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Abstract

The modern food environment is often characterized by an increasingly assess-
able diet of inexpensive, energy-dense, and highly palatable foods. Extensive
evidence indicates the eating rate of foods (g/min or kcal/min) is associated with
energy intake, body composition, and the associated risk of food-based non-
communicable diseases. Moderating eating rate during food intake offers a simple
but effective strategy to regulate energy consumption and body weight. Research
evidence from population and experimental studies demonstrates that eating at a
slower rate can produce sustained changes in ad libitum energy intake, influence
body composition, and moderate our metabolic response to ingested nutrients.
Understanding which factors combine to influence eating rates affords new
opportunities to design “slower” foods that can reduce the risk of over-consump-
tion and support better long-term energy control. This chapter summarizes the
role of eating rate in energy intake and body composition, provides an overview
of development of eating behaviors in infancy and childhood, and describes the
individual and food-based factors that can influence eating rate and its metabolic
impact. The chapter provides a summary of research that has intervened to slow
eating rate and demonstrates opportunities to support energy intake reductions
using texture-led changes to eating rate.

Introduction: Impact of Eating Rate on Energy Intake and Body
Composition

Obesity is a disorder of energy balance that is driven by overconsumption of calories
relative to energy expenditure (Hall and Guo 2017) and is associated with a range of
metabolic disorders responsible for much of the food based non-communicable
diseases and ill-health that burden our society (Hruby et al. 2016). The increasing
prevalence of obesity has led many to speculate that the food environment may be
promoting greater energy intakes through the increased availability of inexpensive,
energy-dense, and highly palatable foods. Attention has been focused on educating
people to regulate their food intake by promoting healthy eating alongside re-
shaping the food environment. Interventions focused on eating rate have attracted
attention as a simple and effective strategy to better regulate food intake and body
weight (Bellack 1975). The rate of eating can be summarized as the g/min or kcal/
min of energy consumption during a meal and has been suggested to act as an
indicator of appetite avidity and satiety sensitivity (Llewellyn et al. 2008), wherein a
slower eating rate results in reduced food intake within a meal. Previous research has
demonstrated the efficacy of slower eating to reduce food intake (Bolhuis et al.
2014a; Forde et al. 2013b; McCrickerd et al. 2017). The rate a person eats is thought
to be the result of the combination of their internal drive to eat and the food texture
environment they choose to consume (Forde et al. 2019). This is supported by
extensive reports from epidemiological research which consistently show that faster
self-reported eating rates are associated with increased food intake, increased body
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weight (Maruyama et al. 2008; Sasaki et al. 2003), and a higher risk of obesity and
cardio-metabolic disease (Lee et al. 2013; Mochizuki et al. 2012; Nagahama et al.
2014; Sasaki et al. 2003). Therefore, understanding what drives faster eating rates
creates opportunities to identify moderators of this behavior and the potential to
support long-term changes to energy intake and body weight.

This chapter summarizes the evidence supporting the role of eating rate in
promoting energy intake and higher body weight and its association with non-
communicable diseases. The chapter will provide an overview of the individual
and food-based factors that can influence eating rate and describe the metabolic
impact of faster eating rates on health and body composition. Finally, we summarize
research that has demonstrated opportunities to intervene on eating rate at both the
individual and food environment level to support reductions in energy intake.

Relationship Between Eating Rate, Energy Intake, Obesity, and
Non-communicable Diseases

Epidemiological Evidence for an Association Between Eating Rate,
Body Composition, and Health

In population research the rate of eating is often self-reported as slow, medium, or
fast. This self-reported eating rate measure has been widely reported in the epide-
miological literature (Sasaki et al. 2003), and shown to have good reliability
(Maruyama et al. 2008). Epidemiological studies have consistently shown that
individuals that self-report a higher eating rate are at greater risk of overweight
and obesity (Maruyama et al. 2008; Sasaki et al. 2003; van den Boer et al. 2017a).
For instance, compared with adults who report slower eating, those who ate at a
faster rate were 1.8- to 2.1-fold more likely to be overweight or obese in a large
Japanese cohort (Maruyama et al. 2008). Longitudinal studies have shown that self-
reported faster eating can also predict long-term weight gain and obesity (Gerace and
George 1996; Tanihara et al. 2011). For example, those reporting faster eating gained
9.9 pounds over 7 years compared to 6.8 pounds among those consistently reporting
a slower eating rate (Gerace and George 1996). In a separate population, faster eaters
gained 1.1 kg more over an 8-year period than those self-reporting as slow to
medium-eaters (Tanihara et al. 2011) suggesting an association between eating at a
faster rate and greater prospective weight gain. Faster eating rate has also been
positively associated with a greater incidence of type-2-diabetes biomarkers includ-
ing interleukin-1β and interleuin-6 (Mochizuki et al. 2012), and the onset of type-2-
diabetes (Sakurai et al. 2012), among otherwise healthy men even after adjusting for
energy intake and BMI (Mochizuki et al. 2012). These findings indicate that insulin
resistance (Otsuka et al. 2008) and weight gain may stem from consistently con-
suming greater energy by eating at a faster rate. Individuals that self-report eating
faster have also been shown to have a higher risk of metabolic syndrome (Zhu et al.
2015), and non-alcoholic fatty liver disease (Lee et al. 2016). Faster eating is also
strongly associated with markers of the metabolic syndrome including higher blood
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lipid profiles and greater waist circumference (Lee et al. 2013; Nagahama et al.
2014). These associations have been observed in both Asian and non-Asian
populations, despite differences in diet and ethnicity.

Empirical Evidence of an Association Between Eating Rate, Body
Composition, and Health

Across studies there is a large variation in the strength of associations between faster
eating rates and noncommunicable diseases. Many of these discrepancies may be
dependent on the accuracy of self-reported eating rate, and whether this accurately
reflects observed differences in real life. Recent studies have confirmed that self-
reported eating rate reflects differences in measured eating rates at an individual
rather than a group level, indicating the findings from epidemiological comparisons
of eating rate would hold true when measured (Petty et al. 2013; van den Boer et al.
2017a).

In laboratory studies eating rate has been objectively measured using a range of
approaches including behavioral coding of video recordings, timers, bite counting
devices or computerized software to track food disappearance from the plate (i.e.,
Universal eating pattern monitor). A large body of laboratory-based evidence sup-
ports a link between faster eating rate and an increased acute energy intake (Andrade
et al. 2008; Forde et al. 2013b; Martin et al. 2007; Scisco et al. 2011; Zijlstra et al.
2009). Eating faster has been associated with increased food intake by increasing the
rate of energy ingestion (kcals/min) during a meal (Spiegel and Jordan 1978).
Individuals consume greater energy when instructed verbally to eat at a faster rate
(Andrade et al. 2008) or when guided by a computerized task to increase their rate of
intake (Martin et al. 2007; Scisco et al. 2011). In both cases, verbal or visual
instructions that slow the rate of eating also led to a reduction in energy intake.
Participants that were instructed to eat for an extended duration of 21-minutes
decreased their ad libitum meal intake by an average of 67 kcals compared to a
faster eating comparison group (Andrade et al. 2008). A meta-analysis of 21 studies
confirmed that when participants eat at a faster rate they increase their overall energy
intake, with a small- to medium-sized effect of 0.45 (Robinson et al. 2014).

Differences in Eating Rate and Microstructure by Weight Status

Whether eating rate is a cause or consequence of higher body weight has been a
research question for many years, with numerous studies exploring whether people
with a higher body weight eat with a distinctive microstructure to support faster
eating rates. Eating microstructure encompasses behaviors such as average bite size
(g/bite), chews per bite, total oral exposure (minutes), and total bites, and is best
summarized as overall eating rate by weight (g/min) or energy intake rate (kcals/
min). Results from some early comparative work by Ferster and colleagues showed
that individuals with obesity tended to take larger bites and eat at a faster rate than a
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control group of lean individuals. The conclusion was that individuals with obesity
would consume less if they slowed their intake by taking smaller bites (Ferster et al.
1962). Subsequent experimental studies however have been equivocal in their
findings, with some confirming these observed differences in eating styles (Gaul et
al. 1975; Park and Shin 2015), while others have found no differences in eating
styles between individuals from different weight status subgroups (Spiegel 2000;
Spiegel et al. 1993). Part of the lack of agreement in these results can be attributed to
differences in the measures of eating rate, but it is also likely that if differences exist,
they are likely to be nominal and may be partially due to the higher energy needs
associated with increased body weight. Normal eating microstructure is typically
characterized by a deceleration in eating rate towards the end of a meal, characterized
by longer gaps between bites which signal the onset of satiation. Previous research
has suggested that individuals with obesity retain a constant linear eating speed of
eating throughout the meal which has been proposed to reflect an absence or
distorted perception of satiety (Zandian et al. 2009).

Based on extensive evidence from both epidemiological and empirical studies,
faster eating rates appear to have a significant role in promoting greater energy
intakes acutely and have been associated with increased prospective weight gain
over time. To date there is little consistent evidence to support the idea that faster
eating rate is solely linked to a higher weight status, and wide variations in eating
rate have been observed across all weight classes.

Factors that Can Influence an Individual’s Eating Rate

The rate at which a meal is consumed has been described as a combination of an
individual’s drive to eat and the properties of the foods they choose to consume
(Forde et al. 2019). Here we summarize the development of eating behaviors during
childhood, and the main factors that have been reported to influence eating rate,
summarizing factors related to the (i) person, (ii) food properties, and (iii) food
environment, and the interaction between these factors.

Development of Eating Behaviors During Childhood

Eating rate is a heritable phenotypic with a heritability index of 0.62, making it one
of the highest heritability estimates reported among appetitive traits, with a greater
score than disinhibition, palatability, or neophobia (Llewellyn et al. 2008). From an
early age, infants from 2 to 4 weeks old that were observed to have a greater sucking
voracity later had a faster eating rate and greater prospective weight gain over time
(Agras et al. 1987, 1990). Eating at a faster or slower rate may reflect both an
individual’s drive to eat and their early life experience with foods. Pre-weaning
parental feeding practices such as breast feeding have been shown to stimulate better
early life orofacial muscle and skeletal development in the developing infant when
compared to bottle feeding (Viggiano et al. 2004), though no clear longer-term
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impact on orofacial muscle and skeletal development was found between breast or
bottle feeding.

Early life exposure to a wide variety of food textures is important to promote
diversity in food preference and a broader texture acceptance (Coulthard et al. 2009).
In the development of eating behaviors both bite force and mastication abilities are
influenced by early-life texture experiences (Wang and Ge 2015) which in turn
support the consumption of harder and more complex textures in later childhood
(Gisel 1988). One recent study tracked infant texture acceptance longitudinally
alongside oral development between 6 and 18 months (Demonteil et al. 2019).
This study demonstrated that chewing behavior begins to emerge and stabilize at
approximately 8 months and is well established by 10 months, coinciding with the
acceptance of harder and more complex textures. However, it remains unclear which
elements of early life texture experiences and oral development influence the
emergence of differences in eating rate, or how differences observed during infancy
track from later childhood and adulthood.

Infants with greater sucking voracity gain weight at a faster rate, and in a similar
way children that tend to eat faster have also been shown to gain weight at a faster
rate over time (Berkowitz et al. 2010). These differences in eating rate and the
associated microstructural patterns of eating may track into later childhood, and have
been shown to have a sustained impact on the energy intake and prospective weight
gain over time (Berkowitz et al. 2010; Okubo et al. 2017). Recent findings from the
Growing up in Singapore to Healthy Outcomes birth cohort (GUSTO) demonstrate
that among 4.5-year-old children, those that eat at a faster rate and for a longer
duration consumed an average of 75% more energy within an ad libitum meal, than
those that ate slower. Children who ate faster had a consistently higher energy intake
and this was associated with increased BMI z-score and indices of whole-body
adiposity (Fogel et al. 2017b). Those children that showed a faster rate of eating at
4.5 years still had a faster eating rate and greater increases in BMI z-scores and
adiposity at 6 years, indicating the stability of this behavior and links to prospective
weight changes (Forde et al. 2019). In this study, children that ate at a faster rate did
so by taking larger bite size, chewing less per gram with a reduced oro-sensory
exposure time per bite (Fogel et al. 2017a). This has been described as an
“obesogenic” eating style that strongly associates with increased energy intake and
not exclusively limited to children with overweight or obesity, but was also seen
among children with BMI z-scores in the upper normal range (Fogel et al. 2017a, b).
Taken together, these findings highlight the early emergence and consistency of
eating rates in childhood, which associate with both increased energy intake and
more rapid weight and adiposity gains during the preschool years.

Throughout childhood, parents often use feeding practices during meal time to
encourage or restrict a child’s food intake (Faith et al. 2004). Research has shown
that within-meal frequency of parental feeding practices is associated with faster
eating rates and greater energy intakes (Drucker et al. 1999; Fogel et al. 2018a).
Longitudinal data also show that within-meal parental feeding practices, such as
instructions to speed up or slowdown, restrictions around food choice, encourage-
ment and coercive prompts to eat, have also been associated with faster eating rates
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and a higher BMI z-score suggesting a bidirectional relationship between the
parent’s feeding practices and child’s eating behaviors (Fogel et al. 2018a; Fries et
al. 2019; Quah et al. 2019). Faster eating rates have also been associated with
stronger appetitive traits, enjoyment of food, food responsiveness and lower satiety
responsiveness and slowness of eating, possibly reflecting a heightened responsivity
to the food environment and a decreased sensitivity to satiety cues. Eating faster has
been shown to mediate associations between greater food enjoyment, lower slow-
ness in eating, lower food fussiness, and higher energy intakes, suggesting that
eating rates associated with increased obesity risk may be underpinned by appetitive
traits, and may be one of the behavioral pathways through which these appetitive
traits promote greater energy intakes (Fogel et al. 2018b). More broadly, children
with lower inhibitory control also tend to select multiple food servings, served
themselves more and consume their meal at a faster rate, indicating that eating rate
may be an important behavioral manifestation of this trait which can increase the risk
of overweight or obesity (Fogel et al. 2019).

The early feeding practices and the food environment a child is exposed to play an
important role in shaping their eating behaviors, and may exacerbate a stronger
appetite response and poorer inhibitory control in an energy rich food environment.
This can manifest through the early emergence of habitually faster eating rates that
can exert a sustained influence on energy intake and increase prospective weight and
adiposity gains during childhood, increasing the risk of obesity and metabolic
dysfunction in later life.

Individual Factors that Can Influence Eating Rate

Eating rate has been shown to consistent at an individual level, across several
different food products such that a tendency to eat faster for one meal is often
generalized to faster eating across many other products (Guy-Grand et al. 1994). A
recent study measured eating rate in participants who consumed the same meal
during four separate ad libitum test sessions, and repeated this comparison across
four separate feeding trials with a similar design (McCrickerd and Forde 2017).
Results show that eating rate meal to meal was highly stable for each individual,
with a person’s eating rate during their first meal significantly predicting both their
eating rate and energy intake during subsequent meals (McCrickerd and Forde
2017) (Fig. 1). This suggests that eating rate is a consistent and “automatic”
behavior that is stable over time (Ioakimidis et al. 2011) and predictive of
within-meal energy intake. Eating rate within an individual tends to be consistent
but varies considerably between individuals (Ketel et al. 2019), with wide varia-
tions in eating rate have been observed among young children (Fogel et al. 2017b),
and adults (Devezeaux de Lavergne et al. 2015; Zijlstra et al. 2010). Children
described as faster eaters (9.33 g/min) were reported to eat approximately twice as
fast as those children described as slower eaters (4.43 g/min), independently of the
foods being consumed (Fogel et al. 2017b). Similarly, adults described as faster
eaters (17.4 g/min) consumed about twice as fast as those described as slower
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eaters (7.8 g/min), for both hard and soft versions of the same test food (sausages)
(Devezeaux de Lavergne et al. 2015).

Large differences in eating rate are consistently observed across genders, with one
early study showing that independently of body size, females take more frequent
bites with a smaller average bite size compared to men when consuming the same
test food (Hill and McCutcheon 1984). Males have a larger average bite size for
liquid, semisolid, and solid foods, and eat at a faster rate for solid foods, compared to
women (Ketel et al. 2019; Park and Shin 2015). Males also have a higher maximal
bite force (Palinkas et al. 2010), saliva flow rate (Percival et al. 1994), and cheek and
lip compression strength (Clark and Solomon 2012), compared to women. These
gender differences in oral anatomy and masticatory performance are plausible due to
male’s larger energy requirements which are linked to a higher lean muscle mass and
resting metabolic rate. A recent study showed that across both genders, adults with
higher lean muscle mass and basal metabolic rate had a higher eating rate (Henry et
al. 2018), suggesting that eating faster may be an adaptive behavioral response to
greater energy requirements.

Changes in oral health and dentition may also influence masticatory performance
and studies have shown that older consumers tend to chew solid foods for longer,
with more chews per bite compared to the young adults (Ketel et al. 2019; Mioche et

Fig. 1 Scatter plots of individual eating rates and energy intake across each of the four test meals
consumed in (A) Study 1, (B) Study 2, (C) Study 3, and (D) Study 4. The lines represent the
regression line of best fit for each meal. (From McCrickerd and Forde 2017)
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al. 2004). Older consumers may experience a decline in their masticatory perfor-
mance including oral health, dental status, jaw muscle strength, and bite force which,
in turn, can lead to a lowering of their eating rate, changes in food choice, and the
requirement for more chews per bite (Ketel et al. 2019). Masticatory performance
and oral health status can therefore have a significant impact on food choice,
enjoyment, and nutritional status (Schwahn et al. 2013). The total number of
functional teeth has been suggested to affect masticatory efficiency (Boretti et al.
1995; Van der Bilt 2011). In adults, the loss of teeth posterior to the canines is
significantly correlated with a reduction of masticatory efficiency (Hatch et al. 2001).
Dental rehabilitation has been shown to be effective in reducing oral pain and can
enhance chewing ability, and masticatory performance has been shown to improve
following restorative dental treatment and prostheses (Allen and McMillan 2002).

In addition to age and gender, ethnic differences in cultural feeding practices may
influence habitual oral processing behaviors. In one study Chinese participants were
observed to have a lower average bite size and slower eating rate when compared to
Dutch participants of a similar age across a range of different test foods (Ketel et al.
2019). Differences in eating behavior between the two ethnicities may be due to the
differences in oral physiology and anatomy, with some reports suggesting differ-
ences in oral cavity volume (Xue and Hao 2006). Cultural differences in eating
habits and food consumption contexts can also influence microstructural patterns of
eating, with one study observing a smaller bite size and slower eating rate when the
same test food was consumed using chopsticks compared to eating with a spoon or
hands (Sun et al. 2015). These findings highlight that differences in eating rate can be
influenced by individual differences in age, ethnicity, gender, and metabolic energy
requirements in addition to cultural eating practices and textures encountered by
consumers in their food environment.

The Influence of Food Texture on Eating Rate and Energy Intake

Texture is the dynamic sensation that arises from the combination of structural,
mechanical, and surface properties of foods and beverages detected through the
senses of vision, hearing, and touch. In addition to its contribution to sensory
perception, a food’s texture can also influence the oral processing behaviors required
to form a swallowable bolus (Wee et al. 2018) and in this way can play an important
role in moderating eating rate and regulating energy intake during a meal. We eat at a
slower rate and consume less energy to satiation when provided with more textured
versions of the same foods and this has been demonstrated for solid, semisolid, and
liquid food textures (Bolhuis et al. 2014a; Forde et al. 2013b; Zijlstra et al. 2008,
2010).

The relationship between food and eating rate can be further explained by the oral
breakdown path (Hutchings and Lillford 1988), which summarizes the breakdown
process of a food into a swallowable bolus along three dimensions of degree of
structure, lubrication, and time (Hutchings and Lillford 1988). When a food is
consumed, it has to be first broken down in oral cavity to smaller particle sizes,
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lubricated with saliva, and agglomerated into a bolus before it becomes safe to
swallow (Campbell et al. 2017). Several studies have shown that instrumental
measures of food structure are directly linked to degree of oral processing, and
differences in eating rate (Wee et al. 2018). Of all the macronutrients, proteinaceous
foods have been reported to more often have a stiffer structure than the carbohydrate-
and fat-rich foods; prolonging oro-sensory exposure time and reducing eating rate
(Wee et al. 2018). Foods with greater innate lubrication, such as water and/ or fat
content, tend to have faster eating rates and a faster time to swallow (Forde et al.
2017; van den Boer et al. 2017b; Viskaal-van Dongen et al. 2011).

Numerous recent studies have compared the eating rates of foods across a wide
variety of different textures, macronutrient and energy contents (Forde et al. 2013a,
2017; Viskaal-van Dongen et al. 2011; van den Boer et al. 2017b). Harder (stiffer
structure), thicker and chewier (less lubricated) foods (e.g., Tok, a Korean rice cake)
require more chews and take a longer oro-sensory exposure time to form a swal-
lowable bolus, producing a slower rate of eating than softer, thinner, and less chewy
foods (e.g., cooked white rice). Eating rates of many solid foods have been observed
in the range of <10–120 g/min, whereas for semisolids and liquids this range
extends up to 600 g/min (Forde et al. 2013a, 2017; van den Boer et al. 2017b).
Previous findings have shown that average bite size, chews per bite, and oro-sensory
exposure time are strongly correlated with ad libitum energy intake (Bolhuis et al.
2014a, b). Slowing eating rate using food texture can be used to support a reduction
in energy intake, though not all approaches to slowing eating rate have demonstrated
this effect. Slowing down overall eating rate by increasing the pauses between bites
was shown to be ineffective as a mean to reduce energy intake (Hermans et al. 2017).
This suggests food structure manipulations which slow down eating rate naturally
are likely to be more effective than approaches that require consumers to consciously
adjust their natural eating habits to include prolonged pauses between bites.

Across a series of studies, researchers have explored the potential for texture-
based differences in eating rate to reduce ad libitum energy intake while maintaining
meal liking and post-meal fullness (Bolhuis et al. 2014a; Forde et al. 2013b;
McCrickerd et al. 2017). In one example energy intake was compared across pureed
and whole versions of the same savory meal with greater energy intake observed in
the pureed meal condition and no significant difference in meal liking or post-meal
appetite feelings (Forde et al. 2013b). Texture differences in meal components were
used to produce a natural reduction in eating rate of approximately 20% to produce
an average reduction in ad libitum energy intake of 12%. In a follow up study,
slightly harder and softer versions of a hamburger and rice salad meal were served to
participants in a cross-over design and intake at lunch and later energy compensation
at dinner was recorded (Bolhuis et al. 2014a). Results showed participants consumed
on average 13% less energy at lunch, and tended not to compensate for this reduced
meal size later in the day to produce a total energy reduction of approximately 11%
over the course of a full day, directly as a result textures differences served at lunch.
More recently, across two studies researchers have explored the impact of texture-
based reductions in eating rate in moderating energy consumption at breakfast when
combined with reductions in energy density (study 1) and portion size (study 2).
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Results again showed that the least energy was consumed when the thicker (“slow”)
meal was consumed at a lower energy density and in a smaller portion size
(McCrickerd et al. 2017). These findings highlight opportunities to apply texture-
based reductions in eating rate to support reductions in energy intake, which can be
further enhanced when combined with reductions in energy density and portion size
(McCrickerd et al. 2017). Importantly, across all studies, participants reported
feeling equally full despite the decrease in energy intake and all foods were rated
as hedonically equivalent as study participants ate in response to the textures served.
Findings to date suggest that a 20% reduction of eating rate can lower ad libitum
energy intake by between 10% and 15%, while sustaining food liking and post-meal
satisfaction (McCrickerd and Forde 2017; McCrickerd et al. 2017). Further research
is needed to establish whether such texture-based reductions in eating rate and
energy intake persist over time to support sustained energy reductions and subse-
quent weight loss (Forde 2018a).

Harder food textures can be applied to reduce intake, but the reverse is also true as
softer food textures that are easier to consume can promote greater consumption
within and across meals. A texture- and energy density-modified “cottage pie” was
shown to enhance energy intake in a crossover trial and proposed as an effective
“food first” approach to support for individuals who struggle to meet their required
energy needs (Pritchard et al. 2014). In a recent in-patient randomized controlled
crossover study, Hall and colleagues found that when given 2 diets matched for total
calories, macronutrients, and fiber, adults consumed significantly more energy ad
libitum (~500 kcal/day) and gained more weight when consuming an ultraprocessed
versus a less processed diet. Both diets were iso-energetic and matched for macro-
nutrients; however, eating rate was significantly slower when participants were on
the less processed diet, consuming 17 fewer calories per minute compared to
ultraprocessed diet (Hall et al. 2019). These findings indicate that differences in
food texture moderated participants eating rate and had a sustained impact on daily
energy intakes that was sufficient to effect a change in body weight. The texture of
industrially produced ultraprocessed foods was consistently softer and easier to chew
and swallow, thereby increasing both eating rate and the overall energy consumed
within and across meals. Future studies are required to better evaluate whether
modern food processing can also be applied to enhance food texture in ways that
can slow eating rate and support reductions in energy intake over time.

A food’s flavor represents the integrated response to the smell, taste, and texture
cues that emerge during consumption, and has also been shown to influence the rate
of food intake within a meal. In one example, odor quality and intensity has been
shown to influence the average bite size taken when consuming a semi-solid food (de
Wijk et al. 2012). Flavor intensity may also indicate a higher nutrient content and
influence eating microstructure (Forde 2016). Food palatability has also been shown
to stimulate appetite, and enhance initial eating rate and through this facilitate greater
food intake (Yeomans 1996). During the early stages of a meal, people tend to eat at
a faster rate and can sometimes eat more when a food is perceived to have greater
palatability (Bellisle and Le Magnen 1980). Palatability can influence intake by
stimulating appetite and increasing the desire to consume a food through what is
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termed “appetition,” and through this promote faster eating rates and intake. This
effect has primarily been observed during the first phases of a meal (Bellisle and Le
Magnen 1980; Yeomans 1996). However, not all studies have shown an effect of
increased palatability on food intake via faster eating, and it is likely this effect is
dependent on meal context and the type of food consumed (Guy-Grand et al. 1994).

Elements of the Food Environment that Interact with Eating Rate to
Promote Energy Intake

Portion size acts as a visual reference for the appropriate consumption amount
(Marchiori et al. 2014), and larger portions have been shown to promote a larger
average bite size and promote faster eating rates. Previous studies show that
increased portion size is associated with a liner increase in bite size (Almiron-Roig
et al. 2015; Burger et al. 2011), and larger bite sizes have been shown to increase
eating rate and food intake (Forde et al. 2013a; Spiegel et al. 1993). In small-portion
conditions, eating rate is reduced more quickly over a shorter period, whereas eating
rate is faster and more consistent in larger portion conditions, up to an estimated
threshold of approximately ~540 g (Almiron-Roig et al. 2015). This may be due in
part to a natural tendency for “plate-cleaning” behavior where individuals plan to
consume the full portion served. Seeing a larger portion may therefore prime the
consumers and trigger individuals to maintain their initial eating rate for a longer
duration within a meal in an effort to finish the portion and satisfy a predefined
hunger goal (Burger et al. 2011). Interestingly, foods that are perceived as thicker
and chewier are also often believed to be more filling (Forde et al. 2013a;
Hogenkamp et al. 2011) which has been shown to result in the selection of smaller
portions (McCrickerd et al. 2014). Texture cues such as increased viscosity have also
been shown to slow the rate of consumption for semisolid foods (Zijlstra et al. 2009),
suggesting this texture can influence both portion selection and eating rate during
consumption (McCrickerd and Forde 2016). In this way, sensory cues pre-consump-
tion such as texture or flavor may act as a cue to reduce portion selection and meal
size due to their association with greater satiety. In a similar way, the well-
established portion size effect whereby people consume more food in the presence
of larger portions, has been shown to be larger for softly textured foods (Roe et al.
2016). Others have shown that energy intake is higher for high energy density foods
that are eaten at a faster rate (Karl et al. 2013; McCrickerd et al. 2017). This further
confirms that a food’s texture can interact with other elements of the meal (energy
density/portion size) to impact both the rate of intake and the total amount of energy
consumed to satiation.

Social facilitation can influence food intake by extending the duration of a meal (de
Castro 1994), and through this may also influence eating rate. Individuals tend to eat
faster and consume more when eating with multiple people and when their compan-
ions eat at a faster rate (Herman et al. 2003). People have been shown to replicate
the eating behaviors of their eating companions, for example mimicking bite frequency
by taking a bite within 5 s of their eating companion (Hermans et al. 2012).
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This can influence eating rate when both eating speed, duration and overall intake
speed become synchronized through a process of behavioral mimicry. The early
meal termination of an eating companion has also been shown to indirectly alter the
food intake of others (van den Boer and Mars 2015). In this way individuals often
adjust their eating speed and food intake to that of their eating companions where
their eating behaviors are triggered not by their desire to eat or the properties of the
foods, but by cues from their eating environment.

What Is the Impact of Eating Rate on Metabolism?

As described earlier, eating at a slower rate has been shown to lower energy intake
within a meal, but further studies have also demonstrated the impact of eating speed
on post-meal fullness and hunger (Andrade et al. 2008; Zijlstra et al. 2009). The
satiety response is defined as the intensity and duration of the absence of hunger
post-meal and is mediated by the complex interplay between gastric emptying and a
cascade of postprandial hormonal responses to the ingested food (Forde 2018b). In
the hours’ post-meal, there is a steady increase in the concentration of the orexigenic
hormone ghrelin which produces sensations of hunger which when coupled with low
levels of anorexigenic peptides that promote fullness such as peptide YY (PYY) and
glucagon-like peptide-1 (GLP-1) (Benelam 2009). Research has shown that intra-
venous infusion of ghrelin in humans enhances appetite and increases the energy
intake by 28% (Wren et al. 2001), whereas the intravenous infusion of PYY (the
biologically active form) has been reported to inhibit food intake (Batterham et al.
2002). In a similar way, rate of eating has been shown to influence the excursion of
satiety hormones when a longer chewing duration can stimulate greater anorectic
hormone production. When food is chewed 40 times instead of 15 times, participants
report feeling greater fullness and the additional chewing stimulates a longer post-
prandial suppression of ghrelin and reduced later energy intake. By contrast, the
excursion of postprandial GLP-1 and cholecystokinin (CKK) levels were increased
when the same quantity of food was chewed 40 times, though these responses were
somewhat blunted among participants with obesity suggesting that extending
chewing time may not have the same beneficial effect on satiety across all
populations (Li et al. 2011). In another study, PYY and GLP-1 responses were
increased during the early to mid-postprandial period when a fixed portion meal
was consumed over 30 min compared to consumption of the same meal in a 5 min
period (Kokkinos et al. 2010). Together, these findings indicate that eating more
slowly and with more chews per bite both extends the meal duration and can
promote an increased subjective experience of satiety which is supported by hor-
monal signaling of satiety producing less hunger and more fullness per calorie
consumed. This effect seems to be primarily driven by the extended oral processing
time as simply spacing the meal out for longer does not seem to produce the same
impact on satiety. To test this, participants were asked to consume a meal normally or
split into seven smaller equal meals that were consumed at intervals within a fixed
time. There was a large variation in eating duration but little variation in eating rate
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when consuming the same fixed-portion meal and the result shows that spacing the
meal for longer did not alter subjective feelings of satiety, though there were small
differences in CKK and pancreatic polypeptide (PP) response (Karl et al. 2011). The
finding illustrates the important contribution mastication makes to both the onset of
satiation and the subsequent feeling of fullness post-meal for an equivalent calorie
load.

Another important contribution to post-meal satiety comes from gastrointestinal
transit time between meals (Juvonen et al. 2009). Foods with higher viscosity tend to
be require a longer oro-sensory exposure time and slower eating rate, which has been
suggested to stimulate a stronger cephalic phase response (de Graaf 2012). The
putative mechanism is that a higher food viscosity stimulates a prolonged oro-
sensory exposure time and lower eating rate and could also contribute to delayed
gastric emptying and through this contribute to a greater satiety response (Juvonen et
al. 2009; Marciani et al. 2001). An early example of the impact of food form and
eating rate on post-meal satiety showed that 500 g of apple juice can be consumed 11
times faster than a calorie-equivalent 500 g of apples (~2 vs. 17 min), and post-meal
satiety was significantly higher from apples in the solid form (Haber et al. 1977).
Recent studies have shown that despite reductions of 10–15% in ad libitum energy
intake, people feel equally full after a harder (slower) version of a food was
consumed compared to the softer (faster) food equivalent (Bolhuis et al. 2014a;
Karl et al. 2013; Zhu et al. 2013a; Zijlstra et al. 2008). In one study, Zhu and
coworkers showed that a high viscosity semisolid meal produced a slower eating rate
compared to a standard viscosity version of the same semisolid meal, with reductions
in post-meal appetite and delayed gastric emptying following the high viscosity meal
(Zhu et al. 2013a). Results suggest that relatively subtle but perceptible increases in
viscosity can stimulate a stronger satiety response per calorie consumed. Consistent
with this finding, participants report a greater expected and perceived “fullness”
following consumption of equi-calorie meals that were naturally consumed at a
slower eating rate (Ferriday et al. 2016) (Fig. 2). Slowing the eating rate of food
intake is therefore likely to contribute to a stronger satiety response for an equivalent
calorie load, and may be a simple but effective way to add fullness to meals without
the necessity to add further energy.

The impact of a slower eating rate seems to be predominantly driven by the
extended oro-sensory exposure time a food spends in mouth during consumption.
One study has compared the oral and gastric contributions to post-meal satiety and
concluded that longer oro-sensory exposure which was produced by modified sham
feeding exerted a larger impact on inhibiting later appetite and intake compared to an
equivalent increase in gastric volume delivered through nasogastric infusion
(Wijlens et al. 2012). This highlights the importance of eating rate and the oro-
sensory contribution to food intake, which plays an important role in signaling the
arrival of calories and the associated perception of post-meal fullness. Eating rate can
also be considered as the speed of transition of calories through the oral cavity and is
the product of both the eating rate and energy density of the food being consumed
(Stubbs et al. 1995). This combined measure has been referred to as the energy
intake rate (EIR) (kcal/min) of a food (Forde et al. 2013a) and can act as an indicator
of consumption rate of calories within a meal (van den Boer et al. 2017b). A

728 P. S. Teo and C. G. Forde



Average
bite size (g)

a

Orosensory
exposure time

(s)

Inter-bite
interval

(s)

Bite rate
(bites per s)

Fullness
(mm)

Number of
chews

(per mouthful)

Overall eating
rate (kcal/s)

Initial eating
rate (g/s)

Change in
eating rate

(g/s
2
)

r = .36 r =
 −.

30

r = −.02
p = .95

p =
 .2

1

r = .79

p < .001

p =
 .87

r =
 .04

r =
 .30

p =
 .22

p = .13

r = .49

p = .03

r =
 −.

71
p 

= 
.0

01

Average bite
size (g)

b

Orosensory
exposure time

(s)

Inter-bite
interval (s)

Bite rate
(bites per s)

Satiety
(AUC)

Number of
chews

(per mouthful)

Overall eating
rate (kcal/s)

Initial eating
rate (g/s)

Change in
eating rate

(g/s
2
)

r = .38 r =
 −.

31

r = −.11
p = .64

p =
 .2

0

r = .74

p < .001

p =
 .99

r =
 .00

r =
 .38

p =
 .11

p = .11

r = .45

p = .06

r =
 −.

67
p 

= 
.0

02

Average bite
size (g)

c

Orosensory
exposure time

(s)

Inter-bite
interval (s)

Bite rate
(bites per s)

Expected satiation
(kcal)

Number of
chews

(per mouthful)

Overall eating
rate (kcal/s)

Effect size (rp)
<.10

Trivial

.10 − .29

Small

.30 − .49

Medium

> .50

Large

Initial eating
rate (g/s)

Change in
eating rate

(g/s
2
)

r = .19 r =
 −.

20

r = −.19
p = .43

p =
 .4

2

r = .60

p = .007

p =
 .81

r =
 .06

r =
 .26

p =
 .28

p = .43

r = .67

p = .002

r =
 −.

75
p 

< 
.0

01

Fig. 2 Partial correlations between oral processing behaviors and (a) perceived fullness, (b) satiety,
and (c) expected “fullness” after controlling for baseline composite fullness (rp). Effect sizes are
denoted by the width of each arrow. (From Ferriday et al. 2016)
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comparison of the energy intake rate of a wide range of foods demonstrates there is a
large natural variation in the rate of calorie intake across commonly consumed foods,
with potential to significantly reduce energy consumption rate by considering both
the energy density and eating rate of a food. Future research is needed to demonstrate
the potential for lower energy intake rate foods to support sustained and meaningful
reductions in dietary energy intakes over an extended period, as most studies to date
have only measured acute energy intake.

In addition to effects on appetite, eating rate has also been shown to influence
postprandial glycemic and insulin responses (Sun et al. 2015). The postprandial
glycemic response is the change in blood glucose concentration induced by a food
for the first 120-min post-ingestion. When the same carbohydrate source (rice) was
chewed 30 instead of 15 times, the postprandial glycemic response was shown to
increase by approximately 18% (Ranawana et al. 2014). Significantly higher plasma
glucose, insulin, and glucose-dependent insulinotropic peptide (GIP) concentrations
were reported when the same food (pizza) was chewed 40 rather than 15 times per
mouthful (Zhu et al. 2013b). A longer chewing duration may support reductions in
energy intake but can also produce a larger glycemic and insulin response. Eating
rates impact on post-ingestive metabolism is likely mediated by the degree of oral
breakdown, where longer chewing produces a reduced bolus particle size and offers
a greater substrate surface area for digestive enzymes to produce a heightened
metabolic response. The impact of bolus particle size on glycemic response has
previously been reported in both in vitro (performed outside of a living organism)
(Ranawana et al. 2010b), and in vivo (performed on or in a living organism) studies
(Ranawana et al. 2010a) and demonstrated that smaller particle size produces an
increased surface area for enzymatic saliva and a faster glucose absorption rate and
higher glycemic response. When the oral phase of digestion is skipped and carbo-
hydrates are consumed without chewing, blood glucose responses are attenuated,
highlighting the importance of eating rate and degree of chewing in moderating the
metabolic response to ingested carbohydrates (Read et al. 1986).

Another important metabolic effect of eating rate is its contribution to the thermic
effect of food intake through what is termed “diet-induced thermogenesis” (DIT).
DIT is defined as the increase in energy expenditure associated with the digestion,
absorption, and storage of foods, which accounts for 10–15% of the total daily
energy expenditure (Levine 2004). The extent of diet-induced thermogenesis (DIT)
is dependent on the speed of meal consumption and research has shown that small
changes in DIT (10-20 kcal/day) can result in 0.5–1 kg of weight gain over the
course of a year (Lean and Malkova 2016). A higher DIT response was recorded
when the same meal was eaten more slowly compared to when it was eaten rapidly
(Hamada et al. 2014), whereas others have noted an increase in oxygen uptake and
splanchnic blood flow following the slower consumption of a meal (Madsen et al.
2006; Hamada et al. 2014). Eating the same calories slower has been shown to
induce an increase of 15 kcal in DIT (Hamada et al. 2016) although others have
failed to replicate this effect (Laboure et al. 2002). As with satiety and glycaemia,
DITwas larger following oral feeding compared to intra-gastric feeding (Jonge et al.
1991).
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Eating Rate as Target for Intervention

Given the extensive evidence supporting the impact of eating rate on energy intake,
body composition and metabolic response to ingested nutrients, eating rate has been
identified as a modifiable risk factor for obesity and a potential target for behavioral
intervention. Advising individuals with obesity to slow their eating could be bene-
ficial for managing caloric intake and since 2009 the American Obesity Society has
recommended to “slow eating speed to better regulate energy intake” (Mechanick et
al. 2009). Several approaches have been applied to reduce eating rate using external
cues, such as providing feedback to reduce the eating rate via electronic devices or
vibrio-tactile sensation (Ford et al. 2010; Galhardo et al. 2012; Hamilton-Shield et al.
2014). These approaches have yielded some success in energy intake regulation in
the short-term, demonstrating an effect on eating speed, energy intake and in some
cases body weight. In one example, adolescents who were instructed to extend their
inter-bite interval using an egg-timer have successfully reduced their eating rate and
energy intake (Salazar Vazquez et al. 2016). However, of the initial cohort of 54
adolescents only 14 (25%) adhered to the use of the egg-timer to slow bite rate and
completed the study after a year; suggesting there may be significant challenges with
adherence with such an intervention. What is less clear is the extent to which an
individual’s eating behaviors can be “retained” to produce longer term and sustain-
able changes to eating rate. An early example of an eating rate intervention required
women within a weight control program to lower their eating rates by receiving
advice to pause between bites, and to cut foods into smaller pieces. This approach
yielded some initial success but the change in eating rate was not maintained over
time (Spiegel et al. 1991). In a recent 8-week family-based behavioral therapy
intervention (“RePace”), children who reduced their eating rate through mealtime
instruction and guidance from their parents showed a reduction in eating pace,
energy intake and BMI (Faith et al. 2019). However long-term motivation for
continuous feedback on eating behavior remains untested, and may be required to
maintain changes to eating behaviors after the initial intervention period.

Individuals adapt their eating rates based on the food form and texture of a food
that is being consumed (Wee et al. 2018). For example, eating rate varies when
consuming a “hard slow” food vs. a “soft fast” food as a result of texture and
consistency served. Changing the form of a food or modifying its texture can
serve as a more natural and sustainable strategy to lower eating rate in the long
term. Previous research has shown that consumption of semisolid, solid, and liquid
foods can impact satiation and satiety response to ingested nutrients (Mattes 2005),
and harder food form can reduce overall food intake (Mourao et al. 2007). Apple
slices have been shown to suppress appetite for longer than apple puree, which in
turn had a stronger impact than the same calories consumed as an apple juice (Flood-
Obbagy and Rolls 2009). Across a series of ad libitum feeding studies, the efficacy
of a food texture intervention to slow down the eating rate and reduce the overall
energy intake has been shown (Bolhuis et al. 2014a; Forde et al. 2013b; McCrickerd
et al. 2017). Texture difference between pureed and whole versions of the same
savory meals have been shown to effectively reduce eating rate by an average of
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20%, which resulted in a reduction of 12% in ad libitum energy intake (Forde
2018a). Questions remain about the long-term efficacy of this approach and whether
it is sufficient to reduce the eating rate of individual foods or necessary to modify the
texture of every food at every meal to produce the same effect.

Experimental evidence provides support that eating rate is a meaningful target for
obesity intervention beyond conventional dieting and calorie reduction approaches.
Challenges still remain in our understanding of the best approach to changing eating
rate in the longer term and beyond a controlled experimental setting. External cues and
prompts have been shown to produce clinically meaningful results, although they may
present challenges for longer term adherence, and it remains unclear whether these
changes are simply guiding rather than re-training the eating behavior. Texture-led
changes to eating rate therefore offer an exciting opportunity to adapt an individual’s
response to the structural properties of the food being consumed in a way that
maintains the associated eating experience and satiety from food intake. Further
opportunities exist to combine texture-led changes to eating rate with the development
of energy reduced foods that maintain their hedonic appeal and keep pleasure central
to the eating experience. Using this approach, it may be possible to apply food-based
approaches to change eating behaviors and moderate the rate of energy intake. These
interventions are also likely to influence the metabolic response to the food consumed.

Conclusion

This current chapter provides a consolidated overview of current evidence regarding
the importance of eating rate in regulating energy intake and metabolism, while
offering new opportunities for the reduction of risk associated with obesity and non-
communicable diseases. Eating rate is a product of both an individual’s drive to eat
and the food environment they choose to consume. This eating behavior is a
modifiable risk factor for food based chronic conditions that is malleable, and has
been shown to produce sustained changes in energy intake and body composition
over time. The joint-approach of food texture and reductions in energy density offers
an effective yet largely unexplored opportunity to influence energy intake in a
manner that can sustain the food acceptance and keep eating enjoyment central to
the intervention. Wholesale changes to the energy intake rate of the food environ-
ment are likely to have a population-wide impact from early childhood through to
sustaining nutrient intakes in later life. This offers a food first approach to combating
obesity and other food based chronic conditions, and future research should focus on
improving our understanding of the long-term implications of energy intake reduc-
tions on human health and well-being.
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