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Abstract

:

Sodium is an essential nutrient for the human body. It is widely used as sodium chloride (table salt) in (processed) foods and overconsumed by both children and adults, placing them at risk for adverse health effects such as high blood pressure and cardiovascular diseases. The current review focusses on the development of salt taste sensitivity and preferences, and its association with food intake. Three -to- four month old infants are able to detect and prefer sodium chloride solutions over plain water, which is thought to be a biological unlearned response. Liking for water with sodium chloride mostly decreases when infants enter early childhood, but liking for sodium chloride in appropriate food contexts such as soup and snack foods remains high. The increased acceptance and preference of sodium chloride rich foods coincides with infants’ exposure to salty foods, and is therefore thought to be mostly a learned response. Children prefer higher salt concentrations than adults, but seem to be equally sensitive to salt taste. The addition of salt to foods increases children’s consumption of those foods. However, children’s liking for salt taste as such does not seem to correlate with children’s consumption of salty foods. Decreasing the exposure to salty tasting foods during early infancy is recommended. Salt plays an important role in children’s liking for a variety of foods. It is, however, questionable if children’s liking for salt per se influences the intake of salty foods.
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1. Introduction


Sodium is essential for the regulation of the osmotic pressure and extracellular fluids in the human body. It has been estimated that humans need about 180 to 230 mg of sodium per day for normal bodily functioning [1]. Sodium cannot be produced by the human body and therefore needs to be ingested, which, in modern society, is done so mostly in the form of sodium chloride (i.e., table salt). Despite the biological need for sodium, excessive sodium consumption has been related to a range of adverse health outcomes, such as hypertension, gastric cancer and obesity [2,3,4]. Therefore, the WHO has recommended for adults to consume no more than 2 g of sodium per day. For children (2–16 years) this limit is adjusted downwards, based on energy requirements [5]. In Australia the National Health and Research Council recommends an increasing upper limit with age starting with 1 g of sodium/day as the upper limit for 2–3 years old, which should not exceed 2.3 g sodium/day when children enter the adolescence years (14–18 years) [6]. This is similar to upper limits published by the Center for Disease Control in the United States of America (US) [7].



Sodium chloride is a relatively cheap and widely used ingredient in processed foods [8] and serves a variety of functions. The addition of salt limits microbial growth by lowering the water activity [9]. Texture and juiciness of foods are enhanced by the interaction of salt with protein, and by the enhancement of the hydration and water holding capacity of foods [10]. In bakery products, salt strengthens the gluten network, which improves the elasticity of the dough [11,12]. Moreover, salt is added to foods to improve the flavour profile. The addition of salt not only increases saltiness, but also suppresses bitterness. When bitterness is decreased the sweet taste of food is more noticed, resulting in a generally liked flavour profile [13]. As a result of the wide spread use of sodium chloride in processed foods and the reliance of modern consumers on processed foods, the majority of sodium (75%) in the Western diet comes from processed foods and restaurant foods [14,15]. Only a small proportion of total sodium intake comes from natural sources and from what consumers add to their food during preparation and consumption (i.e., 10 to 15%) [9].



The biological need for sodium, combined with a scarcity of sodium in the diet of the primate ancestors of humans, likely resulted in an evolutionary human drive to consume sodium [16]. Nowadays, the wide spread use of sodium chloride in processed foods has made sodium extremely accessible. This, not surprisingly, leads to an overconsumption of sodium. Yet, it is important to note that well before the existence of modern processed foods, sodium consumption has been well above (i.e., 3–5 g of sodium/day) the human physiological requirements [15]. The consistency in intake over time and across different ethnic populations suggest that the modern food industry is not the only factor involved in humans’ high sodium consumption and that unknown physiological or nutritional factors might be involved.



The excessive consumption of sodium by adults and children is, nowadays, mostly derived from sodium chloride. In a large study including 187 countries it was found that 99.2% of the adult population consumed more sodium than the WHO’s recommended upper limit of 2 g of sodium per day. The vast majority (88.3%) of the adult population consumed more than 3 g of sodium per day [3]. An Australian study found that sodium intake rapidly doubled in the first 2 years of life, to an estimated 1 g of sodium per day by the age of 17 months [17]. By the age of 4 years the average sodium intake has been estimated at almost 1.5 g of sodium per day [18]. Data from the US [19] suggested that children’s sodium intake further increases with age (6–13 years: 3.1 g/day, 14–18 years: 3.6 g/day). Such an increase can partly be explained by an increased total food consumption with age, but can also be a consequence of an increased sodium density of children’s diets [19]. It has been estimated that about half of the sodium children in the US consume comes from only 10 food categories that include pizza, Mexican-mixed dishes, sandwiches, breads, cold cuts, soups, savoury snacks, cheese, plain milk, and poultry [19]. This is in line with 9- to 13-year-old children in Australia (mean sodium intake = 2.7 g/day), who consumed most of their sodium from cereal based products, and meat and poultry products [20]. The problem with these high levels of sodium consumption at a young age is two-fold. Firstly, it sets children up for developing high blood pressure during childhood and adulthood [21,22]. Secondly, children might get used to eating high levels of salt, and expect a certain level of saltiness in their foods. This potentially leads to unhealthy food choices during child-and adulthood.



This signifies the need to understand why infants and children consume such high amounts of sodium, which far exceeds their biological need. In this quest it is worth investigating how the ability to sense sodium and a liking for salty foods develops, given that food-liking plays a key role in children’s [23] and infants’ [24] food choice and consumption. This review aims to provide an overview of the current knowledge about the development of salt taste perception and salt taste liking during infancy and childhood and its relationship to food consumption and health outcomes. This review focusses on human research in non-clinical populations and will not provide an extensive review of neurological processes and brain structures involved in salt appetite in severely sodium deficient populations or animals.




2. Literature Search


A systematic literature search was conducted as of 6 June 2017 using Medline Complete, PsycINFO, Social Sciences Citation Index, Scopus, Psychology and Behavioural Science Collection, Cochrane Database of Systematic Reviews and Emerald Insight. The following search terms were used: (taste OR preference OR sensory) AND (salt OR sodium) AND (infants OR baby OR newborn OR neonate). This resulted in 330 references. A complete manual search of the reference lists of original studies was also conducted. Studies which did not have salty taste preferences or perception as either a dependent variable or independent variable, or were conducted in only adults or animals were excluded. After excluding duplicates, and irrelevant titles, 54 references were considered relevant for the present review.




3. Taste Perception


When salty foods or beverages are tasted, both physiological and cognitive related processes take place. Salt taste perception is derived from the interaction of sodium with amiloride-sensitive epithelial sodium channels (ENaC) in the human taste buds on the tongue [9]. In addition ENaCs have been located in the distal nephron, distal colon and airway epithelia, where they play an important role in Na+ reabsorption [25]. This suggests a potential link between salt taste perception and other (e.g., renal) functions in the body [26]. Furthermore, it has been suggested that salt taste perception through the interaction of sodium with ENaCs is not the only mechanism involved in human salt taste perception. Additional cellular and molecular mechanisms are not yet understood fully [15].



Neurological signals which result from the interaction between sodium and sodium sensing channels are transmitted to the brain and interpreted in specific parts of the brain. A strong enough signal results in the perception of a variety of taste related aspects such as detection, intensity, taste quality (e.g., sweet, sour, bitter, salty, umami), and hedonics [27].



Humans’ ability to detect sodium, which is part of taste sensitivity, mainly represents the physiological process of taste perception, whereas hedonics (e.g., liking, preference, acceptance) is a result of the cognitive interpretation of the physiological taste signals. Although both are part of taste functioning, the underlying principles and methods on how to assess these are different. It is generally found that taste sensitivity and taste hedonics do not correlate well [28], emphasising that both represent different pathways. This makes it important to investigate both taste sensitivity and hedonics, in order to understand the relationship between taste functioning and health outcomes.



Many animals, including humans, are able to sense sodium in the food supply by taste [29], however not all sodium in foods can easily be tasted [30]. For example, sodium in bread can be reduced to some extent without children [31] nor adults [32] noticing the difference. Sodium chloride is the only food grade chemical which elicits a pure salt taste [26]. More precisely, it is the positively charged sodium ion, rather than the chloride anion, which is mainly responsible for salty taste [33]. Other salts such as potassium chloride elicit a salty taste, but often taste bitter when used in high quantity. Lithium chloride does elicit a pure salt taste, but cannot be used in foods because of its toxicity (for review see [34]). In the absence of effective salt replacers, sodium chloride (hereafter referred to as “salt”) is the only chemical which in practice can be used to make food taste saltier.



Humans have a high liking for salty tasting foods, which, from an evolutionary point of view, would result in humans preferring foods with sodium, which is needed for survival. The addition of salt to food changes the complete sensory profile, beyond making a food taste saltier. In both children [35] and adults [13,36], it has been shown that the addition of salt to food can make the food taste less bitter. Such suppression of bitter taste can increase perceived sweetness of particular foods [36]. Salt is mostly consumed in the contexts of specific foods, rather than pure salt itself. Therefore, the measurement of salt taste sensitivity is usually carried out with salted water, whereas the measurement of children’s hedonic response to salt in foods is usually carried out with stimuli in which salt is deemed appropriate such as soups, broth, and crackers.




4. Salt Taste Detection and Acceptance in Infants


Infants’ ability to detect salt taste is mainly measured by the quantity the infant ingests, sucking patterns and facial expression in response to ingestion of water solutions with different concentrations of salt [37,38]. Because of the nature of these measurements it is hard to distinguish between infants’ ability to detect sodium and infants’ preference for, or liking of, sodium.



With these limitations in mind, it has been found that infants go through different developmental stages of acceptance of salted water and salted foods. When newborns (1–4 days old) are presented with 4.3 g of salt/100 mL of water, facial expressions suggest an indifference to salty taste [37,38]. This is unlikely to be due to the newborns’ inability to respond to taste per se. Facial and ingestive responses to bitter, sweet and to some extent sour taste, suggest that newborns can discriminate between different taste stimuli [37,38,39,40]. Animal studies suggest that the specific central and/or peripheral mechanisms, underlying salt taste perception, mature postnatally [41]. In other words, newborns might not be able to detect salt taste until further maturation of the salt taste system. It needs, however, to be mentioned that one study observed that newborns decrease their sucking burst frequency in response to mild salt tasting solutions (0.58 g of salt/100 mL of water) [42]. It has been hypothesised that such signs of lower acceptance (compared to water) is caused by the interaction of sodium with taste fibres which are not specific to sodium and might therefore elicit other taste responses such as slight bitterness, which infants reject [43].



Newborns have a biological need for sodium, which brings up the question of why newborns are not able to show a preferential response to salty taste, like they show for sweet taste [38]. The lack of a salt taste response might have an evolutionary reason. Although there is a need for sodium at birth, the first food the infant naturally encounters is breastmilk, which is dominated by sweet taste [44] and contains a sufficient concentration of sodium for the baby to thrive [45]. Children have an inborn preference for sweet taste, which would lead to a natural acceptance and consumption of breastmilk. This makes an inborn acceptance of salt taste, from an evolutionary point of view, not needed per se.



By the age of approximately 4 to 6 months, when sodium channels have further matured, infants show a preference for salty water over plain water [38,46], and salted baby cereal over plain baby cereal [47], as measured by ingestion. This shift from indifference to preference of salted water is thought to reflect an unlearned biological response to salty taste, rather than a learned response [48]. This does not mean, however, that the addition of salt to any baby food would ensure an increase in consumption. When salt was added to baby formula, 6- to 7-months-old infants found it less palatable, as measured by frequency of sucks, than baby formula without added salt [43]. Presumably because the addition of salt made the baby formula less sweet, which was confirmed by a trained adult sensory panel [43]. Alternatively, but not mutually exclusively, the addition of salt created an unknown flavour combination, which infants rejected because of its novelty.



In summary, infants’ ability to detect salt taste develops postnatally such that infants younger than about 3 months of age are most likely not able to detect salt taste. Once infants can detect salt taste they show a preference for salt taste in water. There is no prior exposure to salt taste needed for infants to prefer salted water, which suggests an unlearned biological response to salt taste.



The changes in salt preferences in the first year of life are expressed in Figure 1.




5. Variation in Salt Preference of Infants


5.1. Prenatally


Infants’ preference for salty taste varies depending on a variety of factors such as physiological triggers before birth. Studies in rats suggest that extracellular dehydration and electrolyte imbalance of the mother rat can increase the salt appetite in the offspring [54]. Extracellular dehydration (as well as a fall in NaCl concentration) causes the kidneys to release renin into the circulation where it acts as an enzyme to activate angiotensin into angiotensin I, which is converted by angiotensin converting enzyme, produced mainly by the lungs, into angiotensin II. Angiotensin II plays a key role in maintaining body fluid balance and is the main stimulus for the secretion of the hormone aldosterone [55]. Angiotensin II and aldosterone are known to induce salt appetite. Both can cross the placenta and hypothetically influence the salt appetite of the off spring [54].



Extracellular dehydration and electrolyte imbalance can be caused by severe fluid loss, such as repeated severe vomiting. Relating this to humans, infants born from mothers with severe morning sickness are shown to be more likely to prefer high salt solutions, than infants from mothers who did not, or to a lesser extent, suffered from morning sickness during pregnancy [51]. This seems to have long lasting effects, as adult offspring from mothers who experienced severe morning sickness had a higher preference for salty foods, had a higher salt use, and ate more salty snack foods, than peers whose mothers did not experience such extreme morning sickness [56]. Furthermore, severe morning sickness of the mother has been associated with low birth weight of the offspring [57]. Infants with a low birth weight are more likely to prefer high salt solutions (as measured by consumption), than infants born with a normal birth weight [52].



Physiological triggers induced by severe morning sickness, as described above, are supposedly rare. It has been suggested that although around 50% of pregnant women experience morning sickness, only 0.3 to 1% of pregnant women experience severe vomiting which could lead to dehydration [58]. So although salt taste preferences seem to be influenced by physiological triggers before birth on an individual level, the impact on a population level is likely to be minimal.




5.2. Postnatally


Postnatally either a severe shortage of sodium as well as an over consumption of sodium might result in an enhanced preference for salty taste. Sodium deficiency during infancy and childhood is rare, except in clinical populations [59]. However, the repeated consumption of certain chloride-deficient baby formulas during infancy is suggested to result in a hormonal state (e.g., elevated plasma aldosterone levels and renin activity), which is similar to that of sodium deficiency. The long term consumption of these formulas during infancy has been positively correlated with dietary behaviours which suggest a high preference for salty foods [60]. Along the same lines, adolescents who went through severe episodes of vomiting and/or diarrhoea as an infant, causing electrolyte imbalance, show a high preference for salty foods [61].



On the other hand, the introduction of a diet high in sodium might lead to a preference for salty foods as well. Generally, by the age of 3 to 4 months infants are introduced to solid foods, including foods high in sodium such as cereals. An Australian longitudinal study shows that when infants grow from 9 to 18 months, their sodium intake doubles, with bread and rolls being the largest contributor to total sodium intake [17]. Such increased exposure to salty foods during infancy is thought to be correlated with the infants’ increased preference for salt tasting foods [50]. Potentially delaying the introduction of salty foods to infants can lower their preference for salty taste [53]. These studies have, however, a number of short comings. Harris and Booth (1987) did a very rough measurement of infants’ consumption of sodium rich foods from which it is not possible to determine the salty taste of foods and which foods were consumed [50]. Stein and colleagues (2012) focused on specific sodium rich foods (e.g., starchy foods, salted water) [53]. None of the studies investigated the specificity of sodium exposure. That is, it remains unclear if a high preference for salty foods is related to a general liking of more intense tasting foods, or if such high salt preference specifically alters the intake of salty foods. It is also not clear if preference for salty taste as measured in one medium or food relates to the intake of a wide range of salty foods. Moreover, both studies were observational and causality can not be concluded. One of the rare, but well designed, studies to investigate the causal relationship between salt consumption and salt preferences in infants was conducted in the 1980s. In a controlled study, researchers fed infants (3–8 months) either a low (2 mmol Na/100 kcal) or high (9 mmol Na/100 kcal) sodium dense diet for 5 months, and assessed their liking for salty taste and consumption of salty foods at the age of 8 years. The results show no evidence to support the hypothesis that a high salt intake during infancy resulted in either a high salt consumption or high salt preference in childhood [62]. However, the number of infants and children tested in this study was fairly small (n = 27).



To summarise, there is some suggestion that infants’ preference for salty taste is influenced by physiological disturbances which are initiated by severe fluid loss by either the pregnant mother or during early infancy. In addition, feeding regimes which either trigger similar hormonal systems as sodium deficiency, as well as the introduction of salty foods, potentially increase infants’ preference for salty foods. However, it remains questionable whether the consumption of high amounts of salty foods during infancy impacts liking for salty foods beyond infancy.





6. Salt Taste Perception of Children


Over the past 40 years, children’s taste perception and liking have been reasonably well investigated [63]. Below we provide a review of studies focused on children’s salt taste sensitivity and liking and how these relate to health outcomes such as weight status and blood pressure. Studies investigating children’s sensitivity to salt taste might provide us with insight into the physiological development of salt taste perception, whereas children’s hedonic response to salt taste might provide us with insights into children’s food choice behaviour with respect to salty foods. Therefore, both salt taste sensitivity and liking will be reviewed below.



Children Salt Taste Sensitivity


Unlike the difficulties of measuring salt taste sensitivity with infants, salt taste sensitivity in children can be measured rather precisely. Salt taste sensitivity can be expressed as, the detection threshold (i.e., the lowest detectable concentration of NaCl), recognition threshold (i.e., the lowest NaCl concentration at which a subject can identify salty taste), or supra-threshold (i.e., the lowest difference in concentration in NaCl—in the detectable range—that is clearly perceived by a subject) [64]. To our knowledge, studies investigating salt taste sensitivity of children only focused on detection and recognition thresholds.



In order to measure detection thresholds, different methodologies have been used. Some researchers used a range of salt solutions and paired all solutions with distilled water in a 2-Alternative-Forced-Choice test (e.g., taste two samples, of which one contains salt) [65], or a 3-Alternative- Forced-Choice test (e.g., taste three samples, of which one contains salt) [66]. During the execution of this method children received all pairs of salted and distilled water, independent of the accuracy of the answers. Other researchers used a range of salt solutions and presented them in a staircase method. In this method, an inaccurate answer leads to the presentation of a higher salt concentration and an accurate answer leads to the presentation of a lower salt concentration. The presentation mode in the staircase method has either been a 2-Alternative-Forced-Choice [67,68,69], or an alternative like “taste four samples of which one contains salt” [70] or “taste 8 samples of which 4 contain salt” [71]. Most studies found detection thresholds of around 0.02% (w/v) NaCl, with one exception which found a threshold of 0.006% (w/v) NaCl. However, the latter study was conducted with a specific clinical population [71].



As suggested by Table 1, in general the staircase method seems to find lower salt taste detection thresholds than any of the other methods. In comparison, salt threshold in adults varies widely with some studies finding a threshold of 0.01% (w/v) NaCl [72], and others a three times higher threshold at 0.03% (w/v) NaCl [73]. Only two studies compared the salt detection threshold of children to those of adults in one study design. One study found higher salt detection threshold in 10- to 19-year-olds, compared with 20- to 29-year-olds [70]. Another study only found such difference when comparing boys with women [65]. None of the studies listed in Table 1 could confirm any associations between salt taste detection threshold and salt intake. One study found a higher salt taste detection threshold for those who liked soup/stews [66], whereas others failed to see such an association [67]. In adults it is generally found that salt detection threshold as measured using water solutions are not related to liking or intake [73].



Salt taste recognition thresholds are commonly conducted with a range of salt solutions and presented one at a time. Children simply reported whether they could identify the taste [74,75,76,77]. Children’s recognition thresholds of salty taste fall about 9 times above children’s salt detection threshold and vary from 0.17 to 0.18% (w/v) NaCl. Two studies found higher thresholds, but technically speaking they did not measure thresholds because of the limited number of solutions which were offered [76,77]. In adults, salt recognition thresholds vary, as is the case with children. For example, Wise and colleagues found a salt recognition threshold of 0.08% NaCl [72], whereas Lucas and colleagues found a recognition threshold of 0.11% [73]. See Table 1 for an overview.



Salt taste thresholds might reflect biological processes in the body. Sodium sensitive channels (ENaC) have been found throughout the body, including the kidneys where they play an important role in Na+ regulation [25]. Furthermore, animal studies suggest that salt taste sensitivity, salt uptake by the gut and salt excretion by the kidney share similar physiological pathways [78]. Differences in salt taste sensitivity might therefore be linked to high blood pressure. In adults, it has been suggested that there is a potential link between salt taste sensitivity and high blood pressure [79,80,81,82], however such a link is not uniformly shown [83,84,85].



Several studies looked into the potential link between children’s salt taste sensitivity and high blood pressure. Bobowski et al. found that systolic blood pressure was positively associated with salt taste detection thresholds in normal weight, but not overweight/obese, children [68]. This is in line with earlier findings in a group of Spanish children [69]. Kirsten and colleagues [74] investigated 14- to 19-year-olds’ ability to detect NaCl in a water solutions (e.g., 4 mmol/L, 8 mmol/L, 15 mmol/L, 30 mmol/L, 60 mmol/L, 120 mmol/L, 250 mmol/L, 500 mmol/L, 1000 mmol/L). The median concentration at which salt taste was detected was 30 mmol/L. About one third (i.e., 36%) had a detection threshold of higher than 30 mmol/L. The mean diastolic blood pressure was higher amongst those 36% than amongst the remaining sample. The mechanism behind the association between children’s salt taste perception and high blood pressure remains unknown. Potentially, salt taste perception and high blood pressure share similar physiological mechanisms.



In summary, from the limited data available there is, to our knowledge, no strong evidence to suggest that children and adults differ in their sensitivity to salt taste. However, it needs to be noted that differences in methodologies make it difficult to compare studies. There is no evidence that children’s salt taste sensitivity is related to food consumption and some evidence that lower salt sensitivity is related to higher blood pressure in some, but not all children.





7. Children’s Liking of Salty Taste


Unlike young infants, children as young as 3 years of age show an adult-like rejection of salted water, but show a high liking for salted soup [46]. This suggests that in general children this age might only like salt in a food context they are familiar with. The shift from acceptance to rejection of salt in water might, therefore, be influenced by the experience children have with salt tasting foods. However, it needs to be said that some researchers have found that a small proportion of children might accept salt in water [86]. Such preference might reflect a biological driver, rather than a learned preference for salty taste.



Similar to sweet taste preferences [87], there is some evidence that children prefer higher salt concentrations than adults do. Already back in 1975 Desor and colleagues showed that 9- to 15-year-old children were more likely to prefer 2.3 g NaCl/100 mL in water than adults did [86]. Such a difference in salt preference has also been demonstrated in soups [88], popocorn [89] and broth [90].



Interestingly, similar to previous findings in adults [91], children’s liking for salt is suggested to be positively related to children’s liking for sweet [90]. This suggests that liking for high levels of salt does not exclude liking for high levels of sweetness. At least two explanations for this finding can be put forward. Firstly, the increased need for energy and minerals in stages of rapid growth might simultaneously drive salt and sweet preferences in children [90]. Secondly, repeated dietary salt consumption might drive the consumption of sugar sweetened beverages [92,93] and subsequently increase liking for salt and sweet simultaneously. Both these hypotheses need further investigation.



It is not clear why children prefer higher levels of salt in foods than adults do. As shown earlier, there is no clear evidence that children and adults differ in their sensitivity to salty taste. Moreover, it is generally found that salt taste sensitivity and salt liking are not related [73]. Because exposure to, and liking of specific foods are generally found to be positively correlated in children [94], it could be hypothesised that children are more exposed to salty foods than adults, resulting in children’s higher preference for salt taste than adults. However, large population data suggest that the sodium density of children’s and adults’ diets are similar [19]. This, however does not give a clear indication of how salty the diets of children and adults taste. Lastly, it has been suggested that children’s preference for high salty foods reflects their biological need for minerals at certain stages of growth [90]. In clinical populations it has been shown that salt preferences can be increased when there is a high loss of sodium, for example in the case of congenital adrenal hyperplasia (CAH) [95]. In this disease, a genetic mutation results in adrenal insufficiency which can lead, in its severest form, to a persistent urinary loss of sodium, known as salt-wasting. Children suffering from the severe form of CAH showed an increased salt appetite, meaning they liked salt more and used salt more often. Salt wasters added 130% to 160% more NaCl (as measured with a questionnaire) to their foods than controls. In addition, Salt wasters were more likely to lick or eat pure salt. Subsequent qualitative interviews revealed that Salt Wasters developed, from a young age, strategies to deliberately consume more salt [95,96]. However a disease like CAH is extremely rare and only occurs in about 0.007% of children [96]. There is also no evidence that children have a higher need for sodium than adults do [6].



Figure 2 provides an overview of the different salt concentrations children like/prefer/accept in different foods.




8. Children’s Salt Liking and Intake of Sodium


It is generally thought that food liking plays a key role in children’s food consumption [23]. Some studies, but not all, have been able to find a positive correlation between the liking for salt taste in adults, as tested in a controlled setting, and the consumption of sodium in everyday life [99,100]. The research into a potential association between salt taste liking and salt consumption encounters a number of challenges. Firstly, some of the sodium in the food supply cannot be tasted as being salty [30] and is mainly added to processed foods for preservation and food structural reasons [101]. Secondly, the addition of salt to foods, as mentioned earlier, influences the complete sensory profile of foods, which goes beyond making foods taste saltier [13,36]. It is therefore likely that children’s liking of added salt in one food does not necessarily translate to children’s liking of added salt in another food. Related to that, studies in adults suggest that liking for salt is food specific. That is, some foods such as salty snacks are liked when they are salty, whereas the reverse is true for foods in which salt taste deemed less appropriate [99]. Thirdly, insensitive methodology to measure children’s salt taste liking and/or salt consumption can result in a lack of correlation between salt taste liking and salt consumption. Lastly, tasting a small amount of food might not be a good predictor of consuming large amounts of the liked food [102], due to, for example, sensory specific satiety [103] or boredom [104].



The majority of studies show that the addition of salt to a variety of foods, such as soup [48,90], green beans, pasta [97,98], ricotta cheese [105], carrots [106], and popcorn [89], increases children’s liking and—if measured—consumption of that food. A large cross cultural study in 8 countries including close to two thousand children, showed that the majority of children preferred a cracker with added salt (1.6 g/100 g food) compared to a cracker with a lower concentration of salt (0.7 g/100 g food) [107]. However despite the fact that salt seems to be able to increase food liking and consumption, it does not mean that an increase in liking will always result in an increase in consumption. For example Cowart and Beauchamp (1986) showed that for half of the 3- to 6-year old children they tested, the most liked soup did not correspond to the soup they drank the most of [48]. In a study with 8- to 11-year-old it was found that small additions of salt would increase liking, but not consumption of pasta [108]. Furthermore, it is important to notice that the addition of salt does not influence children’s liking, nor intake equally across different foods [105,108]. Hypothetically, children like the changed flavour profile of the foods, as a result of the addition of salt, rather than salt taste itself.



Potentially, liking of salty foods is related to small increases in salt consumption which cannot be measured in single foods, but can be measured when focusing on daily sodium consumption. A study which measured 5- to 10-year-old children’s liking for salt (0.92–6.14 g NaCl/100 g of broth) in broth, found that liking for salt in broth was positively related to daily sodium intake (r = 0.24). It was, however, not reported which foods contributed most to the daily sodium consumption [90]. The latter is important because the sodium content of food does not necessarily mean they taste salty. So it is likely that children’s salt preference is correlated with some foods, but not others. Kim et al. suggested that salt preference as measured in soup was positively associated with the frequent consumption of certain salty foods (i.e., pork cutlets and hamburgers), but not with other foods (e.g., pizza, fried chicken) [66]. If one assumes that there is some positive relationship between children’s salt taste liking and intake of salty foods, one might also expect an association between children’s salt taste liking and health outcomes such as weight status and high blood pressure. However, to our knowledge such associations have not been found [107,109]. This supports the view that children’s salt taste preferences are unlikely to have a generic effect on children’s diet.



All these studies are, however, observational studies, and causality cannot be concluded. How modifiable are children’s salt preferences? Repeated exposure to a salted food has been shown to increase children’s liking for that particular salted food, but not for a salted food to which the child was not exposed [105]. Another study confirmed that repeated exposure to salted foods increases intake of that food, but it is not clear if such exposure leads to a high liking for salt taste [108]. These studies suggest that liking for a particular salted food can be changed by repeated exposure. However, it does not support the hypothesis that repeated exposure to salty foods increase children’s generic liking for salty taste.



In adults, salt taste liking can be shifted downwards by exposing individuals to low sodium diets. Such shifts have been observed in randomized controlled studies in which adults were placed on a low sodium diet for 2 weeks to several months (see [110] for review). Not only liking for salt taste can be adjusted downwards, but salt taste intensity can be increased as a result of a low sodium diets which is maintained for at least 2 months [111]. For an extensive review on this topic see [15]. It is important to note that all these intervention studies applied an overall reduction of sodium in the diet, rather than a sodium reduction in one single food. To date it remains unclear if a reduction in one single food would result in an overall liking of reduced levels of sodium in a variety of foods.



One can speculate that by repeated exposure, children become familiar with foods. This familiarisation can drive liking [94]. However, to our knowledge, there are no experimental studies carried out with children to verify if a repeated exposure to either low salty or high salty food can modify children’s generic liking for salt.



In summary, there is some evidence that children, compared to adults, prefer higher concentrations of salt in soups and crackers. However, there seem to be no studies that investigated if children, compared to adults, prefer higher concentrations of salt in a variety of foods, such as salt-fat foods, meats, and vegetables, than adults. Most studies suggest that the addition of salt to foods increases children’s liking for the salted food, however it is unlikely that such liking represents a generic liking for salty taste. The evidence for a positive association between the liking of a salty taste and ingestion of salty foods in general is not convincing. It is also worth noting that although children seem to have a liking for higher concentrations of salt than adults, such a difference does not manifest itself in a difference in the sodium density of children’s and adults’ diets [19].




9. Conclusions


The high consumption of sodium by children is worrisome and a better understanding of what might contribute to this high consumption might aid to the development of strategies to decrease this high sodium consumption. The present review highlights the role of taste in infants’ and children’s consumption of high sodium foods.



The current review suggests that both biology and learned experiences influence infants’ and children’s liking for salty foods. Although the liking of salty taste starts as an unlearned response in early infancy, this liking soon develops as a result of repeated exposure to salty foods. The available studies seem to suggest that infancy is a potentially sensitive period in which salt taste preferences could be modified. Generally speaking, a low exposure to salty foods is associated with a low preference for salty foods. Randomised controlled trials, however, are needed to provide clarity about the causality of such relationship. No study, to our knowledge, suggested that decreasing the exposure to salty foods during infancy is associated with an increased liking or desire for salty foods. Therefore, limiting infants’ consumption of salty foods to decrease sodium consumption and potentially decrease liking for salty foods seems to be a sensible approach. At the same time it is not recommended to try to eliminate sodium from the infants’ diet all together, because severe sodium deficiency has been linked to an increased liking of salty taste amongst other medical complications. The role of repeated exposure to salty foods during infancy and subsequent liking of salty taste and consumption of salty foods during childhood, adolescence and adulthood requires, however, more systematic research. Randomised controlled trials are needed to provide insight into whether avoiding high sodium foods during infancy can have a long-lasting effect on the development of salt taste liking and the consumption of salty foods.



Several studies showed that children have a preference for a higher level of saltiness than adults. Such heightened preference does not seem to result in a general diet higher in sodium density. However, studies in which salt is added to a variety of foods have consistently shown that children’s food consumption can be increased when salt is added. The amount of salt which needs to be added to significantly increase consumption is, however, food dependent. This seems to suggest that it is not salt taste per se which drives consumption, but the effect salt has on the complete sensory profile of foods which drives consumption. To date there is a lack of research investigating mechanisms by which a change of salt content can modify children’s liking, desire and intake of a variety of foods.



Hypothetically, by slowly decreasing the amount of salt in specific foods children consume, one might be able to decrease children’s liking for these specific salty foods as has been suggested in adults. However, such strategy should include the whole diet rather than single foods and needs to be informed by randomised controlled trials. A similar strategy has been suggested for adults [15].



In conclusion, decreasing exposure to salty tasting foods during early infancy is recommended. Salt plays an important role in children’s liking for a variety of foods. It is questionable whether children’s liking for salt per se influences their intake of salty foods.







Acknowledgments


The author would like to acknowledge Julie Mennella and Russell Keast for their excellent comments on earlier drafts of the manuscript.




Conflicts of Interest


The author declares no conflict of interest.




References


	



World Health Organization (WHO). Reducing Salt Intake in Populations; World Health Organization: Geneva, Switzerland, 2007. [Google Scholar]

	



He, F.J.; MacGregor, H.E. A comprehensive review on salt and health and current experience of worldwide salt reduction program. J. Hum. Hypertens. 2009, 23, 363–384. [Google Scholar] [CrossRef] [PubMed]

	



Mozaffarian, D.; Fahimi, S.; Singh, G.M.; Micha, R.; Khatibzadeh, S.; Engell, R.E.; Lim, S.; Danaei, G.; Ezzati, M.; Powles, J. Global sodium consumption and death from cardiovascular causes. N. Engl. J. Med. 2014, 371, 624–634. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.H.; He, F.J.; MacGregor, G.A. High salt intake: Independet risk factor for obesity. Hypertension 2015, 66, 843–849. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization (WHO). Guideline: Sodium Intake for Adults and Children; WHO: Geneva, Switzerland, 2012. [Google Scholar]

	



NHMRC. Nutrient Reference Values for Australia and New Zealand, Sodium. Available online: https://www.nrv.gov.au/sites/default/files/content/n35-sodium_0.pdf (accessed on 6 July 2017).

	



CDC. Sodium and Potassium Intakes among US Infants and Preschool Children, 2003–2010. Available online: https://www.cdc.gov/salt/pdfs/mmwr_journal_highlights.pdf (accessed on 1 September 2017).

	



Webster, J.L.; Dunford, E.K.; Neal, B. A systematic survey of the sodium contents of processed foods. Am. J. Clin. Nutr. 2009, 91, 413–420. [Google Scholar] [CrossRef] [PubMed]

	



Dötsch, M.; Busch, J.; Batenburg, M.; Liem, G.; Tareilus, E.; Mueller, R.; Meijer, G. Strategies to reduce sodium consumption: A food industry perspective. Crit. Rev. Food Sci. Nutr. 2009, 49, 841–851. [Google Scholar] [CrossRef] [PubMed]

	



Inguglia, E.S.; Zhang, Z.; Tiwari, B.K.; Kerry, J.P.; Burgess, C.M. Salt reduction strategies in processed meat products—A review. Trends Food Sci. Technol. 2017, 59, 70–78. [Google Scholar] [CrossRef]

	



Silow, C.; Axel, C.; Zannini, E.; Arendt, E.K. Current status of salt reduction in bread and bakery products—A review. J. Cereal Sci. 2016, 72, 135–145. [Google Scholar] [CrossRef]

	



Beck, M.; Jekle, M.; Becker, T. Impact of sodium chloride on wheat flour dough for yeast-leavened products. I. Rheological attributes. J. Sci. Food Agric. 2012, 92, 585–592. [Google Scholar] [CrossRef] [PubMed]

	



Breslin, P.A.; Beauchamp, G.K. Salt enhances flavour by suppressing bitterness. Nature 1997, 387, 563. [Google Scholar] [CrossRef] [PubMed]

	



Mattes, R.D.; Donnelly, D. Relative contributions of dietary sodium sources. J. Am. Coll. Nutr. 1991, 10, 383–393. [Google Scholar] [CrossRef] [PubMed]

	



Institute of Medicine (IOM). Taste and flavor roles of sodium in foods: A unique challenge to reducing sodium intake. In Strategies to Reduce Sodium Intake in The United States; Henney, J.E., Taylor, C.L., Boon, C.S., Eds.; National Academies Press: Washington, DC, USA, 2010. [Google Scholar]

	



Beauchamp, G.K. The human preference for excess salt. Am. Sci. 1987, 75, 27–33. [Google Scholar]

	



Campbell, K.J.; Hendrie, G.; Nowson, C.; Grimes, C.A.; Riley, M.; Lioret, S.; McNaughton, S.A. Sources and correlates of sodium consumption in the first 2 years of life. J. Acad. Nutr. Diet. 2014, 114, 1525–1532. [Google Scholar] [CrossRef] [PubMed]

	



O’Halloran, S.A.; Grimes, C.; Lacy, K.E.; Nowson, C.; Campbell, K. Dietary sources and sodium intake in a sample of australian preschool children. BMJ Open 2015, 6, e008698. [Google Scholar] [CrossRef] [PubMed]

	



Quader, Z.S.; Gillespie, C.; Sliwa, S.A.; Ahuja, J.K.C.; Burdg, J.P.; Moshfegh, A.; Pehrsson, P.R.; Gunn, J.P.; Mugavero, K.; Cogswell, M.E. Sodium intake among US school-aged children: National health and nutrition examination survey, 2011–2012. J. Acad. Nutr. Diet. 2017, 117, 39–47.e5. [Google Scholar] [CrossRef] [PubMed]

	



Grimes, C.A.C.; Campbell, K.J.; Riddell, L.J.; Nowson, C.A. Sources of sodium in australian children’s diets and the effect of the application of sodium targets to food products to reduce sodium intake. Br. J. Nutr. 2011, 105, 468–477. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Zhang, Z.; Kuklina, E.V.; Fang, J.; Ayala, C.; Hong, Y.; Loustalot, F.; Dai, S.; Gunn, J.P.; Tian, N.; et al. Sodium intake and blood pressure among US children and adolescents. Pediatrics 2012, 130, 611–619. [Google Scholar] [CrossRef] [PubMed]

	



Lawlor, D.A.; Smith, G.D. Early life determinants of adult blood pressure. Curr. Opin. Nephrol. Hypertens. 2005, 14, 259–264. [Google Scholar] [CrossRef] [PubMed]

	



Birch, L.L. Influences on the development of children’s eating behaviours: From infancy to adolescence. Can. J. Diet. Pract. Res. 2007, 68, s1–s56. [Google Scholar] [PubMed]

	



Mennella, J.A. Ontogeny of taste preferences: Basic biology and implications for health. Am. J. Clin. Nutr. 2014, 99, 704S–711S. [Google Scholar] [CrossRef] [PubMed]

	



Boscardin, E.; Alijevic, O.; Hummler, E.; Frateschi, S.; Kellenberger, S. The function and regulation of acid-sensing ion channels (asics) and the epithelial Na(+) channel (ENAC): Iuphar review 19. Br. J. Pharmacol. 2016, 173, 2671–2701. [Google Scholar] [CrossRef] [PubMed]

	



Roper, S.D. The taste of table salt. Pflüg. Arch. 2015, 467, 457–463. [Google Scholar] [CrossRef] [PubMed]

	



Bachmanov, A.A.; Beauchamp, G.K. Taste receptor genes. Annu. Rev. Nutr. 2007, 27, 389–414. [Google Scholar] [CrossRef] [PubMed]

	



Webb, J.; Bolhuis, D.P.; Cicerale, S.; Hayes, J.E.; Keast, R. The relationships between common measurements of taste function. Chemosens. Percept. 2015, 8, 11–18. [Google Scholar] [CrossRef] [PubMed]

	



Beauchamp, G.K.; Dulbecco, R. Salt preference in humans. In Encyclopedia of Human Biology; Academic Press: San Diego, CA, USA, 1997; pp. 669–675. [Google Scholar]

	



Henney, J.E.; Taylor, C.L.; Boon, C.S. Taste and flavor roles of sodium in foods: A unique challenge to reducing sodium intake. In Strategies to Reduce Sodium Intake in The United States; National Academies Press: Washington, DC, USA, 2010. [Google Scholar]

	



Kovac, B.; Knific, M. The perception of low-salt bread among preschool children and the role of educational personnel in creating a positive attitude towards reformulated food. Zdr. Varst. 2016, 56, 39–46. [Google Scholar] [CrossRef] [PubMed]

	



Girgis, S.; Neal, B.; Prescott, J.; Prendergast, J.; Dumbrell, S.; Turner, C.; Woodward, M. A one-quarter reduction in the salt content of bread can be made without detection. Eur. J. Clin. Nutr. 2003, 57, 616–620. [Google Scholar] [CrossRef] [PubMed]

	



Barthosuk, L.M. Sensory analyses of taste. In Biological and Behavioral Aspects of Salt Intake; Kare, M.R., Fregly, M.J., Bernard, R.A., Eds.; Academic Press: New York, NY, USA, 1980; pp. 83–98. [Google Scholar]

	



Liem, D.G.; Miremadi, F.; Keast, R.S.J. Reducing sodium in foods: The effect of flavor. Nutrients 2011, 3, 694–711. [Google Scholar] [CrossRef] [PubMed]

	



Mennella, J.A.; Pepino, M.Y.; Beauchamp, G.K. Modification of bitter taste in children. Dev. Psychobiol. 2003, 43, 120–127. [Google Scholar] [CrossRef] [PubMed]

	



Keast, R.S.; Breslin, P.A. An overview of taste-taste interactions. Food Qual. Pref. 2003, 14, 111–124. [Google Scholar] [CrossRef]

	



Rossenstein, D.; Oster, H. Differential facial responses to four basic tastes in newborns. Child Dev. 1988, 59, 1555–1568. [Google Scholar] [CrossRef]

	



Steiner, J.E.; Weiffenbach, J.M. Facial expressions of the neonate infant indication the hedonics of food-related chemical stimuli. In Taste and Development: The Genesis of Sweet Preference; U.S. Government Printing Office: Washington, DC, USA, 1977; pp. 173–188. [Google Scholar]

	



Desor, J.A.; Maller, O.; Andrews, K. Ingestive responses of human newborns to salty, sour, and bitter stimuli. J. Comp. Physiol. Psychol. 1975, 89, 966–970. [Google Scholar] [CrossRef] [PubMed]

	



Maller, O.; Desor, J.A. Effect of Taste on Ingestion by Human Newborns; NIH 73-546; Government Printing Office: Washington, DC, USA, 1973; pp. 279–291.

	



Hill, D.L.; Mistretta, C.M. Developmental neurobiology of salt taste sensation. Trends Neurosci. 1990, 13, 188–195. [Google Scholar] [CrossRef]

	



Cowart, B.J.; Beauchamp, G.K.; McBride, R.L.; MacFie, H.J.H. Early development of taste perception. In Psychological Basis of Sensory Evaluation; Elsevier Applied Science: New York, NY, USA, 1990; pp. 1–16. [Google Scholar]

	



Beauchamp, G.K.; Cowart, B.J.; Mennella, J.A.; Marsh, R.R. Infant salt taste: Developmental, methodological, and contextual factors. Dev. Psychobiol. 1994, 27, 353–365. [Google Scholar] [CrossRef] [PubMed]

	



McDaniel, M.R.; Barker, E.; Lederer, C.L. Sensory characterization of human milk. J. Dairy Sci. 1989, 72, 1149–1158. [Google Scholar] [CrossRef]

	



Manganaro, R.; Marseglia, L.; Mamı, C.; Palmara, A.; Paolata, A.; Loddo, S.; Gargano, R.; Mondello, M.; Gemelli, M. Breast milk sodium concentration, sodium intake and weight loss in breast-feeding newborn infants. Br. J. Nutr. 2007, 97, 344–348. [Google Scholar] [CrossRef] [PubMed]

	



Beauchamp, G.K.; Cowart, B.J. Congenital and experiential factors in the development of human flavor preferences. Appetite 1985, 6, 357–372. [Google Scholar] [CrossRef]

	



Harris, G.; Thomas, A.; Booth, D.A. Development of salt taste in infancy. Dev. Psychobiol. 1990, 26, 534–538. [Google Scholar] [CrossRef]

	



Cowart, B.J.; Beauchamp, G.K. The importance of sensory context in young children’s acceptance of salty tastes. Child Dev. 1986, 57, 1034–1039. [Google Scholar] [CrossRef] [PubMed]

	



Beauchamp, G.K.; Cowart, B.J.; Moran, M. Developmental changes in salt acceptability in human infants. Dev. Psychobiol. 1986, 19, 17–25. [Google Scholar] [CrossRef] [PubMed]

	



Harris, G.; Booth, D.A. Infants’ preference for salt in food: Its dependence upon recent dietary experience. J. Reprod. Infant Psychol. 1987, 5, 97–104. [Google Scholar] [CrossRef]

	



Crystal, S.R.; Bernstein, I.L. Infant salt preference and mother’s morning sickness. Appetite 1998, 30, 297–307. [Google Scholar] [CrossRef] [PubMed]

	



Stein, L.; Cowart, B.; Beauchamp, G. Salty taste acceptance by infants and young children is related to birth weight: Longitudinal analysis of infants within the normal birth weight range. Eur. J. Clin. Nutr. 2006, 60, 272–279. [Google Scholar] [CrossRef] [PubMed]

	



Stein, L.J.; Cowart, B.J.; Beauchamp, G.K. The development of salty taste acceptance is related to dietary experience in human infants: A prospective study. Am. J. Clin. Nutr. 2012, 94, 123–129. [Google Scholar] [CrossRef] [PubMed]

	



Nicolaidis, S.; Galaverna, O.; Metzler, C.H. Extracellular dehydration during pregnancy increases salt appetite of offspring. Am. J. Physiol. 1990, 258, R281–R283. [Google Scholar] [PubMed]

	



Hurley, S.W.; Johnson, A.K. The biopsychology of salt hunger and sodium deficiency. Pflüg. Arch. 2015, 467, 445–456. [Google Scholar] [CrossRef] [PubMed]

	



Crystal, S.R.; Bernstein, I.L. Morning sickness: Impact on offspring salt preference. Appetite 1995, 25, 231–240. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Q.; O’brien, B.; Relyea, J. Severity of nausea and vomiting during pregnancy: What does it predict? Birth 2001, 26, 108–114. [Google Scholar] [CrossRef]

	



Niebyl, J.R. Nausea and vomitting in pregnancy. N. Engl. J. Med. 2010, 361, 1544–1550. [Google Scholar] [CrossRef] [PubMed]

	



Mansour, F.; Petersen, D.; De Coppi, P.; Eaton, S. Effect of sodium deficiency on growth of surgical infants: A retrospective observational study. Pediatr. Surg. Int. 2014, 30, 1279–1284. [Google Scholar] [CrossRef] [PubMed]

	



Stein, L.J.; Cowart, B.J.; Epstein, A.N.; Pilot, L.J.; Laskin, C.R.; Beauchamp, G.K. Increased liking for salty foods in adolescents exposed during infancy to a chloride-deficient feeding formula. Appetite 1996, 27, 65–77. [Google Scholar] [CrossRef] [PubMed]

	



Leshem, M. Salt preference in adolescence is predicted by common prenatal and infantile mineralofluid loss. Physiol. Behav. 1998, 63, 699–704. [Google Scholar] [CrossRef]

	



Whitten, C.; Stewart, R. The effect of dietary sodium in infancy on blood pressure and related factors. Studies of infants fed salted and unsalted diets for five months at eight months and eight years of age. Acta Paediatr. Scand. Suppl. 1980, 2791, 1–17. [Google Scholar] [CrossRef]

	



Mennella, J.A.; Bobowski, N.K.; Reed, D.R. The development of sweet taste: From biology to hedonics. Rev. Endocr. Metab. Disord. 2016, 17, 171–178. [Google Scholar] [CrossRef] [PubMed]

	



Meilgaard, M.; Civille, G.V.; Carr, B.T. Sensory Evaluation Techniques; CRC Press: London, UK, 1999. [Google Scholar]

	



James, C.E.; Laing, D.G.; Oram, N. A comparison of the ability of 8–9-year-old children and adults to detect taste stimuli. Physiol. Behav. 1997, 62, 193–197. [Google Scholar] [CrossRef]

	



Kim, G.H.; Lee, H.M. Frequent consumption of certain fast foods may be associated with an enhanced preference for salt taste. J. Hum. Nutr. Diet. 2009, 22, 475–480. [Google Scholar] [CrossRef] [PubMed]

	



Matsuzuki, H.; Muto, T.; Haruyama, Y. School children’s salt intake is correlated with salty taste preference assessed by their mothers. Tohoku J. Exp. Med. 2008, 215, 71–77. [Google Scholar] [CrossRef]

	



Bobowski, N.K.; Mennella, J.A. Disruption in the relationship between blood pressure and salty taste thresholds among overweight and obese children. J. Acad. Nutr. Diet. 2015, 115, 1272–1282. [Google Scholar] [CrossRef] [PubMed]

	



Arguelles, J.; Diaz, J.J.; Malaga, I.; Perillan, C.; Costales, M.; Vijande, M. Sodium taste threshold in children and its relationship to blood pressure. Braz. J. Med. Biol. Res 2006, 40, 721–726. [Google Scholar] [CrossRef]

	



Baker, K.A.; Didcock, E.A.; Kemm, J.R.; Patrick, J.M. Effect of age, sex and illness on salt taste detection thresholds. Age Ageing 1983, 12, 159–165. [Google Scholar] [CrossRef] [PubMed]

	



Hertz, J.; Cain, W.S.; Bartoshuk, L.M.; Dolan, J.T.F. Olfactory and taste sensitivity in children with cystic fibrosis. Physiol. Behav. 1975, 14, 89–94. [Google Scholar] [CrossRef]

	



Wise, P.M.; Breslin, P.A.S. Individual differences in sour and salt sensitivity: Detection and quality recognition thresholds for citric acid and sodium chloride. Chem. Senses 2013, 38, 333–342. [Google Scholar] [CrossRef] [PubMed]

	



Lucas, L.; Riddell, L.; Liem, G.; Whitelock, S.; Keast, R. The influence of sodium on liking and consumption of salty food. J. Food Sci. 2011, 76, S72–S76. [Google Scholar] [CrossRef] [PubMed]

	



Kirsten, V.R.; Wagner, M.B. Salt taste sensitivity thresholds in adolescents: Are there any relationships with body composition and blood pressure levels? Appetite 2014, 81, 89–92. [Google Scholar] [CrossRef] [PubMed]

	



Okoro, O.E.; Uroghide, G.E.; Jolayemi, T.E.; George, O.O.; Enobakhare, C.O. Studies on taste thresholds in a group of adolescent children in rural Nigeria. Food Qual. Pref. 1998, 9, 205–210. [Google Scholar] [CrossRef]

	



Majorana, A.; Campus, G.; Anedda, G.; Piana, G.; Bossu, M.; Cagetti, M.G.; Conto, G.; D’Alessandro, G.; Strohmneger, L.; Polimeni, A. Development and validation of a taste sensitivity test in a group of healthy children. Eur. J. Paediatr. Dent. 2012, 13, 147–150. [Google Scholar] [PubMed]

	



Ohnuki, M.; Ueno, M.; Zaitsu, T.; Kawaguchi, Y. Taste hyposensitivity in japanese schoolchildren. BMC Oral Health 2014, 14, 36. [Google Scholar] [CrossRef] [PubMed]

	



Evans, L.C.; Ivy, J.R.; Wyrwoll, C.; McNairn, J.A.; Menzies, R.I.; Christensen, T.H.; Al-Dujaili, E.A.S.; Kenyon, C.J.; Mullins, J.J.; Seckl, J.R.; et al. Conditional deletion of hsd11b2 in the brain causes salt appetite and hypertension. Circulation 2016, 133, 1360–1370. [Google Scholar] [CrossRef] [PubMed]

	



Zumkley, H.; Vetter, H.; Mandelkow, T.; Spieker, C. Taste sensitivity for sodium chloride in hypotensive, normotensive and hypertensive subjects. Nephron 1987, 47, 132–134. [Google Scholar] [CrossRef] [PubMed]

	



Nikam, L.H. Salt taste threshold and its relation to blood pressure in normotensive offspring of hypertensive parents amongst indian adolescents. Indian J. Physiol. Pharmacol. 2015, 59, 34–40. [Google Scholar] [PubMed]

	



Wotman, S.; Mandel, I.D.; Thompson, R.H.; Laragh, J.H. Salivary electrolytes and salt taste thresholds in hypertension. J. Chron. Dis. 1967, 20, 833–840. [Google Scholar] [CrossRef]

	



Fallis, N.; Lasagna, L.; Tetreault, L. Gustatory thresholds in patients with hypertension. Nature 1962, 196, 74–75. [Google Scholar] [CrossRef]

	



Mattes, R.D. Salt taste and hypertension: A critical review of the literature. J. Chronic Dis. 1984, 37, 195–208. [Google Scholar] [CrossRef]

	



Azinge, E.C.; Sofola, O.A.; Silva, B.O. Relationship between salt intake, salt-taste threshold and blood pressure in nigerians. West Afr. J. Med. 2011, 30, 373–376. [Google Scholar] [PubMed]

	



Henkin, R.I. Salt taste in patients with essential hypertension and with hypertension due to primary hyperaldosteronism. J. Chronic Dis. 1974, 27, 235–244. [Google Scholar] [CrossRef]

	



Desor, J.A.; Greene, L.S.; Maller, O. Preferences for sweet and salty in 9- to 15-year-old and adult humans. Science 1975, 190, 686–687. [Google Scholar] [CrossRef] [PubMed]

	



Beauchamp, G.K.; Cowart, B.J.; Dobbing, J. Development of sweet taste. In Sweetness; Springer: Berlin, Germany, 1987; pp. 127–138. [Google Scholar]

	



Beauchamp, G.K.C.; Moran, M. Preference for high salt concentrations among children. Dev. Psychobiol. 1990, 26, 539–545. [Google Scholar] [CrossRef]

	



Verma, P.; Mittal, S.; Ghildiyal, A.; Chaudhary, L.; Mahajan, K.K. Salt preference: Age and sex related variability. Indian J. Physiol. Pharmacol. 2007, 51, 91–95. [Google Scholar] [PubMed]

	



Mennella, J.A.; Finkbeiner, S.; Lipchock, S.V.; Hwang, L.-D.; Reed, D.R. Preferences for salty and sweet tastes are elevated and related to each other during childhood. PLoS ONE 2014, e92201. [Google Scholar] [CrossRef] [PubMed]

	



Stone, L.; Pangborn, R. Preferences and intake measures of salt and sugar, and their relation to personality traits. Appetite 1990, 15, 63–79. [Google Scholar] [CrossRef]

	



He, F.J.; Marrero, N.M.; MacGregor, G.A. Salt intake is related to soft drink consumption in children and adolescents: A link to obesity? Hypertension 2008, 51, 629–634. [Google Scholar] [CrossRef] [PubMed]

	



Grimes, C.A.; Riddell, L.J.; Campbell, K.J.; Nowson, C.A. Dietary salt intake, sugar-sweetened beverage consumption, and obesity risk. Pediatrics 2013, 131, 14–21. [Google Scholar] [CrossRef] [PubMed]

	



Cooke, L. The importance of exposure for healthy eating in childhood: A review. J. Hum. Nutr. Diet. 2007, 20, 294–301. [Google Scholar] [CrossRef] [PubMed]

	



Kochli, A.; Tenenbaum-Rakover, Y.; Leshem, M. Increased salt appetite in patients with congenital adrenal hyperplasia 21-hydroxylase deficiency. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 288, R1673–R1681. [Google Scholar] [CrossRef] [PubMed]

	



Trapp, C.M.; Speiser, P.W.; Oberfield, S.E. Congenital adrenal hyperplasia: An update in children. Curr. Opin. Endocrinol. Diabetes Obes. 2011, 18, 166–170. [Google Scholar] [CrossRef] [PubMed]

	



Bouhlal, S.; Chabanet, C.; Issanchou, S.; Nicklaus, S. Salt content impacts food preferences and intake among children. PLoS ONE 2013, 8, e53971. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bouhlal, S.; Issanchou, S.; Nicklaus, S. The impact of salt, fat and sugar levels on toddler food intake. Br. J. Nutr. 2011, 105, 645–653. [Google Scholar] [CrossRef] [PubMed]

	



Hayes, J.; Sullivan, B.; Duffy, V. Explaining variability in sodium intake through oral sensory phenotype, salt sensation and liking. Physiol. Behav. 2010, 100, 369–380. [Google Scholar] [CrossRef] [PubMed]

	



Mattes, R.D. The taste for salt in humans. Am. J. Clin. Nutr. 1997, 65, 692S–697S. [Google Scholar] [PubMed]

	



Albarracı, W.; Sanchez, I.C.; Grau, R.I.; Barat, J.M. Salt in processsing; usage and reduction: A review. Food Sci. Technol. 2011, 46, 1329–1336. [Google Scholar]

	



Zandstra, E.H.; De Graaf, C.; van Trijp, H.C.; van Staveren, W.A. Laboratory hedonic ratings as predictors of consumption. Food Qual. Pref. 1999, 10, 411–418. [Google Scholar] [CrossRef]

	



Rolls, B.J.; Rolls, E.T.; Rowe, E.A.; Sweeney, K. Sensory specific satiety in man. Physiol. Behav. 1981, 27, 137–142. [Google Scholar] [CrossRef]

	



Liem, D.; Zandstra, E.H. Children’s liking and wanting of snack products: Influence of shape and flavour. Int. J. Behav. Nutr. Phys. Act. 2009, 6, 38. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, S.A.; Birch, L.L. Pass the sugar, pass, the salt: Experience dictates preference. Dev. Psychol. 1990, 26, 546–551. [Google Scholar] [CrossRef]

	



Beauchamp, G.K.; Moran, M. Acceptance of sweet and salty tastes in 2-year-old children. Appetite 1984, 5, 291–305. [Google Scholar] [CrossRef]

	



Ahrens, W. Sensory taste preferences and taste sensitivity and the association of unhealthy food patterns with overweight and obesity in primary school children in Europe—A synthesis of data from the idefics study. Flavour 2015, 4, 8. [Google Scholar] [CrossRef]

	



Bouhlal, S.; Issanchou, S.; Chabanet, C.; Nicklaus, S. ‘Just a pinch of salt’. An experimental comparison of the effect of repeated exposure and flavor-flavor learning with salt or spice on vegetable acceptance in toddlers. Appetite 2014, 83, 209–217. [Google Scholar] [CrossRef] [PubMed]

	



Alexy, U.; Schaefer, A.; Sailer, O.; Busch-Stockfisch, M.; Huthmacher, S.; Kunert, J.; Kersting, M. Sensory preferences and discrimination ability of children in relation to their body weight status. J. Sens. Stud. 2011, 26, 409–412. [Google Scholar] [CrossRef]

	



Bobowski, N. Shifting human salty taste preference: Potential opportunities and challenges in reducing dietary salt intake of americans. Chemosens. Percept. 2015, 8, 112–116. [Google Scholar] [CrossRef] [PubMed]

	



Bertino, M.; Beauchamp, G.K.; Engelman, K. Long-term reduction in dietary sodium alters the taste of salt. Am. J. Clin. Nutr. 1982, 36, 1134–1144. [Google Scholar] [PubMed]








[image: Nutrients 09 01011 g001 550] 





Figure 1. Infants’ (0–6 months) Indifference, acceptance and rejection responses to different concentrations of NaCl water (%NaCl w/v). Age on the y-axis represent mean age in months. 1 Maller & Desor 1973, measure: intake, stimuli: salt water [40]; 2 Beauchamp,Cowart &Moran 1986, measure: intake, stimuli: salt water [49]; 3 Harris & Booth 1987, measure: intake, stimuli: cereals [50]; 4 Rossenstein &Oster, 1988, measure facial expression and sucking, stimuli: water [37]; 5 Crystal & Bernstein, 1998, measure: facial expression, intake, stimuli: salt water [51]; 6 Beauchamp, Cowart, Mennella, Marsh 1994, measure: sucks and intake, stimuli: salt water [43]; 7 Stein, Cowart & Beauchamp, 2006. measure: intake, stimuli: salt water [52]; 8 Stein, Cowart & Beauchamp, 2012, measure: intake, stimuli: salt water [53]. 
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Figure 2. Children’s (1–13 years) indifference, acceptance and rejection responses to different concentrations of NaCl in foods (%NaCl w/w) and liquids (%NaCl w/v). 1 Harris & Booth 1987, higher consumption compared to unsalted version, mashed potatoes [50]; 2 Beauchamp & Moran 1986, higher (2a) or lower (2b) consumption compared to unsalted version, water [49]; 3 Beauchamp, Cowart & Moran 1990, most preferred, soup [88]; 4 Bouhlal, Chabanet, Issanchou & Nicklaus 2013, more liked than unsalted version, Pasta and green beans [97]; 5 Bouhlal, Chabanet, Issanchou & Nicklaus 2013, higher consumption compared to unsalted version, pasta [97]; 6 Bouhlal, Chabanet, Issanchou & Nicklaus 2013, higher consumption compared to unsalted version, green beans [97]; 7 Bouhlal, Issanchou & Nicklaus 2011, higher consumption compared to unsalted version, green beans [98]; 8 Bouhlal, Issanchou & Nicklaus 2011, higher consumption compared to unsalted version, pasta [98]; 9 Cowart & Beauchamp 1986, lower consumption compared to unsalted version, water [48]; 10 Cowart & Beauchamp 1986, higher consumption compared to unsalted version, soup [48]; 11 Kim & Lee 2009, most preferred, soup [66]; 12 Mennella, Finkbeiner, Lipchock, Hwang & Reed 2014, most preferred, broth [90]; 13 Verma, Mittal, Ghildiyal, Chaudhary & Mahajan 2007, more liked than unsalted version, popcorn (unclear statistics) [89]. 
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Table 1. Children’s salt taste detection and recognition threshold.
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	Population N, Age Range, Country
	Type of Threshold (Design)
	Solution Range %NaCl in Water
	Threshold
	Remarks
	
	Reference





	N = 251, 10–12 years, Japan
	Detection (filter paper, paired comparison)
	0.6–1.6
	0.6%
	0.6%NaCl was lowest concentration presented.
	Thresholds not related to liking or salt intake
	Matsuzuki et al., 2008 [67]



	N = 24 10–19 years , UK
	Detection (staircase, one in 4)
	0.004–0.58
	0.04%
	Mean based on interpretation of figure
	Threshold 10–19 years old is higher than 20–29 years old
	Baker et al., 1983 [70]



	N = 70, 12–13 years, Korea
	Detection (triangle test)
	0.005–0.15
	0.03%
	
	Higher thresholds for those liking soup/stew
	Kim and Lee, 2009 [66]



	N = 97, 8–14 years, USA
	Detection (staircase, paired comparison)
	0.0003–5.8
	0.021%
	52% overweight children
	Threshold not related to salt intake
	Bobowski & Mennella, 2015 [68]



	N = 68, 8–9 years, Australia
	Detection (paired comparison)
	0.0009–0.029
	0.016–0.036%
	Boys were less sensitive than adults
	Boys had higher threshold than women
	James, Laing, & Oram, 1997, [65]



	N = 72, Age unknown, Spain
	Detection (staircase paired comparison)
	0.0012–0.08
	0.027%
	
	
	Arguelles et al., 2006 [69]



	N = 22, 9–19 years, USA
	Detection (staircase 4 in 8)
	0.00006–5.8
	0.006%
	Clinical population
	
	Hertz et al., 1975 [71]



	N = 421, 14–19 years, Brazil
	Recognition
	0.02–5.8
	0.17%
	
	Threshold not related to body composition
	Kirsten & Wagner, 2014, [74]



	N = 237, 6–15 years, Japan
	Recognition (one solution)
	-
	0.4%
	0.4% was the only solution presented
	Sensitivity lowest in 4–6 graders
	Ohnuki et al., 2014 [77]



	N = 40, 5–12 years, Italy
	Recognition (two solutions)
	0.18, 1.8
	1.8%
	Only two solutions tested
	
	Majorana et al., 2012 [76]



	N = 319, 9–17 years, Nigeria
	Recognition threshold (range)
	0.18–1
	0.18%
	
	Higher threshold in boys than girls
	Okoro et al., 1998 [75]
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