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ABSTRACT 

 
The overall objective of the two studies detailed herein was to contribute to our current 

understanding of how best to approach population-wide dietary salt reduction in the event 

of a salt mandate, as recommended by the Institute of Medicine (IOM) via their 

publication, Strategies to Reduce Sodium Intake in the United States.  In order to 

determine how much salt could be reduced in a food and remain unnoticed by consumers, 

the objective of the first study was to determine a series of sequential difference 

thresholds for sodium chloride detection in plain water and in water with added taste 

stimuli to simulate a more complex flavored broth.  Ten subjects were recruited from a 

trained descriptive analysis panel of PROP tasters and supertasters. Using paired 

comparison tests, difference thresholds were established for each of the two described 

solutions starting at a salt concentration comparable to that of commercially available 

soup, and ending at a concentration required to meet FDA low sodium guidelines. From 

these thresholds, two series of concentrations were established: a 26 step reduction for 

salt in water, and a 12 step reduction for salt in water with added stimuli. The difference 

in number of steps illustrates the importance of product complexity in determining 

sensitivity to sodium reduction and provides basic information for manufacturers 

interested in gradually decreasing salt content of foods without detection by consumers.  

The objective of the second study was to compare two salt reduction strategies over a 16-

week period to determine if gradual salt reduction, as recommended by the IOM, was 

more effective than abrupt salt reduction for maintaining acceptability of a low sodium 

food.  Eighty-four subjects participated in a three-part study: an initial taste test, a 16-

week longitudinal study, and a final taste test.  At the initial and final taste tests, subjects 

indicated liking of tomato juice at four salt concentrations ranging from 136mg 

sodium/serving (low sodium) to 640mg sodium/serving (a salt concentration comparable 

to a commercially available product).  To create two groups for the 16-week study, 

subjects were balanced for motivation to reduce dietary salt intake, sensitivity to 6-n-

propylthiouracil, and hedonic sensitivity to salt (the difference in liking between the 
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highest and lowest salt concentrations in tomato juice served at the initial taste test).  One 

group received juice abruptly reduced in salt to a target low sodium level at week 4; the 

second group received juice gradually reduced in salt via difference threshold steps 

determined in the first study to reach the target at week 14.  Liking for reduced salt and 

low sodium juices increased between taste tests; in addition, subjects experienced a 

downward shift in salt preference as a result of repeated exposure to reduced salt and/or 

low sodium juice during the longitudinal study.  No overall difference in liking for low 

sodium juice was observed at the end of the longitudinal study between subjects in the 

abrupt and gradual salt reduction groups; however, differences in liking as a result of 

hedonic sensitivity and motivation indicate gradual step-wise salt reduction is not a ‘one 

size fits all’ approach. 
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CHAPTER 1 

LITERATURE REVIEW  

 

Introduction 
 

On April 20, 2010, the Institute of Medicine (IOM), an independent nonprofit 

organization made up of physicians and academics, officially released a statement urging 

the FDA to mandate industry wide salt reduction by setting federal standards for the 

amount of salt that food manufacturers, food service companies, and restaurants are 

allowed to add to their products.  According to the IOM, the average American consumes 

3,400mg of sodium per day, exceeding the upper limit of the recommended daily intake 

by approximately one and a half times (IOM, 2010), and the updated American Heart 

Association standards by nearly 2,000mg (AHA, 2011).  The relative contribution of 

processed foods to daily salt intake is approximately 75% (Mattes & Donnelly, 1991); 

this value, in addition to evidence suggesting poor adherence to self-implemented low 

sodium diets (Jeffery et al, 1984; Mattes, 1990) indicates the most successful intervention 

for reducing dietary salt intake would be one that focused on minimizing salt added 

during food processing.  The integral role of salt in food processing and our inherent taste 

for salt, however, means that sodium reduction may present a large challenge to food 

manufacturers.   

 

Sodium reduction is not a straightforward process.  Salt is important for product 

functionality, preservative and anti-microbial properties, and taste—in imparting 

saltiness, as a flavor enhancer, and in suppression of bitterness (Breslin & Beauchamp, 

1997).  Although reduction of sodium by small amounts has been demonstrated 

successfully in food products without affecting consumer acceptability, public health 

concern has put pressure on the food industry to make larger reductions, a task that may 
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come with significant technological challenges, particularly in ensuring maintenance of 

product quality.  As outlined in this review, further research is required to fully elucidate 

salt taste transduction, consumer preferences for salt, the value of salt replacers, and 

strategies to effectively reduce sodium without negatively affecting sensory impact.  

Because taste is a primary motivating factor for food-related decisions (Cowart, 1981; 

Eertmans et al., 2001), the recent push for sodium reduction (despite considerable 

controversy surrounding its necessity) has made a clear understanding of sensory 

perception of salt an absolute necessity.  

 

 

Physiology of salty taste perception 
 

Taste receptor mechanism 
 

Despite the ubiquity of salt use within the food industry and at the dining table, relatively 

little is known about the salt taste receptor mechanism in humans.  Extensive evidence 

indicates the presence of sodium-specific and non-sodium specific pathways for salt taste 

transduction in rodents (Herness & Gilbertson, 1999).  Although some differences in 

gustatory responses to NaCl have been found between species (Halpern, 1998), the 

molecular similarities between humans and rodents for all other taste mechanisms makes 

the occurrence of a ‘human-specific’ salt taste mechanism somewhat unlikely 

(Chandrashekar et al., 2010).  As such, much of what is learned about taste transduction 

from studies on rodents is applied to humans. 

 

The most well characterized mechanism of salt taste transduction is the epithelial 

amiloride-sensitive transport pathway, known as ENaC, mediated by taste receptor cells 

on the apical region of the taste bud (Heck et al., 1984).  ENaC is specific for sodium and 

lithium, but is impermeable to potassium (Canessa et al., 1994).  The channel is made up 

of three homologous subunits (α, β, and γ) (Canessa et al., 1994), and is under the 

inductive control of aldosterone (Lin et al., 1999) and other hormones implicated in 
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physiological salt and water balance (Gilbertson et al., 1993).  Provided that sodium is 

present in the oral cavity in sufficient concentration, sodium ions move into the channel, 

causing a depolarization current in the taste receptor cell, resulting in perception of salty 

taste (Avenet & Lindemann, 1988; Heck et al., 1989; Lindemann, 2001).  According to 

Chandrashekar et al (2010) ENaC is vital as a salt-sensing system in terms of mediating 

appetitive behavior.  Using ENaC intact and ENaCα knockout mice, researchers 

confirmed the presence of two distinct salt taste receptor cell populations.  ENaC is 

stimulated by NaCl at both low (100mM) and high (500mM) concentrations, and as 

expected, is amiloride-sensitive, and sodium-specific; the α knockout is stimulated at 

high NaCl concentrations only, is amiloride-insensitive, and is responsive to KCl.  These 

findings validate the role of ENaC in sodium taste transduction, and demonstrate the 

presence of both distinct sodium-specific and nonspecific pathways that allow for 

differentiation between NaCl at adequate versus aversive concentrations (Chandrashekar 

et al., 2010). 

 

The presence of ENaC in rodents has been repeatedly demonstrated through studies in 

which amiloride substantially blocked the chorda tympani response to sodium chloride  

(Heck et al., 1984; DeSimone & Ferrell, 1985; Formaker & Hill, 1988; Heck et al.,1989).  

The roles of amiloride-sensitivity and the presence of ENaC in human salt taste 

perception are contentious.  Schiffman et al. (1983) reported a decrease in perceived 

intensity of 0.20M, 0.40M and 0.60M NaCl by 50.0%, 57.5%, and 56.7%, respectively, 

following amiloride delivery to the tongue using chromatography paper.  Tennissen 

(1992) determined a decrease in perceived saltiness in fungiform papillae following 

microdrop stimulation with NaCl and amiloride solutions, and McCutcheon (1992) 

determined that the number of papillae needed to identify a salty taste was significantly 

increased with amiloride delivery to small areas of the tongue; in both of these studies, 

one participant showed no amiloride effect at all.  Desor & Finn (1989) found no 

reduction in perceived saltiness of NaCl in an experiment involving delivery of NaCl 

solutions and amiloride to the whole mouth.  Collectively, these studies suggest the 

presence of a regionally distributed amiloride-sensitive component in humans (Herness & 
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Gilbertson, 1999); however, significant individual differences indicate that its role in 

human salt taste transduction may be less important than in other species (McCutcheon, 

1992).  McCutcheon (1992) has suggested that amiloride-sensitive channels in humans 

may serve as a sodium hunger mechanism; the decline in selective pressure for this 

mechanism over the evolutionary course of human development may have resulted in 

considerable genetic variance in sodium channels between individuals, and across 

species.  Chandrashekar et al. (2010) have proposed that experience, salt exposure, and 

diet may mask sodium channel contribution to human salt taste perception, and suggest 

future studies involving controlled sodium intake to shed light on the role of ENaC in 

human salt taste. 

 

In addition to ENaC, a genetic variant of TRPV1, a nonselective cationic channel in 

nociceptive neurons responsible for mediating thermal pain caused by vanilloids 

including capsaicin, is important for salt taste transduction (Ossebaard & Smith, 1995; 

Feldman et al., 2003; DeSimone & Lyall, 2006).  The variant is amiloride-insensitive, is 

stimulated by Na+, K+, NH4
+ and Ca2

+ ions, and is constantly active (Lyall et al., 2004).  

TRPV1 knockout mice display normal detection thresholds for NaCl and show no 

difference from wild type mice in ENaC sensitivity to amiloride. This suggests the 

presence of a third as of yet unidentified amiloride-insensitive ion channel; in other 

words, if TRPV1 was the only amiloride-insensitive ion channel present, knockout mice 

should not be able to detect NaCl in the presence of amiloride due to its inhibition of 

ENaC activity (DeSimone & Lyall, 2006; Ruiz et al., 2006; Breslin & Spector, 2008).  In 

addition to these findings, TRPV1 knockout mice demonstrate an increased preference 

for high concentrations (30-200mM) of both NaCl and KCl relative to wild type mice,  

implicating TRPV1 as a receptor that may function in mediating behavioral aversion to 

salts (Ruiz et al., 2006).  Inconsistent findings for amiloride-sensitivity in humans 

indicate a potentially important role for TRPV1 and other amiloride-insensitive pathways 

in salt taste transduction. 
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Although the sodium cation is responsible for the sensation of ‘saltiness’ (Breslin & 

Spector, 2008), its associated anion plays a significant role in contributing to salty taste 

(Elliott & Simon, 1990; Ye et al., 1991; Simon, 1992; Simone et al., 1993; Michlig et al., 

2007).  The tight junctions that connect individual taste cells at the apical pole of the taste 

bud contain paracellular pathways, or shunts, through which anions diffuse (Elliott & 

Simon, 1990; Ye et al., 1991).  The movement of anions across the tight junctions is 

directly coupled to Na+ movement through amiloride-sensitive channels; the more 

permeative the anion, the greater the influx of Na+ (Simon, 1992; Michlig et al., 2007).  

Relative to Cl-, anions with larger molecular weight and with greater charge density are 

transported more slowly across tight junctional pathways (Simon et al., 1993; Delwiche 

et al., 1999), resulting in hyperpolarization of taste cells, and reduced chorda tympani 

nerve response in gustatory neurons (Elliott & Simon, 1990; Simon, 1992).  In a study 

examining field potentials across the lingual epithelium, for example, Ye et al (1991) 

determined that of three stimuli, NaCl, sodium acetate (NaAc), and sodium gluconate 

(NaGlu), chloride was the most conductive of the anions, creating a current that 

minimized the electropositive potential created by simultaneous transport of sodium; in 

other words, NaCl exhibited stronger shunting than either NaAc or NaGlu, resulting in a 

larger neural response to Na+.  The differences in membrane potential of taste cells and 

nerve response produced by selectivity of anion transport across paracellular pathways 

may explain perceived taste differences of various sodium salts (Schiffman et al., 1980; 

Simon et al., 1993).  Thus, the characteristic taste of NaCl depends on both Na+ and Cl- 

(Schiffman et al., 1980; Simon et al., 1993), indicating the need for detailed 

understanding of the contributions of each to salt taste transduction.  

 

 

Genetic variability of salt sensitivity and development of salt acceptability 
 

Significant evidence indicates differences in salt taste perception between individuals 

(Bartoshuk et al., 1998; Wise et al., 2007; Hayes et al., 2010).  Although these differences 

are often attributed to environmental effects (Garcia-Bailo et al., 2009; Wise et al., 2007), 

genetic traits play a role.  To determine a relationship between oral sensory phenotype, 
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perceived salt sensation, and salt liking, Hayes et al. (2010) studied two phenotypic 

markers of taste variation: perceived bitterness of propylthiouracil (PROP), in part 

determined by polymorphisms in the TAS2R38 gene (Hayes et al., 2008), and anterior 

tongue papillae density.  Although results were food-dependent, variations in salt 

sensation were associated with differences in liking of high sodium foods, and overall 

sodium intake.  Increased saltiness was associated with reduced liking and lower intake 

of high fat/high sodium foods among individuals with higher papillae density.  Among 

PROP supertasters, increased perceived saltiness was associated with increased liking for 

snack foods (pretzels, regular potato chips, and salt & vinegar potato chips), but not 

Cheddar cheese; despite high liking ratings for Cheddar, supertasters reported perceived 

saltiness as nearly half that of potato chips with similar sodium content.  This finding 

may be indicative of supertasters’ susceptibility to the functional properties of salt 

unrelated to saltiness, particularly bitter masking.  In an assessment of bitterness of 

regular versus low sodium Cheddar cheese, Hayes et al (2010) determined that as sodium 

content was decreased, bitterness ratings increased and liking decreased.  Although 

supertasters were responsive to changes in salt content, perceived saltiness did not change 

significantly; rather, a reduction in salt content was perceived as increased bitterness.  

Thus, supertasters may consume higher sodium foods in an effort to mask undesirable 

tastes rather than increase saltiness (Hayes et al, 2010). 

 

Although the genes responsible for human salt taste perception have yet to be determined, 

variation in salty taste perception has allowed for identification of genes responsible for 

salt taste transduction in other organisms.  In rodents, perception of salt taste has been 

linked to the Scnn1a (sodium channel, nonvoltage gated, type 1 α) gene, which codes for 

the α subunit of the ENaC taste receptor (Shigemura et al., 2008).  A single nucleotide 

polymorphism of the gene results in substitution of arginine for tryptophan.  Rodents 

homozygous for the tryptophan-coding allele exhibit decreased response to amiloride 

relative to rodents carrying the arginine-coding allele, suggesting that amino acid 

substitutions in αENaC affect amiloride sensitivity, and in turn, salt taste transduction 

(Shigemura et al., 2008).  In Drosophila melanogaster, a model system for studying 
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human genetics, Liu et al. (2003) reported that ppk11 (Pickpocket11) and ppk19 

(Pickpocket19), genes that code for ENaC channels, are involved in salt taste perception.  

Disruption of these genes in larvae resulted in inability to discriminate low concentrations 

of Na+ or K+, and responses to low salt concentrations were attenuated.  Additionally, 

disruption of the genes affected behavioral responses to high salt concentrations in both 

larvae and adults; mutated flies displayed less aversion to salt at concentrations that 

would otherwise have been avoided (Liu et al., 2003).  According to Bachmanov & 

Beauchamp (2007), identification of ppk11 and ppk19 provides the strongest evidence to 

date for the involvement of ENaC channels in sodium taste responses. 

 

Though genetic similarities between organisms make a heritable component of salt taste 

plausible in humans (Garcia-Bailo et al., 2009), research indicates heritability may be of 

less importance in determining an individual’s salt taste perception than dietary salt 

exposure.  Stein et al. (1996) reported increased liking for salty foods in adolescents 

exposed to chloride deficient formula during infancy.  Because chloride deficiency 

elevates the same hormones as sodium deficiency, the researchers postulated that any 

prolonged effects would be manifested in increased sodium consumption and liking.  As 

expected, chloride-deficient individuals were more likely to crave salty foods, ranked 

salty foods higher for liking, and displayed a higher frequency of behavior related to salt 

intake than unaffected siblings.  Conversely, in a study on experimentally sodium 

depleted adults, subjects expressed an increased desire for high salt foods, but only 

during the depletion period; these desires returned to pre-depletion levels following the 

study, and no long term effects on salt consumption were reported.  These differences 

between groups may be a result of disruption to developmental changes in acceptability 

of salt (Beauchamp et al., 1986; Beauchamp et al., 1990; Beauchamp et al., 1994).  

According to Beauchamp et al. (1986, 1994), acquisition of sodium-specific receptors 

may occur in infancy, as indicated by indifference to salt solutions among newborns (1-4 

days old), and heightened acceptance for salt solutions beginning at four months of age 

(Beauchamp et al., 1986).  Any major changes in dietary salt intake during this critical 

period of development (such as ingestion of chloride-deficient formula) may result in 
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long term alteration in salt liking and consumption, relative to changes following full 

development of sodium receptors.  In other words, genes dictate development of salt taste 

transduction and perception, but it appears that certain environmental cues may override 

genetics under specific circumstances; the exact contribution of each to variation in salt 

sensitivity has yet to be resolved.  

 

 

Salt substitutes, salt replacers, and flavor enhancers 
 

Sensory properties of salt substitutes 
 

Specificity of the amiloride-sensitive channel for sodium and lithium has made finding an 

acceptable salt substitute quite difficult (Mattes, 1997).  Although some success has been 

found with partial substitution of sodium in various foods, no single compound has 

proven effective as a total replacer due to failure to elicit the same characteristic salty 

taste without unwanted off-flavors (Murphy et al., 1981).  The largest hurdle in finding 

an effective substitute appears to be overcoming the perceived bitterness inherent to most 

potential salt replacers.  In an analysis of calcium salt solutions, panelists rated both 

calcium chloride (CaCl2) and calcium lactate (CaLa) as predominantly bitter at 

concentrations ranging from 1-100mM; saltiness of CaCl2 was reported at the highest 

concentration only, and CaLa was not perceived as salty at all (Tordoff, 1996).  

Magnesium chloride (MgCl) and magnesium sulfate (MgSO4) have also been reported as 

bitter (Van Der Klaauw & Smith, 1995; Lawless et al., 2003), although both are 

associated with a salty taste at low levels (Kilcast & den Ridder, 2007).  Fitzgerald and 

Buckley (1985) found that total replacement of NaCl in Cheddar cheese with other 

chloride salts (KCl, CaCl2, and MgCl) resulted in bitter cheeses deemed completely 

unacceptable by panelists.  Currently, reduced sodium salt substitutes containing both 

MgSO4 (Rood, 1984; Kurppa, 1988), and MgCl (Rood, 1984) are on the market, although 

taste properties and consumer acceptability of these products is unknown. 
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Thus far, potassium chloride (KCl) has proven to be the most promising substitute for 

sodium.  Adams et al. (1994) determined that replacing half of the NaCl in both mashed 

potatoes and vegetable juice with KCl had no adverse effect on perceived saltiness or 

consumer ratings.  Collins (1997) (in Desmond, 2006) found no change in tenderness, 

flavor, or acceptability of ham made by replacing 30% of sodium chloride with KCl.  

Hooge and Chambers (2010) reported a 48% sodium reduction in both chicken broth and 

tomato soup by addition of up to 0.75% KCl, and Braschi et al. (2009) reported a 30% 

sodium reduction in white bread by addition of KCl and other potassium salts, with no 

change in acceptability scores in either study.  Both Lindsay et al. (1982) and Fitzgerald 

and Buckley (1985) reported no significant difference in acceptability of Cheddar cheese 

made with a 1:1 mixture of NaCl and KCl (a 50% reduction in sodium) and cheese made 

with NaCl only.  Similar results with NaCl/KCl (1:1) mixtures have been reported in Feta 

(Aly, 1995; Katsiari et al., 1997), cottage cheese (Demott et al., 1984), and 

Kefalograviera (Katsiari et al., 1998), a traditional hard Greek cheese.  Although these 

results hold promise for sodium reduction, it is important to note that addition of KCl 

beyond 50% does not appear to be a viable option in most cheeses.  Each of the 

NaCl/KCl (1:1) cheeses discussed was not significantly different from the control, 

however, a slight decline in one or more characteristic properties was observed.  Lindsay 

et al. (1982) reported increased bitterness and higher free fatty acid content in Cheddar, 

and Katsiari et al. observed an increase in fracturability and softness of Feta (1997), and 

lower flavor scores of Kefalograviera (1998).   

 

 

Sensory properties of salt enhancers     
 

According to Kilcast and den Ridder (2007), a salt enhancer is ‘a material that increases 

the perception of saltiness of a salt-tasting compound without having any significant 

saltiness itself’.  Ideally, a salt enhancer should be tasteless and odorless, non-pungent, 

stable at high temperatures, effective at low concentrations, easily rinsed from the mouth, 

and additive with other TRPV1 salt taste modulators (Katsumata et al., 2008).  Unlike a 

salt replacer, which is intended to increase perceived saltiness through contribution of its 
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own salty taste, an enhancer increases the intensity of an already existing taste or flavor.  

Kemp and Beauchamp (1994) suggested that ‘flavor potentiator’ be used to describe 

compounds that increase intensity of other flavors, ‘flavor modulator’ be used to describe 

compounds that differentially suppress other flavors, and ‘flavor enhancer’ be reserved 

for compounds that improve hedonic properties.  Despite this attempt to distinguish 

terminology, ‘enhancer’ appears to be most widespread in the literature and will be used 

in this review to describe an increase in perceived saltiness in line with Kilcast and den 

Ridder’s definition.  

 

Monosodium glutamate (MSG) is used widely as a flavor enhancer to increase 

palatability of food (Yamaguchi & Takahashi, 1984).  The umami taste provided by MSG 

has been reported to increase perceived saltiness (Mojet et al., 2004), and alter a 

product’s flavor profile by increasing overall flavor intensity and decreasing unwanted 

off-flavors (Kemp & Beauchamp, 1994).  Researchers have encountered significant 

success in reducing sodium content of various foods without affecting consumer 

acceptability through addition of MSG and 5’-ribonucleotides that contribute to umami 

taste.  Roininen et al. (1996), for example, observed a 40% sodium reduction in leek 

potato and minestrone soups through small additions of MSG, inosine-5’-monophosphate 

(IMP), and guanosine-5’-monophosphate (GMP), and an increase in ratings for 

pleasantness, taste intensity, and ideal saltiness of the reduced-sodium soups relative to 

soups without added umami.  Kremer et al. (2009) reported NaCl reduction in salad 

dressing, soup, and pork marinade by 50%, 17%, and 29%, respectively, through addition 

of soy sauce, which naturally contains a large quantity of umami tastants, including 

MSG.  Finally, in a study examining effects of varying ratios of NaCl and MSG in 

pumpkin soup, participants reported a decrease in perceived saltiness with reduced NaCl; 

however, lower-salt soups with added MSG were given higher preference ratings than 

those with NaCl only, indicating that saltiness may not be the predominant determinant in 

soup liking (Ball, 2002).   

 



11 
 

Despite these findings, the role of MSG in salt reduction is somewhat limited.  Pangborn 

and Braddock (1989) found that study participants, when adding MSG or a mixture of 

MSG and NaCl ad libitum to chicken broth, actually added more sodium to their soup 

than when adding NaCl alone; because MSG naturally contains sodium, its effect on salt 

reduction is inherently negated.  Additionally, MSG is likely only effective as a salt 

enhancer in food products that already contain appreciable levels of glutamate and have a 

significant umami taste (Kremer et al, 2009), such as cheese, tomato products, and stocks 

and soups (Prescott & Young, 2002).  The widespread stigma associated with MSG use, 

although somewhat abated in recent years, may also be a deterrent to adding MSG to 

food products (Prescott &Young, 2002).  Fortunately, potential solutions for minimizing 

MSG use exist: umami taste is imparted by inosine-5’-monophosphate (IMP), and 

guanosine-5’-monophosphate (GMP), which exhibit taste synergism with MSG 

(Yamaguchi & Takahashi, 1984), but are not subject to negative consumer perceptions.   

Alternatively, Ball et al (2002) found that calcium diglutamate (CDG) added to lower-salt 

soup had the same sensory impact as equivalent levels of MSG; panelists rated both 

versions of glutamate-enriched soups as richer and more flavorful than those without 

MSG or CDG, and because CDG does not contain sodium, it allows for greater salt 

reduction.  Although findings of this study were positive, further research on taste 

characteristics of CDG in various foods is required to establish consumer acceptability 

and feasibility of widespread use in reduced sodium products (Ball et al, 2002).   

 

Addition of acid at relatively low levels has been shown to enhance perceived saltiness in 

different products, including water solutions (Fabian & Blum, 1943; Kamen et al., 1961; 

Helleman, 1992), tomato juice (Pangborn & Chrisp, 1964; Little & Brinner, 1984), and 

lima bean puree (Pangborn & Trabue, 1964).  Degree of salt reduction accomplished by 

means of acidification is dependent upon the type of acid, the concentrations of salt and 

acid, and the food product.  In tomato juice, for example, Little and Brinner (1984) found 

that citric acid at four different concentrations (0.15-0.9%) increased perceived saltiness 

at all tested salt levels, up to 1.5%.  In water, Kamen et al. (1961) found that citric, 

tartaric, and malic acids increased perceived saltiness at salt concentrations up to 0.73%.  
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Hellemann (1992) reported that acetic and lactic acid (acids produced by fermentation) 

increased perceived saltiness at 0.4% NaCl in water, however, ratings decreased at the 

higher concentration of 1.6% NaCl.  Interestingly, perceived saltiness of rye bread 

samples did not decrease at higher salt concentrations up to 1.7% when the same acids 

were added.  Resultantly, Hellemann (1992) suggested that a reduction of NaCl by up to 

50% may be achievable in bread through addition of acetic and lactic acids and natural 

fermentation processes.  Because the same acids are produced during fermentation of 

sausages and several dairy products, acidification may be a viable option for salt 

enhancement in reduced-sodium versions of these foods. 

 

Several other potential salt enhancers have been investigated, although most have 

received little attention and require further research to determine effectiveness in food 

systems.  Trehalose, a non-reducing disaccharide, is currently marketed as a flavor 

enhancer that effectively reduces metallic and bitter tastes (Kilcast & den Ridder, 2007).  

A European Patent Application describes trehalose as a compound capable of ‘enhancing 

the salty-taste of a reduced-salt food product or material’ (Toshio et al, 1997).  Ornithyl-

β-alanine, a basic dipeptide, has been reported to exhibit saltiness when combined with a 

small amount of hydrochloric acid, and to enhance the saltiness of NaCl (Tamura et al., 

1989: Seki et al., 1990).  Katsumata et al. (2008) reported salt enhancing properties of 

Maillard reacted peptides (MRPs) derived from enzymatic hydrolysis of soy protein.  

When tested in NaCl solutions and vegetable soup, the MRPs enhanced perceived 

saltiness when present at concentrations less than 0.01%, with greatest saltiness reported 

when MRPs were conjugated with galacturonic acid; at concentrations greater than 

0.01%, however, saltiness was suppressed.  Soldo et al. (2003) reported the general taste 

enhancing activity of (+)-(S)-Alapyridaine, a tasteless compound identified in beef 

bouillon and in heated sugar/amino acid mixtures. (+)-(S)-Alapyridaine has been shown 

to significantly increase perceived umami, sweet, and salt tastes in solution, with no 

effect on perceived bitterness or sourness.  Demott et al. (1986) found that autolyzed 

yeast preparations added to buttermilk allowed for sodium reduction without affecting 
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flavor scores.  Salt enhancers discussed in this review were for the most part tested in 

solution; thus, results cannot be generalized to include solid food products.  

 

Aroma – taste interactions 
 

The sensation of flavor is elicited by a combination of taste and aroma, and can be 

influenced by trigeminal sensations, and other factors including color, texture, 

appearance, and sound (Murphy et al., 1977; Laing & Jinks, 1996; Noble, 1996; Dotsch 

et al., 2009).  Aroma can be perceived orthonasally by sniffing with the nostrils, and 

retronasally through oral ingestion of a stimulus followed by volatile migration through 

the posterior nares; both methods of perception are directly involved in aroma-taste 

interactions, and can have a significant impact on perceived flavors (Noble, 1996).  Most 

research on aroma-taste interactions has focused specifically on the relationship between 

aroma and perceived sweetness.  Hornung and Enns (1994) reported an increase in 

sweetness intensity of sucrose solutions as concentration of ethyl butyrate, a fruity ester, 

was increased; likewise, as concentration of sucrose was increased, perceived intensity of 

fruity aroma was increased.  Whether a particular aroma and tastant are congruent 

appears to be extremely important in perceived intensity of flavor.  Strawberry, lemon 

(Schifferstein & Verlegh, 1996), caramel, and lychee aromas (Stevenson et al.,1999), for 

example, have all been reported to enhance perceived sweetness of solutions.  Maltol and 

damascone, however, were actually found to suppress sweetness intensity (Stevenson et 

al., 1999), and ham aroma (Djordjevic et al., 2004a), was significantly less powerful in 

helping subjects to identify sucrose at threshold concentrations than strawberry aroma. 

 

In terms of aroma and saltiness interactions, research findings indicate that the 

relationship between aromas associated with saltiness and perceived salty taste may be 

similar to that described for sweetness.  (Djordjevic et al., 2004b) administered soy sauce 

aroma orthonasally to a panel rating salt intensity of solutions, and reported a significant 

increase in perceived saltiness relative to no soy sauce aroma.  Batenburg et al (2008) 

found that brothy, meaty, and roasted aromas helped to compensate for a 30% sodium 
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reduction in soups through enhancing salty taste, though KCl was added as a salt replacer 

making it impossible to determine the relative contribution of aromas to saltiness in this 

study.  Lawrence et al., 2009 reported that aromas associated with saltiness as determined 

through estimation of salty taste intensity based on name, enhanced perceived saltiness of 

water solutions.  In fact, anchovy and bacon aromas, the two names that evoked the 

greatest estimate of saltiness intensity, also elicited the greatest perceived salty taste, 

indicating that name alone may have a large impact on inducing changes in taste 

perception (Lawrence et al, 2009).  Similar findings were reported in solid cheeses: 

comté cheese and sardine aromas (both aromas associated with saltiness) enhanced 

perceived saltiness of flavored and unflavored model cheeses, but carrot aroma did not 

(Lawrence et al., 2011).  Because most aroma-taste interaction studies are completed 

using aqueous solutions, and findings from interactions in solid foods are limited, further 

research is required to determine the practicality of focusing on aroma as a viable option 

for effectively reducing salt. 

 

Structural and textural modifications 
 

Several modifications to food product design have been shown to enhance saltiness 

perception and may provide opportunities for salt reduction of foods.  For example, both 

pyramidal shaped salt crystals and fine sized crystals have higher rates of dissolution than 

cubic shaped and larger sized crystals, respectively.  Increased dissolution rate results in 

quicker salt perception and is thought to hold potential for intensifying saltiness of foods 

when used topically (on potato chips or crackers, for example) (Kilcast & den Ridder, 

2007).  Liquids with low viscosity and solids with brittle textures that break apart easily 

in the mouth tend to heighten saltiness perception due to increased contact area between 

the liquid or solid and the taste receptors, though use of this application in foods could be 

limited because of the significant textural change that may be required to enhance 

saltiness (the phenomenon of enhanced saltiness has mainly been demonstrated in gels) 

(Busch et al., 2012).  Taste contrast has been used to reduce salt content of breads 

without compromising salt intensity.  In one study, Noort et al. (2010) determined that 
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heterogeneous spatial distribution of salt in bread dough accomplished by layering dough 

with low and high salt concentrations allowed for a 28% salt reduction without loss of 

saltiness intensity.  In a second study, Noort et al. (2012) used encapsulated salt made by 

spray drying fat onto salt crystals to create larger masses of salt relative to individual 

crystals; the encapsulated salt created “salty spots” in bread, resulting in enhanced 

saltiness, a 50% reduction in salt, and no change to consumer liking of the bread, relative 

to bread with the same salt content prepared using unmodified salt.  Technologies to 

modify the rate at which salt is released from foods may also be a useful means by which 

to reduce salt content of foods (Tian & Fisk, 2012).  In a 2012 study, Tian and Fisk had 

subjects hold potato chips in their mouths for a 60 second period during which they were 

required to chew a defined number of times; both salt release from the food and salt 

perception were measured.  Researchers found that salt is released via a pulse-type 

pattern with peak sodium delivery and perception occurring approximately 20-30 seconds 

after chewing.  Under normal eating conditions, swallowing would have occurred prior to 

peak sodium delivery, indicating that a significant proportion of sodium most likely goes 

undetected by consumers, and therefore may offer little in the way of contribution to 

flavor or acceptability.  Though most of the described technologies are in early 

development, food modifications may hold promise for reducing salt content of some 

products without use of salt substitutes or salt-congruent aromas. 

 

 

Salt Preference and Intake 
 

Salt-seeking behavior has been demonstrated in both sodium-deficient animals (Richter, 

1936; Falk, 1966; Denton, 1982; Sakai, 1987; Vogt & Hill, 1993; Starr & Rowland, 

2006) and humans (Wilkins & Richter, 1940; Crystal & Bernstein, 1995; Crystal & 

Bernstein, 1998; Leshem, 1998; Beauchamp et al., 1990; Leshem, 2009).  In their oft 

cited case study, Wilkins and Richter (1940) describe a boy with intense salt cravings 

caused by adrenal insufficiency and low synthesis of aldosterone, the hormone 

responsible for sodium homeostasis.  The boy licked salt from crackers without eating 
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them, ate copious amounts of salt directly from the shaker, and refused to consume meals 

without addition of salt.  Upon hospitalization, the boy’s means for maintaining elevated 

sodium intake were restricted and his unsatisfied cravings resulted in his death, ultimately 

demonstrating the link between salt appetite and nutritional needs.  Researchers agree 

that sodium is critical to physiological function, and that gustatory feedback is important 

for satiation of sodium appetite, particularly in the sodium-deprived individual 

(Contreras, 1978).  What remains unknown, however, is why humans in the non-deprived 

state consume salt in excess.  In other words, what factors contribute to determining 

consumer preference in the absence of biological need?  

 

Although relatively little is known about differences in preference for salt, hypertension 

as a determining factor for salt preference has received significant attention.  Several 

researchers have reported increased taste thresholds for salt in hypertensive patients 

relative to normotensive individuals (Fallis et al., 1962; Wotman et al., 1967; Zumkley et 

al., 1987), supporting the idea that diminished taste acuity for salt could lead to increased 

intake.  However, others have failed to find any differences between these two 

populations (Henkin, 1974; Lauer et al., 1976; Schecter et al., 1973).  Schechter et al. 

(1973, 1974) postulated that rather than diminished salt sensitivity, hypertensive 

individuals might exhibit a different pattern of salt preference.  For purposes of Schecter 

et al’s (1973) study, hypertensive and normotensive individuals were kept on the same 

low sodium diet over a period of at least four days (some volunteers participated for up to 

seven days), and were given two 2 liter flasks of fluids to consume ad libitum everyday: 

one flask contained distilled water, and the second flask contained a 0.15M NaCl 

solution.  Flasks were replaced every morning and the amount consumed from each flask 

was calculated daily.  Results indicated that hypertensives consumed an average of four 

times as much salt as normotensives through ingestion of the saline solution, indicating a 

significantly greater preference for salt (Schecter et al., 1973).  Schecter et al (1973, 

1974) suggest this difference in preference may reflect altered metabolism, an 

abnormality in salt taste perception, or perhaps a manifestation of some other unknown 

cause of hypertension.  Although findings from several studies support increased salt 
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preference among hypertensives (Moskowitz & Abrahamson, 1976 in Contreras, 1978; 

Malaga et al., 2003; Arguelles et al., 2007), others have failed to demonstrate a 

correlation (Lauer et al., 1976; Mattes et al., 1983). Clearly, resolving the link between 

sodium intake and hypertension has produced conflicting results (Shepherd, 1988); 

Contreras (1978) suggests that differences in populations and procedural uniformity may 

account for any discrepancies.  Further research, perhaps with a focus on larger 

populations and long term sodium intake, may be helpful in determining what role salt 

preference plays in development of hypertension. 

 

Independent of disease status, salt preference and perceived saltiness appear to be highly 

dependent upon food product attributes (Bertino et al., 1982; Mattes, 1987; Pangborn & 

Pectore, 1982; Adams et al., 1995; Malherbe et al., 2003; Walsh, 2007).  Malherbe et al. 

(2003) presented subjects with four food samples classified as simple and smooth 

(mashed potatoes), simple and coarse (porridge), complex and smooth (vegetable soup), 

and complex and coarse (beef stew).  Subjects rated each sample for perceived saltiness 

and acceptability at full salt content, 1/3 reduced sodium, and 2/3 reduced sodium.  

Results indicated that acceptability ratings were not affected by a 1/3 reduction in sodium 

in either vegetable soup or beef stew (the complex dishes), or in porridge (the simple and 

coarse dish).  Mashed potatoes (simple and smooth), however, were rated significantly 

lower in acceptability than the full salt version, indicating that salt preference may be 

largely influenced by both texture and complexity of the food system (Malherbe et al., 

2003). In a study on the effects of manipulations of salt dispersion in foods on intensity 

ratings, Mattes (1987) found that in each of four food samples (mashed potatoes, ground 

beef, scrambled eggs, and biscuits), salt taste intensity was rated significantly higher 

when salt was added ‘on’ food at the end of cooking as opposed to ‘in’ food during the 

cooking process.  Only when less than half as much salt was added ‘on’ food relative to 

‘in’ food, were ratings for salt intensity the same.   It is important to note that in each of 

these studies, correlation between saltiness and preference varied considerably among 

food products; in other words, any generalization regarding the relationship between 

acceptability and salt intensity cannot be made beyond the food that is being studied 
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(Adams et al., 1995).  In addition, an individual’s liking for a particular salt concentration 

in one product can not necessarily predict liking for the same salt concentration in 

another. 

 

Several attempts have been made to demonstrate variability for salt preference between 

groups of individuals based on demographical differences (Desor et al., 1975; Lauer et 

al., 1976; Mattes et al., 1983; Zallen et al., 1990); however, most evidence indicates that 

preference may be more habitual than inherent.  In order to determine if consumers on a 

low sodium diet would compensate for reduced sodium through discretionary salt use, 

Beauchamp et al. (1987) measured use of salt shakers among a group of 11 subjects.  All 

subjects were placed on the same low sodium diet and were given pre-weighed salt 

shakers that they were told to use as much or as little as they wished over the course of 

the study.  Results indicated that relative to pre- and post-depletion periods, salt shaker 

use increased among all subjects.  However, even with a 50% reduction in dietary 

sodium, mean discretionary salt use accounted for only 20% of the missing sodium, 

indicating that optional addition of salt to foods may be influenced less by sensory impact 

than by routine.  Similar results have been reported by Kumanyika and Jones (1983), who 

noted significant variability in table salt use among individuals on a week to week basis, 

but extreme intraindividual consistency during the same time period.  In addition, the 

authors reported that salt use increased with meal size, but the amount used per 1000 kcal 

of food remained relatively constant (Kumanyika and Jones, 1983).  In a study on the 

relationship between salt use and hole size on single-holed salt shakers, Greenfield et al. 

(1983) reported a linear relationship between salt use and area of the shaker hole, with 

3mm2 described as the optimum hole size to effectively limit sodium intake.  A later 

study on multi-holed shakers demonstrated the same finding—as hole size increased, 

regardless of the number of holes on the shaker (5, 9, or 13), salt use increased 

(Greenfield et al., 1984).  The idea of habitual salt intake is further supported by the 

finding that a large percentage of people, 25% according to Greenfield et al. (1983), and 

19% according to Mittelmark and Sternberg (1985), salt food prior to tasting.  Because 
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this type of salt use is driven by behavior rather than salt preference, it may be easier to 

modify than salt use that directly affects sensory impact (ie. salt added after tasting). 

 

Evidence suggests that alterations in preference for salty taste as a result of marked short 

term dietary sodium restriction generally result in increased liking for higher levels of 

salt, or salt ‘cravings’.  Bertino et al. (1981) reported that subjects on a low sodium diet 

rated highly salted soups as less intense and more pleasant during the diet, relative to pre- 

and post-diet periods.  Beauchamp et al. (1990) found that sodium depleted subjects 

reported increased cravings for salty foods while on a very low sodium diet combined 

with treatment with diuretics.  In a study in which he used himself as a subject, McCance 

(1936) reported increased salt cravings while on a salt-free diet, with another subject 

reporting that he ‘often went to sleep thinking about’ salt.  Although the severity of 

sodium restriction in the studies of Beauchamp et al. (1990) and McCance (1936) may 

largely account for heighted salt cravings, the central commonality between these three 

described reports is length of sodium restriction; in each case, salt intake was markedly 

limited for a relatively short period of time—10 days (Beauchamp et al., 1990), 11 days 

(McCance, 1936), or three and a half weeks (Bertino et al., 1981).   

 

Findings from studies on longer-term sodium reduction demonstrate that preferred levels 

of salt actually decrease over time, contradictory to the results of the studies described 

above.  Bertino et al. (1982) recruited 14 participants to follow a self-maintained low-

sodium diet for five months.  Participants were required to rate saltiness and pleasantness 

of aqueous solutions, soups, and crackers twice during the pre-diet period, and four times 

while adhering to the low sodium diet.  Results indicated that salt concentration required 

to produce optimal pleasantness in solutions, crackers, and soup decreased, with 

significant alterations in preference first appearing approximately two months after 

beginning the diet.  In a longitudinal study on the impact of dietary sodium restriction on 

taste responses to salt, Blais et al. (1986) reported similar findings.  Over a period of 12 

months, the researchers observed a steady, progressive decline in preferred salt 

concentration in soup; results of an ad libitum mixing test indicated a 54% mean 



20 
 

reduction in preferred salt levels, from 0.76% NaCl at study onset to 0.33% NaCl at six 

months.  In addition, no cravings for salty foods among subjects were reported.  Several 

suggestions have been made to account for the differences in salt taste preference 

between those exposed to short versus long term dietary sodium restriction.  A reduction 

in salivary sodium content may have occurred, resulting in physiological adjustment to a 

new sodium baseline; salt taste receptors may have become adapted to lowered salt intake 

so that salt concentrations that would have been perceived as low intensity and pleasant 

prior to establishment of a reduced sodium diet are perceived as more intense and 

unpleasant after diet implementation (Bertino et al., 1982; Blais et al., 1986).  A more 

probable explanation is the context effect: subjects simply became habituated to a diet 

composed of foods low in salt.  Foods with higher concentrations of salt were therefore 

perceived as more intense and less pleasant within the context of a low sodium diet 

(Bertino et al., 1982; Blais et al., 1986).  Whatever the mechanism, it appears that given 

sufficient time, a reduced salt diet will become more acceptable to subjects, and their 

hedonic ratings for highly salted foods will decrease (Blais et al., 1986). 

 

 

Step-wise salt reduction: Our best option for reducing dietary salt intake? 
 

According to the Institute of Medicine, step-wise reduction of salt in the food supply is 

the best strategy to reduce population-wide salt reduction as the strategy would alternate 

between small salt reductions across the food supply, and prolonged periods of no change 

during which consumers habituate to reduced salt foods.  In spite of widespread 

agreement on the strategy, there is very little research to support its usefulness, 

particularly in terms of attaining a population salt intake that would meet dietary 

guidelines (2,300 mg or less of sodium per day).  Currently, a single research study 

examining a gradual reduction in sodium content exists.  Girgis et al. (2003) 

demonstrated that it was possible to gradually reduce total sodium in bread by 25% 

without detection by consumers.  The researchers provided an intervention group of 

participants up to five loaves of sliced white bread per week, with weekly cumulating 5% 

reductions in sodium content over a six week period.  Upon visits to retrieve their bread, 
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participants were asked if they thought the bread from the previous week had the same 

salt content as the week before, and were asked to rate the consumed bread for flavor, 

liking, and saltiness.  Participants who received the bread with progressively lower 

sodium content were no more likely than the control group to report a difference in salt 

content. Although saltiness scores decreased over the intervention period, flavor and 

liking ratings did not change significantly, indicating that sensory impact of sodium 

reduction was minimal; however, the apparent success of gradual reduction observed by 

Girgis et al. may have been due to the 25% sodium reduction not being large enough to 

impact bread acceptability.  Others have reported no change in acceptability with sodium 

reduction at similar or greater levels without step-wise reductions.  Malherbe et al. (2003) 

reported no change in acceptability scores after a 33% sodium reduction of soup, beef 

stew, and porridge.  Janewyatt (1983) found no significant difference between sensory 

scores of control cottage cheese and 25% reduced sodium cottage cheese, and Schroeder 

et al. (1988) reported that consumers were unable to detect any difference between 

Cheddar cheeses made with 1.44% and 1.12% NaCl, a difference of approximately 22%.  

In each of these studies, gradual decline of sodium was not required to maintain 

acceptability of reduced salt products relative to controls.  We still do not know whether a 

gradual reduction in sodium would be a successful strategy for adjusting people to 

decreased salt levels that would otherwise have an adverse impact on acceptability.  

Efforts focused on comparing abrupt salt reduction to step-wise decline, and comparing 

decline at different rates, are required to validate the idea of a gradual reduction of 

sodium as a superior strategy. 

 

Both Finland and the United Kingdom are frequently cited as examples of countries that 

have successfully implemented salt reduction programs.  Beginning in the 1970’s, 

Finland implemented a mandatory salt reduction program that included government 

regulation of food labeling and extensive media campaigns to increase public awareness 

of salt intake.  Over a 30 year period, the Finnish population reduced dietary salt intake 

from 5,600mg to 3,200mg per day by 2002, and experienced an overall decrease in both 

incidence of high blood pressure and stroke mortality over the same time frame (IOM, 



22 
 

2010).  In 2003, the United Kingdom implemented a voluntary industry-wide program 

based on a step-wise model (He & MacGregor, 2009).  In concert with educational 

programs for both food processors and consumers to raise awareness of the importance of 

salt reduction to benefit health outcomes, processors have been systematically reducing 

sodium content of packaged products since 2004.  Targets were set for food products 

depending on salt content, beginning with a 10-20% initial reduction in sodium, followed 

by a one to two year period of adjustment, a second reduction of 10-20% and adjustment 

period, and a final 10-20% reduction to meet an overall goal of approximately 40% 

across the food industry.  Since its inception, this strategy has resulted in most 

supermarket products being reduced in sodium by 20-30%.    

 

Though achievements in salt reduction are evident in both Finland and the UK, it is 

important to consider both within the context of salt intake among the American 

population in order to fairly assess potential success of dietary salt reduction in the US.  

According to the IOM, the majority of the reported reduction in salt intake in Finland was 

due to a reduction of salt added to foods at home by consumers (2010); in the US, salt 

added to foods by consumers is considered a negligible source of overall dietary salt 

intake (Mattes & Donnelly, 1991).  In terms of salt reduction in the UK, the reported 

sodium reduction of 20-30% in most processed foods is within the range typically found 

to have little or no impact on acceptability.  As such, it is difficult to extrapolate how 

further salt reductions that would be necessary to meet US dietary guidelines might 

impact consumer acceptability.  Finally, in both Finland and the UK, salt reduction 

efforts have resulted in reducing population dietary salt intake to a level only now 

equivalent with current intake among Americans (approximately 3,400mg of sodium per 

day).  There is no evidence to suggest that gradual salt reduction might be effective for 

lowering dietary salt intake further as this has yet to be accomplished.   
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Opportunities for salt reduction in lieu of a mandate 
 

Possibilities for dietary salt reduction among select populations 
 

Though government regulation of salt in processed foods has yet to be instated (and may 

never be instated), a number of opportunities exist on a much smaller scale to reduce 

dietary salt intake among specific subsets of the population.  In a study designed to 

determine factors contributing to salt intake among 8 month old infants, Cribb et al., 

(2011) determined that 70% of the 1,178 study participants were consuming sodium at 

levels above dietary guidelines as a result of inappropriate complementary feeding 

practices by child caregivers, including addition of salty flavorings to the child’s food.  In 

a separate study, Sullivan and Birch (1990) determined that children repeatedly exposed 

to a salty version of a food learned to like that food over plain and sweetened versions, 

indicating that familiarity with a food translated into preference for that food.  Taken 

together, these two studies suggest that adding salt to a child’s food may initially 

contribute to intake, but it is likely that the same food would subsequently be deemed 

unacceptable without the additional salt.  As such, limiting a child’s salt intake to levels 

consistent with dietary guidelines may allow for later acceptability of less salty foods, 

and an overall lower dietary salt intake.  Dunford et al. (2012) used nutritional 

information provided by six of the largest fast food restaurant chains in six countries to 

determine differences in salt content between product categories (for example, chicken 

products versus burgers), within product categories, and among companies and countries.  

The researchers determined that mean salt levels of fast food are generally lower in the 

United Kingdom than in other countries surveyed; for example, McDonald’s Chicken 

McNuggets had 2.5 times more salt in the US than in the UK.  In addition, non-standard 

serving sizes across countries contributed to increased salt content of the same products 

despite having a similar salt content per 100g.  In order to limit salt intake among 

consumers of fast food, the researchers suggest both standardization of serving size 

across countries, and reformulation of higher salt products to match the reduced salt 
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content of the same products available in other countries, which has already been 

demonstrated as feasible in terms of processing.  Finally, in an evaluation of sodium in 

hospital patient menus, Arcand et al. (2012) determined that 86% of regular menus and 

100% of menus designed for diabetic patients exceeded a sodium level of 2,300mg.  

Because patient food intake is largely determined by what is provided in hospital, the 

researchers assert that use of unprocessed ingredients and minimal use of prepared foods 

is necessary to ensure patients, who may already be nutritionally vulnerable, are not 

consuming excessive sodium. 

 

 

Food labeling and consumer education     

  

Food labeling and consumer education may offer opportunities to reduce dietary salt 

intake, though it appears that effectiveness of labeling as reported in different studies 

depends heavily on whether a subject must actually taste a reduced salt product.  McLean 

et al. (2012) designed a study to determine how format of a front-of-pack label influenced 

consumer choice behavior in identifying and selecting reduced salt foods.  The 

researchers found that labels with simple visual cues enhanced consumers’ ability to 

distinguish between high and low sodium products, potentially offering consumers a 

means by which to moderate personal salt intake.  Goodman et al. (2012) found that 

relative to a basic numeric front-of-pack label, and two variations of a traffic light label 

with color coding (green corresponding to low sodium; red corresponding to high 

sodium), a front-of-pack label with the descriptors ‘low sodium’ or ‘high sodium’ was 

most effective in helping consumers to select low sodium products.  Neither the subjects 

in this study, nor those in McLean et al.’s study were required to either purchase or taste 

reduced salt foods.  Liem et al. (2012) examined use of front-of-pack labeling of reduced 

salt soups; in this case, subjects were shown a label that either did or did not provide 

information on salt content of the soup.  Subjects were required to rate expected salt 

intensity and liking before tasting the soup, perceived salt intensity after tasting the soup, 

and were then allowed to add additional salt if desired.  Results indicated that when a salt 

reduction was perceived and was paired with a label explicitly alerting the consumer to 



25 
 

the reduced salt content, consumers were more likely to add salt to the soup.  In a study 

focused on whether food label education among subjects with diabetes might result in 

lower dietary salt intake, Petersen et al. (2013) recruited subjects into one of two groups: 

an intervention group that received an educational session on how to use nutritional 

information labels to choose low sodium foods, and a control group that received no 

education.  By the end of the three month trial, urinary sodium excretion was unchanged 

in both groups, indicating that education was not useful for reducing dietary salt intake.  

While labeling may be useful for helping consumers to make informed decisions 

regarding salt intake, labeling may not be effective for reducing dietary salt intake, and 

may actually have an opposite and unintended effect, though additional research is 

required. 

 

 

Motivation and dietary behavior         

 

Current research on motivation as it relates to dietary behavior has focused primarily on 

the link between weight maintenance and motivation to adopt and sustain a healthful diet, 

and the role of motivation quality in predicting outcome success.  Specifically, intrinsic 

or self-determined motivation has been shown to be more successful for longer-term 

behavior change than extrinsic motivation; the former is driven by a personal interest and 

the latter by an outside source such as a financial incentive or expected negative 

consequence.  Relative to extrinsic motivation, self-determined motivation is thought to 

be more successful at altering long-term behavior because of an associated sense of 

autonomy and ownership over one’s own decisions, and a greater sense of responsibility 

to follow through on a course of action than one might have had a decision been dictated 

by another individual (Teixeira et al., 2011).  Pelletier et al. (2004) reported a positive 

association between self-determined motivation and a reduction in intake of calories from 

fat and saturated fat at the end of a 26 week study examining the role of motivation in 

eating regulation.  Mata et al. (2009) found that self-determined motivation for exercise 

and weight control was predictive of eating self-regulation over a one year period.  

Similar to differences in motivation in terms of source of reinforcement, Stone and 



26 
 

Pangborn (1990) determined that subjects who felt they had self-control over their health 

liked lower levels of salt in beef broth more than subjects who thought their health was 

largely determined by other people or by fate in a study linking sugar and salt intake to 

personality traits.  Should motivation or one’s own beliefs about health have an impact on 

salt intake, improving motivation to alter dietary behavior may be an important strategy 

for reducing dietary salt intake, particularly in light of evidence that maintaining a diet 

that both complies with sodium intake guidelines and is nutritionally adequate would 

require a large deviation from current eating patterns (Maillot & Drewnowski, 2012). 

 

 

The salt reduction controversy 
 

Though the relationship between salt intake and increased blood pressure is widely 

recognized, the necessity of population-wide dietary salt reduction has been met with 

significant debate from researchers divided over the idea; a debate that often boils down 

to advocates who assert salt reduction is necessary to save lives versus skeptics who 

claim any evidence in favor of national salt reduction is too weak to initiate a public 

health campaign.  According to Alderman (2010), thirteen observational studies 

completed between 1995 and 2009 have reported inconsistent results in terms of an 

association between salt intake and cardiovascular events: two studies reported a positive 

association, five studies reported a negative association, and six studies reported no 

association between sodium intake and cardiovascular events at all.  Differences among 

populations studied in terms of genetics, eating behavior, environmental factors, ambient 

sodium intake, and overall diet, are only a few of the differences that may contribute to 

conflicting results from different observational studies.  As such, Alderman argues that in 

order to settle the dispute over whether population-wide dietary salt reduction is a feat 

worth attempting (and one that would be met without deleterious consequences), a 

randomized controlled trial focused on thousands of participants over a period of several 

years is required.  Because the likelihood of this occurring is inconsiderable, scientists 

will continue to rely on observational studies and randomized controlled trials of a much 
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smaller scale, to provide supporting evidence for one of two opposing views on salt 

reduction. 

 

Although most studies reporting a definitive association of any kind between sodium 

intake and cardiovascular events have likely been met with criticism, several published 

since the Institute of Medicine’s manual, Strategies to Reduce Sodium Intake in the 

United States, serve to exemplify the controversy over salt reduction (Bayer et al., 2012).  

Through a summary of how best to approach population-wide salt reduction, Cappuccio 

(2011) outlined research findings from several studies that found a consistent and direct 

relationship between salt intake and increased blood pressure, and salt intake and 

cardiovascular disease, drawing from the reported success of national salt reduction in 

Finland where mortality from stroke and cardiovascular disease has decreased over the 

past 30 years.  According to Graudal and Jurgens (2011), the analysis was flawed for 

several reasons, including a failure to include data from other studies that would have 

contradicted study findings, labeling sodium reduction “the largest delusion in the history 

of preventive medicine”.  Contrary to Cappucio’s analysis, two Cochrane reviews, 

published in 2011 and 2012, challenged previous findings on the benefits of consuming a 

low salt diet (Cochrane reviews are written by members of the Cochrane Collaboration, a 

non-profit established to conduct systematic reviews of scientific evidence).  The first 

review is a meta-analysis of randomized controlled trials with a follow-up of at least six 

months that compared dietary salt reduction to controls to determine a relationship 

between salt intake, incidence of cardiovascular disease, and mortality.  The researchers 

found an increase in mortality among those with heart failure actively restricting salt, and 

concluded there was insufficient evidence to suggest that salt reduction might reduce 

mortality among those without hypertension (Taylor et al., 2011).  This review was 

criticized by several researchers: Arcand and Newton (2012) asserted that the conclusion 

of increased mortality as a result of salt restriction among those with heart failure was 

questionable because it was based on one study only; He and MacGregor (2011) claimed 

the researchers overlooked an important trend of consistent reductions in cardiovascular 

events and mortality because they were found to be non-significant, but that this non-
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significance was due to a lack of statistical power, not a lack of association between salt 

intake and cardiovascular risk.  The second Cochrane review, a meta-analysis of the 

effects of low sodium versus high sodium diets on blood pressure, and hormone and lipid 

levels, concluded that among normotensive Caucasians, salt reduction may have no net 

beneficial effect; the observed decrease in blood pressure experienced as a result of a low 

sodium diet was minimal, and was met with significant increases in plasma cholesterol 

and triglyceride levels (Graudal et al., 2012).  As with the first Cochrane review, this 

second review was met with considerable criticism, including a comment that many of 

the salt reduction studies included in the analysis were too brief, and that because “time is 

needed to acclimatize to lower sodium”, the analysis is inherently flawed (heartwire, 

2013).  Presented below is a summary of additional research often cited in the debate 

over a salt mandate. 

 

 

In support of population-wide dietary salt reduction 
 

Support for population-wide dietary salt reduction most often stems from the premise that 

reducing salt intake will also reduce prevalence of associated negative health conditions.  

In addition to the more well-known effects of high salt intake including increased blood 

pressure and increased risk for developing cardiovascular and kidney disease, salt may be 

a risk factor for development of gastric cancer (Joossens et al., 1996).  According to 

D’Elia et al. (2012), findings from several different studies indicate that a high salt diet 

may cause damage and inflammation to the mucosal lining of the stomach, leading to 

increased cell division and mutation.  In addition, high salt has been linked to increased 

colonization of the stomach by Helicobacter pylori, a bacterium commonly associated 

with peptic ulcers that is also a recognized risk factor for development of gastric cancer.  

Kleinewietfeld et al. (2013) determined that a high salt diet may represent a risk factor for 

development of autoimmune diseases including multiple sclerosis and psoriasis through 

induction of pathogenic T cells, which play a major role in disease development.  The 

researchers suggest future clinical trials in which individuals at risk for developing 

autoimmune disease are subjected to very low salt diets to test their hypothesis developed 



29 
 

in vitro.  Through a study designed to determine the relationship between dietary salt 

intake, sugar-sweetened beverage consumption, and body weight among adolescents, 

Grimes et al. (2012) determined that for every 1g increase in dietary salt intake, 

consumption of sugar-sweetened beverages increased by 17g per day; subjects who 

consumed more than 250g of sugar-sweetened beverages per day were 26% more likely 

to be overweight or obese than those who had a lower beverage intake.  As such, salt 

reduction efforts may be effective at preventing childhood obesity through curbing intake 

of sugar-sweetened beverages.  Finally, Nawata et al (2013) reported that excessive 

sodium intake is a risk factor for bone fragility (in this case, mean sodium intake of 

subjects was greater than 5,000mg per day).  Though the researchers note that previous 

work has linked excessive sodium intake to decreased bone mineral density, this was the 

first study to demonstrate a link between sodium intake and heightened risk for bone 

fracture.  

 

Projected effects of dietary salt reduction have primarily focused on human lives and 

healthcare costs saved as a result of an expected decline in rates of hypertension and 

cardiovascular disease, and are often cited in support of population-wide salt reduction.  

He and MacGregor (2002) completed a meta-analysis of 28 studies in which adult 

subjects reduced dietary salt intake for a period of at least four weeks and experienced a 

corresponding reduction in 24 hour urinary sodium of at least 2.5g of salt per day.  

Results indicated that long-term modest salt reduction would reduce death from coronary 

heart disease and stroke among hypertensives by approximately 9% and 14%, 

respectively, and among normotensives by 4% and 6%.  Palar and Sturm (2009) 

developed a model to calculate the change in hypertension rates and healthcare costs 

expected from a population-wide sodium consumption of 2,300mg per day; the 

researchers determined that prevalence of hypertension would be reduced by 28%, 

corresponding to a savings of $18 billion dollars in related healthcare expenses.  Using 

the Coronary Heart Disease Policy Model (a computer simulation model of the incidence 

and prevalence of coronary heart disease, its associated mortality, and related costs), 

Bibbins-Domingo et al. (2010) determined that a daily 3g reduction in salt intake among 
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Americans would result in 60,000 fewer new cases of coronary heart disease, 32,000 

fewer strokes, 54,000 fewer myocardial infarctions, 44,000 fewer deaths, and an 

estimated savings of $10-24 billion dollars in related healthcare costs annually.  Coxson 

et al. (2013) used computer simulations to estimate the mortality benefits within the US 

population of both a gradual reduction in dietary sodium intake to 2,200mg per day over 

a period of 10 years, and an abrupt reduction to 1500mg of sodium per day sustained over 

the same 10 year period.  Results suggest that gradual and abrupt reduction of population 

dietary salt intake would result in up to 500,000 and up to 1.2 million fewer deaths from 

cardiovascular disease, respectively.  

 

 

In opposition to population-wide dietary salt reduction 
 

Much of the argument in opposition to population-wide dietary salt reduction originates 

with the idea that there is not sufficient evidence-informed research to support the 

necessity of a public health intervention, and that unintended consequences of a salt 

mandate could be more detrimental than beneficial.  Four studies in particular published 

within the last two years reported findings that suggest indiscriminate reduction of salt 

intake could be harmful for a large proportion of the population.  In a study designed to 

determine the relationship between sodium, changes in blood pressure, and incidence of 

cardiovascular morbidity and mortality among healthy subjects, Stolarz-Skrzypek et al. 

(2011) followed 3681 subjects over a median period of 7.9 years and found that lower 

urinary sodium excretion was associated with higher cardiovascular mortality.  Through a 

meta-analysis of randomized controlled trials comparing adults with a normal salt intake 

to those with a restricted salt intake, DiNicolantonio et al. (2012) reported increased 

morbidity and mortality among subjects with heart failure on low sodium diets, relative to 

those on normal sodium diets.  O’Donnel et al. (2011) observed a J-shaped association 

between sodium excretion and cardiovascular events among subjects with either 

cardiovascular disease or diabetes; according to the researchers, sodium excretion 

corresponding to a high sodium intake was associated with an increase in all 

cardiovascular events measured (myocardial infarction, stroke, hospitalization for 
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congestive heart failure, and mortality), and sodium excretion corresponding to a low 

sodium intake was associated with both increased hospitalization and mortality.  Echoing 

the results reported by O’Donnell et al (2011), Alderman and Cohen (2012) also found a 

J-shaped relationship between sodium intake and cardiovascular outcomes via a meta-

analysis of both randomized controlled trials and observational studies; specifically, the 

researchers reported increased risk of cardiovascular events with sodium intake less than 

2,500mg per day and sodium intake greater than 6,000mg per day.  As such, Alderman 

and Cohen (2012) concluded there is insufficient evidence to suggest population-wide 

salt reduction would improve health outcomes. 

 

Results from several studies indicate that sodium intake has been stable both over time 

and across cultures, suggesting human salt intake may be a physiologically determined 

parameter.  McCarron et al. (2009) combined data from the Intersalt study, an 

international epidemiologic study of over 10,000 participants across 52 sites in 32 

countries designed to determine the relationship between urinary sodium excretion and 

blood pressure (Intersalt Cooperative Research Group, 1988), with a number of other 

surveys to create a composite assessment of 62 regionally distinct samples of urinary 

sodium excretion data from 19,151 subjects.  The researchers determined that over the 25 

years from which data were compiled (1984-2008), sodium intake remained within a 

relatively narrow range of 2,696 – 4,876mg per day, with a mean of 3,726mg. In 

addition, the researchers note that the lower end of this range corresponds to a sodium 

intake below which the renin-angiotensin-aldosterone cascade is induced (the hormone 

system that regulates blood pressure and water balance), promoting sodium reabsorption 

by the kidneys.  Bernstein and Willett (2010) examined trends in 24-hour urinary sodium 

excretions to estimate sodium intake in the US population over a period extending from 

1957-2003.  Within the range established by McCarron et al., mean sodium intake over 

38 separate studies spanning nearly 50 years was 3,526mg per day.  Taken together, 

McCarron et al. (2010) suggest this data provides compelling evidence of a ‘normal’ 

range of dietary sodium intake among humans consistent with physiological 
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requirements.  To dismiss this evidence in favor of population-wide salt reduction, the 

researchers suggest, amounts to dismissing the basic biology of the human need for salt. 
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RESEARCH OBJECTIVES & HYPOTHESES 

 

Part I: Determining sequential difference thresholds for sodium chloride reduction 

 

Objective: To determine a series of sequential difference thresholds for sodium chloride 

detection to establish how much salt can be removed from two solutions of varying 

complexity via cumulating reductions to a low sodium target, and remain unnoticed. 

 

Hypothesis 1.1:  

Increased solution complexity will decrease the number of difference threshold steps 

required to meet a low sodium target. 

 

 

 

Part II: A longitudinal comparison of two salt reduction strategies and acceptability 

of a low sodium food 

 

Objective: To determine the following through a comparison of two salt reduction 

strategies: 

1) Whether gradual salt reduction via cumulative unnoticeable steps down in salt to a low 

sodium target would be more effective for maintaining acceptability of a low sodium 

food among subjects than abrupt salt reduction in one step to the same low sodium target. 

2) Whether repeated consumption of a reduced salt and/or low sodium food would result 

in an overall downward shift in range of acceptable saltiness of that food. 

3) Whether individuals motivated to reduce dietary salt intake would have higher liking 

scores for a reduced salt and/or low sodium food than those unmotivated to reduce 

dietary salt intake. 
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Hypothesis II.1: 

Gradual salt reduction via sequential difference thresholds established in Part I to a low 

sodium target will be more effective for maintaining acceptability of a low sodium food 

than abrupt salt reduction in one step to the same low sodium target. 

 

Hypothesis II.2:  

Repeated consumption of a low sodium food will result in an overall downward shift in 

range of acceptable saltiness of that food, regardless of salt reduction strategy. 

 

Hypothesis II.3: 

Motivated individuals will generally have higher liking scores for a reduced salt and/or 

low sodium food than unmotivated individuals exposed to the same salt reduction 

strategy. 
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CHAPTER 2 

PART I: DETERMINING SEQUENTIAL DIFFERENCE THRESHOLD S FOR 
SODIUM CHLORIDE REDUCTION 

 

 

 

Introduction 
 

On April 20, 2010, the Institute of Medicine (IOM) released a statement urging the FDA 

to mandate industry wide salt reduction by setting federal standards on the amount of salt 

added to foods, outlining a strategy of gradual step-wise decline (IOM, 2010). According 

to the IOM, the average American consumes 3,400mg of sodium per day, exceeding the 

upper limit of the USDA recommended daily intake by approximately one and a half 

times (IOM, 2010), and the updated American Heart Association standards by nearly 

2,000 mg (AHA, 2011).  The relative contribution of processed foods to daily salt intake 

is approximately 75% (Mattes & Donnelly, 1991); this value, in addition to evidence 

suggesting poor adherence to self-implemented low sodium diets (Jeffery et al., 1984; 

Mattes & Donnelly, 1991); indicates the most successful intervention for reducing dietary 

salt intake would be one that focused on minimizing salt added during food processing.  

Our inherent taste for salt, however, has presented a large challenge to food 

manufacturers, particularly in ensuring consumer acceptability of low sodium foods.  

 

Significant contributions to understanding how to approach salt reduction have been 

made over the last few years.  Strategies for reducing the salt content of specific foods 

have yielded results that indicate the potential for relatively large sodium reductions with 

little apparent influence on palatability.  For example, addition of salt substitutes and use 

of salt-congruent aromas to replace up to 50% of salt (Charlton et al., 2007; Kremer et al., 

2009; Hooge & Chambers, 2010; Goh et al., 2011; Batenburg & van der Velden, 2011; 

Lawrence et al., 2011); inhomogeneous spatial distribution of salt to create sensory 

contrast and increased perceived saltiness (Noort et al., 2010); utilization of salts with 
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different time intensity profiles and mineral contents to counterbalance potential loss of 

salty taste (Drake & Drake, 2011).  In terms of community-based interventions, both the 

United Kingdom and Finland have demonstrated the effectiveness of national education 

programs, labeling, and public health campaigns in helping to reduce population dietary 

salt intake upwards of 30% (He & MacGregor, 2009).  These advances are necessary; 

there is no easy mechanism by which to meet recommended salt levels in foods, and 

currently no research available to indicate a superior strategy by which to accomplish this 

task.  The IOM recommendation of gradual step-wise decline has the potential to be 

successful, but how best to implement this strategy in terms of size of steps and 

habituation period between steps, and whether this would be effective at salt levels 

typically deemed unacceptable by consumers, remains unknown.  

 

The idea of gradual reduction of salt is based primarily on findings from several studies 

that indicated an overall downward shift in salt preference following a prolonged period 

of exposure to a low sodium diet.  Bertino et al., (1982) found that salt concentration 

required to produce optimal pleasantness in aqueous solutions, crackers, and soup 

decreased from pre-diet periods, with significant alterations in preference first appearing 

approximately two months after beginning the diet.  Blais et al. (1986) reported a 

significant decrease in ad libitum salting of soup accompanied by a decrease in hedonic 

scores for high concentrations of salt; significant changes were first observed at week 

eight of the diet and remained consistent for the duration of the year-long study.  Elmer 

(1988) reported a significant increase in preference for lower concentrations of salt in 

crackers beginning at three months, and an increase in saltiness intensity ratings at one 

year relative to diet baseline.  In each of these studies, control subjects exhibited no 

significant changes in salt preference or saltiness ratings; in other words, it appears that 

an overall decrease in dietary salt intake may be required to effectively alter an 

individual’s preference for reduced salt foods, and that this alteration may not occur for at 

least eight weeks following initial reduction of salt intake.  In the absence of a nationally 

coordinated approach to salt reduction, we can presume that most people will not be 
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consuming a low salt diet and, like the controls in the above experiments, may find the 

reduced salt foods less palatable if a reduction in salty taste is detected.   

 

In response to the IOM’s recommended strategy of gradual salt reduction, we propose 

that the most reasonable approach to reduce salt content of food to a low sodium level 

may be via undetectable steps separated by difference thresholds.  A difference threshold 

is the smallest change in stimulus intensity detected by a person 50% of the time 

(Lawless and Heymann, 2010).  According to Weber’s Law, the size of the difference 

threshold, or just noticeable difference, is a constant proportion of the original stimulus 

value (Lawless and Heymann, 2010).  For example, if a 10% reduction in salt remains 

unnoticed in one difference threshold step, that same 10% reduction would be expected to 

be unnoticed in all future steps.  Assuming Weber’s Law is observed, a known difference 

threshold step for a particular stimulus could be used to predict nearly indistinguishable 

differences in a product based on increases or decreases in the level of that same 

stimulus, allowing for a transition in product formulation without consumer detection.   

Delk and Vickers (2007) determined a series of whole wheat difference thresholds in 

order to gradually increase whole wheat content of bread rolls and remain unnoticed in 

order to improve children’s liking of whole wheat.  The same strategy was used by 

Dubow and Childs (1998) to determine if the formula of Coca-Cola could be altered 

without alerting consumers to a product change; although this strategy was not 

implemented by the company, researchers found that had the formula been gradually 

changed by undetectable steps, Coca-Cola would likely have been more successful than it 

was in transitioning between products (Dubow and Childs, 1998).   

 

The objective of this study was to determine a set of sequential difference thresholds for 

sodium chloride detection to determine how much salt can be removed from solutions via 

cumulating reductions and remain unnoticed. In order to examine the importance of 

product complexity in determining sensitivity to sodium reduction, two sets of solutions 

were used in this study: salt in water, and salt in water with added taste stimuli (sucrose, 

citric acid, caffeine, monosodium glutamate, disodium 5’- inosinate, and disodium 5’- 
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guanylate) to simulate a more complex flavored broth. Although these solutions are 

decidedly less complex than solid foods, and results provide no indication of how salt at 

low levels might be perceived by consumers in terms of acceptability, the steps 

determined herein provide a conservative foundation for gradually decreasing salt in food 

products to a low sodium target.   

 

 

Materials and Methods   
 

Subjects 

 

Twenty-seven adult subjects were recruited from a trained descriptive analysis panel of 

PROP tasters and supertasters made up of University of Minnesota staff and students. 

Only a subset of these subjects participated in each session depending on availability, for 

a total of 10-13 participants per testing session.  Testing procedures were approved by the 

University of Minnesota Institutional Review Board.  All participants were paid an 

hourly rate for their participation and were awarded a bonus of one jelly bean for each 

correct response as a means of motivation.   

 

 

Products 

 

Two sets of solutions were made for testing: NaCl (Fisher Scientific, Fair Lawn, NJ) in 

water, and NaCl in water with added basic taste stimuli (sucrose, citric acid, caffeine, 

monosodium glutamate, and disodium 5’- inosinate and guanylate) to simulate a more 

complex flavored broth.  Hereafter the NaCl in water with added taste stimuli will be 

referred to as broth.  The quantities of non-salt stimuli added to the broth (Table 1.1) 

were kept constant throughout test sessions at intensity values of 2 derived from 

experimentally determined intensity scales (Pontet et al, 2010); only the concentration of 

salt was reduced from one session to the next.  The solutions cumulatively reduced in salt 

served as the control samples.  All other reduced salt solutions with which the control 

was paired were selected to span a range of saltiness from very different to very similar to 
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the control with the assumption that the range was wide enough to include the difference 

threshold.  The percent salt in the control and reduced salt solutions for each session are 

listed in Tables 1.2 (salt water solutions) and 1.3 (broth).  All solutions were made each 

Monday and refrigerated in covered glass flasks until use on Tuesday or Wednesday of 

the same week.  Each participant received approximately 15mL of each solution in a 

lidded 1 oz. plastic soufflé cup (ProPak, Houston, TX) coded with a random 3-digit 

number.  Products were refrigerated until one hour prior to serving, then allowed to 

equilibrate to room temperature. 

 

 

 

Table 1.1 Stimuli added to salt and water solutions to simulate a more complex flavored 
broth. 

Taste Stimulus Source g stimulus/ 
L water 

Sour Citric acid Fisher Scientific, Fair Lawn, NJ  0.31 
Bitter Caffeine Sigma-Aldrich, St. Louis, MO  0.19 
Sweet Sucrose Crystal Sugar, Minneapolis, MN  7.96 
Umami Monosodium glutamate Ajinomoto, Chicago, IL  0.20 
Umami 1:1 Disodium 5’- inosinate 

+ Disodium 5’- guanylate 
Ajinomoto, Chicago, IL  
 

0.03 
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Table 1.2 Concentration of salt in salt water solutions served to subjects over 26 testing 
sessions.   

Session Control sample 
(g/L) 

Reduced Salt Samples (g/L) 
1 2 3 4 5 6 7 

1 16.0 13.2  13.6  14.0  14.4  14.8  15.2  15.6  
2 14.2 11.4  11.8  12.2  12.6  13.0  13.4  13.8  
3 13.2 11.1  11.4  11.7  12.0  12.3  12.6  12.9  
4 12.6 10.0  10.4  10.8  11.2  11.5  11.8  12.1  
5 11.7   9.9  10.1  10.3  10.5  11.1  11.3  11.5  
6 11.1   9.0    9.5  10.3  10.5  10.7  10.9  11.0  
7 10.1   8.0    8.5    9.3    9.5    9.7    9.9  10.0  
8   9.8   7.8    8.3    8.8    9.3    9.5    9.6    9.7  
9   9.3   7.3    7.8    8.3    8.9    9.0    9.1    9.2  
10   8.7   6.7    7.2    7.7    8.3    8.4    8.5    8.6  
11   8.0   6.0    6.5    7.0    7.6    7.7    7.8    7.9  
12   7.6   5.5    6.0    7.0    7.1    7.2    7.3    7.4  
13   7.0   5.0    5.5    6.0    6.6    6.7    6.8    6.9  
14   6.3   4.3    4.8    5.3    5.9    6.0    6.1    6.2  
15   5.9   4.0    4.5    5.0    5.6    5.7    5.8    5.9  
16   5.8   3.8    4.3    4.9    5.4    5.5    5.6    5.7  
17   5.5   3.5    4.0    4.6    5.1    5.2    5.3    5.4  
18   5.3   3.3    3.8    4.4    4.9    5.0    5.1    5.2  
19   5.0   3.0    3.5    4.1    4.6    4.7    4.8    4.9  
20   4.8   2.8    3.8    4.3    4.4    4.5    4.6    4.7  
21   4.6   2.6    3.6    4.1    4.2    4.3    4.4    4.5  
22   4.5   2.5    3.5    4.0    4.1    4.2    4.3    4.4  
23   4.3   2.3    3.3    3.8    3.9    4.0    4.1    4.2  
24   4.1   2.1    3.1    3.6    3.7    3.8    3.9    4.0  
25   3.9   1.9    2.4    3.4    3.5    3.6    3.7    3.8  
26   3.8   1.8    2.3    3.3    3.4    3.5    3.6    3.7  
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Table 1.3 Concentration of salt in broth served to subjects over 12 testing sessions. 

Session Control sample 
(g/L) 

Reduced Salt Samples (g/L) 
1 2 3 4 5 6 7 

1 16.0 12.5  13.0  13.5  14.0  14.5  15.0  15.5  
2 14.4 10.9  11.4  11.9  12.4  12.9  13.4  13.9  
3 12.2  9.4    9.8  10.2  10.6  11.0  11.4  11.8  
4 10.7  7.9    8.2    8.5    8.8    9.1    9.4    9.7  
5   8.9  6.0    6.3    6.6    6.9    7.4    7.9    8.4  
6   7.9  6.0    6.3    6.6    7.1    7.3    7.5    7.7  
7   7.0  5.0    5.5    6.0    6.5    6.7    6.8    6.9  
8   6.3  4.3    4.8    5.3    5.8    6.0    6.1    6.2  
9   5.6  3.6    4.1    4.6    5.1    5.3    5.4    5.5  
10   5.1  3.1    3.6    4.1    4.6    4.8    4.9    5.0  
11   4.8  2.8    3.4    4.0    4.4    4.5    4.6    4.7  
12   4.1  2.1    3.1    3.4    3.7    3.8    3.9    4.0  

 

 

 

Procedure 

 

A changeable subset of 10 to 13 subjects participated in 38 testing sessions over a period 

of approximately 10 months at the Sensory Center in the Department of Food Science 

and Nutrition at the University of Minnesota.  Each session was intended to measure one 

difference threshold step, with sessions alternating between testing of salt water solutions 

and broth.  The first session for each solution series measured the difference threshold for 

salt in a solution with a concentration of salt comparable to that of a commercially 

available soup (0.27M NaCl; 16g salt/L water).  The second session for each series 

measured the difference threshold for salt in a solution that was reduced in salt to a new 

concentration based on the previously determined difference threshold.  For example, if 

the concentration of salt in the control for the first session was 100% and the difference 

threshold was 10%, the concentration of salt in the control for the second session was 

90%.  This pattern continued until a series of difference threshold steps was established 

for both salt in water and in broth, with each series of steps ending at a concentration of 

salt required to meet FDA low sodium guidelines (140mg sodium or less per 100g 

serving) (FDA, 2010).   
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In each testing session participants were presented with two sets of seven paired 

comparison tests (the second set was a duplicate of the first).  Each pair was made up of a 

control solution and a solution that was reduced in salt from the control.  The percent salt 

in the control remained constant over one testing session, and the percent salt in the 

reduced salt solution increased over the series of paired comparison tests, so that the 

difference in perceived saltiness between the seventh pair of solutions in a test was more 

difficult to detect than the difference between the first pair of solutions.  Subjects were 

instructed to taste each of the solutions in a pair, indicate the saltier solution by circling 

the corresponding number on a paper ballot, and to rinse their mouth with water three 

times before moving on to the next pair (see Appendix A for the ballot).  At the end of a 

testing session the control for the next session was established by determining the 

difference threshold, followed by determination of a range of seven reduced salt samples 

to pair with the new control. 

 

 

Data Analysis 

 

A series of difference threshold steps for both salt in water, and salt in broth was 

calculated by determining the reduction in salt from the control that could be 

discriminated by 50% of subjects. In order to be considered correct, a subject had to 

identify the saltier solution (the control sample) in both sets of duplicate paired 

comparison tests in one session; if a subject correctly identified the saltier sample in one 

set but not the duplicate, that answer was considered incorrect. Logistic regression was 

used to determine the relationship between the proportion of subjects who correctly 

identified the control in each pair, and the amount of salt in the reduced salt sample as 

follows: 

                                            ln  p = β0 + β1(concentration of NaCl) 
                                              p - 1 
 

p is the percentage of subjects who correctly selected the control sample in a paired 

comparison test, β0 is the y intercept, β1 is the slope, and concentration of NaCl is the 
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concentration of salt in the reduced salt sample.  p was set to 0.625, the value at which 

half of the subjects correctly identified the control sample without guessing, and the 

remaining subjects were correct 25% of the time by chance.  By solving Equation 1 for 

concentration of NaCl and rounding to the nearest tenth of a gram, the concentration of salt 

in the control sample for the next test session was determined.  Subtracting this value from 

the concentration of salt in the control in the previous test session established the difference 

threshold step. 

 

Weber fractions were calculated for each solution series at each step as the difference 

threshold divided by the concentration of NaCl in the control sample.  Linear regression 

was used to determine whether Weber fractions were constant across all test sessions (ie. 

whether reductions in salt were a constant proportion of the original stimulus) by 

regressing the Weber fraction on the salt concentration of the control sample at each 

corresponding step (see Appendix B for SAS code and sample calculations). 

 

 

Results 
 

The decrease in salt concentration of the control sample required to meet FDA low 

sodium guidelines was achieved in 26 steps in salt water solutions (Table 1.4), and 12 

steps in broth (Table 1.5).  As the concentration of salt in the control sample was 

decreased from one test session to the next, the salt concentration in the difference 

threshold also decreased for both sets of solutions.  The Weber fractions were not a 

constant proportion for salt water solutions, ranging from 0.11 to 0.03 (Figure 1.1; F = 

13.0, p = 0.001), but were a constant proportion in broth, with an average value of 0.1 

(Figure 1.2; F = 0.01, p = 0.92). 
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Table 1.4 Salt concentrations of the difference threshold steps between 16.0g/L and 
3.8g/L of salt for salt water solutions. 

Step NaCl concentration in difference 
threshold step (%) 

1 11.2 
2 6.3 
3 4.0 
4 5.2 
5 3.9 
6 6.4 
7 1.7 
8 3.1 
9 3.9 
10 4.1 
11 3.0 
12 3.2 
13 4.6 
14 2.3 
15 1.1 
16 1.4 
17 1.7 
18 1.6 
19 1.1 
20 1.6 
21 0.8 
22 1.2 
23 0.8 
24 1.5 
25 0.8 
26 0.7 
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Table 1.5 Salt concentrations of the difference threshold steps between 16.0g/L and 
4.1g/L of salt for broth. 

Step NaCl concentration in difference 
threshold step (%) 

1 10.1 
2 13.9 
3   9.3 
4 11.3 
5   6.3 
6   5.5 
7   4.2 
8   4.1 
9   3.5 
10   2.0 
11   4.1 
12   5.1 

 

 

 

 
Figure 1.1 Weber fractions (the difference threshold divided by salt concentration in the 
control sample) calculated from the difference threshold steps for salt water solutions 
versus the concentration of salt in the control sample at each step.  Weber fractions were 
not a constant proportion (F = 10.6, p <0.01; y = -.001x + 0.18; R2 = 0.3).  Concentration 
of salt in the control sample was reduced from 16.0 to 3.6g/L over 26 steps.  
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Figure 1.2 Weber fractions calculated from the difference threshold steps for broth 
versus the concentration of salt in the control sample at each step.  Weber fractions were 
a constant proportion (F = .01; p = 0.92; y = -.006 + 0.54; R2 = 0.5).  Concentration of 
salt in the control sample was reduced from 16.0 to 3.3 g/L over 12 steps. 

 

 

 

Discussion 
 

The difference in number of salt reduction steps between solution series is likely due to 

differences in solution complexity.  In identifying the saltier of two solutions, subjects 

easily discriminated pairs when only salt was added to water, requiring twice as many 

steps as for broth to reach a low sodium concentration in the control sample.  This 

phenomenon may largely be due to the psychophysical relationship between salt and all 

other taste stimuli in the broth.  Although suppression and enhancement of tastes are 

highly dependent on concentration, the following relationships have been repeatedly 

demonstrated: 

• Acids typically enhance perceived saltiness of NaCl at low concentrations (Fabian 

& Blum, 143; Kamen et al., 1961; Pangborn & Trabue, 1964; Pangborn & Chrisp, 

1964; Little & Brinner, 1984); at higher concentrations of NaCl, sourness is 

suppressed (Pangborn and Trabue, 1964).  
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• Salt and sugar typically exhibit mutual masking; however, NaCl at low levels 

enhances the apparent sweetness of sucrose (Fabian & Blum, 1943; Beebe-Center 

et al., 1959; Pangborn & Trabue, 1964).   

• Perceived bitterness is suppressed by NaCl; reciprocal suppression of NaCl by 

bitter taste stimuli generally does not occur (Breslin, 1996; Breslin & Beauchamp, 

1997).  

• Umami taste stimuli enhance perceived saltiness (Roininen et al., 1996; Mojet et 

al., 2004; Kremer et al., 2009). 

In a study examining taste in different mixtures of salt, sugar, quinine, and hydrochloric 

acid at equal intensities, Bartoshuk (1975) found that perceived saltiness of NaCl was 

enhanced by HCl in a mixture of the two taste stimuli alone, but suppressed when 

combined with the other tastes in any combination of two, three, or four stimuli. 

Although the concentrations of taste stimuli used for the purpose of our study differed 

from concentrations examined in previous research, potential suppression of saltiness and 

enhancement of any of the other tastes could have made it much more difficult for 

subjects to identify a saltier sample in broth, relative to the simple salt water solutions in 

which there was no interference from other tastes. 

 

Although the slope of the regression line for broth indicates constant Weber fractions  

(Figure 1.2), we observed considerable scatter of data points around the line in the plot, 

particularly at lower concentrations of salt. This may be a result of taste stimuli 

interrelationships described above; if saltiness was suppressed by non-salt stimuli or if 

non-salt stimuli were enhanced by salt, it may have been more difficult for subjects to 

detect any change in salt intensity. Alternatively, as salt content was reduced across 

testing sessions, saltiness intensity became more similar to the intensity of other stimuli 

kept constant throughout the study. This may have made the task of identifying saltiness 

in the mixture significantly more challenging with each salt reduction, resulting in greater 

variability of thresholds than expected at these lower salt concentrations. Occurrence of 

this variability in the broth indicates that predicting levels of unnoticed salt reduction 
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may be quite difficult; however, approaching salt reduction more conservatively by using 

smaller steps than defined in broth is a viable option. 

 

Difference thresholds determined in this study provide a conservative foundation for salt 

reduction because the reductions in salt would likely be more difficult to detect in a ‘real-

life’ setting.  Subjects used in this study were members of a trained descriptive analysis 

panel already familiar with sensory testing and identification of specific product 

attributes, and may have been more adept at identifying product differences than naïve 

panelists. Subjects were told to identify the saltier of two solutions and were therefore 

focused only on changes in perception of saltiness, which is less likely to occur outside a 

laboratory environment.  Finally, most foods are considerably more complex than the 

solutions used in this study and can be expected to have greater difference thresholds for 

salt, allowing for fewer undetectable salt reduction steps to reach a low sodium target. 

Regardless, use of difference threshold steps determined in this study may be a useful 

guide for approaching step-wise decline of salt in processed foods, and to determine 

whether these same undetectable reductions have any impact on product acceptability. 

For the home cook, the same steps could be used as a basis for practical advice on 

reducing salt during food preparation.  Anecdotal evidence suggests that a ‘pinch’, the 

amount of a dry ingredient that can be held between the thumb and forefinger, is 

approximately 1/8, or 12%, of one teaspoon.  If cooks follow the directive to ‘put a pinch 

back’ for every teaspoon of salt used, salt added to meals will be decreased by an amount 

roughly equivalent to the difference thresholds defined here for salt at higher 

concentrations, remaining unnoticeable to both cooks and diners. 
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CHAPTER 3 

PART II: ABRUPT VERSUS GRADUAL SALT REDUCTION AND 
ACCEPTABILITY OF A LOW SODIUM FOOD 

 

 

 

Introduction 
 

In April, 2010, the Institute of Medicine (IOM) published Strategies to Reduce Sodium 

Intake in the United States, a manual in which mandatory gradual step-wise salt reduction 

at the food industry level was suggested as a means by which to reduce population 

dietary salt intake to levels recommended by the 2010 Dietary Guidelines, thereby 

reducing associated rates of hypertension and healthcare costs.  Proponents of a salt 

reduction mandate contend that national initiatives of the past, including setting target 

goals for sodium intake, advertisements alerting consumers to the health risks associated 

with a high-salt diet, and voluntary efforts by way of the food industry to reduce salt in 

processed foods, have done little to change food manufacturing practices or to curb 

dietary salt intake among Americans.  According to the IOM, these findings, in addition 

to the fact that the relative contribution of processed foods to daily salt intake is over 75% 

(Mattes & Donnelly, 1991), indicate a mandatory approach is the only feasible option for 

addressing what is regarded as a serious public health problem.  Despite widespread 

support for a salt mandate and the strategy of gradual salt reduction, there is little 

evidence to support usefulness of this initiative.  Whether gradual salt reduction is the 

most effective strategy for adjusting a population to a reduced salt food supply, and 

whether individuals can grow to like reduced-salt and low sodium foods despite overall 

‘dietary freedom’ remain unknown.  From a sensory perspective, considerable research is 

required to better understand how consumers might respond to the IOM’s suggested salt 

mandate in terms of acceptability of lower sodium foods.  
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Relative successes in reducing population dietary salt intake in both Finland and the 

United Kingdom are often cited as evidence in support of an American salt mandate.  

Between 1972 and 2002, Finland succeeded in reducing average sodium intake of its 

citizens from 5,600 to 3,200mg/day through implementation of government regulation of 

salt and public health awareness.  In 2004, the UK initiated a salt reduction campaign that 

although voluntary, has been effective at reducing salt in the food supply by 

approximately 30% (He and MacGregor, 2009).  Current sodium recommendations in the 

US suggest a maximum intake of 2,300 mg sodium/day (USDA, 2010); there is no 

known initiative that has been implemented or has succeeded in bringing a population’s 

dietary salt intake to levels this low—in fact, average dietary salt intake in both Finland 

and the UK has now only just been reduced to levels comparable to current salt intake 

among Americans (approximately 3,400mg sodium/day (IOM, 2010)).  In addition, salt 

reduction in Finland is largely attributed to a decrease in home salt use (IOM, 2010), a 

source of sodium of little concern in the US because of its minimal contribution to overall 

sodium intake (Mattes & Donnelly, 1991), and because Americans have been shown to 

not compensate for sodium reduction in foods through addition of salt (Beauchamp et al., 

1987).  Because efforts to reduce population dietary salt intake to the extent suggested by 

the 2010 dietary guidelines have not been attempted, it is difficult to predict how 

consumers might respond to significant salt reductions despite accomplishments in other 

countries. 

 

What is known about adjustment to a reduced salt diet, and what provides the basis for 

the idea of habituation to a reduced salt intake, are findings from several studies that 

illustrated alteration in preference for salty taste following prolonged exposure to a low 

sodium diet.  Bertino et al. (1982) found a significant reduction in liking for salt in soup 

and crackers among subjects two months after they started a low sodium diet; Blais et al. 

(1986) reported similar results for salt in soup.  Elmer (1988) reported an increased 

preference for lower concentrations of salt in crackers three months after introduction of 

a low sodium diet.  In each of these studies, control subjects showed no change in 

preference for saltiness in any of the foods tested; in other words, an overall reduction in 
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dietary salt intake was required for changes in salt preference to occur.  This finding, 

however, may have been due in part to the relatively small number of times control 

subjects consumed the reduced salt foods, and the length of time that passed between 

tastings.   

 

Repeated exposure has frequently been shown to improve liking for a previously disliked 

or less preferred food (Stein et al., 2003; Maier et al., 2007; Anzman-Franca et al., 2012).  

Research on this phenomenon in reduced salt and low sodium foods is limited.  Prescott 

and Khu (1995) reported increased liking for a low salt soup with maximal liking 

occurring after five exposures at consecutive daily intervals.  Methven et al. (2012) 

reported an initial increase in liking for a no salt added soup after three exposures, with 

liking continuing to increase over the duration of the eight day study.  In both cases, 

liking for a saltier soup served at a post-study session was no different than liking for the 

same soup served at a pre-study session; in other words, repeated exposure to a low salt 

soup had no impact on liking for the saltier formula.  Findings from these studies indicate 

a change in preference for a low salt food is possible based on mere exposure; however, 

several questions are yet to be determined: how enduring might the increase in liking for 

a low salt food be in a follow-up period?  How might liking for a low salt food be 

affected by a longer period of repeated exposure (more than eight days); and would liking 

for the saltier version of a low salt food persist after this extended period of repeated 

exposure?  In light of current recommendations to gradually reduce salt content of 

processed foods over a period of years, research on changes in acceptability as a result of 

longitudinal repeated exposure is necessary. 

 

This study was designed to test three hypotheses: (1) that gradual salt reduction via 

cumulative unnoticeable steps down in salt to a low sodium target would be more 

effective for maintaining acceptability of a low sodium food among subjects than abrupt 

salt reduction in one step to the same low sodium target; (2) that long-term repeated 

consumption of a low sodium food would result in an overall downward shift in range of 

acceptable saltiness of that food; and (3) that individuals motivated to reduce dietary salt 
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intake would have higher liking scores for a low sodium food than those unmotivated to 

reduce dietary salt intake.  Should FDA move forward with a salt mandate, this research 

could provide insight into relative usefulness of salt reduction strategies and whether 

inherent differences among people in perception of and preference for salt might 

influence effectiveness of attempts to reduce dietary salt intake on a national level. 

 

Materials and Methods 
 

Subjects 

 

One hundred and four adult subjects were recruited through a University of Minnesota 

database of students and staff who had previously expressed interest in participating in 

studies via the University’s Sensory Center, and through advertisements posted on 

campus (Appendix C).  A recruitment questionnaire was used to screen individuals for 

several factors: current dieting status in terms of restriction of calories, fat, carbohydrates, 

salt, and sugar; presence of food allergies; and motivation to make a number of diet-

related changes, namely motivation to consume a diet lower in calories, fat, sugar, and 

salt; motivation to eat less ‘junk food’ and fast food; and motivation to eat more fruits 

and vegetables, organic foods, and whole grains (Appendix D).  Subjects were also asked 

to indicate their liking for and willingness to consume tomato juice (the food used to test 

study hypotheses).  Subjects already restricting salt use, those with food allergies, and 

those that disliked tomato juice were rejected as participants.  Based on these exclusion 

criteria, 96 subjects were initially enrolled in the study.  Thirteen subjects stopped 

participating over the course of the study primarily due to scheduling conflicts and time 

commitment, for a final total of 83 subjects.   Testing procedures were approved by the 

University of Minnesota Institutional Review Board.  Subjects were compensated for 

participating. 
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Overall Study Design  

 

The study was broken down into three phases: an initial taste test used to assess subjects’ 

liking for different levels of sodium chloride in tomato juice, a 16-week longitudinal 

study used to compare two salt reduction strategies, and a final taste test used to assess 

any change in liking for different levels of sodium chloride in tomato juice relative to the 

initial taste test as a result of exposure to reduced salt juice.   

 
 
Initial Taste Test 

 

Products 

 

Tomato juice was made using a basic recipe of one part tomato paste (Contadina®, Del 

Monte Foods, San Francisco, CA) whisked into four parts distilled water, with enough 

USP sodium chloride (Fisher Scientific, Fair Lawn, NJ) added to meet a specific sodium 

concentration. Juice was made in two gallon plastic food-safe buckets and refrigerated for 

no more than five days before being served to subjects.  Subjects were served four 

samples of tomato juice at the taste test, ranging in sodium content from a concentration 

comparable to a commercially available juice (640mg sodium per 8oz/237ml juice), to a 

concentration low enough to meet FDA low sodium guidelines (136mg sodium per 

8oz/237ml juice).  The two remaining samples were reduced in sodium by roughly 25% 

and 50% from the highest sodium sample (472mg and 304mg sodium per 8oz/237ml 

juice, respectively).  Approximately 3oz/90ml of each tomato juice was served in a 

4oz/120ml lidded plastic soufflé cup blinded with a random 3-digit code, balanced among 

subjects for order and carryover effects.   

   

The three samples with a salt content reduced from the highest salt sample will be 

referred to collectively as the ‘reduced salt samples’.  In addition, individual samples will 

be referred to by the percentage of sodium remaining in the sample following reduction 

from 640mg (the sample with the highest sodium content).  The sample with 136mg 
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sodium per 8oz/237ml of juice will be referred to as 25%, 304mg will be referred to as 

50%, 472mg will be referred to as 75%, and 640mg will be referred to as 100%. 

 

 

Experimental Procedure 

 

Each subject received a tray containing four samples of tomato juice (25%, 50%, 75%, 

and 100%), a cup of water, and approximately 10ml of 6-n-propylthiouracil (PROP) 

dissolved in distilled water at a concentration of 0.0032M in a 1oz/30ml lidded plastic 

soufflé cup.  Before tasting each sample, subjects were instructed to rinse their mouth 

with water and were forced to wait one minute before beginning evaluations.  After one 

minute had passed, subjects were instructed to shake the first tomato juice sample up and 

down three times, remove the lid, swallow one mouthful, and evaluate the sample for 

overall liking and flavor liking on labeled affective magnitude scales (LAM) (Schutz & 

Cardello, 2001) ranging from greatest imaginable disliking to greatest imaginable liking 

(values for the labeled scale points were as follows: 0 - greatest imaginable disliking;    

13 – dislike extremely; 25 – dislike very much; 39.5 – dislike moderately; 53 – dislike 

slightly; 60 – neither like nor dislike; 67 – like slightly; 81 – like moderately; 93 – like 

very much; 104 – like extremely; 120 – greatest imaginable liking).  Subjects were 

instructed to swallow a second mouthful of the sample and to rate saltiness intensity on 

the general labeled magnitude scale (gLMS) (Bartoshuk et al., 2003), ranging from no 

sensation to strongest imaginable sensation of any kind (values for the labeled scale 

points were as follows: 0 – no sensation; 2.1 – barely detectable; 9.15 – weak; 25.8 – 

moderate; 53.1 – strong; 79.95 – very strong; 150 – strongest imaginable sensation of 

any kind).  In order to determine a range of saltiness levels that subjects would find 

acceptable, subjects were then asked to indicate their highest and lowest acceptable 

saltiness levels in the tomato juice; this information provided the subject’s idea of how 

much the saltiness could be increased or decreased in the sample and still be considered 

palatable.  This process was repeated for sourness, sweetness, and bitterness, in order to 

have these attributes serve as distractors from saltiness as the study focus.  The same 
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procedure was followed to evaluate the remaining three tomato juices.  All scales and 

subject instructions are included in Appendix E.    

 

After evaluating all samples, subjects were asked a series of 17 questions related to 

remembered intensities of various stimuli (for example, the brightness of the sun, 

saltiness of potato chips, and the smell of a rose) on the gLMS (Bartoshuk et al., 2003).  

This process was completed in order to both familiarize subjects with the gLMS and to 

give each subject a frame of reference for rating the PROP solution.  After answering all 

questions, subjects were instructed to place the entirety of the PROP solution in their 

mouth, to swirl briefly, expectorate, and rate the intensity of the solution.  All data were 

collected using SIMS 2000 Sensory Evaluation Software (Sensory Computer Systems, 

Morristown, NJ).   

 

Data Analysis 

 

Mean ratings for liking, saltiness, and lowest and highest acceptable saltiness of juices 

were compared among tomato juices using Proc GLM in SAS (version 9.2, SAS Institute 

Inc., Cary, NC).  Liking, saltiness, lowest acceptable saltiness, and highest acceptable 

saltiness were the dependent variables; subject and tomato juice were predictors.  

Significant differences among samples for each of the dependent variables were 

determined using the Student Newman Keuls test (SAS code is included in Appendix F).   

 

PROP taster status was determined using cut-off values on the gLM scale as determined 

in (Porubcan & Vickers, 2005).  If a score fell below 12.6, subjects were classified as 

non-tasters; if a score was greater than 12.6 and less than 70.2, subjects were classified as 

medium tasters; and if the score was greater than 70.2, subjects were classified as 

supertasters.     

 

 

 

 



56 
 

Longitudinal Study 

 

Balancing Subject Groups 

 

In order to create two salt reduction groups prior to beginning the longitudinal phase of 

the study, subjects were subdivided and balanced on three measures to ensure salt 

reduction groups would be as similar as possible: motivation to reduce dietary salt intake 

as indicated on the recruitment questionnaire, hedonic sensitivity to salt as determined 

with data collected at the initial taste test, and perceived intensity of PROP solution.  For 

each measure, three categories were established.  For motivation:  

• ‘Motivated’ subjects indicated they were ‘highly motivated’ to reduce dietary salt 

intake on the recruitment questionnaire.  

• ‘Somewhat motivated’ subjects indicated they were ‘somewhat motivated’.  

• ‘Unmotivated’ subjects were grouped from those who indicated they were 

‘neither motivated nor unmotivated’, ‘somewhat unmotivated’, or ‘highly 

unmotivated’.   

For hedonic sensitivity to salt, subjects were divided based on their difference in liking 

between tomato juices with the lowest and highest sodium content served at the initial 

taste test:   

• A difference of 20 scale points or less between liking for the highest and 

lowest sodium samples corresponded to ‘low hedonic sensitivity’.  

• A difference between 20 and 40.7 points corresponded to ‘medium hedonic 

sensitivity.  

• A difference greater than 40.7 points corresponded to ‘high hedonic 

sensitivity’. 

Individuals with low hedonic sensitivity displayed minimal difference in liking for high 

and low sodium samples (and in some cases preferred the low sodium sample), while 

those with high sensitivity clearly preferred the sample with the highest salt content.  

Finally, because there were only two PROP non-tasters, rather than divide subjects by 

taster status (non-tasters, medium tasters, and supertasters), the gLM scale on which 
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PROP sensitivity was measured was split into three equal parts based on the number of 

subject responses within each third of the scale:  

• A perceived PROP intensity of less than 44 scale points corresponded to ‘low 

PROP sensitivity’. 

• A perceived intensity between 44 and 74 points corresponded to ‘medium PROP 

sensitivity’.  

• A perceived intensity greater than 74 points corresponded to ‘high PROP 

sensitivity’.   

Subjects were separated into two balanced groups with an approximately equal number of 

subjects taken from each level of each measure (motivation, hedonic sensitivity, and 

PROP sensitivity).  Each of these two groups was arbitrarily assigned a salt reduction 

strategy of ‘abrupt’ or ‘gradual’.   Balancing of groups was completed using R software 

(R Foundation for Statistical Computing, Vienna, Austria) (Appendix G).  Breakdown of 

salt reduction groups is illustrated in Table 2.1.  A comparison among levels of hedonic 

sensitivity, levels of motivation, and levels of PROP sensitivity for liking, saltiness, and 

lowest and highest acceptable saltiness of tomato juice was performed as described for 

data from all subjects at the initial taste test (Appendix F). 
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Table 2.1 Number of subjects (N = 83) within each salt reduction strategy group, subdivided by hedonic sensitivity to salt and self-
assessed motivation to reduce dietary salt intake, and separated by sensitivity to 6-n-propylthiouracil (PROP). 
             

*Refers to salt reduction strategy

 
Hedonic Sensitivity 

Motivation  
 
Total 

Highly Motivated  Somewhat Motivated  Unmotivated  
Abrupt* Gradual Abrupt Gradual Abrupt Gradual 

Low PROP Sensitivity  
Low  1 1 2 2 1 1 8 
Medium  1 2 2 1 3 4 13 
High  0 1 3 1 1 1 7 
 
Medium PROP Sensitivity  
Low  1 1 2 3 1 1 9 
Medium  0 0 4 4 2 2 12 
High  1 0 2 1 1 2 7 
 
High PROP Sensitivity  
Low  1 1 2 3 3 2 12 
Medium  0 0 2 2 1 0 5 
High  1 0 2 3 1 3 10 
 
Total 6 6 21 20 14 16 83 
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Products 

 

Tomato juice was prepared as described for the initial taste test, however, the amount of 

salt added to juice varied by week and by salt reduction strategy.  Sodium concentration 

of juice served to both groups of subjects over the course of the longitudinal study is 

illustrated in Table 2.2.   

 

 

 

Table 2.2 Sodium concentration of tomato juice served during the longitudinal phase of 
the study to subjects in the abrupt (N=41) and gradual (N=42) salt reduction groups.  
Abrupt salt reduction corresponds to juice reduced in salt to a low sodium target at week 
5; gradual salt reduction corresponds to juice reduced in salt via cumulating difference 
threshold steps of 12% each beginning at week 3, to reach a low sodium target at week 
14. 

 
Week 

mg sodium per 8oz/237ml of tomato juice 
Abrupt Salt Reduction Gradual Salt Reduction 

1 640 640 
2 640 640 
3 640 563 
4 640 496 
5 136 436 
6 136 384 
7 136 338 
8 136 297 
9 136 262 
10 136 230 
11 136 203 
12 136 178 
13 136 157 
14 136 136 
15 136 136 
16 136 136 
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Experimental Procedure 

 

Prior to the longitudinal phase of the study, subjects agreed to attend three sessions per 

week and no more than one session per day over a 16-week period, during which they 

would be expected to taste tomato juice and answer several questions about the juice.  In 

order to be as accommodating as possible, tomato juice was served Monday to Friday 

between 8:00am and 4:00pm, at two different locations on the St. Paul campus of the 

University of Minnesota; subjects were instructed to ‘drop by’ to complete sessions at 

their convenience.  Each of the locations was set up with several tables covered with 

decorative table cloths to make the environment more inviting than an experimental lab, 

and was staffed by a Sensory Center research assistant responsible for greeting subjects 

and serving juice.  Tomato juice was served from a side table set up with two large bowls 

filled with ice, each containing a glass pitcher of juice made to serve one of the two 

groups.  Juices were distinguished from each other by a different colored fabric napkin 

placed under each bowl; green corresponded to the gradual group, blue to the abrupt 

group.  Other than the napkins, the two types of tomato juice were identical in 

appearance.  Both ice and juice were replenished as needed from a nearby refrigerator by 

the research assistant.   

 

Upon attending a session, subjects sat a table to be served after checking in with the 

research assistant who verified the group to which the subject had been randomized on a 

color coded check in sheet.  The assistant poured a 5oz/148ml glass of juice for the 

subject from the pitcher corresponding to the correct group.  The glass and juice were 

weighed on a digital scale, weight was recorded, and the juice was served to the subject 

along with a paper ballot and pen.  Before tasting the juice, the ballot (Appendix H) 

instructed subjects to indicate their level of thirst on a line scale anchored with the 

endpoints not at all thirsty and extremely thirsty, and to indicate how much juice they felt 

like drinking on a line scale anchored with the endpoints none and a large amount.  

Subjects were then instructed to drink as much juice as they wished and to indicate their 

liking for the juice on a labeled affective magnitude scale, and the extent to which they 
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were tired of drinking the juice on a line scale anchored with the endpoints not at all tired 

and extremely tired.  After the subject completed the ballot and left the room, the glass of 

juice was reweighed to determine the amount of juice consumed.   

 

 

Data Analysis 

 

All ratings made on paper ballots were measured in millimeters with a ruler from the left 

most end of the scale, to the right.  Ratings for thirst, how much juice subjects felt like 

drinking, and tiredness of juice, were made on scales with a length of 127mm.  Ratings 

made on the labeled affective magnitude scale for liking were multiplied by a factor of 

7.5 to match the scale used at the initial and final taste tests in SIMS 2000 Sensory 

Evaluation Software (Sensory Computer Systems, Morristown, NJ). 

 

In order to determine whether gradual salt reduction was a more effective strategy than 

abrupt salt reduction in terms of acceptability of reduced and low sodium tomato juice, 

and whether hedonic sensitivity to salt and motivation to reduce dietary salt intake had 

any impact on acceptability, longitudinal changes in liking for tomato juice were assessed 

in two ways.  The first analysis was a weekly comparison of mean liking between salt 

reduction groups, among the three motivation levels within each salt reduction group, and 

among the three hedonic sensitivity levels within each salt reduction group.  The second 

analysis was a within group comparison in which subjects were their own controls; the 

specific comparisons were between the mean of weeks 1-2 (which served as baseline) 

and the mean of weeks 3-4, 5-8, 9-12, and 13-16. 

 

For each comparison, a repeated measures analysis of variance with an autoregressive 

covariance structure and Kenward-Rogers degrees of freedom approximation was used 

(SAS, version 9.2, SAS Institute Inc., Cary, NC).  For each model, liking was the 

dependent variable.  Predictors were thirst, salt reduction strategy, motivation level, 

hedonic sensitivity level, and time (week for the first analysis, and means of weeks 1-2, 
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3-4, 5-8, 9-12, and 13-16 for the second analysis).  Interaction terms for strategy, time, 

and motivation level; and strategy, time and hedonic sensitivity level were also included 

in the models.  Subject was a random effect.  A post-hoc correction for multiple 

comparisons was used to test significant differences between lsmeans from the model for 

the first two analyses.   

 

Ratings for thirst, how much juice subjects felt like drinking, how tired subjects were of 

juice, and how much juice subjects consumed over the course of the study were analyzed 

as a within group comparison in which subjects served as their own controls (the mean of 

weeks 1-2 compared to the mean of weeks 3-4, 5-8, 9-12, and 13-16).  Each of the 

specific ratings was the dependent variable in a model; salt reduction strategy, time 

(weeks), and the interaction between salt reduction strategy and time were the predictors.  

Additional predictors were added to models depending on the dependent variable and 

what was assumed to impact ratings of that variable.  Thirst was included as a predictor 

in the model for how much juice subjects felt like drinking; liking was included in the 

model for tiredness of juice; and thirst, how much juice subjects felt like drinking, liking, 

and tiredness of juice, were included in the model for amount of juice consumed (all SAS 

code is included in Appendix F). 

 

 

Final Taste Test 

 

Products 

 

Four tomato juices with different salt concentrations were prepared as described for the 

initial taste test.   
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Experimental Procedure 

 

Subjects attended a final taste test on one of three days following longitudinal data 

collection.  This taste test was identical to the initial taste test in all aspects of testing 

protocol, except for the exclusion of PROP solution. 

 

 

Data Analysis 

 

Subjects were not divided into abrupt and gradual salt reduction groups until after the 

initial taste test, so any differences among subjects at the initial taste test were due to 

random variability.  As such, comparisons were made between mean responses from all 

subjects grouped together at the initial taste test, to mean responses from subjects in the 

abrupt and gradual salt reduction groups at the final taste test. 

 

Mixed models with autoregressive covariance structures and Kenward-Rogers degrees of 

freedom approximation (SAS, version 9.2, SAS Institute Inc., Cary NC) were used to 

compare liking and perceived saltiness for each of the four tomato juice samples among 

subject groups, among the three motivation levels within each subject group, and among 

the three hedonic sensitivity levels within each subject group.  Liking and perceived 

saltiness intensity were dependent variables in the models.  Subject group, tomato juice 

sample, motivation level, and hedonic sensitivity level were predictors.  Interaction terms 

for subject group, tomato juice sample, and motivation level; and for subject group, 

tomato juice sample, and hedonic sensitivity level were also predictors.  Subject was a 

random effect in the model.  A post-hoc Bonferroni correction for multiple comparisons 

was used to test significant differences between least squares means from the model.  A 

shift in lowest and highest acceptable saltiness was determined using the same analysis; 

however, scores for lowest and highest acceptable saltiness were first collapsed over the 

four tomato juice samples to obtain one overall score for each attribute.  
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Separation of subjects by PROP sensitivity rather than PROP taster status resulted in 

subject groups that included individuals with different taster statuses (eg. non-tasters 

grouped with medium tasters and medium tasters grouped with supertasters).  As such, 

rather than make comparisons between initial and final taste tests, linear regression was 

used to determine the relationship between perceived PROP intensity and overall liking, 

saltiness, and lowest and highest acceptable saltiness of tomato juice (all SAS code is 

included in Appendix F).  

 

 

 

Results 
 

 

Taste Tests 

 

Initial Taste Test 

 

The 75% and 100% samples were better liked than the 25% and 50% samples; the 25% 

sample was least liked (Figure 2.1).  Perceived saltiness intensity increased significantly 

with salt concentration (ie. the 100% sample was saltier than all other samples; 75% was 

saltier than 50% and 25%; and 50% was saltier than 25%).  There were no differences in 

lowest acceptable saltiness among samples.  Ratings for highest acceptable saltiness were 

significantly higher for the 75% and 100% than for the 25% and 50% samples (Figure 

2.2).   
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Figure 2.1 Mean liking of tomato juice samples served to subjects at the initial taste test 
(N=83).  Liking was measured on the labeled affective magnitude scale with a maximum 
of 120 scale points corresponding to greatest imaginable liking.  A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything 
above the line is relatively liked and anything below is relatively disliked.  Error bars are 
standard errors of the mean. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Neither 
like nor 
dislike 
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a)  

 
b) 

 
c) 

 
Figure 2.2 a) Mean perceived saltiness, b) lowest acceptable saltiness, and c) highest 
acceptable saltiness of the four tomato juice samples served to subjects (N=83) at the 
initial taste test. Saltiness intensity, and lowest and highest acceptable saltiness were 
measured on the general labeled magnitude scale with a maximum of 150 scale points 
corresponding to strongest imaginable sensation of any kind.  Error bars are standard 
errors of the mean. 
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Comparisons between Initial and Final Taste Tests: Salt Reduction Group, Hedonic 

Sensitivity to Salt, and Motivation to Reduce Dietary Salt Intake 

 
Changes in Liking between the Initial and Final Taste Tests 

 

Subjects in the abrupt group had increased liking for all of the reduced salt samples (25%, 

50%, and 75%) at the final taste test relative to the initial taste test; liking for the sample 

with the highest sodium content (100%) was unchanged.  Subjects in the gradual group 

had increased liking for all samples at the final taste test (Table 2.3, Figure 2.3).   

 

Subjects with low hedonic sensitivity to salt in both the abrupt and gradual groups had 

increased liking for the 50% sample at the final taste test relative to the initial taste test 

(Table 2.4, Figure 2.4).  Among subjects with medium hedonic sensitivity, those in the 

abrupt group had increased liking for the 50% sample; those in the gradual group had 

increased liking for all reduced salt samples (Table 2.4, Figure 2.5).  Subjects with high 

hedonic sensitivity to salt had increased liking for both the 25% and 50% samples, 

regardless of salt reduction strategy (Table 2.4, Figure 2.6).  

 

Highly motivated subjects in the abrupt group had increased liking for the 25% and 50% 

samples at the final taste test; highly motivated subjects in the gradual group had 

increased liking for the 50% sample only (Table 2.5, Figure 2.7).  Somewhat motivated 

subjects had increased liking for the 25% and 50% samples in both the abrupt and 

gradual groups (Table 2.5, Figure 2.8).  Unmotivated subjects in the abrupt group had 

increased liking for the 50% sample; those in the gradual group had increased liking for 

the 25% and 50% samples (Table 2.5, Figure 2.9).  
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Table 2.3 Comparison of mean liking of the four tomato juice samples between the initial and final taste tests among subjects in the 
abrupt (N=41) and gradual (N=42) salt reduction groups.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking.  Values are lsmeans and standard errors (SEM) from the 
model.  Highlighted p values from the comparison of initial to final liking for each sample are significant at alpha = 0.05.  

Sodium in sample as % of 
640mg 

Initial 
Liking 

 
SEM 

Salt Reduction 
Strategy 

Final 
Liking 

 
SEM 

 
p value 

25%   45 2.2 
Abrupt 60 3.0 <.01 
Gradual 61 3.2 <.01 

50%   55 2.2 
Abrupt 74 3.0 <.01 
Gradual 78 3.2 <.01 

75%   67 2.2 
Abrupt 78 3.0 .01 
Gradual 76 3.2 .05 

100%  73 2.2 
Abrupt 74 3.0 .59 
Gradual 82 3.2 .05 
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Figure 2.3 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects in the abrupt (N=41) and gradual (N=42) salt reduction groups.  Liking 
was measured on the labeled affective magnitude scale with a maximum of 120 scale 
points corresponding to greatest imaginable liking.  A liking score of 60 corresponds to 
neither like nor dislike on the labeled affective magnitude scale; anything above the line 
is relatively liked and anything below is relatively disliked With respect to the legend, 
initial and final refer to initial and final taste tests, respectively; and abrupt and gradual 
refer to salt reduction groups.  Values are lsmeans ± standard errors from the model. 
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like nor 
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70 

Table 2.4 Comparison of mean liking of the four tomato juice samples between the initial and final taste tests among subjects in the 
abrupt and gradual salt reduction groups with low (abrupt, N=14; gradual, N=15), medium (abrupt, N=15; gradual, N=15), and high 
(abrupt, N=12; gradual, N=12) hedonic sensitivity to salt.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking.  Values are lsmeans and standard errors (SEM) from the 
model.  Highlighted p values from the comparison of initial to final liking for each sample are significant at alpha = 0.05. 

Sodium in sample as 
% of 640mg 

Hedonic 
Sensitivity 

 
Initial Liking 

 
SEM 

Salt Reduction 
Strategy 

 
Final Liking 

 
SEM 

 
p value 

25% 

Low 
61 3.3 

Abrupt 66 4.6 .32 
Gradual 67 4.4 .20 

Medium 
47 3.4 

Abrupt 60 4.7 .06 
Gradual 67 4.7 .01 

High 
27 3.7 

Abrupt 56 5.0 <.01 
Gradual 49 5.8 .01 

50% 

Low 
59 3.3 

Abrupt 72 4.6 .04 
Gradual 83 4.4 <.01 

Medium 
55 3.4 

Abrupt 80 4.7 <.01 
Gradual 75 4.7 .01 

High 
51 3.7 

Abrupt 71 5.0 .01 
Gradual 76 5.8 <.01 

75% 

Low 
66 3.3 

Abrupt 77 4.6 .11 
Gradual 69 4.4 .57 

Medium 
66 3.4 

Abrupt 76 4.7 .07 
Gradual 82 4.7 .01 

High 
69 3.7 

Abrupt 82 5.0 .16 
Gradual 78 5.8 .16 

100% 

Low 
62 3.3 

Abrupt 71 4.6 .08 
Gradual 73 4.4 .11 

Medium 
72 3.4 

Abrupt 77 4.7 .26 
Gradual 79 4.7 .18 

High 
84 3.7 

Abrupt 74 5.0 .12 
Gradual 94 5.8 .12 
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Figure 2.4 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects with low hedonic sensitivity in the abrupt (N=14) and gradual (N=15) 
salt reduction groups.  Liking was measured on the labeled affective magnitude scale 
with a maximum of 120 scale points corresponding to greatest imaginable liking.  A 
liking score of 60 corresponds to neither like nor dislike on the labeled affective 
magnitude scale; anything above the line is relatively liked and anything below is 
relatively disliked With respect to the legend, initial and final refer to initial and final 
taste tests, respectively; and abrupt and gradual refer to salt reduction groups.   Values are 
lsmeans ± standard errors from the model. 
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like nor 
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Figure 2.5 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects with medium hedonic sensitivity to salt in the abrupt (N=15) and gradual 
(N=15) salt reduction groups.  Liking was measured on the labeled affective magnitude 
scale with a maximum of 120 scale points corresponding to greatest imaginable liking.  
A liking score of 60 corresponds to neither like nor dislike on the labeled affective 
magnitude scale; anything above the line is relatively liked and anything below is 
relatively disliked With respect to the legend, initial and final refer to initial and final 
taste tests, respectively; and abrupt and gradual refer to salt reduction groups.   Values are 
lsmeans ± standard errors from the model. 
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Figure 2.6 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects with high hedonic sensitivity to salt in the abrupt (N=12) and gradual 
(N=12) salt reduction groups.  Liking was measured on the labeled affective magnitude 
scale with a maximum of 120 scale points corresponding to greatest imaginable liking.  
A liking score of 60 corresponds to neither like nor dislike on the labeled affective 
magnitude scale; anything above the line is relatively liked and anything below is 
relatively disliked With respect to the legend, initial and final refer to initial and final 
taste tests, respectively; and abrupt and gradual refer to salt reduction groups.  Values are 
lsmeans ± standard errors from the model. 
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Table 2.5 Comparison of mean liking of the four tomato juice samples between the initial and final taste tests among subjects in the 
abrupt and gradual salt reduction groups who were highly motivated (abrupt, N=6; gradual, N=6), somewhat motivated (abrupt, N=21; 
gradual, N=20), and unmotivated (abrupt, N=14; gradual, N=16) to reduce dietary salt intake.  Liking was measured on the labeled 
affective magnitude scale with a maximum of 120 scale points corresponding to greatest imaginable liking.  Values are lsmeans and 
standard errors (SEM) from the model.  Highlighted p values from the comparison of initial to final liking for each sample are 
significant at alpha = 0.05 

Sodium in sample as 
% of 640mg 

 
Motivation 

 
Initial Liking  

SEM Salt Reduction 
Strategy 

 
Final Liking  

SEM p value 

25% 

Highly Motivated 47 5.0 
Abrupt 67 6.8 .03 
Gradual 61 7.6 .09 

Somewhat 
motivated 

42 2.7 
Abrupt 64 3.7 <.01 
Gradual 53 3.8 .03 

Unmotivated 47 3.2 
Abrupt 50 4.4 .51 
Gradual 69 4.3 <.01 

50% 

Highly Motivated 52 5.0 
Abrupt 74 6.8 .01 
Gradual 80 7.6 .01 

Somewhat 
motivated 

53 2.7 
Abrupt 74 3.7 <.01 
Gradual 74 3.8 <.01 

Unmotivated 61 3.2 
Abrupt 75 4.4 .02 
Gradual 80 4.3 <.01 

75% 

 Highly Motivated 58 5.0 
Abrupt 77 6.8 .05 
Gradual 69 7.6 .17 

Somewhat 
motivated 

67 2.7 
Abrupt 73 3.7 .14 
Gradual 76 3.8 .13 

Unmotivated 77 3.2 
Abrupt 85 4.4 .10 
Gradual 84 4.3 .13 

100% 

Highly motivated 70 5.0 
Abrupt 76 6.8 .49 
Gradual 82 7.6 .16 

Somewhat 
motivated 

72 2.7 
Abrupt 74 3.7 .61 
Gradual 79 3.8 .09 

Unmotivated 76 3.2 
Abrupt 74 4.4 .70 
Gradual 84 4.3 .07 
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Figure 2.7 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects who were highly motivated to reduce dietary salt intake in the abrupt 
(N=6) and gradual (N=6) salt reduction groups.  Liking was measured on the labeled 
affective magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking.  A liking score of 60 corresponds to neither like nor dislike on the 
labeled affective magnitude scale; anything above the line is relatively liked and anything 
below is relatively disliked With respect to the legend, initial and final refer to initial and 
final taste tests, respectively; and abrupt and gradual refer to salt reduction groups. 
Values are lsmeans ± standard errors from the model. 
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Figure 2.8 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects who were somewhat motivated to reduce dietary salt intake in the abrupt 
(N=21) and gradual (N=20) salt reduction groups.  Liking was measured on the labeled 
affective magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking.  A liking score of 60 corresponds to neither like nor dislike on the 
labeled affective magnitude scale; anything above the line is relatively liked and anything 
below is relatively disliked With respect to the legend, initial and final refer to initial and 
final taste tests, respectively; and abrupt and gradual refer to salt reduction groups. 
Values are lsmeans ± standard errors from the model. 
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Figure 2.9 Liking of the four tomato juice samples at the initial and final taste tests 
among subjects who were unmotivated to reduce dietary salt intake in the abrupt (N=14) 
and gradual (N=16) salt reduction groups.  Liking was measured on the labeled affective 
magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking.  A liking score of 60 corresponds to neither like nor dislike on the 
labeled affective magnitude scale; anything above the line is relatively liked and anything 
below is relatively disliked With respect to the legend, initial and final refer to initial and 
final taste tests, respectively; and abrupt and gradual refer to salt reduction groups. 
Values are lsmeans ± standard errors from the model. 
 

 

 

Changes in Perceived Saltiness Intensity between the Initial and Final Taste Tests 

 

Subjects in the gradual group found the 100% sample saltier at the final taste test relative 

to the initial taste test; subjects in the abrupt group had no changes in perceived saltiness 

intensity for any samples between taste tests (Table 2.6, Figure 2.10).  There were no 

changes in perceived saltiness intensity for any of the samples in either the abrupt or 

gradual group when broken down by hedonic sensitivity to salt (Table 2.7, Figures 2.11-

2.13).  In terms of motivation, only subjects who were somewhat motivated to reduce 

dietary salt intake in the gradual group found the 100% sample saltier at the final taste 

test relative to the initial taste test; no other changes in perceived saltiness were 

significant (Table 2.8, Figures 2.14-2.16).  
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Table 2.6 Comparison of mean perceived saltiness of the four tomato juice samples between the initial and final taste tests among 
subjects in the abrupt (N=41) and gradual (N=42) salt reduction groups.  Liking was measured on the labeled affective magnitude 
scale with a maximum of 120 scale points corresponding to greatest imaginable liking.  Values are lsmeans and standard errors (SEM) 
from the model.  Highlighted p values from the comparison of initial to final perceived saltiness of each sample are significant at alpha 
= 0.05.   

Sodium in sample 
as % of 640mg 

Initial 
Saltiness  

 
SEM 

Salt Reduction 
Strategy 

Final 
Saltiness 

 
SEM 

 
p value 

25% 14 2.5 
Abrupt 13 3.4 .78 
Gradual 17 3.7 .49 

50% 20 2.5 
Abrupt 21 3.4 .87 
Gradual 30 3.7 .07 

75% 29 2.5 
Abrupt 34 3.4 .14 
Gradual 34 3.7 .20 

100% 37 2.5 
Abrupt 42 3.4 .26 
Gradual 48 3.7 .04 
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Figure 2.10 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects in the abrupt (N=41) and gradual (N=42) salt reduction groups. 
Saltiness was measured on the general labeled magnitude scale with a maximum of 150 
scale points corresponding to strongest imaginable sensation of any kind.  With respect to 
the legend, initial and final refer to initial and final taste tests, respectively; and abrupt 
and gradual refer to salt reduction groups.   Values are lsmeans ± standard errors from the 
model. 
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Table 2.7 Comparison of mean perceived saltiness of the four tomato juice samples between the initial and final taste tests among 
subjects in the abrupt and gradual salt reduction groups with low (abrupt, N=14; gradual, N=15), medium (abrupt, N=15; gradual, 
N=15), and high (abrupt, N=12; gradual, N=12) hedonic sensitivity to salt.  Saltiness was measured on the general labeled magnitude 
scale with a maximum of 150 scale points corresponding to strongest imaginable sensation of any kind.  Values are lsmeans and 
standard errors (SEM) from the model. 

Sodium in sample as 
% of 640mg 

Hedonic 
Sensitivity 

 
Initial Saltiness 

 
SEM 

Salt Reduction 
Strategy 

 
Final Saltiness 

 
SEM 

 
p value 

25% 

Low 
 16 3.7 

Abrupt 15 5.3 .87 
Gradual 25 5.1 .10 

Medium 
16 3.9 

Abrupt 15 5.4 .95 
Gradual 12 5.3 .49 

High 
10 4.2 

Abrupt 8 5.7 .78 
Gradual 13 6.6 .67 

50% 

Low 
20 3.7 

Abrupt 19 5.3 .91 
Gradual 24 5.1 .46 

Medium 
20 3.9 

Abrupt 27 5.4 .22 
Gradual 31 5.3 .07 

High 
21 4.2 

Abrupt 17 5.7 .61 
Gradual 35 6.6 .06 

75% 

Low 
27 3.7 

Abrupt 37 5.3 .11 
Gradual 36 5.1 .13 

Medium 
28 3.9 

Abrupt 27 5.4 .87 
Gradual 25 5.3 .65 

High 
31 4.2 

Abrupt 39 5.7 .19 
Gradual 41 6.6 .19 

100% 

Low 
37 3.7 

Abrupt 43 5.3 .32 
Gradual 48 5.1 .18 

Medium 
35 3.9 

Abrupt 44 5.4 .13 
Gradual 41 5.3 .30 

High 
40 4.2 

Abrupt 38 5.7 .73 
Gradual 54 6.6 .06 
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Figure 2.11 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects with low hedonic sensitivity to salt in the abrupt (N=14) and 
gradual (N=15) salt reduction groups.  Saltiness was measured on the general labeled 
magnitude scale with a maximum of 150 scale points corresponding to strongest 
imaginable sensation of any kind.  With respect to the legend, initial and final refer to 
initial and final taste tests, respectively; and abrupt and gradual refer to salt reduction 
groups. Values are lsmeans ± standard errors from the model. 
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Figure 2.12 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects with medium hedonic sensitivity to salt in the abrupt (N=15) 
and gradual (N=15) salt reduction groups.  Saltiness was measured on the general labeled 
magnitude scale with a maximum of 150 scale points corresponding to strongest 
imaginable sensation of any kind.  With respect to the legend, initial and final refer to 
initial and final taste tests, respectively; and abrupt and gradual refer to salt reduction 
groups. Values are lsmeans ± standard errors from the model. 
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Figure 2.13 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects with high hedonic sensitivity to salt in the abrupt (N=12) and 
gradual (N=12) salt reduction groups.  Saltiness was measured on the general labeled 
magnitude scale with a maximum of 150 scale points corresponding to strongest 
imaginable sensation of any kind.  With respect to the legend, initial and final refer to 
initial and final taste tests, respectively; and abrupt and gradual refer to salt reduction 
groups. Values are lsmeans ± standard errors from the model. 
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Table 2.8 Comparison of mean perceived saltiness intensity of the four tomato juice samples between the initial and final taste tests 
among subjects in the abrupt and gradual salt reduction groups who were highly motivated (abrupt, N=6; gradual, N=6), somewhat 
motivated (abrupt, N=21; gradual, N=20), and unmotivated (abrupt, N=14; gradual, N=16) to reduce dietary salt intake.  Saltiness was 
measured on the general labeled magnitude scale with a maximum of 150 scale points corresponding to strongest imaginable 
sensation of any kind.  Values are lsmeans and standard errors (SEM) from the model.  Highlighted p values from the comparison of 
initial to final saltiness of each sample are significant at alpha = 0.05 

Sodium in sample as 
% of 640mg 

 
Motivation 

Initial  
Saltiness 

 
SEM 

Salt Reduction 
Strategy 

Final  
Saltiness 

 
SEM 

 
p value 

25% 

Highly Motivated 15 5.7 
Abrupt 13 7.8 .78 
Gradual 16 8.7 .92 

Somewhat 
motivated 

15 3.1 
Abrupt 17 4.2 .70 
Gradual 17 4.4 .75 

Unmotivated 11 3.6 
Abrupt 9 5.1 .66 
Gradual 17 4.9 .28 

50% 

Highly Motivated 18 5.7 
Abrupt 16 7.8 .81 
Gradual 33 8.7 .11 

Somewhat 
motivated 

21 3.1 
Abrupt 28 4.2 .14 
Gradual 29 4.4 .08 

Unmotivated 22 3.6 
Abrupt 19 5.1 .60 
Gradual 27 4.9 .33 

75% 

Highly Motivated 25 5.7 
Abrupt 24 7.8 .96 
Gradual 21 8.7 .70 

Somewhat 
motivated 

28 3.1 
Abrupt 38 4.2 .16 
Gradual 39 4.4 .12 

Unmotivated 34 3.6 
Abrupt 41 5.1 .19 
Gradual 43 4.9 .12 

100% 

Highly Motivated 36 5.7 
Abrupt 40 7.8 .58 
Gradual 41 8.7 .57 

Somewhat 
motivated 

35 3.1 
Abrupt 46 4.2 .12 
Gradual 49 4.4 .02 

Unmotivated 41 3.6 
Abrupt 39 5.1 .69 
Gradual 54 4.9 .09 
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Figure 2.14 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects who were highly motivated to reduce dietary salt intake in the 
abrupt (N=6) and gradual (N=6) salt reduction groups.  Saltiness was measured on the 
general labeled magnitude scale with a maximum of 150 scale points corresponding to 
strongest imaginable sensation of any kind.With respect to the legend, initial and final 
refer to initial and final taste tests, respectively; and abrupt and gradual refer to salt 
reduction groups. Values are lsmeans ± standard errors from the model. 
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Figure 2.15 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects who were somewhat motivated to reduce dietary salt intake in 
the abrupt (N=21) and gradual (N=20) salt reduction groups.  Saltiness was measured on 
the general labeled magnitude scale with a maximum of 150 scale points corresponding 
to strongest imaginable sensation of any kind.  With respect to the legend, initial and 
final refer to initial and final taste tests, respectively; and abrupt and gradual refer to salt 
reduction groups. Values are lsmeans ± standard errors from the model. 
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Figure 2.16 Perceived saltiness of the four tomato juice samples at the initial and final 
taste tests among subjects who were unmotivated to reduce dietary salt intake in the 
abrupt (N=14) and gradual (N=16) salt reduction groups.  Saltiness was measured on the 
general labeled magnitude scale with a maximum of 150 scale points corresponding to 
strongest imaginable sensation of any kind.  With respect to the legend, initial and final 
refer to initial and final taste tests, respectively; and abrupt and gradual refer to salt 
reduction groups. Values are lsmeans ± standard errors from the model. 
 

 

 

Changes in Range of Acceptable Saltiness between the Initial and Final Taste Tests 

 

Neither salt reduction group (Table 2.9, Figure 2.17) nor any of the hedonic sensitivity 

levels (Table 2.10) or motivation levels (Table 2.11) within either group experienced an 

overall downward shift in range of acceptable saltiness (ie. a decrease in both lowest and 

highest acceptable saltiness).  Subjects with high hedonic sensitivity in the gradual group 

had an increase in lowest acceptable saltiness at the final taste test relative to the initial 

taste test (p = .02) (Table 2.10). 
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Table 2.9 Comparison of lowest and highest acceptable saltiness ratings between the initial and final taste tests among subjects in the 
abrupt (N=41) and gradual (N=42) salt reduction groups.  Acceptable saltiness was measured on the general labeled magnitude scale 
with a maximum of 150 scale points corresponding to strongest imaginable sensation of any kind.  Values are lsmeans and standard 
errors (SEM) from the model.   

 
Acceptable 
Saltiness 

Initial 
Acceptable 
Saltiness 

SEM 
Salt 

Reduction 
Strategy 

Final 
Acceptable 
Saltiness 

SEM p value 

Lowest Acceptable 
Saltiness 

13 1.5 Abrupt 11 1.8 .16 
Gradual 10 1.9 .07 

Highest Acceptable 
Saltiness 

54 2.9 Abrupt 50 3.5 .13 
Gradual 49 3.8 .10 
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Figure 2.17 Lowest and highest acceptable saltiness at the initial and final taste tests 
among subjects in the abrupt (N=41) and gradual (N=42) salt reduction groups.  
Acceptable saltiness was measured on the general labeled magnitude scale with a 
maximum of 150 scale points corresponding to strongest imaginable sensation of any 
kind.  With respect to the legend, initial and final refer to initial and final taste tests, 
respectively; and abrupt and gradual refer to salt reduction groups. Values are lsmeans ± 
standard errors from the model. 
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Table 2.10 Comparison of lowest and highest acceptable saltiness ratings between the initial and final taste tests among subjects in the 
abrupt and gradual salt reduction groups with low (abrupt, N=14; gradual, N=15), medium (abrupt, N=15; gradual, N=15), and high 
(abrupt, N=12; gradual, N=12) hedonic sensitivity to salt.  Acceptable saltiness was measured on the general labeled magnitude scale 
with a maximum of 150 scale points corresponding to strongest imaginable sensation of any kind.  Values are lsmeans and standard 
errors (SEM) from the model.  Highlighted p values from the comparison of initial to final lowest and initial to final highest 
acceptable saltiness are significant at alpha = 0.05. 

Acceptable 
Saltiness 

 
Hedonic 

Sensitivity 

Initial 
Acceptable 
Saltiness 

 
SEM 

Salt Reduction 
Strategy 

Final 
Acceptable 
Saltiness 

 
SEM 

 
p value 

Lowest Acceptable 
Saltiness 

Low 12 2.3 
Abrupt 11 2.8 .76 
Gradual 12 2.8 .89 

Medium 12 2.4 
Abrupt 11 2.9 .65 
Gradual 11 2.9 .65 

High 16 2.6 
Abrupt 11 3.1 .07 
Gradual 8 3.4 .02 

Highest Acceptable 
Saltiness 

Low 52 4.4 
Abrupt 49 5.5 .40 
Gradual 43 5.3 .08 

Medium 54 4.5 
Abrupt 44 5.5 .08 
Gradual 49 5.6 .30 

High 57 4.9 
Abrupt 57 6.0 1.0 
Gradual 55 6.7 .70 
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Table 2.11 Comparison of lowest and highest acceptable saltiness ratings between the initial and final taste tests among subjects in the 
abrupt and gradual salt reduction groups with low (abrupt, N=14; gradual, N=15), medium (abrupt, N=15; gradual, N=15), and high 
(abrupt, N=12; gradual, N=12) motivation to reduce dietary salt intake.  Acceptable saltiness was measured on the general labeled 
magnitude scale with a maximum of 150 scale points corresponding to strongest imaginable sensation of any kind.  Values are 
lsmeans and standard errors (SEM) from the model.  Highlighted p values from the comparison of initial to final lowest and initial to 
final highest acceptable saltiness are significant at alpha = 0.05. 

Acceptable 
Saltiness 

 
Motivation 

Initial 
Acceptable 
Saltiness 

 
SEM 

Salt Reduction 
Strategy 

Final 
Acceptable 
Saltiness 

 
SEM 

 
p value 

Lowest Acceptable 
Saltiness 

Highly 
Motivated 

12 3.5 
Abrupt 5 4.2 .06 
Gradual 8 4.6 .36 

Somewhat 
Motivated 

13 1.9 
Abrupt 15 2.3 .39 
Gradual 11 2.3 .23 

Unmotivated 15 2.2 
Abrupt 14 2.7 .59 
Gradual 12 2.7 .16 

Highest Acceptable 
Saltiness 

Highly 
Motivated 

47 6.7 
Abrupt 40 8.2 .32 
Gradual 40 8.9 .32 

Somewhat 
Motivated 

56 3.6 
Abrupt 55 4.4 .76 
Gradual 46 4.5 .06 

Unmotivated 60 4.2 
Abrupt 55 5.3 .21 
Gradual 59 5.1 .80 
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Comparisons between initial and final taste tests: PROP Sensitivity 

 

Changes in Liking between the Initial and Final Taste Tests 

 

Higher PROP intensity scores were associated with higher liking for the 100% tomato 

juice sample at the initial taste test (r = .24; p = .03) (Figure 2.18).  This same association 

persisted among subjects in the gradual group (r = .24; p = .15) (Figure 2.19), but not 

among subjects in the abrupt salt reduction group (r = .05; p = .74). 

 

 

 

         
Figure 2.18 Association between perceived PROP intensity and liking for the 100% 
tomato juice sample among subjects at the initial taste test (N=83) (y = .14x + 63.5; r = 
.24; p = .03).  
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Figure 2.19 Association between perceived PROP intensity and liking for the 100% 
tomato juice sample at the final taste test among subjects in the gradual salt reduction 
group (N=42) (y = .22x + 59.9; r = .24; p = .15). 
 

 

 

Changes in Perceived Saltiness Intensity between the Initial and Final Taste Tests 

 

Higher PROP intensity scores were associated with higher perceived saltiness of the 

100% tomato juice sample at the initial taste test (r = .26; p = .02) (Figure 2.20).  At the 

final taste test, higher PROP intensity was associated with higher perceived saltiness of 

the 75% sample (r = .37; p = .02) (Figure 2.21) and the 100% sample (r = .26; p = .14) 

(Figure 2.22) among subjects in the gradual group only.  There was no association 

between PROP intensity and perceived saltiness intensity for the 25% and 50% samples 

at either the initial or final taste tests (Table 2.12). 
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Figure 2.20 Association between perceived PROP intensity and perceived saltiness 
intensity of the 100% tomato juice sample at the initial taste test (N=83) (y = .18x + 26.1; 
r = .26; p = .02). 
 

 

 

        
Figure 2.21 Association between perceived PROP intensity and perceived saltiness 
intensity of the 75% tomato juice sample at the final taste test among subjects in the 
gradual salt reduction group (N=42) (y = .10x + 28.5; r = .12; p = .02). 
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Figure 2.22 Association between perceived PROP intensity and perceived saltiness 
intensity of the 100% tomato juice sample at the final taste test among subjects in the 
gradual salt reduction group (N=42) (y = .28x + 27.6; r = .26; p = .14) 
 

Table 2.12 R value, slope of the regression line, and p value for the association between 
perceived PROP intensity and perceived saltiness intensity at the initial and final taste 
tests for each of the four juice samples as determined via linear regression.  Highlighted p 
values indicate a significant association between PROP intensity and perceived saltiness 
intensity at alpha = 0.05. 

 
Sodium in sample 

as % of 640mg 

Taste Test/Subject Group 
Initial / All Subjects 

(N=83) 
Final / Abrupt* 

(N=41) 
Final / Gradual* 

(N=42) 
25%    

r .17 .14 .20 
slope -.07 -.09 .17 

p value .11 .37 .20 
    
50%    

r .17 .22 .08 
slope -.08 -.12 .06 

p value .12 .18 .62 
75%    

r .14 .20 .37 
slope .08 .15 .29 

p value .19 .21 .02 
100%    

r .26 .01 .24 
slope .18 .01 .23 

p value .02 .94 .14 
*indicates salt reduction strategy.
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Changes in Range of Acceptable Saltiness between the Initial and Final Taste Tests 

 

Higher PROP intensity scores were associated with higher scores for lowest acceptable 

saltiness at the final taste test among subjects in the abrupt group (r = .43 ; p = .005) 

(Figure 2.23); and with higher scores for highest acceptable saltiness at the final taste test 

among subjects in the gradual group (r = .32; p = .05) (Figure 2.24).  There was no 

association between PROP intensity and lowest (r = .20; p = .08) and highest (r = .17; p = 

.14) acceptable saltiness at the initial taste test.  

 

 

 

         
Figure 2.23 Association between perceived PROP intensity and lowest acceptable 
saltiness at the final taste test among subjects in the abrupt salt reduction group (N=41) (y 
= .17x + 2.3; r = .43; p = .005). 
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Figure 2.24 Association between perceived PROP intensity and highest acceptable 
saltiness at the final taste test among subjects in the gradual salt reduction group (N=42) 
(y = .25x + 37.5; r = .32; p = .05). 
 

 

 

Longitudinal Study 

 

Mean scores for liking, saltiness, and lowest and highest acceptable saltiness of tomato 

juice samples served at the initial taste test separated by levels of hedonic sensitivity to 

salt, levels of motivation to reduce dietary salt intake, and PROP sensitivity are illustrated 

in Figures 2.25-2.30.  Subjects were separated by each of these measures based on data 

obtained at the initial taste test and used to create two balanced salt reduction groups 

before beginning the longitudinal phase of the study.  Though all levels of motivation and 

hedonic sensitivity were included in analysis and reported in the taste test results, ratings 

from somewhat motivated subjects and subjects with medium hedonic sensitivity almost 

always fell between those from highly motivated and unmotivated subjects, and those 

from subjects with low and high hedonic sensitivity, respectively.  For this reason, the 

focus of the longitudinal study remained on the subjects with the greatest initial 

difference in motivation and hedonic sensitivity measures; specifically, highly motivated 
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vs. unmotivated subjects and subjects with low vs. high hedonic sensitivity in each salt 

reduction group. 

 

 

 

 
Figure 2.25 Mean liking of the four tomato juice samples served at the initial taste test 
among subjects with low (N=29), medium (N=30), and high (N=24) hedonic sensitivity 
to salt.  Liking was measured on the labeled affective magnitude scale with a maximum 
of 120 scale points corresponding to greatest imaginable liking.  A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything 
above the line is relatively liked and anything below is relatively disliked.  Error bars are 
standard errors of the mean. 
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a) 

 
b) 

 
c) 

 
Figure 2.26 a) Mean perceived saltiness, b) lowest acceptable saltiness, and b) highest 
acceptable saltiness of the four tomato juice samples served at the initial taste test among 
subjects with low (N=29), medium (N=30), and high (N=24) hedonic sensitivity to salt.  
Saltiness intensity, and lowest and highest acceptable saltiness were measured on the 
general labeled magnitude scale with a maximum of 150 scale points corresponding to 
strongest imaginable sensation of any kind.  Error bars are standard errors of the means. 
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Figure 2.27 Mean liking of the four tomato juice samples served at the initial taste test 
among subjects who were motivated (N=12), somewhat motivated (N=41), and 
unmotivated (N=30) to reduce dietary salt intake.  Liking was measured on the labeled 
affective magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking.  A liking score of 60 corresponds to neither like nor dislike on the 
labeled affective magnitude scale; anything above the line is relatively liked and anything 
below is relatively disliked.  Error bars are standard errors of the mean. 
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a) 

 
b) 

 
c) 

 
Figure 2.28 a) Mean perceived saltiness, b) lowest acceptable saltiness, and c) highest 
acceptable saltiness of the four tomato juice samples served at the initial taste test among 
subjects who were highly motivated (N=12), somewhat motivated (N=41), and 
unmotivated (N=30) to reduce dietary salt intake.  Saltiness intensity, and lowest and 
highest acceptable saltiness were measured on the general labeled magnitude scale with a 
maximum of 150 scale points corresponding to strongest imaginable sensation of any 
kind.  Error bars are standard errors of the means. 
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Figure 2.29 Mean liking of the four tomato juice samples served at the initial taste test 
among subjects with low (N=28), medium (N=28), and high (N=27) PROP sensitivity.  
Liking was measured on the labeled affective magnitude scale with a maximum of 120 
scale points corresponding to greatest imaginable liking.  A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything 
above the line is relatively liked and anything below is relatively disliked.  Error bars are 
standard errors of the mean. 
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a) 

 
b) 

 
c) 

 
Figure 2.30 a) Mean perceived saltiness, b) lowest acceptable saltiness, and c) highest 
acceptable saltiness of the four tomato juice samples served at the initial taste test among 
subjects with low (N=28), medium (N=28), and high (N=27) PROP sensitivity.  Saltiness 
intensity, and lowest and highest acceptable saltiness were measured on the general 
labeled magnitude scale with a maximum of 150 scale points corresponding to strongest 
imaginable sensation of any kind.    Error bars are standard errors of the means. 
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Liking 

 

Analysis 1: Weekly comparisons of mean liking of tomato juice by salt reduction group, 

motivation level, and hedonic sensitivity level 

 

Subjects in the abrupt group had significantly lower liking than the gradual group for 

tomato juice at week 5, when juice consumed by the abrupt group was first reduced to its 

low sodium target (p<.001); this liking score was also significantly lower than liking for 

juice among subjects in the gradual group when they first consumed that same low 

sodium juice at week 14 (p = .012) (Table 2.13, Figure 2.31).  Within the abrupt group, 

subjects with high hedonic sensitivity had lower liking at week 5 than those with low 

hedonic sensitivity (p<.001) (Table 2.14, Figure 2.32); there were no differences in liking 

between subjects with low and high hedonic sensitivity to salt within the gradual group 

(Table 2.15, Figure 2.33).  There were no differences in liking between motivated and 

unmotivated subjects in either the abrupt (Table 2.16, Figure 2.34) or the gradual group 

(Table 2.17, Figure 2.35). 
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Table 2.13 Comparison of mean liking for tomato juice over 16 weeks between the 
abrupt (N=41) and gradual (N=42) salt reduction groups.  Abrupt salt reduction 
corresponds to juice reduced in salt to a low sodium target at week 5; gradual salt 
reduction corresponds to juice reduced in salt via cumulating difference threshold steps of 
12% each beginning at week 3, to reach a low sodium target at week 14.  Liking was 
measured on the labeled affective magnitude scale with a maximum of 120 scale points 
corresponding tot greatest imaginable liking.  Values are lsmeans and standard errors 
(SEM) from the model.  Highlighted p values for the comparison between the abrupt and 
gradual salt reduction groups at each week are significant at alpha = 0.05 

Week Abrupt Salt Reduction Gradual Salt Reduction p value 
 Liking SEM Liking SEM  
1 80 1.7 80 1.7 -- 
2 81 1.7 81 1.7 -- 
3 81 2.3 78 2.3 .40 
4 76 2.3 80 2.3 .19 
5 60 2.3 73 2.3 <.001 
6 66 2.3 73 2.3 .36 
7 67 2.4 72 2.3 .08 
8 74 2.4 72 2.3 .46 
9 77 2.4 73 2.4 .17 
10 71 2.3 68 2.5 .26 
11 73 2.4 71 2.5 .50 
12 71 2.3 69 2.5 .50 
13 75 2.3 74 2.5 .78 
14 71 2.3 71 2.5 .94 
15 75 2.5 77 2.5 .57 
16 76 2.6 75 2.5 .62 

 
 

 

 
 
 

 

 

 

 

 



 

 106 

 

 

 

 

 
Figure 2.31 Longitudinal liking for tomato juice among subjects in the abrupt (N=41) 
and gradual (N=42) salt reduction groups.  Abrupt salt reduction corresponds to juice 
reduced in salt to a low sodium target at week 5; gradual salt reduction corresponds to 
juice reduced in salt via cumulating difference threshold steps of 12% each beginning at 
week 3, to reach a low sodium target at week 14.  Liking was measured on the labeled 
affective magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking. A liking score of 60 corresponds to neither like nor dislike on the 
labeled affective magnitude scale; anything above the line is relatively liked and anything 
below is relatively disliked.  Values are lsmeans ± standard errors from the model.   
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Table 2.14 Comparison of mean liking for tomato juice between subjects with low 
(N=14) and high (N=15) hedonic sensitivity to salt in the abrupt salt reduction group.  
(Subjects with low hedonic sensitivity had a small difference in liking for the low and 
high sodium samples served at the initial taste test; subjects with high hedonic sensitivity 
had a large difference in liking for the same samples).  Abrupt salt reduction corresponds 
to juice reduced in salt to a low sodium target at week 5.  Liking was measured on the 
labeled affective magnitude scale with a maximum of 120 scale points corresponding tot 
greatest imaginable liking. Values are lsmeans and standard errors (SEM) from the 
model.  Highlighted p values for the comparison between subjects with low and high 
hedonic sensitivity at each week are significant at alpha = 0.05 

 
Week 

Low Hedonic Sensitivity High Hedonic Sensitivity  
p value Liking SEM Liking SEM 

1 78 2.6 83 3.0 .19 
2 80 2.6 85 2.9 .18 
3 85 3.5 78 3.9 .17 
4 79 3.5 73 4.0 .28 
5 72 3.6 48 4.0 <.001 
6 71 3.5 61 3.9 .05 
7 70 3.6 64 4.0 .24 
8 76 3.6 74 3.9 .66 
9 82 3.6 80 3.9 .67 
10 72 3.6 74 3.9 .78 
11 77 3.7 71 4.0 .27 
12 71 3.6 71 3.9 .97 
13 77 3.6 74 3.9 .52 
14 76 3.7 65 3.9 .66 
15 77 3.7 70 4.2 .21 
16 78 3.9 71 4.4 .21 

 
 



 

 108 

 

 

 
Figure 2.32 Longitudinal liking for tomato juice among subjects with low (N=14) and 
high (N=12) hedonic sensitivity to salt in the abrupt group.  (Subjects with low hedonic 
sensitivity had a small difference in liking for the low and high sodium samples served at 
the initial taste test; subjects with high hedonic sensitivity had a large difference in liking 
for the same samples).  Abrupt salt reduction corresponds to juice reduced in salt to a low 
sodium target at week 5.  Liking was measured on the labeled affective magnitude scale 
with a maximum of 120 scale points corresponding to greatest imaginable liking. A 
liking score of 60 corresponds to neither like nor dislike on the labeled affective 
magnitude scale; anything above the line is relatively liked and anything below is 
relatively disliked.  Values are lsmeans ± standard errors from the model. 
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Table 2.15 Comparison of mean liking for tomato juice between subjects with low 
(N=15) and high (N=12) hedonic sensitivity to salt in the gradual salt reduction group.  
(Subjects with low hedonic sensitivity had a small difference in liking for the low and 
high sodium samples served at the initial taste test; subjects with high hedonic sensitivity 
had a large difference in liking for the same samples).  Gradual salt reduction 
corresponds to juice reduced in salt via cumulating difference threshold steps of 12% 
each beginning at week 3, to reach a low sodium target at week 14.  Liking was measured 
on the labeled affective magnitude scale with a maximum of 120 scale points 
corresponding tot greatest imaginable liking. Values are lsmeans and standard errors 
(SEM) from the model. 

 
Week 

Low Hedonic Sensitivity High Hedonic Sensitivity  
p value Liking SEM Liking SEM 

1 78 2.6 83 3.0 .19 
2 80 2.6 85 2.9 .18 
3 79 3.4 81 4.0 .68 
4 79 3.5 81 4.1 .70 
5 74 3.5 73 4.0 .79 
6 74 3.5 70 4.0 .39 
7 76 3.5 65 4.0 .56 
8 75 3.5 69 4.1 .26 
9 71 3.5 72 4.3 .90 
10 71 3.5 57 4.4 .16 
11 71 3.6 66 4.4 .40 
12 71 3.5 63 4.4 .18 
13 74 3.5 72 4.4 .68 
14 69 3.5 72 4.4 .64 
15 79 3.5 77 4.4 .65 
16 74 3.5 70 4.4 .50 
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Figure 2.33 Longitudinal liking for tomato juice among subjects with low (N=15) and 
high (N=12) hedonic sensitivity to salt in the gradual group.  (Subjects with low hedonic 
sensitivity had a small difference in liking for the low and high sodium samples served at 
the initial taste test; subjects with high hedonic sensitivity had a large difference in liking 
for the same samples).  Gradual salt reduction corresponds to juice reduced in salt via 
cumulating difference threshold steps of 12% each beginning at week 3, to reach a low 
sodium target at week 14.  Liking was measured on the labeled affective magnitude scale 
with a maximum of 120 scale points corresponding to greatest imaginable liking. A 
liking score of 60 corresponds to neither like nor dislike on the labeled affective 
magnitude scale; anything above the line is relatively liked and anything below is 
relatively disliked.  Values are lsmeans ± standard errors from the model. 
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Table 2.16 Comparison of mean liking for tomato juice between highly motivated (N=6) 
and unmotivated (N=14) subjects in the abrupt salt reduction group.  (Highly motivated 
subjects indicated they were ‘highly motivated’ to reduce dietary salt intake on the 
recruitment questionnaire; unmotivated subjects indicated they were ‘neither motivated 
nor unmotivated’, ‘somewhat unmotivated’, or ‘highly unmotivated’).  Abrupt salt 
reduction corresponds to juice reduced in salt to a low sodium target at week 5.  Liking 
was measured on the labeled affective magnitude scale with a maximum of 120 scale 
points corresponding tot greatest imaginable liking. Values are lsmeans and standard 
errors (SEM) from the model. 

 
Week 

Highly Motivated Unmotivated  
p value Liking SEM Liking SEM 

1 78 4.0 81 2.5 .62 
2 80 4.0 83 2.5 .44 
3 80 5.3 81 3.5 .89 
4 75 5.4 76 3.5 .81 
5 68 5.4 58 3.5 .13 
6 70 5.4 63 3.5 .27 
7 67 5.5 67 3.5 .91 
8 79 5.5 70 3.5 .17 
9 78 5.5 78 3.5 .99 
10 70 5.4 71 3.5 .92 
11 74 5.5 76 3.5 .72 
12 73 5.4 71 3.5 .68 
13 75 5.4 75 3.5 .95 
14 72 5.4 71 3.5 .84 
15 77 5.9 73 3.5 .53 
16 76 6.3 78 3.6 .75 
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Figure 2.34 Longitudinal liking for tomato juice among subjects in the abrupt group who 
were highly motivated (N=6) and unmotivated (N=14) to reduce dietary salt intake.  
(Highly motivated subjects indicated they were ‘highly motivated’ to reduce dietary salt 
intake on the recruitment questionnaire; unmotivated subjects indicated they were 
‘neither motivated nor unmotivated’, ‘somewhat unmotivated’, or ‘highly unmotivated’).  
Abrupt salt reduction corresponds to juice reduced in salt to a low sodium target at week 
5.  Liking was measured on the labeled affective magnitude scale with a maximum of 120 
scale points corresponding to greatest imaginable liking. A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything 
above the line is relatively liked and anything below is relatively disliked.  Values are 
lsmeans ± standard errors from the model. 
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Table 2.17 Comparison of mean liking for tomato juice between highly motivated (N=6) 
and unmotivated (N=16) subjects in the gradual salt reduction group.  (Highly motivated 
subjects indicated they were ‘highly motivated’ to reduce dietary salt intake on the 
recruitment questionnaire; unmotivated subjects indicated they were ‘neither motivated 
nor unmotivated’, ‘somewhat unmotivated’, or ‘highly unmotivated’).  Gradual salt 
reduction corresponds to juice reduced in salt via cumulating difference threshold steps of 
12% each beginning at week 3, to reach a low sodium target at week 14.  Liking was 
measured on the labeled affective magnitude scale with a maximum of 120 scale points 
corresponding tot greatest imaginable liking. Values are lsmeans and standard errors 
(SEM) from the model. 

 
Week 

Motivated Unmotivated  
p value Liking SEM Liking SEM 

1 78 4.0 81 2.5 .62 
2 80 4.0 83 2.5 .44 
3 79 5.3 77 3.3 .69 
4 82 5.5 81 3.3 .93 
5 73 5.4 75 3.3 .79 
6 74 5.4 70 3.3 .50 
7 76 5.4 68 3.3 .25 
8 73 5.5 68 3.3 .46 
9 78 5.9 67 3.3 .08 
10 71 5.9 69 3.3 .75 
11 80 6.1 67 3.3 .07 
12 77 5.9 62 3.3 .43 
13 83 5.9 66 3.3 .16 
14 78 5.9 64 3.3 .79 
15 78 5.9 75 3.3 .71 
16 78 5.9 70 3.3 .24 
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Figure 2.35 Longitudinal liking for tomato juice among subjects in the gradual group 
who were highly motivated (N=6) and unmotivated (N=16) to reduce dietary salt intake.  
(Highly motivated subjects indicated they were ‘highly motivated’ to reduce dietary salt 
intake on the recruitment questionnaire; unmotivated subjects indicated they were 
‘neither motivated nor unmotivated’, ‘somewhat unmotivated’, or ‘highly unmotivated’).  
Abrupt salt reduction corresponds to juice reduced in salt to a low sodium target at week 
5.  Liking was measured on the labeled affective magnitude scale with a maximum of 120 
scale points corresponding to greatest imaginable liking. A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything 
above the line is relatively liked and anything below is relatively disliked.  Values are 
lsmeans ± standard errors from the model. 
 

 

 

Analysis 2: Within salt reduction group comparison of mean liking for tomato juice 

averaged over weeks 1-2 (baseline) to mean liking averaged over weeks 3-4, 5-8, 9-12, 

and 13-16 

 

Within both the abrupt and gradual groups, liking was unchanged at weeks 3-4 relative to 

baseline, but was significantly lower at weeks 5-8 (abrupt, p<.001; gradual, p<.001), 9-12 

(abrupt, p<.001; gradual, p<.001), and 13-16 (abrupt, p = .001; gradual, p<.001) (Figure 

2.36).  In terms of hedonic sensitivity to salt, subjects in the abrupt group with low 

hedonic sensitivity had significantly decreased liking at weeks 5-8 (p = .008); those with 

high hedonic sensitivity had decreased liking at all time periods relative to baseline 
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(weeks 3-4, p = .02; weeks 5-8, p<.001; weeks 9-12, p<.001; weeks 13-16, p<.001) 

(Figure 2.37).  Within the gradual group, subjects with low hedonic sensitivity had 

decreased liking at weeks 9-12 (p = .001); those with high hedonic sensitivity had 

decreased liking at weeks 5-8 (p<.001), 9-12 (p<.001), and 13-16 (p<.001) (Figure 2.38).  

Highly motivated subjects in both the abrupt and gradual groups had no change in liking 

over the course of the study; unmotivated subjects in both the abrupt and gradual groups 

had significantly lower liking at weeks 5-8 (abrupt, p<.001; gradual, p<.001), 9-12 

(abrupt, p = .001; gradual, p<.001), and 13-16 (abrupt, p = .004; gradual<.001) relative to 

baseline (Figures 2.39 and 2.40).  Overall, subjects with high hedonic sensitivity and 

subjects who were unmotivated to reduce dietary salt intake generally had lower liking 

for reduced sodium juice, regardless of salt reduction strategy. 

 

 

 

         
Figure 2.36 Mean liking scores averaged over specific weeks among subjects in the 
abrupt (N=41) and gradual (N=42) salt reduction groups.  Relative to baseline (weeks 1-
2) both the abrupt and the gradual group had significantly lower liking scores at weeks 5-
8, 9-12, and 13-16.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking. A liking score 
of 60 corresponds to neither like nor dislike on the labeled affective magnitude scale; 
anything above the line is relatively liked and anything below is relatively disliked.    
Values are lsmeans ± standard errors from the model. 
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Figure 2.37 Mean liking scores averaged over specific weeks among subjects in the 
abrupt group with low (N=14) and high (N=12) hedonic sensitivity to salt.  (Subjects with 
low hedonic sensitivity had a small difference in liking for the low and high sodium 
samples served at the initial taste test; subjects with high hedonic sensitivity had a large 
difference in liking for the same samples).  Relative to baseline (weeks 1-2), subjects 
with low hedonic sensitivity had significantly decreased liking at weeks 5-8, and subjects 
with high hedonic sensitivity had significantly decreased liking at weeks 3-4, 5-8, 9-12, 
and 13-16.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking. A liking score 
of 60 corresponds to neither like nor dislike on the labeled affective magnitude scale; 
anything above the line is relatively liked and anything below is relatively disliked.    
Values are lsmeans ± standard errors from the model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 117 

 

 

         
Figure 2.38 Mean liking scores averaged over specific weeks among subjects in the 
gradual group with low (N=15) and high (N=12) hedonic sensitivity to salt.  (Subjects 
with low hedonic sensitivity had a small difference in liking for the low and high sodium 
samples served at the initial taste test; subjects with high hedonic sensitivity had a large 
difference in liking for the same samples).  Relative to baseline (weeks 1-2), subjects 
with low hedonic sensitivity had significantly decreased liking at weeks 9-12, and 
subjects with high hedonic sensitivity had significantly decreased liking at weeks 5-8, 9-
12, and 13-16.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking. A liking score 
of 60 corresponds to neither like nor dislike on the labeled affective magnitude scale; 
anything above the line is relatively liked and anything below is relatively disliked.  
Values are lsmeans ± standard errors from the model. 
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Figure 2.39 Mean liking scores averaged over specific weeks among subjects in the 
abrupt group who were highly motivated (N=6) and unmotivated (N=14) to reduce 
dietary salt intake.  (Highly motivated subjects indicated they were ‘highly motivated’ to 
reduce dietary salt intake on the recruitment questionnaire; unmotivated subjects 
indicated they were ‘neither motivated nor unmotivated’, ‘somewhat unmotivated’, or 
‘highly unmotivated’).  Relative to baseline (weeks 1-2), motivated subjects had no 
change in liking, and unmotivated subjects had significantly lower liking at weeks 5-8, 9-
12, and 13-16.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking. A liking score 
of 60 corresponds to neither like nor dislike on the labeled affective magnitude scale; 
anything above the line is relatively liked and anything below is relatively disliked.  
Values are lsmeans ± standard errors from the model. 
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Figure 2.40 Mean liking scores averaged over specific weeks among subjects in the 
gradual group who were highly motivated (N=6) and unmotivated (N=16) to reduce 
dietary salt intake.  (Highly motivated subjects indicated they were ‘highly motivated’ to 
reduce dietary salt intake on the recruitment questionnaire; unmotivated subjects 
indicated they were ‘neither motivated nor unmotivated’, ‘somewhat unmotivated’, or 
‘highly unmotivated’).  Relative to baseline (weeks 1-2), motivated subjects had no 
change in liking, and unmotivated subjects had significantly lower liking at weeks 5-8, 9-
12, and 13-16.  Liking was measured on the labeled affective magnitude scale with a 
maximum of 120 scale points corresponding to greatest imaginable liking. A liking score 
of 60 corresponds to neither like nor dislike on the labeled affective magnitude scale; 
anything above the line is relatively liked and anything below is relatively disliked.  
Values are lsmeans ± standard errors from the model..   
 
 
 
Thirst, Wanting for Juice, Tiredness of Juice, and Amount of Juice Consumed  
 

Within both the abrupt and gradual groups, ratings for thirst and how much juice subjects 

felt like drinking averaged over weeks 1-2, were no different than ratings averaged over 

weeks 3-4, 5-8, 9-12, and 13-16.  Within the gradual group, tiredness scores were 

unchanged over the course of the study; within the abrupt group, tiredness scores tended 

to increase over time.  In both groups, amount of juice consumed generally increased, 

though liking for juice decreased overall.  Thirst and wanting for juice were not useful 

predictors of liking or amount of juice consumed.  Results are illustrated in Figures 2.41 

and 2.42, and Table 2.18.   
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Figure 2.41 Thirst ratings, how much juice subjects felt like drinking (wanting), liking 
for juice, tiredness of juice, and amount of juice consumed (g) averaged over specific 
weeks among subjects in the abrupt group.  Thirst, tiredness, and wanting were measured 
on line scales 127mm in length.  Liking was measured on the labeled affective magnitude 
scale with a maximum of 120 scale points corresponding to greatest imaginable liking.  
Amount consumed was determined by subtracting the grams of juice remaining in a glass 
following tasting from the grams of juice poured prior to tasting.  Values are lsmeans ± 
standard errors from the model. 
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Figure 2.42 Thirst ratings, how much juice subjects felt like drinking (wanting), liking 
for juice, tiredness of juice, and amount of juice consumed (g) averaged over specific 
weeks among subjects in the gradual group.  Thirst, tiredness, and wanting were 
measured on line scales 127mm in length.  Liking was measured on the labeled affective 
magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking.  Amount consumed was determined by subtracting the grams of juice 
remaining in a glass following tasting from the grams of juice poured prior to tasting.  
Values are lsmeans ± standard errors from the model. 
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Table 2.18  Mean ratings for thirst, how much juice subjects felt like drinking, liking for juice, tiredness of juice, and amount of juice 
consumed at baseline (weeks 1-2) compared to responses averaged over specific weeks (3-4, 5-8, 9-12, and 13-16) within the abrupt 
(N=41) and gradual (N=42) salt reduction groups.  Thirst, tiredness, and wanting were measured on line scales 127mm in length.  
Liking was measured on the labeled affective magnitude scale with a maximum of 120 scale points corresponding to greatest 
imaginable liking.  Amount consumed was determined by subtracting the grams of juice remaining in a glass following tasting from 
the grams of juice poured prior to tasting.  Values are lsmeans ± standard errors from the model.  Highlighted p-values for the 
comparison of each response to baseline are significant at alpha = .05. 

Response 
Variable 

(lsmeans ± SEM) 

Weeks  
1-2 3-4 5-8 9-12 13-16 

Baseline Abrupt* Gradual Abrupt Gradual Abrupt Gradual Abrupt Gradual 
Thirst  65 ± 3.1 63 ± 3.6 65 ± 3.5 63 ± 3.3 61 ± 3.3 63 ± 3.3 59 ± 3.4 66 ± 3.4 62 ± 3.4 

p value** .36 .90 .26 .06 .29 <.01 .84 .14 
  
Amount felt  
like drinking 

59 ± 2.4 61 ± 2.7 62 ± 2.7 59 ± 2.5 58 ± 2.5 58 ± 2.5 58 ± 2.6 58 ± 2.5 57 ± 2.6 
p value .43 .13 .91 .35 .56 .41 .31 .23 

  
Liking 80 ± 1.5 79 ± 2.0 79 ± 1.9 67 ± 1.7 72 ± 1.7 73 ± 1.7 70 ± 1.8 75 ± 1.7 74 ± 1.8 

p value .43 .45 <.01 <.01 <.01 <.01 <.01 <.01 
  
Tiredness 35 ± 2.7 38 ± 3.2 34 ± 3.1 39 ± 3.0 35 ± 2.9 38 ± 3.0 35 ± 3.0 42 ± 3.0 36 ± 3.0 

p value .09 .87 .02 .67 .10 .87 <.01 .54 
  
Amount 
consumed (g) 

67 ± 2.5 69 ± 3.0 69 ± 2.9 66 ± 2.7 68 ± 2.7 73 ± 2.7 72 ± 2.8 70 ± 2.8 69 ± 2.8 
p value .44 .52 .61 .93 <.01 <.01 .12 .47 

 *indicates salt reduction strategy. 
 **p-values are from the comparison of the mean responses for each variable averaged over specific weeks (3-4, 5-8, 9-12, and 13-16) to baseline (weeks 1-2)
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Discussion 
 

Inherent differences among people—in the case of this study, hedonic sensitivity to salt 

and motivation to reduce dietary salt intake—had a significant impact on acceptability of 

reduced salt and low sodium tomato juice, a finding that illustrates the complexity of 

modifying an ingredient that serves as an important contributor to food flavor and 

acceptability.  In light of evidence that not all consumers will have the same response to 

salt reduction longitudinally, results of the present study demonstrate obstacles that may 

be encountered in potential attempts to reduce population dietary salt intake, and may 

help to inform future decisions regarding a salt mandate. 

 

 

Hypothesis 1:  Gradual salt reduction via cumulative unnoticeable steps down in salt to a 

low sodium target will be more effective for maintaining acceptability of a low sodium 

food among subjects than abrupt salt reduction in one step to the same low sodium 

target. 

 

 

Salt Reduction Strategy 

 

Gradual salt reduction was more effective than abrupt salt reduction for maintaining 

acceptability of tomato juice during the salt reduction process; in fact, mean liking ratings 

among subjects in the gradual group were consistently maintained between scale points 

corresponding to like slightly and like moderately.  Acceptability of the reduced salt juice 

may have been the result of salt reductions that should have been unnoticeable week-to-

week (Bobowski & Vickers, 2012), allowing for gradual adjustment to the taste of the 

reduced salt juice in conjunction with the decreased salt content.  This assertion is 

supported by the apparent success of ‘silent’ reductions carried out by food 

manufacturers.  Campbell’s Soup Company reported incremental salt reduction of V8 

100% Vegetable Juice by 32% over an eight year period without negatively impacting 

sales (Bratt and Tamman, 2010) (in contrast, following an abrupt salt reduction of 

approximately 35% to Campbell’s Select Harvest soups in 2008, salt was added back in 

2010 to improve taste following rejection by consumers (Geller, 2011)).  ConAgra 
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reported a 35% reduction of salt in Chef Boyardee canned pastas over five years (Bratt 

and Tamman, 2010), and General Mills began to incrementally reduce salt in 2010 in 400 

products with a goal of 20% by 2015 (General Mills, 2012).  The strategy of gradually 

altering a food was used by Rosen et al. (2008) to incrementally increase whole wheat 

content of bread rolls served to children in an elementary school cafeteria over a one year 

period.  Seventy-two percent of the flour in the rolls was substituted with red whole 

wheat, and 67.5% was substituted with white whole wheat via difference thresholds 

before consumption of bread rolls declined relative to baseline (0% whole wheat).  Small, 

cumulative changes to a food may be an effective means by which to alter ingredients 

without compromising acceptability, including salt.  

 

Low sodium juice was disliked by the abrupt salt reduction group when it was first tasted 

at week 5, but was no longer disliked the following week, an observation that may be 

explained by a deviation from what was expected in terms of taste, followed by repeated 

exposure to the low sodium tomato juice (Zajonc, 1968).  According to Cardello et al. 

(1985), “the greater the degree to which a consumer’s experience with the product 

matches his/her pre-established expectancies of it, the greater is his/her liking of the 

product”.  Subjects in the abrupt salt reduction group tasted the high sodium juice on 15 

consecutive occasions before their first taste of low sodium juice, and likely had a well-

established expectation of how the juice should taste.  Because the first taste of low 

sodium juice did not match this pre-determined expectation, it was disliked; after several 

exposures to the low sodium juice, however, expectations may have shifted to that of 

decreased saltiness (and any other changes in flavor and mouth feel that may have 

accompanied salt reduction), eventually translating into increased liking.  Such improved 

liking as a result of exposure has been demonstrated in numerous other foods including 

teas (Zellner et al., 1983), fruit juices (Pliner, 1982), vegetables (Wardel et al., 2003; 

Maier et al., 2007; Lakkaklua et al., 2010; Anzman-Frasca et al., 2012), and low sodium 

soup (Methven et al., 2012).   

 

Repeated exposure may also enable increasing acceptability of reduced salt tomato juices 

without the context of a low sodium diet.  On reporting improved liking for reduced salt 
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foods among subjects consuming a low sodium diet, Bertino et al. (1982) hypothesized 

that the change in liking was due to overall dietary context.  Studies of a similar nature 

reported similar findings: subjects on low sodium diets eventually preferred reduced salt 

foods, while control subjects (those who were not on low sodium diets) had no change in 

preference for saltier foods (Bertino et al., 1982; Blais et al., 1986; Elmer, 1988).  Control 

subjects in the cited studies tasted the reduced salt foods in question on four (Bertino et 

al., 1982), five (Elmer, 1988), and eight (Blais et al., 1986) occasions over the course of 

each study period; this limited number of exposures, and the time that passed between 

exposures (in one case up to thirty weeks) may not have been sufficient to change liking 

for the reduced salt foods.  In the present study, subjects in the abrupt salt reduction 

group tasted low sodium juice on 36 occasions separated by no more than a maximum of 

six days, while subjects in the gradual group tasted reduced or low sodium juice on 42 

occasions over the same time period.  For both groups, liking for all reduced salt tomato 

juice samples improved at the final taste test relative to the initial taste test, despite 

subjects’ overall ‘dietary freedom’.  If the difference in results between the present study 

and those in which controls experienced no change in salt preference is truly due to 

number and spacing of tasting occasions, consistent and repeated exposure to a reduced 

salt food may be critical to ensuring improved acceptability of that food when consumed 

without the context of a low sodium diet. 

 

Though liking for reduced salt tomato juice samples improved without a low sodium diet, 

results from the present study indicate a diet may be required to achieve a corresponding 

decrease in acceptability of a previously liked high sodium food (Bertino, 1982).  

Methven et al. (2012) reported findings similar to the present study for liking of a no salt 

added soup: following eight exposures to the soup, subjects had increased liking for the 

soup in a post-exposure test relative to a pre-exposure test; however, liking for a high 

sodium soup also increased from the pre to the post-test, and was better liked than the no 

salt added soup at both tests.  Without an overall change in diet context, liking for high 

salt concentration in a food may not decrease, possibly because a corresponding 

downward shift in pleasantness of salt taste does not occur as has been observed among 

subjects on low sodium diets (Bertino et al, 1982).  Unchanged liking for the saltiest 
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sample in the present study supports the assertion that any exposure to salty tasting foods 

during efforts to adjust a population to a reduced salt intake could be problematic in 

terms of interrupting habituation to the taste of a lower salt food supply; in other words, it 

may not be possible to alter an individual’s liking for high salt levels without an overall 

reduction in dietary salt intake. 

 

 

Hedonic Sensitivity to Salt 

 

Individuals with high hedonic sensitivity to salt may have more difficulty adjusting to the 

taste of a reduced salt food.  For the purposes of this study, hedonic sensitivity was 

characterized by the pattern of a subject’s initial liking for salt in tomato juice: those with 

high hedonic sensitivity had high liking scores for the tomato juice sample with the 

highest salt content and  low liking scores for the sample with the lowest salt content.  

Those with low hedonic sensitivity to salt did not exhibit a clear preference for the 

sample with the highest salt content over the sample with the lowest salt content; in some 

cases, samples with highest and lowest salt contents were equally well-liked, or the 

sample with the lowest salt content was preferred.  A comparison of longitudinal 

acceptability of tomato juice between subjects with low and high hedonic sensitivity 

levels (Figure 2.25) clearly indicates that an individual’s hedonic sensitivity to salt may 

in large part determine how that individual responds to salt reduction, with high hedonic 

sensitivity generally corresponding to lower liking scores for reduced salt and low 

sodium juice. 

 

Hedonic sensitivity likely stems from differences in early exposure and later dietary 

intake of salt, both of which have been shown to heavily influence maximal preference 

for salt in foods.  Infants are typically indifferent to salty taste at birth (Desor et al., 

1975), but demonstrate an increased preference for salt by four months of age, a 

phenomenon thought to be the result of post-natal development of salt taste receptors 

(Beauchamp et al., 1986).  Though these physiological changes are largely determined by 

genetics, exposure to salt during this sensitive period of development is thought to have a 

considerable impact on later dietary intake and liking for salt.  Stein et al. (1996) reported 
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increased prevalence of behaviors such as adding salt to atypical foods and adding salt to 

foods before tasting among children exposed to a chloride-deficient formula during 

infancy (chloride deficiency is similar to sodium deficiency in terms of hormonal 

consequences and is thought to exert the same effects on salt taste preference).  In 

addition, Stein et al. (2012) found an increased acceptance for salty taste among 

preschool children who had been exposed to starchy foods high in sodium prior to six 

months of age; these children were more likely to lick salt from the surface of foods and 

displayed a trend to eat salt on its own relative to children who had not been exposed to 

starchy, high sodium foods during the same time period.  Preference for saltiness can 

increase or decrease in adulthood depending on overall dietary salt intake and exposure to 

salty taste.  Increased liking for salt was observed following short-term sodium depletion 

(McCance, 1936; Beauchamp et al., 1990), and also following a longitudinal increase in 

salt taste stimulation from increased dietary salt intake (Bertino et al., 1986); decreased 

liking was observed following prolonged adherence to a low sodium diet, as previously 

described (Bertino et al., 1982; Blais et al., 1986; Elmer, 1988). 

 

Differences in scaling range were considered as a second possibility to explain 

differences in liking for salt between those with low and high hedonic sensitivity; in other 

words, perhaps hedonic sensitivity was simply an artifact of using a wider or narrower 

range of a scale instead of an actual difference in liking (those with low sensitivity use a 

more narrow range than those with high sensitivity, who might be prone to rate attributes 

over a wider range).  In order to explore this possibility, the rating for perceived saltiness 

of the low sodium sample was subtracted from the rating for perceived saltiness of the 

sample with the highest salt concentration at the initial taste test within each group of 

subjects with low, medium, and high hedonic sensitivity to salt.  Those with low hedonic 

sensitivity used a saltiness scale range spanning a mean of 21 points, those with medium 

sensitivity used a range spanning a mean of 19 points, and those with high sensitivity 

used a range spanning a mean of 30 points.  Though the difference in range used by 

subjects with low and high hedonic sensitivity is relatively large, that subjects with 

medium hedonic sensitivity did not use an intermediate scale range that fell between 

these two groups does not support the scaling range hypothesis.  In order to test the 



 

128 
 

 

 

 

hypothesis further, the mean rating of lowest acceptable saltiness across samples was 

subtracted from the mean rating for highest acceptable saltiness across samples at the 

initial taste within each group of subjects with low, medium, and high hedonic sensitivity.  

Differences among hedonic sensitivity levels were minimal: subjects with low hedonic 

sensitivity used a range of the scale spanning 40 points, those with medium sensitivity 

used a range spanning 42 points, and those with high sensitivity used a range spanning 41 

points.  The small difference among levels did not support the possibility that hedonic 

sensitivity was due to differences in scaling range. 

 

 

PROP Sensitivity 

 

Individuals who perceive PROP as more intensely bitter tend to have higher perceived 

saltiness and increased liking for salt in foods (Bartoshuk et al., 1998; Hayes et al., 2008; 

Hayes et al., 2010).  In the present study, greater perceived PROP intensity was 

associated with both greater liking and greater perceived saltiness of the 100% sample 

served at the initial taste test.  This association persisted among subjects in the gradual 

group at the final taste test; however, the association was diminished among subjects in 

the abrupt group.  That the association between PROP intensity, perceived saltiness, and 

liking for salt is alterable, suggests that this association may occur independently of 

PROP genotype (that is, the specific alleles that determine whether an individual is 

labeled a non-taster, medium taster, or supertaster).  Hayes et al. (2013) reported a similar 

pattern with perceived intensity of quinine, sucrose, and capsaicin: greater perceived 

intensity for each of these stimuli was associated with greater PROP intensity, but not 

with PROP genotype.  Though genotype may help to explain perceived PROP intensity, 

it does not explain the response to non-bitter stimuli.   

 

Those who perceive PROP as more intense tend to consume more dietary salt, both 

because of a heightened preference for salty taste and because of its function as a bitter 

blocker (Hayes et al., 2010).  As such, individuals who perceive PROP as intensely bitter 

may be stuck in a pattern of salt intake that reinforces salt liking: heightened PROP 

bitterness is associated with greater salt intake, which leads to increased exposure to 
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saltier foods, which in turn leads to increased liking for salt.  This may help to explain 

why the relationship between PROP intensity rating and liking for the tomato juice with 

the highest salt content was minimized among subjects in the abrupt salt reduction group 

relative to the initial taste test, and why the relationship was maintained among subjects 

in the gradual group.  Multiple, repeated exposures to low sodium juice experienced by 

subjects in the abrupt group (subjects in the abrupt and gradual groups consumed low 

sodium juice on 36 and 9 consecutive occasions, respectively) may have ‘broken the 

connection’ between perceived PROP intensity and liking for the juice with the highest 

salt content. Though juice served to the gradual group was slowly decreased in salt, the 

presumably unnoticeable difference in salty taste from week to week may not have been 

sufficient to alter the relationship between PROP intensity and salt liking (Figure 2.43).  

In order to investigate PROP bitterness intensity and longitudinal acceptability of salt in 

foods further, future research could specifically focus on recruiting subjects by genotype 

in order to better understand how TAS2R38 polymorphisms impact adjustment to the taste 

of a food reduced in salt.  

 

 

      
Figure 2.43 Association between perceived PROP intensity and perceived saltiness of the 
100% tomato juice sample among all subjects at the initial taste test (N=83), and subjects 
in the abrupt (N=41) and gradual (N=42) salt reduction groups at the final taste test. 
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A Shift in Salt Preference 

 

Adherence to a low sodium diet may not be required to obtain a shift in salt preference 

from higher to lower salt concentrations.  In the present study, subjects in both the abrupt 

and gradual salt reduction groups had considerably higher liking for all reduced salt 

samples at the final taste test relative to the initial taste test.  In addition, both the 50% 

and 75% samples were liked no less than the 100% sample at the final taste test, 

indicating that a shift in preference may have occurred.  In order to determine if 

preference for salt in tomato juice changed between taste tests for subjects in either salt 

reduction group, a McNemar’s test was performed by determining the most preferred 

sample for each subject served at the initial and the final taste test, and then determining 

the number of subjects within each salt reduction group that either had no change or a 

shift in preference between taste tests.  Subjects with no change in preference preferred 

the same sample at both taste tests, subjects with an increase in salt preference preferred a 

sample with a higher salt content at the final taste test relative to the initial taste test, and 

subjects with a decrease in salt preference preferred a sample with a lower salt content at 

the final taste test relative to the initial taste test.  A McNemar test statistic was 

determined and tested for significance to determine if the null hypothesis of no change in 

preference for either salt reduction group could be rejected (details are in Appendix F).   

Test results indicated that both the abrupt and gradual salt reduction groups experienced a 

downward shift in salt preference (abrupt: p = .02; gradual: p = .03).  For most subjects 

this downward shift amounted to 25% of the sodium concentration of the tomato juice 

(most often a shift in preference from 75% to 50%, or from 100% to 75% sodium 

concentration between the initial and final taste tests).   

 

Previous to this study, alteration in preference for salty taste has only been observed 

among subjects on low sodium diets.  For example, Blais et al. (1986) observed a decline 

in preference for salt added ad libitum to cream soup from 0.72% to 0.33%, as well as 

significantly reduced hedonic ratings for high concentrations of salt and significantly 

increased ratings for low concentrations of salt in soup.  Bertino et al. (1982) observed a 

decline in preference for salt in both crackers and soup, and Elmer (1988) reported 
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significantly lower preference for salt in crackers among subjects on low sodium diets.  

Though the number of exposures required to shift preference for salt without a low 

sodium diet is unknown, the shift in salt preference observed in the present study 

indicates that if an individual repeatedly consumes a low sodium food, the “level playing 

field approach in which salt reductions are made across the food supply” (IOM, 2010) 

may not be necessary.  However, because food processors have no control over how often 

consumers will taste their products (and therefore cannot guarantee repeated exposure), 

and because subjects’ liking for the saltiest sample did not decrease between taste tests, 

using the observed downward shift in salt preference as an indicator of the potential 

success of population dietary salt reduction would be imprudent. 

 

 

A Disconnect in Liking between the Longitudinal Study and the Final Taste Test 

 

Liking scores for the low sodium juice were generally higher during the final weeks of 

the longitudinal study for all subject groups (salt reduction strategy groups, levels of 

hedonic sensitivity, and levels of motivation) than they were at the final taste test (Figure 

2.44).  This difference in liking indicates the importance of context in adjusting to the 

taste of a low sodium food.  When the only tomato juice consumed was low sodium as in 

the final weeks of the longitudinal study, the juice was well-liked (generally rated 

between like slightly and like moderately on the LAM scale).  At the final taste test, 

however, the low sodium juice appeared relatively less well-liked (generally rated 

between dislike slightly and just below like slightly on the LAM scale), and saltier 

samples were preferred (Figure 2.44).  Though range effects generated by the presence of 

tomato juice samples with a higher salt content than the low sodium sample may explain 

the lower liking ratings of the low sodium sample at the final taste test relative to the 

longitudinal study, lower scores were more likely observed because the low sodium 

samples were truly liked less.  In order to determine the reason for the disconnect in 

liking for the low sodium juice between the final weeks of the longitudinal study and the 

final taste test, mean liking ratings of juice in the first tasting position at the final taste 

test were compared to mean liking ratings of juice during the final weeks of the 

longitudinal study (SAS code is in Appendix F).  The mean liking score for the low 
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sodium juice served in the first position at the final taste test was approximately 10 scale 

points lower than that at weeks 15 and 16 of the longitudinal study.  Because juice tasted 

in the first position would not be subject to range effects (ie. ratings would not have been 

made relative to other samples presented because they had yet to be tasted), the lower 

score suggests that liking for the low sodium juice shifted down between the end of the 

longitudinal study and the final taste test.  In addition, all juices with higher salt 

concentrations (50%, 75%, and 100%) had higher mean liking scores when tasted in the 

first position at the final taste test than the low sodium juice served at the end of the 

longitudinal study or the low sodium juice served in first position at the taste test.  

Despite subjects’ learned liking of the low sodium juice following a near four month 

exposure to reduced or low sodium juice, higher liking for saltier foods persisted.  This 

may support the Institute of Medicine’s suggestion that consumers may never be able to 

adjust to a lower salt food supply without a coordinated “reduction of salt in foods across 

the board by all manufacturers and restaurant/foodservice operations” (IOM, 2010), and 

could be the limiting factor in any attempt to reduce population dietary salt intake. 
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a) 

 
b) 

 
c) 

 
Figure 2.44 Mean liking for the low sodium tomato juice sample at week 16 of the 
longitudinal phase of the study and the final taste test for a) abrupt and gradual salt 
reduction groups, b) subjects with low and high hedonic sensitivity in each salt reduction 
group, and c) highly motivated and unmotivated subjects in each salt reduction group.  
Liking was measured on the labeled affective magnitude scale with a maximum of 120 
scale points corresponding to greatest imaginable liking.  A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything 
above the line is relatively liked and anything below is relatively disliked.  Values are 
lsmeans ± standard errors from the model..
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Hypothesis 2:  Repeated consumption of a low sodium food will result in an overall 

downward shift in range of acceptable saltiness of that food as determined through a 

comparison of lowest and highest acceptable saltiness ratings made at pre- and post-

consumption taste tests. 

 

 

Subjects did not experience an overall downward shift in both lowest and highest 

acceptable saltiness between the initial and final taste tests.  That this change did not 

occur may be due to one or a combination of two possibilities.  First, the order in which 

samples were tasted at the final taste test may have influenced ratings due to a context 

effect.  We expected that when the low sodium sample was served in the first tasting 

position, a downward shift in acceptable range of saltiness would have been observed 

because ratings would have been made relative to the low sodium juice last consumed 

during the longitudinal phase of the study, to which subjects had become accustomed.  

When low sodium juice was tasted in the final tasting position, ratings would have been 

made relative to the saltier juices tasted just prior in the first three tasting positions.  In 

order to examine this further, ratings for lowest and highest acceptable saltiness of the 

low sodium sample were compared between the first and last tasting positions at the final 

taste test (SAS code is in Appendix F).  A downward shift in range of acceptable saltiness 

of low sodium tomato juice did not occur regardless of tasting position, indicating that 

context did not impact ratings in the manner expected.  A second possibility for 

explaining why a downward shift in range of acceptable saltiness did not occur is that 

range is dictated by optimal liking for salt.  At the initial taste test, the 100% sample was 

better liked than all other samples.  At the final taste test, there was no difference in 

liking for the 50%, 75% and 100% samples; these three samples were better liked than 

the 25% sample.  If acceptable range of saltiness is determined by optimal liking for salt, 

a significant reduction in liking for the 100% sample may have been necessary to observe 

a corresponding shift in range. 

 

Range of acceptable saltiness did not consistently correspond to salt levels that subjects 

found acceptable.  For example, at the initial taste test, the 50% sample was relatively 
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disliked by subjects with both low and high hedonic sensitivity to salt.  However, 

perceived saltiness scores were higher than scores for lowest acceptable saltiness among 

subjects in both groups (Figure 2.45).  If lowest acceptable saltiness corresponded to salt 

levels that subjects liked, we would expect that for any disliked sample, the saltiness 

score would be less than the score for lowest acceptable saltiness; similarly, for any liked 

sample, we would expect the saltiness score to be greater than the score for lowest 

acceptable saltiness.  Although this was true for all other samples (25%, 75%, and 100%), 

that this pattern was not consistent suggests that range of acceptable saltiness may not 

truly be dictated by liking for salt.  A second possibility to explain why liking for the 

50% sample did not correspond to acceptable range of saltiness is that subjects may have 

experienced an increase in perception of undesirable attributes as a result of a reduced 

salt content.  Perceived saltiness of the 50% sample fell within the acceptable range of 

saltiness; however, reduced salt content may have ‘unmasked’ other attributes that 

subjects found undesirable, such as bitterness or sourness.  If this were the case, the 

relative dislike for the sample may have stemmed from unwanted attributes rather than 

from a lack of saltiness. 

 

All subjects tended to rate lowest acceptable saltiness as weak on the LAM scale and 

highest acceptable saltiness as strong; these scores remained relatively stable between 

taste tests and among subject groups (salt reduction strategy groups, levels of hedonic 

sensitivity, and levels of motivation), despite differences in liking.  This finding suggests 

that ratings for range of acceptable saltiness may be somewhat static; that is, ratings may 

be based primarily on scale reference points, instead of based on what a subject actually 

believes to be acceptable.  Ratings for lowest and highest acceptable sweetness were 

considered in order to examine this idea further (sweetness was chosen because, like salt, 

it is an inherently liked taste).  Although lowest and highest acceptable sweetness were 

generally rated as weak and strong at the initial taste test, ratings for highest acceptable 

sweetness tended to decrease at the final taste test, and were most often rated 

significantly lower, closer to moderate than to strong.  Though this finding does not 

support the hypothesis that ratings for range of acceptability were based on reference 
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points, perhaps stability across taste tests is largely determined by the attribute in 

question and the context in which it is tasted.  Tomato juice is traditionally viewed as a 

savory beverage; as such, it may be easy for subjects to imagine altering salt levels to 

determine an acceptable range, and that range may remain stable simply because it makes 

sense within the context.  Because sugar is not typically added to tomato juice, levels that 

subjects consider acceptable may be more difficult to imagine, and therefore, more likely 

to change over time.  Perhaps the same stability as observed for range of acceptable 

saltiness across taste tests would have been observed for range of acceptable sweetness if 

the food being tasted were naturally sweet, such as fruit juice.  Additional research is 

required to determine if asking subjects to define an acceptable range for a particular 

attribute in a food provides useful information.    
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Figure 2.45 Mean liking, perceived saltiness, and lowest and highest acceptable saltiness ratings from subjects with low and high 
hedonic sensitivity for each of the four tomato juice samples served at the initial taste test.  Liking was measured on the labeled 
affective magnitude scale with a maximum of 120 scale points corresponding to greatest imaginable liking.  A liking score of 60 
corresponds to neither like nor dislike on the labeled affective magnitude scale; anything above the line is relatively liked and anything 
below is relatively disliked.  Lines for lowest and highest acceptable saltiness correspond to ratings made on the general labeled 
magnitude scale with a maximum of 150 scale points corresponding to strongest imaginable sensation of any kind.  With respect to the 
legend, liking refers to overall liking, saltiness refers to perceived saltiness, low refers to ratings made by subjects with low hedonic 
sensitivity, and high refers to ratings made by subjects with high hedonic sensitivity. Values are lsmeans from the model.
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Hypothesis 3: Individuals motivated to reduce dietary salt intake will have higher liking 

scores for low sodium tomato juice than those unmotivated to reduce dietary salt intake. 

 
People with motivation to reduce dietary salt intake may respond more favorably to a salt 

mandate than those who are unmotivated.  An analysis of variance was performed to 

compare liking scores between highly motivated and unmotivated subjects in the gradual 

group (SAS code is in Appendix F).  Liking scores were collapsed over all weeks during 

which reduced salt or low sodium juice was consumed (weeks 3-16) because the overall 

pattern of liking between highly motivated and unmotivated subjects suggested a liking 

difference, despite a lack of liking differences in week to week comparisons between the 

two groups (Figure 2.33).  Based on this analysis, highly motivated subjects in the 

gradual group had a significantly higher overall liking score for reduced and low sodium 

juice than unmotivated subjects (p = .02).   

 

Observed differences in liking between highly motivated and unmotivated subjects are 

particularly interesting for two reasons: 1) subjects already consuming a reduced salt diet 

(individuals we might assume to be truly motivated to reduce dietary salt intake) were 

excluded from participating in the study; and 2) subjects were not told that the study 

focus was salt reduction, so motivation to reduce dietary salt intake should not 

necessarily have had an impact on acceptability of low sodium juice.  The difference 

between subjects excluded from the study and those who assessed themselves as highly 

motivated could be in terms of type of motivation.  Subjects actively working to reduce 

dietary salt intake (those excluded from participating) are perhaps doing so at the 

instruction of a health care provider, or in order to avoid development of hypertension 

and other conditions associated with excessive salt intake.  That a small segment of the 

population has knowledge regarding salt intake (for example, 62% of Americans are 

unaware of government recommendations regarding sodium intake, and only 38% listed 

sodium as one of the top three factors contributing to a healthy diet) (IFIC, 2011), 

suggests that individuals actively reducing dietary salt intake are doing so as a result of 

extrinsic motivation.  Subjects who assessed themselves as highly motivated, however, 
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may have a higher sense of self-determined motivation.  Despite not actively reducing 

dietary salt intake, highly motivated subjects may have had greater past exposure to low 

sodium foods as a result of motivation to consume foods lower in salt, which translated 

into higher liking for tomato juice with a less salty taste relative to subjects lacking this 

motivation.  Though previous research has focused primarily on the link between 

motivation and dietary behavior as it relates to weight management, findings from the 

present study indicate motivation as it relates to acceptability of healthier foods may be 

worth investigating further. 
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CHAPTER 4 

FINAL CONCLUSIONS 
 

 

Contributors to the Institute of Medicine publication, Strategies to Reduce Sodium Intake 

in the United States, were given the task of determining how best to reduce population-

wide dietary salt intake; not the task of determining whether this might be a feasible or 

even necessary feat.  Despite the controversy that has and continues to surround the idea 

of salt reduction (according to Gary Taubes (1998), “one of the longest running, most 

vitriolic, and surreal disputes in all of medicine”), experts convened to outline a series of 

recommendations that would involve government agencies, the food industry, and public 

health and consumer organizations, the most notable of which was gradual reduction of 

salt in processed foods over a period of years.  In making this recommendation, the IOM 

committee indicated a number of areas in which research on salt reduction is lacking, 

particularly within the context of taste and food intake.  This project focused on two of 

these research areas: 1) determination of a series of difference thresholds to establish the 

amount of salt that could be removed from a food and remain unnoticed by consumers, 

offering potential for stealth salt reduction, and 2) an examination of abrupt versus 

gradual salt reduction in a food over a 16-week period to determine how rate of salt 

reduction might impact consumer acceptability of a low sodium food.  

 

Several important findings were garnered from this work that both add to our knowledge 

of salt taste preference, and indicate the need for continued research in this area.  To our 

knowledge, this work is the first to demonstrate a downward shift in preference for salt in 

the absence of a corresponding low sodium diet.  Previously, the prevailing view 

regarding alterability of salt preference was that a shift in preference was determined by 

overall dietary salt intake: those who consumed a diet lower in salt preferred lower salt 

food, and those who consumed a diet higher in salt preferred higher salt food.  That salt 

preference may be altered by exposure alone is promising within the context of the 
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IOM’s suggested salt reduction strategy; however, this finding must also be considered in 

terms of practical application.  We do not know the number of exposures to a low sodium 

food required to shift salt preference without a diet.  Should this information become 

available through future research, even then, the general public cannot be forced to 

consume a low sodium food to achieve this preference shift as is possible in an 

experimental setting. 

 

Though we found no overall difference in liking for low sodium juice at the end of the 

longitudinal study between the abrupt and gradual salt reduction groups, both an 

individual’s hedonic sensitivity to salt and motivation to reduce dietary salt intake had an 

impact on determining overall liking pattern.  For example, subjects with low hedonic 

sensitivity responded favorably to both salt reduction strategies, but subjects with high 

hedonic sensitivity disliked reduced salt and/or low sodium juice at some point during the 

study, regardless of strategy.  This finding suggests a select subpopulation will have no 

difficulty in adjusting to the taste of reduced salt foods; however, the observed 

heterogeneity in liking for salt indicates that individual differences may be enough to 

limit effectiveness of salt reduction efforts as we do not know how those with high 

sensitivity might respond to a reduced salt food supply.  There may be no such thing as a 

‘one size fits all’ salt reduction strategy.   
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Appendix A: Sample paper ballot presented to subjects with paired comparison tests in 
Part I: Determining sequential difference thresholds for sodium chloride reduction.  
Actual ballot contained 14 paired comparison tests. 

 

 

Welcome to the Salt Study!    

PLEASE READ THE DIRECTIONS CAREFULLY!!  You are presented with several pairs of salt 

solutions.  Taste the first sample in the first pair, expectorate, and taste the second sample in 

the first pair.  Identify the SALTIER sample by circling the corresponding number.  Before 

moving on to the next pair, please rinse your mouth with water 3 times. 

 

***And remember, each correct answer gets a jellybean at the next session!!*** 

 

 

1.  681  646 

 

 

 

 

2.  873  829 

 

 

 

 

3.  397  614 

 

 

 

 

4.  159  547 

 

 

 

 

5.  869  155 

 

 

 

 

6.  136  742 

 

 

 

 

7.  822  463 
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Appendix B: Sample SAS Code and calculations for determining difference threshold 
steps and Weber fractions for Part I: Determining sequential difference thresholds for 
sodium chloride reduction. 
 
 
Example: 
Test Session 1 for salt water solution 
Salt concentration in control sample: 16g/L 
 
 
SAS Code: 
title  'Logistic regression - Differences in salt solution s, session 1' ; 
 
/*conc is concentration of salt in reduced salt sam ple, correct is # 
panelists with correct answer for each pair,total i s number of 
participating panelists */ 
 
data one; 
input  conc correct total; 
cards ; 
0.132 11 13 
0.136 11 13 
0.14 8 13 
0.144 8 13 
0.148 5 13 
0.152 6 13 
0.156 1 13  
; 
run; 
proc logistic data  = one; 
model  correct / total = conc / covb ; 
run; 
 
 

Selected SAS Output: 
The LOGISTIC Procedure                                       

                                                                                                  

Analysis of Maximum Likelihood Estimates                              

                                                                                                               

Standard        Wald          

Parameter    DF    Estimate       Error    Chi-Square    Pr > ChiSq                

                                                                                                 

Intercept     1     20.3819      4.8545       17.6278        <.0001                

conc          1      -139.8     33.4858       17.4188        <.0001                
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To determine difference threshold step and salt concentration of control for test session 2: 
 
ln (p/1-p) = β0 + β1 (NaCl concentration of session 2 control),  where p = 0.625 
 
ln (0.625/1-0.625) = 20.4 + (-139.8)(NaCl concentration of session 2 control) 
 
NaCl concentration of session 2 control = [(0.511 – 20.4)/-139.8] x 100 
 
NaCl concentration of session 2 control = 14.4 
 
 
Difference threshold step  

= NaCl control of session 1 control – NaCl concentration of session 2 control 
 
            = 16g – 14.4g 
 
            = 1.6g NaCl, or 10% of session 1 control concentration 
 
 
 
To determine Weber Fraction: 
 
Weber Fraction = difference threshold step (%) / session 1 control concentration (%) 
                           
     = 10% / 100% 
 
    = 0.10 
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Appendix C: Subject recruitment flyer for Part II: A longitudinal comparison of two salt 
reduction strategies and acceptability of a low sodium food. 
 
 

 

 Tomato Juice Study 
 

Do you like tomato juice?  
We are looking for people interested in participating in a 16 

week study on tomato juice consumption.  Participants will 

attend 3 sessions per week in either Food Science & Nutrition or 

McNeal Hall where they will consume a small serving of tomato 

juice and answer a short survey.  Each session will last no more 

than 10 minutes.  
 

Please e-mail sensory@umn.edu for more 

information. 
 

Participants will be compensated.  
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Appendix D: Subject recruitment screener for Part II: A longitudinal comparison of two 
salt reduction strategies and acceptability of a low sodium food. 
 
 
 
We are recruiting people who like and are willing to consume tomato juice for a study on 
diet and taste to commence on Monday, January 16th.  The test will be conducted at the 
University of Minnesota in the Department of Food Science and Nutrition and in McNeal 
Hall.   
 
To participate in the study, we would ask you to do the following things: 
 

- Attend an initial taste test session on Monday, January 16th, 2012 and a final test 
session on Monday, May 14th, 2012 where you will be asked to consume several 
small samples of tomato juice and answer a short survey about your opinions of 
the tomato juice. 

 
- Consume a small serving of tomato juice three times per week, between Monday 

and Friday in either the Department of Food Science and Nutrition or McNeal 
Hall over a 16 week period (January 23rd – May 11th, 2012).  You may choose 
when you would like to complete your 3 test sessions each week, but must limit 
yourself to no more than one session per day.  You will answer a short survey at 
each visit about your opinions of the tomato juice.   

 
Each test session will take no more than 10 minutes.  Because of the frequency that 
subjects will be required to attend test sessions, however, we think this study would be 
easiest for those working in or near the Department of Food Science and Nutrition or 
McNeal Hall on the St. Paul campus.  
 
You will be compensated $5 for completing the initial taste test session, $5 for 
completing the final taste test session, and $100 for completing the 16 week portion of 
the study. 
  
If you are interested in taking part in this study, please answer the questions below and 
reply to this e-mail. 
 
Your information will be evaluated to see if you qualify to be part of the study.  We will 
contact you in the next week to schedule you to begin the study.  You may choose not to 
participate, even if you have qualified. 
 
Please provide the following information about yourself. All information you provide is 
strictly confidential. 
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Do you have any food allergies?   
___ Yes 
___ No 
 
What is your age? ______ 
 
What is your gender? ______ 
 
 
 
Are you currently on a diet?  ☐ Yes  ☐ No 
 
If yes, please indicate which of the following items you are restricting as part of your diet 
(check all that apply): 
☐ Calories 
☐ Fat 
☐ Carbohydrates 
☐ Salt 
☐ Sugar 
 
 
Please check the most appropriate box next to each question to rate your motivation to 
do the following: 
 
Consume a diet lower in calories 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
Consume a diet lower in fat 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
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Consume a diet lower in sugar 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
Consume a diet lower in salt 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
 
Eat less ‘junk food’  
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
Eat less fast food 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
Eat more fruits and vegetables 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
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Eat more organic foods 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
Eat more whole grains 
☐ Highly motivated 
☐ Somewhat motivated 
☐ Neither motivated nor unmotivated 
☐ Somewhat unmotivated 
☐ Not motivated at all 
 
We will get back to you to let you know if you have qualified for the test and, if so, let 
you know details for study completion. 
  
If you have any questions about the study, please respond to this e-mail 
 
Thank you! 
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Appendix E: Questionnaire used at taste tests for Part II: A longitudinal comparison of 
two salt reduction strategies and acceptability of a low sodium food. 
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Appendix F: SAS code and calculations for Part II: A longitudinal comparison of two 
salt reduction strategies and acceptability of a low sodium food. 
 
 
/*Determining differences among samples for liking,  saltiness, 
and lowest and highest acceptable saltiness at init ial taste test*/  
proc glm data =xxx.initial outstat =initialglm; 
class  judge sample order; 
model  overlike saltiness low_salt high_salt = sample jud ge ; 
means sample / snk ; 
run; 
quit;  
 
/*Determining differences among levels of motivatio n (motive3), levels 
of hedonic sensitivity (diff3), and levels of PROP sensitiivty (prop3), 
for liking, saltiness,and lowest and highest accept able saltiness by 
sample at initial taste test*/ 
proc glm data =xxx.initial outstat =grpsglm; 
by  sample; 
class  judge order motive3 diff3 prop3; 
model  overlike saltiness low_salt high_salt = judge moti ve3 diff3 
prop3; 
means sample*motive3 sample*diff3 sample*prop3 / snk ; 
quit;  
 
/*Determining liking for juice by salt reduction st rategy group,  
motivation level (motive3), and hedonic sensitivity  level (diff3) by 
week*/  
proc mixed data =xxx.longitudinal; 
class  group judge week motive3 diff3; 
model  like= group|week|motive3 group|week|diff3 thirsty / ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group*week group*week*motive3 group*week*diff3 / adjust =Bon 
adjdfe=row diff; 
ODS output  diffs=dlike16; 
ODS output  lsmeans=mlike16; 
run;  
 
/*Determining liking, thirst, wanting (how much jui ce subjects feel 
like drinking), tiredness, and amount consumed for within salt 
reduction group/motivation level (motive3)/hedonic sensitivity level 
(diff3) comparison to baseline(weeks 1-2)*/ 
data quintiles;  
set xxx.longitudinal; 
if  (week< 3) then  quintile= 1; 
if  (week< 5 and week> 2) then  quintile= 2; 
if  (week> 9 and week< 4) then  quintile= 3; 
if  (week> 13 and week> 8) then  quintile= 4; 
if  (week> 13) then  quintile= 5; 
run; 
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proc mixed data =xxx.quintiles; 
class  group judge quintile motive3 diff3; 
model  like= group|quintile|motive3 group|quintile|diff3 thirsty / 
ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group*quintile group*quintile*motive3 group*quinti le*diff3 / 
diff; 
ODS output  diffs=likedq; 
ODS output  lsmeans=likemq; 
run; 
 
proc mixed data =xxx.quintiles; 
class  group judge quintile motive3 diff3; 
model  thirsty= group|quintile|motive3 group|quintile|dif f3 / ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group*quintile group*quintile*motive3 group*quinti le*diff3 / 
adjust =Bon adjdfe=row diff; 
ODS output  diffs=thirstdq; 
ODS output  lsmeans=thirstmq; 
run; 
 
proc mixed data =xxx.quintiles; 
class  group judge quintile motive3 diff3; 
model  want= group|quintile|motive3 group|quintile|diff3 thirsty / 
ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group*quintile group*quintile*motive3 group*quinti le*diff3 / 
adjust =Bon adjdfe=row diff; 
ODS output  diffs=wantdq; 
ODS output  lsmeans=wantmq; 
run;  
 
proc mixed data =xxx.quintiles; 
class  group judge quintile motive3 diff3; 
model  tired= group|quintile|motive3 group|quintile|diff3  like / 
ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group*quintile group*quintile*motive3 group*quinti le*diff3 / 
adjust =Bon adjdfe=row diff; 
ODS output  diffs=tireddq; 
ODS output  lsmeans=tiredmq; 
run;  
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proc mixed data =xxx.quintiles; 
class  group judge quintile motive3 diff3; 
model  consumed= group|quintile|motive3 group|quintile|di ff3 thirsty 
want like tired / ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group*quintile group*quintile*motive3 group*quinti le*diff3 / 
adjust =Bon adjdfe=row diff; 
ODS output  diffs=condq; 
ODS output  lsmeans=conmq; 
run; 
 
/*Determining changes in liking, perceived saltines s, and lowest and 
highest acceptable saltiness between taste tests fo r salt reduction 
groups, motivation levels (motive3), and hedonic se nsitivity to salt 
(diff3)*/ 
proc mixed data =xxx.time; 
class  group judge motive3 diff3 sample; 
model  overlike=group|sample|diff3 group|sample|motive3 /  ddfm =kr; 
random  intercept / subject =judge; 
LSmeans group*sample group*sample*motive3 group*sample*dif f3 / 
adjust =Bon adjdfe=row diff; 
ODS output  diffs=dlikett; 
ODS output  lsmeans=mlikett; 
run; 

 
proc mixed data =xxx.time; 
class  group judge motive3 diff3 sample; 
model  saltiness=group|sample|diff3 group|sample|motive3/  ddfm =kr; 
random  intercept / subject =judge; 
LSmeans group*sample group*sample*motive3 group*sample*dif f3 / 
adjust =Bon adjdfe=row diff; 
ODS output  diffs=dttsalt2; 
ODS output  lsmeans=mttsalt2; 
run;  
 
proc mixed data =xxx.time; 
class  group judge motive3 diff3 sample; 
model  low_salt=group|diff3 group|motive3 / ddfm =kr; 
random  intercept / subject =judge; 
LSmeans group group*diff3 group*motive3 / adjust =Bon adjdfe=row diff; 
ODS output  diffs=losaltd_nosamp; 
ODS output  lsmeans=losaltm_nosamp; 
run;  
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proc mixed data =xxx.time; 
class  group judge motive3 diff3 sample; 
model  high_salt=group|diff3 group|motive3 / ddfm =kr; 
random  intercept / subject =judge; 
LSmeans group group*diff3 group*motive3 / adjust =Bon adjdfe=row diff; 
ODS output  diffs=hisaltd_nosamp; 
ODS output  lsmeans=hisaltm_nosamp; 
run;  
 
 
/*Determining relationship between perceived PROP i ntensity and liking, 
saltiness, and lowest and highest acceptable saltin ess by juice sample 
and salt reduction strategy group*/ 
proc reg data =xxx.propreg; 
where  sample= 25; 
where  also group= 'all_subjects' ; 
model  overlike = prop_intensity; 
run; 
 
proc reg data =xxx.propreg; 
where  sample= 25; 
where  also group= 'all_subjects' ; 
model  saltiness = prop_intensity; 
run; 
 

The same models were run to determine the relationship between PROP intensity and  
liking and perceived saltiness, but sample 25 was replaced with sample 50, 75, and 100; 
and group was replaced with ‘abrupt’ for abrupt salt reduction, and ‘gradual’ for gradual 
salt reduction. 
 
 
proc reg data =xxx.propreg; 
where  also group= 'all_subjects' ; 
model  low_salt = prop_intensity; 
run; 
 
proc reg data =xxx.propreg; 
where  also group= 'all_subjects' ; 
model  high_salt = prop_intensity; 
run; 

 
The same models were run to determine the relationship between PROP intensity and 
lowest and highest acceptable saltiness, but group was replaced with ‘abrupt’ for abrupt 
salt reduction, and ‘gradual’ for gradual salt reduction. 
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McNemar’s Test to Determine a Shift in Salt Preference 
 
In order to determine a shift in salt preference, the number of subjects in each salt 
reduction group that had no change in preference, an increase in salt preference, and a 
decrease in salt preference between the initial and final taste tests were determined.  
Results are displayed in the table below: 
 

 
Salt Reduction Group 

Shift in Preference Between Taste Tests (number of subjects) 
No change Decrease (b) Increase (c) 

Abrupt 11 21 8 
Gradual 24 12 3 
  
 
A McNemar test statistic was determined using the values obtained from counting the 
number of subjects within each preference group: 
 
X2 = ( | b – c | - 1)2 

               b + c 
 
Abrupt salt reduction:    Gradual salt reduction: 
 
X2 = ( | 21 – 8 | - 1)2    X2 = ( | 12 – 3 | - 1)2 
               21 + 8                   12 + 3 
 
     = 5.4          = 4.8 
 
 
Both test statistics were tested for significance in Microsoft Excel using the following 
formula: 
 
1 – chisq.dist (x, degrees of freedom, cumulative), where x = McNemar test statistic for 
each group, degrees of freedom = 1, and cumulative = true.  
 
 
The calculated p values indicated the null hypothesis of no change in preference could be 
rejected: 
 
Abrupt salt reduction, p = .02 
Gradual salt reduction, p = .03 
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/*Determining liking for tomato juice samples when served in the first 
position at the final taste test in order to determ ine if range effects 
were responsible for the disconnect in liking betwe en the final taste 
test and the final weeks of the longitudinal study. */ 
proc mixed data =work.order; 
where  sample= 25; 
class  order; 
model  overlike=order/ ddfm =kr; 
random  intercept / subject =judge; 
LSmeans order/ adjust =Bon adjdfe=row diff; 
ODS output  diffs=orddiff25; 
ODS output  lsmeans=ordlsm25; 
run;  
 
proc mixed data =work.order; 
where  sample= 50; 
class  order; 
model  overlike=order/ ddfm =kr; 
random  intercept / subject =judge; 
LSmeans order/ adjust =Bon adjdfe=row diff; 
ODS output  diffs=orddiff50; 
ODS output  lsmeans=ordlsm50; 
run; 
 
proc mixed data =work.order; 
where  sample= 75; 
class  order; 
model  overlike=order/ ddfm =kr; 
random  intercept / subject =judge; 
LSmeans order/ adjust =Bon adjdfe=row diff; 
ODS output  diffs=orddiff75; 
ODS output  lsmeans=ordlsm75; 
run; 
 
proc mixed data =work.order; 
where  sample= 100; 
class  order; 
model  overlike=order/ ddfm =kr; 
random  intercept / subject =judge; 
LSmeans order/ adjust =Bon adjdfe=row diff; 
ODS output  diffs=orddiff100; 
ODS output  lsmeans=ordlsm100; 
run;  
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/*Determining difference in lowest and highest acce ptable saltiness 
between first and last tasting positions to determi ne if context effect 
was responsible for no change in range of acceptabl e saltiness */ 
proc mixed data =work.order; 
where  sample= 25; 
class  order; 
model  low_salt=order/ ddfm =kr; 
random  intercept / subject =judge; 
LSmeans order/ adjust =Bon adjdfe=row diff; 
ODS output  diffs=orddiff25; 
ODS output  lsmeans=ordlsm25; 
run;  

 
proc mixed data =work.order; 
where  sample= 25; 
class  order; 
model  high_salt=order/ ddfm =kr; 
random  intercept / subject =judge; 
LSmeans order/ adjust =Bon adjdfe=row diff; 
ODS output  diffs=orddiff25; 
ODS output  lsmeans=ordlsm25; 
run;  

 
/*Determining overall liking for tomato juice among  motivation levels 
averaged over weeks 3-16*/  
data avgliking; 
set  xxx.longitudinal; 
if  (week< 3) then  delete ; 
run; 
 
proc mixed data =xxx.avgliking; 
class  group judge week motive3 diff3; 
model  like= group|motive3 thirsty / ddfm =kr; 
random  intercept / subject =judge; 
repeated  / subject =judge type =AR(1); 
LSmeans group group*motive3 / diff; 
ODS output  diffs=diffavg; 
ODS output  lsmeans=meansavg; 
run;  
 
 
 
 
 
 
 
 
 
 



 

 182 

 

 

Appendix G: R Code used to separate subjects into two groups prior to the longitudinal 
study for Part II: A longitudinal comparison of two salt reduction strategies and 
acceptability of a low sodium food.  Code was authored by Dr. Aaron Rendahl. 
 
####################################### 
# what's a good step? 
x <- c(16,14.4,12.2,10.7,8.9,7.9,7,6.3,5.6,5.1,4.8, 4.1,3.3,2.9) 
d <- diff(log2(x)) 
xx <- x[-length(x)] 
plot(xx,d) 
 
m <- lm(d ~ xx) 
abline(m) 
 
1-2^(predict(m)) 
 
######################################## 
# for randomization into groups 
 
d <- read.csv("second taste test data_reduced.csv")  
d$sample <- factor(d$sample) 
 
j <- d[,c("judge","prop","motivation")] 
j <- j[!is.na(j$prop),] 
 
ds <- split(d[,c("judge","sample","overall")], d$ju dge) 
foo <- lapply(ds, function(x) { 
  m <- max(x$overall) 
  x[x$overall==m,] 
}) 
nr <- sapply(foo, nrow) 
table(nr) 
ds[which(nr>1)] 
dm <- do.call(rbind, foo[nr==1]) 
 
j$motive <- cut(j$motivation, c(0, 1, 2, 5), 
labels=c("very","somewhat","not")) 
j$taster <- cut(j$prop, c(0, 1.3, 7.5, 12), 
labels=c("non","taster","super")) 
j$taster3 <- cut(j$prop, quantile(j$prop, (0:3)/3),  
include.lowest=TRUE) 
 
j2 <- merge(j, dm) 
 
t1 <- xtabs(~sample, dm); t1 
chisq.test(t1) 
 
#### look into saltiness liking 
d$judge <- reorder(d$judge, d$salt) 
dotplot(judge ~ salt + high_salt + low_salt | sampl e, d,  
   pch=c(20,41,40),col="black", layout=c(4,1)) 
 
d$judge <- reorder(d$judge, d$overall) 
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dotplot(judge ~ overall | sample, d) 
 
#### look into prop and motivation 
 
 
xtabs(~taster, j) 
xtabs(~taster3, j) 
quantile(j$prop, (1:2)/3) 
 
xtabs(~motive, j) 
 
t1 <- xtabs(~taster + motive, j); t1 
chisq.test(t1, sim=TRUE) 
chisq.test(t1[2:3,], sim=TRUE) 
t0 <- xtabs(~taster3 + motive, j); t0 
chisq.test(t0, sim=TRUE) 
 
### look into both 
t1 <- xtabs(~sample + motive, data=j2); t1 
chisq.test(t1, sim=TRUE) 
t2 <- xtabs(~sample + taster, data=j2); t2 
chisq.test(t2, sim=TRUE) 
t3 <- xtabs(~sample + taster3, data=j2); t3 
chisq.test(t3, sim=TRUE) 
 
tt <- xtabs(~motive+taster3+sample, data=j2); tt 
 
xyplot(prop ~ sample, data=j2) 
summary(a <- aov(prop ~ sample, data=j2)) 
TukeyHSD(a) 
 
dm <- dcast(d, judge ~ sample, value_var="overall")  
names(dm)[2:5] <- paste("s", names(dm)[2:5], sep="" ) 
dm$mean <- rowMeans(dm[,2:5]) 
dm$diff <- dm$s249-dm$s91 
xyplot(diff ~ mean, data=dm) 
dm$diffc <- cut(dm$diff, quantile(dm$diff, (0:3)/3) ) 
 
#dm <- merge(dm, j2) 
#ll <- range(dm$overall) 
#pairs(dm[,2:5], col=dm$sample, xlim=ll, ylim=ll) 
 
dm <- merge(dm, j) 
tt <- xtabs(~motive+taster3+diffc, data=dm); tt 
 
############################ 
# build a model on liking 
d$samp <- as.numeric(factor(d$sample, 
levels=c("91","712","634","249")))-2.5 
 
xyplot(overall ~ samp, group=judge, d, type=c("p"," r")) 
xyplot(overall ~ samp|judge, d, type=c("p","r")) 
 
library(lme4) 
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m <- lmer(overall ~ samp + I(samp^2) + (samp|judge) , d) 
summary(m) 
r <- ranef(m)$judge 
names(r) <- c("int","slope") 
r$judge <- as.numeric(rownames(r)) 
r <- merge(r, j) 
 
xyplot(slope ~ int | taster3*motive, data=r) 
 
 
###################################################  
# let's do the randomization 
d <- read.csv("second taste test data_reduced.csv")  
d$sample <- factor(d$sample) 
 
j <- d[,c("judge","prop","motivation")] 
j <- j[!is.na(j$prop),] 
j$prop3 <- cut(j$prop, quantile(j$prop, (0:3)/3), i nclude.lowest=TRUE) 
j$motive3 <- cut(j$motivation, c(0, 1, 2, 5)) 
 
library(reshape2) 
dm <- dcast(d, judge ~ sample, value_var="overall")  
names(dm)[2:5] <- paste("s", names(dm)[2:5], sep="" ) 
dm$mean <- rowMeans(dm[,2:5]) 
dm$diff <- dm$s249-dm$s91 
dm$diff3 <- cut(dm$diff, quantile(dm$diff, (0:3)/3) , 
include.lowest=TRUE) 
 
j <- merge(j, dm[,c("judge","diff","diff3")]) 
 
tt <- xtabs(~motive+taster3+diffc, data=j); tt 
 
s3 <- function(n, three=TRUE) { 
  x <- floor(n/2) 
  x <- rep(c(1,2), each=x) 
  if(n%%2!=0) { 
    a <- if(three) 3 else 1 
    x <- c(x, a) 
  } 
  x[sample.int(length(x))] 
} 
 
j$g <- factor(as.numeric(factor(with(j, paste(motiv e3, prop3, 
diff3))))) 
js <- split(j, j$g) 
 
try <- function(seed, group=FALSE) { 
set.seed(seed) 
bar <- do.call(rbind, lapply(js, function(x) { 
  x$group <- s3(nrow(x)) 
  x 
})) 
rownames(bar) <- NULL 
three <- bar$group==3 
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bar$group[three] <- s3(sum(three), three=FALSE) 
abc <- list(a=xtabs(~group + motive3, bar), 
     b=xtabs(~group + prop3, bar),  
     c=xtabs(~group + diff3, bar)) 
if(group) 
list(group=bar[,c("judge","group","prop","motivatio n","diff","prop3","m
otive3","diff3")], counts=abc) 
else sum(abs(unlist(lapply(abc, function(x) x[1,]-x [2,])))) 
} 
 
set.seed(5) 
ss <- sample.int(1e8,size=1000) 
tryX <- sapply(ss, try) 
ss[which.min(tryX)] 
min(tryX) 
gg <- try( 26550699, group=TRUE) 
gg$counts 
out <- gg$group 
out <- out[order(out$group, out$judge),] 
rownames(out) <- NULL 
 
paste(levels(out$prop3), collapse=", ") 
paste(levels(out$motive3), collapse=", ") 
paste(levels(out$diff3), collapse=", ") 
 
out2 <- within(out, { 
  prop3 <- as.numeric(prop3) 
  motive3 <- as.numeric(motive3) 
  diff3 <- as.numeric(diff3) 
}) 
write.csv(out2, file="NualaGroups.csv", row.names=F ALSE) 
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Appendix H:  Paper ballot presented to subjects with tomato juice at sessions attended 
during the longitudinal phase of the study for Part II: A longitudinal comparison of two 
salt reduction strategies and acceptability of a low sodium food. 
 
Welcome to the Tomato Juice Study!  Before drinking your juice, please take a moment 
to answer two questions by marking a line on each scale: 
 
How thirsty are you right now? 
 

 
 

 
 

 
How much tomato juice do you feel like drinking right now? 
 

 
 

 
 

 
You may now drink as much of the tomato juice as you wish.  After drinking the juice, 
please answer the following questions by marking a line on each scale:  
 
 
How much do you like the juice you just drank?      
   
 
 
 
 
 
 
 
 
 
 
 
To what extent are you tired of drinking this juice? 
 

 

 Not at all tired Extremely tired  

G
re

at
es

t P
os

si
bl

e 
Li

ke
 

Li
ke

 E
xt

re
m

el
y 

Li
ke

 V
er

y 
M

uc
h 

Li
ke

 M
od

er
at

el
y 

Li
ke

 S
lig

ht
ly

 

N
ei

th
er

 L
ik

e 
N

or
 D

is
lik

e 

D
is

lik
e 

S
lig

ht
ly

 

D
is

lik
e 

M
od

er
at

el
y 

D
is

lik
e 

V
er

y 
M

uc
h 

D
is

lik
e 

E
xt

re
m

el
y 

G
re

at
es

t P
os

si
bl

e 
D

is
lik

e 

Not at all thirsty  Extremely thirsty  

None  A large amount  


