King, Näslund, and Blundell, 2007). In both Pacific and
NZ European women, those with higher body fat had significantly higher disinhibition
score than non-obese women. This finding is similar to other studies in New Zealand
where disinhibition was positively associated with BMI in premenopausal women
(Kruger et al., 2016). Another study showed that individuals who have difficulty
maintaining their weight had a higher disinhibition score than those described as
resistant to obesity (Brown et al., 2014). Similar associations were also observed in a
French population (Lesdéma et al., 2012). NZ European women with high body fat %
from the present study had lower restraint and higher hunger scores compared with
women with low body fat %. Interestingly, these differences were not observed in
Pacific women, and no differences in the other eating behaviour scores were observed in
Pacific women when comparing body fat % groups. In summary, there were underlying
differences in both dietary intake and eating behaviour observed when comparing
Pacific and NZ European women.
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5.5.2. Sweet taste liking and dietary intake
This study showed clear associations between sweet taste liking and increased
carbohydrate, starch and sugar intakes in NZ European women. However, no significant
associations were observed in Pacific women. The results from this study are similar to
data published by Jayasinghe et al (2017), where dietary sugar and carbohydrate intake
in NZ European women were positively correlated with hedonic liking and negatively
correlated with intensity ratings of suprathreshold concentrations of glucose. In both
studies, heterogeneity in sweet taste perception was observed between participants and
sweet taste was measured using glucose solutions as tastants. In contrast, other studies
have used sucrose and found no association between taste intensity perception and diet
(Leong et al., 2018; Stevenson et al., 2016).

Sweet taste intensity ratings have been shown to be linked with specific dietary
preferences and can change when dietary patterns change, as shown in diet intervention
studies, being attributed to the alteration in the expression of associated taste receptors
TAS1R2 and TAS1R3 (Wise et al., 2016). In the dietary intervention study by Wise et
al, it was shown that during the third month of low-sugar dietary intervention, both low
and high in sugar puddings were rated as 40% sweeter than the control group ratings,
compared to no difference in the ratings at baseline (Wise et al., 2016). The present
study clearly shows that a lower sweet taste perception combined with a higher sweet
taste preference is linked with an increase in dietary intake of sweet-tasting food in NZ
European women. Previous work has shown that the liking of sweet and fat together
may be linked to the overconsumption of corresponding foods (Deglaire et al., 2015). In
this study, total fat intake was high (~40% of total energy intake) and saturated fat
intake (~15% of total energy intake) exceeded the AMDRs (NHMRC, 2006) together
with an excess of total sugar intake. These data suggest a shift in dietary habits, where
highly palatable and highly processed foods become a major part of the diet, as opposed
to well balanced meals. Further supporting evidence for this concerning relationship
comes from intervention studies which have provided evidence that high-fat diets are
associated with desensitised fatty acid taste perception in humans (Stewart and Keast,
2012) and in animal models (Zhang et al., 2011).
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In the present study, associations between sweet taste perception and dietary intake and
eating behaviour that we observed in NZ European women were not observed in Pacific
women. It can be speculated that differences in taste-diet associations may be linked to
cultural differences in nutrition (Overberg et al., 2012). When comparing Pacific sweet
likers and dislikers there was no difference observed in carbohydrate, sugar or starch
intakes, but instead, there was a difference in protein intake. There may be a long-term
biological adaptation to sugar in NZ European women, which may act to condition
inherited taste preferences, influencing life-long dietary habits (Mennella, 2014). For
example, traditional diets of the Pacific Islands are high in fresh fruits, complex
carbohydrates and fibre (Shintani and Hughes, 1994). On the other hand, traditional
European recipes and diets are higher in sugar (Baschetti, 1998). Another study has
shown significant differences in maternal child-feeding style between ethnic groups,
which may be further linked to long-term eating behaviour (Korani, Rea, King, and
Brown, 2018). In addition, another study showed that Hispanics and African Americans
rated taste sensations higher than non-Hispanic Whites (Williams et al., 2016).

In this study, however, there was no difference between the number of sweet likers
versus dislikers when comparing Pacific and NZ European women, so it is difficult to
speculate that differences in the perceived taste of food is associated with variation in
food intake. The differences observed between Pacific and NZ European women in
sweet taste perception and dietary intake may be indicative of differences in the
cognitive response to taste perception instead, in association with appetite and longterm signalling pathways (Rolls, 2016; Veldhuizen et al., 2017). NZ European sweet
likers had a higher cognitive disinhibition score than dislikers, which was not observed
in Pacific women. This finding supports an association between reward signalling
pathways, sweet taste perception and dietary intake. However, further research in this
area is warranted, alongside a range of other potential influences on taste and dietary
intakes, such as physical activity and sleep (Lenard and Berthoud, 2008; Smith, Ludy,
and Tucker, 2016).

5.5.3. Bitter and milk fat perception and dietary intake
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Firstly, we established that bitter intensity ratings were associated with hedonic liking,
establishing a clear dose-dependent relationship. Milk fat liking and intensity ratings
showed a less pronounced relationship, with the hedonic liking rating of bitter taste only
corresponding to taste intensity rating at high concentrations (>20.3% fat). However, we
found only minor associations between bitter taste and milk fat hedonic liking cluster
groups and dietary intake. NZ European bitter likers had an increased intake of dietary
fibre compared to bitter dislikers. For both Pacific and NZ European women (obese and
non-obese groups, respectively), bitter likers had a decreased protein intake compared to
dislikers. It is feasible that bitter liking may influence dietary fibre intake, as this may
be indicative of increased cruciferous vegetable intake, due to a less adverse response to
bitter-tasting compounds (Ortega et al., 2016), which has been observed in previous
studies (Barajas-Ramírez, Quintana-Castro, Oliart-Ros, and Angulo-Guerrero, 2016;
Duffy et al., 2010). The basis for an association between dietary protein and bitter taste
perception is unclear.

Interestingly, being a milk fat liker was not associated with the increased intake of
dietary fat when compared to dislikers. Similar results have been observed in other
studies investigating fatty acid taste perception and dietary intake of fat (Costanzo,
Orellana, Nowson, Duesing, and Keast, 2017; Stewart and Keast, 2012; Tucker,
Nuessle, Garneau, Smutzer, and Mattes, 2015). The present study found that NZ
European milk fat likers with higher body fat had decreased alcohol intake compared to
milk fat dislikers. The basis for this association is also unclear. Further investigation
into food choice and food group intake is warranted in order to substantiate these
results.

5.5.4. Taste perception and eating behaviour

Disinhibited eating behaviour, measured by the TFEQ, was linked with sweet liking,
however, this relationship was dependent on ethnicity. NZ European sweet likers had a
significantly higher disinhibition score than sweet dislikers. Alongside increased
disinhibition, NZ European sweet likers had higher situational disinhibition eating
behaviour scores than sweet dislikers. Decreased intensity ratings of both sweet and
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fatty solutions have been previously associated with a greater reinforcing value of food,
or the motivation to get food, as a predictor of energy intake (Panek-Scarborough,
Dewey, and Temple, 2012). Therefore, this study supports the hypothesis that people
with lower sensitivity to sweet taste, could be vulnerable to overconsumption in order to
compensate for a diminished reward that they may experience (Noel, Sugrue, and
Dando, 2017). In Pacific women, there were no differences in eating behaviour when
comparing sweet likers and dislikers. The reason for a lack of an association between
taste perception and eating behaviour in Pacific women is currently unclear, however, it
does mirror the lack of an association between taste perception and dietary intake. This
indicates that there are important links between taste, diet and eating behaviour that
warrants further investigation. A few studies have shown that increased disinhibition is
associated with decreased fatty acid taste perception (Kindleysides et al., 2017;
Tomassini Barbarossa et al., 2013). To date, few studies which have investigated
associations between taste perception and eating behaviour.

5.5.5. Strengths and limitations

One of the strengths of this taste perception study was that the number of participants
was relatively high compared to other sensory studies (Tan and Tucker, 2019). In
addition, we were able to make comparisons between low and high body fat groups,
thus filling a knowledge gap that has been identified in previous studies (Zhou et al.,
2016). The sweet taste glucose solutions used in this study provided clear data on taste
perception, similar to a recent study that drew comparisons between taste perception
and the dietary intake of sweet foods (Jayasinghe et al., 2017). Quinine was chosen to
measure bitter taste perception as it has been shown to be representative of broader taste
function, as well as being strongly correlated with other bitter taste sensations, such as
propylthiouracil (Rawal et al., 2015). Finally, milk and cream solutions were used to
measure the perception of fat perception or creaminess, which has been suggested to
play a role in influencing satiety (Proserpio et al., 2016).

The results presented in this study need to be considered alongside several limitations,
which may have confounded our results. Firstly, all taster groups were described as
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either ‘liker’ or ‘disliker’ phenotype groups due to the derivation of only two groups
from the hierarchical cluster analysis. However, the group ‘bitter likers’ may be more
accurately described as ‘bitter neutral’ and the group ‘milk fat dislikers’ may be more
accurately described as ‘milk fat neutral’. In studies where three groups are derived
from hierarchical cluster analysis, the naming of the middle group as a taster ‘neutral’
group is clearly appropriate. Response patterns for taste, such as sweet taste, would be
best represented by three distinct phenotypes (likers, neutral and dislikers) (Iatridi et al.,
2019). In this study it could be argued that taster ‘neutral’ individuals were therefore
categorised into either the ‘liker’ or ‘disliker’ group for each taste type. It is
acknowledged there is a lack of an intermediate phenotype for each taste type and this
may have obfuscated associations and health outcomes of interest.

In the current study glucose was the sweet taste stimulus chosen because glucose is a
simple sugar/monosaccharide which is sensed throughout the body, including the
gastrointestinal tract (Jayasinghe et al., 2017). However, the majority of previous
studies have used the disaccharide sucrose as a sweet taste stimulus instead (Cox et al,
2015, Tan and Tucker, 2019). The choice of the sweet taste stimulus and the
concentrations tested (0 g/L – 240 g/L) may in part explain the lack of a neutral or
middle phenotype derived from the hierarchical cluster analysis. The testing of higher
concentrations of sweetness or the use of sucrose, which is perceived as sweeter than
glucose (Peng, Hautus, Oey, and Silcock, 2016), may have also resulted in a decreased
number of sweet taste dislikers, which would be more consistent with the proportion of
sweet taste likers and dislikers found in recent studies from the US (Garneau et al.,
2018), Korea (Kim et al., 2017) and the UK (Iatridi et al., 2019) where 20-25% of
participants were sweet dislikers. Future studies will compare different types of
sweeteners and sweet taste phenotype.

Secondly, the study was cross-sectional and therefore can only infer associations, but
the results do not inform causality (Sedgwick, 2014). Thirdly, a range of dietary
assessments can be used to evaluate both actual energy intake (food records, 24-hour
recalls) and usual dietary intake (food frequency questionnaires, diet history) (Biro,
Hulshof, Ovesen, and Amorim Cruz, 2002). The use of the 5-day non-consecutive food
record is considered a limitation, as self-reported measurements of diet are less reliable
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than validation methods using biomarkers (i.e. double labelled water). In addition,
women with higher body fat are more likely to under report (Gemming, Jiang,
Swinburn, Utter, and Mhurchu, 2014). As such, data was further explored using
sensitivity analysis by the removal of under- and over reporters as determined by the
Goldberg equation (Black, 2000; Goldberg et al., 1991), which verified no differences
in key study outcomes. The epidemiological cut-offs used in this study are therefore
considered valid and reliable and exclusion of participants by the Goldberg equation did
not provide any added advantage, as reported previously (Rhee et al., 2015).

Measurements of milk fat perception (liking, intensity, and ranking task) were not a
direct measurement of ‘taste’, primarily due to the presence of non-taste sensory inputs
such as mouthfeel and aroma. In contrast, the measurements of sweet and bitter taste
were liquid solutions that are suggested to have less relevance to ‘real world’
experiences (Cox et al., 2015; Rozin and Tuorila, 1993). This study lacked
comprehensive descriptions of sensory attributes, which would be representative of
actual foods consumed. Measurement of taste perception using food-based tastants
would have provided additional information (Alexy et al., 2011; Lanfer et al., 2012).
Therefore, it is recommended that future studies consider incorporating the sensory
evaluation of whole foods, alongside the consideration of percepts such as olfaction, to
determine the multi-modal sensory impact on dietary intake and food preferences (Cox
et al., 2015). Future studies may further investigate differences between sub-populations
within an ethnic group (i.e. Pacific peoples of Tongan, Samoan and Fijian descent).

5.5.6. Conclusion

This study has several important findings. The primary finding was that increased
hedonic liking of sweet taste is associated with the increased intake of carbohydrates,
sugars and starch in NZ European women. This aligned with decreased sweet taste
intensity perception being associated with increased hedonic liking of sweet taste. In
addition, the increased hedonic liking of sweet taste was associated with disinhibited
eating behaviour in the same population group. However, these associations were not
observed in Pacific women. Other minor associations were observed. Pacific and NZ
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European bitter likers (high and low body fat %, respectively) had a decreased protein
intake compared to bitter dislikers. NZ European bitter likers had a higher intake of
dietary fibre (% energy) than bitter dislikers and Pacific milk fat likers with high body
fat % had a higher intake of protein than milk fat dislikers.

This is the first study to report relationships between taste perception, eating behaviour
and dietary intake, adjusting for socioeconomic status and age in non-obese and obese
Pacific and NZ European women. These findings may inform future longitudinal and
intervention studies. Future longitudinal studies may be able to determine if taste
perception changes alongside variations in dietary intake. Future intervention studies
may consider targeting the association between taste perception and post-ingestive
effects, where taste receptor expression may be targeted to adjust long-term dietary
intake. However, a better understanding of the relationship between taste perception and
dietary intake is still required, particularly in obesity. Sweet taste perception may be
influencing eating behaviour, and therefore, dietary intake; however, the relative degree
of this influence is further affected by ethnicity, socio-economic cultural and
environmental factors.
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Pacific (N= 142)
Bitter liking
Bitter liking
(groups)§
(groups)§
Low body fat (<35%) High body fat (>35%)
(n= 68)
(n= 74)
Bitter liking
(groups)§
Pacific (all)
(n= 142)

New Zealand European (N= 162)
Bitter liking
Bitter liking
Bitter liking
(groups)§
(groups)§
(groups)§
Low body fat (<35%)
High body fat
NZ European (all)
(n= 87)
(>35%) (n= 75)
(n= 162)

Total energy (kJ)

B (95% C.I.)#
B (95% C.I.)#
B (95% C.I.)^
B (95% C.I.)#
B (95% C.I.)#
B (95% C.I.)^
-385.0 (-1262.0,
-1636.8 (-3646.6,
-349.2 (-1594.2,
-621.0 (-1511.2,
-47.2 (-1218.5,
-413.2 (-1112.7,
2032.0)
373.1)
895.8)
269.2)
1124.0)
286.3)
Protein (g)
0.26 (-16.0, 16.5) -23.0 (-40.8, -5.09)* -8.42 (-20.2, 3.33) -11.6 (-21.2, -2.03)* 0.61 (-11.8, 13.0)
-7.44 (-14.9, 0.01)
Protein (%)
-0.14 (-2.00, 1.72)
-1.16 (-3.65, 1.32)
-0.62 (-2.09, 0.85)
-1.37 (-3.33, 0.60)
0.19 (-1.98, 2.37)
-0.86 (-2.29, 0.57)
Fat (g)
1.83 (-16.6, 20.3)
-16.2 (-40.3, 7.80)
-5.05 (-19.5, 9.37)
-8.29 (-22.3, 5.69)
2.76 (-18.1, 23.6)
-4.09 (-15.7, 7.55)
Fat (%)
-0.42 (-3.72, 2.88)
0.25 (-3.26, 3.77)
-0.33 (-2.63, 1.97)
-0.21 (-4.25, 3.83)
1.25 (-4.06, 6.57)
0.39 (-2.75, 3.53)
Saturated fat (g)
0.62 (-7.45, 8.69)
-7.00 (-17.4, 3.39)
-2.28 (-8.54, 3.98)
-5.64 (-11.8, 0.53)
1.04 (-8.86, 10.9)
-3.18 (-8.54, 2.18)
Saturated fat (%)
-0.33 (-1.94, 1.28)
-0.47 (-2.63, 1.69)
-0.44 (-1.71, 0.83)
-0.97 (-3.05, 1.11)
0.57 (-2.20, 3.33)
-0.38 (-2.01, 1.25)
Polyunsaturated fat (g)
-0.03 (-2.78, 2.73)
-2.27 (-5.73, 1.19)
-0.84 (-2.93, 1.26)
0.55 (-2.87, 3.97)
0.95 (-3.03, 4.93)
0.83 (-1.70, 3.35)
Polyunsaturated fat (%)
0.07 (-0.81, 0.95)
0.19 (-0.93, 1.30)
-0.10 (-0.57, 0.76)
0.56 (-0.51, 1.63)
0.47 (-0.87, 1.81)
0.58 (-0.24, 1.39)
Monounsaturated fat (g) 1.56 (-5.71, 8.83)
-5.29 (-15.2, 4.58)
-1.06 (-6.88, 4.76)
-2.45 (-7.89, 2.99)
0.52 (-7.35, 8.38)
-1.40 (-5.84, 3.03)
Monounsaturated fat (%) 0.02 (-1.52, 1.56)
0.48 (-1.46, 2.41)
0.13 (-1.05, 1.30)
0.18 (-1.69, 2.05)
0.15 (-2.22, 2.52)
0.14 (-1.29, 1.56)
Carbohydrate (g)
15.5 (-30.1, 61.2)
-42.9 (-99.1, 13.4)
-4.84 (-39.5, 29.9)
-15.5 (-44.2, 13.2)
-11.5 (-44.8, 21.7)
-13.8 (-35.1, 7.44)
Carbohydrate (%)
0.58 (-3.41, 4.58)
-0.33 (-4.28, 3.63)
0.49 (-2.21, 3.19)
-0.50 (-4.86, 3.87)
1.69 (-7.74, 4.36)
-0.83 (-4.32, 2.66)
Total sugar (g)
-0.70 (-22.6, 21.2)
-19.8 (-48.5, 8.82)
-7.26 (-24.5, 10.0)
-6.25 (-20.7, 8.16)
-8.93 (-27.7, 9.84)
-7.05 (-18.3, 4.19)
Total sugar (%)
-1.54 (-4.49, 1.42)
-0.03 (-3.66, 3.61)
-0.82 (-3.10, 1.45)
0.01 (-2.63, 2.65)
-1.97 (-6.08, 2.13)
-0.58 (-2.84, 1.68)
Starch (g)
16.5 (-11.8, 44.8)
-23.3 (-58.9, 12.3)
2.43 (-19.4, 24.2)
-9.41 (-30.3, 11.5)
-2.55 (-23.7, 18.6)
-6.78 (-21.4, 7.87)
Starch (%)
2.18 (-0.45, 4.81)
-0.38 (-3.52, 2.76)
1.31 (-0.63, 3.24)
-0.55 (-3.93, 2.84)
0.28 (-3.71, 4.27)
-0.26 (-2.76, 2.24)
Dietary fibre (g)
-0.23 (-4.32, 3.86)
-3.03 (-7.77, 1.71)
-1.29 (-4.27, 1.68)
1.74 (-3.18, 6.66)
4.25 (-0.17, 8.67)
2.70 (-0.56, 5.96)
Dietary fibre (%)
-0.02 (-0.27, 0.24)
0.07 (-0.31, 0.45)
0.01 (-0.21, 0.22)
0.34 (-0.06, 0.74)
0.44 (-0.01, 0.86)* 0.38 (0.10, 0.66)**
Alcohol (g)
1.99 (-6.50, 10.5)
3.71 (-0.04, 7.45)
2.68 (-1.99, 7.35)
4.40 (-2.62, 11.4)
-0.35 (-7.73, 7.04)
2.42 (-2.65, 7.49)
Alcohol (%)
0.01 (-1.96, 1.99)
1.27 (0.05, 2.49)*
0.50 (-0.65, 1.66)
1.69 (-0.66, 4.03)
-0.35 (-2.96, 2.26)
0.84 (-0.90, 2.57)
General linear model coefficients and 95% CI adjusted for # age and NZDep2013 and for ^ age, NZDep2013 and BF% (groups). *P< 0.05, **P< 0.01, ***P<
0.001. B, unstandardized coefficient; C.I., confidence interval; BF%, body fat percentage. §Reference category: Bitter dislikers, Pacific bitter dislikers n= 117;
NZ European bitter dislikers n= 134.

Macronutrient intake

Suppl 5.1. Association between daily macronutrient intake and bitter liking clusters in Pacific and NZ European women (N=304).
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Milk fat liking
(groups)§
Low body fat (<35%)
(n= 68)

Pacific (N= 142)
Milk fat liking
(groups)§
High body fat
(>35%) (n= 74)

Milk fat liking
(groups)§
Pacific (all)
(n= 142)

New Zealand European (N= 162)
Milk fat liking
Milk fat liking
Milk fat liking
(groups)§
(groups)§
(groups)§
Low body fat (<35%)
High body fat
NZ European (all)
(n= 87)
(>35%) (n= 75)
(n= 162)

Total energy (kJ)

B (95% C.I.)#
B (95% C.I.)#
B (95% C.I.)^
B (95% C.I.)#
B (95% C.I.)#
B (95% C.I.)^
-733.2 (-2346.8,
515.6 (-853.3,
33.4 (-989.4, 1056.2)
-339.4 (-1133.3,
-376.1 (-1306.7,
-342.3 (-939.8, 255.1)
880.4)
1884.5)
454.4)
554.5)
Protein (g)
-6.04 (-21.9, 9.85) 12.7 (0.48, 24.8)*
5.58 (-4.09, 15.2)
5.10 (-3.59, 13.8)
-2.32 (-12.2, 7.56)
2.24 (-4.19, 8.68)
Protein (%)
0.36 (-1.47, 2.19)
1.56 (-0.08, 3.19)
1.09 (-0.11, 2.28)
1.67 (-0.06, 3.39)
0.26 (-1.48, 2.00)
1.12 (-0.10, 2.33)
Fat (g)
-9.68 (-27.7, 8.33)
7.65 (-8.60, 23.9)
1.03 (-10.8, 12.9)
-5.33 (-17.8, 7.11)
-0.03 (-16.7, 16.6)
-2.95 (-12.9, 7.00)
Fat (%)
0.11 (-3.14, 3.36)
-1.26 (-1.08, 3.60)
0.82 (-1.06, 2.70)
-1.20 (-4.77, 2.37)
0.86 (-3.38, 5.11)
-0.31 (-2.99, 2.38)
Saturated fat (g)
-4.18 (-12.1, 3.70)
2.41 (-4.64, 9.45)
-0.14 (-5.28, 5.01)
-2.64 (-8.18, 2.90)
2.17 (-5.73, 10.1)
-0.57 (-5.16, 4.03)
Saturated fat (%)
-0.25 (-1.83, 1.34)
0.41 (-1.04, 1.86)
0.15 (-0.90, 1.19)
-0.62 (-2.47, 1.23)
1.42 (-0.76, 3.61)
0.24 (-1.16, 1.63)
Polyunsaturated fat (g) -1.44 (-4.13, 1.24)
1.74 (-0.57, 4.06)
0.45 (-1.27, 2.17)
-0.50 (-3.53, 2.52)
-0.25 (-3.43, 2.93)
-0.41 (-2.56, 1.75)
Polyunsaturated fat (%) -0.04 (-0.90, 0.83)
0.40 (-0.34, 1.14)
0.20 (-0.34, 0.74)
-0.09 (-1.04, 0.86)
-0.12 (-1.19, 0.95)
-0.11 (-0.81, 0.59)
Monounsaturated fat
-2.58 (-9.72, 4.56)
2.86 (-3.78, 9.51)
0.89 (-3.89, 5.67)
-2.32 (-7.13, 2.49)
-2.14 (-8.39, 4.12)
-2.12 (-5.90, 1.65)
(g)
Monounsaturated fat
0.57 (-0.94, 2.08)
0.31 (-0.98, 1.61)
0.46 (-0.51, 1.41)
-0.71 (-2.36, 0.94)
-0.68 (-2.57, 1.21)
-0.65 (-1.86, 0.57)
(%)
Carbohydrate (g)
-23.4 (-68.2, 21.3)
2.63 (-35.8, 41.0)
-7.82 (-36.3, 20.6)
-13.9 (-39.3, 11.5)
-9.97 (-36.5, 16.5)
-12.6 (-30.7, 5.58)
Carbohydrate (%)
-1.56 (-5.48, 2.36) -2.40 (-4.99, 0.20)
-2.07 (-4.26, 0.12)
-0.82 (-4.68, 3.04)
0.79 (-4.05, 5.63)
-0.31 (-3.30, 2.67)
Total sugar (g)
-3.12 (-24.7, 18.4)
4.68 (-14.8, 24.1)
0.24 (-14.0, 14.4)
-2.54 (-15.3, 10.3)
-2.34 (-17.4, 12.7)
-2.80 (-12.4, 6.84)
Total sugar (%)
-0.12 (-3.05, 2.81) -0.55 (-2.99, 1.89)
-0.60 (-2.46, 1.27)
0.36 (-1.97, 2.70)
1.25 (-2.03, 4.54)
0.58 (-1.35, 2.51)
Starch (g)
-20.4 (-48.1, 7.27) -2.09 (-26.3, 22.1)
-8.12 (-25.9, 9.72)
-11.5 (-30.0, 6.94)
-7.43 (-24.2, 9.37)
-9.84 (-22.3, 2.61)
Starch (%)
-1.47 (-4.09, 1.15) -1.86 (-3.92, 0.20)
-1.49 (-3.07, 0.09)
-1.23 (-4.22, 1.75)
-0.42 (-3.61, 2.76)
-0.91 (-3.04, 1.21)
Dietary fibre (g)
-0.38 (-4.40, 3.65)
2.90 (-0.24, 6.05)
1.45 (-0.99, 3.88)
-3.80 (-8.09, 0.49)
1.28 (-2.32, 4.89)
-1.51 (-4.30, 1.29)
Dietary fibre (%)
0.09 (-0.16, 0.33)
0.14 (-0.11, 0.40)
0.10 (-0.07, 0.28)
-0.30 (-0.65, 0.05)
0.26 (-0.08, 0.60)
-0.05 (-0.30, 0.19)
Alcohol (g)
4.37 (-3.94, 12.7)
-1.87 (-4.41, 0.67)
0.63 (-3.22, 4.48)
0.95 (-5.32, 7.22) -6.18 (-11.9, -0.47)*
-1.83 (-6.16, 2.50)
Alcohol (%)
0.99 (-0.94, 2.91)
-0.61 (-1.44, 0.22)
0.02 (-0.93, 0.97)
0.56 (-1.54, 2.66) -2.18 (-4.20, -0.16)*
-0.51 (-1.99, 0.97)
General linear model coefficients and 95% CI adjusted for # age and NZDep2013 and for ^ age, NZDep2013 and BF% (groups). *P< 0.05, **P< 0.01, ***P<
0.001. B, unstandardized coefficient; C.I., confidence interval; BF%, body fat percentage. §Reference category: Milk fat dislikers, Pacific milk fat dislikers n= 44;
NZ European milk fat dislikers n= 45.

Macronutrient intake

Suppl 5.2. Association between daily macronutrient intake and milk fat liking clusters in Pacific and NZ European women (N=304).
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B (95% C.I.)

B (95% C.I.)

B (95% C.I.)

B (95% C.I.)

B (95% C.I.)

Total energy (kJ)
455.0 (-767.3, 1677.4) 150.4 (-559.6, 860.5) -1.81 (-995.8, 992.1) 49.3 (-474.8, 573.3) -344.8 (-1395.1, 705.5) 180.7 (-344.2, 705.7)
Protein (g)
2.44 (-9.18, 14.1)
1.49 (-6.15, 9.13)
-0.63 (-10.1, 8.81)
-2.27 (-7.88, 3.35)
-3.90 (-13.9, 6.06)
2.33 (-3.31, 7.96)
Protein (%)
-0.47 (-1.91, 0.98)
0.19 (-1.26, 1.65)
0.13 (-1.05, 1.30)
-0.62 (-1.69, 0.45)
-0.05 (-1.29, 1.19)
0.09 (-0.99, 1.16)
Fat (g)
7.05 (-7.09, 21.2)
2.14 (-9.66, 13.9)
-1.75 (-13.3, 9.76)
0.27 (-8.43, 8.97)
-4.65 (-16.8, 7.51)
3.10 (-5.61, 11.8)
Fat (%)
1.10 (-1.16, 3.35)
-0.15 (-3.33, 3.04)
-0.64 (-2.48, 1.19)
-0.18 (-2.52, 2.16)
-0.70 (-2.64, 1.24)
0.55 (-1.79, 2.90)
Saturated fat (g)
3.00 (-3.14, 9.14)
0.99 (-4.46, 6.43)
-1.17 (-6.16, 3.83)
-1.04 (-5.06, 2.97)
-3.17 (-8.43, 2.09)
0.61 (-3.42, 4.64)
Saturated fat (%)
0.27 (-0.98, 1.52)
-0.08 (-1.73, 1.58)
-0.54 (-1.55, 0.47)
-0.60 (-1.81, 0.61)
-1.01 (-2.07, 0.05)
-0.01 (-1.23, 1.21)
Polyunsaturated fat (g)
0.84 (-1.21, 2.90)
0.10 (-2.46, 2.66)
0.49 (-1.18, 2.16)
0.43 (-1.45, 2.31)
-0.01 (-1.78, 1.76)
1.02 (-0.86, 2.91)
Polyunsaturated fat (%)
0.23 (-0.41, 0.88)
-0.14 (-0.96, 0.69)
0.26 (-0.27, 0.79)
0.19 (-0.42, 0.80)
0.19 (-0.37, 0.74)
0.37 (-0.24, 0.98)
Monounsaturated fat (g)
2.70 (-3.00, 8.40)
0.53 (-3.97, 5.02)
-1.16 (-5.80, 3.48)
1.09 (-2.22, 4.40)
-0.81 (-5.72, 4.10)
1.07 (-2.25, 4.39)
Monounsaturated fat (%)
0.57 (-0.57, 1.72)
-0.09 (-1.53, 1.36)
-0.40 (-1.33, 0.53)
0.36 (-0.70, 1.42)
0.28 (-0.71, 1.27)
0.10 (-0.96, 1.17)
Carbohydrate (g)
10.3 (-23.7, 44.4)
-0.83 (-22.5, 20.8)
6.30 (-21.4, 34.0)
1.80 (-14.1, 17.7)
-7.79 (-37.1, 21.5)
2.78 (-13.2, 18.8)
Carbohydrate (%)
-0.24 (-2.90, 2.42)
-0.68 (-4.22, 2.86)
0.83 (-1.32, 2.98)
0.26 (-2.35, 2.86)
0.32 (-1.97, 2.60)
-0.44 (-3.06, 2.17)
Total sugar (g)
7.09 (-9.87, 24.0)
-1.90 (-13.3, 9.53)
3.18 (-10.6, 17.0)
-0.96 (-9.39, 7.46)
-5.34 (-19.9, 9.23)
-0.83 (-9.28, 7.62)
Total sugar (%)
0.26 (-1.98, 2.49)
-0.37 (-2.66, 1.93)
0.74 (-1.07, 2.55)
-0.21 (-1.90, 1.48)
-0.24 (-2.16, 1.69)
-0.84 (-2.52, 0.85)
Starch (g)
3.29 (-18.1, 24.7)
1.26 (-13.6, 16.2)
3.12 (-14.3, 20.5)
2.93 (-8.03, 13.9)
-2.58 (-21.0, 15.8)
3.64 (-7.34, 14.6)
Starch (%)
-0.49 (-2.40, 1.43)
-0.27 (-2.80, 2.27)
0.09 (-1.47, 1.64)
0.49 (-1.37, 2.36)
0.52 (-1.12, 2.16)
0.40 (-1.47, 2.27)
Dietary fibre (g)
0.57 (-2.36, 3.50)
1.27 (-2.06, 4.60)
-0.15 (-2.52, 2.23)
-0.58 (-3.04, 1.87)
-1.45 (-3.96, 1.05)
0.88 (-1.58, 3.33)
Dietary fibre (%)
-0.03 (-0.24, 0.17)
0.09 (-0.20, 0.38)
-0.00 (-0.17, 0.16)
-0.07 (-0.28, 0.14)
-0.06 (-0.23, 0.12)
0.03 (-0.19, 0.24)
Alcohol (g)
-0.95 (-5.56, 3.66)
1.60 (-3.54, 6.74)
-1.11 (-4.85, 2.63)
2.05 (-1.73, 5.82)
1.24 (-2.72, 5.19)
-1.10 (-4.90, 2.70)
Alcohol (%)
-0.38 (-1.52, 0.75)
0.51 (-1.25, 2.26)
-0.30 (-1.22, 0.63)
0.70 (-0.59, 1.99)
0.50 (-0.48, 1.47)
-0.29 (-1.58, 1.02)
General linear model coefficients and 95% CI adjusted for age, NZDep2013 and BF% (groups). *P< 0.05, **P< 0.01, ***P< 0.001. B, unstandardized coefficient; C.I.,
confidence interval; BF%, body fat percentage. †Reference category: Sweet ranking incorrect, Pacific n= 27; NZ European n= 27. ‡Reference category: Bitter ranking incorrect,
Pacific n= 96; NZ European n= 82. Reference category: #Milk fat ranking incorrect, Pacific n= 95; NZ European n= 85.

B (95% C.I.)

Suppl 5.3. Comparisons of dietary intake by sweet, bitter and milk fat ranking task outcome in (A) Pacific (N=142) and (B) NZ European women
(N=162).
Macronutrient intake
Sweet ranking
Sweet ranking
Bitter ranking
Bitter ranking
Milk fat ranking Milk fat ranking
(groups)†
(groups)†
(groups)#
(groups)#
(groups)‡
(groups)‡
Pacific
NZ European
Pacific
NZ European
Pacific
NZ European

Pacific (N = 142)
Cognitive dietary restraint1
Flexible control restraint
Rigid control restraint
Disinhibition2
Habitual disinhibition
Emotional disinhibition
Situational disinhibition
Hunger3
Internal locus hunger
External locus hunger
Ratio (95% C.I.)
1.34 (0.93, 1.94)
1.19 (0.80, 1.76)
1.42 (0.93, 2.17)
0.95 (0.72, 1.26)
1.33 (0.89, 2.01)
0.99 (0.67, 1.45)
0.76 (0.58, 1.01)
1.02 (0.75, 1.40)
1.23 (0.79, 1.61)
0.95 (0.67, 1.35)

Ratio (95% C.I.)
1.04 (0.80, 1.34)
1.13 (0.88, 1.46)
1.10 (0.83, 1.46)
1.05 (0.86, 1.28)
1.29 (1.01, 1.65)*
1.19 (0.94, 1.51)
0.84 (0.68, 1.03)
0.98 (0.77, 1.23)
1.11 (0.86, 1.42)
0.93 (0.74, 1.16)

Ratio (95% C.I.)
0.80 (0.55, 1.15)
1.03 (0.73, 1.46)
0.85 (0.58, 1.25)
1.10 (0.81, 1.50)
1.31 (0.95, 1.82)
1.31 (0.96, 1.79)
0.85 (0.62, 1.16)
1.00 (0.69, 1.45)
1.13 (0.77, 1.66)
0.96 (0.70, 1.32)

Ratio (95% C.I.)
1.31 (0.90, 1.92)
1.18 (0.78, 1.78)
1.28 (0.83, 1.97)
0.95 (0.71, 1.26)
1.37 (0.90, 2.10)
0.96 (0.64, 1.44)
0.75 (0.56, 1.01)
1.06 (0.77, 1.47)
1.13 (0.77, 1.64)
1.01 (0.70, 1.45)

Adjusted
Bitter liking (grps) Bitter liking (grps) Bitter liking (grps)
TOTAL ‡
Low BF (<35%) # High BF (>35%) #
(n= 142)
(n= 68)
(n= 74)

Ratio (95% C.I.)
0.97 (0.74, 1.25)
1.08 (0.83, 1.40)
1.00 (0.75, 1.32)
1.04 (0.85, 1.28)
1.34 (1.04, 1.72)*
1.16 (0.91, 1.48)
0.81 (0.66, 1.00)
1.02 (0.80, 1.30)
1.13 (0.87, 1.47)
0.98 (0.77, 1.23)

Bitter liking (grps)
TOTAL ^
(n= 142)

NZ European (N= 162)
(n= 87)
(n= 75)
(n= 162)
(n= 87)
(n= 75)
(n= 162)
Cognitive dietary restraint1 1.12 (0.83, 1.52)
0.99 (0.68, 1.43)
1.07 (0.85, 1.34)
1.21 (0.89, 1.63)
1.04 (0.71, 0.51)
1.13 (0.90, 1.42)
Flexible control restraint 1.14 (0.90, 1.45)
1.02 (0.74, 1.40)
1.09 (0.90, 1.32)
1.17 (0.92, 1.49)
1.08 (0.78, 1.49)
1.13 (0.93, 1.36)
Rigid control restraint
0.98 (0.75, 1.28)
1.01 (0.71, 1.43)
0.99 (0.80, 1.23)
1.06 (0.81, 1.39)
1.07 (0.74, 1.52)
1.04 (0.85, 1.29)
Disinhibition2
1.03 (0.80, 1.33)
1.16 (0.90, 1.48)
1.07 (0.90, 1.28)
1.08 (0.84, 1.39)
1.17 (0.91, 1.51)
1.10 (0.92, 1.32)
Habitual disinhibition
1.11 (0.81, 1.53)
1.10 (0.73, 1.65)
1.11 (0.86, 1.42)
1.23 (0.89, 1.70)
1.08 (0.72, 1.63)
1.12 (0.87, 1.44)
Emotional disinhibition
1.02 (0.75, 1.40)
1.09 (0.80, 1.49)
1.05 (0.84, 1.31)
1.06 (0.77, 1.47)
1.08 (0.78, 1.49)
1.06 (0.85, 1.33)
Situational disinhibition
0.98 (0.78, 1.23)
1.21 (0.95, 1.54)
1.06 (0.90, 1.25)
0.99 (0.79, 1.25)
1.27 (0.99, 1.61)
1.08 (0.92, 1.27)
Hunger3
0.89 (0.68, 1.18)
0.81 (0.54, 1.21)
0.86 (0.68, 1.08)
0.95 (0.72, 1.26)
0.82 (0.54, 1.22)
0.88 (0.70, 1.11)
Internal locus hunger
0.81 (0.59, 1.12)
0.81 (0.53, 1.26)
0.81 (0.63, 1.05)
0.83 (0.60, 1.15)
0.82 (0.52, 1.29)
0.82 (0.63, 1.07)
External locus hunger
0.98 (0.73, 1.30)
0.89 (0.60, 1.32)
0.94 (0.75, 1.19)
1.05 (0.78, 1.40)
0.93 (0.63, 1.37)
0.97 (0.77, 1.22)
All dependent values log transformed. General linear model exponentiated coefficients and 95% CI adjusted for ‡ BF% group; # age, NZDep2013; for ^ age,
NZDep2013 and BF% group. *P< 0.05, **P< 0.01, ***P< 0.001. C.I., confidence interval. BF%, body fat percentage. Reference category: bitter dislikers, Pacific
bitter dislikers n= 117; NZ European bitter dislikers n= 134. 1Restraint reference values = Low, 4-14; Medium, 15-17; High, 18-21. 2Disinhibition reference values =
Low, 1-8; Medium, 9-12; High, 13-16. 3Hunger reference values = Low, 0-3; Medium, 4-6; High, 7-14 (Stunkard and Messick, 1985).

Ratio (95% C.I.)
0.87 (0.61, 1.26)
1.10 (0.79, 1.54)
0.93 (0.64, 1.37)
1.12 (0.84, 1.50)
1.26 (0.92, 1.72)
1.34 (1.00, 1.81)
0.89 (0.65, 1.21)
0.95 (0.67, 1.35)
1.09 (0.76, 1.58)
0.91 (0.67, 1.24)

Unadjusted
Bitter liking (grps) Bitter liking (grps)
Low BF (<35%)
High BF (>35%)
(n= 68)
(n= 74)

Suppl 5.4. Eating behaviour outcome by bitter taste likers (compared to dislikers group) (N= 304).
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Ratio (95% C.I.) Ratio (95% C.I.) Ratio (95% C.I.)
0.92 (0.64, 1.31) 1.01 (0.78, 1.31) 0.97 (0.78, 1.19)
0.89 (0.64, 1.24) 0.96 (0.73, 1.26) 0.93 (0.76, 1.15)
1.02 (0.70, 1.49) 1.12 (0.83, 1.50) 1.08 (0.85, 1.36)
1.05 (0.79, 1.40) 1.15 (0.95, 1.40) 1.10 (0.94, 1.31)
1.09 (0.80, 1.48) 0.97 (0.73, 1.29) 1.02 (0.83, 1.25)
0.99 (0.73, 1.34) 1.14 (0.87, 1.49) 1.07 (0.88, 1.30)
1.05 (0.77, 1.42) 1.20 (0.99, 1.47) 1.13 (0.95, 1.35)
1.10 (0.78, 1.55) 1.17 (0.95, 1.45) 1.14 (0.94, 1.38)
0.90 (0.63, 1.29) 1.28 (1.01, 1.63)* 1.10 (0.89, 1.36)
1.38 (1.03, 1.86)* 1.15 (0.91, 1.47) 1.25 (1.04, 1.50)*

Milk fat liking
(grps)
TOTAL ‡
(n= 142)
Ratio (95% C.I.)
0.99 (0.68, 1.44)
0.93 (0.65, 1.32)
1.07 (0.73, 1.59)
1.08 (0.79, 1.47)
1.07 (0.76, 1.49)
1.04 (0.75, 1.44)
1.07 (0.78, 1.47)
1.02 (0.70, 1.48)
0.88 (0.60, 1.29)
1.29 (0.94, 1.78)

Milk fat liking
(grps)
Low BF (<35%) #
(n= 68)

1.02 (0.78, 1.32)
0.98 (0.74, 1.29)
1.11 (0.83, 1.49)
1.13 (0.93, 1.38)
0.97 (0.72, 1.30)
1.13 (0.86, 1.49)
1.18 (0.97, 1.44)
1.18 (0.95, 1.47)
1.28 (1.00, 1.64)
1.16 (0.91, 1.48)

Ratio (95% C.I.)

Adjusted
Milk fat liking (grps)
High BF (>35%) #
(n= 74)

Ratio (95% C.I.)
0.99 (0.80, 1.23)
0.95 (0.76, 1.18)
1.10 (0.87, 1.39)
1.10 (0.93, 1.30)
1.01 (0.81, 1.25)
1.09 (0.89, 1.34)
1.11 (0.93, 1.33)
1.11 (0.91, 1.36)
1.10 (0.88, 1.36)
1.21 (1.00, 1.46)

Milk fat liking
(grps)
TOTAL ^
(n= 142)

NZ European (N= 162)
(n= 87)
(n= 75)
(n= 162)
(n= 87)
(n= 75)
(n= 162)
Cognitive dietary restraint1 1.30 (1.00, 1.69) 0.95 (0.72, 1.25) 1.12 (0.93, 1.36) 1.32 (1.02, 1.71)*
0.96 (0.71, 1.30)
1.15 (0.95, 1.40)
Flexible control restraint 1.08 (0.87, 1.34) 0.92 (0.72, 1.17) 1.00 (0.86, 1.18) 1.08 (0.87, 1.34)
0.91 (0.70, 1.18)
1.00 (0.85, 1.18)
Rigid control restraint
1.20 (0.94, 1.52) 1.04 (0.80, 1.37) 1.13 (0.94, 1.34) 1.23 (0.98, 1.56)
1.06 (0.80, 1.42)
1.17 (0.98, 1.40)
Disinhibition2
0.99 (0.78, 1.24) 1.00 (0.83, 1.21) 0.99 (0.85, 1.15) 0.99 (0.79, 1.24)
0.95 (0.77, 1.16)
0.98 (0.84, 1.14)
Habitual disinhibition
1.03 (0.77, 1.37) 1.09 (0.80, 1.48) 1.05 (0.85, 1.30) 1.06 (0.79, 1.41)
0.98 (0.71, 1.36)
1.05 (0.85, 1.31)
Emotional disinhibition
1.01 (0.76, 1.34) 0.89 (0.71, 1.13) 0.96 (0.79, 1.15) 1.02 (0.77, 1.36)
0.89 (0.69, 1.14)
0.96 (0.79, 1.16)
Situational disinhibition
0.96 (0.78, 1.17) 1.04 (0.86, 1.26) 1.00 (0.87, 1.14) 0.96 (0.78, 1.17)
0.98 (0.80, 1.20)
0.97 (0.84, 1.12)
Hunger3
0.93 (0.72, 1.19) 1.02 (0.75, 1.39) 0.97 (0.80, 1.18) 0.94 (0.74, 1.21)
0.93 (0.67, 1.29)
0.95 (0.78, 1.16)
Internal locus hunger
0.98 (0.74, 1.31) 0.97 (0.69, 1.35) 0.98 (0.79, 1.21) 0.99 (0.74, 1.33)
0.95 (0.66, 1.36)
0.97 (0.78, 1.22)
External locus hunger
0.93 (0.72, 1.21) 1.04 (0.77, 1.41) 0.98 (0.81, 1.19) 0.95 (0.73, 1.23)
0.92 (0.67, 1.25)
0.95 (0.78, 1.16)
All dependent values log transformed. General linear model exponentiated coefficients and 95% CI adjusted for ‡ BF% group, # age, NZDep2013; ^ age,
NZDep2013 and BF% group. *P< 0.05, **P< 0.01, ***P< 0.001. C.I., confidence interval. BF%, body fat percentage. Reference category: milk fat dislikers,
Pacific milk fat dislikers n= 44; NZ European milk fat dislikers n= 45. 1Restraint reference values = Low, 4-14; Medium, 15-17; High, 18-21. 2Disinhibition
reference values = Low, 1-8; Medium, 9-12; High, 13-16. 3Hunger reference values = Low, 0-3; Medium, 4-6; High, 7-14 (Stunkard and Messick, 1985).

Cognitive dietary restraint1
Flexible control restraint
Rigid control restraint
Disinhibition2
Habitual disinhibition
Emotional disinhibition
Situational disinhibition
Hunger3
Internal locus hunger
External locus hunger

Pacific (N = 142)

Milk fat liking
(grps)
Low BF (<35%)
(n= 68)

Unadjusted
Milk fat liking
(grps)
High BF (>35%)
(n= 74)

Suppl 5.5. Eating behaviour outcome by milk fat perception likers (compared to dislikers group) (N= 304).

Sweet liking
(groups)§
Low body fat (<35%)
(n= 46)

Pacific (N= 89)
Sweet liking
(groups)§
High body fat (>35%)
(n= 43)

Sweet liking (groups)§
Pacific (all)
(n= 89)

Sweet liking
Sweet liking (groups)§
(groups)§
NZ European (all)
High body fat (>35%) (n= 126)
(n= 54)

New Zealand European (N= 126)
Sweet liking
(groups)§
Low body fat (<35%)
(n= 72)

B (95% C.I.)#
B (95% C.I.)#
B (95% C.I.)^
B (95% C.I.)#
B (95% C.I.)#
B (95% C.I.)^
Total energy (kJ)
-309.7 (-1325.1, 705.7) -573.9 (-1794.0, 646.2) -241.2 (-1003.1, 520.8) -93.3 (-747.2, 560.5)
-168.0 (-937.3, 601.2) -64.8 (-542.4, 412.8)
Protein (g)
5.12 (-6.72, 17.0)
4.13 (-7.79, 16.1)
6.91 (-1.12, 14.9)
-3.73 (-12.3, 4.83)
-0.32 (-9.17, 8.53)
-2.00 (-8.01, 4.01)
Protein (%)
1.76 (0.02, 3.50)*
1.41 (-0.10, 2.91)
1.65 (0.54, 2.77)**
-0.43 (-2.23, 1.38)
-0.13 (-1.66, 1.92)
-0.26 (-1.49, 0.96)
Fat (g)
-5.48 (-17.7, 6.71)
-5.98 (-21.7, 9.74)
-3.19 (-13.1, 6.73)
-9.65 (-21.3, 2.02)
-13.5 (-27.6, 0.74)
-9.77 (-18.5, 1.03)
Fat (%)
-0.78 (-4.03, 2.47)
-0.45 (-3.20, 2.30)
-0.50 (-2.57, 1.58)
-4.00 (-7.36, -0.63)*
-5.06 (-8.63, -1.50)** -4.03 (-6.42, -1.64)**
Saturated fat (g)
-1.79 (-7.65, 4.07)
-1.17 (-8.09, 5.74)
-0.34 (-4.75, 4.07)
-3.78 (-8.99, 1.44)
-5.58 (-13.0, 1.89)
-4.06 (-8.26, 0.14)
Saturated fat (%)
-0.31 (-1.81, 1.19)
0.43 (-1.33, 2.19)
0.17 (-0.95, 1.30)
-1.56 (-3.32, 0.20)
-2.03 (-4.07, 0.02)
-1.62 (-2.90, -0.35)*
Polyunsaturated fat (g) -1.17 (-3.70, 1.37)
-2.46 (-5.24, 0.33)
-1.72 (-3.55, 0.12)
-0.83 (-3.21, 1.55)
-1.00 (-4.43, 2.43)
-0.61 (-2.51, 1.30)
Polyunsaturated fat (%) -0.15 (-1.18, 0.89)
-0.72 (-1.48, 0.03)
-0.51 (-1.11, 0.10)
-0.33 (-1.19, 0.52)
-0.33 (-1.55, 0.89)
-0.25 (-0.93, 0.43)
Monounsaturated fat (g) -2.34 (-7.15, 2.46)
-2.64 (-9.53, 4.26)
-1.43 (-5.70, 2.84)
-4.11 (-9.02, 0.80)
-5.71 (-11.1, -0.31)* -4.23 (-7.76, -0.71)*
Monounsaturated fat (%) -0.38 (-2.02, 1.27)
-0.40 (-1.76, 0.96)
-0.32 (-1.39, 0.75)
-1.69 (-3.31, -0.06)*
-2.29 (-4.00, -0.59)** -1.79 (-2.93, -0.65)**
Carbohydrate (g)
-15.0 (-48.1, 18.1)
-25.7 (-64.1, 12.8)
-16.3 (-40.3, 7.65)
16.2 (-3.42, 35.8)
21.0 (-6.10, 48.1)
19.9 (4.42, 35.4)**
Carbohydrate (%)
-1.73 (-5.69, 2.23)
-1.13 (-4.47, 2.21)
-1.56 (-4.10, 0.98)
4.03 (0.54, 7.52)*
5.05 (0.66, 9.44)*
4.46 (1.83, 7.09)**
Total sugar (g)
-10.5 (-29.3, 8.42)
-12.2 (-37.5, 13.1)
-11.1 (-26.5, 4.41)
9.37 (-2.34, 21.1)
6.56 (-8.33, 21.4)
9.52 (0.58, 18.5)*
Total sugar (%)
-1.58 (-4.52, 1.36)
-0.55 (-3.87, 2.77)
-1.35 (-3.57, 0.88)
2.31 (-0.03, 4.65)
1.68 (-0.89, 4.25)
2.17 (0.51, 3.83)**
Starch (g)
-3.82 (-25.3, 17.7)
-13.5 (-38.1, 11.1)
-4.82 (-20.2, 10.6)
6.65 (-7.00, 20.3)
14.2 (-3.40, 31.8)
10.3 (0.00, 20.5)*
Starch (%)
-0.01 (-3.06, 3.04)
-0.57 (-3.33, 2.19)
-0.13 (-2.10, 1.83)
1.69 (-0.80, 4.18)
3.32 (0.30, 6.34)*
2.27 (0.44, 4.10)**
Dietary fibre (g)
-3.05 (-6.35, 0.25)
-1.68 (-5.47, 2.12)
-2.18 (-4.62, 0.27)
0.81 (-4.72, 3.10)
1.74 (-2.15, 5.64)
0.61 (-2.03, 3.24)
Dietary fibre (%)
-0.20 (-0.45, 0.06)
-0.06 (-0.29, 0.18)
-0.15 (-0.31, 0.02)
-0.06 (-0.44, 0.31)
0.23 (-0.10, 0.56)
0.08 (-0.16, 0.32)
Alcohol (g)
-2.94 (-4.11, 9.99)
0.75 (-2.87, 4.37)
1.78 (-2.09, 5.65)
2.09 (-4.80, 8.99)
-1.32 (-6.97, 4.34)
-0.40 (-4.87, 4.08)
Alcohol (%)
0.94 (-1.12, 3.01)
0.22 (-0.72, 1.15)
0.54 (-0.56, 1.65)
0.50 (-1.85, 2.84)
-0.35 (-2.07, 1.37)
-0.22 (-1.70, 1.26)
General linear model coefficients and 95% CI adjusted for # age and NZDep2013 and for ^ age, NZDep2013 and BF% (groups). *P< 0.05, **P< 0.01, ***P< 0.001. BF%, body fat
percentage. §Reference category: sweet dislikers, Pacific sweet dislikers n= 55; NZ European sweet dislikers n= 66. Statistically significant observations are highlighted in bold.
Removal of n=72 under-reporters and n=17 over-reporters.

Macronutrient intake

Suppl 5.6. Associations between macronutrient intake and sweet liking in Pacific and NZ European: under- and over-reporters removed (N=215).
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Chapter VI.
Overall discussion and conclusions

6.1. Background and rationale

New Zealand ranks as the third most obese country in the OECD (OECD, 2017).
Approximately 32% of the NZ adult population are classified as obese, and,
approximately 34% are within the normal weight range (Ministry of Health., 2017).
There is an urgent need to build on our current knowledge of the environmental and
physiological factors that drive weight gain and its associated metabolic health
consequences. The increasing prevalence of obesity appears to be exacerbated by an
increase in the availability of energy-dense, highly processed, inexpensive and highly
palatable, food and beverage options (Swinburn et al., 2011). Therefore, the
physiological factors (e.g. taste perception) which further contribute to the onset of
obesity in this setting, are potentially critical targets for future health interventions
(Schwartz et al., 2017; Story, Kaphingst, Robinson-O’Brien, & Glanz, 2008).

Taste perception is an important physiological factor, integral to foods that are selected
and consumed, thereby mediating energy intake (Breslin, 2013). For example, highlyenergy dense and processed food options have an appealing taste, therefore leading to
intake in excess of requirements and subsequent weight gain (Drewnowski, 1997). Taste
perception has been shown to be dysregulated in an obese state and this dysregulation
may reverse with weight loss (Berthoud & Zheng, 2012; Kaufman, Choo, Koh, &
Dando, 2018). Therefore, taste perception could be a target for future weight control
interventions, with an aim to reduce the intake of energy dense food options. However,
determining the clear associations between taste perception and obesity needs to be
established first (Kaufman et al., 2018; Newman, Bolhuis, Torres, & Keast, 2016).
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This thesis endeavoured to measure multiple associations between taste perception,
dietary intake, eating behaviour and measurements of metabolic health. Firstly, the
Dessert Taste study investigated the test-retest repeatability and reliability of fatty acid
taste perception and compared multimodal fatty acid chemosensory perception (i.e.
taste, aroma and mouthfeel) with adiposity, eating behaviour and dietary intake.
Secondly, in the PROMISE study, sweet taste, bitter taste and milk fat perception were
measured with LAM and gLMS ratings of hedonic liking and intensity, as well as
discrimination of taste by ranking task to determine associations between taste
perception, body composition, hormonal adiposity signals, dietary intake and eating
behaviour. Taste perception was compared with detailed parameters of adiposity which
were measured by whole-body DXA scan (body fat %). Measurements of endocrine
regulators of energy metabolism, including fasting plasma insulin, leptin, glucose,
glycated haemoglobin and blood cholesterol were further investigated. Detailed
measurements of dietary intake were conducted to provide robust data on actual dietary
intake (5-day non-consecutive food record), alongside eating behaviour characteristics
(TFEQ) to measure its associations with taste perception. This research on taste
perception contributes to the growing body of knowledge on influences on dietary
intake. These advances will support research efforts to improve health outcomes related
to poor dietary choices.

286

6.2. Summary of results
An overview of key associations between and within chapters of this PhD thesis are
presented in Figure 6.1. New knowledge was built, and methodology developed across
this PhD thesis, with a central focus on taste perception and adiposity (Figure 6.1). In
chapter three, detection thresholds of oleic acid taste were shown to be heterogeneous
between individuals. This research added to the recently growing body of evidence that
there is a perceivable fatty acid taste. Additionally, the taste perception of oleic acid was
significantly correlated with olfactory detection of oleic acid (r=0.325; P< 0.02). This
was a novel finding that has important implications for future studies that endeavour to
establish complex associations between multiple sensory modalities (i.e. taste, aroma,
and mouthfeel). Establishing such interactions between each sensory modality may
reveal distinct associations between sensory perception, cognitive processing and
reward signalling pathways. This study also found that fatty acid taste hyposensitivity
was associated with higher BMI values and a higher disinhibited eating behaviour score
in premenopausal NZ European women (P< 0.05). In addition, the dietary intake of
nuts, nut spreads and seeds was positively correlated with olfactory sensitivity to oleic
acid (rs= -0.410, P< 0.01).

In chapter four, hedonic liking and intensity rating were measured using LAM and
gLMS at a range of concentrations for glucose (sweet taste), quinine (bitter taste) and
milk fat perception (milk and cream). Discrimination of taste by ranking task was used
as a comparative tool for the measurement of taste perception. In Pacific and NZ
European women, taster status was derived using cluster analysis from the LAM scale
ratings of hedonic liking, which classified the study population into ‘likers’ and
‘dislikers’ for each taste. Important patterns of taster status were found, whereby sweet
and bitter likers rated taste as less intense at all concentration levels in comparison to
sweet and bitter dislikers, respectively. In contrast, milk fat likers rated milk fat
intensity by gLMS as more intense than milk fat dislikers, but at higher concentrations
only. Therefore, taste liking status was intimately linked with intensity ratings of taste,
so this was used as distinct groups to determine further associations.
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NZ European sweet likers were twice as likely to have higher body fat (>35%)
compared to NZ European sweet dislikers (adjusted, OR 2.1, P< 0.01). In addition,
women who incorrectly discriminated sweet taste by ranking task had higher body fat
levels (>35%) (adjusted, OR 2.9, P< 0.01). Furthermore, increased fasting plasma leptin
and insulin concentrations were associated with being a sweet liker (adjusted; OR 1.7,
P< 0.05). In contrast, bitter taste liking was significantly associated with the decreased
likelihood of having body fat >35% (adjusted, OR 0.4, P< 0.01). These results have
shown differences in sweet taste and bitter taste perception which relate to adiposity.

In chapter five, dietary intake of carbohydrates, starch and sugars were significantly
higher in NZ European sweet likers (199.4 ± 51.1, 87.9 ± 27.4 and 111.1 ± 34.6 g/day)
when compared to sweet dislikers (165.9 ± 48.7, 71.4 ± 25.2 and 94.1 ± 34.7 g/day, P<
0.001, P< 0.01, and P< 0.01, respectively) and sweet taste hedonic liking was associated
with higher disinhibited eating behaviour (P< 0.01). However, there were no clear tastediet or taste-eating behaviour relationships between Pacific sweet likers and dislikers.
This study suggests that sweet taste perception in NZ European women may influence
dietary intake and eating behaviour. Additional taste-diet associations were minor and
will be discussed in more detail below.
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Figure 6.1. Venn diagram and summary of key factors that are associated with taste
perception

6.2.1. Associations between fatty acid taste, olfaction, eating behaviour, dietary intake
and adiposity
In the study of chapter 3, fatty acid taste was measured and found to be a reproducible
and reliable measurement, validating this approach as a quantitative tool. Fatty acid
taste detection, alongside olfaction and mouthfeel perception, was found to vary
between individuals and was associated with eating behaviour and adiposity
(hypothesis 1 accepted). We found no clear associations between fatty acid taste
perception and dietary intake. It is likely that dietary intake measurement by a FFQ is
less suitable for comparing direct taste-diet relationships and that a food record to
measure actual intake should be explored in future studies.
In a ‘real world’ food setting, the perception of fat content would be further enhanced
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by the combined perception of taste, olfaction and mouthfeel (Rolls, 2015). Olfactory
based discrimination of individual fatty acids supports the notion that humans can detect
small concentrations of fat content by odour alone (Kallas & Halpern, 2011). Fatty acid
recognition mechanisms are complex, and this study has provided evidence to suggest
that multimodal sensory inputs which contribute to fat sensation are interrelated. A
recently published in vitro study has found that functional olfactory receptors are
present in the vicinity of human taste receptors in taste buds of the tongue (Malik,
Elkaddi, Turkistani, Spielman, & Ozdener, 2019). To our knowledge, this was the first
study to compare oleic acid taste, olfaction and mouthfeel perception alongside dietary
intake, eating behaviour and adiposity. Our research suggests that it is feasible for future
studies to consider using multimodal classifications of fatty acid hyper- and
hyposensitivity. It is conceivable that the multimodal classification of fatty acid
sensitivity will have a stronger link with long-term food choice, as the enjoyment and
liking of food is based on the experience of the whole food (e.g. taste, aroma,
mouthfeel, appearance, etc). Therefore, the future implications of this work are that
multiple sensory modalities will continue to be measured and compared, with a view to
better understand the associations and non-associations that may exist between each
sensation related to dietary fats.

6.2.2. Associations between sweet taste, bitter taste and fatty acid taste perception and
obesity
The results of this thesis indicate that some measurable differences in taste perception
are associated with obesity. In the PROMISE study, we found that incorrectly ranking
the sweet taste task was significantly associated with higher body fat. This finding was
further supported by additional measurements of sweet taste liking, whereby NZ
European sweet taste likers were twice as likely to have higher body fat % when
compared to sweet taste dislikers (hypothesis 2 accepted; for sweet taste perception).
Bitter taste disliking was associated with having >35% body fat when compared to
bitter taste liking (hypothesis 2 accepted; for bitter taste perception). In the Dessert
Taste study, fatty acid taste hyposensitivity was associated with higher BMI
(hypothesis 2 accepted; for fatty acid taste perception). However, in the PROMISE
study, there were no associations between milk fat perception measurements
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(discrimination of taste by ranking task, hedonic liking or intensity rating) and body fat
% (hypothesis 2 rejected; milk fat perception).

Past studies investigating sweet taste sensitivity have shown varying results, where taste
sensitivity was positively correlated with BMI (Hwang et al., 2016; Joseph, Reed, &
Mennella, 2015), and negatively correlated with BMI (Bartoshuk, Duffy, Hayes,
Moskowitz, & Snyder, 2006; Overberg, Hummel, Krude, & Wiegand, 2012).
Furthermore, a large number of studies have reported no association (Cox, Hendrie, &
Carty, 2015; Jayasinghe et al., 2017; Tan & Tucker, 2019). In comparison with previous
studies, this study used body fat % instead of BMI to draw these comparisons with
obesity, nevertheless, the current study supports the notion that a decreased perception
of sweet taste is associated with increased adiposity. In addition, an incorrect sweet taste
ranking task outcome, indicative of a poor acuteness of broader taste functioning
(Kaufman et al., 2018), was associated with increased adiposity in our study. However,
these results should be interpreted with caution as complex variations can exist within
sub-populations and environmental factors may further confound such associations
(Methven, Allen, Withers, & Gosney, 2012; Williams, Bartoshuk, Fillingim, & Dotson,
2016).

Previous studies have suggested that increased sensitivity to bitterness may lead to a
decrease in the consumption of healthy, bitter-tasting foods (i.e. cruciferous vegetables)
(Turner et al., 2018). Like sweet taste perception, several studies on bitter taste
perception have attempted to relate taster status to obesity. However, results are mixed,
and to date, a clear link has not been confirmed (Deshaware & Singhal, 2017;
Drewnowski, Henderson, & Cockroft, 2007). Bitter taste perception has been regarded
as a marker for general taste acuity (i.e. supertaster status, or PROP taster), and that
people with a genetic sensitivity to bitter may also be more sensitive to other tastes;
however these associations were disputed recently (Garneau et al., 2014). The current
study suggests an increased hedonic liking of bitter taste, specifically to that of quinine,
is associated with decreased adiposity.

As previously mentioned, (chapter three) fatty acid taste perception was associated with
increased adiposity. In healthy weight individuals, maintaining a lower body weight has
been previously linked with higher sensitivity to oral fatty acids (Brown, McLay-Cooke,
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Gray, & Tey, 2015; Stewart et al., 2010). Chapter three supports a proposed mechanism
of fatty acid taste hypersensitivity being an innate predisposition toward improved longterm weight maintenance. Therefore, long-term fat hyposensitivity may have a subtle
influence on increasing the dietary intake of fat.

In the PROMISE study (chapter four), the increased hedonic liking of sweet taste was
associated with the dose-dependent decrease in gLMS intensity ratings of glucose
solutions. Additionally, increased circulating plasma concentrations of the adipogenic
hormones leptin and insulin were significantly associated with sweet taste liking status.
Important associations have been identified between circulating leptin concentrations
and sweet taste perception in previous studies, including that sweet taste recognition
matches the diurnal variation in circulating leptin concentration levels (Nakamura et al.,
2008). However, this pattern of sweet taste recognition alongside circulating leptin is
disassociated in the obese state (Sanematsu, Nakamura, Nomura, Shigemura, &
Ninomiya, 2018). Taken together, this information indicates there may be important
suppressive effects on the sweet taste receptor by leptin, which has been previously
shown to impact on sweet taste perception in vitro (Kawai, Sugimoto, Nakashima,
Miura, & Ninomiya, 2000; Yoshida et al., 2015). These results further explain the role
of leptin and insulin for the maintenance of glucose homeostasis and long-term healthy
body weight (Amitani, Asakawa, Amitani, & Inui, 2013). A detailed description of
these mechanisms and taste perception associations are described below.

In relation to body weight, the adipocyte hormone leptin is an important regulator of
metabolic homeostasis and is able to inhibit food intake and increase energy
expenditure (Covey et al., 2006; D’souza, Neumann, Glavas, & Kieffer, 2017). This
study has revealed associations which indicate that hyperinsulinemia and
hyperleptinemia, appear to be associated with sweet taste suppression via the
functionality of the sweet taste receptor. However, these associations were specifically
observed in a healthy group of premenopausal women. The sweet taste receptor cell
itself has a receptor for leptin (Ob-Rb), but it does not have a receptor for insulin
(Behrens & Meyerhof, 2019). The leptin receptor co-localises with T1R3 expressing
sweet-sensing taste cells (Kubasova, Burdakov, & Domingos, 2015). The adipoinsular
axis is a dual hormonal feedback system involving the hormones insulin and leptin,
produced by pancreatic β-cells and adipose tissue, respectively (Kieffer & Habener,
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2000). It is therefore likely that the apparent influence of insulin on taste perception, as
observed in our present study, is indirect and rather based on insulin’s effect of
increasing adipose tissues mass and circulating leptin secretion (Kawai et al., 2000;
Yoshida et al., 2015). Importantly, the taste-modifying effect of leptin in vitro is
selective for the taste quality sweet, whereas bitter, umami, salt and sour tastes remain
unchanged (Kawai et al., 2000). A lack of an association between leptin and bitter taste
or milk fat perception was found in this study, which supports the specificity of the
endocrine mechanism described above. These findings indicate that the insulin – leptin
– sweet taste receptor feedback system, is an important taste regulating pathway and a
potential focus for future research.

In the PROMISE study, higher levels of adiposity were associated with an increased
disinhibited eating behaviour score in NZ European women. Disinhibition-BMI
relationships have been observed in previous studies (Hays & Roberts, 2008; Kruger,
De Bray, Beck, Conlon, & Stonehouse, 2016). It has been previously reported that
overweight and obese individuals exhibit increased disinhibited or emotionally
disinhibited eating behaviour compared to healthy weight individuals (McLay-Cooke,
2017). In both the Dessert Taste study and the PROMISE study, disinhibited eating
behaviour was associated with fatty acid taste hyposensitivity and sweet taste liking,
respectively. However, these findings were only found within the NZ European
population. These findings indicate that fatty acid taste and sweet taste liking status may
influence the type of foods that are consumed, which may be further associated with
specific cognitive eating behaviours (Sijtsema, Reinders, Hiller, & Dolors Guàrdia,
2012). For example, psychological factors (i.e. chronic stress, mood) may influence
appetite and food selection (Papier, Ahmed, Lee, & Wiseman, 2015) where it has been
shown that increased adrenocortical activity is associated with reduced taste intensity
(Al’Absi, Nakajima, Hooker, Wittmers, & Cragin, 2012).

6.2.3. Associations between taste perception and dietary intake
In chapter five, sweet likers had a significantly higher intake of carbohydrates, sugars
and starch compared to sweet dislikers, in NZ European women only (hypothesis 3
accepted; for sweet taste perception in NZ European women). In contrast, in Pacific
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women, there were no differences in dietary intake between taster groups (hypothesis 3
rejected; for sweet taste perception in Pacific women). Other minor associations
were found, for example, Pacific (>35 BF%) and NZ European (<35 BF%) bitter likers
had decreased protein intake (grams) compared to bitter dislikers in the same body fat %
group. In Pacific women with high body fat %, milk fat likers had higher protein intake
(grams) than milk fat dislikers. In addition, NZ European bitter likers had higher dietary
fibre intake (% energy) than bitter dislikers. However, it can be concluded that no
consistent associations were found when comparing bitter taste and milk fat perception
measurements to dietary intake (hypothesis 3 rejected, for bitter taste perception and
milk fat perception).

The use of hierarchical cluster analysis provides an advanced approach to aid the
investigation of the associations between taste perception and dietary intake, eating
behaviour and body fat. This approach was important because previous studies have
shown substantial variation in the pattern of hedonic responses to increasing
concentrations of a taste stimulus. Furthermore, other studies have relied on determining
hedonic liking status based on the rating of a single concentration of taste stimulus. In
this study we were able to define sweet, bitter and milk fat likers and conversely sweet,
bitter and milk fat dislikers from ratings at multiple concentrations. Hierarchical cluster
analysis has been used in recent studies (Asao et al., 2015; Garneau, Nuessle,
Mendelsberg, Shepard, & Tucker, 2018; Kim, Prescott, & Kim, 2014) and the present
study supports the use of this method.

Recent studies have shown a link between suprathreshold sweet taste perception and
energy intake (Low, Lacy, McBride, & Keast, 2016), as well as carbohydrate and sugar
intake (Jayasinghe et al., 2017) and between carbohydrate taste sensitivity and energy
intake (Low, Lacy, McBride, & Keast, 2017). This study has further substantiated these
previous results by showing that NZ European women sweet likers consumed more
carbohydrates and sugar in comparison to sweet dislikers.

In a recent systematic review, studies that used suprathreshold concentration levels of
tastants were more likely to show associations with dietary intake (Tan & Tucker,
2019). For example, salt taste threshold measurements do not predict intake of salt or
alcohol while suprathreshold measures do (Duffy, Peterson, & Bartoshuk, 2004; Hayes,
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Sullivan, & Duffy, 2010; Lucas, Riddell, Liem, Whitelock, & Keast, 2011). However, a
large number of studies to date have used threshold measurements to compare taste
perception with dietary intake (Han, Keast, & Roura, 2017; Martinez-Cordero,
Malacara-Hernandez, & Martinez-Cordero, 2015; Smith, Ludy, & Tucker, 2016) which
may account for the variability in findings. There are still relatively few studies that
have compared taste at suprathreshold levels to derive patterns of taste liking by
hierarchical cluster analysis (Garneau et al., 2018; Iatridi et al., 2019).

This work has highlighted that there are dietary intake differences between population
groups (i.e. Pacific and NZ European). Pacific women had higher intakes of
carbohydrates, sugar, and starch and lower intakes of protein, fat, polyunsaturated fat,
dietary fibre and alcohol, compared to NZ European women. In NZ, this may in part be
due to Pacific people having a higher level of socioeconomic deprivation in comparison
to the NZ European population. Socioeconomic factors, such as increased levels of
income, have been previously associated with improved diet and food choice (Thiele,
Mensink, & Beitz, 2004). In a large study in the USA, people with higher-income had
higher diet quality scores than those with lower-income (Zhang et al., 2018). Further
evidence of the increasing disparity between high- and low-income groups was
evidenced in a study by Leung et al (2012). Lower-income adults were not consuming
recommended amounts of whole grains, fruit, vegetables, fish, nuts, seeds and legumes
with approximately 13-22% not meeting any of the food and nutrient guidelines (Leung
et al., 2012). The conclusion we draw from these previous results is that socioeconomic
status has an impact on food choice. Future work should obtain additional information
on factors influencing food choice, such as genetic information, to better understand the
taste-diet associations found in the present study.

6.2.4. Associations between sweet taste perception, dietary intake and regulators of
energy metabolism
New Zealand European women who were sweet likers had higher fasting plasma
insulin, plasma leptin, circulating glucose concentration and decreased HDL cholesterol
when compared to sweet dislikers (chapter 4). This is the first clear evidence that sweet
liking is linked with a range of regulators of energy metabolism and metabolic health
status. Further, sweet taste liking (characterised by decreased sweet taste intensity
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rating) was associated with increased dietary intake of carbohydrates, starch and sugars
(chapter 5). Brought together, there is a taste-diet association regarding carbohydrate
intake, and this is related to changes in circulating concentrations of regulators of
energy metabolism in NZ European women. This suggests that sweet taste perception is
an important indicator of long-term health status driven by peripheral and central
effects.

Leptin receptors have been shown to regulate glucose homeostasis by suppressing the
production of glucagon and corticosterone, increasing glucose uptake and inhibiting
hepatic glucose output (D’souza et al., 2017). The intimate link between sweet-sensing
taste cells (T1R3) and the leptin receptor (Ob-Rb) in taste buds suggests an important
regulatory pathway for the intake of sugar and carbohydrates (Martin et al., 2010). An
important link exists between taste perception and peripheral energy balance, which
involves hormonal signalling, impacting on both food intake and peripheral glucose
homeostasis (Martin, Maudsley, White, & Egan, 2009). This is supported by decreased
sweet taste intensity rating (i.e. sweet liking) being related to increased intake of dietary
sugars in this study. The clinical implications of these results are promising, as leptin
therapy alongside dietary intervention may have a stronger impact on long-term
appetitive and regulatory mechanisms which are driven by the central nervous system
(Monteiro & Batterham, 2017).

However, it is important to note that the participants who took part in the PROMISE
study were healthy. The reason for the differences observed cannot be determined from
a cross-sectional study, however, a higher proportion of the Pacific women in this study
had hyperinsulinemia and hyperleptinemia when compared to NZ European women. It
can be speculated that there may be differences in the leptin receptor interface (Ob-Rb)
which may be associated with the level of taste receptors (T1R3) in this population
group (Yoshida et al., 2015). A better understanding of this pathway across different
population groups may further explain the differences observed. Furthermore, these
associations may be used to design intervention studies that prevent the cascade of
events which lead to metabolic disorders such as type 2 diabetes.
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6.3. Study strengths and limitations
In this PhD programme, a series of experiments were conducted to investigate
associations between taste perception, dietary intake, eating behaviour and circulating
concentrations of glucose and endocrine regulators of energy metabolism and body fat.
Several previous studies have attempted to identify taste-diet associations, however,
consistent relationships have not been found due to the heterogeneity in taste stimuli
and variations in dietary intake assessment tools (Cox et al., 2015) used in these studies.
Additionally, previous studies typically have used smaller sample sizes and often did
not compare representative populations of participants both with, and without obesity
(Appleton, Tuorila, Bertenshaw, de Graaf, & Mela, 2018; Cox et al., 2015; Keast,
2016). Key considerations and strengths of this PhD research programme were the use
of reliable measurements of taste perception, robust dietary intake methodology and
measurement of metabolic markers and endocrine regulators that are functionally linked
to body fat. Each of these key factors will be discussed below.

6.3.1. Participant characteristics
Strengths of the studies

All participants who took part in both the Dessert Taste study and the PROMISE study
were premenopausal women (aged 18 – 45 years). The women were healthy and lived
in Auckland, NZ. The Dessert Taste study was a fatty acid taste test re-test study that
involved 50 study participants, which only included NZ European women. The
advantages included the homogenous study group to limit biological confounding
factors (i.e. gender). Participant retention was high in this study (one dropout only).

The PROMISE study represented a larger study population of both Pacific and NZ
European women. This larger study included participants who were representative of
four different groups (i.e. Pacific and NZ European women stratified by low and high
body fat %). Most of the recruitment was conducted outside of the university setting and
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through external contacts. In the PROMISE study, we had recruitment support from our
research staff and a senior Pacific research nurse in partnership with the Fono Primary
Healthcare Service (Kindleysides et al., 2019). This support framework was highly
successful in supporting our engagement with the Pacific women, ensuring that the
study was conducted in a culturally appropriate way.

Limitations
This research only included female, premenopausal women of 18 – 45 years of age.
This was a limitation as associations in males, or else in older or younger age groups,
was not ascertained. In the Dessert Taste study (Chapter 3), many of the participants in
this convenience sample were university students or those with a keen interest in
nutrition and health. Therefore, a limitation of the Dessert taste study was the
convenience sample of participants who took part. However, the study population was
adequately powered to meet the primary aims of the study. In the PROMISE study,
there were difficulties in recruiting participants that had minimal interest in the research.
Therefore, other recruitment strategies (e.g. transport) were required to maintain
participant engagement (Kindleysides et al., 2019).

Participants were screened and invited to participate based on self-reported height and
weight, based on having either a normal weight profile (BMI: 18.5 – 24.9 kg/m2) or an
obese profile (BMI ≥ 30 kg/m2). Subsequently, we grouped women into low or high
body fat groups, using a cut point of 35% (Dickey et al., 1998; Jo & Mainous, 2018;
Oliveros, Somers, Sochor, Goel, & Lopez-Jimenez, 2014). Based on this screening we
expected approximately equal proportions of women in each body fat group. However,
screening and recruiting women by body fat % initially would have been an advantage.
For example, equal separation of the women into groups of <30% body fat, 30.1 –
34.9% body fat, and >35% body fat, may have given more precise information on
metabolic risk profile.

In the PROMISE study, the deprivation index was significantly higher in Pacific women
in comparison with NZ European women, highlighting the social inequities between the
two populations. This is largely due to the current socioeconomic setting in Auckland
and the residential areas that we recruited from, being a limitation because the Pacific
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and NZ European women typically reside in different areas. There was a range of other
complex differences observed between Pacific and NZ European women, which may
have been influenced by socio-cultural factors (i.e. dietary intake and eating behaviour).
The current health inequalities observed in Pacific youth in NZ (Tupai-Firestone et al.,
2016), indicate that socioeconomic status is an important influence on food choice. The
associations between taste perception and dietary intake and how these are influenced
by environmental drivers of food choice, including affordability and lifestyle, warrants
further investigation.

In addition, further heterogeneity in genetics and socio-cultural setting may exist within
the subpopulations of the PROMISE study. For example, NZ European women with
high body fat % had a higher deprivation index score than NZ European with low body
fat %. In our Pacific cohort, approximately half of the women were of Tongan descent,
alongside women of Samoan, Fijian, Niuean, Tokelauan, Cook Island Māori and
Tuvaluan descent. Similarly, in NZ European women approximately half of the women
were born in NZ, alongside women who were born in Europe, South Africa and
Australia. We chose to stratify by these broader population groups only (i.e. Pacific and
NZ European) as current public health recommendations and reports are based on these
classifications (Ministry of Health., 2017). Further associations may have been
elucidated by the investigation into variations in single nucleotide polymorphisms
(SNPs) and taste inheritability in our study population (Reed, Tanaka, & McDaniel,
2006). Genotype and phenotype comparisons could have provided more precise
information on taster status.
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6.3.2. Study design
Strengths

Cross-sectional studies allow for multiple comparisons at one point in time, and both
the Dessert Taste study and the PROMISE study allowed for this. Biological
measurements were compared across groups with approximately even representation in
sample sizes. The allocation of participants into distinct categories in the PROMISE
study allowed for stratification and effect modification. For example, the recruitment
emphasis on obese versus normal body fat % groups in the PROMISE study was an
efficient approach to identify and contrast biological parameters that are associated with
obesity-related metabolic disease risk.

Limitations

The challenges of a cross-sectional study include the bidirectional nature of some
associations. Therefore, the causality of the associations identified in this study cannot
be inferred (Sedgwick, 2014). It is useful to first establish the existence of potential
associations between taste perception, dietary intake, eating behaviour and markers of
metabolic health, prior to determining causation. The multiple comparisons and a large
number of assessments required stratification of the data. More research is required in
order to establish the cause and effect of these study outcomes.

In the PROMISE study, the selection of obese women who self-reported as healthy
(Kindleysides et al., 2019) meant that true random selection of the obese population was
not obtained (Tripepi, Jager, Dekker, & Zoccali, 2010). Given that across the general
population the number of ‘unhealthy’ women would be higher in those who are obese
compared to non-obese (Schwartz et al., 2017), there is some risk of selection bias as
only ‘healthy’ obese women were recruited into the PROMISE study. Therefore, we
cannot rule out that observed differences may have been influenced by this.

6.3.3. Taste testing methodology
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Strengths

A key aim of this research programme was to measure and characterise taste perception.
Without reliable evaluation of taste perception, further comparisons with dietary intake
or endocrine regulators of energy metabolism and body fat would not be feasible.
Firstly, this research further established the test re-test reliability and reproducibility of
oral fatty acid threshold testing. The modelling of taste was based on the probability of
correctly identifying taste at each concentration level, which measured concentration
levels beyond the previously proposed ‘stopping point’ rule (Mattes, 2007). Binomial
regression models of fatty acid taste allowed for the interpolation of an individual’s
performance across multiple study visits, which classified each person as either hypo- or
hypersensitive. Establishing a classification of taste perception based on modelling the
probability of success or failure in the identification of oleic acid taste strengthened this
data.

In the PROMISE study, the measurement of suprathreshold concentration ratings of
intensity and hedonic liking by gLMS and LAM scales were used. This has been cited
as an appropriate taste perception measurement for investigating comparisons with
dietary intake (Low et al., 2016). In particular, taste perception measurement by
suprathreshold concentrations of milk fat allowed for the measurement of hedonic liking
at ‘real-world’ concentration levels (Low et al., 2016). As an additional measurement,
non-subjective ranking tasks were conducted with sweet, bitter and milk fat solutions.
Data from sweet taste perception measurements by LAM scales can be used to produce
distinct hedonic liking clusters. Hierarchical cluster analysis is advantageous because it
is a tool for examining the underlying structure of seemingly homogenous data and does
not require a priori decision regarding the number of clusters (Garneau et al., 2018).
Therefore, hierarchical cluster analysis has likely improved the quality of the study and
created stronger associations than previously used “cut-off methods” (Methven, Xiao,
Cai, & Prescott, 2016).

Limitations
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The limitations of taste perception measurements in the PROMISE study included: (1)
participant time constraint, (2) no fatty acid taste threshold measurements, and (3) lack
of repeated, test re-test taste perception measurements. Fatty acid taste measurements
would have been useful in order to substantiate the associations which were found in the
previous Dessert Taste study. In the PROMISE study, we did not measure fatty acid
taste perception by means of detection threshold (i.e. oleic acid taste) as the participant
burden would have been too high. Participants in the PROMISE study did taste testing
at one study visit only, in a fasted state, prior to breakfast. Similarly, repeated
measurements of taste were not feasible due to the implications of the increased
participant burden of repeated study visits. Ideally, future studies will incorporate the
evaluation of real-world or as eaten stimuli as a measure of taste hedonics, as these have
been defined as a superior measurement compared to liquid or model solutions (Cox et
al., 2015). Studies which have used real-world or as eaten stimuli have further
concluded that the results are more relevant and valid, particularly when drawing
comparisons with dietary intake (Joseph et al., 2015; Mennella, Finkbeiner, Lipchock,
Hwang, & Reed, 2014).

6.3.4. Dietary intake and eating behaviour assessment tools

6.3.4.1. Food record and food frequency questionnaire (FFQ)

Strengths

This study employed a 5-day non-consecutive estimated food record. Dietary intake
data obtained using this assessment tool was robust. It is the ‘gold standard method’ to
assess food intake (De Castro, 1994). Food records were reviewed by a NZ registered
dietitian in a one on one interview with each participant. The 220-item validated multinutrient, culturally appropriate, semi-quantitative FFQ for use in young adult women
(the New Zealand Women’s Food Frequency Questionnaire (NZWFFQ)) was used in
the Dessert Taste study (Beck, Houston, McNaughton, & Kruger, 2018). The
advantages of using the FFQ was the low participant burden. The FFQ was useful in
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obtaining information on usual intake of food groups.

Limitations

In the PROMISE study, associations between taste perception and macronutrient intake
measured from the food record were reported. However, additional information on food
group data and therefore choices of the types of food consumed would have ideally been
reported also. Deriving information on food group intake from food record data is a
complex process (Faber et al., 2013). It would be beneficial to expand carbohydrate
analysis to include a breakdown of the quantities of added and free sugar contents, or
the individual sugars (i.e. glucose, sucrose, fructose, maltose, lactose).

In the Dessert Taste study, the only dietary association found was that usual intake of
nuts, nut spreads and seeds, were positively correlated with increased olfactory
sensitivity of oleic acid. It is unknown if the lack of taste-diet associations was due to
the true lack of any associations, or diluted FFQ measurement (Sandell et al., 2014), or
if detection thresholds are less indicative of ‘real-world’ taste experiences (Low et al.,
2016; Mennella et al., 2014). This research suggests that measurements of acute intake
(i.e. food record) may strengthen taste-diet comparisons. Therefore, the use of an FFQ
may be better for studies that measure long-term food intake, data in large populations,
or for the development of dietary patterns (Schrijvers, McNaughton, Beck, & Kruger,
2016; Tan & Tucker, 2019). In addition, a FFQ is a useful tool for ranking individuals
based on nutrient intake, rather than deriving absolute intake (Beck et al., 2018).

6.3.4.2. Three-factor eating questionnaire (TFEQ)

Strengths

The TFEQ is a well-known, validated eating behaviour tool which measures the
cognitive domains of restraint, disinhibition and hunger, that has been used in a wide
range of previous studies. Within the NZ European population, consistent relationships
were found between eating behaviour scores. Eating behaviour scores and key
associations in this study (i.e. BMI) were consistent with previous studies conducted in
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young women (Lesdéma et al., 2012) and young NZ European women (Kruger et al.,
2016).

Limitations

It is unknown in this study as to whether the results found in Pacific and NZ European
women are comparable. Whilst the TFEQ is a validated tool across other ethnic groups
(Chong et al., 2016; Löffler et al., 2015) it is unknown if it is a culturally appropriate
tool in Pacific women. Previous studies have used or developed a culturally appropriate
TFEQ (i.e. for a Thai population) (Chearskul, Pummoung, Vongsaiyat, Janyachailert, &
Phattharayuttawat, 2010; Rosnah, Noor Hassim, & Shafizah, 2013). These previous
studies required further adaptation beyond translating from the original English version
(Stunkard & Messick, 1985).
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6.4. Final conclusions
This PhD research programme presents several key and novel findings. Firstly, in the
Dessert Taste study, we have shown that fatty acid taste perception is positively
correlated with fatty acid olfaction sensitivity in humans. The eating behaviour factor of
disinhibition, which was associated with increased adiposity, was significantly higher in
women who were hyposensitive to oleic acid taste. Dietary intake of nuts, nut spreads,
and seeds was significantly correlated with high olfactory sensitivity to oleic acid.

In the PROMISE study, participants with higher adiposity were more likely to
incorrectly rank the sweet taste task. In support of this, the hedonic liking of sweet taste
was associated with higher body fat %. Conversely, bitter taste likers had lower body fat
% than dislikers. It was further demonstrated that increased circulating concentrations of
plasma leptin and insulin were associated with being a sweet liker. Our findings in NZ
European women generate new insights into the possible physiological mechanisms,
involving the dual hormonal feedback system insulin and leptin, which may link taste
perception and obesity in humans: (i) with increasing obesity, the increased circulating
concentrations of leptin suppress sweet taste perception in sweet-sensing taste cells; (ii)
sweet liking is significantly associated with decreased intensity rating of sweet taste,
which is further indicative of suppressed sweet taste receptor action, (iii) consequently,
an increase in the intake of refined carbohydrates and sugar occurs in order to
compensate for a lack of sensitivity to sweet taste (Ettinger, Duizer, & Caldwell, 2012),
and (iv) disinhibited eating behaviour may increase due to decreased sensitivity towards
endocrine regulators of appetite and energy metabolism (Gerspach, Steinert,
Schönenberger, Graber-Maier, & Beglinger, 2011). Increasing adiposity exacerbates
this cycle due to an increase in plasma leptin, as well as plasma insulin concentrations
and the dysregulation of the adipoinsular axis (Kaufman et al., 2018; Kieffer &
Habener, 2000). The novel insights from this PhD research suggest that sweet taste
perception may mirror a state of leptin sensitivity in healthy individuals. In leptin
sensitive individuals, leptin inhibits insulin synthesis and secretion from pancreatic βcells. In contrast, leptin-resistance, as found in obesity, decreases the permeability of
leptin to the brain, resulting in insufficient leptin signalling to the hypothalamus which
dysregulates appetite and cognitive mechanisms that drive eating behaviour and appetite
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control (Amitani et al., 2013).

Despite having shown that these important mechanistic pathways potentially link
dietary intake with sweet taste perception, this cascade of associations was not clearly
present in Pacific women. Fasting insulin and leptin concentrations were highest in
Pacific women which may suggest that the hyperinsulinemia and hyperleptinemia may
reflect an advanced dysregulation within the adipoinsular axis and a re-setting of the
feed-back loop with the sweet-taste receptor in Pacific women. Whether this re-setting
of the feed-back loop with the sweet-taste receptor is based on genetic or environmental
factors (e.g. diet) requires further investigation. However, it suggests that there are other
important external drivers of dietary intake which may supersede these innate biological
influences on eating behaviour. Additionally, only minor associations were found
between bitter taste and milk fat perception with dietary intake, eating behaviour or
circulating concentrations of glucose and endocrine regulators of appetite and energy
metabolism. The findings of the current study support that there are important
associations between taste perception and the long-term regulation of weight
maintenance and metabolic health. However, multiple drivers of obesity, including
environmental influences on food choice, need to be considered in order to determine
the true impact of the biological associations observed in this study (Vandenbroeck,
Goossens, & Clemens, 2007).

Finally, in the PROMISE study, comparisons were made between two populations with
markedly different metabolic disease risk (Pacific and NZ European women) and
different levels of body fat (low and high body fat %). In chapter 5, it was observed that
there were differences in dietary intake between Pacific and NZ European women. For
example, Pacific women consumed higher proportions of carbohydrates and starch, but
lower proportions of dietary fibre, in comparison to NZ European women. However, all
Pacific and NZ European women consumed more fat, saturated fat and total sugar; and
had inadequate carbohydrate intakes compared with general recommendations
(NHMRC, 2006; WHO, 2015). Only NZ European women with low body fat % met the
recommended intake for dietary fibre. In addition to this, the associations between sweet
taste liking and carbohydrate and sugar intake observed in NZ European women were
not observed in Pacific women. The data suggest that in a population with higher
metabolic disease risk (i.e. significantly higher insulin), dissimilarities in taste-diet
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associations may occur in comparison to a population with lower metabolic disease risk.
Future research may be able to further investigate these distinct associations in order to
reduce current health inequities, which is a critical public health concern.

6.4.1. Public health implications
Based on the findings in this thesis, some future public health recommendations can be
made. Firstly, the information gained through this cross-sectional study can be used to
establish future longitudinal and intervention studies, that investigate if alterations in
taste perception lead to shifts in preferences for unhealthy foods (Wise, Nattress,
Flammer, & Beauchamp, 2016). Furthermore, novel or targeted therapies which reduce
adiposity may aid in the control of circulating plasma leptin concentration, to alter
sweet taste perception alongside dietary restrictions. Such therapies may improve leptin
sensitivity, which would improve the long-term regulation of pathways which control
food intake and cognitive signals which drive appetite and satiety (Amitani et al., 2013).
Targeted weight loss therapies ideally would mimic the effects of bariatric surgery,
which is known to enhance taste perception (Zakeri & Batterham, 2017), or potentially
enhance taste acuity itself which may drive the improvements of long-term regulation
pathways.

Potentially the strongest impact on public health would come from government
strategies to reduce sugar intake, which could include the introduction of a ‘sugar tax’
(Backholer et al., 2016; Nakhimovsky et al., 2016). This would likely result in a
population-wide decrease in the intake of food and beverages that are high in added
sugar and consequently, would improve long term metabolic health outcomes. More
crucially perhaps, this action would target population groups who have a lower
socioeconomic status (Cropp, 2017). If taste-diet relationships are associated with
habitual dietary intake, this public health action would theoretically improve the
biological feedback mechanisms described in this chapter.
Previous studies have indicated that ‘taste learning’ can occur with multiple exposures
to a new or novel tastant (i.e. non-esterified fatty acids) (Running, Mattes, & Tucker,
2013; Tucker & Mattes, 2013). This learning indicates that with repeated exposures an
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individual may become more attuned to the stimulus. This suggests that ‘taste learning’
could be an additional tool to enhance taste perception in obesity research. A possible
strategy for this would be to repeat exposures to distinct taste sensations that may
improve the acceptance and reward signalling pathways associated with that taste (i.e.
bitter taste). However, this type of therapy may be difficult to design given the genetic
differences that exist for specific taste sensations, particularly for bitter taste, which is
associated with food rejection (Keller & Adise, 2016; Yeomans, 2010). The further
consideration of ‘taste learning’ and how this biological mechanism may be
advantageous to metabolic health and public health interventions is warranted. It can be
speculated that the acceptance of a diverse range of taste and sensory sensations would
result in the acceptance of a diverse range of healthy food choices.

It is important that new breakthrough concepts to tackle the obesity epidemic become
available, as current health recommendations and dietary guidelines are not being
adhered to (Rush, Savila, Jalili-Moghaddam, & Amoah, 2018; Wall et al., 2016).
Ideally, recommendations to the general public could become more personalised and
informative, which may be based on individual phenotypic and genetic differences in
taste perception. The nutrition information presented on food packages could provide
further detail on this (i.e. how processed a food is) in comparison to products within the
same food category (van Dongen, van den Berg, Vink, Kok, & de Graaf, 2012). For
example, a highly processed food product which is high in added sugar could be
labelled as a high-risk product for those phenotypically identified as ‘taste insensitive to
sweet’. This type of personalised system could be more engaging than the currently
used health star rating or traffic light front-of-pack nutrition labelling systems (Jones,
Thow, Ni Mhurchu, Sacks, & Neal, 2019). In this way, consumers can make informed
choices and reduce their energy intake from highly processed foods which are high in
added sugar and fat.

6.4.2. Food industry implications
In highly processed foods, the perception of taste and other sensory properties do not
always accurately reflect the energy density of the food. This study has provided further
308

evidence that there is heterogeneity in taste perception across different population
groups that further impact on food and beverage product perception. There is potential
for the use of taste-modifying products or ingredients such as Synsepalum dulcificum
(i.e. ‘miracle fruit’ which modifies sour taste sensation into sweet) which could be used
to mask healthy functional ingredients (Swamy, Hadi, Sekaran, & Pichika, 2014). Food
reformulation should include clear guidelines and measurements of each basic taste as
part of the manufacturing process, to design foods where taste is better perceived to
reflect the energy value of the food.

6.4.3. Final statement of the implications of this work
The taste-diet, taste-endocrine and taste-adiposity associations observed in this PhD
thesis suggest that the chemosensation of basic taste and subsequent signalling
mechanisms can significantly impact on long-term dietary habits and eating behaviour.
This work provides a strong foundation for future research on taste perception and the
design of longitudinal studies and clinical interventions. Such studies will provide
advanced strategies to improve dietary intake and food choice with a view to
subsequently reduce the prevalence of obesity and improve metabolic health status
globally.

309

6.5. Recommendations for future research

•

Incorporate sensory testing of a wide range of whole foods or ‘real-world’ as eaten
stimuli which are representative of dietary intake, by measuring comprehensive
descriptions of sensory attributes.

•

Further explore if similar taste-diet or adiposity associations exist within other
population groups (e.g. males, different ethnic groups, children, adolescents, older
adults, people with type 2 diabetes, etc).

•

Expand taste testing methodology to include measures of sour, umami and salt taste
perception to establish further relationships with the whole diet, endocrine
regulators of metabolic health and eating behaviour.

•

Future studies need to consider different patterns of taste perception, in order to
separate different types of tasters (i.e. sweet likers from dislikers).

•

It is recommended that future studies adjust findings with important influences on
taste physiology such as age, gender and ethnicity.

•

Expand olfactory methodology to establish further flavour-nutrient associations with
the whole diet.

•

Investigate taste receptor polymorphisms, genotypes and taste inheritability in
comparison to taste perception phenotypes.

•

Investigate and determine the changes to taste liking phenotype across different
seasons or diurnally.

•

Develop targeted intervention studies to determine if sweet taste perception can be
enhanced or modified, particularly in obese populations.

•

Further research and development into clear guidelines for each basic taste as a
component of food reformulation, that can be individually tailored to be physically
perceived in order to better reflect the energy value of food.

•

Investigate longitudinally whether being a sweet liker is associated with any
distinctive dietary patterns (i.e. Western-style diet) or long-term carbohydrate
intake. Dietary patterns may help to provide a better understanding of the
relationship between food choice and taste sensitivity.
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•

Clarify associations between taste perception and ‘wanting’ (i.e. the motivation and
decision making in food consumption) and ‘liking’ (i.e. emotional state) to further
elucidate long-term dietary habits.

•

Conduct further research on biological associations (i.e. taste perception) and food
intake in the setting of food insecurity and deprived socioeconomic settings. This is
critical in determining if food intake is influenced by sensory sensitivity in a setting
with limited access to nutritious food options.

•

Investigate and design a culturally adapted version of the TFEQ for the Pacific
population.
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7.2. Ethics approval, participant information sheet and consent
7.2.1. Low-risk ethics approval (Dessert Taste study, Chapter III)
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7.2.2. Ethics approval (PROMISE study, Chapter IV and V)
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7.2.3. Participant information sheet and consent (Dessert Taste study, Chapter III)
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7.2.4. Testing documents and SOP for the Dessert Taste Study (Chapter III)

Threshold testing (taste)
C18:1 conc (mM)

Oleic acid (µL)

Base solution (mL)

Mineral oil (mL)

.02

.56

100.0

5

.06

1.9

100.0

5

1

31.5

100.0

5

1.4

44.1

100.0

5

2

63.1

99.9

5

2.8

88.4

99.9

5

3.8

119.9

99.9

5

5

157.8

99.8

5

6.4

202

99.8

5

8

250

99.8

5

9.8

309

99.7

5

12

380

99.6

5

20

631.2

99.4

5

MILK BASE SOLUTION
-100g gum Arabic
-200 mg EDTA
Then add 2 L non-fat UHT milk
homogenise => allocate 100mL to each of the 13 beakers with C18:1
To the remaining solution (blank) add 35mL mineral oil
Homogenise (do not contaminate threshold series, start with lowest and
work up the dilution series)

Odour recognition – threshold series – Oleic acid in mineral oil
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C18:1

Oleic acid

Oleic acid

Mineral oil

OA%

concentration

added to

added to mineral

(mL)

(mM)

mineral oil (g)

oil (µL)

6 mM

.01

10

5.0

0.2

12 mM

.02

19

5.0

0.5

24 mM

.03

38

5.0

0.7

48 mM

.07

75

4.9

1.7

95 mM

.13

150

4.9

3.1

190 mM

.27

300

4.7

6.4

380 mM

.54

600

4.4

12.7

Pipette mineral oil into labelled dropper bottles. All blanks to have 5mL
mineral oil. Pipette oleic acid after mineral oil.
Custard – concentration series – Coconut oil in vanilla custard
CODE

Coconut oil

Coconut oil added to

Vanilla custard

concentration (%)

custard (g)

(g)

584

0

0

50

634

5

2.5g

47.5

931

10

5g

45

184

15

7.5g

42.5

CUSTARD BASE RECIPE
3 tablespoons cornstarch
500mL UHT non-fat milk
3 tablespoons sugar
½ teaspoon vanilla essence
¼ teaspoon yellow food colouring
=stir well. Microwave for 4 minutes (4 minutes, stir). Microwave for
additional 1 + 1 + 1 (ideally 8 minutes total) but observe carefully and
351

ensure does not bubble over.
Bowls labelled (5% CO, 10% CO and 15% CO).
Start with Coconut Oil bowl measure set while custard is hot (so coconut
oil melts in). Tare scale to 0.
Spoon coconut oil into bowl.
When correct amount of CO is added to bowl do not tare. At this point
add custard to make a total of 50g.
Continue with remaining samples.
Thoroughly mix and then tare portion cups. Add 20g into appropriately
labelled custard cups.
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Dessert taste study; Researcher questionnaire/checklist. Example:

Name:

Date:

DAY
THREE
A

level 1

TASTE sample allocation
0.02mM

718
232
186

696
807
786

211
682
502

0.06mM

621
311
866

839
278
961

017
869
208

1mM

408
699
803

190
088
108

367
224
916

1.4mM

326
071
198

773
628
839

169
382
930

2mM

188
687
133

874
378
289

992
764
091

2.8mM

439
247
640

336
093
997

190
376
806

3.8mM

972
804
782

617
247
334

264
701
631

5mM

298
143
266

010
446
680

963
893
750

6.4mM

618
429
322

240
667
836

170
883
063

level 2
level 3

B

level 1
level 2
level 3

C

level 1
level 2
level 3

D

level 1
level 2
level 3

E

level 1
level 2
level 3

F

level 1
level 2
level 3

G

level 1
level 2
level 3

H

level 1
level 2
level 3

I

level 1
level 2
level 3
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✓

x

J

8mM

291
164
614

764
869
561

986
669
786

9.8mM

391
563
644

268
202
017

668
129
208

12mM

879
743
271

284
281
018

346
664
671

20mM

889
609
579

967
964
029

373
409
914

level 1
level 2
level 3

K

level 1
level 2
level 3

L

level 1
level 2
level 3

M

level 1
level 2
level 3

AROMA oleic C18:1 sample
allocation

DAY THREE
A

level 1

6mM

402
764
175

135
880
831

670
097
425

12mM

878
350
521

418
957
697

739
843
801

24mM

751
203
616

641
389
990

368
156
146

48mM

348
833
952

488
105
210

677
544
023

95mM

435
092
902

223
293
026

551
730
645

190mM

013
163

866
715

180
966

level 2
level 3

B

level 1
level 2
level 3

C

level 1
level 2
level 3

D

level 1
level 2
level 3

E

level 1
level 2
level 3

F

level 1
level 2
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✓

x

level 3

G

level 1

380mM

level 2
level 3

ODD

774

926

637

708
461
216

045
615
622

182
281
456

AROMA SNIFFIN STICKS sample

15
13
11
9
7
5
3
1

769
408
806
592
021
811
653
102

DAY
THREE

886
081
934
172
440
145
723
844
CUSTARD

Hedonic taste 1
Hedonic taste 2
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✓
992
179
791
683
271
302
584
376

x

7.2.5. Participant information and consent (PROMISE study, Chapter IV and V)
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7.2.6. Testing documents and SOP for the PROMISE study (Chapter IV and V)

(A) Glucose sample preparation for intensity and hedonic testing

1. Filtered, bottle water will be required to create glucose/ sweet taste samples
2. Add 57.7g glucose to 200 mL of filtered water. Add the water slowly and
dissolve/stir (do not add all the water at once).
•

Formula weight Glucose (Food Grade, Sherratt Ingredients, NZ): 180.16
g/mol

•

Stock molarity required: 1,335 mM

•

Desired final volume of stock: 240 mL

•

Mass of glucose required: 57.7g glucose powder

3. To create serial dilution obtain 100 mL from the stock solution (1,335 mM stock)
and add to a new beaker. To this beaker add 100 mL of water.

Molarity

Glucose solution required

Water required

1,335 mM

57.7 g glucose

200ml
(final volume
=240mL)

668 mM

100 ml from 1,335 mM

100 ml

334 mM

100ml from 668 mM

100ml

167 mM

100ml from 334 mM

100ml

Participants will evaluate 10 mL of each concentration (whole mouth sipand-spit) and evaluate the intensity and liking for each on a line scale
questionnaire. 80 mL of sweet taste samples in total (concentration
evaluation and ranking task).

Concentration testing 3-digit codes
364

Sweet C1
Sweet C2
Sweet C3
Sweet C4

167 mM
334 mM
668 mM
1,335 mM

753
329
018
837

Ranking task testing 3-digit codes
Sweet R1
Sweet R2
Sweet R3
Sweet R4

167 mM
334 mM
668 mM
1,335 mM

247
962
443
516

Quinine sample preparation for intensity and hedonic testing

1. Filtered, bottle water will be required to create quinine/ bitter taste samples
A super concentrated stock needs to be made in advance.
Measure 7g of quinine, add water and dissolve to a total of 220mL. This makes 80mM
solution.
- Formula weight Quinine hydrochloride dehydrate (Food Grade, Sigma Aldrich):
396.91 g/mol

2. Add 0.4 mL of 80 mM quinine concentrated stock to 200 mL of filtered water
(creates a 0.16mM stock).
3. To create serial dilution obtain 100 mL from the stock solution (0.16mM stock) and
add to a new beaker. To this beaker add 100 mL of water.
Concentration

Quinine solution required

Water required

0.16mM (0.06 g/L)

0.4 mL high conc stock

200ml

0.08mM (0.03 g/L)

100 ml from stock (0.16mM)

100 ml

0.04mM (0.016 g/L)

100ml from 0.08mM

100ml

0.02mM (0.008 g/L)

100ml from 0.04mM

100ml

Tonic water has 83mg quinine per litre (that is, 0.083 g/L)
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Participants will evaluate 10 mL of each concentration (whole mouth sipand-spit) and evaluate the intensity and liking for each on a line scale
questionnaire. 80 ml of bitter taste samples in total (concentration
evaluation and ranking task).

Concentration testing 3-digit codes
Bitter C1
Bitter C2
Bitter C3
Bitter C4

0.02 mM
0.04 mM
0.08 mM
0.16 mM

653
139
912
524

Bitter R1
Bitter R2
Bitter R3
Bitter R4

0.02 mM
0.04 mM
0.08 mM
0.16 mM

890
268
450
717

Fat taste preparation for intensity and hedonic testing

Anchor Blue top milk:

3.3g total fat

Anchor Blue top milk + cream [MIXED]:
[ratio 75:25]

11.8g total fat

Anchor Blue top milk + cream [MIXED]:
[ratio 50:50]

20.3g total fat

Anchor Cream:

37.3g total fat

Participants will evaluate 10 mL of each concentration (whole mouth sipand-spit) and evaluate the intensity and liking for each on a line scale
questionnaire. 80 ml of milk taste samples in total (concentration
evaluation and ranking task).

10 mL of each sample will be pipetted into a portion cup directly. The
exception to this is the MIXED samples, where 5 mL of Anchor Blue top
milk and 5 mL of Anchor cream will be pipetted separately, then the 10
mL sample will be drawn back and forth into the pipette tip 5 times in
order to homogenise the solution thoroughly.

Concentration testing 3-digit codes
366

Milk C1
Milk C2
Milk C3
Milk C4

3.3% fat
11.8% fat
20.3% fat
37.3% fat

455
370
284
078

Milk R1
Milk R2
Milk R3
Milk R4

3.3% fat
11.8% fat
20.3% fat
37.3% fat

113
609
761
022

Testing procedure
•

Participants will be individually briefed on testing procedure and informed of
the 3 key ingredients (milk, quinine and glucose). They will be instructed to spit
out all tasting samples

•

TOTAL SENSORY TESTING TIME: Less than 30 minutes

•

Samples will be accompanied by water and crackers (palate cleansers)

•

Samples will be tested one at a time in a randomised order. For the ranking task
4 samples will be given and each tasted and ordered by perceived concentration

•

Sweet samples will be tested first, followed by bitter and then milk taste

Protocol for when testing more than 5 participants (max. 9 participants)

SWEET TASTE

Add 115.4g glucose to 400 mL of filtered water. Add the water slowly
and dissolve/stir (do not add all the water at once). Final volume of stock
will be 480mL.
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To create serial dilution obtain 200 mL from the stock solution (1,335 mM
stock) and add to a new beaker. To this beaker add 200 mL of water.

Molarity

Glucose solution required

Water required

1,335 mM

115.4 g glucose

400ml
(final volume
=480mL)

668 mM

200 ml from 1,335 mM

200 ml

334 mM

200ml from 668 mM

200ml

167 mM

200ml from 334 mM

200ml

BITTER TASTE

Add 0.8 mL of 80 mM quinine from high concentrated stock solution to
400 mL of filtered water (creates 0.16 mM stock).
To create serial dilution obtain 200 mL from the stock solution (0.16mM
stock) and add to a new beaker. To this beaker add 200 mL of water.

Concentration

Quinine solution required

Water required

0.16mM (0.06 g/L)

0.8 mL high conc stock

400ml

0.08mM (0.03 g/L)

200 ml from stock (0.16mM)

200 ml

0.04mM (0.016 g/L)

200ml from 0.08mM

200ml

0.02mM (0.008 g/L)

200ml from 0.04mM

200ml
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7.3. Questionnaire templates
7.3.1. Food frequency questionnaire (Dessert Taste study, Chapter III)
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370

371

372

373

374
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376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

7.3.2. Three Factor Eating Questionnaire (TFEQ)
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407

408

409

410

411

412
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7.3.3. Sensory questionnaire for custard (fat mouthfeel sensation) questionnaire (Dessert
Taste study, Chapter III)

Vanilla custard

Code: 821
Name:

Before you taste, please just smell the custard in front of you…
1. How much do you like or dislike the aroma of the vanilla custard?

Dislike extremely

Like extremely

(Strongest imaginable dislike)

(Strongest imaginable like)

□ Not applicable
2. Compared to your ideal vanilla custard, what do you think of the aroma
strength?

Too weak

Just right

Too strong

□ Not applicable
Please try the custard sample…

3. Overall, how much do you like or dislike this vanilla custard?

Dislike extremely

Like extremely

(Strongest imaginable dislike)

(Strongest imaginable like)

4. How much do you like or dislike the taste of this vanilla custard?

Dislike extremely

Like extremely

(Strongest imaginable dislike)

(Strongest imaginable like)

5. Compared to your ideal vanilla custard, how would you rate the overall
flavour strength?

Not enough flavour

Just right

414

Too much flavour

6. How much do you like or dislike the mouthfeel of this vanilla custard?

Dislike extremely

Like extremely

(Strongest imaginable dislike)

(Strongest imaginable like)

7. Compared to your ideal vanilla custard, how would you rate the mouthfeel?

Too dry

Just right

Too fatty/oily

8. How much do you like or dislike the sweetness of this vanilla custard?

Dislike extremely

Like extremely

(Strongest imaginable dislike)

(Strongest imaginable like)

9. Compared to your ideal vanilla custard, how would you rate the
sweetness?

Not sweet enough

Just right

Too sweet

10. How would you rate the fat content level?

Very low fat content

Very high fat content

(The lowest I have ever tasted in
custard)

(The highest I have ever tasted in
custard)

11. How would you rate the intensity of fat taste?

Very low fat taste

Very high fat taste

(The lowest I have ever tasted in
custard)

(The highest I have ever tasted in
custard)

12. Finally, did you notice any unusual taste? If so, can you please describe it?
(Please be specific)
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7.3.4. Hedonic liking and intensity rating LAM scale and gLMS template (PROMISE
study, Chapter IV and V)
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7.3.5. Ranking task questionnaire template (PROMISE study, Chapter IV and V)
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7.3.6. Food Record (PROMISE study, Chapter V)

PROMISE Study

5 Day Food Record

Thank you very much for taking part in the PROMISE Study.
We are extremely grateful for your time, effort and commitment!
If you have any questions, please contact PROMISE staff on:
414 0800 (extn 49013)
email: promise@massey.ac.nz

All information in this diary will be treated with the strictest
confidence. No one outside the PROMISE study will have access to
this data.
Please bring this food diary with you to visit 2 at the Nutrition
Laboratory
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What to do?
-

Record all that you eat and drink on the following dates.

_______________________________________________________________
_____________________________________________________________
______________________________________________________________
_______________________________________________________________
_____________________________________________________________
-

If possible record food at the time of eating or just after – try to avoid
doing it from memory at the end of the day.

-

Include all meals, snacks, and drinks, even tap water.

-

Include anything you have added to foods such as sauces, gravies,
spreads, dressings, etc.

-

Write down any information that might indicate size or weight of the food
to identify the portion size eaten.

-

Use a new line for each food and drink. You can use more than one line
for a food or drink. See the examples given.

-

Use as many pages of the booklet as you need.

Describing Food and Drink
-

Provide as much detail as possible about the type of food eaten. For
example brand names and varieties / types of food.

General description
Food record description
Breakfast example – cereal, milk, 1 cup Sanitarium Natural Muesli
sugar
1 cup Pam’s whole milk
1 tsp Chelsea white sugar
Coffee
1 tsp Gregg’s instant coffee
1 x 200ml cup of water
2 Tbsp Meadow fresh light green milk
Pasta
1 cup San Remo whole grain pasta
spirals (boiled)
Pie
Big Ben Classic Mince and Cheese
Pie (170g)
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-

Give details of all the cooking methods used. For example, fried,
grilled, baked, poached, boiled…

General description
2 eggs
Fish

-

When using foods that are cooked (eg. pasta, rice, meat, vegetables,
etc), please record the cooked portion of food.

General description
Rice
Meat
Vegetables

-

Food record description
1 cup cooked Jasmine rice (cooked on
stove top)
90g lean T-bone steak (fat and bone
removed)
½ cup cooked mixed vegetables
(Wattie’s peas, corn, carrots)

Please specify the actual amount of food eaten (eg. for leftovers, foods
where there is waste)

General description
Apple

Fried chicken drumstick

-

Food record description
2 size 7 eggs fried in 2tsp canola oil
2 size 6 eggs (soft boiled)
100g salmon (no skin) poached in 1
cup of water for 10 minutes

Food record description
1 x 120g Granny Smith apple (peeled,
core not eaten – core equated to ¼ of
the apple)
100g chicken drumstick (100g
includes skin and bone); fried in 3
Tbsp Fern leaf semi-soft butter

Record recipes of home prepared dishes where possible and the
proportion of the dish you ate. There are blank pages for you to add
recipes or additional information.
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Recording the amounts of food you eat
It is important to also record the quantity of each food and drink consumed.
This can be done in several ways.
-

By using household measures – for example, cups, teaspoons and
tablespoons. eg. 1 cup frozen peas, 1 heaped teaspoon of sugar.

-

By weight marked on the packages – eg. a 425g tin of baked beans, a
32g cereal bar, 600ml Coke

-

For bread – describe the size of the slices of bread (eg. sandwich,
medium, toast) – also include brand and variety.

-

Using comparisons – eg. Meat equal to the size of a pack of cards, a
scoop of ice cream equal to the size of a hen’s egg.

-

Use the food record instructions provided to help describe portion sizes.

General description
Cheese

Food record description
1 heaped tablespoon of grated cheese
1 slice cheese (8.5 x 2.5 x 2mm)
1 cube cheese, match box size
Size 10B grated cheese,

-

If you go out for meals, describe the food eaten in as much detail as
possible.

-

Please eat as normally as possible - don’t adjust what you would
normally eat just because you are keeping a diet record and be
honest! Your food record will be identified with a number rather
than your name.
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150ml
2 heaped teaspoons
1 glass (275 ml)
Ate all of apple except the core, whole apple was 125g
(core was ¼ of whole apple)
1 slice (similar size to 1 slice of sandwich bread, 2 Tbsp
tomato paste, 4 olives, 2 rashers bacon (fat removed), 1
Tbsp chopped spring onion, 3 Tbsp mozzarella cheese)

Anchor Blue Top milk

Chelsea white sugar

Orange juice (Citrus Tree with added calcium – nutrition label attached)

Raw Apple (gala)

Home made pizza (recipe attached)

" "

10.00am

12.00pm

Water
Biscuits, chocolate covered Girl Guide biscuits

Lasagne

Banana cake with chocolate icing (homemade, recipe attached)

Tip Top Cookies and Cream ice cream

Coffee

1.00pm
3.00pm

6.00pm

6.30pm

" "

7.30pm

" "

1 tsp Gregg’s instant coffee
1 x 300ml cup of water
2 Tbsp Meadow fresh blue top milk
2 tsp sugar

½ cup cooked mince, 1 cup cooked Budget lasagne
shaped pasta , ½ cup Wattie’s creamy mushroom and
herb pasta sauce, ½ cup mixed vegetables (Pam’s
carrots, peas and corn), 4 Tbsp grated Edam cheese
1/8 of a cake (22cm diameter, 8 cm high), 2 Tbsp
chocolate icing
1 cup (250g)

500ml plain tap water
6 x (standard size)

2 weetbix

Sanitarium weetbix

7:55am

" "

Amount consumed (units, measures,
weight)

Complete description of food (food and beverage name,
brand, variety, preparation method)

Time food
was eaten

Example day
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Time food
was eaten

DAY 1

Complete description of food (food and beverage name,
brand, variety, preparation method)

Date_______________________________
Amount consumed

Recipes (Day 1)
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