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ABSTRACT

Background: Recent observational data and a controlled in-patient crossover feeding trial show that consumption of “ultra-processed foods”

(UPFs), as defined by the NOVA classification system, is associated with higher energy intake, adiposity, and at a population level, higher

prevalence of obesity. A drawback of the NOVA classification is the lack of evidence supporting a causal mechanism for why UPFs lead to

overconsumption of energy. In a recent study by Hall the energy intake rate in the UPF condition (48 kcal/min) was >50% higher than in the

unprocessed condition (31 kcal/min). Extensive empirical evidence has shown the impact that higher energy density has on increasing ad libitum
energy intake and body weight. A significant body of research has shown that consuming foods at higher eating rates is related to higher energy
intake and a higher prevalence of obesity. Energy density can be combined with eating rate to create a measure of energy intake rate (kcal/min),
providing an index of a food's potential to promote increased energy intake.

Objective: The current paper compared the association between measured energy intake rate and level of processing as defined by the NOVA

classification.

Methods: Data were pooled from 5 published studies that measured energy intake rates across a total sample of 327 foods.

Results: We show that going from unprocessed, to processed, to UPFs that the average energy intake rate increases from 35.5 + 4.4, to

53.7 £ 4.3,t0 69.4 £ 3.1 kcal/min (P < 0.05). However, within each processing category there is wide variability in the energy intake rate.

Conclusions: We conclude that reported relations between UPF consumption and obesity should account for differences in energy intake rates

when comparing unprocessed and ultra-processed diets. Future research requires well-controlled human feeding trials to establish the causal

mechanisms for why certain UPFs can promote higher energy intake.
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Introduction

Recent observational studies suggest a relation between frequently con-
suming “ultra-processed” foods (UPFs), as defined by the NOVA clas-
sification, and the prevalence of obesity and related chronic diseases
(1-3). Yet, despite numerous association studies, commentaries, and a
single in-patient crossover feeding trial (4), the causal mechanisms be-
hind these effects remain largely unclear (5). Early putative mechanisms
for the increase in intake from UPFs include an unnaturally high sen-
sory appeal or “hyperpalatability,” combined with a low satiety value
(6). However, in the recent randomized controlled trial (RCT), exper-
imental comparison of UPFs and unprocessed diets failed to confirm
these proposed mechanisms, finding no reported differences in rated

pleasantness or satiating value between the meals in either diet, despite
a significantly increased energy intake in the UPF arm of the trial (4).
Findings from this in-patient feeding trial highlight potential risks of
energy overconsumption and weight gain when consuming a diet dom-
inated by UPFs (4). The study found that when participants were on
the UPF diet arm they consumed an average of 508 kcal/d more energy
than in the unprocessed arm, gaining an average of 0.9 kg during 2 wk
with the UPF diet. This was reversed when they were returned to the
unprocessed diet. The trial was designed as a comparison of energy in-
take on diets that differed in degree of processing, rather than a trial to
identify the causal mechanism for increased consumption. Neverthe-
less, several factors may have contributed to the observed differences in
energy intake, including differences in nonbeverage energy density, yet
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it currently remains unclear which element of the UPF diet was respon-
sible for this large and consistent increase in energy intake and subse-
quent weight gain. The 2 diets were matched for the energy, macronutri-
ents, salt, and fiber served; yet, with the exception of fasting peptide YY
concentrations, there were negligible differences between the diets in
endocrine or metabolic markers, such as satiety hormones and leptin or
blood glucose and insulin concentrations. Both diets were, on average,
equally liked and familiar and, despite differences in energy consumed,
were equivalent for subjective satiety measures. However, the eating rate
(g/min) or energy intake rate (kcal/min) during the ultra-processed diet
was consistently and significantly higher for average gram per minute
(37 vs 30 g/min) and >50% higher for average kilocalories per minute
(48 vs 31 kcal/min), suggesting consistent differences in eating behav-
iors related to the higher energy intakes in the UPF arm [see Figure 2F
in Hall et al. (4)].

Taken together, these findings suggest that 2 of the major determi-
nants of ad libitum energy intake in the Hall et al. trial were the energy
density and eating rate of the foods being consumed. Previous research
by Rolls and colleagues has shown across many carefully designed stud-
ies how crucial energy density is in moderating daily energy intake [e.g.,
(7)]. Across dozens of experiments, controlling for many of the poten-
tial confounding factors in realistically designed test meals, Rolls and
colleagues have shown repeatedly that higher-energy-density foods and
diets promote greater energy intake and increased body weight, whereas
lower-energy-density diets can support reductions in energy intake and
body weight [see (8) for a review]. This appears to be true for men and
women [e.g., (9)], for people with overweight and normal weight (7),
for children and adults [e.g., (10)], and for the short term and long term
[e.g., (11, 12)]. Recent findings suggest a tendency to underestimate the
energy content of foods at higher energy densities, making it difficult
to adjust intake and easier to consume more energy when food has a
higher energy density (13). Consistent with this, the Rolls laboratory has
shown that energy density prevails above macronutrient composition in
driving higher energy intake. Whether energy is drawn from fat or car-
bohydrates, a higher energy density will always lead to increased energy
consumption and longer-term increases in body weight (14). Whereas
increased energy density promotes greater energy intake, by contrast,
reducing energy density has been shown to reduce intake, with an effect
that is sustained across several consecutive days with a lower-energy-
dense diet (13).

In addition to energy density, an extensive body of research has
shown the positive association between a higher eating rate and in-
creased ad libitum energy intake. For example, ad libitum intake of
chocolate milk was ~30% higher than intake of a more viscous version
with a similar macronutrient composition, energy density, and palata-
bility. However, when eating rates of the 2 products were held constant,
the differences in ad libitum intakes disappeared (15). Numerous exper-
imental trials have confirmed the role of faster eating rates in promoting
greater ad libitum energy intakes [e.g., (16-22)]. A systematic review
and meta-analysis of 22 studies that measured both eating rate and in-
take concluded that higher eating rates were associated with higher ad
libitum energy intakes (23). Research has demonstrated that food form
and texture influence eating rate, with distinct differences in the rates
at which liquid, semi-solid, and solid foods are consumed (17, 20, 24,
25). Within the recent Hall et al. RCT, the texture of the diets was not
controlled and diets differed in nonbeverage energy density. A higher

eating rate for liquid foods has been offered as one of the key ways in
which sugar-sweetened beverages can promote increased energy intake
(26). By contrast, harder solid food textures have been shown to reduce
eating rate and ad libitum energy intake, demonstrating that the impact
of eating rate on intake can be moderated by food texture (18, 19, 21,
22,27,28).

The current article provides a summary of findings to date that show
how energy density and eating rate have been shown to influence en-
ergy intake, and the important role food texture plays in moderating
this behavior. By pooling data from 5 previously published reports of
food energy intake rates, we compared the energy intake rates for a large
sample of foods from the United Kingdom, the Netherlands, Switzer-
land, and Singapore based on their degree of processing as defined by
the NOVA classification. We propose that reported relations between
UPF consumption and greater energy intake should account for dif-
ferences in food energy intake rates when comparing unprocessed and
ultra-processed diets. Finally, we outline the need for innovative food
processing to reduce energy intake rates within the food supply, by re-
ducing energy density and enhancing food texture to slow the rate of
consumption.

Methods

Eating rate has been objectively measured for a wide range of different
meals and snacks across 5 independent studies, and these data formed
the basis for the comparison of energy intake rates across different de-
grees of food processing (17, 20, 25, 29, 30). The study by Viskaal-
van Dongen (17) measured the eating rate of 48 commonly consumed
Dutch foods, which was later extended to include an additional 192
Dutch foods (29) to capture the foods that contribute most to energy
intakes of Dutch adults based on the Dutch National Food Consump-
tion Survey 2007-2010 (31). A study of 35 solid savory meal compo-
nents was completed in Switzerland (20), and later complemented by
a second study of 47 solid savory foods from Singapore (25). In both
cases, the foods were chosen to represent a wide range of savory meal
components that included common staple ingredients, meat, fish, fruits
and vegetables, and snacks. This was further complemented by mea-
sured eating rates from a UK study that compared 20 popular com-
mercially available prepackaged single-serve meals (30). Across all stud-
ies, the eating rate was measured using a similar approach and data
were combined to represent a wide range of commonly consumed foods
in the United Kingdom, Singapore, Switzerland, and the Netherlands
(n = 330). Sampling focused on complete foods and snacks that are
commonly consumed within meals, rather than ingredients, and pro-
duced a comprehensive set of food items for comparison. As a result, this
sampling approach led to unbalanced groups and an overrepresentation
of the UPF category in the final set, although this distribution reflects
a similar distribution to that reported in everyday diets in the United
States (32).

Energy intake rates were derived for each food by taking the mea-
sured eating rate (g/min) and multiplying this by the foods reported
energy density in kilocalories per gram, resulting in a measure of en-
ergy intake rate (kcal/min). For each of the studies, eating rate was pro-
filed objectively using a behavioral coding approach described previ-
ously (20), and energy density for each food was derived either from
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Energy intake rate moderates energy intake from UPFs

TABLE 1 Frequencies and percentage of foods across energy intake rates (kcal/min) tertiles
for unprocessed, processed, and ultra-processed foods'

Low energy intake
rate (tertile 1),

Medium energy intake
rate (tertile 2),

High energy intake
rate (tertile 3),

n (%) n (%) n (%)
Unprocessed (n = 80) 53 (16) 17 (5.2) 10 (3)
Processed (n = 83) 29 (8.3) 33(10.1) 21 (6.4)
Ultra-processed (n = 164) 27 (8.3) 61 (18.7) 76 (23.2)
Total (n = 327) 109 111 107

"n = 327 foods split into tertiles based on their reported energy intake rates (kcal/min) and divided by their NOVA classi-
fication into unprocessed, processed, and ultra-processed. The percentage of the total sample (n = 327) is summarized in
parentheses for each of the processing group x energy intake rate combination.
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information on the pack, or the national food-composition tables as de-
scribed in each of the studies (17, 20, 25, 29, 30).

The NOVA classification as defined by Monteiro et al. (6) was used
to divide the foods into culinary ingredients, unprocessed foods, pro-
cessed foods, and UPFs (6). Culinary ingredients were sugar, animal
fats (butter) and vegetable oils, starches, salt, and vinegar, which were
not the primary focus of the eating rates profiled in previous research.
Three foods were outliers within their processing categories and were
removed from the analysis to reduce the risk of skewing the compari-
son (apple juice in the unprocessed, breakfast drink in the processed,
and chocolate milk in the UPF categories). Therefore, the final sample
for comparison of energy intake rates across unprocessed, processed,
and UPFs included n = 327 foods.

Unprocessed foods included dry, frozen or fresh fruits, vegetables,
grains, or meats that had been subjected to minimal or no process-
ing. UPFs included fresh meat, milk and plain yogurt, vegetables, eggs,
legumes, fish and other seafood, and unsalted nuts and seeds. Fruit juice
was described as unprocessed if it was freshly squeezed. Based on this
designation, tea and coffee were classified as unprocessed and breads
were unprocessed if they were homemade.

Processed foods were manufactured through the addition of culi-
nary ingredients (i.e., fat, sugar, salt as described above) to natural fresh
foods. Those foods included cheese; ham; salted, smoked, or canned
meat or fish; pickled vegetables; salted or sugared nuts; beer; and wine.

UPFs were defined as industrial creations that contain ingredients
not found in home cooking, in addition to culinary ingredients such
as fat, sugar, and salt. UPFs included commercial breads (refined and
whole grain), ready-to-eat breakfast cereals, cakes, sweet snacks, pizza,
French fries, soft drinks (sodas and fruit drinks), ice cream, frozen
meals and soups, whole-grain breads, commercial sweetened yogurts,
commercial fruit juices, and ready-to-eat cereals.

The classification of foods into unprocessed, processed, and UPFs
is not unequivocal and is highly dependent on the level of detail and
available knowledge of the food ingredients and processing of each in-
dividual food item. The authors collated the available information for
each food and made their own classification independently, and later
discussed to reach a consensus on the final NOVA classification for
each item. Any discordance for each classification was discussed to
overcome any lack of detail in product description, unfamiliarity with
ingredients/foods from different cultures, and clarity on the definitions
between the different NOVA classifications. When these points were
taken into account, the authors reached a final consensus on the NOVA
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classification for the 327 foods included in the final comparison listed
alongside their measured energy intake rates (Supplemental Table 1).

Results

The energy intake rate (kcal/min) of all foods was separated into tertiles
from low to high (i.e., slow, medium, and fast energy intake rate) and fre-
quencies for each processing classification are summarized in Table 1,
alongside the percentage they represent from the total sample. Results
illustrate a slightly higher proportion of UPFs in the higher-energy-
intake-rate group, with slightly more unprocessed and processed foods
in the lower-energy-intake-rate groups (Table 1).

Figure 1A summarizes the distribution of energy intake rates
(kcal/min) across each of the processing classification groups for each
food within each set. Figure 1B shows the mean, median, maxi-
mum, and minimum energy intake rates for unprocessed (n = 80),
processed (n = 83), and UPFs (n = 164). The average energy in-
take rate (=SEM) for unprocessed foods in the current sample was
35.5 =+ 4.4 kcal/min, but ranged from 2 kcal/min (bean sprouts/iceberg
lettuce) to 230-240 kcal/min (fresh full-fat milk, orange juice). The pro-
cessed foods had an average energy intake rate of 53.7 & 4.3 kcal/min,
but ranged from 6-7 kcal/min (pickled onion/canned mushroom) up
to 188 kcal/min (skimmed milk). The UPFs in the current set had an
average eating rate of 69.4 & 3.1 kcal/min, but ranged at the lower
end, from 0 kcal/min (Cola Light) to 9 kcal/min (powdered veg-
etable soup) up to 249 kcal/min for chocolate semi-skimmed milk.
Differences in energy intake rates were significant across the 3 cate-
gories (P < 0.05): unprocessed, 35.5 (95% CI: 26.9, 44.2) kcal/min; pro-
cessed, 53.7 (95% CI: 45.2, 62.2) kcal/min, and UPFs, 69.4 (95% CI: 63.3,
75.5) kcal/min.

Results indicate a wide distribution of energy intake rates (kcal/min)
across all 3 processing groups, with a higher prevalence for higher en-
ergy intake rate foods among the UPFs, which was overrepresented
among the foods sampled. However, the comparison in Figure 1A high-
lights an equivalently wide variability in energy intake rates within
each processing classification group. Indeed, many of the unprocessed
foods profiled had energy intake rates >100 kcal/min and equiva-
lent to those observed in the UPF group. This demonstrates that
higher energy intake rates are not the exclusive domain of highly pro-
cessed foods, with higher energy intake rates seen across all processing
designations.
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FIGURE 1 (A) Energy intake rates (kcal/min) ranked within each

NOVA classification from low to high for the 3287 foods from
unprocessed (light gray), processed (gray), and ultra-processed
(black) foods separately. (B) Boxplot summary of the energy intake
rate (kcal/min) for unprocessed, processed, and ultra-processed
foods (1-factor ANOVA confirmed significant differences between
categories, different letters indicate significant differences at

P < 0.05; Least Significant Difference post hoc comparison).

Discussion

The current comparison highlights that, across a wide sample of foods,
those classified as UPFs had, on average, a faster energy intake rate
(kcal/min) than unprocessed foods, although there was significant het-
erogeneity within each processing category. The UPF group was over-
represented in the current sample, making it an unbalanced comparison
with fewer foods in the processed and unprocessed designations. Nev-
ertheless, the current comparison highlights that previously reported
relations between UPF consumption and increased energy intake and
obesity prevalence may be confounded by underlying differences in the
energy intake rates of the foods in these diets (4). Consumption of foods
with a higher energy intake rate may offer a plausible mechanism by
which increased UPF consumption could produce sustained increases
in energy intake, and through this promotes longer-term overcon-
sumption and higher body weight. This conclusion supports the recent
findings from the RCT by Hall et al. (4), which showed a >50% higher
energy intake rate within the UPF diet compared with the unprocessed

diet, which was associated with increased calorie intake of >500 kcal/d
(4). Taken together, the findings summarized in the current article
suggest that combining the energy density and eating rate to estimate a
food’s energy intake rate (kcal/min) provides a useful index of the extent
to which a food is likely to be consumed, and may offer an objective
explanation for observed differences in ad libitum energy intake.

This finding is further supported by empirical data from numerous
studies that show a direct impact of higher energy density and eating
rate in increasing ad libitum energy intakes [i.e., (33)]. In addition, ex-
tensive evidence from population-based epidemiological studies of self-
reported eating rates demonstrate a positive and sustained relation be-
tween eating faster, increased energy intake, and higher adiposity; BMI;
and an elevated risk of metabolic disease (34-36). Previous research has
suggested that a key element in the relation between texture, eating rate,
and ad libitum energy intake is the orosensory exposure time taken dur-
ing food oral processing (37, 38). Foods that require longer chewing and
more time in the mouth for oral processing before swallowing are asso-
ciated with higher expected satiation/satiety (20) and higher perceived
fullness postconsumption (30, 39, 40). The time a food spends in the
mouth during oral processing and the number of chews required per
bite have been shown to have a direct effect on slowing energy intake
rate and reducing ad libitum food intake (21, 22, 41-43).

The current discussion focuses on food properties such as texture,
but it is important to acknowledge that eating rate is not only a prop-
erty of the food but can also be considered a reflection of an individ-
ual’s appetitive drive to eat. Research from the GEMINI twin cohort has
shown that eating rate is a heritable trait that is positively associated with
a higher BMI among children (44). Evidence from a prospective obser-
vational study in children of a high and low risk of obesity shows that a
higher eating rate was predictive of increases in BMI between the ages
of 4 and 6 y (45). Across a series of longitudinal observational studies
with hundreds of children from the Growing Up in Singapore to Health-
ier Outcomes (GUSTO) cohort in Singapore, findings show that eating
faster and for longer during a meal can lead to increases in ad libitum
energy intake of <75% within a meal, and was associated with higher
BMI and adiposity and faster increases in child adiposity over time (46—
49). Children that eat faster tend to take larger bite sizes, fewer chews
per bite (per kilocalories), and have a shorter orosensory exposure time
per bite, in what has been described as an “obesogenic eating style” (47).
At the level of the individual, eating rate has been shown to be a highly
consistent behavior that is predictive of an individual’s energy intake for
successive consumptions of the same meal over consecutive weeks (50).
Furthermore, research has shown that eating rates can be modified with
training to slow energy intake rate and reduce the risk of overconsump-
tion (51, 52).

The Hall et al. RCT did not profile postprandial endocrine responses,
so it is currently unknown whether meals represented in the differ-
ent test diets would produce significant changes in postprandial sati-
ety hormone responses. Nevertheless, the lack of clear differences in
fasting metabolic markers of food consumption between processed
foods and UPFs from the Hall et al. study suggests that short-term
increases in acute energy intake were more likely the result of be-
havioral processes, rather than an underlying disruption of metabolic
regulation. The current article presents a comparison across a large
and representative selection of the kind of energy densities and eat-
ing rates that are commonly encountered in the modern food en-

CURRENT DEVELOPMENTS IN NUTRITION

0202 YoJep\ /Z Uo Jesn yaysiaAlunmnogpue] Aq 2081 E.S/6 L 0BBZU /S /p1orNSqe-a|o1ue/upo/wod dno-olwspese//:sdny wol) papeojumoq



vironment, and suggests a wide diversity of energy intake rates that
are likely to directly impact the propensity for a food to promote in-
creased intake. Energy intake rates are rarely considered in the dis-
cussion on how certain foods can promote sustained increases in en-
ergy intakes, but may present a novel target for dietary intervention
(53). To date, several acute (1-d) feeding trials have demonstrated the
potential for slowing the energy intake rate to reduce ad libitum en-
ergy intakes by between 10% and 15% (22, 27). Early indications sug-
gest this will be possible (52), and further research is required to test
the longer-term efficacy of these approaches in controlled-feeding in-
tervention trials, where reductions in a food’s eating rate and energy
density are manipulated to support reduced energy intake rate over
time.

Modern food-processing techniques have received extensive
criticism in recent years and are the central target of the NOVA
classification system, which urges consumers to avoid or reduce their
consumption completely. The NOVA classification system uses the
term “processing” to refer to both product formulation and degree
of processing, although it is likely the former will directly impact
energy density, whereas the latter can impact composition, texture,
and energy intake rate. Food processing is a broad term that consists
of a wide variety of approaches for treating raw materials, such as
grinding, milling, drying, cooking, frying, deboning, cutting, fer-
menting, freezing, pasteurizing, sterilization, and extrusion. These
processes often break down the innate structures of the food, resulting
in smaller particles or softer textures, and many of these processing
steps are applied to improve the palatability, digestibility, and safety
of the food and ensure it is suitable for consumption. Cooking has
also been shown to significantly increase the availability of energy
and micronutrients from meat and starch-rich foods in comparison to
nonprocessed versions of the same ingredients (54). Food processes
and formulations reduce the risk of harm to within an acceptable
level (55), and within the last century food processing has contributed
hugely to human health through the provision of safe, sustainable,
edible, affordable, and palatable foods for billions of people across the
world. Whereas food processing is often associated with the reduction
in a food’s innate structure (i.e., through mincing, chopping, grinding),
processing can also be applied to add structure (i.e., extrusion, drying,
baking) and, in combination with reformulation, can reduce a food’s
energy density and eating rate (5, 25). Food processing can also be
applied to slow energy intake rates by adding texture or increasing
volume and structure through processes such as extrusion, baking,
and drying (25, 37, 56). One example of a UPF that has significantly
reduced the contribution of added sugars to discretionary energy intake
is the effective reformulation of sugar-sweetened beverages through
the use of low and noncaloric sweeteners, which has been shown to
reduce energy intake and body weight across a wide range of short- and
long-term studies (57). Despite this, and based on the current NOVA
classification guidelines, even reformulated products that provide little
or no calories are still regarded as UPFs and their consumption is
discouraged (58).

The application of food textures to moderate the rate and extent to
which calories flow through our diets represents an opportunity to ap-
ply textures that can slow energy intake rates, and reduce the overall rate
of calorie intake through modest changes to the food environment over
time. The current comparison of energy intake rates is largely based on
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measured eating rates for individual meal components. A limitation of
this comparison is the limited data on the eating rate of complex meals,
with only a few examples to date (19, 22). Similarly, less is known about
how the eating rate of individual meal components influences the eat-
ing rates and energy intake from composite mixed meals. Further re-
search is required to better understand how manipulating food textures
via food processing can be used to moderate habitual energy intake rates
for the individual food items and meals that inform dietary patterns (28,
59). A deeper understanding of the relation between processing, tex-
ture, and oral processing behaviors could be used in the development
of “design principles” to better control energy intake rates and provide
guidance for product developers to reformulate food textures in a way
that mitigates the risk associated with higher energy intake rates (35).
Industrial food processing affords an important opportunity to apply
wholesale changes to the forms and textures encountered in the food
environment, and in combination with reformulation to reduce energy
density, can be used to produce widespread improvements in the energy
intake rates, palatability, and nutrient densities within the food supply
(60). In addition to enhanced safety, shelf-life, nutrient density, and re-
duced energy intake rates, food processing is central to sustainable food
production systems and will be needed to provide access to adequate
nutrition for the future growth of the global population (61, 62).

The current article highlights a potential role for a new index—the
“energy intake rate” (kcal/min) of a food—to help better explain the
potential for a food to increase energy intakes and offers a potential
mechanism for the previously observed increased energy intake from
UPFs (4). The sensory properties of foods are rarely considered in the
dietary recommendations that are made to reduce the risk of food-based
chronic conditions such as obesity and/or type 2 diabetes; yet, they form
an important connection between a food’s form and nutrient compo-
sition, and the eating behaviors associated with increased intake (63).
Future research should leverage the accumulated knowledge on how
sensory cues such as food texture can be used to moderate the flow of
calories through our diets.

Evidence has shown how both the energy density can be reduced
and food texture can be manipulated to slow energy intake rates, pro-
viding food producers a previously unexplored opportunity for future
food innovation and product renovation. Addressing the serious pub-
lic health challenges posed by the modern food environment will re-
quire significant changes to our food systems and a series of objec-
tive criteria to identify and target the foods most in need of reno-
vation and reformulation. The energy intake rate offers an objective,
comparative approach to benchmarking the energy intake potential
of foods within categories and across processing classifications and
can help target those most likely to promote excessive consumption.
Thereafter, the future challenge for food processors is to develop prod-
ucts that sustain consumer appeal with optimal satisfaction per kilo-
calorie consumed while reducing their potential to promote energy
overconsumption.
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