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Abstract: Chocolate-flavored milk contributes to excessive intake of added sugars among children
and adolescents, which why it is a good candidate product for sucrose replacement. This study
investigates how replacing sucrose partially or completely with different sweetener systems affects
the sensory profile and consumer liking. Five chocolate-flavored milk treatments were formulated,
varying in sucrose replacement level (partial: 58%; complete: 100%) and sweetener system (synthetic:
acesulfame-K; natural: rebaudioside M-erythritol blend). Relative-to-Reference Scaling by a trained
panel confirmed that no significant differences in the sensory profile when partial sucrose replacement
was compared to sucrose, whereas the complete replacement increased bitter taste, pungent flavor,
licorice flavor and mouth-drying. A total of 104 consumers evaluated the treatments for liking and
indicated their temporal perceptions with temporal check-all-that-apply. Latent variable clustering
performed on liking ratings revealed two clusters, which perceived temporal sensory characteris-
tics differently depending on the sweetener system. Cluster 1 preferred the sucrose control over
treatments with complete and partial replacement using a natural sweetener system, with complete
replacement being perceived as having off-flavor. Cluster 2 preferred the sucrose control over partial
and complete replacement using either of the sweetener replacements investigated, which were
characterized as off-flavored and bitter. Understanding these consumer segments enables the food
industry to develop effective low-energy formulations using synthetic and natural non-nutritive
sweeteners, leading to reduced sugar consumption.

Keywords: chocolate-flavored milk; sugar replacement; sugar reduction; sweeteners; rebaudioside;
acesulfame-K; sensory; temporal; clustering; segmentation

1. Introduction

Consumers’ raising health awareness leads to market demands for sugar-reduced
products without compromising on sensory experience. Sugar reduction or replacement
with other sweeteners has a significant impact on the sensory properties of food products.
In addition to being sweet, sugar plays a crucial role in the product’s sensory profile by
acting as a flavor enhancer and contributing to its texture and mouthfeel [1]. Changes of
the sensory profile of food and beverage products are a typical outcome when completely
replacing sugar with non-nutritive sweeteners (NNS), which often leads to lower consumer
acceptance of such products. When compared to complete sugar replacement, partial re-
placement presents an effective strategy for maintaining the sensory profile and acceptance
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of food products since it is better at mimicking the sensory profile of sugar-sweetened
products [2–4].

Chocolate-flavored milk (CFM) provides a good source of essential nutrients as pro-
teins, fatty acids, vitamins and minerals [5]. However, the inherent lactose from the milk
as well as other added sugars contributes to excessive sugar intake in children and ado-
lescents [6,7]. In commercial flavored milks available in supermarkets in Australia, South
Africa, and the UK, added sugar contents were found with a mean of 3.7 g/100 mL, con-
tributing to nearly half of the total sugar content [8]. As a result, CFM can be considered a
relevant product for sugar replacement, especially in the context of promoting healthier
dietary habits and reducing the added sugar consumption. To maintain sweetness in
sugar-reduced products, including CFM, NNS are commonly used to replace the reduced
sweetness [1,9–11]. Currently, the majority of sugar-replaced products on the market use
synthetic NNS, but in recent years, there has been a growing interest among consumers
in food products with natural sweeteners [12,13]. The perceived association between
“health” and “natural” has contributed to the importance of food naturalness in consumer
choices [14]. Several consumer studies investigated the effect of sweetener type and other
factors of chocolate milk preferences by choice experiments using conjoint analysis [15,16].
Li, Lopetcharat and Drake [16] investigated parents’ purchase choices for their children
when buying chocolate milk and found that natural nonnutritive and natural noncaloric
sweeteners were the preferred type of sweetener receiving the highest utility ratings, even
higher than sucrose. Brodock, Hayes, Masterson and Hopfer [15] confirmed these findings,
and in addition, they indicated that the preference for natural sweeteners such as stevia
and monk fruit varied pending on the consumer segment. As a result, natural sweeteners
including steviol glycosides from the Stevia rebaudiana plant, mogrosides from monk fruit
and erythritol that occurs naturally in many fruits and vegetables [17], have emerged as
natural alternatives to the synthetic NNS [18].

Sugar-mimicking with NNS is challenged by the presence of undesirable side-tastes
and flavors not associated with sugars [10], which include chemical, metallic, licorice, cool-
ing and mouth-drying. Together with sweetness, these sensory qualities also exhibit distinct
temporal dynamics within the sensory profile, leading to lingering sensations [4,19,20].
Many studies that investigated temporal profiles of sweeteners have investigated these
sweeteners in aqueous solutions and not in complex beverage matrices. However, taste,
flavor and texture qualities inherent to a food matrix can interact with the sensory profiles
of sweeteners, possibly suppressing or enhancing the sensory qualities associated with the
sweeteners [21–24]. Fats, proteins and other components inherent to chocolate-flavored
milk are capable of modifying the sensory attributes of sweeteners [24,25]. Due to this
complexity of the CFM matrix, it is important to consider how sugar replacement affects
the dynamic sensory perception of the actual food products when sweeteners are applied
to replace the sugar.

Temporal sensory characterization methods allow us to understand the dynamic of
sensory perception and how the sensory attributes of a food product change during con-
sumption. Temporal check-all-that-apply (TCATA) extends the consumer-friendly check-
all-that-apply sensory description method by allowing a continuous selection of attributes
over a period of time [26]. TCATA is also a rapid method providing a multi-attribute insight
into the perception dynamics from a consumer point of view and has proved useful both
when characterizing sweeteners and their mixtures in aqueous solutions [4,19,20], as well
as sweetener applications in complex beverages [27,28].

The study had the following aims:

1. To investigate how partial or complete sucrose replacement using either a natural
or synthetic sweetener system affects the CFM affects sensory profile as well as
consumer liking.

2. To explore if individual differences in liking reveal consumers segments with different
dynamic sensory perceptions of the sucrose-replaced CFMs.
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2. Materials and Methods
2.1. Treatments of Sweetener Systems

The CFM treatments were formulated with a base that consisted of 1.5% cocoa powder
(Barry Callebaut Belgium N.V., Lebbeke-Wieze, Belgium) and 0.02% carrageenan (Special
Ingredients Ltd., Chesterfield, UK) added to lactose-free semi-skimmed milk (Arla Foods
Amba, Viby J, Denmark). Ingredients were mixed and heated to ~70 ◦C to solubilize
the carrageenan and cocoa and then cooled to ~5 ◦C. All concentrations were calculated
as percentage weight/weight (%w/w). Five different combinations of sucrose and two
sweeteners were added to the CFM base as shown in Table 1, which provides an overview
of the five treatments and concentrations of the sweeteners added in the present study. The
control treatment (S) was formulated with the addition of 6% sucrose (Nordic Sugar A/S,
Copenhagen, Denmark) to reflect the sugar content of commercial CFM beverages. Two
sucrose replacement levels (58% partial replacement and 100% complete replacement of
the added sucrose) with an artificial (ace-K) or natural (reb M-erythritol blend) sweetener
system were applied: artificial partial (S+A) and complete (A), and natural partial (S+R)
and complete (R). In preliminary tastings, the 58% sucrose replacement was chosen to
not induce significant changes to the sensory profile, but still provided substantial energy
reduction. HOWTIAN LLC (New York, NY, USA) supplied rebaudioside M (reb M), and
EASIS A/S (Åbyhøj, Denmark) supplied acesulfame-K (ace-K) and erythritol. Iso-sweetness
of the five treatments were tested by a trained sensory panel and will be discussed later in
Section 2.2.

Table 1. Added sucrose replacement proportions (%), energy reduction per 100 mL (kcal) and
sweetener concentrations for CFM for the sucrose-based control and sugar replaced treatments
(partial, 58% and complete, 100%) used in this study. Treatment abbreviations used: sucrose (S),
sucrose and ace-K (S+A), sucrose and reb M (S+R), ace-K (A), and reb M (R).

Treatment
Added Sucrose

Replacement
Energy Reduction/

100 mL (kcal)
Total Energy/
100 mL (kcal)

Sweetener Concentration %w/w 1

Sucrose Ace-K Reb M Erythritol

S - - 63.3 6% - - -
S+R 58% −14 49.3 2.50% - 0.01% 1.60%
S+A 58% −14 49.3 2.50% 0.02% - -

R 100% −24 39.3 - - 0.02% 1.60%
A 100% −24 39.3 - 0.05% - -

1 All sweetener concentrations are reported as weight/weight % as part of the CFM base.

To ensure homogenization, the CFM base ingredients were mixed with an ULTRA-
TURRAX® T25 (IKA®-Werke GmbH & Co. KG, Staufen, Germany) for two minutes at
13,500 rpm. After the sweetening agents were added, the mixture was again homogenized
for one minute. The samples were stored overnight until use at refrigerator temperature
(~5 ◦C) for a maximum of 3 days at a time.

2.2. Iso-Sweetness Validation and Sensory Profile of Treatments

Relative-to-Reference Scaling (RR) [29,30] was used obtain a sensory profile of treat-
ments and to confirm iso-sweetness. RR is a modified version of descriptive analysis where
the samples are scaled according to a reference sample [30,31]. The sucrose treatment was
used as the reference sample and was also included as a blind control in the evaluations.
The advantage of using RR to validate iso-sweetness as the assessor retains a clear memory
of reference treatment while evaluating the subsequent treatment, ensuring better discrim-
ination of similar samples. To our knowledge, this is the first time RR has been used to
validate iso-sweetness.

RR evaluations were conducted at iSense, Department of Food Science, Aarhus Uni-
versity, designed according to the ISO standards for sensory test rooms [32]. A screened
and trained sensory panel [33] of 9 assessors (aged 26–45 years, 5 females) was employed
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for RR. The panel received 2 sessions of training before sample evaluation. In the first
training session, attributes were generated and a consensus vocabulary on all the samples
were established. In the second training session, a subset of samples was compared in pairs,
and procedure pilots were performed. Additionally, samples including extremes (CFM
with 7% sucrose and 2% added sucrose) were sweetness ranked. Attribute generation and
consensus training for RR were conducted following the procedure of generic descriptive
analysis [31]. To capture all sensory characteristics, including any long-lasting sensations,
the evaluation process involved two sips, each subdivided into an in-mouth and aftertaste
evaluation phase, as follows: sip 1 in-mouth (S1m) evaluated while holding the sample
in the mouth for 15 s, sip 1 finish (S1f) evaluated at 20 s after swallowing the sample,
sip 2 in-mouth (S2m) evaluated while holding the sample in the mouth for 15 s and sip 2
finish (S2f) evaluated at 20 s after swallowing the sample. A description of the attributes
selected by the trained panel are presented in Table 2. Assessors were instructed to taste
the reference before the evaluation of each sample and as needed. The attributes were
evaluated using a computerized 100 mm visual analog scale with three anchors at 0 = “very
weak”, 50 = “reference”, and 100 = “very strong”.

Table 2. Sensory attributes evaluated in the Relative-to-Reference Scaling, including their definitions.
The evaluation phases were, sip 1 in-mouth (S1m) evaluated while holding the sample in the mouth
for 15 s, sip 1 finish (S1f) evaluated after swallowing the sample, sip 2 in-mouth (S2m) evaluated
while holding the sample in the mouth for 15 s and sip 2 finish (S2f) evaluated 20 s after swallowing
the sample.

Sensory Attribute Evaluation Phase Definition Reference

Flavor
Overall flavor S1m, S2f Overall flavor intensity of the sample as a whole Definition only
Cocoa powder S1m, S1f, S2f Flavor associated with cocoa powder Definition only

Creamy-fatty S1m, S1f Flavor associated with fatty dairy products
like cream Definition only

Nutty S1m Flavor associated with hazelnut Hazelnut aroma (Sosa ingredients,
Navarcles, Spain)

Caramel S1m Flavor associated with caramel Caramel aroma (Sosa ingredients,
Navarcles, Spain)

Milky S1m Flavor associated with dairy products like milk
Lactose free Arla® LactoFREE

semi-skimmed milk (Arla Foods
Amba, Viby J, Denmark)

Licorice S1f Flavor associated with licorice 0.5% Reb M in aqueous solution

Lactic S2f Flavor associated with sour dairy products like
sour cream after swallowing Definition only

Taste
Sweet S1m, S1f, S2f Sweet taste Definition only
Bitter S1m, S1f, S2f Bitter taste Definition only

Mouthfeel

Mouthcoating S1f, S2m, S2f Degree to which the product is coating the
oral cavity Definition only

Mouthdrying S1f, S2m, S2f Degree to which the product creates dryness in
the oral cavity Definition only

Pungent S1f Degree to which the product creates an irritation
in the oral cavity 0.5% Reb M in aqueous solution

Grainy S2m Amount of distinct loose particles in the product
mass which have grainy/dusty texture 0% sucrose CFM

Viscosity S2m Flow of the sample in the mouth like
skimmed milk Definition only

Mouthwatering S2m Degree to which the product creates salivation Definition only

Cooling S2f Degree to which the product creates a sensation
of reduced temperature in mouth Definition only

Each 30 g of sample was served at ~10 ◦C in a 40 mL transparent plastic tube with
a screw cap (Corning® GosselinTM TP30C-012, Corning, NY, USA) labelled with a three-
digit blinding code. Samples were evaluated in triplicate in three blocks and presentation
was balanced between assessors following a Williams’ Latin square design. Out of the
9 assessors, 8 assessors evaluated the treatments in triplicate, and 1 assessor evaluated the
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treatments in duplicate. Between samples, assessors were instructed to thoroughly cleanse
their mouth and wait at least 120 s before evaluating the next sample. Still and carbonated
water and crackers were provided as palate cleansers. Data were recorded on iPad Air
tablets (Apple Inc., Cupertino, CA, USA) using the EyeQuestion® software version 5.0.7.10
(EyeQuestion, Elst, The Netherlands).

2.3. Consumer Liking and Temporal Check-All-That-Apply of Treatments

The consumers were recruited among students at the Campus of Aarhus University,
Denmark. In total, 104 consumers (age 19–35; mean age = 23.6; 38 females) were included
in the study. Students were recruited to reflect the age of the target population of CFM.
The study was conducted in auditoriums under ambient lightning. Consumers were
compensated with a small snack choice.

Consumers evaluated liking of the samples; then, following a break, they evaluated
the same samples with TCATA. Liking was evaluated on a 9-point hedonic scale (anchors:
1 = “dislike very much”, 5 = “neither like nor dislike”, 9 = “like very much”. In both parts,
there was an obligatory 60 s rest between treatment evaluations. The consumers were
instructed to divide the sample between the liking evaluation task and the TCATA task
using approximately half for each task.

TCATA with a fading time of 8 s was used to evaluate the samples [34]. Prior to
evaluation, consumers were presented definitions with product examples of the following
attributes: sweet, bitter, cocoa flavor and off-flavor. The attributes were chosen as to be relatable
with untrained consumers. During the evaluation, consumers were instructed to place the
remaining sample in their mouth and click “start” while swirling the treatment. After 5 s,
they were instructed to swallow the sample and start checking the attributes to describe the
sample. The maximum evaluation time was set to 60 s. To familiarize the consumers with
the TCATA protocol, a practice evaluation using a lactose-free semi-skimmed milk sample
(Arla Foods Amba, Viby J, Denmark) was completed before the evaluation of the samples.
The practice evaluation was required at least once and was available for the consumers to
try up to three times. Most consumers performed one practice evaluation.

Aliquots of 30 g sample were served at ~10 ◦C in 40 mL transparent plastic tubes
with screw caps labeled with a three-digit blinding code. Each consumer received a white
tray containing five samples, one per treatment, which were presented and evaluated in a
randomized design. Tap water was provided for palate rinsing between samples.

After all samples were evaluated, consumers answered demographic and product
usage questions regarding age, gender, height and weight, and consumption frequency
of beverages, CFM and sugar/reduced/light beverages. They also indicated factors im-
portant when buying chocolate milk as well as general knowledge of sweeteners. General
knowledge was assessed by asking “how many of these sweeteners do you know?” from a
list of the most common synthetic sweeteners. Data were collected on iPad Air tablets using
the Compusense Cloud software version 22.0.8 (Compusense Inc., Guelph, ON, Canada).

2.4. Data Analysis

Linear mixed models were fitted to the attribute intensities from the RR data. Treat-
ment was a fixed effect, whereas assessors and assessor-treatment interaction were random
effects. Following analysis of variance (ANOVA), Dunnett’s test was applied to compare
means between the sucrose treatment and sucrose-replaced treatments.

A linear mixed model was fitted to the liking data and subjected to ANOVA. Treatment
was a fixed effect, whereas consumer was a random effect.

TCATA data were segmented into three equal-sized 20 s time periods, namely attack,
evolution, and finish [23,35]. The aggregated data allowed an ANOVA modeling approach
of the treatment effect on the attributes within each time period [36–38]. Attribute citation
proportions were calculated independently for each time period. Citation proportions were
then fitted as the dependent variable using the same model fitted to the liking data. These
proportional data are binomially distributed. However, [38,39] have shown the validity of
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using statistical tests with linear models that assume normal distribution of residuals for
such data.

To identify groups with similar directions of liking, consumers were clustered on
liking ratings with clustering of variables around latent variable, where consumers were
treated as variables [40]. A noise cluster strategy (K + 1) was used to set aside consumers
that did not fit into the pattern of any cluster [41]. To maintain power in the TCATA data
analysis, the threshold value (ϱ) determining the number of consumers to classify as noise
were set to exclude a maximum of 15% [41]. To test if clusters differed in liking ratings, the
linear mixed models were fitted with cluster × treatment interaction as fixed effect and
consumer nested in cluster as random effect.

Tukey’s HSD test was used to compare mean differences in liking and citation pro-
portions of the sucrose treatment between clusters. Dunnett’s test was applied to evaluate
differences between means of the sucrose treatment and sucrose-replaced treatments for
liking and citation proportions. Following the clustering procedure treatment differences
were investigated within clusters. Visualization of the significant differences in citation
proportions between treatments was inspired by [23].

All analyses were conducted in R version 4.3.3. The following R packages were
applied: tidyverse [42] for the manipulation of data and visualization, lmerTest [43] to fit
the linear mixed model and to perform ANOVA, emmeans [44] to conduct the Dunnett’s
test and ClustVarLV [40] to cluster consumers. All statistical analyses were performed at
95% confidence (p < 0.05).

3. Results
3.1. Iso-Sweetness and Sensory Profile of the Replacement Levels and Sweetener Systems

To validate the iso-sweetness between the sucrose treatment and sucrose-replaced
treatments, RR was used. No significant differences were found for the sweet attribute
from the evaluation phases S1m, S1f and S2f between the sucrose treatment and the sucrose-
replaced treatments (Table 3), which shows sucrose-replaced treatments and the sucrose
treatment were iso-sweet.

Table 3. Mean ± SD ratings of the sweet and significant attributes evaluated on a 100 mm VAS scale
and the treatment effect p-value from the RR results. Results are shown for sucrose (S), sucrose and
ace-K (S+A), sucrose and reb M (S+R), ace-K (A) and reb M (R) and evaluation phases, sip 1 in-mouth
(S1m) evaluated while holding the sample in the mouth for 15 s, sip 1 finish (S1f) evaluated after
swallowing the sample, sip 2 in-mouth (S2m) evaluated while holding the sample in the mouth for
15 s and sip 2 finish (S2f) evaluated at 20 s after swallowing the sample. An asterisk (*) denotes a
significant difference between sucrose treatment and the sucrose-replaced treatments (p < 0.05).

Evaluation
Phase Attribute

Treatment Effect
p-Value

Treatments

S S+R S+A R A

S1m Sweet 0.658 51.3 ± 8.7 49.8 ± 9.9 51.3 ± 10.1 47.7 ± 11.2 51.6 ± 12.5
Bitter 0.046 53.5 ± 5.9 55.4 ± 6.8 57.6 ± 8.0 60.6 ± 10.0 61.9 ± 12.9 *

S1f Sweet 0.982 50.1 ± 8.8 49.8 ± 8.5 49.1 ± 11.1 49.0 ± 10.5 49.7 ± 12.1
Bitter 0.008 54.1 ± 6.6 54.7 ± 8.0 56.9 ± 6.2 61.2 ± 9.2 * 61.2 ± 9.3 *

Pungent 0.022 49.6 ± 10.0 52.8 ± 11.1 52.9 ± 10.1 59.4 ± 11.6 * 53.4 ± 10.8
Licorice <0.001 51.2 ± 6.2 52.0 ± 5.7 53.5 ± 6.4 65.3 ± 14.0 * 57.6 ± 10.6

S2m Mouthwatering 0.018 56.4 ± 8.5 54.2 ± 8.3 53.9 ± 10.0 47.8 ± 13.6 * 49.5 ± 9.0
S2f Sweet 0.433 50.3 ± 6.7 48.6 ± 5.9 51.1 ± 9.7 46.9 ± 9.9 48.3 ± 11.2

Bitter 0.020 54.6 ± 5.0 56.4 ± 7.3 55.8 ± 6.2 60.0 ± 9.9 * 61.1 ± 8.8 *
Mouthdrying 0.042 51.9 ± 7.5 56.4 ± 10.2 56.0 ± 10.4 61.0 ± 11.2 * 56.6 ± 10.6

Cooling 0.008 51.3 ± 6.0 51.4 ± 5.1 55.9 ± 8.2 56.5 ± 9.6 56.9 ± 9.6 *
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Furthermore, RR results show the iso-sweet treatments differed significantly in sen-
sations other than sweetness (Table 3). These RR results showed significant differences in
treatment R containing the natural sweetener system, which had increased intensities of
bitter taste (S1f, S2f), pungent flavor (S1f), licorice flavor (S1f) and mouth-drying mouthfeel
(S2f). Treatments with partial sucrose replacement (S+R and S+A) were not found to vary
significantly from the sucrose treatment in any attribute across the different evaluation
phases, independent of the applied sweetener system. On the other hand, treatments with
complete sucrose replacement (R and A) were found to have an effect on attributes across
all evaluation phases. A decreased intensity of mouthwatering mouthfeel (S2m) was found
for treatment R. Treatment A, containing the synthetic sweetener system, had increased
intensities of bitter taste (S1m, S1f, S2f) and cooling mouthfeel (S2f).

Figure 1 shows a biplot from the principal component analysis (PCA) of the signifi-
cant attributes from RR. The first two principal components explain 97% of total variance.
Differences between the sucrose treatment vs. the partial and complete sucrose-replaced
treatments described most of the variability (87.5%), as displayed in principal component
1. Differences between sweetener systems were described (8.5%) by principal compo-
nent 2. The attributes licorice and pungent flavor together with mouth-drying mouthfeel
were mostly associated with the R treatment, whereas the bitter taste from the different
phases and cooling mouthfeel were primarily associated with treatment A. Consistent with
the results from the Dunnett’s test, the partially sucrose-replaced treatments were more
associated with the sucrose control (S).
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Figure 1. Biplot of PC1 and PC2 from the principal component analysis of the significant attributes
from the RR results. Dots represent the treatments while vectors the attributes. Treatments are sucrose
(S), sucrose and ace-K (S+A), sucrose and reb M (S+R), ace-K (A) and reb M (R). The evaluation
phases were sip 1 in-mouth evaluated while holding the sample in the mouth for 15 s (S1m), sip
1 finish evaluated immediately after swallowing the sample (S1f), sip 2 in-mouth evaluated while
holding the sample in the mouth for 15 s (S2m) and sip 2 finish evaluated 20 s after swallowing the
sample (S2f).
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3.2. Consumer Liking of the Sucrose Replacement Levels and Sweetener Systems

Violin plots of consumer liking responses (Figure 2) show the sucrose treatment (S)
was liked most. Treatments with partial replacement of sucrose, S+A and S+R, did not
significantly differ in their liking ratings compared to treatment S, with differences of −0.1
and −0.2, respectively. Treatments with complete sucrose replacement, A and R, were least
liked and significantly different from treatment S (A: diff = −0.6, p < 0.01; R: diff = −0.8,
p < 0.001). The violin plots indicate a less homogeneous distributions of the liking ratings
in treatments A and R compared to treatment S, S+A and S+R.
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Figure 2. Violin plot with mean and std. error of liking ratings from all consumers. Treatments are
sucrose (S), sucrose and ace-K (S+A), sucrose and reb M (S+R), ace-K (A) and reb M (R). Significant
differences between means of the sucrose treatment and sucrose-replaced treatments are indicated
with lines above the plot with asterisk: non-significant (NS) = p > 0.05, ** = p < 0.01, and *** = p < 0.001.

3.3. Consumer Temporal Profile of the Sweetened Treatment Systems

Figure 3 shows the citation proportions of the attributes across the three time periods,
taking all consumers into account. The highest proportion of the attributes sweet, bitter and
cocoa flavor was seen in the attack, followed by a gradual decrease throughout the time
periods. Off-flavor increased from attack to evolution, followed by a decrease towards the
finish. Sweet citation proportions did not vary in the attack and evolution.

The partial sucrose-replaced treatment S+R was not significantly different from S in
any of the attributes. Cocoa flavor in treatment S+A was significantly higher than S in the
evolution (p < 0.01). Sweet and off-flavor were significantly higher in treatment A than S in
the finish (p < 0.01) and evolution (p < 0.05), respectively. Bitter was significantly higher
in R than S in the finish (p < 0.05), whereas off-flavor was higher than S throughout all the
periods, attack (p < 0.05), evolution (p < 0.001) and finish (p < 0.001).
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Figure 3. Citation proportions of all attributes in the time periods attack, evolution, and finish
considering all consumers. Asterisks (*) indicate time periods with significant differences between
sucrose and sucrose-replaced treatments, and significant differences (p < 0.05) in Dunnett’s test are
marked with filled points. Treatments are sucrose (S), sucrose and ace-K (S+A), sucrose and reb M
(S+R), ace-K (A) and reb M (R).

3.4. Consumer Segmentation Based on Liking Ratings

Latent variable clustering was used to segment consumers based on the direction of
their liking ratings. The cluster solution was selected based on variation of the optimization
criterion. A solution with two clusters was chosen, with 16 consumers (~15%) being
assigned to the noise cluster (ϱ = 0.125). Consumers assigned to the noise cluster showed
increased liking of treatments with partial and complete sucrose replacement compared
with the sucrose treatment (Supplementary Figure S1). These consumers were considered
atypical and were excluded from further analysis.

The characteristics of cluster 1 (n = 44) and cluster 2 (n = 44) are shown in Table 4.
Overall, the clusters had similar characteristics. Cluster 1 seemed to have a higher intake of
non-nutritive sweetened beverages than cluster 2 with a non-significant mean difference of
35.1 days/year (CI: [−74.9, 4.7], p-value = 0.08).
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Table 4. Characteristics of consumer clusters. For each cluster, the number of females, mean values of
age and beverage intakes are shown.

Cluster 1 Cluster 2 p-Value

Number of consumers 44 44 -
Number of females (%) 25 (56.8) 29 (65.9) 0.51 1

Age (in years) 23.3 ± 2.8 23.8 ± 3.4 0.40
Days intaking CFM per year 33.9 ± 57.2 24.4 ± 28.0 0.32

Days intaking sucrose-sweetened
beverage per year 68.9 ± 77.1 71.8 ± 92.5 0.87

Days intaking NNS beverages per year 82.3 ± 105.0 47.2 ± 80.8 0.08
1 Between-cluster differences were evaluated using chi-squared test (gender) and two-independent sample t-test
(age, beverage intake).

Figure 4 shows the liking of treatments by the two clusters. The significant cluster-
treatment interaction (F (8, 408) = 24.4, p < 0.0001) indicates that the two clusters had
different preferences. Liking of the S treatment did not significantly differ between the
clusters (p > 0.05). Cluster 1 liked the sucrose treatment significantly more than both the
partial sucrose-replaced treatment S+R (diff = 1.0, p < 0.001) and complete sucrose-replaced
treatment R (diff = 1.6, p < 0.001). Treatments S+A and A were not significantly different
from S. Cluster 2 liked the sucrose treatment significantly more than both the complete
sucrose-replaced treatments A (diff = 2.0, p < 0.001) and R (diff = 0.9, p < 0.01) compared to
treatment S. However, S+A and S+R were not significantly different from S.
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Figure 4. Violin plots with mean and std. error of liking ratings from cluster 1 and 2. Treatments are
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differences between means of the sucrose treatment and sucrose-replaced treatments are indicated
with lines above the plot with asterisk: non-significant (NS) = p > 0.05, ** = p < 0.01, and *** = p < 0.001.

3.5. Differences by the Clusters in Temporal Profile of the Treatments

Figure 5 shows the citation proportions of the attributes in the different time periods
from the two clusters. There was no significant difference between the temporal profile of
the sucrose treatment from cluster 1 and 2 (p > 0.05) for any attribute across the time periods,
indicating the two clusters perceived this treatment in a consistent manner. However,
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differences in how clusters perceived the treatments with the different sweetener systems
were found.
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Figure 5. Citation proportions of the attributes in the periods attack, evolution and finish between
cluster 1 and 2. Asterisks (*) indicate time periods with significant differences between sucrose and
sucrose-replaced treatments, and significant differences (p < 0.05) in Dunnett’s test are marked with
filled points. Treatments are sucrose (S), sucrose and ace-K (S+A), sucrose and reb M (S+R), ace-K (A)
and reb M (R).

In cluster 1, the cocoa flavor citation proportion for treatment A was significantly
higher than for S in the evolution stage (p < 0.05). The cocoa flavor citation proportion in
treatment R was significantly lower than S in the attack (p < 0.01), whereas the off-flavor
citation proportion was higher than S in both the evolution (p < 0.001) and finish (p < 0.01)
stages. No differences in any attributes were seen between treatment S+R and S+A when
compared to S. Taken together with results in Section 3.3, these results show cluster 1
tolerated both partial and complete sucrose replacement when the synthetic sweetener
system was applied.

In cluster 2, the bitter citation proportion in treatment A was higher than S in the attack
(p < 0.01) and the off-flavor citation proportion was higher than S in the attack (p < 0.01) and
evolution (p < 0.01). The off-flavor citation proportion was higher in treatment R than S in
all periods, attack (p < 0.05), evolution (p < 0.001) and finish (p < 0.001). Taken together
with results in Section 3.3, these results show cluster 2 tolerated partial sucrose replacement
but not complete sucrose replacement.

3.6. Factors and Acquainted Sweeteners Affected by Consumers

The clusters differed in their selections of important factors when purchasing CFM
(Table 5). Taste and low price were the most and equally important factors for both clusters
(98% and 57%, respectively). Naturalness was found important to more consumers in
cluster 2 (41%) compared to cluster 1 (23%). Minor differences between the clusters were
also seen for allergy/intolerance (cluster 1 = 11%, cluster 2 = 2%) and animal welfare
(cluster 1 = 14%, cluster 2 = 9%).
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Table 5. Important factors when purchasing CFM by cluster.

Factors Cluster 1 Cluster 2

Taste 98% 98%
Low price 57% 57%

Thick texture 32% 30%
Naturalness 23% 41%

Climate impact 20% 18%
Brand 16% 18%

Organic 16% 16%
Animal welfare 14% 9%

No additives 11% 11%
Low energy 11% 7%

Allergy/intolerance 11% 2%
Low fat 9% 7%
Other 7% 9%
None 0% 0%

Figure 6 shows the percentage of consumers within each cluster, categorized by
number of known sweeteners. Consumers in cluster 2 were found to be acquainted with a
higher number of NNS compared to cluster 1. The number of consumers acquainted with
3–6 different NNS was higher in cluster 2, whereas in cluster 1, acquaintance with 0–2 NNS
was more frequent.
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listed to choose from were ace-K, aspartame, cyclamate, erythritol, steviol glycosides from the Stevia
plant, saccharin and sucralose. Categories with less than 5% are not stated in the figure.

4. Discussion
4.1. Sensory Profile of the Treatments by Relative-to-Reference Scaling

Partial replacement of sucrose had no impact on sensory attributes, regardless of the
sweetener system. Pedersen, Bertelsen, Byrne and Kidmose [25] found that in CFM with a
similar formulation to S+A did not affect the sensory attributes, except for an increased
sweet taste intensity. In the present study, bitter taste was associated with a complete
sucrose replacement by ace-K and was present throughout all phases of evaluation. As
reported in previous publications, ace-K is associated with an intense bitter taste and
aftertaste [4,20,45]. Tan, Wee, Tomic and Forde [24] found an increased bitterness in CFM
when replacing sucrose with ace-K. Similarly, Kim et al. [46] found a significant increase in
bitter taste of a coffee-milk beverage, with inherent bitterness comparable to CFM when
replacing sucrose with 0.035% ace-K. Another study found black tea, a beverage with
an inherent bitterness and astringency, to also show increased bitterness when replacing
sucrose with ace-K [24].

Completely replacing sucrose with reb M increased licorice and pungent flavor, bitter
taste and mouth-drying sensations. Studies have found that reb M has little to no bitter-
ness considering the concentrations used in this study [4,47,48]. Thus, the bitterness of
CFM formulated with reb M was likely due to reb M being less effective than sucrose
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at suppressing the inherent bitterness of the cocoa [49]. This explanation is consistent
with Kim and Hong [50], who found replacing sucrose with reb M increased bitterness in
both soy and regular milk systems. They found adding chocolate flavoring increased the
sweetness, bitterness and bitter aftertaste, and it neutralized the differences in bitterness
and bitter aftertaste between the reb M treatment and the sucrose control, regardless of
the milk system. Their finding that bitterness in CFM was similar whether it was sweet-
ened with sucrose or reb M is inconsistent with our finding that CFM was more bitter if
sweetened with reb M instead of sucrose. A possible explanation is we used pure cocoa
powder to impart chocolate flavor in our study, which is an inherently bitter ingredient,
whereas Kim and Hong [50] used other chocolate-flavor ingredients that might have flavor
qualities not found in pure cocoa powder. They argued that the sweet dimension of their
chocolate flavor, resulting from a congruence between chocolate and sweet taste, could
have suppressed the bitter taste. However, learned associations might differ between
individuals and cultures [51,52]. Even though trained panels rely on analytical strategies,
an alternative explanation could be that the bitter-chocolate learned association is stronger
than the sweet-chocolate association among the panelists used in the present study.

We are unaware of studies comparing ace-K to reb M when completely replacing
sucrose in a complex matrix. Tan, Wee, Tomic and Forde [24] found replacing sucrose in
yogurt with reb A, which is similar to but more bitter than reb M, affected the perception
of fewer attributes than replacing sucrose with ace-K. They also found reb M affected
the perception of more attributes than ace-K in black tea and CFM, which shows sucrose
replacement depends strongly on both the beverage matrix and the sweetening system.
Considering the number of attributes affected by reb M in this study, ace-K seems more
appropriate to replace sucrose in CFM.

4.2. Consumer Liking of the Treatments

Liking was not maintained with complete sucrose replacement. Kim, Lee and Shin [46]
reached a similar conclusion in their study which replaced sucrose with ace-K in a coffee
milk beverage. Similar findings were obtained in other matrices, such as a citrus-flavored
model beverage [3] and a tamarind beverage [53], where a complete replacement of sugar
sweeteners with ace-K failed to maintain consumer liking. Blending ace-K with sucralose
or aspartame in synthetic sweetener systems to completely replace sucrose have shown no
significant liking differences across various matrices [3,28,54–56]. Using a natural sweet-
ener system with reb M to replace sucrose in samples of ice cream resulted in decreased
liking [57]. Other natural sweetener systems with glycoside sweeteners based on stevia and
monk fruit have shown varying outcomes [2,28,58,59], likely due to their sensory profile dif-
ferences when compared to that of sucrose. To maintain an acceptable sensory profile when
replacing sucrose with a natural sweetener solution like reb M, only partial replacement
might be appropriate, as indicated by the present findings and other studies [2,60].

4.3. Associations between Liking and Temporal Profiles of the Treatments

For the different consumer clusters, liking depended on the specific sweetener system.
In cluster 1, replacing sucrose with the synthetic sweetener system maintained liking,
regardless of the level of replacement. In cluster 2, partial but not complete replacement of
sucrose was possible with either the natural or non-natural sweetening system. Cluster
1 was sensitive to the type of sweetener, whereas cluster 2 was sensitive to the amount
of sweetener. Existence of consumer segments with individual liking patterns of sucrose-
replaced products have been observed in other studies [3,61–63].

Each consumer cluster perceived temporal characteristics differently depending on the
sweetening system. In cluster 1, irrespective of the replacement level, the natural sweetener
system containing reb M decreased liking, where complete replacement was associated
with lower citation proportions of cocoa flavor and increased citation proportions of off-flavor.
Conversely, complete replacement with the synthetic sweetener system containing ace-K
increased liking and increased citation proportions of cocoa flavor. Cluster 2 consumers liked
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the treatment with complete replacement less, where they found the synthetic and natural
sweeteners systems more often perceived bitter and off-flavor, and off-flavor, respectively.

Notably, the lower liking of partial replacement with reb M by cluster 1 was not
associated with any changes in the temporal profile. It is possible the temporal profile
was unchanged because the attributes that described the difference were not offered in the
TCATA evaluations. Alternatively, it might be limitations of the TCATA methodology to de-
tect spike sweetness intensity differences between the samples [64]. Individual differences
in preferred sweetness intensity in beverages have been found by others [56,58].

4.4. Individual Differences in Bitter Perception of the Synthetic Sweetener System

When sucrose was completely replaced by ace-K, cluster 2 showed higher citation
proportions of bitter and off-flavor as well as reduced liking compared to consumers in
cluster 1. Perceivable bitterness from ace-K has been consistently found at a ~5% sucrose
equivalent concentrations and above [3,4,19,20,45,65–67]. The divergence by the clusters
in perception of bitterness from ace-K aligns with studies that have shown individual
differences in the perception and liking of sweeteners [68]. The perceived bitterness of
ace-K is subject to individual variability, as demonstrated in several studies [67,69–71],
and these differences are partly attributable to polymorphisms in the TAS2R31 bitter
receptor genes [70,71]. Bobowski, Reed and Mennella [70] established a connection between
TAS2R31 gene variations and liking differences of aqueous solutions of ace-K, but ace-
K concentrations were considerably higher than those commonly found in commercial
beverages. Only one study explored the variation in ace-K bitterness perception within
a citrus model beverage, revealing a difference between non-tasters and super-tasters of
PROP [3]. The present study indicates that the individual differences in the perception
of bitterness and liking of ace-K persist even at the concentrations used herein, which is
similar to concentrations used when replacing sucrose in beverage formulations.

Additionally, we found increased TCATA citation proportion of cocoa flavor in the
evolution time period of the partly and completely replaced treatment with ace-K for cluster
1. An explanation might be that consumers in cluster 1 had a low sensitivity towards ace-K
bitterness, resulting in higher perceived sweetness, which, through a sweetness-flavor
interaction, increased the flavor of cocoa. Such cross-modal interactions of CFM where
increasing sucrose concomitantly increased the perception of chocolate flavor have been
demonstrated in other studies [25,72].

4.5. Cluster Characteristics

Cluster differences in the reported intake of NNS was found. Consumers in cluster
1 drank beverages sweetened with NNS less often than consumers in cluster 2, who also
perceived bitterness more often in CFM containing ace-K. Leksrisompong, Lopetcharat,
Guthrie and Drake [62] showed NNS beverage users had higher overall liking ratings
for these beverages compared to regular users. Ace-K have been reported as the second
most applied NNS in carbonated beverages as suggested by a screening study in the U.S.
market [73]. This suggests that NNS consumers are more accustomed to ace-K, which
they either liked straightaway or developed a preference over time. Furthermore, more
consumers in cluster 2 indicated naturalness was an important factor when purchasing
CFM and were more acquainted with different sweeteners than consumers in cluster 1,
suggesting that these consumers were more label-conscious and natural ingredient oriented,
as indicated by their lower consumption rates of NNS.

4.6. Comparison of Results from Relative-to-Reference Scaling and TCATA

Attribute citation proportions are often roughly proportional to attribute intensities, as
citation proportions can be interpreted as the consumers’ aggregated perceived intensity of
the attributes [64,74]. Consistent with the RR results, no differences in sweet TCATA citation
proportions were found between the treatments, which adds further confirmation of the
iso-sweetness of the treatments. In cluster 2, increased TCATA bitter citation proportions in
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the attack (0–20 s) of treatment A coincided with the increased bitter taste intensity in the
evaluation phases S1m (in-mouth for 15 s) and S1f (swallowing the sample after 15 s) in the
RR. However, the increased bitter taste intensity in the evaluation phase S2f in the RR was
not associated with increased TCATA bitter citation proportions in either the evolution or
finish time points.

Complex attributes (e.g., metallic, chemical, licorice, mouth-drying) often used to
describe sweeteners can be challenging for untrained consumers to discern as no references
are presented [75,76]. In the present study, off-flavor was included as an umbrella term to
catch attributes not typically associated with CFM. In both clusters, the R treatment was
associated with increased TCATA off-flavor citation proportions, which coincided with the
licorice and pungent aftertaste intensities and mouth-drying mouthfeel intensity in the RR.
In cluster 2, the A treatment was associated with increased citation proportions of off-flavor
across several time points, which could not be linked to any ‘off-flavor’ attributes in the
RR, apart from the bitter taste. The off-flavor perceived by cluster 2 might be a metallic taste,
which has been associated with ace-K in several studies [19,20,77,78].

4.7. Comment on the Use of Erythritol Sweetener

The naturally sweetened system incorporated erythritol to improve the sensory profile
of reb M, as demonstrated by other studies [48]. Recently, the metabolic effects of erythritol
consumption were published, showing a concerning relationship with cardiovascular event
risk [79]. However, this study used a safe minimal 1.6% concentration of erythritol within
maximum limits, which is regarded as safe by EFSA [80]. Due to the lower sweetness
potency of erythritol (0.5 times sucrose), it imparted only minimal sweetness to the sam-
ples [81]. Consequently, the sensory differences reported for the natural sweetener system
primarily originated from reb M.

4.8. Limitations and Perspectives

The primary target for CFM beverages is children and adolescents. In this study, we
recruited participants among young student consumers, representing a subset of adoles-
cents, but not the entire target group. Therefore, our findings may not be generalizable to
the whole target population.

The number of consumers included in the study is adequate for consumer studies.
However, clustering of consumers into subgroups, including two consumer clusters with
a relatively small number of consumers and a noise cluster, might have resulted in low
statistical power in ANOVA and multiple comparison tests. The noise cluster approach
was implemented to exclude atypical consumers who were shown to have higher liking of
sucrose-replaced treatments compared to the sucrose treatment. Nevertheless, dividing
the TCATA citations into discrete time periods compensated partly for the low number of
consumers in the clusters [38].

Defining bitter taste can be challenging for some consumers who confuse it with other
taste attributes [82]. Considering the citation frequency of off-flavor being higher for the
treatment A in the cluster 2, it is possible that bitter taste perceptions were dumped into
the attribute off-flavor.

5. Conclusions

Partial sucrose replacement in CFM resulted in a similar sensory profile to the sucrose
treatment, regardless of the sweetener system. In contrast, complete replacement of sucrose
led to an altered sensory profile collectively associated with bitter taste, mouth-drying sen-
sation and different off-flavors in the Relative-to-Reference Scaling. Considering responses
across all consumers, liking was maintained with partial sucrose replacement independent
of the sweetener system applied. Decreased liking was associated with the perception of
off-flavor with complete replacement in both a natural and a synthetic sweetener system.
Clustering on consumer liking showed individual variations towards sucrose replacement
depended on the sweetener system applied. In cluster 1, consumers showed decreased
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liking for treatments with the natural sweetener system, regardless of the replacement
level. In cluster 2, perceptions of bitterness were specifically associated with the synthetic
sweetener system, where complete sucrose replacement without affecting liking was not
feasible. These findings suggest that partial sucrose replacement can be an effective strategy
for achieving sugar reduction without compromising the sensory profile or consumer liking
and underscores the importance of considering consumer segments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/beverages10030054/s1, Supplementary Figure S1. Violin plots with
mean and std. error of liking ratings from the noise cluster (n = 16). Treatments are sucrose (S),
sucrose and ace-K (S+A), sucrose and reb M (S+R), ace-K (A) and reb M (R). Significant differences
between means of the sucrose treatment and sucrose-replaced treatments are indicated with lines
above the plot with asterisk: NS = non-significant (p > 0.05), ** = p < 0.01, and *** = p < 0.001.
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