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Abstract: Food labels comprise a national health-intervention policy that informs consumers
of food-product nutritional value. Previous evidence has indicated that, compared to a purely
numeric guideline-daily-amount label, a traffic-light-inspired, color-coded label more effectively
conveys the nutritional level and increases the selection of healthier products. Therefore,
we used functional magnetic resonance imaging to assess the mechanism whereby traffic-light
and guideline-daily-amount labels influence food-related decision-making. Forty-four female dieters
(age, mean = 20.0, standard deviation = 1.45 years) were recruited to participate in a food-choice task;
healthy or unhealthy food options were presented with color-coded traffic-light or purely numeric
guideline-daily-amount labels, and the participants were asked to state their preference. We found
that, compared with the guideline-daily-amount label, a salient, red traffic-light label potentially
reduced unhealthy food-related decision-making and activated the superior medial frontal gyrus
and the supplementary motor area, which are implicated in the execution of responses and motor
inhibition. For the same stimulus contrast, we also found increased activation in the anterior cingulate
cortex, which is associated with salient information monitoring. Finally, we found stronger functional
connectivity between the anterior cingulate cortex and inhibitory regions (inferior and middle frontal
gyri) under red-traffic-light than under guideline-daily-amount label conditions. These results suggest
that traffic-light-inspired labels may be a more effective means of public-policy intervention than are
numeric labels conveying guideline daily amounts.

Keywords: food decision making; nutritional labels; traffic light labels; fMRI

1. Introduction

Food information labels are critical in informing individuals of the ingredients and nutritional
value of their food. Effective food labeling systems help alleviate the prevalence of obesity and support
healthy eating decisions [1-4]. Systematic reviews have shown that nutrition labels are perceived
as highly credible and are used to guide food selections [5,6], especially when the nutritional value
of a food is ambiguous [7]. Another review concluded that including more salient information and
ensuring a deeper understanding of the information on nutrition labels are more likely to promote
healthy decision-making [8]. Therefore, in addition to the guideline-daily-amount (GDA) labels that
are typically used, the traffic-light (TL) nutrition label has been widely suggested as a more salient
adjunct label.

The GDA label displays both the amount per serving and the corresponding percentage of the
recommended daily intake for several nutrients. This differs from the TL label, which employs a
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color-coded system to depict the amount of nutrients per 100 g. Nutritional information such as sugar,
fats, and sodium content are identified as red (unhealthy or high levels), yellow (somewhat healthy or
medium levels), or green (healthy or low levels). Several meta-analyses have reported that color-coded
TL labels, compared to purely numeric GDA labels, are more effective in conveying nutritional levels
and increase the selection of healthier products [6,9]. Empirical research has consistently concluded
that TL labels are an effective approach in promoting awareness of the health costs of products [4,10],
encouraging healthier choices [4,11], increasing the value computation of healthy foods [12], increasing
the consumption and sale of healthy items [10,13], and decreasing the consumption and sale of
unhealthy items [13,14]. Additionally, a modelled comparison showed that TL labels are a cost-effective
method for preventing obesity [15].

Studies have begun to examine various mechanisms to determine why TL labels are more effective
in the promotion of health considerations. Eye-tracking studies have revealed that the use of colors in
nutrient-specific labels may attract more attention to nutritional information, which may lead to an
alternative choice [16,17]. More specifically, one study used drift-diffusion modeling to investigate how
color-coded labels alter the process of decision-making [18]. They found that color-coded labels led a
significantly increased rate of preference formation (drift rate) toward healthier options without altering
the starting point, which was followed by the observation of healthier food selections. Moreover,
salient labels increased health sensitivity and decreased the importance of taste, indicating that the
integration of health and taste attributes during the choice process is sensitive to how information is
displayed [18].

An alternate explanation of the effect of nutrition labels may be the different cognitive neural
processes triggered by each type of label; however, most functional magnetic resonance imaging
(fMRI) studies have focused on the effect of the caloric and taste information provided by labels
on neural responses. Conflicting findings have been observed when foods are described as low in
calories on the nutrition label. One study reported that “low calorie” labels did not enhance the
activity of the reward-related ventromedial prefrontal cortex (vmPFC), while another found that the
participants made fast approach movements to earn the food item, accompanied by an increased
activation in the sensorimotor cortex [19,20]. It is considered that these differences are due to individual
food taste preferences. In another study, researchers found that by integrating food taste and health
attributes on labels, the food taste profiles increased the appreciation and appeal of the food, while
the health features increased the proportion of healthy decisions. In the condition where the food
was exclusively described with health attribute labels, the activity in the amygdala was stronger.
Additionally, the amygdala’s functional connectivity with the dorsolateral prefrontal cortex, a region
related to inhibitory control, was stronger [21], indicating that health information provided by labels
can affect the brain and guide healthy food decisions. However, these studies lacked discussion
of the types of nutrition information labels. To the best of our knowledge, only two studies have
compared TL and GDA labels and how they influence neural activity during the evaluation process
to determine the value and healthiness of food products [12,22]. Red TL labels activated portions of
the left inferior frontal gyrus (IFG)/dorsolateral prefrontal cortex, a region implicated in self-control,
and enhanced its coupling with the vmPFC, which is associated with valuation. When presented with
green labels, the posterior cingulate cortex showed increased coupling with the valuation system in the
vmPFC [12]. These results suggest that using salient nutrition labels triggers neurobiological processes
that resemble the self-regulation of eating. However, another study observed no differences in cerebral
activation between TL and GDA labels; compared to GDA labels, TL labels did not affect the strategy
employed [22]. Therefore, the effect of the two types of nutrition labels on neural activity needs to be
analyzed further.

Previous work has left several questions unanswered. First, it is unclear whether TL and GDA
labels trigger different cognitive neural activities in dieters processing nutritional information because
most food label studies have focused on the general population. Dieting is a commonly used method
for weight control [23], and dieters typically display a more urgent desire to reduce their intake of foods
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high in calories and fat and often rely more heavily on food labels than does the general population.
Therefore, it is necessary to investigate the effectiveness of TL and GDA labels in participants who are
chronic dieters.

Second, it remains unclear how TL and GDA labels influence neural activity during the food
choice process. Decision-making relies on a network of brain regions based in the frontal lobe [24-28].
In particular, the anterior cingulate cortex (ACC) is prominent within a network of regions that
monitor the dynamic outcome of actions and guide appropriate decision-making [25-31]. TL labels are
considered more salient than GDA labels, which may direct attention toward the nutritional aspects of
the food, help evaluate choice outcomes, and alter ACC activity during the decision-making processes.
Red TL labels for unhealthy foods help convey possible negative health consequences and possibly
strengthen inhibitory responses to these foods. Inhibitory frontal lobe regions, including the superior
medial frontal gyrus, the supplementary motor area (SMA), and the IFG, aid in response or motor
inhibition [32-38]. In the rejection of unhealthier options, response inhibition and self-control may be
indispensable; the activity of these inhibitory frontal regions may be stronger under the red TL label
condition than under the corresponding GDA label condition. In response to an unexpected event,
discontinuing an action requires the outcome of the action be monitored and inhibited. Therefore,
red TL labels appear to enhance the functional connectivity between brain regions associated with
information monitoring and inhibitory control. In contrast, green TL labels help signify more nutritious
foods and their health benefits. Previous studies have used fMRI methods to show that labels indicating
low-fat and healthy foods increase activity in the vimPFC and amygdala, which are involved in reward
expectation and emotional processing [12,21]. Accordingly, it is considered that green TL labels increase
the activity in these regions.

Therefore, the present study aimed to use fMRI techniques to determine how TL and GDA
labels influence food decision-making and cognitive neural activity, specifically in chronic dieters.
We hypothesized that, among dieters, red TL labels would elicit increased activation compared to
GDA labels in brain regions associated with salient information monitoring and response inhibition,
whereas green TL labels would elicit relatively increased activation in reward regions.

2. Materials and Methods

2.1. Participants

The present study included 44 right-handed, neurologically and psychologically healthy female
dieters who were recruited from Southwest University in Chong Qing, China. Because restricted
diet is common among women and male dieters are relatively rare [39], to avoid imbalance in the
number of recruited men and women, only women were selected to participate in this study. Moreover,
to avoid the effects of age, our study sample was limited to college students (age, mean (M) = 20.0,
standard deviation (SD) = 1.45). Based on previous studies, the Restrained Eating subscale of the Dutch
Eating Behavior Questionnaire (DEBQ) was used to screen chronic dieters. The inclusion criterion for
participation was an average score greater than 3 (the midpoint on a 5-point scale) on the Restrained
Eating subscale [40—-42]. An exclusion was a reported history of, or currently suffering from, an eating
disorder. Obese recruits (body mass index (BMI) > 30 kg/m?) were excluded because of potential
neuro-anatomical variations as a function of BMI. We also excluded potential participants who had
followed a medically prescribed diet within 6 months prior to enrollment, as well as those with
preferences for vegetarian food because this factor could affect dietary choices. Forty-eight women
were finally recruited; however, the data from four participants were excluded because of the presence
of large head movements during fMRI scanning.

2.2. Procedure

The experiment was approved by the Southwest University Human Ethics Committee and
performed in accordance with the guidelines of the Declaration of Helsinki. Written consent was
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obtained from each participant upon arrival at the testing location. Participants were asked to refrain
from eating or drinking (except water) for at least 2 h before arriving at the laboratory to control the
hunger level [42]. Next, participants were familiarized with the fMRI paradigm through practice on a
computer. Subsequently, they were asked to complete a visual analog scale (VAS) to assess individual
and subjective differences in hunger, eating desire, and happiness. Following this, participants
underwent four fMRI runs of a nutrition label decision-making task. Each run included healthy and
unhealthy foods with a TL or GDA label and lasted 398 s. Each run contained 24 trials, including four
types of conditions. The experimental trials were randomly arranged in advance to ensure that the
experimental conditions were not repeated multiple times in succession, so that different experimental
conditions would appear intermittently. In the interval between runs, participants briefly closed their
eyes to rest. The entire procedure lasted approximately 30 min per participant. Finally, participants
were required to describe their impression of the study to ensure that they had not been able to identify
the true purpose of the experiment. Participants verbally reported that they had referenced nutrition
labels in making their food choices but had not known the meaning of the color of the label.

2.3. Materials and Nutrition Label Decision-Making Task

The nutrition label decision-making task involved the presentation of two types of nutrition labels
(TL and GDA) and two types of foods (healthy and unhealthy). We employed food pictures adopted
from previous studies [41,43] comprising 24 unhealthy food choices (high-calorie and high-fat; e.g.,
fried foods, cream cakes, Chinese braised pork) and 24 healthy food choices (low-calorie and low-fat;
e.g., vegetables and fruits). To avoid forcing participants to select foods that they disliked, only those
food pictures that had scored 4 or higher on the tastiness scale (range: 1, not tasty at all to 9, very
tasty) in the previous studies were included [41,43]. The degree of tastiness was not significantly
different for unhealthy versus healthy foods (M = 6.50, SD = 0.98 versus M = 6.04, SD = 0.86; t (46) =
1.73, p = 0.09). The labels described the nutritional content of energy, fat, carbohydrates, and sodium,
which are typically seen on labels of Chinese products. Nutritional information was extracted from
the website www.boohee.com, which is a well-known food database in China. In accordance with
the methods utilized by Enax et al. [12], the TL nutrition labels of unhealthy and healthy foods were
primarily red and green, respectively. The GDA labels of the unhealthy and healthy foods were not
saliently color-coded as were the TL labels. The two types of labels are shown in Figure 1A.

Participants were instructed to observe the processed food items, were provided with their
nutritional value, and then asked to indicate whether they wanted the food. There were four runs
consisting of a total of 96 trials, with each run including four conditions. Each picture was shown
twice but in different runs: one presentation with the GDA label and the other with the TL label. Food
pictures were not repeated in a run. This was performed to ensure that food choices were influenced by
different labels, not by different foods. Trials in each run were presented in a predetermined manner,
illustrated in Figure 1B. Each food and nutrition label were presented for 5 s, followed by a blank
screen for 3-5 s. Participants were then allowed 3 s to indicate whether they wanted to eat the food.
Each trial was separated by a fixation cross presented for 3-5 s. Half of the participants were randomly
assigned to press the “left” key if they wanted to eat the food or the “right” key if they did not; the
other half were asked to press the opposite keys.
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Figure 1. Food label decision making task. (A) Sample labels generated for the foods. Left: color-coded
traffic-light (TL) label for unhealthy (upper) and healthy (lower) foods. Right: guideline-daily-amount
(GDA) label for the same foods. The food nutrition label is presented to the participants in Chinese
characters, and their English translations are, from left to right: GE& = energy, f&filj = fat, iIRAKIEY) =
carbohydrates, and % = sodium. (B) Illustration of the trial setup.

2.4. Measures

2.4.1. Restrained Eating Subscale of the DEBQ

The Restrained Eating subscale of the DEBQ consists of 10 items (e.g., “When you put on weight,
do you eat less than you usually do?”) that instructs participants to rate each item on a 5-point scale
from 1 (never) to 5 (very often). Higher scores on this subscale are indicative of higher degrees of
restraint in eating behavior. This scale has a reported internal consistency « of 0.95 [44]; however,
in the present study, its internal consistency was o = 0.78.

2.4.2. Visual Analog Scale

A VAS was used to assess individual differences in hunger, eating desire, and happiness.
Participants were asked: “How hungry are you currently?,” “How strong is your eating desire
currently?,” and “How happy are you currently?”. The questions were answered by selecting a point
on a straight line representing a VAS score ranging from 0% to 100%.

2.5. fMRI Data Acquisition

Images were obtained using a Siemens Allegra 3 T head-only MRI scanner. Functional data were
acquired with T2 *-weighted gradient echo planar imaging (EPI) sequences. For each participant,
199 brain volumes were collected during each functional run. EPI sequences used the following
parameters: repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, flip angle = 90°, field of view = 220
x 220 mm?, matrix size = 64 X 64, in-plane resolution = 3 x 3 mm?, 32 interleaved 3-mm-thick slices,
and inter-slice skip = 0.99 mm. To provide detailed anatomical images aligned to functional scans,
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high-resolution T1-weighted images were obtained using a magnetization-prepared rapid gradient
echo (TR = 2530 ms, TE = 3.39 ms, inversion time = 1100 ms, flip angle = 7°, resolution matrix = 256 x
256, slices = 176, slice thickness = 1.33 mm, and voxel size = 1.3 x 1 X 1.3 mm?).

2.6. Behavioral Data Analysis

For compatibility with analysis of variance models, which require continuous rather than
dichotomous variables for parametric assumptions to be met, the decision-making results were
converted to percentage choice scores by calculating the number of times a food was chosen divided
by the total number of trials. A 2 X 2 repeated measures analysis of variance was then conducted for
food decision-making, with label (TL versus GDA) and food (unhealthy versus healthy) as factors and
BMI, hunger and eating desire as covariates.

2.7. fMRI Data Analysis

2.7.1. fMRI Data Analysis Processing

All preprocessing steps were carried out using the toolbox for data processing and analysis for
brain imaging [45] based on the SPMS8 software package (Wellcome Trust Centre for Neuroimaging,
London, UK). Slice timing was used to correct slice order, the data were realigned to adjust for any
motion, and the first five volumes of the functional runs were discarded to achieve magnetically
steady-state images. Images were then normalized to the Montreal Neurological Institute space with
a 3 x 3 x 3 mm? voxel size. The normalized data were spatially smoothed with a Gaussian kernel;
the full width at half maximum was 6 X 6 X 6 mm. After preprocessing, participants whose head
movement exceeded 2.5 mm on any of the six head-motion parameters were excluded.

2.7.2. General Linear Model (GLM) Analyses

After preprocessing, SPM8 was used to analyze the imaging data. Two contrasts were specified in
the first-level analysis to determine individual differences in activation: unhealthy foods, TL versus
GDA labels; and healthy foods, TL versus GDA labels. In addition, six ongoing motion parameters
obtained during realignment were included as no interest variables. All these eight regressors
were convolved with the canonical hemodynamic response function and restricted to a whole-brain,
gray-matter mask. A GLM then generated statistical parametric maps. The resulting single-participant
contrast images were then entered into a second-level, random-effects group analysis for each of
the corresponding contrasts. The original voxel-wise FDR considers that voxels are independent of
each other. However, voxels are not independent of each other after fMRI data smoothing, which
causes the FDR obtained using this voxel-wise FDR correction to be very high for an activated brain
region. The topological false discovery rate (FDR) is based on the gaussian random field theory, which
considers that voxels are not independent. Voxels beyond the T threshold constitute a cluster, and then
FDR is used to correct these clusters, so that the independent units (used to be the total number of
voxels, but now is the number of clusters) are greatly reduced [46]. Therefore, the statistical threshold
was set at a whole-brain corrected value with a topological FDR of p < 0.001 to visualize the main effects.

2.7.3. Psychophysiological Interaction (PPI) Analyses

We performed PPI analyses to investigate how activity within brain regions is modulated as a
function of the label condition. Because ACC was the core brain region of food decision-making, it was
selected as the seed area to perform the PPI analyses. The PPI models applied at the single-participant
level included the following main regressors. The first regressor consisted of the time series of activity
in the seed brain area (the ACC) identified in a separate analysis, as described below. The time
series was extracted in each participant by drawing a 6-mm sphere around the peak voxels from the
second-level analysis, which was then used to guide the isolation of each participant’s peak voxels
within that sphere. The second regressor consisted of a task-related contrast (unhealthy foods—TL
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label versus unhealthy foods—GDA label), and the third regressor consisted of the interaction between
the first and second regressors. The contrast maps for the PPI analyses were obtained from the same
first-level model as the contrast maps for the other analyses as described in Section 2.5, Section 2.7.1,
and Section 2.7.2. The TL vs. GDA contrast for healthy foods was not used for the PPI analyses because
we did not find any significant whole-brain clusters, including in the ACC’s response to healthy
foods with TL and GDA labels, and thus could not extract the signal value of the ACC (described in
Section 3). Therefore, PPI analysis was only conducted for unhealthy foods with TL and GDA labels.
The statistical threshold was initially set at a whole-brain corrected value with a topological FDR of
p < 0.001 to visualize main effects. However, as no brain regions were found at the 0.001 level, we
further set it to p < 0.005 to explore the results.

3. Results

3.1. Effect of Label Condition on Decision-Making

We observed a significant main effect of label, F(1,43) = 4.580, p = 0.039, 172 =0.108, in that foods
with GDA labels were more often chosen (M = 0.66, SD = 0.29) than were those with TL labels (M = 0.59,
SD = 0.35). The main effect of food was significant, F(1,43) = 8.819, p = 0.005, 172 = 0.188, because
healthy foods were more frequently chosen (M = 0.85, SD = 0.14) than were unhealthy foods (M = 0.40,
SD = 0.29). We also found a significant two-way interaction between label and food, F(1,43) = 5.067,
p =0.030, n? = 0.118. More unhealthy foods were selected in the GDA label condition (M = 0.46, SD =
0.28) than in the TL label condition (M = 0.33, SD = 0.30), F(1,43) = 21.639, p < 0.001, r}z =0.363; however,
a significant difference was not found for healthy foods with GDA labeling (M = 0.85, SD = 0.14) vs.
TL labeling (M = 0.86, SD = 0.13), F(1,43) = 1.221, p = 0.276, > = 0.031 (Figure 2). These results suggest
that TL labels on unhealthy foods are more effective in reducing unhealthy dietary choices.

90
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- . GDA
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unhealthy healthy
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Figure 2. A comparison of food choices between the label conditions. GDA = guideline-daily-amount
condition; TL = traffic-light-like condition; * p < 0.05.

3.2. Effect of Label Condition on Regional Brain Activity

Whole brain analysis showed increased activation in the ACC, superior medial frontal, SMA, and
the fusiform, lingual, and middle occipital gyri in response to unhealthy foods with TL labels vs. GDA
labels (topological FDR p < 0.001; Table 1, Figure 3). However, the contrast between healthy foods with
TL vs. GDA labels did not elicit whole-brain significant clusters (topological FDR p < 0.001). These
results suggest that the TL labels were possibly superior in enhancing the activity of inhibitory frontal
regions only when co-presented with images of unhealthy foods.
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Table 1. Significant results of the fMRI analyses during unhealthy food presentation with GDA and
color-coded TL labels.

Effect Brain Area Laterality Cluster Size  x y z t

U-TL lall:; eble1>aU-GDA Anterior cingulate cortex L 98 -6 27 27 413
Medial frontal gyrus L 65 -3 30 42 366
Supplementary motor area 25 0 18 48  3.87
Fusiform gyrus R 112 24 -72 -9 578
Lingual gyrus R 64 12 -78 0 364
Middle occipital gyrus R 147 30 -84 17 398

PPI: H-TL label > .
H-GDA label Inferior frontal gyrus L 104 =51 45 3 385
(seed area: Anterior Middle frontal gyrus R 2 39 60 0 351

cingulate cortex)

Middle temporal gyrus R 213 60 -24 -6 34

Note: fMRI = functional magnetic resonance imaging; GDA = guideline daily amount; TL = traffic light; U =
unhealthy food; PPI = psychophysiological interaction; ® whole-brain corrected for topological false discovery rate p
< 0.001; ® whole-brain corrected for topological false discovery rate p < 0.005.

U-TLlabel > U - GDA label

Fusiform
Y=-72 Fusiform Z=-6

Lingual

5.78
tvalue

Figure 3. Contrast maps for presentation of unhealthy foods with guideline-daily-amount (GDA) and
color-coded traffic-light (TL) labels. Note: U = unhealthy food, SMA = supplementary motor area,
SMF = superior medial frontal gyrus, MOG = middle occipital gyrus, ACC = anterior cingulate cortex.

3.3. Effect of Label Condition on the Functional Connectivity of the ACC

Given that the ACC is prominent within a network of regions that monitor the dynamic outcome
of actions and guide decision-making, this region may show label-dependent functional connectivity
with other inhibitory regions. We tested this hypothesis using a functional connectivity analysis with
the ACC as the seed area. Therefore, a PPI analysis was performed to test for a stronger correlation
between the ACC and other inhibitory frontal regions with unhealthy foods and TL labels vs. GDA
labels. This analysis revealed stronger positive coupling between the ACC and inferior frontal and
middle frontal gyri in unhealthy foods with TL labels condition than in the unhealthy foods with GDA
labels condition (Table 1, Figure 4).
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U-TLlabel > U-GDAlabel

Figure 4. Functional connectivity results for presentation of unhealthy foods with guideline-daily-
amount (GDA) and color-coded traffic-light (TL) labels. Note: U = unhealthy food, ACC = anterior
cingulate cortex, IFG = inferior frontal gyrus, MFG = middle frontal gyrus.

4. Discussion

To the best of our knowledge, the present study is the first to use fMRI techniques to investigate
and compare the effectiveness of information-based and more visually salient nutrition labels among
dieters during food decision-making processes. Consistent with our hypothesis and compared to a
purely information-based GDA label, the more salient red TL labels for unhealthy foods reduced the
frequency with which dieters selected unhealthy foods and increased the activity in the ACC, superior
medial frontal gyrus, and SMA. Additionally, the ACC exhibited a stronger functional connectivity
with the IFG and MFG when presented with a red label. However, we failed to find evidence for
the effectiveness of green nutrition labels in promoting healthy dietary choices, and for healthy
foods, the neural processes associated with reward did not differ when participants saw a purely
information-based label vs. a more salient nutrition label.

Similar to the way a red traffic light delivers a signal to stop the car, the foods with red TL labels
may signal participants to avoid them. Previous studies have found that conveying information
on food (such as a high calorie content) to indicate that it is unhealthy, or highlighting labels with
traffic-signal colors, directly reduced unhealthy eating behaviors [4,11,47]. Our results are similar to
these findings, in that TL labels were found to be a potential approach to reducing unhealthy choices
among dieters.

More importantly, we found increased activation in the ACC, superior medial frontal gyrus, and
SMA in response to unhealthy foods with red TL labels than with GDA labels. The stages-of-change
model of Prochaska and DiClemente emphasizes that individuals weigh the advantages and
disadvantages during the decision-making process, considering the rewards and risks of each option [48].
This implies that the process of decision-making involves activity in the ACC because this is a region
that monitors the dynamic outcome of decision-making [25-31]. Moreover, in a study by Enax et al. the
task required participants to perform a value computation of food products. This task mainly activated
the vimPFC, a brain region consistently associated with value computations across task modalities [12].
In the present study, we did not find activity within this region, likely because our tasks, and therefore
the involved cognitive processes, greatly differed from those of Enax et al. However, similarly to these
researchers, we found that cognitive neural processes associated with inhibitory control are important
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in conditions involving red TL labels. In addition to the increased activation of the IFG discovered
by Enax et al. other inhibitory regions including the superior medial frontal gyrus and SMA, were
more active in the red TL label condition than in the respective GDA-label condition. This provides
potential evidence that red TL labels for unhealthy foods convey a negative health message, thereby
allowing individuals to refrain from selecting such foods, despite employing value computation in the
decision-making process. Furthermore, Enax et al. found that the vmPFC, which is related to value
computations, exhibited stronger functional connectivity to the IFG in the red TL label condition than
in the respective GDA label condition [12]. Accordingly, we found that the ACC was associated with
monitoring the dynamic outcome of the decision-making process and also exhibited stronger functional
connectivity with the IFG and MFG during the red TL label condition. Our results showed that the red
TL labels for unhealthy foods enhanced the corresponding monitoring of decision-making and the
activation response in behavioral inhibition regions during the food selection process. Additionally, the
red TL labels promoted functional connectivity between the corresponding food value computations
and activity in inhibitory brain regions, possibly contributing to the reduction of unhealthy decisions.
Taken together, the results constitute further evidence for the potential effectiveness of red TL labels
and how this type of labeling can prevent unhealthy eating.

However, the green TL nutrition labels did not positively promote healthy food decisions or
increase the activity in reward-expectation-related brain regions compared to the respective GDA
labels, possibly because of factors related to participant selection and the experimental material. First,
the selected healthy foods had a high degree of appeal to avoid forcing participants to choose foods
they did not like. Second, our participants were long-term dieters, and thus most of the healthy foods
were palatable to them and compatible with their goal of weight loss [49]. Therefore, our data may
be showing a ceiling effect caused by the selection of palatable, healthy foods, regardless of the label
condition. As a result, a nutrition labeling effect was not seen during the process of healthy food
decision-making, and we did not observe any differences in neural activity or behavior under the two
labeling conditions. Moreover, highly palatable but unhealthy foods are not conducive to a dieter’s
weight control; therefore, such foods were selected to a lesser degree than healthy foods. Especially,
dieters reduced their choice of unhealthy foods under the red TL label than under the GDA label
condition, suggesting that the red TL nutrition label could effectively activate cognitive resources to
prevent the participant from selecting the food. While green TL labels failed to strengthen the selection
of palatable, healthy foods, our post-hoc hypothesis is that green TL labels may be useful when healthy
foods are less palatable. A recent study showed that TL labeling was not advantageous compared to
GDA [22], which may be due to subjective perceived enjoyment of the food. Therefore, the effects of
TL and GDA nutrition labels on choices involving unpalatable foods should be compared in future
research. In addition, society considers healthy food advantageous for physical health. Therefore, there
may have been a social desirability effect involved in the selection of healthy food in the experiments.
Moreover, the participants orally reported after experiment that they were not aware of the meaning of
the color label; hence, their healthy food choices were not influenced by prior knowledge of what the
labels signified. In contrast, a difference was found between the two nutrition labels for unhealthy
foods, indicating that TL labels indeed have an effect on unhealthy food choice. In future study,
the social desirability effect should be controlled to more accurately explore the effect of TL labels on
healthy food.

Several limitations of the present study should be noted. Dieting is the most popular method
of weight loss [23]; therefore, we specifically recruited dieters to investigate the possible effects of
nutritional labels on food selection. However, a previous study showed that TL labels are likely to
be a cost-effective method for preventing obesity on a behavioral level [15]. As we only recruited
participants who were chronic dieters and of healthy weight, it is unclear if this same effect would be
seen in participants who are overweight or obese. Further research using fMRI should be conducted
to confirm whether TL nutrition labels are equally effective for obese individuals. Furthermore,
the current study lacked a control condition, i.e., making a choice with no label present, and therefore
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baseline food choice in the absence of labels could not be examined. In addition, there are individual
differences in food preferences. Although this study attempted to control for the taste of food, it could
not resolve this issue entirely. Therefore, personalized experimental materials should be used in future
studies to avoid the influence of individual differences.

Future studies should address the effectiveness of nutrition labels in specific situations.
For example, it would be advantageous to study dieters during states of negative emotion or resource
depletion because they often display emotional eating tendencies when faced with stress or negative
emotions [43] and their food-specific inhibitory control is often decreased after depletion of cognitive
resources [41]. Whether appropriate nutrition labels can block unhealthy dietary decisions in these
situations is an important subject for further study. In addition, the currently used process of food
choice-related decision-making is not ecologically valid. Future research should simulate online food
purchases, providing corresponding numerical nutritional information or more prominent nutritional
labels alongside the orders. In addition to exploring the underlying neurobiological effects of nutrition
labels, it would be beneficial to also track eye movements during simulated online food purchases to
better elucidate how nutrition labels alter unhealthy dietary choices from an attentional perspective.

5. Conclusions

In sum, the present study found that, compared with GDA label, salient TL labels may reduce
unhealthy food choice decisions by increasing the activity in brain regions implicated in response or
motor inhibition and by increasing their connectivity with the ACC, a salient information monitoring
region. The use of red TL labels can potentially inform dieters and help them stop selecting unhealthy
dietary options and may be a more effective public policy intervention than is the use of GDA labels.

Author Contributions: Conceptualization, X.Z. and Y.L.; methodology, X.Z. and Y.L.; software, X.Z.; validation,
X.Z.,YL,Y.G., SW. and H.C.; formal analysis, X.Z. and Y.G.; investigation, X.Z.; resources, H.C.; data curation,
X.Z. and H.C.; writing—original draft preparation, X.Z.; writing—review and editing, X.Z. and H.C.; visualization,
X.Z. and Y.L.; supervision, H.C.; project administration, H.C.; funding acquisition, H.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Chinese National Natural Science Foundation (NO. 31771237) and the
Fundamental Research Funds for the Central Universities (SWU1709106).

Acknowledgments: The authors would like to thank Editage for helpful revision of the language. This research
was supported by the Chinese National Natural Science Foundation (NO. 31771237) and the Fundamental Research
Funds for the Central Universities (SWU1709106).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Downs, ].S.; Loewenstein, G.; Wisdom, ]. Strategies for promoting healthier food choices. Am. Econ. Rev.
2009, 99, 159-164. [CrossRef] [PubMed]

2. Just, D.R; Payne, C.R. Obesity: Can behavioral economics help? Ann. Behav. Med. 2009, 38 (Suppl. 1),
$47-s55. [CrossRef] [PubMed]

3. Kiesel, K,; McCluskey, ].J.; Villas-Boas, S.B. Nutritional labeling and consumer choices. Annu. Rev. Resour.
Econ. 2011, 3, 141-158. [CrossRef]

4. Sonnenberg, L.; Gelsomin, E.; Levy, D.E; Riis, ].; Barraclough, S.; Thorndike, A.N. A traffic light food labeling
intervention increases consumer awareness of health and healthy choices at the point-of-purchase. Prev. Med.
2013, 57, 253-257. [CrossRef] [PubMed]

5. Campos, S.; Doxey, J.; Hammond, D. Nutrition labels on pre-packaged foods: A systematic review. Public
Health Nutr. 2011, 14, 1496-1506. [CrossRef] [PubMed]

6.  Cecchini, M.; Warin, L. Impact of food labelling systems on food choices and eating behaviours: A systematic
review and meta-analysis of randomized studies. Obes. Rev. 2016, 17, 201-210. [CrossRef] [PubMed]

7. Graham, D.J.; Jeffery, R.W. Predictors of nutrition label viewing during food purchase decision making:
An eye tracking investigation. Public Health Nutr. 2012, 15, 189-197. [CrossRef]


http://dx.doi.org/10.1257/aer.99.2.159
http://www.ncbi.nlm.nih.gov/pubmed/29505205
http://dx.doi.org/10.1007/s12160-009-9119-2
http://www.ncbi.nlm.nih.gov/pubmed/19760473
http://dx.doi.org/10.1146/annurev.resource.012809.103957
http://dx.doi.org/10.1016/j.ypmed.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23859926
http://dx.doi.org/10.1017/S1368980010003290
http://www.ncbi.nlm.nih.gov/pubmed/21241532
http://dx.doi.org/10.1111/obr.12364
http://www.ncbi.nlm.nih.gov/pubmed/26693944
http://dx.doi.org/10.1017/S1368980011001303

Nutrients 2020, 12, 128 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Miller, L.M.S.; Cassady, D.L. The effects of nutrition knowledge on food label use. A review of the literature.
Appetite 2015, 92, 207-216. [CrossRef]

Hersey, ].C.; Wohlgenant, K.C.; Arsenault, ].E.; Kosa, K.M.; Muth, M.K. Effects of front-of-package and shelf
nutrition labeling systems on consumers. Nutr. Rev. 2013, 71, 1-14. [CrossRef]

Trudel, R.; Murray, K.B.; Kim, S.; Chen, S. The impact of traffic light color-coding on food health perceptions
and choice. |. Exp. Psychol. Appl. 2015, 21, 255. [CrossRef]

Hawley, K.L.; Roberto, C.A.; Bragg, M.A.; Liu, PJ.; Schwartz, M.B.; Brownell, K.D. The science on
front-of-package food labels. Public Health Nutr. 2013, 16, 430-439. [CrossRef] [PubMed]

Enax, L.; Hu, Y,; Trautner, P.; Weber, B. Nutrition labels influence value computation of food products in the
ventromedial prefrontal cortex. Obesity 2015, 23, 786—792. [CrossRef] [PubMed]

Thorndike, A.N.; Sonnenberg, L.; Riis, J.; Barraclough, S.; Levy, D.E. A 2-phase labeling and choice architecture
intervention to improve healthy food and beverage choices. Am. J. Public Health 2012, 102, 527-533. [CrossRef]
[PubMed]

Emrich, T.E.; Qi, Y,; Lou, W.Y.; L’Abbe, M.R. Traffic-light labels could reduce population intakes of calories,
total fat, saturated fat, and sodium. PLoS ONE 2017, 12, e0171188. [CrossRef] [PubMed]

Sacks, G.; Veerman, J.L.; Moodie, M.; Swinburn, B. “Traffic-light” nutrition labelling and ‘junk-food” tax:
A modelled comparison of cost-effectiveness for obesity prevention. Int. J. Obes. 2011, 35, 1001. [CrossRef]
Becker, M.W.; Bello, N.M.; Sundar, R.P.; Peltier, C.; Bix, L. Front of pack labels enhance attention to nutrition
information in novel and commercial brands. Food Policy 2015, 56, 76-86. [CrossRef]

Bialkova, S.; Grunert, K.G.; Juhl, H.J.; Wasowicz-Kirylo, G.; Stysko-Kunkowska, M.; van Trijp, H.C. Attention
mediates the effect of nutrition label information on consumers’ choice. Evidence from a choice experiment
involving eye-tracking. Appetite 2014, 76, 66-75. [CrossRef]

Enax, L.; Krajbich, I.; Weber, B. Salient nutrition labels increase the integration of health attributes in food
decision-making. Judgm. Decis. Mak. 2016, 11, 460.

Ng, J.; Stice, E.; Yokum, S.; Bohon, C. An fMRI study of obesity, food reward, and perceived caloric density.
Does a low-fat label make food less appealing? Appetite 2011, 57, 65-72. [CrossRef]

Wegman, J.; van Loon, I.; Smeets, P.A.; Cools, R.; Aarts, E. Top-down expectation effects of food labels on
motivation. Neurolmage 2018, 173, 13-24. [CrossRef]

Grabenhorst, F.; Schulte, FP.; Maderwald, S.; Brand, M. Food labels promote healthy choices by a decision
bias in the amygdala. Neurolmage 2013, 74, 152-163. [CrossRef] [PubMed]

Prevost, M.; Hot, P; Muller, L.; Ruffieux, B.; Cousin, E.; Pichat, C.; Baciu, M. Neural correlates of the
healthiness evaluation processes of food labels. Nutr. Neurosci. 2018, 21, 467-477. [CrossRef] [PubMed]
Fayet, F.; Petocz, P.; Samman, S. Prevalence and correlates of dieting in college women: A cross sectional
study. Int. |. Women’s Health 2012, 4, 405.

Krain, A.L.; Wilson, A.M.; Arbuckle, R.; Castellanos, F.X.; Milham, M.P. Distinct neural mechanisms of risk
and ambiguity: A meta-analysis of decision-making. Neurolmage 2006, 32, 477-484. [CrossRef] [PubMed]
Neubert, F.X.; Mars, R.B.; Sallet, J.; Rushworth, M.FE. Connectivity reveals relationship of brain areas for
reward-guided learning and decision making in human and monkey frontal cortex. Proc. Natl. Acad.
Sci. USA 2015, 112, E2695-E2704. [CrossRef]

Rogers, R.D.; Ramnani, N.; Mackay, C.; Wilson, J.L.; Jezzard, P.,; Carter, C.S.; Smith, S.M. Distinct portions
of anterior cingulate cortex and medial prefrontal cortex are activated by reward processing in separable
phases of decision-making cognition. Biol. Psychiatry 2004, 55, 594-602. [CrossRef]

Rushworth, M.F; Kolling, N.; Sallet, J.; Mars, R.B. Valuation and decision-making in frontal cortex: One or
many serial or parallel systems? Curr. Opin. Neurobiol. 2012, 22, 946-955. [CrossRef]

Rushworth, M.E; Noonan, M.P,; Boorman, E.D.; Walton, M.E.; Behrens, T.E. Frontal cortex and reward-guided
learning and decision-making. Neuron 2011, 70, 1054-1069. [CrossRef]

Botvinick, M.M. Conflict monitoring and decision making: Reconciling two perspectives on anterior cingulate
function. Cogn. Affect. Behav. Neurosci. 2007, 7, 356-366. [CrossRef]

Vassena, E.; Krebs, R.M.; Silvetti, M.; Fias, W.; Verguts, T. Dissociating contributions of ACC and vmPFC in
reward prediction, outcome, and choice. Neuropsychologia 2014, 59, 112-123. [CrossRef]

Walton, M.E.; Croxson, P.L.; Behrens, T.E.; Kennerley, S.W.; Rushworth, M.F. Adaptive decision making and
value in the anterior cingulate cortex. Neuroimage 2007, 36, T142-T154. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.appet.2015.05.029
http://dx.doi.org/10.1111/nure.12000
http://dx.doi.org/10.1037/xap0000049
http://dx.doi.org/10.1017/S1368980012000754
http://www.ncbi.nlm.nih.gov/pubmed/22440538
http://dx.doi.org/10.1002/oby.21027
http://www.ncbi.nlm.nih.gov/pubmed/25755174
http://dx.doi.org/10.2105/AJPH.2011.300391
http://www.ncbi.nlm.nih.gov/pubmed/22390518
http://dx.doi.org/10.1371/journal.pone.0171188
http://www.ncbi.nlm.nih.gov/pubmed/28182630
http://dx.doi.org/10.1038/ijo.2010.228
http://dx.doi.org/10.1016/j.foodpol.2015.08.001
http://dx.doi.org/10.1016/j.appet.2013.11.021
http://dx.doi.org/10.1016/j.appet.2011.03.017
http://dx.doi.org/10.1016/j.neuroimage.2018.02.011
http://dx.doi.org/10.1016/j.neuroimage.2013.02.012
http://www.ncbi.nlm.nih.gov/pubmed/23428568
http://dx.doi.org/10.1080/1028415X.2017.1309820
http://www.ncbi.nlm.nih.gov/pubmed/28399718
http://dx.doi.org/10.1016/j.neuroimage.2006.02.047
http://www.ncbi.nlm.nih.gov/pubmed/16632383
http://dx.doi.org/10.1073/pnas.1410767112
http://dx.doi.org/10.1016/j.biopsych.2003.11.012
http://dx.doi.org/10.1016/j.conb.2012.04.011
http://dx.doi.org/10.1016/j.neuron.2011.05.014
http://dx.doi.org/10.3758/CABN.7.4.356
http://dx.doi.org/10.1016/j.neuropsychologia.2014.04.019
http://dx.doi.org/10.1016/j.neuroimage.2007.03.029
http://www.ncbi.nlm.nih.gov/pubmed/17499161

Nutrients 2020, 12, 128 13 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Batterink, L.; Yokum, S.; Stice, E. Body mass correlates inversely with inhibitory control in response to food
among adolescent girls: An fMRI study. Neuroimage 2010, 52, 1696-1703. [CrossRef] [PubMed]

Chen, C.Y;; Muggleton, N.G.; Tzeng, O.].; Hung, D.L.; Juan, C.H. Control of prepotent responses by the
superior medial frontal cortex. Neuroimage 2009, 44, 537-545. [CrossRef] [PubMed]

Floden, D.; Stuss, D.T. Inhibitory control is slowed in patients with right superior medial frontal damage.
J. Cogn. Neurosci. 2006, 18, 1843-1849. [CrossRef]

Hampshire, A.; Chamberlain, S.R.; Monti, M.M.; Duncan, ].; Owen, A.M. The role of the right inferior frontal
gyrus: Inhibition and attentional control. Neuroimage 2010, 50, 1313-1319. [CrossRef]

Sharp, D.J.; Bonnelle, V.; De Boissezon, X.; Beckmann, C.F,; James, S.G.; Patel, M.C.; Mehta, M.A. Distinct
frontal systems for response inhibition, attentional capture, and error processing. Proc. Natl. Acad. Sci. USA
2010, 107, 6106-6111. [CrossRef]

Swann, N.C.; Cai, W.; Conner, C.R.; Pieters, T.A.; Claffey, M.P.; George, ].S.; Tandon, N. Roles for the
pre-supplementary motor area and the right inferior frontal gyrus in stopping action: Electrophysiological
responses and functional and structural connectivity. Neurolmage 2012, 59, 2860-2870. [CrossRef]

Swick, D.; Ashley, V.; Turken, U. Left inferior frontal gyrus is critical for response inhibition. BMC Neurosci.
2008, 9, 102. [CrossRef]

Kong, F.C.; Zhang, Y.; Chen, H.; Shi, M.L.; Todd, J.; Gao, X. The cognitive bias in food cues for restricted
eaters: Evidences from behavioral and neuropsychological studies. Adv. Psychol. Sci. 2011, 19, 1355-1362.
Tapper, K.; Pothos, E.M.; Fadardi, J.S.; Ziori, E. Restraint, disinhibition and food-related processing bias.
Appetite 2008, 51, 335-338. [CrossRef]

Zhang, X.; Chen, S.; Chen, H.; Gu, Y.; Xu, W. General and food-specific inhibitory control as moderators of
the effects of the impulsive systems on food choices. Front. Psychol. 2017, 8, 802. [CrossRef] [PubMed]
Zhou, Y.; Gao, X.; Chen, H.; Kong, E. High-disinhibition restrained eaters are disinhibited by self-regulatory
depletion in the food-related inhibitory control. Eat. Behav. 2017, 26, 70-75. [CrossRef] [PubMed]

Zhang, X.; Luo, Y; Liu, Y; Yang, C.; Chen, H. Lack of conflict during food choice is associated with the failure
of restrained eating. Eat. Behav. 2019, 34, 101309. [CrossRef] [PubMed]

Van Strien, T.; Frijters, ].E.; Bergers, G.P,; Defares, P.B. The Dutch Eating Behavior Questionnaire (DEBQ)
for assessment of restrained, emotional, and external eating behavior. Int. J. Eat. Disord. 1986, 5, 295-315.
[CrossRef]

Yan, C.G.; Wang, X.D.; Zuo, X.N.; Zang, Y.F. DPABI: Data processing & analysis for (resting-state) brain
imaging. Neuroinformatics 2016, 14, 339-351.

Chumbley, ].R.; Friston, K.J. False discovery rate revisited: FDR and topological inference using Gaussian
random fields. Neurolmage 2009, 44, 62-70. [CrossRef]

Cavanagh, K.V.; Kruja, B.; Forestell, C.A. The effect of brand and caloric information on flavor perception
and food consumption in restrained and unrestrained eaters. Appetite 2014, 82, 1-7. [CrossRef]

Prochaska, J.O.; DiClemente, C.C. Stage of change in the modification of problem behaviors. Prog. Behav.
Modif. 1992, 28, 184-218.

Stroebe, W.; Van Koningsbruggen, G.M.; Papies, E.K.; Aarts, H. Why most dieters fail but some succeed:
A goal conflict model of eating behavior. Psychol. Rev. Am. Psychol. Assoc. 2013, 120, 110-118. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.neuroimage.2010.05.059
http://www.ncbi.nlm.nih.gov/pubmed/20510377
http://dx.doi.org/10.1016/j.neuroimage.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18852054
http://dx.doi.org/10.1162/jocn.2006.18.11.1843
http://dx.doi.org/10.1016/j.neuroimage.2009.12.109
http://dx.doi.org/10.1073/pnas.1000175107
http://dx.doi.org/10.1016/j.neuroimage.2011.09.049
http://dx.doi.org/10.1186/1471-2202-9-102
http://dx.doi.org/10.1016/j.appet.2008.03.006
http://dx.doi.org/10.3389/fpsyg.2017.00802
http://www.ncbi.nlm.nih.gov/pubmed/28596743
http://dx.doi.org/10.1016/j.eatbeh.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28183003
http://dx.doi.org/10.1016/j.eatbeh.2019.101309
http://www.ncbi.nlm.nih.gov/pubmed/31325801
http://dx.doi.org/10.1002/1098-108X(198602)5:2&lt;295::AID-EAT2260050209&gt;3.0.CO;2-T
http://dx.doi.org/10.1016/j.neuroimage.2008.05.021
http://dx.doi.org/10.1016/j.appet.2014.06.100
http://dx.doi.org/10.1037/a0030849
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Procedure 
	Materials and Nutrition Label Decision-Making Task 
	Measures 
	Restrained Eating Subscale of the DEBQ 
	Visual Analog Scale 

	fMRI Data Acquisition 
	Behavioral Data Analysis 
	fMRI Data Analysis 
	fMRI Data Analysis Processing 
	General Linear Model (GLM) Analyses 
	Psychophysiological Interaction (PPI) Analyses 


	Results 
	Effect of Label Condition on Decision-Making 
	Effect of Label Condition on Regional Brain Activity 
	Effect of Label Condition on the Functional Connectivity of the ACC 

	Discussion 
	Conclusions 
	References

