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Individual variability in oral sensitivity to non-esterified fatty acids (NEFAs), especially oleic acid, is well
documented, yet the influence of repeated testing on threshold-based classification has been underexamined.
This study aimed to investigate whether repeated evaluations, accounting for learning effects, alter the grouping
of fat-taste sensitivity and how this affects fat-taste sensitivity classification. Oleic acid detection thresholds were
measured using a signal-detection-based descending-block Dual-Reminder A-Not A (DR A-Not A) method with
an additive-free emulsion across eight visits (four two-visit blocks) in a phenotypically similar sample of healthy
young Korean women. Participants were classified as hypo- or hypersensitive relative to a 2.8 mM criterion using
either a single baseline or the repeated-visits data. After repeated testing, 13 of 40 participants (~33 %) were
reclassified, whereas the remainder retained their original classification—consistent with possible practice/
learning effects at the individual level. When classification accounted for these effects, PROP bitterness sensi-
tivity was higher in the hypersensitive group; this association was not evident with single-visit classification. The
use of an additive-free emulsion minimized potential confounds in fat-taste assessment. Overall, these findings
suggest that brief familiarization or reference anchoring, combined with limited targeted repetition in in-
dividuals who show practice-related changes, may yield more stable classifications of fat-taste sensitivity and

clearer associations with other individual traits.

1. Introduction

Dietary fat contributes to food liking through texture, viscosity, and
flavor, but excessive intake can lead to metabolic diseases, such as heart
disease and arteriosclerosis (Rai, 2024; Wali et al., 2020), motivating a
precise assessment of human fat-taste perception (Mattes, 2005). Even
under minimized olfactory and texture cues, humans can detect the taste
of non-esterified fatty acids (NEFAs), supporting a distinct oral modality
often termed oleogustus (Haryono et al., 2014; Running et al., 2015;
Running & Mattes, 2014). Among long-chain fatty acids, oleic acid is
frequently used as a model because of its dietary relevance and tractable
chemistry (Suga et al., 2016). Oleic acid is a monounsaturated long-
chain fatty acid (18:1 cis-9, n-9) with a melting point of approxi-
mately 14 °C (Fig. 1).

At the receptor level, evidence implicates CD36 and free-fatty-acid
receptors (e.g., FFAR4/GPR120) in transducing oral fatty acids,
although hydrophobicity, aggregation, and potential intracellular
signaling mechanisms leave aspects of detection mechanisms for fatty
acids unclear (Gaillard & Kinnamon, 2019; Kimura et al., 2019;
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Sugiyama et al., 2022). Physiochemically, NEFAs exhibit limited
aqueous solubility and a tendency to form assemblies (Suga et al., 2016);
consequently, delivery in oil-in-water emulsions by dispersing FFAs as
the oil phase in a continuous aqueous medium—and the emulsion’s
integrity (droplet size, interfacial composition, viscosity, dispersion
uniformity)—can shape potential receptor interactions and perceived
intensity (Costanzo & Hartley, 2025; Heinze et al., 2017). Therefore,
recent evidence suggests that oral processing and food matrix compo-
sition are critical factors in modulating the perception of fat taste
(Costanzo, 2024). Using surfactant/additive-free emulsion systems
helps reduce matrix-related confounds during threshold testing by
avoiding exogenous flavor or mouthfeel cues (Yang et al., 2025).
Inter-individual differences in fat-taste sensitivity are well docu-
mented (Heinze et al., 2015; Running et al., 2013), with participants
commonly classified as hypo- or hypersensitive (Stewart et al., 2010;
Stewart et al., 2011; Tucker & Mattes, 2013). As summarized in Sup-
plementary Table 1, prior studies have predominantly used three-
alternative forced-choice (3-AFC) or triangle procedures with
ascending concentration series, sometimes combined with staircase
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Fig. 1. Structure of oleic acid.

(method-of-reversals) rules to locate detection thresholds (e.g., Tucker
& Mattes, 2013; Zhou et al.,, 2016). These tests have frequently
employed milk-based vehicles containing additives (e.g., gum acacia,
mineral oil/liquid paraffin, EDTA) and typically relied on single-visit
classifications anchored to criterion concentrations around 2.8-3.8
mM. However, most classifications still depend on a single detection
threshold, overlooking practice-related learning effects that may arise
with repeated exposure to a subtle, unfamiliar quality (Tucker & Mattes,
2013; Keast et al., 2014; Graham et al., 2021a, 2021b; Skoczek-Rubinska
et al., 2021). Furthermore, widely used procedures such as ascending 3-
AFC or triangle tests estimate sensitivity, but they offer limited ability to
separate sensory sensitivity from decision strategy. This can lead to
inconsistent classifications across visits, as differences in decision
strategy rather than sensory sensitivity may explain variability (Hautus
et al., 2011).

Signal Detection Theory (SDT) provides a method-independent
sensitivity index (d) and distinguishes sensitivity from decision crite-
rion (B) (Hautus et al., 2021). In sensory decision-making, two major
cognitive strategies are recognized: the ‘relative’ t-strategy, based on
comparison between two or more stimuli, and the ‘absolute’ §-strategy,
which relies on a fixed internal criterion (Lee et al., 2007; O’ Mahony and
Hautus, 2008; Hautus, van Hout & Lee, 2009; Hautus et al., 2011).
Building on SDT and a Thurstonian framework, as illustrated in Fig. 2,
the descending-block dual-reminder A-Not A (DR A-Not A) approach
presents two reminders of the reference followed by a single blind
stimulus (Choi et al., 2023). By providing repeated exposure to the
reference, this design facilitates criterion anchoring. It promotes the
p-strategy, enabling participants to internalize the sensory characteris-
tics of the reference, thereby reducing cognitive ambiguity and
improving test reliability (Kim et al., 2021; Kim et al., 2023; Mun et al.,
2019). When combined with controlled, additive-free emulsions, this
framework enhances the internal validity of threshold estimation (Yang
et al., 2025).

(A) Stimuli presentation in one test set

Monadic presentation paired with two reminders

SR

Dual reminder A blind stimulus

* A blind stimulus can be a reference (reminder)
stimulus (A) or a test stimulus (Not A).

(B) Test instruction and response format

Q. Taste the two reminders from the left, then taste
a blind stimulus and answer whether the blind
test stimulus is a reference (A) or not (Not A).

A Not A

Fig. 2. Design of the dual reminder A-Not A method used for the sensi-
tivity test.
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Fat perception may also reflect interactions among multiple taste
modalities. 6-n-propyl-2-thiouracil (PROP) sensitivity—one of the most
widely studied markers of general oral sensitivity—is mediated by
TAS2R38 polymorphisms (Guo & Reed, 2001; Kim et al., 2003). PROP
sensitivity has been associated with differences in fat-related sensory
experiences (Duffy & Bartoshuk, 2000; Sollai et al., 2019; Tepper &
Nurse, 1998), although results are inconsistent across studies
(Drewnowski et al., 1998, 2007), potentially due to methodological
variation and limited consideration of cognitive factors. To position the
present work within this literature and to control for general taste
responsiveness, exploratory correlations were therefore examined not
only for PROP bitterness but also for two additional bitter tastants
(caffeine and quinine) and for sucrose sweetness for a non-bitter com-
parison. This strategy allows assessment of whether any observed as-
sociation is specific to PROP or reflects broader taste sensitivity.

In contrast to the conventions summarized in Supplementary
Table 1, this study aimed to investigate whether repeated evaluations
alter the grouping of oleic acid fat-taste sensitivity. An SDT-based Dual-
Reminder A-Not A (DR A-Not A) method with an additive-free emulsion
was applied across multiple visits in a phenotypically similar cohort of
healthy young Korean women to (i) compare single-visit versus
repetition-aware classifications, and (ii) explore potential associations
with PROP bitterness sensitivity. Exploratory analyses with caffeine,
quinine, and sucrose were included to contextualize any PROP effects. A
phenotypically similar sample of healthy young Korean women was
intentionally used to limit human-factor variability when evaluating
methodological effects; external generalizability should therefore be
addressed in follow-up studies (Catherine et al., 2021).

2. Materials and methods
2.1. Subjects and experimental design

For this study, a phenotypically similar group of participants was
recruited: Korean young adult women with a normal body mass index
(BMI). The World Health Organization (WHO) established a normal BMI
range for Asians as 18.5-22.9 (World Health Organization, Regional
Office for the Western Pacific, 2000); thus, this range was used to recruit
participants. Vegetarians and individuals with taste disorders were also
excluded from participating in the experiment. Forty female young
adults (age mean =+ standard deviation (SD) = 25.0 + 3.5, BMI mean +
SD = 20.3 £ 1.0) were recruited from the Ewha Womans University
online bulletin board in Seoul, South Korea, agreed to the informed
consent form for their participation, and completed the whole experi-
ment. The Institutional Review Board Committee of Ewha Womans
University accepted this study on ethical and safety grounds (No. ewha-
202108-0018-04).

The participants completed two separate phases on different days.
During Phase 1, they attended a single session in which the perceived
intensities of caffeine, quinine HCl, sucrose, and PROP were evaluated
using the general Labeled Magnitude Scale (gLMS). One to three weeks
after Phase 1, participants returned for Phase 2 over 8 days, with 1-7 day
intervals between visits. Using the descending-block dual reminder A-
Not A (DR A-Not A) method proposed by Choi et al. (2023), participants’
detection thresholds of oleic acid were evaluated. The overall experi-
mental design is shown in Fig. 3.

2.2. Taste intensity measurement

2.2.1. Stimuli

Four stimuli were used: caffeine (Sigma-Aldrich, St. Louis, MO,
United States; Cat. No. C7731), quinine HCI (Sigma-Aldrich, St. Louis,
MO, United States; Cat. No. 145920), sucrose (CJ Corp., Incheon, South
Korea), and 6-n-propyl-2-thiouracil (Sigma-Aldrich, St. Louis, MO,
United States; Cat. No. P3755). Solutions of 3 g/kg (15.45 mM) caffeine,
0.16 g/kg (0.41 mM) quinine HCI, and 200 g/kg (584.29 mM) sucrose



J.-Y. Hong et al.

Food Research International 226 (2026) 118074

Phase 1: I day Phase 2: 2" ~ 9% day

p

Taste intensity measurement

Oleic acid detection threshold test (DT test)

general Labeled Magnitude Scale

Caffeine
Rating Quinine - PROP after
practice Sucrose 5 min X 2 rep. 1~3 weeks

. break
in random order

descending-block DR A-Not A

Warm-up Main session
Jsat g 7 ~| X 8days
sets (8tests > 8tests; — 8tests > 8tests || 7 7 ays
for i 3 min { 3min| 3 min interval)
familiarization || | break  break break ;

Fig. 3. Overall experimental design. Forty participants completed a 9 day protocol: Day 1 involved taste-intensity measurement, and Days 2-9 included oleic-acid

detection threshold (DT) testing across eight visits.

were prepared in low-mineral bottled water (Baeksansu; Nongshim Co.,
Ltd., Seoul, South Korea). These target concentrations were selected
based on previous studies so that the taste stimuli would represent
moderate to strong intensity on the gLMS (Bartoshuk et al., 2004; Nol-
den et al., 2020; Robino et al., 2022). 6-n-propyl-2-thiouracil (PROP)
was dissolved in low-mineral bottled water to prepare a 0.54 g/kg (3.2
mM) PROP solution, as described by Tepper and Nurse (1997) and
Robino et al. (2022). All stimuli were prepared at least 1 day in advance
and stored in the refrigerator at 4 °C. They were served in 10 mL with 3-
digit codes in 3-oz. transparent plastic cups to the participants at room
temperature (19.5 °C £+ 1.4 °C).

2.2.2. Procedure

The participants received instructions on using the gLMS (0, not
detectable; 1, barely detectable; 6, weak; 17, moderate; 35, strong; 53,
very strong; 100, the strongest imaginable sensation of any kind). To
become familiar with the scale anchors, participants were informed that
the top of the scale reflected the strongest intensity they could imagine.
They were instructed to imagine not only the taste sensations but also all
the accompanying sensations, including pain and loudness. As practice
for using the gLMS, ratings of the intensity for the brightest light were
conducted (Robino et al., 2022). Only when the ratings were lower than
“strongest imaginable sensation of any kind” and higher than “very
strong”, it was concluded that participants used the scale correctly. The
procedure for taste intensity measurement followed that of Robino et al.
(2022). Caffeine, quinine HCI, and sucrose solutions were presented in
random order, and participants were instructed to hold the entire sam-
ple in their mouths for 3 s, expectorate, wait 5 s, then rate the intensity of
the samples. Following a 5 min break, participants were provided with
two PROP solutions, one at a time. To enhance the reliability of PROP
sensitivity classification, PROP was presented twice, following Robino
et al. (2022). Because bitter taste can linger in the oral cavity, a suffi-
cient rinse interval was included between the two presentations to
minimize carryover effects. Participants were instructed to hold the
entire sample in their mouths for 10 s, expectorate, wait 20 s, and then
evaluate the bitterness intensity. The average of the PROP rating score
was used for each participant. After taking each sample, participants
washed their mouths with water for 30 s, ate plain crackers for 30 s, and
then washed their mouths with water again for 30 s. The evaluation was
conducted in the individual sensory booth under the white lights.

2.3. Oleic acid detection threshold test (DT test)

2.3.1. Stimuli

The test stimuli were prepared as oleic-acid oil-in-water emulsions.
Briefly, pure oleic acid (CAS No. 112-80-1; Food Chemicals Codex
[FCC]; Sigma-Aldrich, St. Louis, MO, United States; Cat. No. W281506)
was added to low-mineral bottled water (pH 7.2; Na* 10 mg/L; Baek-
sansu; Nongshim Co., Ltd., Seoul, South Korea) without any added
surfactants, emulsifiers, or stabilizers, following the procedure
described by Lee et al. (2021). In this study, ‘additive-free’ refers to the
absence of such additives; naturally occurring minerals present in the

bottled water (e.g., Na™ at 10 mg/L) were not modified. The final con-
centration of the stock emulsion was adjusted to 100 mM.

It was then subjected to homogenization by a horn sonicator (VCX-
130, Sonics & Materials, Inc., Newtown, CT, United States; maximum
output = 130 W) with a 6 mm (1/4") stepped microtip. It was sonicated
at 70 % amplitude for 10 min using a pulsed mode with 5 s on/off cycles.
The fatty acid solutions were homogenized on an ice-water bath to
prevent overheating. The low-mineral bottled water was used to dilute
the emulsion and also used as the reference stimulus.

For test stimuli (Sx), a 100 mM stock solution of oleic acid was
diluted by 0.25 log units, a logarithmic dilution series commonly used in
sensory threshold evaluation to prepare the stimulus concentrations.
The highest concentration used in this study was 17.73 mM (Step 1), and
the step number increased as the stimulus was diluted. To confirm the
degree of dispersion of the stock solution, the polydispersity indices
(PDI) of all stock solutions prepared for the experiment were measured
using dynamic light scattering (nanoSAQLA, Otsuka Electronics Co.,
Ltd., Hirakata-shi, Osaka, Japan) 1 to 4 days after solution preparation.
A PDI value less than 0.25 was considered homogeneous for lipid
emulsions (Flores et al., 2011; Pinto et al., 2014). The flow behavior of
the reference mineral water and the highest-concentration oleic acid
emulsion was characterized using a rotational rheometer (MCR series,
Anton Paar GmbH, Graz, Austria) operated with RheoCompass software.
At 20 °C, the water reference behaved as a Newtonian fluid with vis-
cosity values around 1.0 millipascal seconds (mPa-s) across shear rates
from1to100s ! (e.g., ~1.0 mPa-sat 50 s’l). The highest-concentration
emulsion (oleic acid, 17.7 mM) showed a similarly low, nearly Newto-
nian profile, with viscosities of approximately 1.1-1.2 mPa-s over the
same shear-rate range (e.g., ~1.1 mPa-s near 50 s7H. Thus, even at the
highest oleic-acid level, bulk viscosity differed only minimally from
water and remained in a water-like range, making salient viscosity-
based tactile cues unlikely.

Between 1 and 6 h before the tasting, the stimuli were produced. The
dilution procedure to produce various stimulus concentrations followed
the sonication of the stock solution. In this study, a wide range of con-
centrations, from step 1 (17.7 mM) to step 16 (0.31 pM), was prepared
for the stimuli. The test stimuli were prepared in a glass wide-neck
laboratory bottle with a screw cap to reduce oxidation. Additionally,
all stimuli were stored and served at room temperature (23.7 °C +
0.5 °C). The test stimuli were coded with 3-digit codes, and the reminder
(reference, low-mineral bottled water) stimuli were labeled by ‘R’. The
stimulus was presented in 10 mL in a 4-oz opaque cup with a lid to mask
the visual cue. All stimuli were served on a white plastic tray, and the
evaluation was conducted under white lights in the individual sensory
booth. Participants were asked to wear nose clips to block the olfactory
cue. Participants were instructed to taste the stimuli and rinse their
mouths between tastings. They were asked to put the whole sample in
their mouths, taste it for 5 s, then expectorate it. After tasting the one set,
which consisted of the three stimuli, they were required to rinse their
mouths with the bottled water and expectorate it.
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2.3.2. Procedure

The SDT-based descending block design was used to measure fat-
taste sensitivity using oleic acid, as proposed by Choi et al. (2023). In
this method, a constant-stimuli approach was employed within each
block, where stimuli were presented in a randomized order across the
concentration range. This approach was designed to stabilize the deci-
sion criterion and improve the reliability of fat-taste sensitivity classi-
fication by incorporating repeated exposure to varying concentrations.
It allows integration of learning effects and changes across repeated
measurements, ensuring that the final thresholds reflect more stable,
accurate performance over time. Before the main session, participants
completed a warm-up session to become familiar with the task and the
sensory characteristics of the stimuli. Each warm-up set contained two
stimuli (a reference stimulus and a test stimulus) at three concentrations
selected from the six concentrations used in the main test. The lowest,
middle, and highest concentrations of the six concentrations used in the
main test were selected for the warm-up session. During the warm-up
session, participants were informed that the stimuli were the fatty acid
emulsion solution. This session was designed to familiarize them with
the stimuli in advance and help them recognize the differences between
the two stimuli — low-mineral bottled water (reference stimuli) and the
fatty acid emulsion (test stimuli).

After the warm-up session, the main test was conducted. Table 1
describes the overall design of the descending-block DR A-Not A
method. The main session consisted of 32 sets, divided into two sub-
sessions each day. Within each sub-session, participants completed 16
sets organized as two sequences of eight sets each. After the first 8 sets, a
3 min break was given before continuing with the remaining eight sets.
In each test set, three stimuli were presented sequentially: the first two
were reminder stimuli, and the third was a single blind stimulus. Par-
ticipants were asked to indicate whether the last stimulus was the same
as the reference (“A”) or different (“Not A”). The stimulus presentation
probability of the reference (R) relative to the test stimuli (Sx) was 1:3,
meaning that the reference stimuli were presented 8 times and the test
stimuli 24 times per visit. Six concentration steps of oleic acid stimuli
were provided as test stimuli, with each concentration step being pre-
sented four times per visit. To more efficiently facilitate participants’
learning of the differences between the stimuli, the first sub-session
presented the three higher concentrations. In contrast, the second sub-
session presented the three lower concentrations.

In this method, one block of stimuli corresponded to two successive
visits (e.g., Visits 1-2, 3-4, 5-6, and 7-8). The response from the two
consecutive visits was used to determine the criterion concentration
(Sc). Across the experiment, four criterion concentrations were obtained,
and the final S, from the last visit was used as the individual threshold.
Therefore, the fourth-determined concentration served as the threshold
throughout the 8 visits in the present study.

The criterion concentration was defined as the highest step at which

Table 1
Experimental design of the descending-block Dual Reminder A-Not A (DR A-Not
A) method.

Stimuli Number of test ~ Number of test sets presented in the main
presentation stimuli session”)
robability’ resented per
P Y P P 1st sub-session 2nd sub-session
day
RSy =1:3 6 16 16

® <R-R-R>:4,
@ <R-R-5; >:4,
® <R-R-S;>:4,
@ <R-R-S3>:4

® <R-R-R>:4,
@ <R-R-84>:4,
® <R-R-S85>:4,
@ <R-R-8¢>:4

1 ‘R’ indicates the reference stimulus and ‘S’ indicates the test stimuli at each
threshold step.

2 As an example, Day 1 consisted of two sub-sessions: three higher-
concentration stimuli in the first sub-session, and three lower-concentration
stimuli in the second sub-session.
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the lower limit of the 50 % confidence interval of d of stimuli consec-
utively indicated 0.5 or higher. In the next visit set, participants were
given a block of six stimuli, including one step below the previously
determined concentration criterion. This resulted in a gradual decrease
in concentrations across visits. If all lower limits of the 50 % confidence
interval of stimuli were lower than 0.5, the criterion concentration was
determined as the lowest step presented, and an identical block of
stimuli was provided in the next visit set. At the last visit set (visits 7-8),
the concentration criterion was set to the individual detection threshold
for oleic acid. The process for determining a threshold is illustrated in
Fig. 4. In the first visit set (visits 1-2), participants began evaluating a
block of stimuli from Step 1 (S1, 17.7 mM) to Step 6 (Sg, 1.0 mM). Once
the sensitivity criterion (Sc) was determined from two visits, the sub-
sequent visit began one step lower (i.e., one concentration higher) than
the previously identified threshold. This ensured that the next test series
always included the concentration surrounding the prior threshold step,
maintaining continuity and precision in threshold estimation across
visits.

2.4. Statistical analysis

For the descending-block DR A-Not A method, the d' estimates and
their 50 % confidence intervals were calculated using the SDT Assistant
program (Version 2.0) (Hautus, 2021), assuming the p-strategy model
(Choi etal., 2023; Kim et al., 2021; Mun et al., 2019). Response to pair <
So-Sx > and < Syp-Sp > was considered as a noise distribution and a signal
plus noise distribution, respectively.

Since the distribution of the data is not normal, non-parametric
statistical methods were employed. The detection threshold steps for
oleic acid were presented as medians and semi-interquartile ranges
(SIQRs).

The Wilcoxon signed-rank test was used to assess significant differ-
ences in the obtained thresholds across visits. To compare the median
threshold steps and intensity ratings of tastes between the groups, the
Mann-Whitney U test was applied. The Kruskal-Wallis test and Levene’s
test were used to investigate differences in the averages and variances of
intensity ratings for tastes, respectively. All analyses were conducted
using XLSTAT (Version 2019.3, Addinsoft, Paris, France).

3. Results and discussion
3.1. Characterization of oleic acid emulsion

To characterize the stock oleic acid emulsion, dynamic light scat-
tering (DLS) analysis was performed across the dilution series prepared
as described in Methods (Table 2). At Step 1 (17.7 mM), the mean hy-
drodynamic diameter was ~249 nm with PDI 0.185 (Table 2). Particle
size remained <288 nm down to 1.8 mM (Step 5) in low-mineral bottled
water. At >0.31 mM (Step 8), PDI values indicated monodispersity (PDI
< 0.25; Fig. 5). Oleic acid is known to form liposomal assemblies ~250
nm near neutral pH, with salts (e.g., Na¥) facilitating stabilization
(Ferreira et al., 2006; Suga et al., 2016). Taken together, the present
emulsions were consistent with homogeneous liposomal dispersions at
>0.31 mM (Step 8).

Costanzo and Hartley (2025) reported larger, less stable droplets for
2-10 mM oleic acid prepared in filtered water (608-675 nm, with a
range of 533-1439 nm during storage). In contrast, our low-mineral
bottled-water emulsions showed smaller sizes and lower PDI at com-
parable concentrations (Table 2). Differences in pH and ionic
strength—factors known to shape NEFA self-assembly—likely
contribute to these discrepancies (Ferreira et al., 2006; Suga et al.,
2016), underscoring the importance of preparation conditions when
investigating fat perception.
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Example of the process for determining a threshold
Visits 1-2 * S, determined as the highest step where the lower limit of 50%
Stimuli | Lower limit of confidence interval of d’ of stimuli indicated 0.5 or higher consecutively
UMU 5004 CT of o' *  Ablock of stimuli for the next visit: determined as the 6 stimuli
S, 1.24 including one step below the S, obtained
S 0.68 *  Threshold: S determined at the last visit set
S5 0.96 Visits 3-4 Visits 5-6
M 0.96 Stimuli Lower limit of Stimuli Lower limit of
Ss 0.96 50% Cl of d' UMY | 509 CI of d
Se 0.68 ‘ Ss 0.37 Ss 2.59
© S S o Ss 0.37 S 192 Visits 7-8
. /]\E)lock 0.f<s‘I!n;ull f(;r S, 0.23 S, 1.92 S Lower limit of
the next visit: Ss— S S 023 Sg 2.59 50% CI of d'
S, 0.09 S, 1.91 =) | s 1.05
Sio 0.09 Sio 0.36 So 1.05
* S¢S + S:S, S 0.67
*  Ablock of stimuli for * Ablock of stimuli for S 1.05
the next visit: Ss— S the next visit: Sg— S5 Sh 037
Sis 0.67
®  The dark area indicates the criterion concentration (S.) determined per visit set * Threshold: S;,

Fig. 4. Example procedure for determining an individual threshold using the descending-block DR A-Not A method over eight visits. 1 For each stimulus, the lower
bound of the 50 % confidence interval (CI) for the d’ estimate is computed by pooling responses to 24 blind stimuli—16 for the reference (low-mineral bottled water)
and 8 for each test stimulus—across two successive visits (i.e., Visits 1-2, 3-4, ...). 2 S. denotes the criterion concentration, which exceeds the individual’s esti-

mated threshold.

Table 2
Particle size and polydispersity index (PDI) of oleic-acid emulsions used as test
stimuli.

Threshold Concentration Particle size (nm) ' Polydispersity Index
step (mM) (PDD) !
Step 0 2 100 359.500 + 1.900 0.217 + 0.026
Step 1 17.7 249.100 + 3.900 0.185 + 0.004
Step 2 10.0 242.800 + 4.100 0.184 + 0.047
Step 3 5.6 237.100 + 5.600 0.158 + 0.030
Step 4 3.1 243.300 + 7.100 0.182 + 0.005
Step 5 1.8 287.800 + 13.400 0.147 + 0.104
Step 6 1.0 306.500 + 3.100 0.103 + 0.031
Step 7 5.6 x 107! 310.300 + 13.400 0.182 + 0.018
Step 8 3.1x107! 324.200 + 1.900 0.215 + 0.030
Step 9 1.8x 107! 344.500 =+ 9.600 0.204 + 0.017
Step 10 1.0 x 107! 473.500 + 11.700 0.293 + 0.011
Step 11 5.6 x 1072 464.900 + 23.400 0.246 + 0.017
Step 12 3.1 x1072 594.200 + 28.000 0.242 + 0.028
Step 13 1.8 x 1072 634.100 + 18.100 0.262 + 0.010
Step 14 9.9 x 1073 698.200 + 54.400 0.373 + 0.038
Step 15 5.5 x 1073 882.000 + 89.800 0.462 + 0.061
Step 16 3.1x1072 994.500 + 68.500 0.545 + 0.039

1 Pparticle sizes and PDI value represented as mean =+ standard deviation (SD).
2 Step 0 (100 mM) was included for size characterization only and was not
included in the detection-threshold test presentations.

3.2. Measuring the detection threshold (DT) of oleic acid

DTs were measured across eight visits using a starting concentration
of 17.7 mM, arranged in descending blocks. Learning-related shifts were
evident across visit sets (Fig. 6). The maximum concentration detectable
by more than half of the participants was 10.0 mM (Step 2) in the first
visit set, but 1.8 mM (Step 5) in the last visit set. The median threshold
decreased from Step 2 [InterQuartile Range, IQR 1-3] at visits 1-2 to
Step 5 [4-6] at visits 7-8 (all pairwise p < 0.05; Supplementary Fig. 1);
overall range was Step 1 (17.7 mM)-Step 14 (0.99 pM). These shifts are
consistent with practice-related gains in a subset of participants. This
trend supports prior observations by Heinze et al. (2017), who reported
significant threshold reductions across three sessions for oleic acid
stimuli, highlighting perceptual and cognitive adaptation over time.

Individual trajectories by group are shown in Fig. 7. Group 1 main-
tained high thresholds across visits; Group 2 improved; Group 3 was
sensitive from the first visit. Group-level medians at visits 1-2 and 7-8
are summarized in Fig. 8. Participants were dichotomized using Step 5
(1.8 mM)—the concentration detected by >50 % at visits 7-8—yielding
hyposensitive (undetected at Step 5) and hypersensitive (detected at
Step 5) groups. This boundary is close to the ~2.8 mM criterion used by
Asano et al. (2016) in a comparable East-Asian cohort.

Initial classification (visits 1-2) yielded 32 hyposensitive and 8 hy-
persensitive participants. With repetition (visits 7-8), 19 participants
remained in the hyposensitive group. In comparison, 21 participants
(including 13 reclassified participants) were categorized as hypersensi-
tive (Fig. 8). Group 2 (reclassified) showed significant improvement in
threshold step over visits (p < 0.05), whereas Groups 1 and 3 did not.
Reclassification occurred in 13 out of 40 cases (33 %); the remaining 67
% retained their initial classification. Although 3 participants showed a
decrease in fat taste sensitivity across visits, they maintained the same
classification.

Prior work similarly reports within-subject variability and practice-
related gains in fat-taste thresholds (Newman & Keast, 2013; Running
et al., 2013), underscoring the value of repeated assessments with
controlled emulsions. These observations highlight the potential impact
of perceptual learning, which has been insufficiently addressed in prior
literature. Detecting non-esterified fatty acids (NEFAs) is inherently
challenging due to their unfamiliarity, lack of clear sensory descriptors,
and methodological issues such as emulsification, often resulting in
unstable thresholds and practice-related improvements in performance
(Running et al., 2013). Consequently, repeated exposure can be
important for achieving stable performance and reducing variability,
particularly for individuals who initially struggle to detect NEFAs. In the
present data, repetition reduced misclassification and yielded more
reliable groupings, supporting the view that perceptual familiarization
contributes to the stabilization of fat-taste sensitivity.

Building on these insights, the present study incorporated repeated
testing with the additive-free emulsion and observed that sensitivity
classifications could shift substantially when learning effects were taken
into account. This finding highlights the importance of repeated testing
to improve reliability and accurately capture individual differences in
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Fig. 5. Dynamic light scattering (DLS) analysis of the oleic-acid emulsion samples; experimental protocols are detailed in the materials and methods section.

fat sensitivity by minimizing misclassification due to transient adapta-

tion or inexperience.

In the present study, several participants changed their sensitivity

classification after repeated testing, suggesting that what appears to be
“low sensitivity” in single assessments may in fact reflect inexperience
rather than a biological limitation. These findings reinforce the notion
that perceptual learning constitutes a critical source of within-subject
variability in fat-taste sensitivity assessment and must be taken into
account to ensure the valid interpretation of individual differences in
sensitivity. This indicates that individual differences in learning patterns
should be considered in evaluating fat sensitivity.

In our previous comparison of the ascending triangle and
descending-block DR A-Not A methods (Choi et al., 2023), repeated
testing revealed significant between-person differences in learning,
including cases that improved from 101.1 mM to 9.9 x 10~* mM.
Because triangle tests can invite both t- and p-strategies (Lee &
O’Mahony, 2007; Hautus et al., 2021), strategy heterogeneity may
amplify variability.

Therefore, in the present study, a descending-block DR A-Not A
design was adopted to minimize inter-individual variability in repeated
threshold measurements. The descending order allowed participants
first to experience stronger stimuli at the beginning of the session,
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Fig. 6. Cumulative distribution of oleic-acid detection thresholds: the median threshold was 10.0 mM in visit 1-2, whereas 1.8 mM in visit 7-8.
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Fig. 7. Individual concentration-step results across visits. (A) Group 1 (N = 19): Individuals with no evidence of practice effects across repeated sessions; (B) Group 2
(N = 13): Individuals initially insensitive who showed practice-related improvement over repeated sessions; (C) Group 3 (N = 8): Individuals sensitive from the
first visit.

Without considering the repetition of Considering the repetition of
the detection threshold (DT) tests: the detection threshold (DT) tests:
Results from visits 1-2 Results from visits 7-8
[ Hyposensitive (N = 32) ] [ Hyposensitive (N = 19) ]
Group 1 2+0.75 3 £:0.75
N=19) (10.0 = 4.95mM) (5.6 + 4.13 mM) BE0WS
(5.6 £ 4.13 mM)
2 +0.50
17.7 £ 3.85 mM
QS35 ) [ Hypersensitive (N =21) ]
Group 2 2 +0.50 6+ 1.00
N=13) (10.0 + 3.85 mM) (1.0 £ 0.62 mM)
6 +2.00
[ Hypersensitive (N = 8) (1.00 £ 0.81 mM)
Group 3 6 £ 0.00 8+ 1.38
N=8) (1.0 £ 0.00 mM) 6 £ 0.00 (031 % 0.36 mM)
(1.0 £ 0.00 mM)

Fig. 8. Median threshold step and corresponding concentration for each group, compared both with and without repetition considered. When repetition was
considered, Group 2—initially classified as hyposensitive—was reclassified as hypersensitive.
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thereby priming the perceptual system and facilitating the formation of
an internal sensory template for oleic acid. As the concentration
decreased, participants could match these weaker stimuli against the
established template more effectively, improving discrimination at near-
threshold levels. This approach, combined with a warm-up procedure
and SDT-based d analysis, enabled more stable threshold estimation by
reducing random guessing and enhancing sensitivity consistency across
visits. Additionally, thorough rinsing and sufficient inter-trial intervals
were implemented to prevent potential coating or carry-over effects
from high oleic acid concentrations.

Building on the foundational framework established by Yang et al.
(2025), the present study advanced the methodological approach to
assessing fat taste sensitivity by isolating the effect of repeated exposure
and simplifying the emulsion matrix to exclude potential confounding
factors. Yang et al. (2025) applied a modified DR A-Not A method using a
food-matrix-based emulsion stabilized with milk proteins to examine the
effects of fat type (FFA, TAG, and their mixture) and physicochemical
properties on perception; however, group classification was based solely
on a single final threshold measurement. In contrast, the present study
investigated the perception of an oleic acid emulsion prepared with low-
mineral bottled water without any additives. This may allow for mini-
mizing the influence of matrix components and enable a more controlled
examination of the effects of repeated testing on DT. By applying an
individualized repeated-measures design, we demonstrated that repeated
testing not only improved sensitivity classification but also revealed
learning-dependent modulation of oral fat perception—an aspect not fully
addressed in the previous study. Similarly, Costanzo et al. (2025) devel-
oped a simplified lecithin-based emulsion to improve emulsion stability
and minimize sensory noise in fat taste threshold testing. However, their
study focused solely on comparing emulsion types using the 3-AFC
method, without accounting for individual learning effects or incorpo-
rating repeated visits. In contrast, the present study combined a
surfactant-free emulsion system with an SDT-based DR A-Not A method
across repeated measurements, offering a framework for isolating
perceptual learning and improving classification accuracy.

Our findings confirm that hypersensitive individuals consistently
showed lower DTs across visits, highlighting the role of perceptual
learning—an aspect often overlooked in previous research. Overall, by
refining the emulsion system and incorporating repeated testing, the
present study not only addresses methodological limitations in earlier
work but also provides additional evidence for the dynamic and modi-
fiable nature of oral fat perception. These advancements strengthen the
basis for exploring how gustatory mechanisms and emulsion structures
influence the perception of fat taste.

However, while repeated testing enhances measurement stability, it
also raises an important question regarding the nature of the observed
improvement—whether it represents an actual change in biological
sensitivity or a gain in task-specific perceptual competence. Our findings
suggest that the improved detection of oleic acid across visits primarily
reflects perceptual and decisional learning rather than a change in
innate biological sensitivity. Repeated exposure with dual reminders
likely stabilizes the internal decision criterion (B-strategy) and refines a
stimulus template for the faint sensory characteristics of NEFAs. The
descending-block structure may further facilitate this process, as early
exposure to higher concentrations primes the perceptual template,
improving recognition at lower concentrations. In parallel, procedural
familiarity reduces performance variance (Benjamin et al., 2013; Turner
et al., 2011). Similar to the “warm-up” effect described by Angulo et al.
(2007), repeated exposure may homogenize individual differences in
sensitivity and reduce overdispersion, leading to more stable perfor-
mance across Vvisits.

3.3. Intensity ratings of tastants

To examine relationships between fat-taste sensitivity and other taste
modalities, gLMS intensity ratings (and not thresholds) were obtained
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for caffeine, quinine, PROP, and sucrose. As summarized in Table 3,
mean gLMS intensity ratings across all 40 participants were highest for
PROP and lowest for caffeine, with overall differences in intensity
among tastants. Although concentrations were chosen to target moder-
ate-strong intensity on the gLMS (Bartoshuk et al., 2004), the perceived
intensities were not closely matched; quinine tended to elicit higher
mean ratings than caffeine despite targeting the same range. Variability
was also greater for quinine and PROP than for sucrose or caffeine,
indicating larger inter-individual differences in intensity perception for
quinine and PROP.

To test whether general taste responsiveness differed by fat-taste
sensitivity group, gLMS intensity ratings of caffeine, quinine, PROP,
and sucrose were compared between fat-hyposensitive and fat-
hypersensitive groups (Table 4). Without considering repetition (Visits
1-2), no group differences were detected. With repetition (Visits 7-8),
PROP intensity ratings were higher in the fat-hypersensitive group than
in the hyposensitive group (p = 0.035, Mann-Whitney U test). In
contrast, caffeine, quinine, and sucrose did not differ. This pattern aligns
with reports (e.g., Costanzo, Russell, Lewin and Keast, 2020) that PROP
sensitivity can relate to fat responsiveness under controlled emulsion
conditions, while acknowledging that prior findings are mixed
(Drewnowski et al., 1998, 2007).

These results also indicate that the four tastants were not intensity-
matched (e.g., quinine showed both a higher mean and greater vari-
ance than caffeine). For future cross-modal comparisons, re-titrating
concentrations to achieve closer intensity matching is recommended
to reduce within-subject variance. Repetition-aware grouping revealed a
PROP difference that was not apparent under single-visit classification.

Taken together, these findings argue for a more targeted and efficient
approach to future threshold protocols. For classifying individuals into
hyper- versus hyposensitive groups, it may not be necessary to repeat a
full descending (or ascending) series across many visits. Instead, a
constant-stimuli design could be constructed around a single mid-range
“decision block” that spans the concentration range where group sepa-
ration occurs (e.g., Steps 3-7 in the present data), preceded by a brief
warm-up set to familiarize participants with the task and reference.
Repeated evaluation within this focused block, implemented within a
single session or a short two-session protocol, may be sufficient to obtain
stable SDT-based sensitivity estimates for classification. Conversely,
when the primary goal is to estimate biological detection or recognition
thresholds rather than classify sensitivity groups, future protocols could
center a block of constant stimuli on the population’s average threshold
range and extend testing to higher or lower concentration blocks only if
an individual’s performance falls entirely above or below that range.
Such block-wise, decision-region—focused designs offer a practical
means to incorporate learning and familiarity while reducing overall test
burden.

3.4. Limitations of the present study

This study has several limitations that should be considered when
interpreting its findings, particularly regarding sample composition,

Table 3
Mean and standard deviation (SD) of intensity ratings for each tastant (N =
40).

Tastant Mean + SD 2
Caffeine 24.21 + 17.61> 4
Sucrose 33.71 + 18.36°> #

36.34 + 19.98% AB
41.69 + 28.76> B

Quinine HCL
6-n-propyl-2-thiouracil (PROP)

! Within a column, means with different lower-case superscripts differ
significantly (Kruskal-Wallis test, p < 0.05).

2 Within a column, variances with different upper-case superscripts differ
significantly (Levene’s test, p < 0.05).
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Table 4
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Comparison of mean intensity ratings and standard deviation (SD) between hypersensitive and hyposensitive groups, with and without considering repetition.

Tastant Without considering repetition Considering repetition

Mean + SD Mean + SD

Hypersensitive Hyposensitive Hypersensitive Hyposensitive

(N=28) (N = 32) p-value ' (N =21) (N =19) p-value '
Caffeine 22.25 + 14.68 24.70 £ 18.45 0.598 23.05 + 14.83 25.50 + 20.60 0.538
Quinine HCl 36.25 + 13.45 36.36 + 21.48 0.456 37.07 + 18.88 35.53 + 21.62 0.352
Sucrose 27.69 +12.18 35.22 + 19.46 0.831 36.10 + 21.44 31.08 + 14.33 0.342
PROP 34.94 + 25.55 43.38 + 29.64 0.710 49.88 + 30.61 32.63 + 24.22 0.035

! Bold indicates significant difference between the groups (Mann-Whitney U test, p < 0.05).

methodology, and potential sources of bias. First, the sample consisted
solely of healthy young Korean females, limiting the generalizability of
the findings to other populations with different genders, ages, ethnic-
ities, or health statuses. Future studies should include diverse de-
mographic groups to improve the external validity of the results. Second,
while repeated testing revealed practice-related improvements in some
participants, the study design cannot entirely separate perceptual
learning from other potential sources of intra-individual variability,
such as menstrual cycle-related hormonal fluctuations or chronobio-
logical factors. Future studies may benefit from controlling for these
factors. Emerging evidence suggests that taste sensitivity can fluctuate
throughout the menstrual cycle (Costanzo, 2024), indicating that some
of the observed changes in fat-taste detection thresholds might be
influenced by chronobiological factors rather than solely by learning
effects. Given that all participants were young, healthy females, this
potential confound cannot be ruled out. Future studies should include
more diverse participant groups to assess whether these findings are
consistent across different demographic and health profiles. Third, the
absence of complementary physiological or biological measures, such as
fungiform papillae density, genetic markers (e.g., TAS2R38, CD36 var-
iants), or dietary fat intake, limits the ability to distinguish biological
sensitivity from performance-based changes across visits. Incorporating
these measures in future research would enable better differentiation
between biological thresholds and learning-related effects.

Methodologically, this study employed an SDT-based descending-
block DR A-Not A design, combined with a constant stimuli approach
across the entire concentration range, spanning four two-visit blocks.
This method enabled repeated assessments and ensured reliable classi-
fication of fat-taste sensitivity. Repeated measurements were used to
stabilize the decision criterion and improve classification reliability,
thus minimizing the impact of learning-related effects and enhancing
the accuracy of sensitivity classification over time. Consequently, the
present data do not reveal how threshold estimates or learning patterns
might differ when an ascending procedure or more efficient limited-
repeat protocols are used. Future studies should focus on repetition in
mid-range decision regions, for example, by using a constant-stimuli
block targeting the concentrations separating hypo- and hypersensi-
tive groups (e.g., Steps 3-7), preceded by a brief warm-up set. Direct
comparisons of ascending and descending series, along with decision-
region—focused constant-stimuli designs, could help clarify hysteresis
effects and assess how procedural direction, oral residue, fatigue, and
block structure influence the stability of threshold classification.
Although viscosity measurements confirmed that all stimuli remained
within a low, water-like viscosity range and were statistically indistin-
guishable from the reference, subtle tactile contributions cannot be
entirely excluded. Future studies should consider measuring tactile re-
sponses to clarify this aspect further.

The final detection thresholds obtained in this study should be
interpreted as learning-stabilized perceptual sensitivity, rather than
pure innate sensitivity, reflecting the combined effects of learning and
repeated exposure. Future studies should differentiate between biolog-
ical thresholds and performance-based measures by incorporating
neurophysiological and genetic correlations alongside behavioral data

to provide a more comprehensive understanding of fat-taste sensitivity.
In this context, limited, strategically targeted repetition—either by
repeatedly sampling a single decision block for classification or by
centering a block on the average threshold range and extending testing
only to higher or lower blocks when necessary—may not only improve
reliability but also help accurately capture perceptual competence in fat-
taste sensitivity measurement, particularly for individuals showing
substantial within-subject variability.

To improve emulsion stability and ensure consistent fatty acid de-
livery, future studies should focus on optimizing the pH and salt con-
centration of the emulsion. While mineral water was used as a base in the
current study, which offers a more natural environment compared to
distilled water, adjusting pH levels and natural salt content could more
accurately replicate oral cavity conditions, such as the presence of saliva.
By optimizing these factors, it would be possible to enhance emulsion
stability and fatty acid bioavailability at lower concentrations. This
approach provides a potential pathway to better simulate the oral envi-
ronment, improving the reliability and reproducibility of fat-taste sensi-
tivity measurements, especially at lower concentrations, and ensuring that
the measured thresholds are as physiologically relevant as possible.

4. Conclusion

This study examined individual differences in the effects of practice
and learning on fat-taste thresholds across repeated measurements and
their correlations to other taste sensitivities. Using an SDT-based,
descending-block DR A-Not A procedure with a surfactant/additive-
free emulsion, classification into hyposensitive versus hypersensitive
groups changed when repetition was considered, indicating that task-
specific learning can influence threshold-based grouping. In contrast,
single-visit grouping showed no association with other tastes, whereas
repetition-aware grouping revealed higher PROP bitterness sensitivity
in the hypersensitive group, suggesting that learning effects can mask
cross-modal relationships if unaccounted for.

Methodologically, simplifying the emulsion matrix and incorpo-
rating targeted repetition around the mid-range decision block provides
a practical approach to more reliable, learning-aware threshold esti-
mation. This study suggests that focused repetition within a single mid-
range decision block (e.g., Steps 3-7) could enhance the stability of fat-
taste sensitivity classification. Furthermore, optimizing the pH and salt
concentration of the emulsion could improve the stability of fatty acid
delivery, creating a more physiologically relevant oral environment for
fat-taste testing. These results suggest that the routine use of limited
repeats focused on the concentration range that separates hyper- and
hyposensitive groups (e.g., repeatedly testing a single mid-range deci-
sion block, such as Steps 3-7, rather than running multiple whole
descending blocks) or a brief two-session protocol may be sufficient to
improve the stability of fat-taste sensitivity classification and facilitate
the exploration of its associations with other traits. Interpretation should
consider study constraints, including a phenotypically similar cohort of
young Korean females and the lack of measures such as fungiform
papillae density, dietary fat intake, and genetic variation, which warrant
inclusion in future work.
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