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The sensations of taste and smell are integral to our perception of food. Because the 

olfactory and gustatory systems are physiologically separate, scientists were once 

uncertain of whether information from these two systems interacted at the perceptual 

level. Recent studies suggest that taste and smell do indeed interact. Two interaction 

phenomena, taste enhancement by odor and odor enhancement by taste, are of 

particular interest to the food industry because they can alter the perception of food 

quality. In particular, retronasal odor enhancement by sweetness has proven to be a 

robust interaction effect. It is suspected that the enhancement capability of sweet may 

be related to its ability to signal the presence of a “nutritive” or “beneficial” 

substance. Salty and umami have a similar ability, yet their role in odor enhancement 

has not been tested. Therefore, the current study explored the role of salty and umami 

tastes in retronasal odor enhancement. Additionally, the roles of congruency and 

perceptual similarity, two factors which are considered important in taste and odor 

interactions, but have been often confused, were further explored. Finally, the 

relationship between hedonic enhancement and odor intensity enhancement was 



   

examined in order to better differentiate between the two concepts. Subjects (n=35) 

rated: (1) the intensity of 4 tastants (NaCl, MSG, MPG, caffeine), 2 odorants 

(chicken, soy sauce), and all possible binary mixtures, (2) the degree of 

liking/disliking of the odorants in the absence and presence of tastants, (3) the degree 

of congruency of the 2 odorants alone and all possible binary taste-odor mixtures, and 

(4) the perceptual similarity between tastants and odorants. Results showed that salty 

and umami tastes were capable of enhancing both chicken and soy sauce odor 

(Tukey’s test, p < 0.05). Additionally, congruency was shown to be considerably 

more predictive of the degree of odor enhancement than was perceptual similarity. 

Finally, though hedonic enhancement and degree of odor enhancement were related, 

it was shown that the two effects are conceptually different. These findings confirm 

that the quality of the taste dictates the ability to enhance retronasally perceived food 

odors and that congruency modulates the degree of retronasal odor enhancement by 

taste. Study findings will be discussed both in terms of their relationship to potential 

mechanisms underlying retronasal odor enhancement and their implications to food 

science.  
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1. General Introduction 

1.1 Importance of understanding multisensory interactions in food systems 

During food consumption, information about the food is transmitted to the 

brain through all possible sensory modalities. Flavor, then, refers to the unique 

sensation that is derived by the central level integration of all of these pieces of 

sensory information. Even before food is consumed its visual appearance and the 

sound it produces (e.g. fizz of soda) can influence our perception of flavor. After food 

enters the mouth, elicited sensations of touch, temperature, and pain have an impact 

on flavor perception. Additionally, taste sensations including sweet, salty, umami, 

sour, and bitter, as well as any of a large number of possible odor sensations can 

critically influence flavor (McBride & Anderson, 1990; Bartoshuk, 1991). A 

complete understanding of the mechanisms by which information from these 

modalities integrates and interacts to produce a unified flavor percept is of critical 

importance to food scientists because, in the end, the overall perception of food flavor 

is a large determinant of satisfaction for the consumer. 

Product developers in the food industry interested in bringing new products to 

market would obviously benefit from a deeper understanding of flavor perception. 

Similar to the manner in which knowledge of food chemistry is critical in designing 

new products that are safe and of consistent quality, an understanding of the sensory 

process is essential to designing products that are perceptually pleasing to the 

consumer. For example, the final microbial load of a product is not left to chance but 

rather is optimally controlled based on a knowledge of the efficacies of various 

preservation techniques. Similarly, it would be inefficient to design a new product 
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without first having a basic understanding of how the sensory components of the 

product might interact to form the final sensory profile. Going forward in the 

development process without this basic understanding often leads to the use if a 

“guess and check” approach with regards to final consumer acceptance, an approach 

this is both costly and inefficient.  

Additionally, an understanding of the nature of sensory integration and 

interaction at the perceptual level is useful when attempting to alter existing products.  

For example, due to health related concerns sodium and MSG reduction has been an 

important issue in the food industry.  Excessive sodium intake can lead to an increase 

in blood pressure, which is associated with cardiovascular disease (He et al., 1999).  

Because the daily salt consumption of many individuals exceeds recommended levels 

(5 g/day or below for adults (WHO, 2012)) there is pressure from regulatory agencies 

and consumers to decrease the salt content found in processed foods. Though most 

studies show that no proven health risk is associated with the consumption of MSG, 

the FDA acknowledges that there may be a portion of the population that is sensitive 

to it (FDA, 2013). Additionally, there is an increasing market for foods that are 

“additive” free. Several large scale, ingredient-conscious food companies (i.e. Co-

operative Food, Whole Foods) have banned the use of MSG as a food ingredient in 

foods sold in their stores (“Co-op bans”, 2005; “Food ingredient quality”, 2015). One 

sensory interaction that has been shown to occur is taste enhancement by retronasal 

odor (Frank and Byram, 1988; Lawless & Clark 1992; Frank et al. 1993; Clark & 

Lawless, 1994; Schifferstien & Verlegh, 1996). In this interaction phenomenon the 

taste intensity of a stimulus is increased simply by the addition of a tasteless 
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retronasal odor. The application of salty and umami enhancement by odor, 

specifically, has been proposed as a potential strategy to compensate for decreased 

salt intensity due to reduction in sodium. (Batenburg & van der Velden, 2011; G. 

Lawrence, Salles, Palicki, Septier, Busch, & Thomas-Danguin, 2011; G.  Lawrence, 

Salles, Septier, Busch, & Thomas-Danguin, 2009; Manabe, 2008; Nasri, Beno, 

Septier, Salles, & Thomas-Danguin, 2011; Seo, Iannilli, Hummel, Okazaki, 

Buschhuter, Gerber, et al., 2011).  In order to develop optimal salt reduction 

strategies, or to achieve any change in a product, for that matter, a thorough 

understanding of potential sensory interactions is essential.  

 

1.2 Psychophysical research on taste and retronasal odor enhancement  

The idea that sensory information interacts at the perceptual level was not always 

accepted especially with regards to the olfactory and gustatory system, which are both 

anatomically and physiologically separate. However, current evidence from both 

psychophysical and neuroimaging studies suggests that information from the two 

modalities integrates and interacts at the level of perception (Delwiche, 2004; Green 

et al., 2012; Small, 2012). 

Early studies reported that inputs from the olfactory and gustatory system 

were approximately additive, meaning the two modalities do not interact at the 

perceptual level (Murphy et al., 1977; Murphy and Cain, 1980). Interestingly, in these 

studies perceived taste intensity was found to be higher when a tastant was mixed 

with an odorant than when presented alone.  This result, however, was attributed to 

confusion between taste and odor properties rather than presented as evidence of 
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interaction.  An important subsequent study found that the perceived sweetness of a 

sucrose solution could be increased simply by the addition of strawberry odor (Frank 

and Byram, 1988), which this time was interpreted as proof that olfactory stimuli 

could modify gustatory perception. Later studies revealed that taste enhancement, as 

the effect had come to be known, was in fact modulated by several factors.  

First, it seemed to be dependent on the number of appropriate response 

categories that were available to subjects (Frank et al. 1990; Lawless & Clark 1992; 

Frank et al. 1993; Clark & Lawless, 1994; van der Klaauw & Frank, 1996). When 

subjects were asked to rate the intensity of all possible rating categories taste 

enhancement by odor disappeared. It was theorized that when subjects lacked 

appropriate rating categories they were forced into using other available categories. 

Specifically with regards to taste enhancement, subjects who were not given the 

appropriate odor rating category (i.e. strawberry odor) may have been inclined to 

“dump” their odor rating to the only available rating category (i.e. sweetness). This 

particular type of response bias was aptly termed “dumping” (Lawless & Clark, 

1992).  

Second, cognitive strategy was shown to affect the presence of taste 

enhancement (Bingham et al., 1990; Prescott et al. 2004). Taste enhancement was 

present when subjects were encouraged to use a more holistic or synthetic strategy to 

complete their rating task but when stimuli were viewed analytically (i.e. consisting 

of a separate taste and odor components) the effect was nil.  

Lastly, taste enhancement was believed to be influenced by stimuli related 

factors including the degree of congruency (Dalton et al., 2000; Labbe et al., 2006; 
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Nasri et al., 2011; Seo et al., 2011) and perceptual similarity (Frank et al., 1991; 

Schifferstein & Verlegh, 1996) of the taste-odor pair. Generally, taste and odor pairs 

higher in congruency or perceptual similarity were thought to be more capable of 

taste enhancement by odor. However, these terms were often used interchangeably 

and, therefore, confusion about their relationship with taste enhancement by odor 

existed. Because the effects of response bias, perceptual similarity, and cognitive 

strategy are all directly related to the rating process, some considered taste 

enhancement as a cognitive rather than true perceptual interaction. 

Many in the field of food science had been interested in exploring the 

influence that taste qualities have on the perception of odor qualities. Consequently, 

several studies explored the possibility that the addition of tastes could increase 

perceived odor, thereby enhancing the overall flavor (Valdes, Hinreiner and Simone 

1956; Valdes, Simone, and Hinreiner, 1956; Kuo et al., 1993; Noble 1996). However, 

subjects in these studies were asked to rate only the flavor of the food, again inviting 

potential influence from the “dumping” effect. Importantly, a later study showed that 

when “dumping” was controlled for sweet taste was in fact capable of enhancing 

citral, vanilla, and furaneol odors (Green et al., 2012). This phenomenon of retronasal 

odor enhancement by taste was since replicated using various delivery methods 

including sip and spit (Lim et al. 2014), odor jars (Fujimaru & Lim, 2013), and actual 

food systems (i.e. cherry beverage and vanilla custard) (Green et al. 2012) and by 

using various tastant concentrations (Fujimaru & Lim, 2013), which suggested the 

effect is quite robust.  
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However, odor enhancement by taste was not present within every taste and 

odor combination. It was found that taste and odor pairs that were more congruent or 

likely to be experienced together (e.g. sweet and vanilla odor) were more likely to 

show odor enhancement by taste than pairs that were incongruent (e.g. citric acid and 

vanilla odor) (Green et al. 2012; Lim et al., 2012). This led experimenters to 

hypothesize that congruency was a requirement for odor enhancement by taste. While 

better studied in taste enhancement by retronasal odor, the effect of perceptual 

similarity on odor enhancement by taste has not been explored. Therefore, the current 

study will compare the influence of perceptual similarity and congruency on odor 

enhancement by taste. 

Although congruency was shown to be a requirement for odor enhancement 

by taste to occur, not all congruent pairs showed odor enhancement by taste (Green et 

al., 2012; Lim et al., 2012). For instance, while sweet taste was shown to be capable 

of enhancing congruent odors, sour and bitter tastes were not proven capable of 

enhancing either congruent or incongruent odors. Because sweet tastes typically 

signal the presence of a “beneficial” substances (i.e. calorie containing 

carbohydrates), while sour and bitter tastes signal “non-beneficial” substances (i.e. 

rancidity and poison, respectively), some scientists hypothesized that the quality 

status of a taste may be related to its ability to cause odor enhancement by taste 

(Green et al., 2012; Lim et al., 2012). Since salty and umami tastes signal the 

presence of “beneficial” substances (minerals and amino acids, respectively) they are 

also likely to possess the ability to enhance congruent, retronasally perceived odors. 
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However, their odor enhancing capabilities have yet to be tested. Therefore, the role 

of salt and umami in odor enhancement by taste will be examined.  

Sodium and MSG play an important role in the overall liking of food. Sodium 

adds a saltiness component to food, masks bitterness, and helps to maintain the 

texture of food (Doyle & Glass, 2010). The umami taste of MSG generally enhances 

the overall flavor quality of foods (Okiyama & Beauchamp, 1998). Because of these 

capabilities, salt and MSG are often referred to as “flavor enhancers.” However, this 

term leads to ambiguity among the two concepts that contribute to it: hedonic 

enhancement and odor intensity enhancement. While these effects are likely related 

they are also likely inherently different. Therefore, this study will examine the 

relationship between hedonic enhancement and odor intensity enhancement in order 

to create a clear distinction between the two effects. 
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2.1 Abstract  

It has been shown that congruent food odors, perceived retronasally, are enhanced by 

sweet taste, but not by sour or bitter taste. This raises questions regarding the 

underlying conditions of retronasal odor enhancement by taste. We speculate that a 

taste quality that signals the presence of “nutritive” or “beneficial” substances (e.g., 

sweet carbohydrate), as opposed to potential harmful substances (e.g., toxins, 

spoilage), can enhance a congruent food odor and thereby increases salience of a food 

flavor. This study aimed to investigate this possibility by testing two other taste 

qualities, saltiness and umami, which signal the presence of minerals and protein. In 

addition, the study examined the possible occurrence of saltiness and umami 

enhancement by food odors and factors that may affect both types of enhancement. 

Over five experimental sessions, subjects rated (1) intensities of saltiness, bitterness, 

umami, and specific odor of 4 tastants (NaCl, MSG, MPG, caffeine), 2 odorants 

(chicken, soy sauce), and all possible binary mixtures, (2) degree of liking/disliking 

of the odorants in the absence and presence of tastants, (3) degree of congruency of 

odorants alone and with tastants, and (4) degree of perceptual similarity between 

tastants and odorants. Results showed that both saltiness and umami enhanced 

chicken and soy sauce odor intensities (Tukey’s test, p < 0.05), but the odors did not 

enhance saltiness and umami intensities. Importantly, the degree of odor enhancement 

was highly correlated with the degree of taste-odor congruency, but less so with the 

degree of perceptual similarity between taste and odor. These findings confirm our 

hypotheses that the quality of taste dictates the ability to enhance retronasally 
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perceived food odors and that the degree of congruency between taste and odor can 

modulate the degree of odor enhancement.   
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2.2 Introduction 

As much as the gustatory and olfactory systems are physiologically independent, taste 

and olfaction share the essential function of identifying and consuming safe, 

nutritious, and highly palatable foods. To perform such tasks, taste and olfaction —in 

particular retronasal olfaction — interact closely with one another (for review see 

Delwiche, 2004; Small & Prescott, 2005; Verhagen & Engelen, 2006). 

Psychophysical evidence of such interactions include phenomena of retronasal odor 

referral to the mouth (Lim & Johnson, 2011, 2012; Murphy & Cain, 1980; Rozin, 

1982), cross-modal summation of sub-threshold taste and smell (Dalton, Doolittle, 

Nagata, & Breslin, 2000), and taste and odor enhancement (Djordjevic, Zatorre, & 

Jones-Gotman, 2004; Frank & Byram, 1988; Green, Nachtigal, Hammond, & Lim, 

2012; Kuo, Pangborn, & Noble, 1993; Schifferstein & Verlegh, 1996; Stevenson, 

Prescott, & Boakes, 1999; Valdes, Hinreiner, & Simone, 1956; Valdes, Simone, & 

Hinreiner, 1956). 

The phenomena of retronasal odor enhancement by taste and taste enhancement 

by retronasal odor are particularly relevant to the study of perception and preference 

of foods. Interestingly, while some consider them as true sensory phenomena, others 

view such interaction—especially taste enhancement by odor—as primarily cognitive 

in nature, resulting from associative learning, attentional strategy, and/or response 

bias. For example, one of the earlier studies in taste-odor interactions reported that the 

concurrent presentation of tastants and odorants causes confusion of odors with tastes, 

which can lead to higher intensity ratings of taste (Murphy & Cain, 1980). 

Schifferstein and Verlegh (1996) later proposed that such effect depended on the 
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perceptual similarity between odors and tastes. This view is also consistent with the 

hypothesis that the taste-like qualities of odors (e.g., “sweet” or “salty” smelling), 

which are produced by association with tastes (Prescott, Johnstone, & Francis, 2004; 

Stevenson, 2001; Yeomans, Mobini, Elliman, Walker, & Stevenson, 2006), play an 

important role in taste enhancement by odor (Stevenson, Prescott, & Boakes, 1999). 

Taste enhancement by retronasal odor has also been explained by response bias; 

Frank and colleagues discovered that taste enhancement by retronasal odor occurred 

in significant degrees only when the rating task lacked a suitable response category 

for the odor (Frank, van der Klaauw, & Schifferstein, 1993). This finding was later 

confirmed and elaborated by Clark and Lawless (1994) who called the cognitive 

effect of too few response categories on ratings of taste intensity ‘dumping’. 

Nonetheless, it has been shown numerously that both forms of enhancement can 

occur only for congruent taste-odor pairs.  

In an effort to understand the underlying sensory and cognitive mechanisms, in 

a series of experiments we have measured both forms of enhancement by taking an 

analytical strategy; i.e., by asking subjects to give full attention to appropriate 

response categories and thus rate all relevant taste and odor attributes for mixtures of 

various tastants and odorants. The results from our initial study indicated that, 

consistent with the earlier findings (Clark & Lawless, 1994; Frank, van der Klaauw, 

& Schifferstein, 1993), when dumping is avoided taste enhancement by odor was nil, 

while retronasal odor enhancement by sucrose was evident for all 3 test odors (citral, 

furaneol, and vanillin) (Green, Nachtigal, Hammond, & Lim, 2012). Similar results 

were found when odor was presented in vapor phase via the mouth, while tasting 
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sucrose separately but simultaneously, suggesting that odor enhancement by sucrose 

is a perceptual phenomenon that occurs independently of physicochemical 

interactions between flavor components (Fujimaru & Lim, 2013). Notably, the effect 

was even more pronounced in two food systems, vanilla custard and a flavored drink 

(Green, Nachtigal, Hammond, & Lim, 2012). In contrast, findings from our most 

recent study showed that citric acid and caffeine were not able to enhance citral and 

coffee odor, although the pairs of citral and citric acid, and coffee odor and caffeine 

were rated highly congruent (Lim, Fujimaru, & Linscott, 2014). Combined together, 

these findings suggest that taste-odor congruence is a necessary but not sufficient 

condition for retronasal odor enhancement. More importantly, our findings raise an 

interesting question regarding the function of retronasal odor enhancement by sucrose 

in flavor perception. One suspect is that by increasing the salience of flavor, odor 

enhancement may help strengthen the associative link between the flavor of a food 

and its metabolic consequences (Green, Nachtigal, Hammond, & Lim, 2012). Based 

on this hypothesis, it is expected that odor enhancement may be induced by saltiness 

and umami, which signal the presence of “beneficial” or “nutritive” substances for 

our bodily functions.  

Saltiness and umami are considered as the tastes of salt and protein, which are 

essential for human bodily function. Their representative substances, sodium and 

glutamate, are naturally found in diverse foods, although they are also used as food 

additives. In fact, a large amount of sodium and MSG intake comes from either 

processed or restaurant-prepared foods (Havas, Dickinson, & Wilson, 2007; Mattes & 

Donnelly, 1991; Mhurchu, Capelin, Dunford, Webster, Neal, & Jebb, 2011; Rhodes, 
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Titherley, Norman, Wood, & Lord, 1991). Due to health related concerns, the food 

industry has thus been challenged to reduce sodium content in food products 

(Campbell, Lackland, Chockalingam, Lisheng, Schiffrin, Harrap, et al., 2014; 

Dickinson & Havas, 2007; Havas, Dickinson, & Wilson, 2007). Rightfully or not, 

many consumers have also become wary of consuming foods with added MSG. 

Though most studies show that no proven health risk is associated with the 

consumption of MSG (Jinap & Hajeb, 2010; Walker & Lupien, 2000), the FDA 

acknowledges there may be a portion of the population that is sensitive to it (FDA, 

2013). In any case, there have been many studies exploring potential approaches to 

lower sodium and MSG contents in food products (for review, see Doyle & Glass, 

2010) . One such strategy has been the application of taste enhancement by congruent 

food odors. Research in the use of salty-congruent odors as a potential reduction 

method has been particularly extensive (Batenburg & van der Velden, 2011; G. 

Lawrence, Salles, Palicki, Septier, Busch, & Thomas-Danguin, 2011; G.  Lawrence, 

Salles, Septier, Busch, & Thomas-Danguin, 2009; Manabe, 2008; Nasri, Beno, 

Septier, Salles, & Thomas-Danguin, 2011; Seo, Iannilli, Hummel, Okazaki, 

Buschhuter, Gerber, et al., 2011).  This approach has been shown to be promising, 

although it has also been demonstrated that its effectiveness depends on the level of 

salt concentration; saltiness enhancement by congruent odors was pronounced in a 

low or medium salt content, but not in a high salt content (Nasri, Beno, Septier, 

Salles, & Thomas-Danguin, 2011; Seo, et al., 2011). In addition, some of the above 

mentioned studies did not control for factors (e.g., dumping) that may have affected 

the occurrence of taste enhancement by odor.    
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The primary objective of the present study was, therefore, to investigate the 

potential for both types of enhancement, retronasal odor enhancement by salty and 

umami tastes, and saltiness and umami enhancement by retronasally perceived food 

odors, by using a psychophysical procedure that controls for the potential of dumping. 

As salty and umami taste stimuli, we used sodium chloride (NaCl), monopotassium 

glutamate (MPG), and monosodium glutamate (MSG). While MSG is considered a 

typical umami substance, it also contains one equivalent of sodium, thus evokes 

saltiness as well. The use of both MPG and MSG will provide a unique opportunity to 

test the role of salty and umami tastes per se in retronasal odor enhancement. A 

related objective was to fully understand the roles that congruency and perceptual 

similarity between tastes and odors play in the occurrence of both enhancements. In 

the past, the terms congruency and perceptual similarity have been used without clear 

distinction. For the purpose of this study, we define congruency and perceptual 

similarity as the degree to which taste and odor components are reminiscent of a 

flavor object (e.g., citral and sweetness resembling lemonade) and as the degree to 

which one component shares the quality of another (e.g., citral being “sour”), 

respectively. Finally, both sodium and MSG are known to increase hedonic values of 

foods. This raises a question of whether enhancement of flavor components (i.e., taste 

enhancement by retronasal odor or retronasal odor enhancement by taste) is a 

byproduct of the ‘halo’ effect (Clark & Lawless, 1994). This possibility was tested by 

measuring potential hedonic enhancement by salty and umami tastants and comparing 

the effect directly to intensity enhancement.  
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2.3 Method 

2.3.1 Subjects 

A total of 35 subjects (26 females and 9 males) between 18 and 45 years of age 

(mean = 25 years old) were initially recruited from the Oregon State University 

campus and the surrounding community. Individuals interested in participating in a 

flavor study were asked to fill out screening questionnaires. Inclusion criteria were: 

(1) non-smokers; (2) not pregnant or lactating; (3) not taking any prescription pain 

medication; (4) free from deficits in taste and smell; (5) free of oral lesions, and 

canker sores; (6) free from piercings of the tongue, lip, or cheek; (7) free from food 

allergies; (8) fluent English speakers; (9) not a vegetarian or vegan; and (10) familiar 

with the flavor of chicken and soy sauce. Respondents who qualified and agreed to 

participate were invited into the study. The subjects were asked to refrain from eating 

spicy food or using any strong-scented personal care products on the day of testing. 

They were further asked not to eat or drink anything, except for water, or to consume 

any menthol products (e.g. gum, toothpaste, or mouthwash) for at least 1 h prior to 

their scheduled test sessions. The experimental protocol was approved by the Oregon 

State University Institutional Review Board. Subjects gave written, informed consent 

prior to their participation and were compensated at the conclusion of the study.   

 

2.3.2 Stimuli 

The experiment included a total of 14 test stimuli: 4 taste stimuli [0.18 M 

sodium chloride (NaCl, Macron Chemicals), 0.18 M Monosodium glutamate (MSG, 

Ajinomoto), 0.18 M Monopotassium glutamate (MPG, Ajinomoto), 5.6 mM caffeine 
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(Sigma-Aldrich)], 2 odor stimuli [0.0002% chicken (Mane), 0.02% soy sauce 

(Mane)], and all 8 possible taste-odor mixtures. The concentrations of taste stimuli 

were chosen so that the perceived primary taste intensities were matched across the 

stimuli. The concentrations of odorants were chosen to evoke a “barely detectable” to 

“weak” range of sensation because 1) odorants have been found to evoke off tastes 

(e.g. bitterness) and/or oral irritation at medium to high concentrations (Cometto-

Muniz, 1981) and 2) it was also found in our previous study (Fujimaru & Lim, 2013) 

that a more substantial odor enhancement effect is seen at that range of concentration.  

Perceived odorant intensities were also matched across the two odor stimuli. Taste 

stimuli were prepared once a week using deionized water and were stored in airtight 

glass containers at 4-6 ᵒC. To minimize the loss of volatiles, odor stimuli and taste-

odor mixtures were prepared on the day of testing. Initially, 0.6 % (v/v) stock 

solutions of chicken odor and soy sauce odor were prepared. The chicken odor was 

miscible with water and thus its stock solution was prepared by dissolving it directly 

into deionized water. The soy sauce odor, in the meantime, was lipid soluble. In order 

to improve the miscibility of soy sauce odor in water, its stock solution was prepared 

using 95% ethanol (ACS/USP grade, Pharmco Aaper) as the solvent. The stock 

solutions were then further diluted with deionized water or taste solutions to achieve 

the final test concentrations. Test stimuli were poured into glass jars with tightly 

closed, screw-on lids. In order to negate any potential loss of volatiles due to repeated 

opening of the lid, each jar was opened and used for only two subjects. All unused 

test stimuli and stock solutions were discarded at the end of the day. All stimuli were 

presented at room temperature (20-22ᵒC). 
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2.3.3 Procedure 

A total of 5 experimental sessions were conducted: 2 intensity sessions, a 

hedonic session, a congruency session, and a perceptual similarity session, in that 

order. A total of 35 subjects participated in the intensity ratings sessions and 29 of 

them completed the full series of sessions. 6 subjects withdrew from the study due to 

a lack of availability. All testing was conducted on a one-on-one basis in a 

psychophysics laboratory and the test sessions were separated by at least 1 day. 

2.3.3.1 Intensity ratings 

A different odorant was tested during each of the intensity rating sessions: 

chicken odor in the 1st and soy sauce odor in the 2nd session. Each intensity session 

included 9 test stimuli: 1 odor stimulus, 4 taste stimuli, and all 4 respective taste-odor 

mixtures. At the beginning of the first intensity session, subjects were given verbal 

instructions regarding proper use of the general version of the labeled magnitude 

scale (gLMS) (Bartoshuk, Duffy, Fast, Green, Prutkin, & Snyder, 2002; Green, 

Dalton, Cowart, Shaffer, Rankin, & Higgins, 1996; Green, Shaffer, & Gilmore, 

1993).  Subjects were first given an explanation of the unique structure of the scale. 

Subjects then rated a list of 15 remembered or imagined sensations (e.g. the 

sweetness of a banana, the heat of drinking boiling hot tea, the weight of a feather in 

the hand) to gain practice using the scale in the broad context of sensations 

encountered in everyday life. In order to help subjects better discern the taste and 

odor qualities experienced during testing, samples of NaCl, MPG, caffeine, chicken 

odor (only in session one), and soy sauce odor (only in session two) were provided to 
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the subjects. Subjects were told that the quality experienced in each sample was 

representative of saltiness, umami, bitterness, chicken flavor, and soy sauce flavor, 

respectively. Since salty and bitter sensations were expected to be familiar to most 

subjects, sampling of those sensations was optional. Conversely, subjects were 

required to taste the samples representing umami, chicken flavor, and soy sauce 

flavor. The delivery method used during sampling was identical to that used during 

testing (see below). Sample concentrations were also identical to their respective test 

stimuli concentrations. 

The test procedure began immediately after training. During each trial, subjects 

were given 3-mL of stimulus in a disposable graduated transfer pipet (7.5 mL VWR 

International). They were asked to simply squeeze the stimulus onto their tongue and 

taste it for 3 s using a gentle “smacking” motion, while breathing naturally through 

their noses. Immediately after expectoration of each stimulus, the perceived 

intensities of saltiness, umami, bitterness, and specific flavor (i.e. chicken for the first 

session and soy sauce for the second session) were rated sequentially on the gLMS 

displayed on the computer screen. It was emphasized that they should rate the 

maximum intensity of each sensation experienced from the time the stimuli was first 

pipetted on the tongue to the time of expectoration. Subjects were also instructed that 

they may perceive no, single, or multiple sensations(s) from each stimulus and that 

they were to rate “no sensation” for any absent sensation. During a 1-min inter-trial 

interval, subjects rinsed vigorously with deionized water (37 ± 0.5 ᵒC) at least 3 times 

and until there was no longer any lingering sensation from the previous sample. A 3-

min break was given after the 5th trial and again after all 9 trials were completed. The 
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order of stimuli was counterbalanced so that the stimuli were presented in a particular 

position an approximately equal number of times. At the end of the second break, 

another set of 9 replicate measurements were made using an identical procedure, but 

with a different presenting order.    

2.3.3.2 Hedonic ratings 

The hedonic rating session included 2 testing blocks: a chicken block and a soy 

sauce block. Each block included 5 stimuli: 1 odor stimulus and all 4 respective taste-

odor mixtures. Half of the subjects tested the chicken block first and half tested the 

soy sauce block first. At the beginning of the hedonic session, subjects were given 

detailed verbal instructions on the proper use of the labeled hedonic scale (LHS) 

(Lim, Wood, & Green, 2009).  After a brief explanation of the structure of the scale, 

subjects rated their liking or disliking of 15 remembered and imagined sensations 

(e.g. the feel of silk, the taste of chocolate, the sound of fingernails on a chalkboard) 

to gain experience using the scale in the broad context of everyday hedonic 

experiences. After tasting each stimulus, subjects rated how much they liked or 

disliked each sample using the LHS displayed on the computer screen. Subjects 

received a 5-minute break between blocks and no replicate measurements were 

performed. All other testing procedures were identical to those used during the 

intensity rating sessions. 

2.3.3.3 Congruency ratings 

The stimuli and blocking configuration used in the congruency rating session 

were identical to those used during the hedonic rating session. At the beginning of the 

congruency session, subjects were given verbal instructions on the use of the 15 cm 
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line scale upon which they would make their ratings. Subjects were informed that 

they would rate how close the flavor of the stimuli was to the flavor of chicken broth 

(for the chicken block) or soy sauce (for the soy sauce block) that they had 

experienced before. The line scales were anchored by “not very close” on the left and 

“very close” on the right. Subjects were instructed to disregard color, texture, and 

intensity as best they could while making their decisions. During the test session, 

ratings were made on paper ballots containing 5 identical line scales of the type just 

described. One ballot was used per block. Subjects were asked to make a vertical hash 

mark along each scale to represent ratings. To enable better differentiation between 

stimuli, subjects were allowed to re-taste any of the stimuli once all trials in a block 

were completed and also were allowed to change their ratings at any time during the 

test. All other testing procedures were similar to those used in the hedonic rating 

session explained above.   

2.3.3.4 Perceptual similarity ratings 

The blocking configuration used in the perceptual similarity session was similar 

to that used in the hedonic and congruency rating sessions. However, the similarity 

session included 5 stimuli per block: 1 odorant and 4 tastants.   

Before the congruency testing procedure began, subjects were given verbal 

instructions on the use of the version of the 15 cm line scale upon which they would 

make their similarity ratings. Subjects were told that they would be given multiple 

pairs of samples and that for each pair they would rate how similar the qualities of 

one sample were to the qualities of the other. The line scales were anchored by “not 

very similar” on the left and “very similar” on the right. Subjects were again 
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instructed to refrain from factoring color, texture, and intensity into their ratings. 

During the testing session, the stimuli delivery procedure was identical to that used 

during the previous sessions except that, as mentioned above, for each trial subjects 

were given a pair of separate, unmixed stimuli: one odorant and one tastant. The 

odorant was always followed by the tastant. After expectoration of the odorant, 

subjects were instructed to rinse at least three times with deionized water (37 ± 0.5 

ᵒC) and until any lingering sensation was gone. Immediately after, they were given 

the tastant. Upon expectoration of the tastant, subjects rated how similar the qualities 

of the two samples were. Subjects were provided ballots upon which to make their 

ratings. However, this time each ballot included only 4 identical line scales. All other 

testing procedures were similar to the congruency rating sessions explained above.   

 

2.3.4 Data Analysis   

Ratings made using the gLMS tend to be log-normally distributed (Green, Shaffer, & 

Gilmore, 1993). Therefore, intensity ratings were log transformed before being 

analyzed. Intensity, congruency, similarity and hedonic ratings were analyzed using 

repeated measures Analysis of Variance (ANOVA) followed by Tukey’s honestly 

significant difference (HSD) tests. Replicate measurements were made for intensity 

ratings only. Therefore, repeated measures ANOVAs were first performed on the 

mean intensity ratings of each attribute (e.g. saltiness, umami, bitterness, chicken, soy 

sauce) using stimuli and replicate as factors. However, no significant effect of 

replicate was found (F-values ranged from 0.01 to 3.0; p-values from 0.09 to 0.93) 

thus, ANOVAs were rerun with only stimuli as a factor and results were reported as 
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such. Pearson product-moment correlations were used to examine the relationship 

between odor enhancement and, congruency, perceptual similarity, and hedonic 

enhancement. Statistica 12 (StatSoft, Inc.) was used to perform all statistical analysis. 

 

2.4. Results 

2.4.1 Taste and odor enhancement 

2.4.1.1 Taste and odor intensity 

Fig. 1 displays the log mean intensities of saltiness (left) and umami (right) for all 

tastants and odorants presented alone. Note that 2 replicates of intensity ratings for 

each odor stimulus were made, while a total of 4 replicates measurements were made 

for each tastant (2 replicates per session; see section 2.3.3.1 above). NaCl and MSG 

were the only stimuli to elicit a perceivable salty taste, while MSG and MPG were the 

only ones to evoke an umami taste. This is in contrast to previous saltiness 

enhancement studies which showed that several of the odorants alone (e.g. sardine, 

chicken, soy sauce) were rated as salty (G.  Lawrence, Salles, Septier, Busch, & 

Thomas-Danguin, 2009; Nasri, Beno, Septier, Salles, & Thomas-Danguin, 2011).  

2.4.1.2 Enhancement of saltiness and umami by odors 

Fig. 2 shows the log mean intensities of saltiness (left) and umami (right) for the 

samples containing tastants alone (white bars) and in mixtures with chicken or soy 

sauce (black bars). As with Fig. 1, mean intensity ratings for each tastant represent 

the average of 4 replicates per subject while odorants represent 2 averaged replicates. 

NaCl and MSG were investigated for potential saltiness enhancement, while MPG 

and MSG were investigated for umami enhancement. Other tastants were not 
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considered because they did not evoke either saltiness or umami to a perceptible level 

(see Fig. 1). To investigate possible taste enhancement by odorants, repeated 

measures ANOVAs were performed on logged mean taste intensity ratings. Results 

showed that both chicken and soy sauce odor failed to enhance either saltiness or 

umami. In fact, though not statistically significant, the addition of soy sauce odor 

came close to suppressing the saltiness of NaCl and the umami of MSG (NaCl: p = 

0.08; MSG, p = 0.07)). This result supports previous findings that taste enhancement 

is weak when subjects are asked to rate all appropriate attributes (Fujimaru & Lim, 

2013; Green, Nachtigal, Hammond, & Lim, 2012; Lim, Fujimaru, & Linscott, 2014). 

2.4.1.3 Retronasal odor enhancement by salty and umami tastes 

Fig. 3 displays the log mean intensities of chicken (left) and soy sauce odor (right) for 

the samples containing chicken and soy sauce odor alone (white bars) and in mixtures 

with NaCl, MSG, MPG, or caffeine (black bars). To investigate potential odor 

enhancement, repeated measures ANOVAs were performed. Results showed a 

significant effect of stimuli [chicken, F4, 136  = 20.6, p < 0.0001; soy sauce, F4, 136  = 

14.0, p < 0.0001]. Tukey’s HSD post hoc analysis indicated that chicken odor was 

significantly enhanced by MSG, MPG, and NaCl, while soy sauce flavor was 

enhanced by MSG, and NaCl. There was a trend of MPG to enhance soy sauce odor, 

though it did not reach significance. The results indicate that salty and umami tastes 

have the ability to enhance retronasally perceived food odors.   

To allow for a more direct comparison between odor enhancement and the other 

factors to be examined (i.e. congruency, perceptual similarity, degree of hedonic 

enhancement), the degree of odor enhancement was obtained by subtracting the log 
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intensity of the odorant alone from that of the taste-odor pair. Fig. 4 shows the degree 

of odor enhancement for chicken (left) and soy sauce (right). As expected, an 

identical trend in odor enhancing capabilities of the tastants can be seen from the odor 

enhancement (Fig. 3) and degree of odor enhancement (Fig. 4) graphs. Post hoc 

analysis revealed the degree of odor enhancement from the addition of NaCl, MSG, 

and MPS was significantly higher than that from caffeine.   

 

2.4.2 Factors affecting degree of retronasal odor enhancement 

2.4.2.1 The effect of congruency and perceptual similarity on odor enhancement 

Fig. 5 displays the congruency (left column) and perceptual similarity ratings (right 

column) for chicken (top row) and soy sauce (bottom row). Repeated measures 

ANOVAs were performed in order to investigate differences in congruency and 

perceptual similarity between stimuli. Results showed a significant effect of stimuli 

amongst both congruency [chicken: F3, 84 = 34.2, p < 0.0001; soy sauce: F3, 84 = 19.1, 

p < 0.0001] and perceptual similarity ratings [chicken: F3, 84 = 5.6, p < 0.005; F3, 84 = 

3.1, p < 0.05)]. Post hoc analysis revealed that caffeine was significantly less 

congruent with chicken and soy sauce odors than were with the other 3 tastants. 

While NaCl, MSG, and MPG were all considered quite congruent with chicken odor, 

MPG was considered to be significantly less congruent with soy sauce odor than was 

NaCl. For perceptual similarity ratings, MPG was significantly more perceptually 

similar with chicken odor than was NaCl and caffeine, whereas MSG was 

significantly more perceptually similar to soy sauce than caffeine. NaCl, MPG, and 

caffeine had statistically the same level of similarity to soy sauce odor. 
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In order to investigate the relationship between degree of odor enhancement, 

congruency, and perceptual similarity for chicken and soy sauce, a visual comparison 

was performed amongst their respective graphs. The corresponding mean ratings seen 

in the degree of odor enhancement (Fig. 4) and congruency graphs (Fig. 5) show a 

higher level of agreement than those found in the degree of odor enhancement and 

perceptual similarity graphs (Fig. 5) for both chicken and soy sauce. To help confirm 

this observation, correlations between the mean degree of odor enhancement and 

mean congruency of each taste-odor pair, as well as the mean degree of odor 

enhancement and mean perceptual similarity of each taste-odor pair were performed. 

It should be noted that the number of observations included in the mean degree of 

odor enhancement (n = 35) were different from the number included in both mean 

congruency and mean similarity (n = 29). A significant positive correlation between 

mean degree of odor enhancement and congruency was found for both chicken (r = 

0.99, p < 0.05) and soy sauce (r = 0.99, p < 0.05) odors. Conversely, there was no 

significant correlation between mean degree of odor enhancement and mean 

perceptual similarity (chicken: r = 0.57, p > 0.05; soy sauce: r = 0.66, p > 0.05). 

These results confirm that congruency is more closely related than perceptual 

similarity to degree of odor enhancement. 

2.4.2.2 Relationship between hedonic enhancement and odor enhancement 

Fig. 6 displays the degree of hedonic enhancement for chicken (left) and soy sauce 

odor (right). The degree of hedonic enhancement was obtained by subtracting the 

hedonic rating of the odorant alone from that of the taste-odor pair. Repeated 

measures ANOVAs showed a significant effect of stimuli for both chicken and soy 
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sauce (chicken: F3, 84 = 12.09, p < 0.0001; soy sauce: F3, 84 = 7.99, p < 0.0001). Post 

hoc analysis showed that while no significant differences in degree of hedonic 

enhancement existed between NaCl, MSG, and MPG, MSG trended toward being the 

most capable of enhancing liking and disliking of odorants, followed by MPG, and 

then NaCl for both chicken and soy sauce. 

The relationship between degree of odor enhancement and hedonic 

enhancement was compared by a visual examination of corresponding means found 

in their respective graphs. For chicken odor, the means in the degree of odor intensity 

enhancement (Fig. 4) and hedonic enhancement graphs (Fig. 6) show a high level of 

agreement. Correlations were again used to help confirm this finding. As before, the 

number of observations included in the mean degree of odor intensity enhancement (n 

= 35) were different from the number included in the mean degree of hedonic 

enhancement (n = 29). There was a significant positive correlation between degree of 

odor enhancement and degree of hedonic enhancement (r = 0.99, p < 0.005). For soy 

sauce odor, the trend of degree of enhancements from the two graphs was less 

comparable than they were for chicken. Consequently, though the correlation 

coefficient (r = 0.86) was rather large, the correlation between soy sauce odor 

intensity enhancement and hedonic enhancement was not statistically significant (p > 

0.10). 
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2.5. Discussion 

2.5.1 Saltiness and umami enhancement by odor 

Results obtained from the current study show that saltiness of NaCl and MSG (Fig. 2: 

left panel, white bars), and umami of MSG and MPG (Fig 2: right panel, white bars) 

were enhanced neither by chicken nor soy sauce odors. In fact, the addition of the 

odorants to those 3 tastants even came close inducing significant suppression in some 

cases. This result, in conjunction with the results from our previous studies (Fujimaru 

& Lim, 2013; Green, Nachtigal, Hammond, & Lim, 2012; Lim, Fujimaru, & Linscott, 

2014), confirm the earlier finding that taste enhancement by odor disappears when all 

relevant attribute categories are given to subjects to rate (Clark & Lawless, 1994; 

Frank, van der Klaauw, & Schifferstein, 1993).   

In contrast, several recent studies have reported that saltiness can be enhanced 

by a salty-congruent odor and that this enhancement could be used to compensate 

forsodium reduction in foods (G. Lawrence, Salles, Palicki, Septier, Busch, & 

Thomas-Danguin, 2011; G.  Lawrence, Salles, Septier, Busch, & Thomas-Danguin, 

2009; Nasri, Beno, Septier, Salles, & Thomas-Danguin, 2011; Seo, et al., 2011). 

While those study findings are quite intriguing, several aspects of the studies require 

attention. First, in one of the studies, subjects were not provided with all appropriate 

rating categories (Seo, et al., 2011), raising the question of whether the saltiness 

enhancement seen was a consequence of “dumping”.  

Second, although other studies showed saltiness enhancement by odor even 

after successfully controlling for “dumping”, the increase in saltiness intensity was 

less than or equal to the level of saltiness attributed to the odor alone (G. Lawrence, 
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Salles, Palicki, Septier, Busch, & Thomas-Danguin, 2011; G.  Lawrence, Salles, 

Septier, Busch, & Thomas-Danguin, 2009; Nasri, Beno, Septier, Salles, & Thomas-

Danguin, 2011). For example, the mean saltiness intensity of sardine odor alone was 

reported as approximately 4 on the scale of 0-10, but the degree of odor induced 

saltiness enhancement was less than 4 (G.  Lawrence, Salles, Septier, Busch, & 

Thomas-Danguin, 2009). This observation raises an interesting question regarding the 

underlying mechanism of the enhancement. Odorants can acquire taste-like qualities 

(e.g., “salty” odor of sardine) by learned association (Prescott, Johnstone, & Francis, 

2004; Stevenson, Prescott, & Boakes, 1995; Yeomans, Prescott, & Gould, 2009), and 

thus naïve subjects often rate “saltiness” intensity of the salty-associated odorants 

when asked. This is not to say the subject actually perceives saltiness in those 

odorants. Rather, the descriptor “salty” is inadvertently used by the subject as a 

means to describe the odor. In other words, saltiness enhancement reported may not 

be due to an increase in saltiness perception per se.  

Finally, saltiness enhancement by odor seems to occur only at relatively low 

concentrations of NaCl. Evidence for this comes from recent studies which 

investigated odor-induced saltiness enhancement and a possible role of the level of 

saltiness in the degree of saltiness enhancement and showed that saltiness is enhanced 

only at a relatively low range of NaCl (e.g., 0 to 0.16 M), but not at a higher range of 

NaCl (e.g. 0.04 M to 0.64 M NaCl), depending on studies (Djordjevic, Zatorre, & 

Jones-Gotman, 2004; Nasri, Beno, Septier, Salles, & Thomas-Danguin, 2011; Seo, et 

al., 2011). Other studies, though not explicitly concerned with the level of NaCl, used 

relatively low concentrations of NaCl (i.e. 0.02 M and 0.09 M NaCl) and showed a 
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significant effect of odor-induced saltiness enhancement (G. Lawrence, Salles, 

Palicki, Septier, Busch, & Thomas-Danguin, 2011; G.  Lawrence, Salles, Septier, 

Busch, & Thomas-Danguin, 2009). Interestingly, this apparent concentration 

dependency of saltiness enhancement by odor is very much analogous to the 

occurrence of odor enhancement by taste at a low concentration of odors (Fujimaru & 

Lim, 2013). Given that, the failure of observing taste enhancement by odor in the 

current study may be due to the concentration of NaCl used (i.e., 0.18M or 1.1% 

NaCl, which is equivalent to 0.4% sodium). Nevertheless, the concentration of NaCl 

was chosen because it was deemed to be more representative of the salt concentration 

levels typically found in liquid-based foods (e.g., soup) (Mhurchu, Capelin, Dunford, 

Webster, Neal, & Jebb, 2011). In fact, sodium contents of foods that would be 

considered candidates for salt reduction are typically much higher than any of the 

concentrations that were used in the previous studies [e.g., processed meats, 0.6% (up 

to 2.8%); processed fish, 0.4% (up to 6.2%); convenience foods, 0.4% (up to 8.2%); 

sauces and stocks, 1.3% (up to 29.5%); examples are shown in mean sodium % with a 

highest range of sodium % content found] (Mhurchu, Capelin, Dunford, Webster, 

Neal, & Jebb, 2011).   

 

2.5.2 Retronasal odor enhancement by saltiness and umami 

Results from the current study confirm that salty and umami tastes are capable of 

enhancing the intensity of retronasally perceived congruent odors. Specifically, the 

addition of both NaCl and MSG significantly enhanced the perceived intensities of 

chicken and soy sauce odor (see Fig. 3). Additionally, MPG significantly enhanced 
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the intensity of chicken odor and showed a trend toward enhancement of soy sauce 

odor (see Fig. 3). Importantly, the perceived saltiness of MPG alone was rated below 

barely detectable (see Fig. 1, left column), supporting the hypothesis that umami, 

even in the absence of a salty taste, is capable of odor enhancement.   

The findings from the current and previous studies suggest that saltiness, 

umami, and sweetness can enhance retronasally perceived congruent food odors 

(Fujimaru & Lim, 2013; Green, Nachtigal, Hammond, & Lim, 2012; Lim, Fujimaru, 

& Linscott, 2014), whereas their counterparts, sourness and bitterness cannot (Green, 

Nachtigal, Hammond, & Lim, 2012; Lim, Fujimaru, & Linscott, 2014). Combined 

together, the findings thus far confirm our hypothesis that retronasal odor 

enhancement occurs only for tastes that signal the presence of “nutritive” or 

“beneficial” compounds. Sweetness, saltiness, and umami typically signal the 

presence of simple sugars, sodium, and L-glutamate, respectively which are all 

beneficial for bodily functions (e.g., sources of energy and electrolytes). From an 

evolutionary point of view, sourness and bitterness are indicative of unripe 

fruits/spoilage and the presence of potential toxins, respectively (Breslin, 2013; 

Lindemann, 2001). Since the quality status of a taste seems to be associated with its 

ability to enhance (especially weak) food odors, it is possible that odor enhancement 

is a mechanism by which the association between the unique odor of a food and its 

metabolic consequence is strengthened. Evidence for this possible interplay comes 

from an fMRI study, which showed that the anterior ventral insular was more likely 

to interact with the feeding network when a taste signaling a “nutritive” substance 

was present in the mouth (Rudenga, Green, Nachtigal, & Small, 2010).  
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2.5.3 Odor enhancement vs. hedonic enhancement 

The notion that the quality status of a taste is related to the ability to enhance the 

intensity of congruent food odors is especially interesting given that the physiological 

significance of a taste is highly associated with its hedonic value (e.g., sweetness of 

sucrose is generally liked). It is well known that the addition of sugars and salt 

generally increase liking of foods and food odors. Moreover, glutamates, more 

specifically MSG, have been shown to increase pleasantness of a consonant odor and 

accordingly have been called “flavor enhancers” (McCabe & Rolls, 2007; Yamaguchi 

& Ninomiya, 2000). The recognition that the physiological significance of a taste may 

play an important role in both intensity and hedonic enhancement prompted us to 

investigate the relationship between odor (intensity) enhancement and hedonic 

enhancement.  

When visual comparisons between the degrees of odor enhancement (Fig. 4) 

and hedonic enhancement (Fig. 6) were made, there seemed to be a high level of 

agreement between the two types of enhancement. However, a closer look at the 

degree of intensity enhancement and hedonic enhancement for the individual taste-

odor combinations suggest that a tastant may have a different aptitude for enhancing 

odor intensity and liking. For example, while the given concentration of NaCl showed 

little ability to hedonically enhance the test odors, especially soy sauce odor (Fig. 6), 

it significantly enhanced the intensity of both odors (Fig. 4). Additional support for 

this observation comes from the correlation data, which showed good agreement 

between the degrees of odor intensity and hedonic enhancement for chicken odor (r = 
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0.99, p < 0.005), but not for soy sauce odor (r = 0.86, p > 0.05). These findings 

suggest that while the ability of a tastant to enhance the intensity and liking of a 

congruent food odor is highly related, the underlying conditions and mechanisms for 

the two types of enhancement may differ. Specifically, we suspect concentrations of a 

tastant that are required for the occurrence of odor enhancement and hedonic 

enhancement might be different. As shown in one of our previous studies, a low 

concentration of sucrose is able to enhance a congruent odor significantly and that the 

increase in the intensity does not necessarily improve the degree of odor enhancement 

(Fujimaru & Lim, 2013). However, hedonic enhancement may occur at the maximum 

level when the concentration reaches an expected level for a given food (e.g., an 

optimum saltiness level may differ for soy sauce vs. soup). This potential dichotomy 

was shown in the current study; the given concentration of NaCl elicited intensity 

enhancement for soy sauce odor to a significant degree, while it showed a minimum 

degree of hedonic enhancement. This is potentially because the salt concentration 

used was considerably lower than that found in actual soy sauce (i.e. up to 29.5%) 

(Mhurchu, Capelin, Dunford, Webster, Neal, & Jebb, 2011). Further studies are on 

the way that will better explore the underlying conditions and make a clearer 

distinction between the two types of enhancement.  

 

2.5.4 Role of congruency and perceptual similarity in odor enhancement 

 Previous study findings agree that the occurrence of taste-odor interactions is 

stimulus dependent (Dalton, Doolittle, Nagata, & Breslin, 2000; Frank & Byram, 

1988; Kuo, Pangborn, & Noble, 1993). This stimulus dependency has been explained 
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by two highly related, but somewhat different concepts: congruency (Green, 

Nachtigal, Hammond, & Lim, 2012; Lim, Fujimaru, & Linscott, 2014; Seo, et al., 

2011) and perceptual similarity (Frank, Shaffer, & Smith, 1991; Prescott, 1999; 

Schifferstein & Verlegh, 1996; Stevenson, Prescott, & Boakes, 1999) between taste 

and odor stimuli. Interestingly, confusion between the two concepts exists. For 

instance, despite the clear distinction between the effect of congruency and perceptual 

similarity on taste enhancement that was made by Schifferstein and Verlegh (1996), 

the concepts have often been used interchangeably. The current study attempted to 

clearly define and examine the effect of two distinct stimuli related factors, 

congruency and perceptual similarity.  

In the current study congruency and perceptual similarity were defined as ‘the 

degree to which taste and odor components are reminiscent of a “flavor object” and 

‘the degree to which one component shares the quality of another’, respectively. The 

smell of citral and sweetness of sugar highlight the differences between these two 

factors as defined in this study. While citrus odor and sweetness may be considered to 

be congruent (components of lemonade), they are certainly not perceptually similar. 

Rather, the citrus odor of citral and the sourness of citric acid may be considered 

more perceptually similar.   

The level of perceptual similarity between a taste-odor pair has been shown to 

be an important factor in taste enhancement (Frank et al., 1991; Schifferstein & 

Verlegh, 1996). This makes sense as perceptual similarity may be an indicator of the 

degree to which taste and odor qualities have become associated and, thereby, more 

easily confused. This confusion is thought to play an important role in taste 
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enhancement (Prescott 1999; Stevenson et al., 1999). However, it is interesting to 

note that in the current study, in which response bias was controlled for, the 

perceptual similarity of the taste-odor pair did not seem to play a part in determining 

the presence of taste enhancement by odor, as no pairs showed taste enhancement by 

perceptually similar odors. While this does not necessarily provide evidence against 

the relationship between perceptual similarity and taste enhancement by odor, it does 

reconfirm the importance of response bias in the taste enhancement by odor 

phenomenon. More importantly, a comparison of the mean ratings for perceptual 

similarity and the degree of odor enhancement shows little agreement between the 

two. An inspection of the mean congruency and degree of odor enhancement ratings 

of NaCl and caffeine for both chicken odor and soy sauce odor truly highlights this 

finding. While NaCl and caffeine were rated as statistically the same in perceptual 

similarity, NaCl was shown to be significantly more capable than caffeine of both 

chicken and soy sauce odor enhancement. This suggests that the level of perceptual 

similarity has little influence on the presence or degree of odor enhancement by taste. 

On the other hand, though it again had little influence on taste enhancement, 

congruency was shown to be an important factor in odor enhancement by taste. 

Current results in combination with previous findings (Green et al., 2012; Lim et al., 

2014) suggest that congruency is a necessary requirement for the presence of odor 

enhancement by taste (Green et al., 2012; Lim et al., 2014). Additionally, a 

comparison of the mean congruency and degree of odor enhancement ratings shows 

that the degree of congruency between a taste and odor stimuli is highly predictive of 

the degree of odor enhancement by taste found within that stimuli combination.   
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2.5.5  Conclusion 

In summary retronasal odors were shown to be incapable of enhancing salt and 

umami tastes when all appropriate rating categories were provided. Conversely, salty 

and umami tastes were shown to enhance chicken and soy sauce odors. This result 

lends strong support to the hypothesis that odor enhancement by taste is intimately 

linked with the positive metabolic consequences associated with sweet, salty, and 

umami tastes. Additionally, while related, hedonic enhancement and odor intensity 

enhancement are influenced by different underlying conditions and mechanisms. 

Finally, results from the current study showed that congruency is not only a necessary 

requirement for odor enhancement by taste to occur but is also a strong predictor of 

the degree of odor enhancement. 
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Fig. 1 Log mean ratings of the perceived intensity of saltiness (left) and umami (right) for all unmixed 

tastant and odorant stimuli. Letters on the right y-axis represent semantic labels on gLMS: BD = barely 

detectable, W = weak, M = moderate, S = strong. Vertical bars = SEMs. 
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Fig. 2 Log mean ratings of the perceived intensity of saltiness (left) and umami (right). Each white bar 

represent a tastant delivered alone while the black bars represent taste-odor mixture. Letters on the 

right y-axis represent semantic labels on gLMS: BD = barely detectable, W = weak, M = moderate, S = 

strong. Vertical bars = SEMs. 
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Fig 3. Log mean ratings of the perceived intensity of “chicken” (left) and “soy sauce” (right). White 

bars represent retronasal odorants delivered alone while black bars represent taste-odor mixtures. 

Different letters indicate significant differences between stimuli (Tukey’s HSD test, p < 0.05). Letters 

on the right y-axis represent semantic labels on gLMS: BD = barely detectable, W = weak, M = 

moderate, S = strong. Vertical bars = SEMs. 
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Fig 4. Degree of intensity enhancement of “chicken” (left) and “soy sauce” (right) by tastants. 

Different letters indicate significant differences between stimuli (Tukey’s HSD test, p < 0.05). Vertical 

bars = SEMs. 
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Fig 5. Congruency (left) and similarity (right) ratings for “chicken” (top row) and “soy sauce” (bottom 

row). Different letters indicate significant differences between stimuli (Tukey’s HSD test, p < 0.05). 

Vertical bars = SEMs. 
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Fig 6. Degree of hedonic enhancement ratings for “chicken” (left) and “soy sauce” (right). Different 

letters indicate significant differences between stimuli (Tukey’s HSD test, p < 0.05). Vertical bars = 

SEMs. 
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3. General Discussion 

The aim of the current study was to explore the role of salt and umami tastes 

in taste enhancement by retronasal odor and retronasal odor enhancement by taste, 

and to better understand potential factors of influence in these phenomena including 

congruency, perceptual similarity, and hedonic enhancement. The results highlight 

challenges faced by food product developers especially with regards to development 

of effective salt and MSG reduction strategies.  

Results from this study suggest several factors must be kept in mind when 

designing and testing salt and MSG reduction techniques. First, results showed that 

when “dumping” was controlled for salt and umami enhancement was nil. This result 

is in agreement with previous studies showing that taste enhancement by odor only 

occurs in the presence of the “dumping” response bias (Frank et al. 1990; Lawless & 

Clark 1992; Frank et al. 1993; Clark & Lawless, 1994; van der Klaauw & Frank, 

1996). It should be noted that results obtained in the presence of response bias may 

not be useful for product developers because they may represent measurement 

artifacts rather than a representation of the true perception of the consumer. 

Therefore, when having subjects rate taste and odor intensities in the context of any 

study involving perception of food qualities, “dumping” should be controlled for by 

providing all appropriate rating categories.  

Second, while previous studies suggest that perceptual similarity is an 

important factor in taste enhancement by odor (Frank et al., 1991; Schifferstein & 

Verlegh, 1996), our results suggest that controlling for “dumping” may negate any 



51 

 

taste enhancement effect produced by perceptual similarity. This further points to the 

need for control of response bias during the rating process.  

Finally, several studies have shown that salt enhancement by odor may only 

occur when low salt concentrations are present (Djordjevic et al., 2004; Nasri et al., 

2011; Seo et al., 2011). The salt concentration used in the current study (0.18M or 

1.1% NaCl) was reflective of the amount of salt contained in a typical liquid food 

(e.g. soup), yet no salt enhancement by odor was shown. The salt concentration of 

many foods that would likely be candidates for salt reduction is the same or even 

considerably higher than the one used in this study (Mhurchu et al., 2011). Therefore, 

the potential effect of salt concentration on salt enhancement by odor must be kept in 

mind when designing salt reduction strategies for existing food products. 

In the current study salt and MSG were both shown capable of enhancing 

retronasal odor. This result is meaningful in the context of salt and MSG reduction 

strategies. It is well known that salt and MSG improve the overall palatability of 

foods and that when salt or umami are reduced consumer acceptance of a product 

decreases.  This can be due to several factors.  First, salt and MSG are inherently 

pleasing in combination with congruent odors therefore, reduction of these two tastant 

directly decreases liking of the product.  Second, when salt or MSG levels are 

decreased, there is a direct loss of perceived salt and umami taste intensity, which, in 

turn, decreases the perceived overall flavor of the food.  Finally, results from the 

current study show that salt and MSG have the capacity to increase the perception of 

congruent odors. From this, it can be inferred that any reduction in salt and umami 

may cause a reduction in perceived odor intensity as well, further reducing overall 
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flavor. Additionally, results from the current study may support the use of MSG in 

salt reduction techniques. Though its reduction is a concern for some, MSG has been 

used as a salt replacement compound in salt reduction (Doyle & Glass, 2010). MSG 

may enhance saltiness through taste-taste interactions (Doyle & Glass, 2010), 

negating some of the salt intensity lost through salt reduction. Based on evidence 

from the current study, it is possible that the addition of MSG may also enhance the 

odor of the product that it is added to, compensating for some of the salt induced odor 

enhancement lost by salt reduction.    

Additionally, the current study showed that not only is congruency a 

requirement for odor enhancement by taste but it is also an important predictor of the 

degree of odor enhancement. This result as implications in salt and MSG reduction 

strategies because most of the popular salty and umami foods contain congruent taste-

odor pairs and, therefore, would be candidates for odor enhancement by taste. This 

provides additional support to the hypothesis that loss of salt and MSG induced odor 

enhancement may contribute to the loss of palatability encountered with salt and 

MSG reduction.  

Finally, though salt and MSG are widely considered “flavor enhancers”, the 

meaning of the term is ambiguous. This study suggests that “flavor enhancement” 

may be a combination of two concepts: hedonic enhancement and intensity 

enhancement. Though the two may be related, the underlying conditions and 

mechanisms involved with each effect are likely different.  Therefore, food scientists 

interested in studying the enhancing effects of salt and MSG should take care to 

differentiate between the two concepts. 
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