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ABSTRACT 

VICTORIA E. ELLIOTT 

A MAXIMUM LIKELIHOOD MODEL OF MULTISENSORY INTEGRATION IN 

FLAVOR PERCEPTION 

Dissertation under the direction of Joost X. Maier, PhD 

Assistant Professor, Neurobiology and Anatomy 

 

Multisensory integration, while crucial to our navigation and understanding of the 

world around us, has only been heavily studied in a few sensory systems, most notably 

vision and audition. Ironically, taste and smell are almost exclusively experienced as a 

multisensory percept known as flavor during consumption, but this integration has 

received little study to date. Human behavioral work concerning flavor mixture detection 

has demonstrated multisensory enhancement of flavor mixtures. However, results 

concerning subjective flavor evaluation are less clear. Work in other sensory systems, 

such as vision and haptics, indicates that sensory information from two distinct senses 

may be weighed according to their reliability in order to inform evaluative tasks. Flavor 

evaluation was found to operate via experience-independent weighted averaging: flavor 

consumption fell between taste and odor consumption, regardless of prior taste-odor 

experience, and was skewed towards the most reliable cue in the context of the task. In 

Chapter 1, during a consumption task (subjective evaluative behavior), rats were found to 

weigh taste and odor, with consumption of flavor mixtures falling in between that of the 

unisensory taste and odor components. Furthermore, experience did not dictate 

integration during flavor mixture evaluation, as both congruent and incongruent flavor 
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mixtures were observed to have the same consumption patterns. Chapter 2 examines the 

relationship between taste-odor weight and sensory reliability. Results from this two-

bottle consumption choice task demonstrated that when the taste component of a flavor 

was less informative in making a decision, animals relied more heavily on the odor 

component of the mixture. Thus, these published results propound that evaluation in the 

flavor system is similar to that of other multisensory systems, suggesting that the brain 

may have a conserved, common mechanism of multisensory integration across all 

sensory modalities. 
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INTRODUCTION 

 

Our brains are highly specialized in the integration and processing of stimuli 

across sensory modalities. Multisensory integration is a combination of two (or more) 

separate senses into a single percept; a vital function, as it increases the amount of 

information obtained from an object or event, thus decreasing uncertainty. In turn, the 

integrated response greatly influences perception, resulting in a more appropriate 

response output (Ernst and Banks 2002). Information gain may have different 

consequences in different systems, and can vary based on the task being performed.  

One of the best examples of multisensory processing is eating. Food is 

experienced almost exclusively as a multisensory phenomenon; an amalgamation of taste 

and odor known as flavor. There are five basic tastes: sweet, sour, salty, bitter, and 

umami (savory). In contrast, there are over a trillion odors – providing a virtually 

unlimited quality space in which to enhance taste through integration. While taste 

molecules bond directly to receptors on the tongue, odor molecules are released via 

mastication of food and travel to receptors on the nasal epithelium upon exhalation. This 

phenomenon, known as retronasal olfaction, is the cause of sensory conflation: we often 

describe foods as “tasting” a certain way, rather than having a certain flavor, because the 

food is physically present in the mouth. This melding of multiple senses into a single 

percept highlights the multisensory nature of flavor consumption.   

While consumption is a prime example of multisensory integration, the 

computations underlying taste-odor integration remain largely unstudied. Understanding 

the sensory mechanism behind flavor integration is important, as flavor perception is a 
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major factor in choosing which foods we consume. In turn, eating behavior has major and 

lasting effects on long-term health outcomes.  

What we do know about taste-odor integration comes from human psychophysics 

experiments, which have demonstrated that both taste and odor qualities contribute to 

perceptual judgements of multisensory flavor stimuli. For example, oral detection of 

taste-smell mixtures is faster and more accurate than can be predicted by detection of the 

unisensory components. However, this result is only observed when the taste and smell 

are “congruent” (i.e., the components of the mixture had been experienced together). In 

the case of Veldhuizen et al. (2010), a mixture of sweet and citrus odor was considered to 

be congruent and was detected faster and more accurately than a mixture of savory and 

citrus odor (considered to be incongruent). These findings are in agreement with the 

broader multisensory literature on detection (Diederich and Colonius 1987; Hershenson 

1962; Miller 1982). 

Importantly though, detection of food (asking: “Is food present?”) is a distinct and 

separate process from subjective evaluation of food (asking: “What does this food taste 

like to me?”, “Do I like this food?”). It is when we examine the evaluative judgements of 

flavor that results surrounding the integration of taste and small become less clear. In 

regards to intensity judgements, Murphy and Cain’s seminal study (1980) of flavor 

intensity judgements in human participants demonstrated experience-independent taste-

odor additivity. That is, regardless of whether participants had experienced that particular 

flavor pairing previously, intensity of the flavor was perceived as equal to the sum of the 

perceived intensities of the individual taste and odor components.  
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This idea of congruency in taste-odor integration in flavor evaluation persisted, 

however, and was later extended to the concept of flavor “pleasantness” or palatability. 

Researchers predicted that flavor pleasantness relied heavily on the “harmony” of the 

taste and odor which were paired. Surprisingly, a review of the literature shows 

inconsistent effects of congruency. While several studies reported increased pleasantness 

ratings for congruent mixtures (Amsellem and Ohla 2016; Fondberg et al. 2018; 

Schifferstein and Verlegh 1996); others showed no effect of congruency (Small et al. 

2004) or even decreases in perceived pleasantness of congruent mixtures (Seo et al. 

2013). 

This body of literature is not without limitations. From birth, human subjects 

create taste-odor associations as they consume food, leaving each individual with a 

unique set of congruent/incongruent flavor mixtures. Furthermore, many studies with 

human subjects have relied on conventional ideas of which taste-odor mixtures were 

considered to be “harmonious” or congruent. This one-size-fits-all approach presumes 

repeated taste-odor experience, rather than experimentally controlling it. Therefore, it is 

advantageous to examine the role of congruency in taste-odor integration using an animal 

model, where diet (and thus taste-odor experience) can be completely controlled.  

While results from the human flavor literature on taste-odor integration are 

somewhat murky, they do collectively suggest that taste and odor are both considered 

when evaluating a food. But how exactly are they considered? What dictates the exact 

weight given to taste and odor, respectively, when evaluating flavor and making 

decisions concerning consumption? For these questions, it is advantageous to turn to the 

broader multisensory literature to inform our hypothesis. In particular, Ernst and Banks’ 
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(2002) groundbreaking model of Maximum Likelihood Integration (MLI) may help to 

explain flavor evaluation and food choice. In the 2002 experiment, the authors asked 

participants to judge the height of a block using visual and haptic feedback. While the 

haptic feedback was accurate and constant, thus reliable, the visual feedback was 

muddled with noise, and therefore unreliable equal to the degree of noise manipulation. 

They found that as visual feedback became noisier and less reliable, participants placed 

more weight on the haptic sensory feedback to make their decision. It is possible that the 

weighting of taste and odor cues during flavor evaluation operates under the same 

reliability-based principle. 

To understand the contributions of unisensory stimuli in a multisensory 

judgement, Chapter 1 compares unisensory taste and odor consumptions to that of the 

combined flavor consumption. The role of experience in taste-odor integration was 

assessed by comparing the difference between congruent and incongruent mixture 

consumption to that of the individual components of the mixtures. Animals underwent a 

month-long training period (equivalent to childhood through adolescence in humans) to 

establish congruent (and thus incongruent) flavor pairings. This repeated experience with 

certain flavor pairings was shown to have no difference in the manner in which taste and 

odor were considered, and taste and odor were found to interact via weighted averaging 

in the context of flavor liking.  

Chapter 2 expands on these results to determine whether MLI was an appropriate 

model to explain multisensory flavor integration and food choice behavior. Under the 

MLI model, the weight given to a unisensory component of a combined flavor is directly 

proportional to the reliability (and thus inversely proportional to the uncertainty/noise) of 
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that same component in the context of the task. Reliability of the taste component within 

a flavor was manipulated, while keeping the reliability of the odor component constant in 

the context of a two-bottle choice task. As the taste became less informative (i.e. reliable) 

in the context of the task, animals indeed relied more heavily on the odor component of 

the mixture to make their decision.  

These results provide an important behavioral framework for understanding 

multisensory flavor integration in the context of food choice and consumption, shedding 

light on the possible neural computations underlying these behaviors. Additionally, they 

expand our knowledge of multisensory integration outside of classically studied systems, 

and suggest that mechanisms of integration may be conserved among a variety of senses.  
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CHAPTER ONE 

 

MULTISENSORY INTERACTIONS UNDERLYING FLAVOR CONSUMPTION IN 

RATS: THE ROLE OF EXPERIENCE AND UNISENSORY COMPONENT LIKING 
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is reprinted here with permission. Stylistic variations are due to the requirements of the 

journal. Joost X. Maier and Victoria E. Elliott conceived of and designed the research; 

Victoria E. Elliott performed the experiments; Victoria E. Elliott analyzed the data; 

Victoria E. Elliott and Joost X. Maier interpreted the results and drafted the manuscript. 
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Abstract 

The mechanisms by which taste and odor are combined in determining food 

choice behavior are poorly understood. Previous work in human subjects has yielded 

mixed results, potentially due to differences in task context across studies, and a lack of 

control over flavor experience. Here, we used rats as a model system to systematically 

investigate the role of experience and unisensory component liking in the multisensory 

interactions underlying consumption behavior. We demonstrate that taste-smell mixture 

consumption is best explained by a linear average of component liking. The observed 

pattern of results was not dependent on prior experience with specific taste-smell 

combinations, and unique for multisensory as opposed to unisensory mixture 

consumption. The results are discussed with respect to existing models of flavor 

integration, and a maximum likelihood integration model previously described for 

multisensory judgements in other systems.  
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Introduction 

Food is perceived through its flavor: an amalgamation of sensory qualities, 

including taste and smell, among others (Auvray and Spence 2008; Prescott 1999; Spence 

2019; van Stokkom et al. 2018). The multisensory experience of flavor is responsible for 

our enjoyment of food, and as such is a major determinant of food choice (Prescott 2015). 

Previous work in humans has provided much insight into the multisensory interactions 

underlying perceptual judgements of flavor stimuli, but a thorough understanding of the 

integrative mechanisms underlying food choice behavior is still lacking. 

The extant literature on the human psychophysics of flavor perception has 

convincingly demonstrated that both taste and smell qualities contribute to perceptual 

judgements of multisensory flavor stimuli (Frank and Byram 1988; Prescott 1999; Small 

and Prescott 2005). However, different task contexts have yielded different results with 

regard to the nature of the integrative process. For example, oral detection of taste-smell 

mixtures is faster and more accurate than can be predicted on the basis of independent 

unisensory processing channels (Marks et al. 2012; Shepard et al. 2015; Veldhuizen et al. 

2010) whereas intensity judgements of taste-smell mixtures do not reflect their 

integration, but a linear sum of their component stimulus judgments (Garcia-Medina 

1981; Hornung and Enns 1986; Murphy and Cain 1980; Murphy et al. 1977).  

Another factor besides task context that may affect how taste and smell are 

integrated is flavor “congruency”: the implicit association between taste and smell 

components formed through past eating experiences. For example, enhanced performance 

on detection tasks has reliably been shown to occur only for congruent taste-smell 

mixtures (Dalton et al. 2000; Shepard et al. 2015; Veldhuizen et al. 2010), whereas 
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multisensory intensity judgements appear to be independent of congruency (Murphy and 

Cain 1980). Work on flavor “pleasantness” judgements has yielded both positive and 

negative effects of congruency: some studies report that congruency enhances 

pleasantness ratings (Amsellem and Ohla 2016; Fondberg et al. 2018; Schifferstein and 

Verlegh 1996); others show no effect (Small et al. 2004) or decreases (Seo et al. 2013) in 

pleasantness.  

Thus, findings from human psychophysics suggest that the way in which flavor 

components are integrated depends on task context and experience. However, it is unclear 

how perceptual judgments such as detection, pleasantness and intensity relate to food 

choice behavior (Amsellem and Ohla 2016). Moreover, work in human subjects 

complicates meaningful control over flavor experience (however, see Amsellem and Ohla 

2016; Fondberg et al. 2018; Lim et al. 2014; Prescott et al. 1998; Small et al. 2004; 

Stevenson et al. 1995; 1999). From birth, human subjects presumably form taste-odor 

associations through consumption, thereby continuously creating highly subjective 

congruent (and incongruent) flavor combinations (Prescott 2015).  

Here, we directly address how taste and smell components of flavor interact to 

inform consumption behavior in rats. The use of rats as a model system allowed us to 

control flavor experience by exposing animals to specific taste-smell mixtures during an 

extensive “training” period, and directly measure flavor liking via consumption in a 

subsequent series of one-bottle tests. Specifically, we tested how taste-smell mixture 

consumption differs from unisensory component consumption, and how any observed 

effects may be influenced by flavor experience. The results demonstrate that mixture 
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consumption is best explained by a weighted average of component consumption, and 

that this integrative process is independent of experience.  
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Methods 

Subjects 

A total of 34 Long-Evans rats (17 females, 17 males) were used for this study. 

Pregnant dams were obtained from www.criver.com and litters were kept together until 

weaning on postnatal day (PND) 21. All animals were kept on a 12 hour light cycle 

(6AM-6PM) and had ad lib access to food and water, unless otherwise indicated. All 

procedures took place in animals’ housing facilities. Animals were treated in accordance 

with the Guide for the Care and Use of Laboratory Animals, and all procedures were 

approved by the Institutional Animal Care and Use Committee of Wake Forest School of 

Medicine.  

 

Stimuli 

Stimuli consisted of aqueous solutions of taste and/or smell compounds (obtained 

from www.fischersci.com and www.sigmaaldrich.com; >98% purity; dissolved in 

distilled water). Tastants: 10 mM saccharin, 58 mM sucrose and 50 mM sodium chloride. 

Odorants: n-amyl acetate and 2-hexanone (0.025% weight/volume).  

 

Training 

Training occurred over a period of four weeks, from PND 21-23 to PND 47-49. 

Each week, animals were exposed to taste-smell mixtures for 6 consecutive training days. 

Each animal was exposed to two unique bimodal mixtures consisting of one tastant and 

one odorant (TA+OA, TB+OB). On each training day, animals received 20 ml of a single 

mixture for 16 hours (from 5-6PM to 9-10AM). Mixture identity alternated each training 
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day (A-B-A-B-A-B), resulting in 3 exposures per week (12 total over the course of 

training) to mixtures A and B each. During mixture exposure, animals were single-

housed; in between exposures (from 9-10 AM to 5-6 PM), animals were pair-housed with 

a littermate and received ad lib water. Each block of six training days was followed by 

one day of ad lib access to plain water. For all animals, the taste component of one of the 

training mixtures was saccharin (mixture A); mixture B contained either sodium chloride 

(n=22 animals) or sucrose (n=12 animals). Odor components were identical for each 

animal; identity of the odor component paired with saccharin was counterbalanced 

between animals. To ensure equal exposure to mixtures A and B, we monitored 

consumption throughout the training period. Figure 1 shows amount consumed for 

mixtures A and B, averaged over animals and days for each week of training. Two-way 

ANOVA with factors Flavor (A, B) and Training Week (1-4) on training consumption 

showed no effect of Flavor (F(1,264)=1.73, p=0.19), indicating that animals received 

balanced exposure to mixtures. A significant effect of Training Week (F(3,264)=113.51, 

p<0.001) reflects increased overall consumption with age. No significant interaction was 

observed (F(3,264)=1.43, p=0.23). 
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Figure 1. Consumption of multisensory mixtures across each of the 4 training blocks 

averaged (±SEM) over all animals (n=34). Mixture A always contains saccharin as the 

taste component; mixture B contained sodium chloride (n=22 animals) or sucrose (n=12 

animals). Odor pairings were counterbalanced for each taste (i.e., mixture A/B contained 

AA/2H as the odor component in 50% of the animals). 

 

Testing 

Testing occurred over a period of 18 consecutive days, starting two days after the 

last training day, from PND 49-51 to 66-68. Each testing day, animals received a single 

solution for 16 hours (from 5-6PM to 9-10AM), consisting of: a) A congruent mixture of 

taste and odor (TA+OA, TB+OB); b) An incongruent mixture (TA+OB, TB+OA); c) A 

unimodal taste or odor component (TA, TB, OA, OB); and d) Plain water. This resulted in a 

total of 9 conditions. In between each testing exposure, animals were given ad lib access 

to water. In 24 animals, two blocks of testing were conducted, with each condition given 
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once, randomly ordered, within each block. In a second group of animals (n=10; trained 

with saccharin and sodium chloride), two additional conditions were tested: a) A mixture 

of taste components (TA+TB); and B) A mixture of odor components (OA+OB). For this 

group, conditions were tested once, over a period of 11 consecutive days. To demonstrate 

that the testing procedure reliably measures solution liking, we compared preference (i.e., 

consumption relative to water) in each condition between the two blocks of testing for all 

animals that underwent two testing blocks. Consumption was significantly correlated 

between blocks (Figure 2; r=0.53, p<0.001; correlations for individual conditions ranged 

from 0.10 to 0.83), and preferences did not differ between testing blocks (two-way 

ANOVA with factors Block and Condition: Block: F(1,362)=1.88, p=0.17; Condition: 

F(10,362)=10.43, p<0.001; interaction: F(10,362)=0.22, p=0.99), indicating stable preference 

throughout the testing phase.  
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Figure 2. Preference (consumption relative to water) during the first versus the second 

testing block in each condition for animals that were tested twice on each condition 

(n=192). 

 

Data analysis 

Consumption was measured by weighing bottles before and after training/testing 

sessions (Consumption = WeightBefore – WeightAfter). For conditions that were tested 

twice, all analyses were based on the average consumption across both days.  

To explain consumption in multisensory conditions, we tested several models 

relating unisensory consumption to multisensory consumption. The additive model 

assumes that mixture consumption is based on the sum of component consumption 

relative to water: Mixture consumption = (Taste consumption + Odor consumption) – 

Plain water consumption. The averaging model assumes that taste and odor both receive 
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50% of the weight in consumption decisions: Mixture consumption = (Taste consumption 

+ Odor consumption) / 2. Finally, we tested a non-integration model in which 

multisensory consumption was simply determined by the combined distribution of taste 

and odor component consumption. This was accomplished by adopting a bootstrap 

analysis based on randomly drawing three consumption values: one from the distribution 

of taste only conditions; one from the distribution of odor only conditions; and one from 

the combined distribution of taste and odor only conditions, serving as surrogate “taste”, 

“odor” and “mixture” consumption values, respectively. Triplets were drawn from within 

a given training group (i.e., saccharin/sodium chloride, saccharin/sucrose) in order to 

match experimental conditions, and the number of random triplets in a simulation was 

equal to the number of multisensory conditions in that training group. From each 

simulation, we then calculated the probability that “multisensory” values were 

intermediate to “taste” and “odor” values. This procedure was repeated 1000 times for 

each training condition. Confidence intervals of the resulting distribution of probabilities 

were used to statistically evaluate the observed data. 
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Results 

The present study investigated the impact of multisensory flavor experience and 

unisensory component liking on consumption of taste-smell mixtures in rats. During a 

training period, animals were first exposed to specific bimodal mixtures consisting of a 

single taste and a single smell component, thereby creating congruent and incongruent 

multisensory stimulus combinations (i.e., combinations of taste and smell stimuli that had 

been experienced together during training, and combinations of taste and smell that had 

been experienced in different pairings during training, respectively). During a subsequent 

testing period, we assessed animals’ liking for multisensory stimulus combinations and 

their unisensory components via consumption in a series of one-bottle tests.  

 

Rats combine taste and smell to inform consumption behavior regardless of congruency 

We first tested whether multisensory mixtures are treated differently from their 

unisensory components. For each multisensory condition in each animal (n=4 conditions 

× n=34 animals, resulting in a total of n=136 conditions), we determined what the most 

preferred unisensory component was (“best unisensory”), and directly compared 

consumption in these two conditions (Congruent, Figure 3A; Incongruent, Figure 3B). 

Taste components were preferred over odor components in most cases (n=121 of 136 

cases, 89.0%). Statistical comparison revealed that mixture consumption was less than 

best unisensory consumption (congruent: t(67)=6.35, p<0.001; incongruent: t(67)=4.91, 

p<0.001). Moreover, mixture consumption was significantly greater than the least 

preferred component solution (congruent: t(67)=-6.83, p<0.001; incongruent: t(67)=-6.16, 

p<0.001; Figure 3C and 3D, respectively). Comparison of consumption patterns between 
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congruent and incongruent conditions further shows that mixture consumption does not 

differ between congruent and incongruent conditions (t-test comparing congruent mixture 

minus best versus incongruent mixture minus best: t(134)=0.02, p=0.98; congruent mixture 

minus worst versus incongruent mixture minus worst: t(134)=0.19, p=0.85). Bootstrap 

analysis (see Methods) further demonstrated that the observed pattern of results cannot be 

explained by a non-integration model in which mixture consumption is simply 

determined by the combined distribution of unisensory taste and odor component 

consumption (p<0.01). Thus, rats integrate taste and smell cues to inform consumption 

decisions, regardless of the configuration in which these components were previously 

experienced. However, it remains unclear how taste and smell components are combined 

to inform mixture consumption. 
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Figure 3. Congruent (n=68; A, C) and incongruent (n=68; B, D) mixture consumption 

versus most (A, B) and least (C, D) preferred component consumption. 

 

Mixture consumption is best predicted by a weighted average of taste and odor 

consumption 

Based on the findings described above as well as previous studies on multisensory 

cue combination, we tested the validity of averaging and additive models to explain 

mixture consumption (see Methods). Under the averaging model, mixture consumption is 
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explained by an average of the components. The idea is that a judgement of a 

multisensory stimulus (in this case: how much do I like this mixture solution?), is 

computed by weighing the information provided by the components (Adams et al. 2004; 

Ernst and Banks 2002). Under the additive model, mixture consumption is informed by 

adding component liking. Note that both of these models in principle could explain our 

finding that mixture consumption is typically intermediate to unisensory component 

consumption. Under the additive model, the pattern of results observed here requires that 

one of the components is unpalatable (i.e., has “negative” liking, relative to plain water) 

and the other palatable. Note that solution liking/palatability was not directly measured in 

the current study, but inferred from our measure of consumption (see Discussion for 

potential additional contributions to consumption). This was true for n=50 (36.8%) of the 

cases (n=47 odor unpalatable and taste palatable, n=3 taste unpalatable and odor 

palatable). Note that a super-additive model, in which mixture consumption exceeds best 

unisensory component consumption, is not compatible with the pattern of results 

observed here, and will therefore not be considered any further. Figure 4 shows mixture 

consumption versus consumption predicted by the averaging and additive models. Model 

fit was determined by computing the summed square error, shown in Figure 5. Two-way 

analysis of variance (ANOVA) with factors Model (averaging, additive) and Experience 

(congruent, incongruent) on summed square error revealed a significant main effect of 

Model, indicating that the averaging model was a better predictor for mixture 

consumption than the additive model. No significant effect of Experience or interaction 

was observed, indicating that the integrative operation is not dependent on experience 

with specific flavors (Model: F(1,268)=22.34, p<0.001; Experience: F(1,268)=2.40, p=0.12; 
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interaction: F(1,268)<0.01, p=0.96). Further testing for potential effects of a variety of 

experimental variables (i.e., Taste Identity [saccharin, sucrose, sodium-chloride], Post-

ingestive Effect [saccharin, sucrose], Odor Identity [2H, AA] and Sex [male, female]) on 

the observed pattern of results reveals the generalizability of the observed integrative 

patterns: three-way ANOVA on summed square error did not yield significant two-way 

interactions between any of the stimulus- or animal-specific factors listed above, and the 

factor Model (additive, averaging), or three-way interactions with factors Model and 

Experience (congruent, incongruent). Moreover, integration patterns did not differ 

between testing blocks, indicating that integrative patterns were stable across testing 

sessions.  
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Figure 4.  Congruent (n=68; A, C) and incongruent (n=68; B, D) mixture consumption 

versus average (A, B) and additive (C, D) model predictions. 
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Figure 5. Summed square error (mean ± SEM) for average and additive model 

predictions of congruent (n=68) and incongruent (n=68) mixture consumption. 

***p<0.001; N.S.: not significant. 

 

The averaging model that was favored by our data assumed equal weight on taste 

and smell components (i.e., a 50/50% weight ratio), but it is possible that weights are not 

equal. To gain more detailed insight into the exact averaging operation performed by the 

animals in our study, we calculated (for each mixture condition in each animal) the 

weight on taste/odor that best explains mixture consumption. A 100/0 (0/100) weight 

ratio would indicate that mixture consumption is identical to taste (odor) consumption. A 

weight greater than 100 would indicate that mixture consumption is greater than best 

unisensory component consumption (200% indicating double the amount), or smaller 

than worst unisensory component consumption (in this case 200% would indicate half the 

amount). Figure 6 shows all weight ratios, revealing a complex distribution. The main 

portion of the distribution contains the majority of ratios (n=77, 56.6%), and appears to 
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have a slight bias towards weight on taste. Secondary peaks can be seen on either side of 

the main peak (representing n=59 conditions, 43.4%). 

 

Figure 6. Distribution of taste/odor weight ratios for all multisensory conditions (n=136). 

Dashed lines indicate 100% weight on odor (0/100) and taste (100/0). Component 

weights with values >100 indicate cases where mixture consumption was greater than 

best unisensory component consumption, or smaller than worst unisensory component 

consumption. 

 

To gain insight into the factors that may underlie the observed variability in 

weight ratios, we tested potential involvement of several experimental variables. First, it 

is possible that component weight varies with component palatability: components that 

are liked more are weighed more. Figure 7 shows component weight as a function of 

(relative) component consumption. Overall, no relation between weight and (relative) 

palatability was observed (R2=0.01, p=0.23), indicating that component weight cannot 

simply be explained by component palatability. Moreover, the results shown in Figure 7 
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also shed light on the secondary peaks observed in Figure 6: component weights larger 

than 100 or less than 0 are observed when differences in component consumption are 

close to zero (i.e., when both components are equally liked by the animal). Second, it is 

possible that component weight varies with stimulus-specific factors. To test this 

possibility, we performed a series of one-way ANOVAs on component weight with 

factors Taste Identity, Odor Identity, and Congruency, yielding no significant effects 

(respectively: F(2,133)=0.85, p=0.43; F(1,134)<0.01, p=0.97; F(1,134)=1.24, p=0.27). For this 

analysis, component weight was expressed as a single variable by converting all cases 

with a weight on taste of zero to negative numbers using the formula: (odor weight × −1) 

+ 100. Finally, we tested the possibility that component weight varies with internal (i.e., 

animal-specific) factors. One-way ANOVA on component weight with factors Animal 

Identity and Sex revealed a significant effect of Animal Identity (F(33,102)=1.98, p<0.01; 

F(1,134)=1.26, p=0.26), suggesting that the amount of weight carried by taste and smell 

components of a mixture varies from animal to animal.  
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Figure 7. Weight ratio versus relative component preference (taste minus odor 

consumption) for all multisensory conditions (n=136). 

 

Component averaging is unique to multisensory mixtures 

The findings presented above demonstrate that when making a consumption 

decision, animals judge a taste-smell mixture by weighing palatability of the components. 

However, it is unknown whether the observed averaging operation is unique to 

multisensory mixtures, or applies more generally in the context of consumption. In order 

to test this, a subset of animals (n=10) were tested on unimodal (i.e., taste-taste) mixtures 

in addition to the taste-smell mixtures discussed above. Figure 8A shows mixture 

consumption relative to component consumption for unimodal mixture conditions. 

Compared to Figure 3, the opposite pattern was observed: mixture consumption was 

greater than consumption of the best component. Comparing averaging and additive 
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model predictions revealed a better fit of the additive model, a pattern that differed 

significantly from the one observed for multisensory mixtures (Figure 8B; t-test 

comparing averaging minus additive error for Taste + Taste conditions versus Taste + 

Odor conditions: t(144)=-3.31, p<0.01). Further investigation of optimal weight ratios 

revealed that the majority of the weight was placed on the most preferred component (on 

average: 115.65 ± 18.02% weight on sodium chloride when sodium chloride was the 

preferred component [n=7]; 108.75 ± 5.13% weight on saccharin when saccharin was the 

preferred component [n=3]; t-test comparing weight on sodium chloride when sodium 

chloride was preferred versus weight on saccharin when saccharin was preferred: t(8)=-

0.24, p=0.82). Thus, an averaging operation as a model for explaining mixture 

consumption appears to be unique to multisensory mixtures.    
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Figure 8. A. Taste-taste mixture consumption versus most preferred component 

consumption (n=10). B. Average (±SEM) difference in prediction error for the averaging 

and additive models, for taste-odor (n=136) and taste-taste (n=10) mixtures. **p<0.01.  
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Discussion 

In this paper, we investigated if and how rats combine taste and odor information 

to inform flavor liking. Using a unique experimental design in which we experimentally 

manipulate flavor experience and directly measure consumption as a behavioral read-out, 

we demonstrate that flavor liking is best explained by a weighted average of component 

liking. Moreover, this integrative operation appears to be independent of experience with 

specific taste-smell combinations. 

At a general level, our findings are consistent with previous work in humans 

demonstrating that taste and smell interact to inform multisensory flavor judgements. 

Most of these previous studies revealed additive or super-additive interactions, where the 

individual components combine to enhance the judgement of the multisensory stimulus 

(Dalton et al. 2000; Shepard et al. 2015; Welge-Lussen et al. 2009; White and Prescott 

2007). This is an adaptive computation in the context of signal detection, because it 

effectively boosts stimulus intensity, thereby increasing detectability (Lippert et al. 2007; 

McDonald et al. 2000; Stein et al. 1996; Stein et al. 1989; Stein et al. 2014). However, 

further perceptual evaluation of a flavor may require different computations (Fetsch et al. 

2013), but the specific relation between taste-smell interactions and food choice has not 

been addressed in humans, and it is unclear how sweetness (Labbe et al. 2007; 

Schifferstein and Verlegh 1996; Stevenson et al. 1999) and pleasantness (Amsellem and 

Ohla 2016; Fondberg et al. 2018; Schifferstein and Verlegh 1996; Seo et al. 2013) ratings 

relate to consumption decisions. Different perceptual strategies may yield different 

patterns of integration in the multisensory operation performed by the subject. Work on 

flavor perception in animal models, on the other hand, typically uses consumption as a 
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behavioral read-out, but has mostly focused on taste-smell interactions in the context of 

classical conditioning (Dwyer et al. 2011; Harris and Thein 2005; Holman 1975; 

McBride and Slotnick 1997; Palmerino et al. 1980; Rescorla 1980; Rescorla and 

Cunningham 1978; Rescorla and Durlach 1981; Rusiniak et al. 1979; Sclafani and 

Ackroff 1994; Slotnick et al. 1997). These studies have investigated plastic changes in 

the perceived palatability of individual flavor components after exposure to mixtures (the 

influence of this type of learning is further discussed below), but did not systematically 

investigate how taste and smell components of a mixture interact to inform an 

instantaneous judgement.  

A parallel with the present findings can be found in the extant literature on 

multisensory judgements in other systems. For example, work on visuo-haptic integration 

has demonstrated that when judging specific properties of a stimulus, multisensory 

sources of information may be optimally combined by linear weighing of the components 

(i.e., maximum likelihood integration; Adams et al. 2004; Ernst and Banks 2002; Hillis et 

al. 2002; Xu et al. 2017). The present findings are generally consistent with this model. 

However, the current experiments were not designed to test two of its key predictions, 

namely that the weight carried by the components should be inversely proportional to the 

reliability of the components; and that the reliability of the multisensory judgments 

should exceed the reliability of the components. In the context of flavor perception, 

reliability could potentially be influenced by stimulus-specific and animal-specific 

factors. The effect of animal identity on component weight ratio observed in the present 

study argues for a role of the latter possibility, and may for example reflect individual 

variation in taste/odor sensitivity. Future studies experimentally manipulating taste and 
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smell reliability will further investigate to what extent flavor judgements are consistent 

with maximum likelihood integration. 

The multisensory operation observed here differed from the operation performed 

on within-modality taste-taste mixtures: whereas taste-odor consumption clearly favored 

the averaging model, taste-taste consumption did not favor either averaging or additive 

models. Instead, we observed a pattern that is in line with previous studies on taste-taste 

mixtures whereby the stronger component suppresses the weaker component (i.e., 

"mixture suppression"; Gillan 1983; Green et al. 2010; Maier and Katz 2013; Moskowitz 

1972; Oram et al. 2001). One factor that may contribute to the discrepancy between 

multisensory versus unisensory mixtures observed in the present study may lie in the fact 

that taste-taste mixture suppression is thought to be the result of interactions at the 

periphery (Breza and Contreras 2012; Formaker et al. 1997). Since taste and odor signals 

are sourced from distinct sensory epithelia, no peripheral suppression occurs. Similarly, 

judgments of combined, non-competing, within-modality visual cues follow maximum 

likelihood integration (Ernst and Bulthoff 2004; Hillis et al. 2002).  

We did not observe an effect of experience on multisensory integration of flavor 

components in the present study. This is in contrast with previous findings regarding 

taste-smell integration (Fondberg et al. 2018; Labbe et al. 2007; Schifferstein and 

Verlegh 1996; Seo et al. 2013; Small et al. 2004; Stevenson et al. 1999). Several factors 

may contribute to the discrepancy between the results observed here and the human 

literature. As mentioned already above, task context may influence how taste and smell 

components of a flavor are integrated, and may also affect the role of experience. 

Whereas flavor detection, and other perceptual judgements such as identification and 
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intensity and sweetness ratings may rely on feedforward computations performed on 

hard-wired, experience-driven convergence of taste and smell signals (Rowland and Stein 

2007; 2008), consumption decisions are imperative, even when no explicit memory of a 

specific flavor combination exists. With respect to task context, it is also important to 

note that consumption in a one-bottle context is driven by factors other than palatability 

of the stimulus components. Although animals in the present study were never deprived 

of fluid during testing sessions (and testing sessions were performed at the same time 

each day)—allowing for a sensitive measure of flavor liking—different conditions were 

tested on different days, and comparisons are therefore indirect. Future work using a two-

bottle task may provide a more direct comparison between congruent and incongruent 

flavor palatability, for example. Further experimentation is also needed to test the 

generalizability of our findings to a larger stimulus space, including a range of 

component concentrations and palatability. In addition, it remains unclear how stimulus 

liking interacts with physiological factors such as thirst, satiety or post-ingestive effects 

to dynamically affect consumption behavior. Future work will investigate how 

multisensory interactions in flavor consumption may vary with different time scales of 

testing. The exact integrative operation and/or the role of experience may depend on the 

perceptual strategy used by the subject. Previous work has shown that human subjects 

integrate taste and smell components of a mixture differently depending on the 

instructions they receive: instructing subjects to pay attention to the individual 

components of a taste-smell mixture minimized effects of congruency (Murphy and 

Samantha 2009). It is possible that rats and humans employ different default strategies 

when evaluating taste-smell mixtures. Finally, studies in human subjects often lack 
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control over (and even knowledge of) flavor experience (but see Amsellem and Ohla 

2016; Fondberg et al. 2018; Lim et al. 2014; Prescott et al. 1998; Small et al. 2004; 

Stevenson et al. 1995; 1999), and choice of (in)congruent stimulus combinations is 

sometimes poorly justified (e.g., it is not obvious why almond-saccharin and ham-sucrose 

are congruent and incongruent, respectively; Dalton et al. 2000; Schifferstein and 

Verlegh 1996). Here, we explicitly define—and experimentally control—congruency in 

terms of experience. However, it is possible that the training paradigm used in the current 

study was not effective in establishing taste-smell congruence. Rats were exposed to 

specific taste-smell combinations from weaning to early adulthood, covering an extensive 

period during which animals are known to learn about the sensory qualities of food 

(Blankenship et al. 2019; Fanselow and Birk 1982; Gautam and Verhagen 2010; Maier et 

al. 2014; Sclafani and Ackroff 1994; Stevenson 2001). Nonetheless, the establishment of 

flavor correspondences may occur during a critical period outside of the training period 

used here, or require more extensive exposure. Finally, even though experience with 

specific flavor combinations is a key component of most definitions of congruence—both 

implicit (Fondberg et al. 2018; Murphy and Cain 1980; Schifferstein and Verlegh 1996) 

and explicit (Lim et al. 2014)—it is possible that innate correspondences between certain 

taste and smell components exist, and that these correspondences affect the multisensory 

computations underlying consumption decisions. For example, certain volatiles found in 

fruits are known to selectively enhance sweetness (Baldwin et al. 2008; Schwieterman et 

al. 2014; Tieman et al. 2012), and may be innately congruent with sweet taste. Future 

work, employing different training protocols or similar protocols in the context of 
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different tasks, or using putative innately congruent flavor combinations will test the role 

of these factors in informing flavor consumption decisions.  

Our finding that experience does not affect instantaneous decisions about taste-

smell mixtures relative to their components does not imply that experience has no effect 

on perception of the components. Although we did not compare component consumption 

before and after training, it is possible, and perhaps even likely, that our training 

procedure changed the palatability of components through associative learning 

(Blankenship et al. 2019; Capaldi et al. 1994; Fanselow and Birk 1982; Holder 1991; 

Holman 1975; Rescorla 1980; Rescorla and Cunningham 1978; Yeomans et al. 1983). It 

is also possible that mere exposure to the individual components (regardless of the exact 

pairings) is necessary for their integration during subsequent testing. Future experiments 

that involve comparison to a naïve control group will test for this possibility. 

In summary, the present findings provide novel insight into the mechanisms 

underlying multisensory flavor judgements. When judging a taste-smell mixture in the 

context of consumption, animals linearly weigh the information provided by the 

components. A similar pattern has been observed in visuo-haptic (Ernst and Banks 2002), 

auditory-haptic (Bresciani et al. 2005) and visuo-vestibular (Butler et al. 2011; Frissen et 

al. 2011) integration, suggesting an evolutionarily conserved underlying neural 

computation. However, the specific mechanisms that underlie taste-smell integration 

appear to be unique in that they are not determined by experience with specific 

multisensory stimulus combinations, consistent with the flavor system’s unique 

computational goal of evaluating a virtually unlimited set of behaviorally relevant 

multisensory stimulus combinations.   
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Abstract 

Colloquially referred to as “taste,” flavor is in reality a thoroughly multisensory 

experience. Yet, a mechanistic understanding of the multisensory computations 

underlying flavor perception and food choice is lacking. Here, we used a multisensory 

flavor choice task in rats to test specific predictions of the statistically optimal integration 

framework, which has previously yielded much insight into cue integration in other 

multisensory systems. Our results confirm three key predictions of this framework in the 

unique context of flavor choice behavior, providing novel mechanistic insight into 

multisensory flavor processing. 
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Introduction 

The ability to combine information from multiple senses allows animals to form a 

coherent experience of their surroundings and make adaptive decisions (Stein 2012). 

Flavor perception is considered a prime example of multisensory experience, combining 

gustatory (i.e., sweet, salty, sour, bitter, umami), olfactory (e.g., vanilla, fruity, smoky), 

and oral chemesthetic (e.g., spicy) inputs to inform consumption behavior (Shepherd 

2006; Small and Green 2012; Spence 2015). Psychophysical studies measuring various 

aspects of flavor perception—including detection, intensity, and pleasantness ratings—

have started to uncover the operations by which flavor components are combined 

(Fondberg et al. 2018; Murphy and Cain 1980; Veldhuizen et al. 2010b). However, a 

computational framework for understanding flavor preference judgments in the context of 

food choice behavior is currently still lacking. One particularly powerful framework for 

explaining the multisensory computations underlying evaluative perceptual judgments in 

other systems is Bayesian or statistically optimal integration (Ernst and Banks 2002; 

Ernst and Bülthoff 2004). This framework predicts that the judgments of multisensory 

stimuli are a weighted average of the unisensory component judgments, and that the 

weight carried by the individual component judgments depends on their reliability. This 

computation effectively reduces the variability of multisensory judgments as compared 

with the unisensory component judgments, resulting in more robust behavior. Here, we 

used a multisensory flavor preference task in rats to evaluate the validity of the 

statistically optimal integration framework for explaining choice behavior in response to 

taste-odor mixtures and their unisensory components. Critically, we parametrically varied 

the reliability of gustatory information for task performance, allowing us to test key 
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predictions of the framework: 1) multisensory flavor choices are a weighted average of 

the choices based on the unisensory taste and odor components; 2) the relative weight 

placed on the taste component changes with relative reliability of the taste stimulus for 

choice behavior; and 3) multisensory flavor choices are less variable than choices based 

on either unisensory component. 
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Methods 

Animals 

Long–Evans rats (n = 16 total, n = 6 female) were used for this study. Pregnant 

dams were obtained from https://www.criver.com, and litters were kept under standard 

conditions until weaning on postnatal day (PND) 21. All procedures took place in 

animals’ housing facilities and were approved by the Institutional Animal Care and Use 

Committee of Wake Forest School of Medicine. 

 

Stimuli  

Stimuli consisted of aqueous solutions of taste and/or odor compounds (obtained 

from www.fischersci.com and https://www.sigmaaldrich.com, >98% purity, dissolved in 

distilled water) and were acquired by licking solutions from a lick spout, ensuring natural 

consumption-related multisensory stimulus dynamics, including both orthonasal and 

retronasal olfactory stimulation. Tastants used were sucrose (2% weight/volume) and 

citric acid (0.4%). For odorants, we used monomolecular odorants solutions with no 

known innate palatability and no known gustatory or chemesthetic qualities (n-amyl 

acetate and 2-hexanone, 0.025%). Maltodextrin, a highly caloric and slightly sweet-

tasting polysaccharide, was used as an unconditioned stimulus during conditioning 

sessions. 

 

Procedures 

The present experiment aimed to test how learned odor preferences interact with 

innate taste preferences to inform the expression of preferences to taste + odor mixtures. 
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Odor preferences were conditioned during an initial condition phase; preferences for 

odor, taste, and taste + odor solutions were tested during a subsequent testing phase 

(Table 1). 

 

 

Table 1. Experimental timeline. 

 

Conditioning occurred over a period of 4 weeks (from PND 21 to PND 48), 

during which animals learned to associate one odor with high caloric value (odor H, 250 

cal/L) and the other one with low caloric value (odor L, 2.5 cal/L). Each week, animals 

were exposed to odor solutions mixed with high or low amounts of maltodextrin, for 6 

consecutive days. Molecular identity (i.e., n-amyl acetate or 2-hexanone) of odors H and 

L was counterbalanced between animals. Each conditioning day, animals received a 

single odor + maltodextrin solution for 16 h overnight, with odor identity alternating, L-

H-L-H-L-H, resulting in three exposures per week and 12 exposures in total over the 

course of training for each odor. Each block of 6 training days was followed by 1 day of 

ad libitum access to plain water. To ensure equal exposure to solutions containing odors 

H and L, volume was limited to 20 mL each day and consumption was monitored 

throughout the training period (amount consumed did not differ between odors H and L, 

as determined by t test comparing average consumption from odors H and L across 

animals; t15 = 0.65, P = 0.53). Preference testing occurred over a period of four 

consecutive blocks, the first one starting 2 days after the last training day (PND 51). Each 
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testing day, animals had access to two bottles, placed side-by-side, containing taste 

and/or odor solutions for 16 h overnight (200 mL total per bottle, ensuring ad libitum 

access). One bottle always contained a control solution, consisting of a 50%/50% mixture 

of citric acid/sucrose and/or odor L; the second bottle contained a test solution, consisting 

of one of four citric acid/sucrose mixtures of varying palatability relative to control 

(Table 2) and/or odor H. During the first two blocks, all taste + odor (n = 4) and odor-

only (n = 1) conditions were presented (order of conditions randomized within each block 

for each animal). During the third and fourth blocks, all taste-only conditions (n = 4) 

were presented (order of conditions randomized within each block for each animal). In 

between exposures to conditioning or testing solutions (i.e., 8 h during the day time), 

animals received ad libitum access to water. 

 

 

Table 2. Two-bottle testing conditions. 

 

Data analysis 

Consumption was measured by comparing bottle weight before and after testing sessions. 

Preference for the test bottle was calculated as: ConsumptionTest/(ConsumptionControl + 

ConsumptionTest). In 19 bottles (3.3% of all bottles), consumption could not be 
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determined due to animals moving the bottles out of reach during testing. Within-

condition preferences were consistent between testing blocks (r = 0.57, p < 0.001), and all 

further analyses were based on the average preference across repetitions of the same 

condition, unless stated otherwise. All data points obtained in this manner (i.e., average 

preference in four taste conditions, one odor condition, and four mixture conditions for 

each animal, n = 144) were treated independently, unless otherwise indicated. Model 

predictions for mixture preference were obtained for each mixture condition in each 

animal as follows: PredictionAdditive = PreferenceOdor + PreferenceTaste − 0.5 and 

PredictionAverage = (PreferenceOdor + PreferenceTaste)/2. Error for each prediction was 

calculated as the deviation from the observed preference: Error = (PreferenceMixture – 

Prediction)^2. Component weight was obtained for each condition in each animal by 

calculating the distance between mixture preference and taste preference, relative to the 

distance between mixture preference and odor preference: Weight = |PreferenceTaste − 

PreferenceMixture| / |PreferenceOdor − PreferenceMixture|. 
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Results 

In the present experiment, we asked how the addition of an odorant in mixture 

with a taste solution affects preference judgments. Whereas taste preferences are innate, 

odor preferences are heavily dependent on individual experience. Thus, to experimentally 

control odor preferences, we first subjected animals to a conditioning procedure. During 

the conditioning phase, animals learned to associate one odorant with high caloric value 

and the other with low caloric value by consuming the odorants in mixture with high or 

low amounts of maltodextrin, respectively. Following conditioning of odor preferences, 

we assessed rats’ flavor preferences in a series of two bottle tests (Table 1). During the 

preference testing phase, both bottles contained solutions of either taste-only, odor-only, 

or taste + odor mixture, and preferences were measured as preference for a test solution 

relative to a control solution (Table 2). Animals were not deprived or trained on the 

preference task; instead, the two-bottle test harbors an implicit task (“which of these two 

solutions do you prefer?”), providing a measure of spontaneous, naturalistic choice 

behavior. Note that the present study differs from previous work on (multisensory) cue 

combination in that previous studies focused on objective properties of individual stimuli 

as the relevant cues and determined how estimates of these cues are integrated (Alais and 

Burr 2004; Ernst and Banks 2002; Knill and Saunders 2003). In contrast, preference 

judgments are inherently subjective and can only be determined by comparing two 

stimuli. We, therefore, focus here on relative preference estimates in the taste and odor 

modalities as the relevant cues and determine how these relative estimates are integrated. 
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Unisensory taste preferences 

We first characterized preferences for the unisensory component stimuli. Taste 

components were chosen on the basis of known innate palatability (Maier and Katz 2013) 

and varied from palatable to unpalatable (relative to the control solution) in four steps by 

simultaneously increasing citric acid content and decreasing sucrose content. 

Monotonically decreasing palatability of taste stimuli was confirmed by the results 

obtained from taste-only conditions (Fig. 1): intermediate stimuli (i.e., 40%/60%, 

60%/40%) yielded preferences closer to 0.5 (relative to control: 50%/50%) than extreme 

stimuli (i.e., 20%/80%, 80%/20%). Testing key predictions of the statistically optimal 

integration framework critically relies on manipulating the reliability of the sensory 

estimates, which is inversely proportional to the variance of the estimates. In the context 

of our experimental design, variance was measured as the absolute difference between 

two repetitions of the same condition. This analysis revealed that judgments on extreme 

taste conditions were less variable than judgments on intermediate taste conditions 

(ANOVA on absolute difference in taste preferences between repetitions of the same 

condition with factor citric acid content: F(3,49) = 2.84, p < 0.05; Fig. 1A). Thus, varying 

citric acid content effectively modulated mean preference, as well as reliability of 

gustatory information for task performance. 



48 

 

 

Figure 1. A. means (±SE) deviation between taste-only preferences obtained from two 

repetitions of the same condition [pooled across intermediate (40%/60%, 60%/40%) and 

extreme (20%/80%, 80%/20%) taste-only conditions]. B–E. flavor choice behavior in 

taste (red squares), odor (blue), and mixture (yellow diamonds) conditions. Preferences 

(relative to control) as a function of citric acid content for one example animal that 

preferred odor H (B), and one example animal that preferred odor L (C), as well as the 

means (±SE) preferences over all animals that preferred odor H (n = 12) (D) and odor L 

(n = 4) (E). Lines in D and E show logistic regression. Results from t test as described in 

the text is indicated above (A) (*p < 0.05). 
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Unisensory odor preferences 

To control the palatability of odor components (which have no consistent innate 

palatability), animals were conditioned to associate one odorant with low caloric value 

(odor L, control) and the other one with high caloric value (odor H) before testing. As 

expected, based on the literature (Bolles et al. 1981; Holman 1975), results obtained from 

the odor-only condition revealed that on average, odor H was preferred over odor L (t-

test comparing relative preference for odor H to 0.5: t(15) = 3.10, p < 0.01). However, 

there was substantial individual variability (x̄ = 0.66, s = 0.21, minimum = 0.29, 

maximum = 0.92), and although the majority of individual animals [n = 12/16 (75%)] 

preferred odor H, some animals [n = 4/16 (25%)] preferred odor L, possibly due to 

substantial variation in naïve odor preferences (Jagetia et al. 2018). We exploited this 

individual variation in odor preference in all remaining analyses. 

 

Multisensory preferences 

Next, we asked how estimates of taste preference interact with estimates of odor 

preference to determine multisensory preference. We predicted that preferences obtained 

from the taste-only condition would be increased with the addition of a more palatable 

odor stimulus and decreased with the addition of a less palatable odor stimulus. Figure 1 

shows preferences for all conditions in two example animals. In the animal that preferred 

odor H (Fig. 1B), preferences for multisensory mixtures were mostly increased relative to 

preferences for taste-only stimuli, whereas the opposite pattern was observed for the 

animal that preferred odor L (Fig. 1C). The same pattern was observed across the 

population of animals (Fig. 1, D and E)—on average, more palatable odor stimuli 
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increased preferences; less palatable odor stimuli decreased preferences [two-way 

ANOVA on preference with factors modality (taste only, taste + odor) and odor 

preference (prefer odor H, prefer odor L) yielded a significant interaction: F(1,62) = 6.35, p 

< 0.05]. These data demonstrate that more and less palatable odors had opposite effects 

on taste preferences. 

Multisensory judgments reflect component averaging 

The observed pattern of multisensory preferences is consistent with a linear 

weighting of the unisensory taste and odor preferences. However, the results may also be 

consistent with an additive model, which predicts that higher/lower odor preferences 

(relative to control) are simply added to/subtracted from taste preferences to produce 

multisensory preferences. An additive operation has previously been suggested to 

underlie taste + odor mixture perception (Harris and Thein 2005; Murphy and Cain 

1980). Explicitly comparing our experimentally obtained multisensory preferences to 

both averaging and additive predictions revealed a better fit with the averaging model 

(Fig. 2A; t test comparing error for averaging and additive models: t(63) = 4.00, p < 0.001), 

consistent with the framework of statistically optimal integration. 

 

Component weight depends on taste reliability 

The framework of statistically optimal integration further predicts that the relative 

weight carried by a component of a multisensory stimulus is determined by the reliability 

of the judgment of that component with respect to task performance. The predicted 

pattern can be observed in the individual animal data in Fig. 1, B and C: odor had a larger 

effect on the intermediate taste conditions as compared with the extreme taste conditions. 
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To quantify this effect, we calculated how much of the taste-odor mixture preference 

judgments is explained by taste preference judgments (relative to odor preference 

judgments) for each condition in each subject. Figure 2B shows the average log ratio of 

taste to odor weight, plotted as a function of citric acid content. A log ratio of 0 indicates 

equal weight on taste and odor, a negative log ratio indicates a higher weight on taste, and 

a positive log ratio indicates a higher weight on odor. Weight ratios varied significantly 

as a function of citric acid content (one-way ANOVA on log weight ratio with factor 

citric acid content: F(3,45) = 7.48, p < 0.001), indicating that in conditions where taste 

information is reliable in signaling the most preferred stimulus (i.e., the extreme 

conditions), weight ratios are more biased toward taste as compared with conditions 

where taste information is more ambiguous (i.e., the intermediate conditions). 

 

Multisensory judgments are more reliable than component judgments 

Finally, statistically optimal integration predicts that the reliability of 

multisensory judgments is increased relative to the component judgments. To test this 

prediction, we compared the absolute difference between two repetitions of the same 

condition across modalities (shown in Fig. 2C). Overall, variation within unisensory taste 

and odor conditions was comparable. Consistent with statistically optimal integration, 

variation in taste + odor preferences was lower than variation in both taste preferences (t-

test comparing absolute differences between repetitions of taste conditions to taste + odor 

conditions: t(49) = 2.37, p < 0.05) and odor preferences (t-test comparing absolute 

differences between repetitions of odor conditions to taste + odor conditions: t(52) = 2.42, 

p < 0.05). 
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Figure 2. A. Deviation between observed multisensory preferences and preferences 

predicted by averaging (filled bar) and additive (open bar) models. Smaller values 

indicate better model fit. B. Means (±SE) log weight ratio over all multisensory 

conditions for all animals (n = 64) as a function of citric acid content. Negative values 

indicate greater weight on taste; positive values indicate greater weight on odor. C. 

Means (±SE) deviation between preferences obtained from two repetitions of the same 

condition (if available), for taste (red squares, n = 53), odor (blue triangles, n = 14), and 

mixture (yellow diamonds, n = 61) conditions. Results from t test (A and C) and one-way 

ANOVA (B), as described in the text are indicated above the graphs (*p < 0.05, ***P < 

0.001). 
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Discussion 

These results demonstrate that animals evaluate taste and odor components of 

flavor depending on their relative reliability to make more robust multisensory preference 

judgments. This pattern of results is consistent with the framework of statistically optimal 

integration and suggests an adaptive mechanism for weighting multisensory information 

while making flavor preference decisions. Similar operations have previously been 

proposed to underlie visuo-haptic (Ernst and Banks 2002), visuo-vestibular (Butler et al. 

2010), auditory-tactile (Bresciani and Ernst 2007), and auditory-visual (Alais and Burr 

2004) perceptual judgments in humans, as well as visuo-vestibular judgments in monkeys 

(Fetsch et al. 2009). Compared with these previous studies, the present study is unique in 

that animals in this study made subjective judgments (i.e., palatability of flavor stimuli is 

individual specific and cannot be assessed using objective means). The fact that 

behavioral patterns are comparable across species, sensory systems, and types of 

judgments suggests that multisensory networks in the brain may perform remarkably 

similar and evolutionarily conserved computations to combine their inputs. 

The neural mechanisms underlying multisensory cue integration have been 

extensively studied in visuo-vestibular neurons in the brain of rhesus monkeys. These 

studies demonstrate that populations of neurons in the medial superior temporal area 

weight visual and vestibular inputs according to their relative reliability to inform more 

robust judgments of heading direction (Fetsch et al. 2012; Gu et al. 2008; Morgan et al. 

2008; Ohshiro et al. 2011, 2017). Where and how taste and odor inputs are integrated to 

inform flavor preference decisions is yet to be determined. Physiological and imaging 

work in rodents, monkeys, and humans identified multiple brain regions where taste and 
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odor inputs converge, including classical “association” areas such as the orbitofrontal and 

anterior cingulate cortex (de Araujo et al. 2003; Rolls et al. 1996; Small et al. 2004), as 

well as primary olfactory (piriform) (Avery et al. 2020; Maier et al. 2012, 2015) and 

gustatory cortices (Samuelsen and Fontanini 2017; Veldhuizen et al. 2010a; Vincis and 

Fontanini 2016). The present study provides a framework for systematically investigating 

the computations performed by multisensory neurons in these areas and their role in 

guiding flavor-related decision-making. 

Despite similarities in the multisensory computation performed in flavor and other 

multisensory domains, taste-odor perception exhibits several unique characteristics that 

may affect multisensory computations. One major consideration is that the 

correspondences between visual, vestibular, haptic, and auditory spatial cues in the 

studies mentioned earlier are fixed and their neural representations are established in 

early life (Stein et al. 2014). Conversely, flavor perception is shaped by ongoing 

experience with foods throughout the lifespan. Moreover, even within a given diet, flavor 

components can have varied pairing and association across foods and time. The 

multisensory computation observed in the present study is consistent with the flexible 

nature of multisensory flavor correspondences in that it did not appear to depend on 

experience with specific taste-odor combinations (animals had no prior experience with 

the particular mixtures used during testing). This is consistent with two recent studies 

investigating taste-odor mixture consumption (Elliott and Maier 2020; McQueen et al. 

2020) and may reflect the imperative to evaluate any flavor stimulus upon consumption 

(irrespective of experience with that particular taste-odor combination). However, 

previous psychophysical studies measuring perception of objective flavor properties 
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(identity judgments, detection) consistently show that responses to taste-odor mixtures 

yield responses that are enhanced relative to the unisensory components (Dalton et al. 

2000; Seo et al. 2013; Shepard et al. 2015; Veldhuizen et al. 2010b; Welge-Lüssen et al. 

2009; White and Prescott 2007) in a manner that cannot simply be explained by 

summation of independent unisensory processing channels (Veldhuizen et al. 2010b). 

This superadditivity computation appears to depend on experience with specific 

multisensory stimuli: detection of taste-odor mixtures is significantly enhanced relative to 

its unisensory components, but only when taste and odor are “congruent” (i.e., 

experienced together as a flavor). Thus, different multisensory computations may 

underlie different types of flavor judgments that are appropriate for different contexts 

(i.e., evaluation of suprathreshold flavors via experience-independent statistically optimal 

integration versus detection of near-threshold flavor components via experience-

determined super additivity). Future work using a range of stimulus concentrations will 

further test the potential role of these different multisensory computations in consumption 

behavior. Moreover, research has shown that consistently pairing odorants with a specific 

tastant results in odorants acquiring that specific taste quality, and thus may provide a 

way to experimentally control congruency of taste-odor pairings (Stevenson and Boakes 

2004; Stevenson et al. 1995, 1998). Such an approach will allow for a direct test of how 

multisensory congruency may affect flavor-related computations. 

A second, marked difference between flavor perception and perception of spatial 

cues in other systems involves plasticity in the representation of the unisensory 

components. It is well known that hedonic evaluation of individual flavor components—

in particular odor—is heavily influenced by experience (Blankenship et al. 2019; 
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McQueen et al. 2020; Stevenson et al. 1998). In the present study, rats learned the 

associations between odorants and caloric value (and potentially the sweet taste) of 

maltodextrin, thereby increasing their palatability. In terms of statistically optimal 

integration, such experience may influence the prior reliability of the odor component, 

and as a result, the weight carried by that component during subsequent multisensory 

decision-making (Adams et al. 2004). For example, prior reliability of the odor 

component may be influenced by the nutritional value associated with it. Similarly, 

tastants with high nutritional value may innately carry more weight than tastants with low 

nutritional value (Green et al. 2012; Lim et al. 2014; Linscott and Lim 2016). The overall 

extent of the experience with an odor or taste component or the developmental stage 

during which the experience occurs may also affect prior reliability. In the present study, 

odor-nutrient conditioning took place during juvenile and adolescent stages. Identical 

conditioning during adulthood may result in lower prior reliability and an overall smaller 

weight of the odor component in multisensory decisions. Finally, prior reliability of the 

odor may be influenced by the route through which it is experienced, with an orally 

sourced (retronasal) odorant carrying more weight than the same odorant externally 

sourced (orthonasal; Blankenship et al. 2019). 
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SUMMARY AND CONCLUSIONS 

 

 We experience the world entirely through our senses. Our sensory organs 

transduce physical energy into a neural signal that can be processed by the brain. This 

processing results in what we know to be perception – the interpretation and evaluation of 

a sensory signal. Based on this perception, we are able to execute an appropriate behavior 

in response to the situation at hand. Often though, there are multiple physical energies, 

and thus sensory signals, that may originate from a single object or event. Therefore, the 

brain must be able to make sense of multiple sensory inputs arising from a single 

environmental source.  

We generally consider our senses to be independent systems – vision, audition, 

gustation, olfaction, somatosensation, and proprioception – each with their own distinct 

processing centers within the brain. However, we now have overwhelming evidence that 

these systems do not function in isolation. Rather, our brains are highly specialized in the 

integration and processing of stimuli across sensory modalities (visuo-auditory [Alais and 

Burr 2004; McGurk and MacDonald 1976; Meredith and Stein 1983; Raposo et al. 2012; 

Rowland and Stein 2007; Stein et al. 1989; Woods and Recanzone 2004], visuo-haptic 

[Ernst et al. 2000; Ernst and Banks 2002], auditory-haptic [Bresciani et al. 2005], visuo-

vestibular [Butler et al. 2011; Fetsch et al. 2012; Frissen et al. 2011; Gu et al. 2008], 

auditory-olfactory [Cohen et al. 2011]).  

Multisensory integration is a vital function because it increases the amount of 

information that can be obtained from an object or event, thus decreasing uncertainty. In 

turn, the combination of sensory input across two sources greatly influences perception 
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and results in a more appropriate response output. Information gain may have different 

consequences in different systems, and the underlying neural computations can also vary 

based on the task being performed. For example, in detection and localization tasks, 

multisensory enhancement occurs at the neural level, resulting in increased accuracy and 

decreased detection time (so long as stimuli adhere to the spatial, temporal, and intensity 

requirements for enhancement). In contrast, during evaluative judgements of stimuli 

(orientation, size, liking), cue weighting occurs, but the function of this computation is 

still to increase behavioral accuracy in a statistically optimal fashion. In these two 

contexts, the underlying neural computations are different, but both result in more 

informed perception and more appropriate responses to the environment. 

Our understanding of multisensory integration at both the behavior and neural 

levels has come a long way in the past 100 years (Todd 1912), but certain sensory 

systems have received more attention than others. In particular, audio-visual integration 

has been heavily studied throughout the past half-century. This is, in part, due to the fact 

that the cat superior colliculus serves as an exemplary model system to explore the 

underlying neural computations involved in multisensory integration. The superior 

colliculus receives converging inputs from the audio, visual, and somatosensory systems 

(Fuentes-Santamaria et al. 2008; Stein et al. 1993; Wallace et al. 1993) – making it a 

hotbed of integration. Additionally, the properties of the neurons providing and 

integrating these unisensory inputs are well understood, in both their computations and 

development over the lifetime (Stein 1984).  

In contrast, gustation and olfaction in particular have been under-studied in the 

context of multisensory integration. This is perplexing, given the fact that taste and odor 
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are so heavily conflated that they are almost always referred to as a single sense in the 

context of food consumption. It seems likely that the same principles which make the 

study of audio-visual integration in the cat superior colliculus so appealing may also be 

principles of taste-odor integration.  

While taste-odor integration in primary gustatory cortex is a promising area of 

multisensory study, behaviors related to this integration have not been well-defined. 

Existing literature has demonstrated that both taste and smell contribute to perceptual 

judgements of multisensory flavor stimuli using human psychophysics experiments 

(Frank and Byram 1988; Prescott 1999; Small and Prescott 2005). However, different 

task contexts lead to different behavioral responses, and indicate a myriad of possible 

underlying neural computations. Detection of familiar taste-smell mixtures in the oral 

cavity is faster and more accurate than would be predicted by probability summation of 

the unisensory cues, suggesting multisensory enhancement (Marks et al. 2012; Shepard et 

al. 2015; Veldhuizen et al. 2010). In contrast, when human participants were asked to rate 

the perceived intensity of a multisensory flavor stimulus, their judgements were equal to 

the linear sum of the individual taste and odor components themselves (Garcia-Medina 

1981; Hornung and Enns 1986; Murphy and Cain 1980; Murphy et al. 1977).  

An additional complication to the study of taste-odor integration is repeated past 

experience with various flavor combinations, known as flavor “congruency”. This 

experience is highly personal, and leads to a variety of taste-odor associations across 

participants. Literature linking congruency to taste-odor integration has demonstrated 

mixed results. In flavor detection tasks, the speed and accuracy of detection were only 

enhanced when the taste-smell mixtures were considered to be congruent (Dalton et al. 
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2000; Shepard et al. 2015; Veldhuizen et al. 2010). Congruency appeared to have no 

effect on taste-odor integration of intensity judgements (Murphy and Cain 1980), and 

work on “pleasantness” judgements of flavor demonstrate mixed results (Amsellem and 

Ohla 2016; Fondberg et al. 2018; Schifferstein and Verlegh 1996; Small et al. 2004; Seo 

et al. 2013) of congruency.  

However, detection, intensity, and pleasantness may not be directly related to 

food choice behavior or consumption (Amsellem and Ohla 2016), and complete control 

over, or even knowledge of, prior flavor experience in human subjects is unfeasible. 

Chapter 1 addresses these concerns by using rats as an animal model to assess the 

interaction of taste and odor components in informing consumption behavior. By using 

rats as a model system, we were able to manipulate flavor experience over an extensive 

time period and directly measure flavor liking via consumption. Analysis compared the 

difference between taste-smell mixture consumption and consumption of each of the 

unisensory components, both for familiar (congruent) and unfamiliar (incongruent) 

mixtures. Results from Chapter 1 suggest that behaviorally, both taste and odor cues are 

averaged to inform flavor consumption. That is, flavor liking falls in between that of the 

two unisensory stimuli. These results were also independent of congruency – experience 

had no bearing on the interaction of taste and odor components when evaluating flavor 

liking.  

Chapter 2 takes these results one step further in investigating exactly how taste 

and odor are weighed when making a choice between two flavors. In Chapter 1, we found 

no significant effect of prior taste-odor experience, taste identity, post-ingestive effects, 

odor identity, or sex on the manner in which taste and odor interacted in determining 
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flavor liking. Therefore in Chapter 2, we applied a MLI (i.e. Bayesian or statistically 

optimal integration; Ernst and Banks 2002) model in an attempt to further explain taste-

odor integration in the context of food choice. The MLI model has three main 

predictions: 1) multisensory judgements are a weighted average of the corresponding 

unisensory judgements; 2) when evaluating a multisensory stimulus, the relative weight 

given to each unisensory judgement is inversely related to the variance of that judgement; 

and 3) the variance of the multisensory judgment is smaller than the variance of either 

unisensory judgement. By manipulating the amount of information carried by the taste 

component of a flavor mixture (i.e. the reliability of the taste), we successfully increased 

taste variance in the context of a two-bottle choice task, and were able to test the 

predictions of the MLI model.  

Results from Chapter 2 indicate that as with flavor liking, flavor choice is a 

weighted average of the unisensory taste and odor choices, respectively (Prediction 1). As 

the amount of information conveyed by the taste component of a mixture decreased (i.e. 

variance increased) when choosing between two flavors, animals placed less weight on 

the taste component and more weight on the odor (Prediction 2). Additionally, 

multisensory flavor choices were found to be the least variable (i.e. most reliable) when 

compared to the variance of unisensory taste or odor choices (Prediction 3). These results 

confirm the three main predictions of a Bayesian model in the context of flavor choice, 

and provide a novel behavioral framework to examine multisensory flavor processing. 

Taken together, these results posit that the mechanisms of multisensory 

integration, while perhaps varying across task or environmental contexts, may be similar 

amongst sensory systems. These findings also highlight the inherent flexibility of flavor 
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processing. With an unfathomable number of taste-odor combinations that may be 

experienced throughout the lifetime, in different hedonic contexts, the advantage of cue 

weighting is that it allows the system to remain adaptable as experience evolves over 

time.  

While the findings of Chapters 1 and 2 provide novel insight into the interaction 

between gustatory and olfactory cues, there are many more questions to answer about the 

mechanism of multisensory flavor integration. For one, we must reconcile the apparent 

difference in cue combination between the detection and evaluation of flavor, 

respectively. Both in flavor and in other sensory systems, enhancement has been 

repeatedly demonstrated when multisensory cues are presented. This is a very different 

computation from the cue weighing outlined here. Rather than viewing these results in 

conflict with one another, these findings may suggest a time course for multisensory 

flavor perception, in which there are two “phases”: detection of the flavor mixture 

(“Which food is present?”) followed by subjective evaluation of the flavor mixture (“Do I 

like this food?”). Therefore, future work would benefit from examining consumption as a 

process, unfolding and changing over time.  

Additionally, future work should examine the neural substrate of multisensory 

taste-odor integration. Human neuroimaging studies have pointed to primary gustatory 

cortex (GC) as a likely location of taste-odor integration in the brain. Recent 

electrophysiological recordings support this idea: single neurons in the rat gustatory 

cortex are responsive to both taste and odor (Maier 2017; Samuelsen and Fontanini 2017; 

Vincis and Fontanini 2016), providing us with a prime location in which to study the 

neural representations underlying multisensory flavor perception. 
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Turning to the broader multisensory literature provides us with hypotheses 

regarding the neural computations underlying detection and evaluation. In the context of 

detection, Rowland and Stein (2007) demonstrated that responses in superior colliculus 

neurons are enhanced by combined visuo-auditory inputs, and that enhanced responses 

are determined by input convergence: only congruent inputs converge onto single 

colliculus neurons and thus produce enhanced responses. In contrast, Gu et al. (2008) 

found that during a heading task, neural responses in the dorsal medial superior temporal 

area reflected a more flexible operation performed at the network level, resulting in a 

weighting of any combination of visual and vestibular cues. 

The data discussed here expand wider known principles of multisensory 

integration to flavor perception, an area which has been historically understudied. These 

findings shed light on the neural underpinnings of taste-odor integration in flavor liking, 

food choice, and consumption – complex processes which directly impact health. 
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