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 2 

Abstract 20 

Retronasal co-experience of odours with sweet tastes and thick textures have been shown 21 

to result in attribution of sweetness and thickness to odours when they are subsequently 22 

sniffed.  Orosensory thickness and creaminess are also associated with expectations that a 23 

product will be filling.  Here we test for the first time whether co-experience of odours with 24 

orosensory thickness and sweetness results in transfer of satiety expectations to these 25 

odours when subsequently sniffed.  Eighty healthy volunteers evaluated the hedonic and 26 

sensory characteristics of odours, and expectations that products with the same flavour as 27 

the odour would be filling, before and after disguised co-experience of odours with 28 

sweetness (sucrose), thickness (tara gum solution) or the combination of sweet/thick, as 29 

well as untrained (control) odours.  Odours paired with tara gum were subsequently rated 30 

as smelling thicker and more creamy, while odours paired with sucrose smelled sweeter.  31 

Pairing odours with tara gum increased the expectation that products predicted to have the 32 

same flavour as the sniffed odour would be more filling, and this was enhanced by 33 

sweetness, while pairing odours with tara-gum increased the expectation that products with 34 

that odour would reduce later hunger.  Liking for odours paired with sweetness increased, 35 

but pairing with thickness alone reduced liking.  These data suggest that satiety-consonant 36 

sensory characteristics can transfer to associated odours, and that this process is 37 

independent of changes in liking.  This raises the possibility of using satiety-associated odour 38 

cues to manipulate consumer satiety expectations. 39 

 40 

Key words 41 

Thickness, sweet, satiety expectations, odour-taste learning. 42 

 43 
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1.0 Introduction 44 

The experience of flavour requires multi-sensory integration of stimuli arising from the 45 

simultaneous detection of taste, smell and touch in the mouth when foods and drinks are 46 

ingested (Prescott, 2004; Small & Prescott, 2005; Spence, 2013).  One consequence of the 47 

multisensory nature of flavour is that the oral co-experience of gustatory, olfactory and 48 

somatosensory stimuli can alter the way the same olfactory components are experienced 49 

when they are subsequently sniffed (i.e. experienced orthonasally).  Thus, some of the 50 

apparent sensory characteristics of food-related odours (such as perceived sweetness) may 51 

actually reflect prior associations between the sensed odours and other orosensory cues 52 

such as taste and texture, possibly through activation of associated flavour memory 53 

(Stevenson & Boakes, 2003).  The original evidence for this phenomenon arose from a series 54 

of studies conducted by Stevenson and colleagues in the 1990’s, where participants rated 55 

the characteristics of odour stimuli before and after repeated disguised pairings of the same 56 

odours experienced retronasally alongside sweet and sour tastes (Stevenson, Boakes, & 57 

Prescott, 1998; Stevenson, Boakes, & Wilson, 2000a, 2000b; Stevenson, Prescott, & Boakes, 58 

1995).  In these studies, odours that had been paired with the sweet taste of sucrose were 59 

subsequently rated as smelling sweeter, and likewise odours paired with citric acid were 60 

rated as smelling more sour.  Subsequent studies in other laboratories have confirmed these 61 

findings, and extended the tastes that transfer to odours to include bitter, etc. (e.g. 62 

Yeomans, Mobini, Elliman, Walker, & Stevenson, 2006). 63 

 64 

As well as odours acquiring taste-like percepts, two studies suggest that pairing odours with 65 

textural qualities such as viscosity can lead to the attribution of sensory characteristics such 66 

as thickness and creaminess to sniffed (orthonasally sensed) odours.  The first study paired 67 
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odours with low and high fat sweetened and unsweetened milk (Sundqvist, Stevenson, & 68 

Bishop, 2006), and reported greater rated odour fattiness  when sniffing the odours after 69 

having co-experienced the odour retronasally in the milk samples.  However, in that study 70 

the training stimulus was complex, since milk would provide a combination of taste, odour 71 

and somatosensory information.  To test more specifically whether an odour could acquire 72 

somatosensory characteristics by association with a more pure somatosensory experience, a 73 

subsequent study (Stevenson & Mahmut, 2011) examined changes in odour perception 74 

after the test odours had been paired with a tasteless viscous solution (achieved using the 75 

thickening agent carboxy methylcellulose, CMC), or a sweet and thick solution (sucrose + 76 

CMC).  The rated thickness of the odour which had been paired with the sweet/thick 77 

orosensory sensation increased, although pairing an odour with thickness alone did not alter 78 

subsequent odour thickness ratings.  There was also a non-significant trend for increased 79 

perceived creaminess for the odours paired with thick and sweet/thick stimuli, while as 80 

would be expected the odours paired with the sweet/thick experience during training were 81 

rated as smelling sweeter when sniffed after training.  Thus these two studies suggest there 82 

is some transfer of somatosensory qualities to odours when tested using the odour-taste 83 

learning paradigm. 84 

 85 

Repeated consumption of foods and drinks can lead to learned changes in hedonic as well as 86 

sensory characteristics of the ingested product when it is encountered again.  A number of 87 

learning processes underlie the change in liking in particular (see Yeomans, 2006 for 88 

review).  In the present context, co-experience of novel flavour elements (including odour) 89 

with known liked or disliked components (such as a liked sweet or disliked bitter tastes) can 90 

lead to enduring transfer of the hedonic response to the novel flavour element, a form of 91 
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evaluative conditioning (Dickinson & Brown, 2007; Wardle, Mitchell, & Lovibond, 2007).  92 

Thus, odours paired with sweet tastes become more liked provided the participant liked the 93 

training sweet stimulus (Yeomans, Mobini, Bertenshaw, & Gould, 2009; Yeomans et al., 94 

2006; Yeomans, Prescott, & Gould, 2009), while liking for odours paired with disliked bitter 95 

tastes reliably decreases (Yeomans et al., 2006).   96 

 97 

However, although liking is a key factor in food choice and intake (see Mela, Frewer, & Trijp, 98 

2006; Yeomans, Blundell, & Lesham, 2004 for reviews), people also develop beliefs about 99 

what impact consumption of a product will have on their appetite and thirst (Brunstrom, 100 

2011; Forde, Almiron-Roig, & Brunstrom, 2015).  These expectations can influence decisions 101 

about portion size selection, and how much of a product is consumed (Brunstrom, 102 

Collingwood, & Rogers, 2010; Brunstrom & Shakeshaft, 2009; Wilkinson et al., 2012).  103 

Analysis of the key sensory and nutritional aspects of snack products that generate 104 

expectations of satiety suggests that the perception of creaminess and thickness may be key 105 

sensory features that lead to stronger expectations of how filling a product will be (expected 106 

satiation) and how well the product will subsequently suppress hunger (expected satiety: 107 

McCrickerd, Lensing, & Yeomans, 2015).  These findings, based on ratings of expectations 108 

from viewing pictures of foods, are further supported by the observation that varying the 109 

viscosity of drinks, using thickening agents like tara gum, modify ratings of expected 110 

satiation and satiety, even when the perceived differences in thickness are relatively subtle 111 

(McCrickerd, Chambers, Brunstrom, & Yeomans, 2012).  These creaminess satiety cues are 112 

not limited to effects of viscosity alone: altering the size of oil particles in oil-water 113 

emulsions also modify satiety expectations.  In this context, rated creaminess and thickness, 114 

and expected satiation and satiety, all increase as oil droplet size decreases (Lett, Yeomans, 115 
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Norton, & Norton, 2015).  Critically, the expectations generated by these subtle differences 116 

in somatosensory experience may be key in determining actual satiety responses to 117 

ingested nutrients (see Chambers, McCrickerd, & Yeomans, 2015 for recent review).   118 

 119 

Given the clear evidence that orosensory experience of thickness or creaminess can 120 

generate expected satiety, and that pairing odours with the orosensory experience of 121 

thickness can lead to attribution of creaminess to the associated odours when sniffed 122 

(Stevenson & Mahmut, 2011), an intriguing question is then whether repeated co-123 

experience of odours with thickness leads to attribution of increased expectations that 124 

products with the thickness-associated odour will be more filling.  Expectations about how 125 

satiating a product will be are likely to be learned responses (Forde et al., 2015): evaluations 126 

of expected satiety depend on familiarity with the rated food (Brunstrom, Shakeshaft, & 127 

Scott-Samuel, 2008; Irvine, Brunstrom, Gee, & Rogers, 2013) and can change in line with 128 

ingested nutrient content following repeated exposure (Wilkinson & Brunstrom, 2009; 129 

Yeomans, McCrickerd, Brunstrom, & Chambers, 2014).  Thus the idea that these 130 

expectations can be learned is reasonably well established: the idea that these expectations 131 

can transfer through orosensory associations alone without ingestion is however untested, 132 

and was the primary purpose of the study reported here. 133 

 134 

In the present study, participants evaluated the sensory and hedonic characteristics of 135 

target odours, as well as ratings of expectations of how filling and hunger-suppressing 136 

products with the flavour predicted by these odours would be, when the odours were 137 

sniffed.  They completed these ratings both before and after a disguised training session 138 

where the same odours were experienced in the mouth paired either with sweetness alone 139 
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(Sweet: 10% sucrose), thickness alone (Thick: a tara-gum solution) or these two combined 140 

(Sweet/Thick).  The basic design was thus similar to that used by Stevenson and Mahmut 141 

(2011): the critical differences were the inclusion of an odour-sweet pairing during the 142 

training phase and evaluations of expected satiation and satiety.  In line with Stevenson and 143 

Mahmut (2011), we predicted an increase in creaminess and thickness ratings for odours 144 

which had been co-experienced with thickness in the mouth.  We also predicted an increase 145 

in sweetness for odours co-experienced with sucrose in the mouth, in line with several 146 

earlier studies (Stevenson et al., 1998; Stevenson et al., 1995; Yeomans et al., 2006; 147 

Yeomans, Prescott, et al., 2009).  Based on our finding that thickness and creaminess is 148 

associated with stronger expectations of satiety, whereas sweetness was not expected to be 149 

satiating (McCrickerd et al., 2015), we also predicted that associations with thickness would 150 

enhance the degree to which odours modified expected satiation (i.e. the immediate effects 151 

of consumption on fullness) and expected satiety (the suppression of hunger post-ingestion) 152 

based on anticipation of consuming a beverage with the thickness-associated trained 153 

odours. 154 

 155 
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2.0 Method 156 

 157 

2.1 Study design 158 

The study used a within-subject experimental design to contrast changes in the retronasal 159 

evaluations of three odours that had been specifically paired in the mouth with either a 160 

sweet taste (Sweet), a viscous solution (Thick) or a combination of these experiences 161 

(Sweet/Thick).  Two additional odours were evaluated before and after the training session 162 

but were not experienced in the mouth, and acted as exposure controls.  Since individual 163 

differences in hedonic evaluation of the three training conditions could have affected the 164 

outcome, sensory and hedonic evaluations of the Sweet, Thick and Sweet/Thick stimuli 165 

without any added odours were made after completion of the main part of the study to 166 

assess this. 167 

 168 

2.2 Participants 169 

Eighty healthy volunteers, 68 women and 12 men, aged 19-36 were recruited from staff and 170 

students at University of Sussex.  Since the study involved tasting solutions and smelling 171 

food-related odours, potential participants who were diabetic, had an aversion to any of the 172 

test stimuli, were pregnant or breast-feeding, who smoked or were suffering from an upper 173 

respiratory tract infection were excluded.  The study was advertised as ‘Exploring odour and 174 

taste perception’ in an email to potential participants from a database of people who had 175 

expressed an interest in participating in studies in Psychology, and the tested sample were 176 

the first 80 to respond to this email and who met the inclusion/exclusion criteria.  The study 177 

protocol was approved by the Science and Technology Cross-Schools Research Ethics 178 
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Committee (C-REC) and was conducted in line with the British Psychological Society code of 179 

conduct, ethical principles and guidelines. 180 

 181 

2.3 Materials 182 

2.3.1 Odour stimuli 183 

A total of 5 odours were selected for the study. Three odours were used during training 184 

where they were paired with either a sweet solution (sucrose), a thickened solution (tara 185 

gum, Kalys) or a combination of both sucrose and tara gum. The odours to be paired with 186 

these were caramel (cream caramel, Symrise, 4% solution), fig (International Flavours and 187 

Fragrances, IFF: 1% solution) and Earl Grey (IFF: 1% solution)).  Two other odour stimuli 188 

were used as controls: chai (IFF: 1% solution) and almond (IFF: 1% solution).  The choice of 189 

the target odours was based on a series of pilot studies, where a variety of potential odours 190 

(c. 20) were examined and rated on key dimensions of sweetness and creaminess.  Past 191 

work has shown that odour-taste learning is observed most clearly where the trained odour 192 

already exhibits the trained characteristic to some degree, in line with broader sensory 193 

findings of the need for congruence between odour and taste characteristics to observe 194 

odour-induced taste enhancement (Frank & Byram, 1988; Schifferstein & Verlegh, 1996).  195 

We therefore specifically looked for odours that were rated as mildly sweet and creamy at 196 

baseline (operationalized as ratings in the range of 25-50 on visual analogue ratings of 197 

sweetness and creaminess).  It was also critical that the five tested odours were easily 198 

distinguished, and again pilot studies confirmed that the selected five odours were rated 199 

low on similarity.  Odour stimuli were prepared by placing 50ml of concentrated solutions of 200 

each odourant  into 250ml polypropylene squeeze bottles and leaving the solution at room 201 
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temperature to allow the odour to accumulate in the headspace.  Stimuli were replenished 202 

at least at fortnightly intervals and allowed at least 24h to equilibrate before use. 203 

 204 

2.3.2 Taste stimuli 205 

For the Sweet condition, 10% sucrose was dissolved in distilled water, whereas for the Thick 206 

condition 0.2% tara gum was dissolved in distilled water as this concentration has been 207 

shown to have medium viscosity and generate clear satiety expectations (McCrickerd et al., 208 

2012).  A combination of both 10% sucrose and 0.3% tara gum in distilled water was used in 209 

the Sweet/Thick condition (note a higher tara gum concentration was required to offset the 210 

thinning effects of sucrose and achieve a similar percept of thickness to the 0.2% tara gum 211 

solution). The three taste stimuli were combined with each of the three test-odours at the 212 

following concentrations (caramel, 0.3%: fig 0.1%; earl grey 0.05%). The two control odours 213 

were combined with distilled water (chai, 0.03%; almond, 0.05%).  All taste stimuli were 214 

presented in aliquots of 50ml contained in 100ml polystyrene disposable cups, which were 215 

filled on the morning of the experimental session.  All solutions were refrigerated but 216 

presented at room temperature in the experimental cubicle. 217 

 218 

2.4 Study tasks 219 

2.4.1 Hunger evaluation 220 

To allow for a measure of baseline hunger to be obtained, participants initially completed a 221 

set of computerised mood ratings in the form ‘How <rating descriptor> do you feel right 222 

now?’ above 100pt visual analogue scales (VAS) end-anchored with “Not at all <rating 223 

descriptor>” and “Extremely <rating descriptor>” presented using Sussex Ingestion Pattern 224 
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Monitor (SIPM 2.015) software.   The key ratings were for hunger and thirst, which were 225 

mixed with distractor ratings of nervous, clearheaded, tired, happy, alert and nauseous. 226 

 227 

2.4.2 Hedonic and sensory odour evaluations 228 

The five bottle samples of the test odours were used to obtain sensory and hedonic ratings 229 

both before and after the orosensory training procedure.  Initially, participants were briefed 230 

on how to smell the odours, which involved placing the plastic spout of the relevant squeeze 231 

bottle approximately 3cm below the nose and squeezing the bottle while sniffing. 232 

Participants were told to take as long as they wanted to smell each odour, since extra 233 

sniffing beyond the first sniff provides the participant with little further information, merely 234 

confirmation (Laing, 1983).  After smelling each odour they completed VAS ratings of how 235 

creamy, intense, novel, pleasant, sweet and thick that odour smelled using 100pt VAS end-236 

anchored with “Not at all” and “Extremely”, presented using SIPM. The order of odour 237 

presentation was randomised. 238 

 239 

2.4.3 Satiety and thirst expectations 240 

Participants also rated their expectations of how full and thirsty they would feel after 241 

consuming a drink with the flavour of each odour and how hungry and thirsty they would 242 

feel one hour after drinking a drink with the flavour of each odour, based on methods from 243 

other studies in this laboratory (McCrickerd et al., 2015; Yeomans et al., 2014).  Here, 244 

participants were provided with a portion size reference bottle containing 300ml of water 245 

with a light blue colouring as a reference, and asked to ‘‘Imagine you have just consumed all 246 

of the drink in the bottle and that it has the same flavour as the odour you are currently 247 

smelling’, followed by a series of four expectation ratings in randomized order: ‘‘How full 248 
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would you feel immediately afterwards?’’,  ‘‘How hungry would you feel in 1 hour?’’, ‘How 249 

thirsty would you feel immediately afterwards?’’ and  ‘‘How thirsty would you feel in 1 250 

hour?’’.  Ratings were on a 100 point VAS scale, with end anchors ‘‘Not at all’’ and 251 

‘‘Extremely’’ (100).  These ratings were completed using SIPM immediately after the 252 

hedonic and sensory ratings for each odour. 253 

 254 

2.4.4 Odour-taste association training. 255 

The odour-taste training method utilised the false triangle test first used in this context by 256 

Stevenson and colleagues (Stevenson et al., 1998; Stevenson et al., 2000b; Stevenson et al., 257 

1995), and subsequently used successfully in this laboratory (Yeomans & Mobini, 2006; 258 

Yeomans, Mobini, et al., 2009; Yeomans et al., 2006; Yeomans, Prescott, et al., 2009).  To 259 

further disguise the odour-taste pairings, the task was described as a test of taste 260 

discrimination.  For this task, participants were provided with five sets of three cups of 261 

solutions, three of which were training sets and two controls.  On each trial, participants 262 

were asked to select one of these five sets, and to taste all three solutions using a taste-and-263 

spit procedure.  They were instructed to try and identify which of the three stimuli was the 264 

odd-one-out, and that some trials would be very difficult and some easy.  If they were 265 

unsure on any trial they were asked to guess and then move to the next trial.  Critically, for 266 

the three training sets, all three stimuli were the same to encourage the participant to pay 267 

extra attention to these stimuli.  Of these three sets of stimuli, one set had one of the three 268 

training odours paired with the sucrose solution, one with the thickener alone and the third 269 

with the combined sweet/thick solution.  The pairing of the three target odours with the 270 

three training stimuli was counterbalanced across participants.  The two remaining sets of 271 

stimuli were controls and had an obvious odd-one-out in order to make the task convincing: 272 
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either water, water and almond flavour or chai, chai and water.  The sequence of testing 273 

was controlled by on-screen instructions which randomised the order in which the five sets 274 

were evaluated. Participants indicated on-screen which one of the three solutions they 275 

perceived as the odd-one-out. Participants were then instructed to rinse their mouths with 276 

water, with a 10 second delay before the next trial.  Participants completed a total of 4 277 

blocks of these 5 trials, so that they experienced 12 pairings of each of the three test odours 278 

with each of the three training stimuli.  The software controlling the procedure was 279 

programmed using E-Prime 1.2 (Psychology Software). 280 

 281 

2.4.5 Responses to the trained taste stimuli 282 

Participants completed an additional set of ratings to determine their experience of the 283 

three trained stimuli (Sweet, Thick and Sweet/Thick).  The original intention was for these 284 

evaluations to be made 5 minutes after the final odour evaluation, but a programming error 285 

meant these data were not lost at that time for the first 32 participants. These ratings were 286 

either made 5 minutes after completion of the final odour evaluations for the subsequent 287 

48 participants, and those where this data were missing were recontacted and 17 of these 288 

completed these ratings at a later date under the same test conditions as the original 289 

testing, but these data were missing for 15 participants.   Participants were presented with 290 

two samples each of the three trained stimuli without any added odours, and rated their 291 

perception of thickness, creaminess, sweetness and liking for each stimulus.  Ratings were 292 

again computerised VAS: the sensory ratings were in the same format as that for the odour 293 

stimuli, but for liking the end anchors were modified to read “Dislike extremely” and “Like 294 

extremely” to better capture responses of participants who were sweet likers and dislikers. 295 

 296 
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2.5 Procedure 297 

The summary procedure is detailed in Figure 1 for clarity.  Participants were asked to refrain 298 

from eating and to drink only water for 2 hours prior to the experimental session, and all 299 

testing was completed between 1000 and 1200h in a small windowless air-conditioned 300 

cubicle at the Sussex Ingestive Behaviour Unit at University of Sussex, and the procedure 301 

took around 60 minutes. On arrival, participants were provided with an information sheet 302 

which detailed the exclusion criteria and precautions, reminded them that all data would be 303 

anonymised through the use of a participant ID number and that they had the right to 304 

withdraw from the study at any time.  The information sheet described the study aims as 305 

“To explore experience of food-related tastes and smells and how they relate to appetite.” 306 

to draw attention from the specific odour-taste training.  Testing began with completion of 307 

the mood and appetite ratings, detailed above, in order to obtain a measure of hunger since 308 

individual differences in hunger could have influenced measures of expected satiety.  309 

Participants then completed a pre-training set of evaluations of the hedonic and sensory 310 

characteristics of the five odours, and their expectations of how satiating these would be, 311 

following the procedures described above.  The odour-taste training started immediately 312 

after these initial evaluations, and the post-training odour evaluations were made 313 

immediately after completion of this training.  The evaluations of the training stimuli 314 

without added odours were made either 5 minutes after training ended or at a later time as 315 

described above. 316 

 317 

Once all ratings had been completed, participants age, height and weight were recorded, 318 

they were fully debriefed on the studies true aims and they were asked if they would like 319 

their name included in a prize draw with £25 prize as a reward for their participation. 320 
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 321 

2.5 Data analysis 322 

The key focus was on changes in odour evaluations after the training session.  To ensure 323 

these changes were not generated by spurious differences in rating at the pre-training 324 

session, initial analysis of the key pre-training ratings (pleasant, creamy, thick, sweet and the 325 

four expectation measures) were contrasted using one-way ANOVA.  Since the five odours 326 

consisted of three training stimuli and two unexposed controls, ratings for the two control 327 

odours were averaged, giving four test conditions (Unpaired, Thick, Sweet, Sweet/Thick).  328 

These analyses found no significant differences between conditions for any baseline 329 

expectation or sensory measure, although baseline liking in the Unpaired condition was 330 

significantly lower than in the three training conditions (Table 1).  To assess effects of 331 

training, the pre-training evaluations were subtracted from those at post-training to give 332 

change scores for each measure.  Changes in sensory (thick, creamy, sweet, intense, novel), 333 

hedonic (pleasant) and expectations (expected satiation and satiety) data were then 334 

contrasted between condition (Unpaired, Thick, Sweet, Sweet/Thick) using one-way ANOVA.  335 

Planned contrasts were then conducted where there were specific hypotheses, with 336 

Bonferroni corrections for multiple contrasts.  Since past research suggested that hunger at 337 

the time of testing could have influenced evaluations of odours paired with sweet tastes 338 

(Yeomans & Mobini, 2006), initial hunger ratings were included as covariate in additional 339 

analyses but was found to be non-significant in all cases and was therefore omitted from the 340 

final analyses.  Finally, the ratings of the training sweet, thick and sweet/thick stimuli were 341 

assessed using two-way ANOVA with training condition (Sweet, Thick and Sweet/Thick) and 342 

sample (first or second sample of each stimulus) as factors.  Reported data are mean ± SEM: 343 

all analyses were conducted using SPSS 22 for Macintosh. 344 
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 345 

3.0 Results 346 

3.1 Changes in sensory evaluations. 347 

The key question was the extent to which pairing an odour with a sweet taste or thick 348 

texture would result in increased perception of related sensory experience when the odour 349 

was subsequently sniffed.  There was no significant change in any evaluation of the 350 

untrained odours. In contrast, pairing odours with both the sweet taste and thick texture 351 

altered significantly the sensory experience of the odours after training.  Changes in the 352 

rated sweetness of odours varied with condition (F(3,237) = 2.80, p = 0.04, η2 = 0.03), with 353 

sweetness increasing in the Sweet and Sweet/Thick conditions only (Figure 2A).  Changes in 354 

odour thickness also differed between conditions (F(3,237) = 5.65, p < 0.001, η2 = 0.07): 355 

thickness increased significantly more in the Sweet/Thick than Sweet or Unpaired 356 

conditions, with Thick alone intermediate (Figure 2B).  The significant differences in changes 357 

in odour creaminess (F(3,237) = 6.17, p < 0.001, η2 = 0.07) arose from similar increases in 358 

creaminess in the Thick and Sweet/Thick conditions, but little change in the Unpaired or 359 

Sweet conditions (Figure 2C).  In contrast, overall odour intensity was unaffected by training 360 

(F(3,237) =0.34, p = 0.80, η2 = 0.01: Figure 2D). 361 

 362 

In addition, we examined changes in odour pleasantness and novelty after training.  363 

Pleasantness varied significantly with training condition (F(3,237) = 5.59, p < 0.001, η2 = 0.07, 364 

Table 2).  Pleasantness increased slightly, but significantly more, in the Sweet and 365 

Sweet/Thick conditions, than Unexposed and Thick conditions, where liking decreased 366 

overall.  For novelty, the prediction was that the three exposed odours (i.e. those in the 367 

training conditions) would become more familiar whereas this would be less so for the 368 
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untrained odours which were only experienced twice, however there was no overall 369 

significant difference between conditions in changes in novelty (F(3,237) = 1.74, p = 0.16, η2 370 

= 0.02), although novelty tended to decrease more in the three training conditions as 371 

predicted (Table 2).   372 

 373 

3.2 Changes in expected satiety 374 

Changes in expectations for how full participants would expect to feel if they consumed a 375 

300ml drink with each trained flavour (expected satiation) differed significantly between 376 

conditions (F(3,237) = 5.53, p < 0.001, η2 = 0.07).  As can be seen (Figure 3A), the largest 377 

increase in expected satiation was when rating the odour that had been paired with the 378 

combination of sweetness and thickness, which was significantly greater than the minimal 379 

changes in the Sweet and Unexposed conditions, with the increase in the Thick condition 380 

intermediate.  Changes in ratings of how full they expected to feel one hour later (expected 381 

satiety: Figure 3B) also varied significantly between training conditions (F(3,237) = 5.09, p = 382 

0.002, η2 = 0.06), with similar increases in the Thick and Sweet/Thick conditions, both 383 

significantly greater than in the Sweet and Unexposed conditions.  There were no significant 384 

effects of odour-taste training on either expectation rating for changes in thirst (data not 385 

shown for brevity). 386 

 387 

3.3 Evaluations of the trained taste stimulus. 388 

Fifteen participants failed to complete the evaluations of the training stimuli, and so 389 

reported data are for the 65 participants.  As can be seen (Table 3), the trained stimuli had 390 

the predicted sensory characteristics: the Thick and Sweet/Thick were rated as similar in 391 

creaminess and thickness, and both significantly more thick and creamy than was the Sweet 392 
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stimulus (main effect of training stimulus: thick, F(2,128) = 256.16, p<0.001, η2 = 0.80, 393 

creamy, F(2,128) = 147.30, p<0.001, η2 = 0.70, see Table 3 for contrasts).  Likewise, the 394 

Sweet and Sweet/Thick stimuli with added sugar were rated as equally sweet, and both 395 

significantly more sweet than the unsweetened thick stimulus (F(2,128) = 1039.58, p<0.001, 396 

η2 = 0.94).  Liking also differed between the three training stimuli (F(2,128) = 27.25, p<0.001, 397 

η2 = 0.30): the sweet stimulus was liked most, and slightly but significantly more so than the 398 

sweet/thick solution, whereas the thickened solution was moderately disliked (Table 3).  399 

There was no significant differences in any rating between the two samples of each 400 

stimulus. 401 

 402 

In line with earlier studies (Yeomans et al., 2006; Yeomans, Tepper, Rietschel, & Prescott, 403 

2007), changes in liking for the sweet-paired odour were positively correlated with averaged 404 

liking for the trained sweet stimulus (r(65) = 0.47, p<0.001) and the combined sweet/thick 405 

stimulus (r(65) = 0.27, p =0.03).   406 

 407 

3.4 Responses in debriefing 408 

When asked what the purpose of the study was, all participants responded with some 409 

variation on the description on the information sheet that the study examined how tastes 410 

and smells related to appetite, and no participant specifically commented on any 411 

connection between the odour evaluations and the taste discrimination test (i.e. the odour-412 

taste training). 413 

 414 

 415 

 416 
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4.0 Discussion 417 

The key findings from this first investigation of how satiety expectations generated by 418 

experience of orosensory thick and creamy sensations may transfer to sniffed odours as a 419 

consequence of the multi-sensory integration process underlying flavour perception were 420 

remarkably clear.  Odours paired with the thick/creamy sensation experienced when 421 

“tasting” a tara gum solution were subsequently rated as smelling thicker and more creamy, 422 

while orosensory co-experience of odours with the sweet taste of 10% sucrose reliably 423 

increased subsequent odour sweetness.  These findings replicate and extend earlier 424 

findings.  The novel finding was that odours that had been paired with a thick/creamy 425 

sensation in the mouth increased both expected satiation and expected satiety, the first 426 

evidence of orosensory transfer of satiety expectations. 427 

 428 

Orosensory coexperience of an odour with the moderately thick tasteless sensation 429 

generated by a weak tara gum solution clearly resulted in subsequent attribution of satiety 430 

expectations to the odour when sniffed.  Thus imagining the effects of consuming a drink 431 

which had the same flavour as an odour that had been paired with tara gum resulted in 432 

increased expectations of feeling full after consumption and less hungry one hour later.  The 433 

same changes in expectation were not seen for odours co-experienced with sweetness 434 

alone, although the combination of Sweet/Thick did resulted in a larger increased in 435 

expected satiation than did thickness alone (Figure 2A), although increased expected satiety 436 

was similar in the Thick and Sweet/Thick conditions.  Given that both creaminess and 437 

thickness, but not sweetness, were associated with satiety expectations across a wide range 438 

of snack foods and drinks (McCrickerd et al., 2015), and texture but not sweetness predicted 439 

expected satiety for dairy products (Hogenkamp, Stafleu, Mars, Brunstrom, & de Graaf, 440 
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2011), it appears that sweetness is not generally associated with expectations that a 441 

product will be filling, although it may be that past experience of stimuli that were thick and 442 

sweet (e.g. desserts etc.) underlies the enhanced expected satiation seen in the Sweet/Thick 443 

condition.  That odours alone can acquire these expectations has potential value for product 444 

developers since the addition of relevant sensory cues (thicker texture, creamy flavour note) 445 

may increase expected satiety which in turn should increase actual nutrient-induced satiety 446 

(Chambers et al., 2015).   447 

 448 

The evaluation of expected satiety in the present study relied entirely on rated data, in 449 

contrast to the use of more psychophysical methods based on matching portion sizes seen 450 

in other studies (e.g. Brunstrom & Rogers, 2009; Brunstrom et al., 2008; Forde et al., 2015).  451 

Part of the reason for the use of ratings alone was the difficulty of using the picture-based 452 

matching tasks with odour stimuli, and partly because our recent study found that rated 453 

satiety changed with experience more so than did expected satiety measured using portion 454 

matching (Yeomans et al., 2014).  Future studies might investigate acquired expected satiety 455 

for odours using the more psychophysical approach developed by Brunstrom and colleagues 456 

to extend the current findings further. 457 

 458 

Although the present study found evidence of increased satiety expectations for odours that 459 

had been paired with an orosensory thick texture, how these altered expectations might 460 

modify ingestive behaviour if products which included the thick-trained odours were 461 

included as part of the products flavour is unknown.  Since there is clear evidence that 462 

greater expectations that a product will be filling can enhance actual satiety (both in terms 463 

of increased feelings of fullness and decreased subsequent intake: (McCrickerd, Chambers, 464 
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& Yeomans, 2014; Yeomans & Chambers, 2011)), it might be predicted that the presence of 465 

odours which generate an expectation that a product will be more filling could also act to 466 

enhance satiety.  A highly controlled study using carefully controlled release of odours 467 

during ingestion has shown enhanced satiation (Ruijschop, Boelrijk, de Ru, de Graaf, & 468 

Westerterp-Plantenga, 2008), although no specific measure of satiety expectations 469 

generated by the odour used in that study (strawberry), or in subsequent studies by that 470 

group (Ruijschop, Boelrijk, Burgering, de Graaf, & Westerterp-Plantenga, 2009), was made 471 

making it hard to connect the effect of increasing odour intensity and any consequent 472 

impact of satiety expectations. Other studies report minimal effects on ingestion of altering 473 

odour release during ingestion (Ramaekers et al., 2014), but again the odours used were not 474 

specifically chosen to enhance expected satiety.  There is thus a need for additional studies 475 

that first pre-condition satiety expectations in the manner reported here and then explore 476 

how the presence of these satiety-enhanced odours modify actual behaviour.  A second key 477 

question is the extent to which the acquired satiety expectations would be maintained 478 

following repeated exposure.  A surprising feature of the sensory changes to odours by 479 

pairing with tastes is that these acquired changes appear to be resistant to extinction 480 

(Stevenson et al., 2000b): thus the increased sweetness of a sniffed odour arising from co-481 

experience of that odour with a sweet taste was maintained over multiple exposures post-482 

training.  The effects of repeated consumption on satiety expectations, in contrast, have 483 

only been explored under circumstances where the nutritional consequences of ingestion 484 

have the potential to modify these expectations in line with actual effects of ingestion on 485 

motivation.  The outcome of such studies has been varied: some studies report changes in 486 

satiety-related expectations so that they better reflect actual nutrient content of the 487 

ingested food (Wilkinson & Brunstrom, 2009; Yeomans et al., 2014), but others report no 488 
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effects of repeated consumption (Hogenkamp, Mars, Stafleu, & de Graaf, 2012).  Given 489 

these varied outcomes, it is not possible to make clear predictions of how expectations 490 

based on sniffing alone would change following repeated consumption, although 491 

theoretically the prediction would be that they expectations come to reflect actual nutrient 492 

content provided that the odour cue was a reliable predictive cue.   493 

 494 

It is also interesting to speculate why textural qualities such as thickness and creaminess 495 

generate expectations of satiety whereas taste cues typically do not (Bertenshaw, Lluch, & 496 

Yeomans, 2013; Hogenkamp et al., 2011): for example, creaminess and actual energy 497 

content reliably predicted both expected satiety and expected satiation for a range of snack 498 

and drink products, but taste qualities such as sweetness did not (McCrickerd et al., 2015).  499 

The current view (e.g. Brunstrom, 2011) is that textural cues generate expectations of 500 

satiety based on past experience where these sensations typically predict actual post-501 

ingestive satiety: textural-based satiety expectations are a reflection of past learning.  That 502 

such expectations can transfer to other cues that in turn predict texture would be consistent 503 

with second-order conditioning effects. 504 

 505 

The sensory changes reported here largely replicated earlier findings: the increased 506 

sweetness of sniffed odours that have been paired with sweet tastes in the mouth seems 507 

especially reliable (Stevenson et al., 1998; Stevenson et al., 2000b; Stevenson et al., 1995; 508 

Yeomans et al., 2006; Yeomans, Prescott, et al., 2009).  The changes in thickness and 509 

creaminess we report here however go further than the results of earlier studies (Stevenson 510 

& Mahmut, 2011; Sundqvist et al., 2006).  Notably, Stevenson and Mahmut (2011) only 511 

found increased odour thickness for odours paired with a combined thick/sweet orosensory 512 
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experience (their CMC + sucrose condition) and only found a trend for increased odour 513 

creaminess.  Here, both thickness and creaminess ratings of odours paired with the tara 514 

gum solution in the mouth increased, although rated thickness tended to increase more in 515 

our Sweet/Thick condition.  Part of the difference could be study power: noting that 516 

Stevenson and Mahmut (2011) only found a trend for increased odour creaminess, we 517 

increased the study power relative to their study.  They also did not include a sweet-only 518 

training condition and that may have helped participants discriminate effects of thickness 519 

and sweetness in the present context.  The over-riding evidence is that these subtle 520 

somatosensory sensations can transfer to odour perception 521 

 522 

Alongside changes in expected satiety and perceptual characteristics, pairing odours with 523 

orosensory thickness and sweetness also altered subsequent odour pleasantness.  The 524 

overall increase in pleasantness of odours paired with sweet tastes was small, but there was 525 

no attempt to pre-select sweet likers in this study, whereas past studies clearly show that 526 

actual liking for the trained sweet solution is critical in determining consequent changes in 527 

odour liking (Yeomans et al., 2006; Yeomans, Prescott, et al., 2009), and this was further 528 

confirmed by the clear positive correlation between liking for the trained sweet and 529 

thick/sweet stimuli and changes in odour pleasantness after training.  The thick solution was 530 

clearly moderately disliked, but was not disgusting, and this dislike transferred to the 531 

associated odour.   532 

 533 

Notably, the changes in thickness and creaminess of odours matched onto the pattern of 534 

changes in expected satiation/satiety and not to those for liking.  This suggests two learning 535 

processes: an evaluative process driving liking change and a separate process driving satiety 536 
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expectations, which is more likely to be based on the predictive nature of the thick/creamy 537 

experience.  Future studies are needed to explore further how these two processes may 538 

interact. 539 

 540 

Previously we reported that expression of increased liking for, but not acquired sensory 541 

characteristics of, odours paired with sweet tastes depended on hunger state at the time of 542 

testing (Yeomans & Mobini, 2006).  Here we found no effects of rated hunger at the time of 543 

test on expression of liking, expectation measures or sensory changes to the odours, which 544 

at first appears to contradict our earlier findings.  However, in the earlier work, appetitive 545 

state was manipulated to generate separate hungry and full groups, whereas here hunger 546 

was not the focus and analysis of the effects of hunger relied on natural variation at the 547 

time of testing.  Notably hunger ratings in the present study averaged 47 ± 3 VAS units, 548 

closer to the hungry (54) than sated condition (32) in the earlier study, suggesting most 549 

participants were moderately hungry and that the range of hunger was then too narrow to 550 

detect any influence on the odour evaluations.  Given that the effects of hunger on 551 

expressions of satiety expectations has not been widely tested, future studies might usefully 552 

explore this. 553 

 554 

The reported study design had a number of limitations that could have influenced the study 555 

outcome.  Firstly, training did not include a simple exposure condition where the participant 556 

experienced the same odour retronasally that they evaluated orthonasally, instead relying 557 

here on the two unexposed controls to test effects of learning.  Other studies have included 558 

the exposure control, and retronasal exposure in the absence of an additional stimulus such 559 

as sweetness, bitterness or viscosity does not typically alter any evaluation of the exposed 560 
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odour (Stevenson et al., 1998; Stevenson et al., 1995; Yeomans et al., 2006), with no 561 

differences in sensory experience after training between exposed and unexposed control 562 

odours.  However, inclusion of that condition would have allowed an easier statistical test of 563 

the potential interaction between sweetness and viscosity in the present study.  Secondly, 564 

here for simplicity and to allow better matching of odours at baseline, three odours were 565 

assigned to the training phase and two used as unexposed controls: it would have been 566 

preferable to have fully counter-balanced the five odours across the different roles in the 567 

study.  It is very unlikely that this significantly altered the study outcome however since the 568 

key contrasts were between the training conditions rather than by reference to the 569 

unexposed controls.  Moreover, the four conditions were well matched at baseline on all 570 

sensory and expectation measures: the lower baseline liking for the two untrained odours 571 

however does mean the contrasts between changes in liking between that condition and 572 

the three training conditions needs to be treated with caution.  Finally, although we 573 

attempted to disguise the study to some extent, since we rely on self-report measures, the 574 

potential for demand effects cannot be discounted although responses in debriefing did not 575 

suggest any participant had determined the explicit study hypotheses or connected 576 

explicitly the training experience with the odour evaluations. 577 

 578 

In summary, the present study shows for the first time that disguised co-experience of 579 

odours with orosensory thickness results in both subsequent attribution of somatosensory 580 

characteristics to these odours and critically the acquired expectation that drinks whose 581 

flavour matches the texture-associated odour will be more filling.  This raises the novel idea 582 

of using subtle odour notes to direct consumer satiety expectations. 583 
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Table 1.  Baseline evaluations of the four odour conditions.  Data are mean ± SEM, n = 80. 697 

Cited F values are from overall one-way ANOVA for each characteristic. Where odours 698 

differed significantly, values labelled with different superscripts differ significantly (p<0.05 699 

or greater). 700 

 701 

Rated 

characteristic 

Training condition 

Overall significance Sweet Thick Sweet/Thick Unexposed 

Creamy 36 ± 3 36 ± 3 42 ± 3 37 ± 2 F(3,237) = 1.06, p=0.37 

Intense 42 ± 2 36 ± 2 36 ± 2 38 ± 2 F(3,237) = 1.84, p=0.14 

Novelty 46 ± 2 49 ± 3 47 ± 2 45 ± 2 F(3,237) = 0.60, p=0.61 

Pleasant 56 ± 3 b 57 ± 3 b 51 ± 3 b 36 ± 2 a F(3,237) = 17.83, p<0.001 

Sweet 46 ± 2 49 ± 3  47 ± 2  45 ± 2 F(3,237) = 0.60, p=0.61 

Thick 34 ± 2 36 ± 3 34 ± 3 38 ± 2 F(3,237) = 1.22, p=0.30 

Expected 

immediate fullness 51 ± 3 51 ± 3 50 ± 2 48 ± 2  F(3,237) = 0.63, p=0.60 

Expected later 

hunger 49 ± 2 49 ± 3 50 ± 2 49 ± 2 F(3,237) = 0.05, p=0.98 

 702 

 703 
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Table 2.  Changes in rated pleasantness and novelty of the odours in the four training 704 

conditions: Unpaired; Sweet (sucrose); Thick (tara gum); Sweet/Thick (sucrose + tara gum).  705 

All data are mean ± SEM, n=80: in each row, values marked by different superscripts differ 706 

significantly (p<0.05 or greater). 707 

 708 

Evaluation 

Training condition 

Unpaired Sweet Thick Sweet/Thick 

Pleasant -3.5 ± 2.1a 4.0 ± 2.8b -8.8 ± 2.6a 2.8 ± 2.8b 

Novel -7.7 ± 2.5 a -13.9 ± 3.0 ab -17.7 ± 3.4 ab -12.8 ± 3.6 ab 

 709 

 710 

 711 
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Table 3.  Evaluations of rate pleasantness, sweetness, creaminess and thickness for the 712 

three training stimuli: Sweet (sucrose); Thick (tara gum); Sweet/Thick (sucrose + tara gum).  713 

All data are mean ± SEM, n=65: in each row, values marked by different superscripts differ 714 

significantly (p<0.05 or greater). 715 

 716 

Evaluation 

Training condition 

Sweet Thick Sweet/Thick 

Pleasant 58.2 ± 2.9a 38.2 ± 1.9b 51.3 ± 2.7a 

Sweet 78.0 ± 2.0a 4.8 ± 2.7b 80.2 ± 2.2a 

Creamy 7.6 ± 1.0a 36.0 ± 2.2b 39.9 ± 2.1b 

Thick 7.9 ± 0.9a 37.3 ± 2.2b 39.4 ± 2.0b 

 717 

 718 
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Figure legends 719 

 720 

Figure 1. Schematic summary of the study protocol. 721 

 722 

Figure 2. Changes in the rated (A) sweetness (B) thickness (C) creaminess and (D) 723 

intensity of odours which had either been Unpaired or which had been paired in the mouth 724 

with sucrose (Sweet), a tara gum solution (Thick) or a combination of sucrose and tara gum 725 

(Sweet/Thick).  All data are mean ± SEM, n=80: bars marked by different letters differ 726 

significantly (p<0.05 or greater). 727 

 728 

Figure 3. Changes in rated (A) expected satiation and (B) expected satiety for odours 729 

which had either been Unpaired or which had been paired in the mouth with sucrose 730 

(Sweet), a tara gum solution (Thick) or a combination of sucrose and tara gum 731 

(Sweet/Thick).  All data are mean ± SEM, n=80: bars marked by different letters differ 732 

significantly (p<0.05 or greater). 733 
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