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ABSTRACT

Effects of isocaloric (sweetness differences but constant calories) preloads and isosweet (caloric differences but constant sweetness) preloads, as
well as preloads that were neither isosweet nor isocaloric (sweetness and caloric differences) on subsequent ad libitum meal and total (preload + ad
libitum) energy intakes were investigated. Thirty-five crossover studies were eligible for inclusion, representing 116 comparisons (41, isocaloric; 41,
isosweet; and 34, neither isosweet nor isocaloric). References of existing reviews and literature from 4 databases were searched. The calculated raw
mean differences in ad libitum and total energy intakes were pooled in meta-analyses using a random-effects model and the inverse of the variance
as the weighting factor. Energy intakes at an ad libitum meal were significantly lower for low-/no-calorie sweetener (LNCS)–sweetened compared
with unsweetened preloads in the isocaloric comparison (−55.5 kcal; 95% CI: −82.9, −28.0 kcal; P < 0.001); however, the difference in energy intake
was not significant in additional sensitivity analyses (i.e., removal of comparisons where the matrix was a capsule and when xylitol was the LNCS).
For the isosweet comparison, although the pooled energy intake at the ad libitum meal was significantly greater with the LNCS-sweetened preload
compared with the caloric sweetener (CS)–sweetened preload (58.5 kcal; 95% CI: 35.4, 81.7 kcal; P < 0.001), the pattern was reversed when total
energy intake was considered (−132.4 kcal; 95% CI: −163.2, −101.6 kcal; P < 0.001), explained by only partial compensation from the CS-sweetened
preload. The results were similar when assessing ad libitum and total energy intakes when unsweetened compared with CS-sweetened preloads
were consumed. Unsweetened or LNCS-sweetened preloads appear to have similar effects on intakes when compared with one another or with
CS-sweetened preloads. These findings suggest that LNCS-sweetened foods and beverages are viable alternatives to CS-sweetened foods and
beverages to manage short-term energy intake. Adv Nutr 2021;12:1481–1499.
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Introduction
Consumption of low-/no-calorie sweeteners (LNCSs) from
foods and beverages is prevalent in the US. Based on an
evaluation of the 2009–2010 and 2011—2012 US NHANES,
25.1% of children and 41.4% of adults reported consuming
LNCSs at least once during the 2-d survey (1). A similar
prevalence also was observed in an evaluation of adults using
the 2007–2008, 2009–2010, and 2011–2012 US NHANES,
in which 47.8% of adults reported the intake of at least 1
LNCS-sweetened food or beverage or the addition of an
LNCS to a food or beverage (2). LNCSs allow consumers
to enjoy sweet-tasting foods without calories from caloric

sweeteners (CSs), such as sucrose or glucose. As the caloric
value of LNCSs is negligible, the usefulness of LNCSs as
substitutes for CSs in managing calories and body weight
has garnered much interest over the past decade and remains
highly debated within the scientific community, despite the
evidence.

A number of investigators have shown that those who con-
sume LNCS-sweetened foods and beverages generally have
higher-quality diets (3–8). Several evidence-based reviews
that draw only from randomized clinical trials show either
a beneficial effect or no detrimental effect on body weight
when LNCS-sweetened foods and beverages are consumed
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compared with either unsweetened or CS-sweetened foods
and beverages (9–13). Nevertheless, observational evidence
has suggested otherwise (14–20). However, observational
studies are known to have significant limitations, including
the possibility of reverse causality (10, 21), as individuals who
are watching their body weight (e.g., overweight or obese
individuals) could be consuming LNCS-sweetened foods and
beverages to help manage their body weights (as opposed
to the LNCSs causing weight gain in these individuals).
Consequently, greater confidence should be drawn from,
and more scientific weight should be placed on, findings
from evidence-based reviews that rely strictly on gold-
standard clinical trials and/or intervention/experimental
study designs.

As the body of evidence grows, so, too, do questions on the
use of LNCSs. Several scientific and regulatory agencies have
taken varied positions on LNCSs, due to differing views on
the implications of sweetness on short- and long-term energy
intakes (22–24). In a 2017 WHO-sponsored evidence-
mapping exercise, 60 acute-feeding studies were identified
wherein energy intakes and/or appetite ratings were assessed
following the administration of different preloads (10). In
these short-term studies, the subjects were provided with
a “preload” (i.e., a test food vehicle that was unsweetened
or sweetened either with an LNCS or CS) and were then
requested to consume an ad libitum meal after a predefined
time interval. Either total energy intake (i.e., from the preload
and ad libitum meal) or energy intake from the ad libitum
meal was subsequently measured. Lohner et al. (10) reported
that in 39, 11, and 10 studies, there was no effect, a statistically
significant decrease, or a statistically significant increase in
energy intake and/or appetite, respectively, following the
consumption of a preload sweetened with an LNCS versus
a CS or placebo.

Interpretation of studies on the effects of sweetened (e.g.,
sucrose-sweetened beverage or LNCS-sweetened beverage)
preloads and unsweetened preloads (e.g., water) on energy
intakes and appetite can be challenging due to differences
in study methodology. Insights on effects from sweetness,
however, may be gleaned by comparing differences between
isocaloric but not isosweet preloads (i.e., comparing preloads
that are identical in macronutrient composition but that are
either sweetened with an LNCS or unsweetened), isosweet
but not isocaloric preloads, and preloads that are neither
isocaloric nor isosweet observed in studies with relatively
similar study designs. Together, these comparisons may
provide further clarity on the effects of sweetness—in the
absence or presence of calories—on subsequent energy
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intakes. While Rogers et al. (11) first suggested that sweetness
does not affect acute energy intakes, a more stringent analysis
using more rigorous study eligibility criteria is undertaken
here, to include an investigation into effects on energy intakes
from all permutations of sweetness and caloric preloads.

Methods
Literature search strategy
From existing reviews, a total of 115 short-term intervention
studies were identified, 59 by Lohner et al. (10) and 56 by
Rogers et al. (11). The full-length publications of these
115 studies were obtained and reviewed for eligibility for
inclusion in our systematic evidence-based review and meta-
analysis.

As literature searches for LNCS studies were conducted
in 2015 and 2016 in the Lohner et al. (10) review and
in 2015 in the Rogers et al. (11) review, we conducted
an updated literature search on 26 May 2019 to identify
additional relevant studies published in or subsequent to
2015 and another updated literature search on 13 April 2020
to identify relevant studies published in or subsequent to
2019. We also conducted a literature search for CS studies on
13 April 2020, with no restrictions on the publication year, as
neither Lohner et al. (10) nor Rogers et al. (11) undertook this
specific search. Four literature databases (BIOSIS Previews®,
CAB ABSTRACTS, Embase®, and MEDLINE) were searched,
using the electronic search tool ProQuest Dialog® (ProQuest
LLC). Keywords used in each of the literature searches are
provided in Supplemental Table 1.

Inclusion and exclusion criteria
For the 59 and 56 human intervention studies that were
included in the scoping review by Lohner et al. (10) and
the systematic review and meta-analysis by Rogers et al.
(11), respectively, study eligibility was assessed by reviewing
the full texts. The eligibility of the studies identified in
the 3 literature searches we conducted was determined in
a stepwise manner by first reviewing the titles, then the
abstracts of titles determined to be potentially relevant, and
then the full texts of abstracts determined to be potentially
relevant. A study was included if it met all of the following
inclusion criteria: 1) human intervention study; 2) effects of
an unsweetened preload or a preload sweetened with either
an LNCS or a CS compared with each other on subsequent,
ad libitum food intakes were assessed; 3) direct assessment
of ad libitum food intake was conducted (as opposed to
the subjective measurement of hunger or appetite); 4) a
single preload was administered, or if multiple preloads were
administered, effects of the first preload could be isolated;
5) a crossover (within-subject) study design (i.e., within a
study, each subject consumed each preload, thus serving as
his/her own control); 6) independent effects of each preload
on subsequent food intake could be isolated (i.e., results
were not confounded by, for example, differences in the
volumes/amounts of the preloads, time of consumption prior
to the ad libitum meal, etc.); 7) energy intake at a single meal
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was assessed (i.e., a single meal—either breakfast, lunch, or
dinner—had to be offered, ad libitum, either concurrently or
shortly after the consumption of the preload); 8) statistical
analyses were completed and documented, and sufficient
data (either in table or figure format) were provided to permit
the inclusion of the study results in a meta-analysis; 9) full-
length article (e.g., not an abbreviated study report or a
conference abstract); and 10) published in English.

Data extraction and study quality assessment
The following data were extracted from the included studies:
study population (i.e., number of subjects and gender); study
design (i.e., whether the crossover study was randomized
and blinded, as well as the length of the washout period),
preload physical form (i.e., whether solid food or liquid bev-
erage), preload amount (grams or milliliters), time interval
(minutes) between consumption of the preload and the ad
libitum meal testing, sweetener used (none, LNCS or CS,
and corresponding dose/concentration), and study findings
[namely, whether there were any significant differences in
energy intakes when isocaloric preloads (i.e., an LNCS-
sweetened vs. unsweetened preload), isosweet preloads (i.e.,
an LNCS- vs. CS-sweetened preload), or preloads that were
neither isosweet nor isocaloric (i.e., an unsweetened vs. CS-
sweetened preload) were consumed]. Both ad libitum and
total energy intakes (where appropriate) were examined.
Total energy intake is defined as the sum of calories from
both the preload and ad libitum meal; total energy intakes
were examined only if the preloads being compared differed
in energy content. Two reviewers equally shared the task of
data entry, and a third reviewer verified data entries.

The 14-item “Quality Assessment of Controlled Inter-
vention Studies” developed by the NIH’s National, Heart,
Lung, and Blood Institute (NHLBI) was used to assess study
quality (25). Question 4 of the 14-item quality-appraisal
tool, which relates to the blinding of study participants,
was omitted due to the nature of this particular evidence-
based review; blinding is not possible when comparing an
LNCS- or CS-sweetened versus unsweetened preloads, nor
is it always achievable despite the intention when comparing
an LNCS- versus CS-sweetened preloads, as these may be
distinguishable by participants.

Question 10 of the 14-item NHLBI quality-appraisal tool
was related to the similarity of other interventions (i.e.,
similar background treatments) between groups. Given that
the objective of our evidence-based review was to assess
caloric intakes at an ad libitum meal following consumption
of different preloads, there were potential confounders that
would have to be controlled for on the day of testing and
on the day before testing. Therefore, NHLBI question 10
was modified to revised question 10 and added a new
question 11, and studies were appraised on whether potential
confounders were controlled for on the day of testing and the
day before testing, respectively. For example, in order to be
awarded a point for revised question 10, a fasting period and
administration of a standardized meal prior to consumption
of the preload had to have been explicitly reported. If both

criteria were not satisfied, the study was afforded a “no,”
thereby scoring zero points for this question. To be awarded a
point for the added new question 11, at least 2 of the following
3 confounders had to be controlled: 1) overnight fast and
either 2) avoidance of alcohol and/or 3) physical activity
restrictions.

According to the NHLBI’s guidance on the application
of the quality-assessment tool, each question should be
rated as “yes,” “no,” or “other” (i.e., “not reported,” “could
not determine,” or “not applicable”) for each study, and
each study should then be rated for overall quality as
either “good,” “fair,” or “poor.” Due to the inherent nature
of the studies evaluated herein, the qualitative ratings of
“good,” “fair,” or “poor” were too limited to allow for
adequate differentiation among studies. To facilitate such
differentiation, a quantitative score (either “1” for “yes” or
“0” for “no,” “not reported,” or “could not determine”) was
assigned to each checklist item, and the overall score for each
study was then quantified based on the total number (or
percentage) of criteria accounted for.

Statistical analysis
The preloads were categorized as either unsweetened or
sweetened with an LNCS or a CS. Several meta-analyses
were conducted to better understand how energy intakes at
ad libitum meals were affected by the prior consumption of
these preloads. For comparisons classified as isosweet but
not isocaloric (i.e., LNCS- vs. CS-sweetened preload) and
as neither isocaloric nor isosweet (i.e., unsweetened such as
water vs. CS-sweetened preload), we separately pooled total
energy intakes (defined as the intake of energy from the
preload plus the ad libitum meal) as well as the intakes of
energy at the ad libitum meal only. For comparisons classified
as isocaloric but not isosweet (i.e., LNCS vs. an unsweetened
preload), we pooled only the intakes of energy at the ad
libitum meal as energy from preloads would be identical.

Comprehensive Meta-Analysis Software (version 2.2.064,
Biostat, Inc., Englewood, New Jersey, US) was utilized to
conduct meta-analyses and generate forest plots. The pooled
effect was the raw difference in means. The raw differences in
means were calculated by subtracting the ad libitum energy
intake following consumption of the unsweetened preload
from that after consumption of the preload sweetened with
the LNCS; by subtracting the ad libitum energy intake
following consumption of the preload sweetened with a CS
from that after consumption of the preload sweetened with
an LNCS; and by subtracting the ad libitum energy intake fol-
lowing consumption of the preload sweetened with a CS from
that after consumption of the unsweetened preload. For com-
parisons involving a preload sweetened with a CS, the differ-
ences in total energy intakes (preload + ad libitum meal) also
were calculated and pooled. For all meta-analyses, a random-
effects model, which takes into consideration the variability
in response both within and between studies, was used, ac-
cording to the methods described by DerSimonian and Laird
(26). The inverse of the variance was used as the weighting
factor. In calculating variance for the difference in energy
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intakes between interventions, a correlation coefficient of 0.5
was assumed, as recommended by the Agency for Healthcare
Research and Quality (27). For interventions in which
different demographic groups were enrolled (e.g., obese/lean,
male/female, younger/older children), results within the
study were first pooled. For interventions with multiple test-
ing conditions (e.g., different volumes of preloads, different
time intervals between preload consumption and ad libitum
meal testing, different CS and/or LNCS), each comparison
was considered an independent comparison; however, as all
studies were crossover in design, the total number of partici-
pants was divided by the number of comparisons and subse-
quently used in the calculation of the variance so as to avoid
double-counting subjects and a unit-of-analysis error (28).
Publication bias was assessed using the trim-and-fill method
developed by Duval and Tweedie (29); for all assessments of
publication bias, the default was to look for missing studies
on the opposite side of the pooled effect (e.g., if the pooled
effect was a reduction in energy intake, missing studies were
searched for to the right of the pooled effect). Heterogeneity
was assessed by considering the I2 statistic, such that values
of 0% to 40% were considered unimportant, 30% to 60%
represented moderate heterogeneity, 50% to 90% represented
substantial heterogeneity, and 75% to 100% represented con-
siderable heterogeneity, according to the Cochrane Hand-
book for Systematic Reviews of Interventions (30).

Several sensitivity analyses were conducted for study
population (adults, children), LNCS examined (aspartame,
sucralose, stevia, all other LNCSs, including LNCS mixtures
and LNCSs not further detailed), CS examined (sucrose, glu-
cose, all other CSs, including CS mixtures and CSs not further
detailed), preload physical form (liquid, solid/semi-solid,
capsules), and preload volume (≤355 mL vs. >355 mL). A
sensitivity analysis was not conducted for the time interval
between preload consumption and ad libitum meal testing,
as included studies varied in how “time interval” was defined
(e.g., upon initiation of, after, or not adequately defined from
preload consumption).

Results
Study identification
The literature searches resulted in the identification of 2937
titles, from which 177 abstracts and ultimately 73 full texts
were retrieved (Figure 1). Combined with the 115 articles
from the reviews by Lohner et al. (10) and Rogers et al. (11),
a total of 188 potentially relevant full-length articles were
reviewed for eligibility. Of the 188 articles, 35 were eligible
for inclusion in the evidence-based review—16 from Lohner
et al. (10), 9 from Rogers et al. (11), 8 from the CS literature
search, and 2 from the LNCS literature searches. One of the
primary reasons for study exclusion (42 of 188 full-length
articles) was that the independent effects on subsequent
food intakes of either an LNCS- or a CS-sweetened preload
could not be disentangled, given that the preload in these
excluded studies consisted of a mixture (e.g., the addition
of an LNCS to a CS-sweetened preload to mask taste). A

detailed breakdown of the results from each literature search
is provided in Supplemental Table 2.

Overview of included studies
Key attributes and findings of the 35 studies that met
the inclusion criteria are summarized in Table 1 (31–65).
All studies followed a similar experimental design. Study
participants were provided with an unsweetened preload or a
preload sweetened with an LNCS or CS on separate test days.
After a predefined time interval, participants were invited to
consume an ad libitum test meal. Of the 35 studies, 31 were
conducted in adults and 4 in children. The time interval
between preload consumption and ad libitum meal testing
ranged from 0 min (i.e., preload and ad libitum meal co-
consumed) to 240 min, with the most common time interval
being 1 h. The ad libitum meals were provided as lunch in all
but 2 studies. For these 2 studies, the ad libitum meal was (or
was assumed to be) breakfast (38, 57). The washout period
between test days, which was reported in 28 of the 35 studies,
ranged from a single day to 4 wk.

In 5 studies (31, 53, 56, 60, 64), the effects of an
LNCS-sweetened preload on subsequent energy intakes were
assessed in 2 different cohorts of study participants. Thus,
in total, there were 40 independent experiments across
the 35 publications, where an “experiment” is defined as a
trial in a single cohort of study participants, irrespective of
the number of preloads tested in that cohort. In 18 of 40
experiments, the influence of variations in study parameters
was assessed, including preload vehicle [experiments 1 and 2
of (53), experiment 1 of (31), 38], preload volume (36, 55),
CS used in preload [experiment 2 of (31), experiment 1 of
(32), 34, 50, 56, 57, 60], LNCS used in preload [experiment
2 of (33), 37, 52, 56, 59], time interval between preload
consumption and ad libitum meal testing (55), and type of
ad libitum meal (38).

Across the 40 experiments, there were 116 comparisons,
including 41 isocaloric comparisons, 41 isosweet compar-
isons, and 34 comparisons that were neither isosweet nor
isocaloric (i.e., unsweetened vs. CS-sweetened preload). The
preload was a beverage (ranging in volume from 30 to
800 mL) in all of the experiments except for 9, which included
as the preload vehicle either cream cheese (33, 40, 41),
capsules [experiments 1 and 2 of (53), 54], gelatin dessert
[experiments 1 and 2 of (64)], or yogurt (51).

Among the 41 isocaloric comparisons, the unsweetened
preload was water in all except the following 7 comparisons:
plain yogurt (51), capsules [(52), experiments 1 and 2 of (53),
54], or cream cheese (40, 41). Relevant unsweetened preloads
were compared with either diet cola (1 comparison) or to
preloads sweetened with the following LNCSs: aspartame (23
comparisons), sucralose (3 comparisons), xylitol (4 compar-
isons), mixture of aspartame and acesulfame-potassium
(4 comparisons), saccharin (3 comparisons), stevia
(2 comparisons), or acesulfame-potassium (1 comparison).

Among the 41 isosweet comparisons, the preloads
compared were sweetened with aspartame versus sucrose
(15 comparisons), stevia versus sucrose (4 comparisons),
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FIGURE 1 Literature search process to identify studies in which effects of LNCS, CS, or unsweetened preloads on energy intakes were
assessed. CS, caloric sweetener; LNCS, low-/no-calorie sweetener.

sucralose versus sucrose (3 comparisons), LNCS mixtures
versus sucrose (2 comparisons), aspartame versus
glucose (2 comparisons), and saccharin versus glucose
(2 comparisons). The remaining 13 comparisons were of
preloads sweetened with aspartame versus fructose or high-
fructose corn syrup (HFCS); sucralose versus glucose or a
mixture of glucose and fructose; mixture of LNCS versus
HFCS; xylitol versus fructose, glucose, or sucrose; stevia
versus glucose; saccharin versus sucrose; monk fruit extract
versus sucrose; acesulfame-potassium versus glucose; and
diet cola versus regular cola. The most common LNCS
and CS used to sweeten preloads were aspartame (19
comparisons) and sucrose (27 comparisons), respectively.
Sugar content for CS-sweetened preloads ranged between
10% and 25% sucrose (wt:vol or wt:wt).

Among the 34 unsweetened versus CS-sweetened preload
comparisons, the preload vehicle was either a beverage
(31 comparisons), cream cheese (2 comparisons), or yogurt
(1 comparison). The CS used to sweeten the preload was
either sucrose (15 comparisons), glucose (8 comparisons),
mixture of glucose and fructose (5 comparisons), fructose
(4 comparisons), glycerol (1 comparison), or HFCS (1
comparison).

Methodological robustness of studies
Study quality appraisals resulting from the application of
the NHLBI tool are presented in Table 2 (31–65). The
percentage of accounted items (from the 14-item modified
checklist) across the 40 experiments ranged from 29% to
93%, with 28 of the 40 experiments accounting for ≥50%
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FIGURE 2 Forest plot of the ad libitum energy intakes following consumption of LNCS-sweetened versus unsweetened preloads. Each
square symbol is proportional to the weight of the comparison. The diamond represents the pooled effect. Energy intakes at the ALM
were significantly lower (by ∼ −55.5 kcal; 95% CI: −82.9, −28.0 kcal; P < 0.001) following the consumption of an LNCS-sweetened versus
unsweetened preload. A, adults; ACE-K, acesulfame potassium; ALM, ad libitum meal; ASP, aspartame; BEV, beverage; bf, before; breakf,
breakfast; Cap, capsule(s); CARB, carbonated; Cr, cream; CS, caloric sweetener; EI, energy intake; Exp, experiment; F, females; HD, high-dose;
LM, liquid meal; LNCS, low-/no-calorie sweetener; M, males; NW, normal-weight; OB, obese; SM, solid meal; UNS, unsweetened.

of the 14 items in the checklist. As all the studies were
crossover in design and the preload and ad libitum meal
were consumed at the research facility, all studies received
points for similar background demographics (question 6),
high protocol adherence (question 9), and valid outcome
measures (question 12). Method of randomization (question
2), allocation concealment (question 3), blinding of re-
searchers (question 5), and sample-size calculation (question
13), however, were mostly not reported, with these variables
accounted for in 3%, 3%, 28%, and 33% of experiments,
respectively. In many studies, only 1 value was provided
for the number of participants; therefore, it was not clear
whether this represented the number enrolled or completed.
Nonetheless, in the 60% of experiments that did report on
numbers of subjects enrolled and completed, all received
points for the acceptability of the participant attrition rate,
which was <20% in all these experiments, and for providing

reasons for subject attrition (questions 7 and 8, respectively).
Thus, given the nature of these studies, which include at
least 2 test days, each separated by a given washout period, it
seems that subject attrition is generally not a problem. Only
in 53% and 45% of experiments were details provided on
controlling for potential confounders on and before test days,
respectively (questions 10 and 11, respectively).

Ad libitum energy intakes following consumption of
isocaloric preloads
The pooled raw mean difference in ad libitum energy
when an LNCS-sweetened compared with an unsweetened
preload was consumed was −55.5 kcal (95% CI: −82.9,
−28.0 kcal; P < 0.001), indicating significantly lower ad
libitum energy intakes following LNCS-sweetened versus
unsweetened preload consumption (Figure 2). Neither
heterogeneity (I2 = 21.0; P = 0.121) nor publication bias
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was detected. In 4 of the 41 isocaloric comparisons, LNCSs
(i.e., aspartame) were provided in capsule form, thereby
bypassing sweetness detection in the oral cavity. Unlike the
other LNCS preload vehicles, such as foods (cream cheese,
yogurt) or beverages, in which comparisons would have been
considered isocaloric but not isosweet to the unsweetened
preloads, aspartame capsules would qualify as both isocaloric
and isosweet relative to unsweetened placebo capsule
preloads. With these 4 comparisons removed from the meta-
analysis, ad libitum energy intake following consumption of
the LNCS-sweetened versus unsweetened preloads remained
statistically significant, although the magnitude was lower
(−35.9 kcal; 95% CI: −60.7, −11.1 kcal; P = 0.005). In
37 of the 41 comparisons, the LNCS used was noncaloric;
in the 4 remaining comparisons, 5 to 25 g of xylitol were
used as the LNCS, which equates to an energy contribution
of 12 to 60 kcal. In none of the other preloads did the
LNCS contribute calories; thus, as a sensitivity analysis, the
4 comparisons in which xylitol was used as the LNCS were
removed. The pooled effect remained statistically significant
(−44.3 kcal; 95% CI: −69.4, −19.2 kcal; P = 0.001). After
removing comparisons in which the preload was aspartame
capsules (n = 4 comparisons) or xylitol-sweetened beverages
(n = 4 comparisons), the pooled effect of the remaining
isocaloric comparisons was no longer statistically significant
(pooled mean difference = −18.3 kcal; 95% CI: −45.1,
8.5 kcal; P = 0.181; see Supplemental Table 3). Given
the different physiological responses to specific LNCSs,
and given that the pooled effect is no longer statistically
significant when aspartame capsule and xylitol comparisons
are removed, effects of LNCS-sweetened preloads on acute
energy intake are at least equivalent to unsweetened preloads
and do not increase caloric intakes relative to unsweetened
preloads. Ad libitum energy intakes were significantly
or nearly significantly lower following consumption of
an LNCS-sweetened versus unsweetened preload in all
sensitivity analyses, except for when the preload LNCS
was sucralose (−75.9 kcal; P = 0.168), the preload was
cream cheese or yogurt (i.e., semi-solid preloads; 22.2 kcal;
P = 0.531), and when, for beverage preloads, the volume was
≥355 mL (−12.8 kcal; P = 0.607). Of note, however, these
sensitivity analyses were associated with the fewest number
of comparisons, ranging from 3 to 8 (see Supplemental Table
3), whereas all the other sensitivity analyses in which pooled
effects were significant/nearly significant and in favor of a
reduced ad libitum energy intake following consumption
of an LNCS-sweetened versus unsweetened preload were
associated with 15 to 41 comparisons. Separately, the pooled
ad libitum energy intake for aspartame capsules versus
placebo capsules was statistically significant (−158.5 kcal;
P < 0.001).

Ad libitum energy intakes following consumption of
isosweet preloads
The pooled raw mean difference in ad libitum energy intake
following LNCS- versus CS-sweetened preload consumption
was 58.5 kcal (95% CI: 35.4, 81.7 kcal; P < 0.001),

indicating significantly greater ad libitum energy intakes
following LNCS- versus CS-sweetened preload consumption
(Figure 3A). Statistically significant heterogeneity was iden-
tified (I2 = 32.8; P = 0.024), categorized as unimportant
to moderate. Publication bias was detected, and using the
trim-and-fill method of Duval and Tweedie (29), 8 studies
were found to be missing to the left of the pooled effect.
Imputing these 8 studies yielded a lower (but statistically
significant) pooled raw mean difference of 35.1 kcal (95% CI:
9.6, 60.3 kcal). In most sensitivity analyses (see Supplemental
Table 4), all the pooled raw mean differences in ad libitum
energy intakes were greater following LNCS- versus CS-
sweetened preload consumption and statistically significant,
except when the LNCS was sucralose (73.2 kcal; P = 0.191)
and the CS was either glucose (50.0 kcal; P = 0.364)
or another CS (e.g., fructose) or CS mixtures (84.7 kcal;
P = 0.100).

Total energy intakes with consumption of isosweet
preloads
The pooled raw mean difference in total (preload + ad
libitum meal) energy intake with LNCS- compared with
CS-sweetened preload consumption was −132.4 kcal (95%
CI: −163.2, −101.6 kcal; P < 0.001), indicating significantly
lower total energy intakes with LNCS- versus CS-sweetened
preload consumption (Figure 3B). Statistically significant
heterogeneity was identified (I2 = 62.8; P < 0.001),
categorized as moderate to substantial. Publication bias
also was detected; using the trim-and-fill method of Duval
and Tweedie (29), nine studies were found to be missing
to the right of the pooled effect, and with these studies
imputed, the pooled raw mean difference of −95.8 kcal
remained statistically significant (95% CI, −127.4 to −64.3
kcal). In all sensitivity analyses, total energy intakes were
significantly lower following LNCS- versus CS-sweetened
preload consumption (Supplemental Table 5). The pooled
raw mean difference in total energy intake in adults was
2-fold greater (−138.3 kcal vs. −75.1 kcal) than in children,
though comparisons involving children were limited (n = 3
for children versus n = 38 for adults).

Ad libitum energy intakes following consumption of
preloads that were neither isosweet nor isocaloric
The pooled raw mean difference in ad libitum energy
intake with unsweetened compared with CS-sweetened
preload consumption was 73.0 kcal (95% CI: 49.5, 96.5 kcal;
P < 0.001), indicating significantly greater ad libitum energy
intakes following unsweetened versus CS-sweetened preload
consumption (Figure 4A). Although there was no significant
heterogeneity (I2 = 0.0; P = 0.873), publication bias was
detected. Using the trim-and-fill method of Duval and
Tweedie (29), 7 studies were found to be missing to the left of
the pooled effect. Imputing these 7 studies yielded a lower
(but statistically significant) pooled raw mean difference
of 58.3 kcal (95% CI: 35.4, 81.2 kcal). In all sensitivity
analyses (see Supplemental Table 6), the pooled raw mean
differences in ad libitum energy intakes were significantly
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FIGURE 3 Forest plot of the ad libitum meal (A) and total (preload + ALM) (B) energy intakes with consumption of LNCS- versus
CS-sweetened preloads. Each square symbol is proportional to the weight of the comparison. The diamond represents the pooled effect.
EIs at the ALM were significantly greater (by ∼58.5 kcal; 95% CI: 35.4, 81.7 kcal; P < 0.001) following the consumption of LNCS- versus
CS-sweetened preloads (forest plot A). However, total energy intake (from the preload + ALM) was significantly lower (by ∼ −132.4 kcal;
95% CI: −163.2, −101.6 kcal; P < 0.001) (forest plot B). A, adults; ALM, ad libitum meal; ACE-K, acesulfame potassium; ASP, aspartame; BEV,
beverage; bf, before; breakf, breakfast; C, children; Cr, cream; CS, caloric sweetener; CYC, cyclamate; EI, energy intake; Exp, experiment; F,
females; FRU, fructose; GLU, glucose; Gn, gelatin; HFCS, high-fructose corn syrup; LNCS, low-/no-calorie sweetener; M, males; MFE, monk
fruit extract; NR, not reported; NW, normal-weight; OB, obese; SUC, sucrose; TEI, total energy intake.

greater with unsweetened compared with CS-sweetened
preload consumption. There were notable observations in the
sensitivity analyses (see Supplemental Table 6)—namely, the
pooled raw mean difference was greater in magnitude when
the CS was glucose (114.4 kcal, P < 0.001, compared with
71.9 kcal, P < 0.001, for sucrose or 67.8 kcal, P < 0.001, for
other CS and CS mixtures).

Total energy intakes with consumption of preloads that
were neither isosweet nor isocaloric
The pooled raw mean difference in total energy intake
with unsweetened compared with CS-sweetened preload
consumption was −94.3 kcal (95% CI: −132.1, −56.4 kcal;
P < 0.001), indicating that total energy intakes (i.e., from
the preload + ad libitum meal) were significantly lower with
unsweetened versus CS-sweetened preload consumption
(Figure 4B). Although no publication bias was identified,
there was significant heterogeneity (I2 = 52.1; P < 0.001),
categorized as moderate to substantial. In all sensitivity anal-
yses (see Supplemental Table 7), total energy intakes were

significantly lower with unsweetened versus CS-sweetened
preload consumption, except when the CS was glucose
(−51.0 kcal; P = 0.120).

Total energy intakes with either LNCS-sweetened or
unsweetened preloads compared with CS-sweetened
preloads
In each of Figures 3 and 4, the forest plots show total
energy intakes (ad libitum meal + preload) to be significantly
lower with consumption of either an LNCS-sweetened or
an unsweetened preload, in comparison to a CS-sweetened
preload. Using unweighted raw mean data, Figure 5 illus-
trates the difference in total energy intake with consump-
tion of either an LNCS- versus a CS-sweetened preload
(−130.5 kcal) or an unsweetened preload versus a CS-
sweetened preload (−93.5 kcal). Although the ad libitum
energy intake for either an LNCS-sweetened or unsweetened
preload is greater than that of the CS-sweetened preload,
the reverse is true when total energy is considered and the
calories of the preload are accounted for (Figure 5).
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FIGURE 4 Forest plot of the ad libitum meal (A) and total (preload + ALM) (B) energy intakes with consumption of unsweetened versus
CS-sweetened preloads. Each square symbol is proportional to the weight of the comparison. The diamond represents the pooled effect.
EIs at the ad libitum meal were significantly greater (by ∼73.0 kcal; 95% CI: 49.5, 96.5 kcal; P < 0.001) following the consumption of UNS
versus CS-sweetened preloads (forest plot A). However, total energy intake (from the preload + ALM) was significantly lower (by ∼
−94.3 kcal; 95% CI: −132.1, −56.4 kcal; P < 0.001) (forest plot B). A, adults; ALM, ad libitum meal; BEV, beverage; bf, before; C, children;
Cl = cola; Cr, cream; CS, caloric sweetener; EI, energy intake; Exp, experiment; F, females; FD, fruit drink; FRU, fructose; HFCS, high-fructose
corn syrup; M, males; NW, normal-weight; OB, obese; TEI, total energy intake; UNS/UNSW, unsweetened.

Discussion
The role of sweeteners in the current obesity epidemic
is intensely debated. While much of the well-controlled
sweetener studies occur over longer periods of time—from
weeks to months to years—and focus on anthropomet-
ric and physiological measures such as body weight and
glycemic control, respectively (9, 11, 66–68), the analyses
presented herein build on limited evidence-based reviews
that attempt to better understand the effect of sweetness
on immediate, acute (within a few hours) energy intakes.
The findings from this systematic review and meta-analysis
provide necessary insights into the effects of (un)sweetened
preloads on subsequent acute energy intakes. These findings
lend support to the hypothesis that unsweetened or LNCS-
sweetened alternatives to CS-sweetened foods and beverages
may benefit body weight and glycemic control by limiting
caloric intakes.

Unsweetened and LNCS-sweetened preloads each re-
sulted in a decrease in total energy intake when compared
with a CS-sweetened preload, which suggests that effects
observed are due to the lower (or no) calorie alternatives, not

sweetness per se. Additionally, although ad libitum energy
intake was significantly reduced following consumption
of LNCS-sweetened preloads versus unsweetened preloads
(isocaloric comparison), the difference between preloads was
small and the statistical significance disappears when certain
LNCS-sweetened preloads are removed from the pooled
effect—namely, the comparisons in which the aspartame
preload was administered in capsule form and when the
preload was xylitol. Ad libitum energy intakes following
the consumption of aspartame versus placebo capsules were
significantly reduced, indicating an effect on energy intake
that is independent of sweetness perception in the oral cavity.
It has been hypothesized that aspartame may affect appetite
through phenylalanine, generated upon aspartame digestion.
Phenylalanine has been associated with the production of
peptide hormones (e.g., cholecystokinin) known to influence
appetite and increase satiation (53). These findings should
be interpreted with caution, however, as there were only
4 comparisons in which aspartame was provided in capsule
form, and all 4 were generated by the same research group
[experiments 1 and 2 of (53), 54]. Xylitol is a low-calorie
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FIGURE 5 Graphical representation of the energy intakes with consumption of LNCS- versus CS-sweetened preloads and UNS versus
CS-sweetened preloads. The white portion of bar represents the energy intake from the ad libitum meal and the gray portion of the bar
represents the energy content of the preload. The numerical energy difference noted is of differences in total energy intake (from the
preload + ad libitum meal) between the 2 preload conditions. CS, caloric sweetener; LNCS, low-/no-calorie sweetener; UNS, unsweetened.

sugar alcohol that is associated with delayed gastric emptying
and gastrointestinal intolerance (56, 69). Gastrointestinal
intolerance may, itself, affect the amount of food consumed.
After removing comparisons in which the preload was as-
partame capsules or xylitol-sweetened beverages, the pooled
effect of the remaining isocaloric comparisons, though still
a reduction, was no longer statistically significant. Given
the different physiological responses to specific LNCSs,
and given that the pooled effect is no longer statistically
significant when aspartame capsule and xylitol comparisons
are removed, effects of LNCS-sweetened preloads on acute
energy intake are at least equivalent to unsweetened preloads
and do not increase caloric intakes relative to unsweetened
preloads.

Based on the evidence base that was reviewed, which
is mostly generalizable to normal-weight individuals
(given that the majority of the studies were conducted
in normal-weight subjects), differences in total energy
intakes (preload + ad libitum meal) and ad libitum energy
intakes were similar between isosweet/non-isocaloric
comparisons (LNCS- vs. CS-sweetened preloads) and non-
isosweet/non-isocaloric comparisons (unsweetened vs.
CS-sweetened preloads), further reinforcing the notion
that sweetness per se—compared with the absence of
sweetness—does not contribute to a differential effect on
appetite and acute energy intake. Rather, differences in
energy intakes observed for the relevant comparisons noted
are primarily driven by caloric differences in the preloads.
The greater ad libitum energy intakes observed for LNCS-
sweetened and unsweetened preloads (compared with CS-
sweetened preloads) are easily explained by the fact that the

LNCS-sweetened and unsweetened preloads had less calories
than the CS-sweetened preload, which afforded some
satiation during the ad libitum energy intake. The magnitude
of the difference in total energy intake in each case suggests
only partial (not full) compensation from CS-sweetened
preloads. As noted previously, if these differences in energy
intakes observed for the LNCS-sweetened or unsweetened
preloads (compared with the CS-sweetened preloads)
persist in chronic feeding trials, then substitution of CSs
with LNCSs or unsweetened preloads should, theoretically,
reduce the risk of weight gain. The latter hypothesis is,
indeed, supported by numerous well-designed clinical
trials conducted in adults (47, 67, 70–83) and children
(84–88). There are, however, well-designed clinical trials in
which no significant changes in body weight (i.e., neither a
detriment nor a benefit) were observed with the use of LNCSs
(89–91).

Of all of the studies that were evaluated, subjects who
were overweight or obese were exclusively assessed in only
3 of the experiments (47, 60); therefore, sensitivity analyses
based on body-weight status could not be performed. In
the 5 experiments where subgroup analyses based on body-
weight status were performed (33, 41, 50), the preload-by-
weight status interaction was not statistically significant.

The characteristics of the ad libitum meal, which is
a potential confounder to the evaluation, could not be
evaluated. There were differences across studies in how the
ad libitum meals were presented to the subjects; for instance,
the subjects were presented with a single food (e.g., pizza)
as the ad libitum meal in some studies while the subjects
were presented with multiple foods to choose from in others.
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In addition, there could have been differences in the energy
densities of the ad libitum meal across studies. Due to gaps
in the data provided across studies and due to complexities
in evaluating the different meal types, sensitivity analyses on
the ad libitum meal type could not be performed.

Limitations of this systematic review and meta-analysis
hinge on limitations of included primary research studies.
Examples include the following: authors’ failure to report
sample-size power calculations or disclose the washout
period and inadequate standardization of pertinent factors
that could independently affect energy intakes (e.g., the
evening before the test day: standardization of dinner and
consumption time, standardization of fasting period, restric-
tions on alcohol consumption and physical activity; the day
of testing: standardization of breakfast and consumption
time). Finally, most studies had adult participants who
were provided with beverage preloads and for whom ad
libitum meal energy intakes were measured at lunch; the
latter factors are possibly both strengths and limitations—
strengths as there was consistency in demographics, preloads,
and measurement times enabling cross-study comparisons
and limitations because it is not clear whether findings are
generalizable across varying parameters, for example, would
similar findings be observed in children and/or for meals
other than lunch.

Strengths of this meta-analysis comprise the inclusion
of only studies with a crossover design (which eliminates
interindividual variability), the inclusion of only studies in
which ad libitum meal energy intakes were reported (so that
uncertainties associated with subjective measures of hunger
could be eliminated), separate consideration of ad libitum
meal and total energy intakes (which facilitates interpretation
of findings), and separate analyses for isocaloric, isosweet,
and neither isocaloric nor isosweet comparisons (which
disentangles sweetness from calories and enables affect
attribution to either sweetness and/or calories). Moreover,
the acute-feeding trials increased confidence in the meta-
analyses’ output in view of the well-controlled environment
of study conduct such as preload volume, preload com-
position, and time interval between preload consumption
and measurement of the ad libitum meal energy intake.
Only those studies in which intakes at a single ad libitum
meal were measured were considered within scope, which
some may argue is a limitation because of a potential lack
of generalizability across the day; however, this approach
limited confounding and heterogenous study methodologies
that would otherwise be introduced by multiple eating
occasions. Finally, studies with preloads consisting of a
mixture of LNCSs and CSs (i.e., to attempt to taste-match and
mask preloads) were excluded, given the inability to isolate
the independent effects of the LNCSs and CSs on subsequent
energy intakes.

Factors influencing appetite, satiation, and energy intake
are complex; moreover, distinguishing between hedonic and
hunger triggers is challenging. Despite these challenges,
the evidence base continues to grow and show that con-
sumption of LNCS-sweetened or unsweetened beverages as

an alternative to CS-sweetened beverages may contribute
to reduced energy intakes, acutely. In longer-term studies,
the substitution of CS-sweetened beverages with LNCS-
sweetened or unsweetened beverages does not have any
detrimental effect on body weight. Instead, these viable
substitutions appear to be a tool (when used in conjunction
with other tools) that facilitates weight management, both in
adults (47, 70–83) and children (84–88).

In conclusion, in this systematic review and meta-
analysis, the effects of LNCS-sweetened preloads, unsweet-
ened preloads, and CS-sweetened preloads on subsequent
food intake were examined. Specifically, we investigated
whether there were differences in subsequent food intake
between preloads when calories were controlled but not
sweetness (i.e., isocaloric comparison), when sweetness
was controlled but not calories (i.e., isosweet comparison),
and when neither sweetness nor calories were controlled
(i.e., unsweetened vs. CS-sweetened preloads). Although
the consumption of LNCS-sweetened preloads resulted in
lower ad libitum energy intakes when compared with
unsweetened preloads, differences in appetite modulation
may be explained by mechanisms other than sweetness
perception, such as generating satiating peptide hormones
upon aspartame digestion or delayed gastric emptying and/or
gastrointestinal intolerance associated with sugar alcohols,
like xylitol. Importantly, LNCS-sweetened preloads did not
contribute any more to energy intake than the unsweetened
preload counterpart. Similarly, effects on energy intake
observed for both the LNCS- versus CS-sweetened preloads
and the unsweetened versus CS-sweetened preloads were
comparable in that the consumption of CS-sweetened
preloads resulted in lower energy intake during the ad
libitum meal in both cases but greater total energy intakes
due to incomplete compensation from calories in the CS-
sweetened preload. The totality of the evidence suggests,
which is mostly generalizable to normal-weight individuals,
that LNCS-sweetened foods and beverages (just as unsweet-
ened foods and beverages) are viable alternatives to CS-
sweetened foods and beverages to help manage caloric intake
acutely. Additional studies are needed to better understand
the mechanism by which substitution of CS-sweetened
foods with unsweetened or LNCS-sweetened foods leads to
decreased total energy intake.
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