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Abstract
Food intake, proportion, and diversity are the major cornerstones of eating behavior. This study examined changes in eating
behavior phenotypes using a randomized controlled study (RCT) of digital cognitive behavioral therapy for healthy behavior
augmentation (dCBT), with 45 individuals in the dCBT group and 25 individuals in the control group. The dCBT group received a
daily intervention for lifestyle modi�cation, while the control group performed self-care for eight weeks. The food intake,
proportion, and diversity of both groups were assessed using two different methods: a food diary via a mobile app and buffet test
meals consisting of 24 food items classi�ed as healthy or unhealthy. Results revealed that dCBT was successful in promoting
healthy eating behaviors that led to physiological and psychological adjustment for the metabolic mechanisms and
consequences of healthy eating behavior. Restrained eating behavior at baseline signi�cantly predicted changes in food intake
and diversity of healthy diets after the intervention. Lastly, changes in satisfaction with body shape and insulin resistance were
signi�cantly correlated with changes in food intake and diversity in healthy diets. These �ndings suggest that investigating eating
behaviors using objective and self-report methods and psychological and physiological indices can facilitate individualized
treatment in obesity clinics.

Introduction
The prevalence of obesity has remarkably increased over the past decades, making obesity the most critical public health issue.
Although the etiology of this condition is complicated, maladaptive eating behavior is acknowledged to be the major contributor1.
Thus, eating behaviors are signi�cant considerations of the public health burden2. There is growing interest in research on eating
behaviors due to their importance in obesity. Previous studies have examined three different dimensions of eating behaviors: food
intake, proportion, and diversity3–5. Food intake refers to the amount of food consumed. This is the most remarkable eating
behavior phenotype, since an energy imbalance, the main feature of overweight condition and obesity, occurs when the intake
exceeds the expenditure5. Food proportion refers to the percentage of food group sections composing the total food intake6. There
are controversial results regarding the relationship between food proportion and bodyweight, showing all three possible outcomes
(positive, negative, and no signi�cant associations)1,2,5. Food diversity is related to the distribution or diversity of dietary patterns
among different food groups4. Although few studies have investigated the role of food diversity in health outcomes, there is an
increasing recognition that food diversity can be particularly relevant to obesity and blood glucose control in diabetes3,6. Moreover,
it may be a principal indicator for evaluating the nutritional status of the diet as a whole. A comprehensive understanding of
eating behavior requires the consideration of multifaceted factors. Therefore, understanding the mechanisms for controlling
human eating behaviors and developing the ability to assess them is critical in establishing effective obesity treatments.

From a psychological perspective, there are three fundamental questions related to studying human eating behaviors: How much
do we eat (food intake)? How much do we choose to eat from speci�c food groups (food proportion)? How diverse are the
categories of the food we eat (food diversity)? There is no doubt that emotions and eating behaviors interact with each other. For
instance, emotion could in�uence food intake and choice by altering appetite or food availability, while emotional transitions can
also result from food intake and choice7. In addition, people regulate eating behaviors according to contextual aspects such as
social settings5, food variety8, food palatability9, memory of recent eating10, and motives for eating regulation11. The great
majority of research on eating behaviors within psychology is about managing food intake, choice, and variety, since these can be
associated with obesity and eating disorders.

One of the important factors in eating behaviors is insulin resistance (IR), a dysmetabolic status in which the peptide hormone
insulin shows reduced biological effect on peripheral target tissues. Previous studies have revealed that IR is closely related to
obesity, metabolic diseases such as type 2 diabetes (T2D) mellitus and cardiovascular disease, and cognitive impairment. IR is
associated with the central nervous system delivering information regarding energy homeostasis and is positively associated with
adiposity12,13. A previous study also reported that IR patterns correlated positively with eating behaviors such as overeating and
food craving, potentially stimulating altered regulation of the homeostatic system14. Accordingly, reducing the food calorie intake
decreases both body weight and IR15,16. In further human brain studies, insulin activation selectively impaired the prefrontal cortex
and hypothalamus of overweight and obese people14,17. However, the role of IR during changes in eating behavior, food intake,
proportion, and diversity for weight loss has not been comprehensively investigated.
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To comprehend human eating behaviors, it is critical to establish assessment methods for analyzing food intake, proportion, and
diversity18. Since the nature of eating behavior is complicated, an optimal protocol for its assessment has not yet been de�ned. In
fact, current protocols to analyze eating behavior lack precision and have systematic limitations. Some past studies insisted upon
approaches that consider both internal validity (reproducibility) and external validity (resemblance to real-world eating behavior)19.
Thus, a comprehensive assessment indicating ideal circumstances (high internal validity) and real-world conditions (high external
validity) will promote the e�cacy and safety of new medical interventions for obesity using randomized controlled trials (RCTs)20.

Among the protocols focused on internal validity (reproducibility), many techniques and methodologies have been developed
based on experimental conditions of food intake, proportion, and diversity. The most common method involves allowing
participants to take meals with no restrictions on the amount of food19. This method has shown good validation for total energy
intake between two equal sessions, presenting good reproducibility21,22. The internal validity of buffet test-meals in laboratory
research is generally high because they provide the maximum sensitivity level and allow for manipulation of the intervention and
the outcomes19. It is also practical to categorize food into either healthy or unhealthy groups based on a structured procedure.
However, under these conditions, there is a high risk of excluding the cognitive and physiological aspects of eating behavior.

Besides the buffet test-meal, several studies have highlighted the importance of considering the real-world eating context,
focusing on external validity (resemblance to real-world eating behavior)23,24. Most recent research has emphasized using digital
technologies such as mobile apps to aid dietary assessment25. Food diaries using mobile apps enable the use of advanced
technological features, such as wireless communications and portable designs, allowing people to re�ect real-life eating behavior
and situations in dietary research. Thus, these apps are suitable for determining eating behavior at breakfast, lunch, dinner, and
snacks, representing daily patterns. While the external validity of mobile apps for assessing eating behaviors is high, several
methodological limitations threaten internal validity19. The most severe problem is that the chance of data collection errors is
relatively high, usually due to misreporting of energy intake. However, little research has examined the validity of logging food
intake and choice through mobile apps.

This study explores the role of psychological characteristics and IR in eating behaviors by implementing a buffet test-meal
(experimental setting) and a food diary using a mobile application (real-world setting) to develop precision medicine in obesity
clinics. The predictors and mechanisms related to eating behavior changes based on lifestyle modi�cation clinical trial data
(shown in Fig. 1) were investigated.

Methods

Study design and participants
This investigation followed up on �ndings initially addressed in a digital cognitive behavioral therapy (dCBT) study26. It was found
that dCBT successfully induced lifestyle modi�cations, thereby supporting a healthy weight. The data supporting the aim of the
present analysis are from the previous dCBT study. This study was an 8-week randomized controlled trial with active dCBT
intervention. The trial was registered with ClinicalTrials.gov NCT03465306 in 18 September 2017,
https://register.clinicaltrials.gov/NCT03465306. The detailed design and methods have been published elsewhere26. Brie�y, the 70
subjects in this study (all female) were randomly assigned to a control (app only) group or a dCBT (app + human CBT) group at a
ratio of 1 to 2. The dCBT group received daily feedback and assignments from a psychologist based on the CBT modules for eight
weeks; members could access the digital tools from the intervention period through the 24-week follow-up. The control group was
instructed to use only a food diary without therapist intervention until the 24-week follow-up, but was given the same digital tools
and instruction as the dCBT group. The daily feedback and tasks based on the CBT modules were delivered to the dCBT group by
a psychologist for eight weeks. The control group, provided with the same digital devices and guidance as the dCBT group, was
instructed to use only a food diary without therapist intervention.

Assessment

Procedures of the buffet test-meals and food diary apps
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This study consisted of a breakfast session that took place between 8:00 a.m. and 10:00 a.m. It was composed of 24 food items
(12 food items for a healthy diet and 12 food items for an unhealthy diet; Appendix A, Table A1). Healthy diet foods have low
calorie density and glycemic index (GI), while unhealthy diet foods have relatively high calorie density and GI27. Prior to the meal,
the participants were given an explanation about the foods available at the test-meal and told they could decide which foods to
eat, and as much or as little as they wanted. All participants had 30 minutes to eat, but they were not required to eat for this entire
time if they �nished earlier. The majority of the participants consumed their meals within 15–20 minutes. They were also informed
that they could ask for additional servings of any of the foods provided. During the meal, the total weight of each food consumed
was measured from pre- to post-meal, and nutrient values were calculated using nutrition facts label information to determine
total meal intake. Participants were also instructed to log their food diaries using the Noom app during the 8-week active
intervention. Noom consists of a personalized self-monitoring system designed to record meals, exercise, and weight. The food
diary provides nutritional information for each food based on the food database.

Food intake is the quantity of food consumed by the subject. The food intake phenotypes were composed of nine indices for the
buffet test-meal method: total calories (FIB-T), caloric intake of healthy diet foods (FIB-H), that of unhealthy diet foods (FIB-UH),
the intake amount of carbohydrate (FIB-Carb), protein (FIB-Pro), fat (FIB-Fat), sugar (FIB-Su), sodium (FIB-So), and saturated fat
(FIB-Sf), and nine indices for the food diary in the app: total calories (FID-T), the amount of carbohydrates (FID-Carb), protein (FID-
Pro), fat (FID-Fat), sodium (FID-So), and calorie intake for breakfast (FID-B), lunch (FID-L), dinner (FID-D), and snacks (FID-S). For
example, the intake amount of carbohydrate (FIB-Carb) is the absolute value of the total amount of carbohydrate intake during the
buffet meal-test.

Food proportion is de�ned as the proportion of each food type (healthy/unhealthy or carbohydrate/protein/fat) consumed by the
subject, composing the total food intake. The food proportion phenotypes consisted of �ve markers for buffet test-meal
assessment: the proportion of chosen amounts from highly healthy diet foods (FPB-H), unhealthy diet foods (FPB-UH),
carbohydrate (FPB-Carb), protein (FPB-Pro), and fat (FPB-Fat); and three markers for the food diary in the app assessment:
carbohydrate (FPD-Carb), protein (FPD-Pro), and fat (FPD-Fat). For example, the healthy diet proportion score (FPB-H, 0–100%) =
[(amount of healthy diet food intake) / (amount of total dietary intake)] × 100; unhealthy diet proportion score (FPB-UH, 0–100%) =
[(amount of unhealthy diet food intake) / (amount of total dietary intake)] × 100.

Food diversity is the diversity of dietary patterns chosen by the subject among the buffet food item groups served; it is not the
same as the proportion of foods consumed. Food diversity phenotypes refer to the number of food categories consumed from a
previously selected list. Thus, these categories were derived from the buffet test-meal method only and de�ned as follows: total
food diversity score (FDB-T, 0–100%) = [(the number of food items consumed from all 24 food items provided) / 24] × 100; healthy
diet diversity score (FDB-H, 0–100%) = [(the number of food items consumed from the 12 healthy food items provided) / 12] ×
100, and unhealthy diet diversity score (FDB-UH, 0–100%) = [(the number of food items consumed from the 12 unhealthy food
items provided) / 12] × 100. The classi�cations of the overall eating behavior index are presented in Appendix A (Table A2).

Other baseline assessment (anthropometrics, psychological, and
biological measures)
Anthropometric measures, including body composition, such as whole-body fat mass, fat percentage, and lean body mass, were
measured using a portable bioelectrical impedance analysis device (InBody H20B; InBody Co., Ltd, Seoul, South Korea). After
overnight fasting, blood samples were taken to measure glucose, triglyceride, total cholesterol, gamma-glutamyl transpeptidase,
insulin, and leptin in the morning to avoid daily variations in activities. A revised version of the Situational Motivation Scale was
used to assess the participants’ situational motivation toward the behavioral change to lose weight. In addition, the psychological
measures were assessed using a brief form of the Body Shape Questionnaire-8C (BSQ-8C), the Korean version of the Beck’s
Depression Inventory (K-BDI-II), the Trait Anxiety Inventory, the Rosenberg Self-Esteem Scale, the Dutch Eating Behavior
Questionnaire (DEBQ), and the Automatic Thoughts Questionnaire (ATQ-30). All these questionnaires were in Korean, and detailed
explanations can be found elsewhere26.

Intervention
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A multi-dimensional, daily individualized intervention was delivered by a psychologist using CBT modules via the mobile app. CBT
contents are focused on promoting the eating behavior of healthy foods based on published programs guided by clinicians28.
This is different from other behavioral modi�cation programs that encourage dietary restraints on eating habits29,30. Its contents
instruct people to stop skipping meals and eat breakfast by conforming to healthy behavioral habits. Accordingly, the diverse
components relevant to each participant’s behavior, cognition, emotion, and motivation in the dCBT group were observed and
examined during the 8-week active intervention. A detailed description of the intervention procedures is provided by Kim et al.26

Statistical analysis
The mean and SD were used to describe baseline characteristics. Differences between the two groups were detected using an
independent-samples t-test for continuous variables and a chi-square test for dichotomous variables. A paired-samples t-test was
conducted to examine the statistical differences between baseline and post-intervention within a group. Effect sizes were also
estimated using Cohen’s d. Correlation analysis using Pearson’s coe�cient was used to investigate which baseline measures had
a predictive role in food choice and food intake changes at eight weeks. The coe�cient of variation (CV) was used to determine
the standardized measure of distribution dispersion. All analyses were conducted using SPSS Statistics software, version 25 (IBM
Corp.), and two-tailed statistical signi�cance was set at p = .05. As there were less than 20% missing values in the set of overall
changes variables, mean imputation was performed.

Results
Table 1 shows all participants’ baseline characteristics in both the dCBT and control groups; details have been published
previously26.
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Table 1
Baseline characteristics of participants in both groups.

Characteristics Control (n = 25) Digital CBT (n = 45)

Age, years, mean (SD) 21 (2.7) 22.3 (3.5)

Fasting glucose, mg/dL, mean (SD) 87 (8.1) 87.3 (7.4)

Triglyceride, mg/dL, mean (SD) 92.2 (35.9) 93.2 (42.6)

Total cholesterol, mg/dL, mean (SD) 184.7 (24.9) 191.1 (30.4)

GGT, U/L, mean (SD) 15.3 (8.5) 21.3 (32.8)

Leptin, ng/ml, mean (SD) 37.5 (14.7) 42.49 (15.3)

Fasting insulin, µU/mL, mean (SD) 12.6 (6.1) 16.1 (9.1)

SIMS, score, mean (SD) 77 (5.8) 76.1 (5.7)

BSQ-8C, score, mean (SD) 34.8 (8.9) 36.24 (7.5)

K-BDI-II, score, mean (SD) 14.7 (9.6) 13.6 (9)

TAI, score, mean (SD) 47.8 (11) 48 (10.4)

RSES, score, mean (SD) 21.9 (6.4) 19.8 (5.6)

DEBQ-restrained score, mean (SD) 30.6 (7.3) 29.9 (6.6)

DEBQ-emotional score, mean (SD)* 29.1 (11.6) 38 (10.1)

DEBQ-external score, mean (SD)* 32 (7) 34.9 (4.8)

ATQ-30, score, mean (SD) 57.6 (26) 57.2 (22.3)

*There was a statistical difference between the two groups at baseline; CBT, cognitive behavioral behavior therapy; GGT,
gamma-glutamyl transpeptidase; SIMS, Situational Motivation Scale; BSQ-8C = Body Shape Questionnaire; K-BDI-II = Beck
Depression Inventory-II in Korean; TAI = Trait Anxiety Inventory; RSES = Rosenberg Self Esteem Scale; DEBQ = Dutch Eating
Behavior Questionnaire; ATQ-30 = Automatic Thoughts Questionnaire.

Changes in eating behavior phenotypes (treatment e�cacy)
Figure 2 shows each behavioral phenotype’s overall results for both healthy and unhealthy diets from the buffet test-meal
assessment. Regarding eating behavior phenotypes from the buffet test-meal, participants in the dCBT group showed a signi�cant
change in FIB-H (Cohen’s d = 0.60, dCBT: M = 26.06, SD = 68.95 vs. Control: M = − 8.00, SD = 46.41; p = .03) and FDB-H (Cohen’s d = 
0.66, dCBT: M = 4.62, SD = 11.54 vs. Control: M = − 2.78, SD = 10.85; p = .01) at eight weeks compared to the control group. For the
eating behavior phenotypes from food diary data, the changes in mean FID-B (Cohen’s d = 0.60, dCBT: M = 26.75, SD = 154.56 vs.
Control: M = − 41.63, SD = 46.98; p = .03) of the dCBT group were signi�cant compared to the control group at eight weeks. No
signi�cant differences were observed in other eating behavior phenotypes (Appendix A, Table A3 and A4).

In addition, only the dCBT group showed signi�cant changes in the FIB-H (Cohen’s d = 0.73, M = 135.33, SD = 185.70; p < 0.001),
FPB-UH (Cohen’s d = 0.54, M = 13.98, SD = 25.87; p = 0.003), and FDB-H (Cohen’s d = − 0.35, M = − 4.66, SD = 13.32; p = .049) after
the 8-week intervention. The dCBT and control groups showed signi�cant changes in FIB-UH, FPB-H, FDB-UH, and FDB-T.
According to the eating behavior phenotypes from the food diary assessment in the app, only the dCBT group showed signi�cant
decreases in both the FID-L (Cohen’s d = − 0.39, M = − 68.85, SD = 174.90; p = .008) and FID-D (Cohen’s d = − 0.43, M = − 111.97, SD 
= 257.86; p = .005) at eight weeks compared to the baseline. Both groups achieved signi�cant FID-S changes in the last week
compared to the �rst week (dCBT: Cohen’s d = − 0.62, M = − 73.32, SD = 117.74; p < .001 vs. Control: Cohen’s d = − 0.59, M = − 
124.26, SD = 211.07; p = .006). The overall results of calorie intake per meal were reported in a previous study26. Figure 3 shows
the results of food intake changes per meal assessed by the food diary in the app (Appendix A, Table A5 and A6).

Predictors and mechanisms related to eating behavior change
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Restrained eating behavior, measured by the DEBQ (DEBQ-RE) at baseline, was signi�cantly correlated with FDB-H change at eight
weeks (p = .006). Participants who had greater dietary restraint intention or behavior at baseline were more likely to increase the
number of food categories among the healthy diet foods after the 8-week intervention. The change in the level of body shape
satisfaction, assessed by the BSQ-8C during the 8-week intervention, showed a signi�cant positive correlation with FIB-H change
(p = .039) and FDB-H change (p = .04). The calorie intake and number of healthy diet food categories increased as the level of
body shape satisfaction increased. The change in IR (fasting insulin) was also signi�cantly correlated with FIB-H change (p 
= .043) and FDB-H change (p = .026). Thus, participants with greater calorie intake and more categories among healthy diet foods
showed a greater decrease in IR during the 8-week intervention. Other parameters showed signi�cant or meaningful results.
Figure 4 illustrates the signi�cant correlations between the predictive markers and the mechanisms related to the changes in
major eating behavior phenotypes. All results of the correlation analysis are presented in detail in Appendix A (Table A2).

Functional relationship between the two assessments of eating behavior
Considering the CV among the two different assessments, the CV of FIB-T (46%) was greater than that of FID-T (28%) after dCBT.
The CV of these two assessments was similar to other nutritional indices such as carbohydrate (FIB-Carb vs. FID-Carb; 45% vs.
34%), protein (52% vs. 41%), fat (77% vs. 45%), and sodium (59% vs. 47%). In addition, there was no signi�cant correlation
between FIB-T and FID-T or among other indices after dCBT (p = .806).

Discussion
This study successfully demonstrated the function of psychological features and IR concerning changes in healthy diet eating
behaviors. Food intake and diversity were promoted after the lifestyle modi�cation intervention. Baseline psychological
characteristics effectively predicted these changes in eating behaviors. In addition, changes in both psychological conditions and
IR could explain the changes in eating behavior. This study also demonstrated for the �rst time the usefulness of implementing
two different assessment methods for eating behaviors: the buffet test-meal and food diary in the app.

Food intake, proportion, and diversity change via dCBT intervention
To our knowledge, this is the �rst study to investigate changes in food intake, proportion, and diversity obtained through dCBT in
an RCT design. These changes were implemented by comparing the dCBT group to the active comparators applied in the control
group. Regarding the experimental setting measures, FIB-H and FDB-H signi�cantly improved in the dCBT group compared to the
control group. In addition, according to the measures in the real-world setting, the change in FID-B signi�cantly increased in the
dCBT group compared to the control group. Thus, dCBT successfully improved both food intake and diversity in healthy diets and
encouraged people to eat breakfast.

Methodology: multi-dimensional eating behavior
For the �rst time, this study assessed eating behavior with multi-dimensional (intake, proportion, diversity, healthy vs. unhealthy
diet foods, nutrients) phenotypes in a prospective study design. Several previous studies have used cross-sectional research
designs or a 24-h food recall method18 with only a unidimensional index to assess eating behavior31,32. For this reason, they
cannot provide correlational and comprehensive explanations of changes in eating behaviors. In contrast, this study observed
behavioral changes in multiple aspects of eating behavior, such as food intake, food proportion, and food diversity. Speci�cally,
the food diversity index is applicable when there are more than four different dietary categories18. The study developed the most
effective design to assess food diversity behavior by applying the most diverse numbers of food items within the 24 food items.
Moreover, it provides evidence of causal relationships among eating behaviors, psychological features, and physiological factors
due to the prospective design. Thus, this study investigates the multiple dimensions and mechanisms of eating behavior,
dissecting its inherent complexities.

Methodology: buffet test-meal and food diary in app
This is also the �rst study to assess eating behavior with two different procedures: a buffet test-meal (experimental setting) and a
food diary using a mobile app (real-world setting). Previous studies assessed eating behavior by applying only a single method,
either an experimental test meal33 or a food diary app34. Studies assessing eating behavior with laboratory meals showed higher
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reliability and validity, but insu�ciently re�ected real-world eating behaviors. In contrast, those using food diary apps were more
likely to re�ect the real-world setting. However, they showed underreporting of the measures related to the smartphone app’s ability,
the level of engagement in the app, and either overestimated or underestimated records provided by self-report assessment34,35.
Based on the results of the study, the behavioral eating patterns detected by the two assessment methods showed differences in
performance. The CV of the buffet test-meal was greater than that of the food diary app. This result could be interpreted to
indicate that the buffet test-meal effectively demonstrates the actual heterogeneity of individuals’ eating behavior characteristics.

Compared to the app’s food diary (12 indices), the buffet test-meal (17 indices) provided a higher eating behavior index. In
addition, buffet-test meals de�ned the nutritional components and identi�ed healthy or unhealthy foods. We successfully detected
changes in eating behavior related to healthy diets, but did not �nd a signi�cant change among the nutritional factors. This may
be because the main goal of dCBT was to promote a healthy diet rather than control nutritional factors. The food diary app could
specify each diet and the daily meals, such as breakfast, lunch, dinner, and snacks, differently from the buffet test-meal. This
study successfully detected a signi�cant change in breakfast intake that provides further evidence to support the idea that the
main result of the dCBT intervention was to enhance a healthy diet change.

Taken together, these results support the idea that the buffet test meal is more relevant to quantifying the eating behavior changes
after the intervention, while the food diary app has the advantage of identifying breakfast, lunch, and dinner meals separately.

Psychological features predicting healthy eating behavior improvement
Although several previous studies examined the predictors of weight loss26,36, this study is the �rst to identify predictors for
changes in eating behaviors during a lifestyle modi�cation intervention. We found that a restrained eating behavior style was the
most favorable predictive marker of healthy eating behavior among individuals in the dCBT program. This result provides new
evidence that the dCBT program could be most bene�cial to improving the diversity in a healthy diet for people who have a
restrained eating behavior style.

Indeed, restrained eating behavior is a barrier to successful weight loss due to loss of control of eating in response to certain
events such as emotional stress, alcohol, or palatable foods37. In fact, restrained eating behavior refers to the intention to restrict
food intake, which is more likely to be under cognitive control than under internal or other physiological controls. When restrained
eating habits break down, individuals tend to be disrupted or disinhibited by stimuli. Since people with greater restrained eating
behavior showed larger increases in healthy food diversity, the dCBT program successfully restructured their cognitive frame,
leading to healthier eating behavior.

In a previous study using dietary intervention, in contrast to the dCBT program, dietary restraint was a predictor of unfavorable
weight loss36. This also illustrates the importance of targeting cognitive components to improve healthy eating behavior during
lifestyle interventions, especially for people with severe dietary restraint.

Psychological features as mechanisms and IR as a consequence of
improved healthy eating behavior
This study is also the �rst to provide comprehensive insight combining psychological and physiological features into changes in
healthy eating behavior. Our results con�rmed that individuals with a greater decrease in body shape dissatisfaction showed
greater increases in healthy food intake and diversity. Previous studies have concluded that body shape satisfaction is closely
linked to lifestyle-related behaviors and changes in body weight38. There is a higher risk of engaging in health-damaging eating
behaviors, such as excessive dietary restriction, for people with high levels of body shape dissatisfaction39. The results suggest
that improvements in body shape satisfaction could be a mediator of improved healthy eating behavior.

In addition, the study reports that people with a greater decrease in IR presented greater increases in healthy food intake and
diversity. It is obvious that IR is one of the major issues for many chronic diseases that require healthy lifestyle modi�cation as a
treatment40,41. As a part of lifestyle behavior, unhealthy eating behavior induces IR. Thus, there is no doubt that as eating behavior
becomes healthier, IR improves. Based on our results, IR improvement can be seen as a consequence of healthy eating behavior.
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Healthy eating behavior also leads to weight loss26. These results also indicate that weight loss improves IR, suggesting that
healthy IR may be the outcome of improved healthy eating behavior.

Strengths and limitations
This study has several �rsts to its credit. First, this is the �rst RCT to validate the e�cacy of dCBT through changes in healthy diet
eating behaviors. Second, this is the �rst study to assess eating behavior using both direct observation and self-report methods,
with the highest number of food items. Third, this is the �rst study to examine the mechanisms of changes in food intake,
proportion, and diversity, with both psychological characteristics and IR. Notwithstanding these strengths, this study also has
limitations. First, the participants were in their 20 s and 30 s, limiting generalizability. Second, although eating behavior is a
comprehensive behavior, the indices we used to measure it were limited to calorie intake, food proportion, and diversity. In future
studies, it is recommended that other dimensional measures of behavior be included, such as latency to initiate eating behavior or
inter-response time. Lastly, missing data is a known limitation, and mean imputation methods could lead to underestimation of
the variance. However, since there were only a few missing values, the single imputation method would positively and e�ciently
present this numerical dataset, providing further insight into the mechanisms underlying the association between eating behavior
and both psychological and biological conditions.

Conclusion
This study examined, for the �rst time, the role of psychological conditions and IR in eating behavior changes such as food intake,
proportion, and diversity during lifestyle modi�cation intervention. In addition, eating behaviors were assessed using two different
methods: a buffet test-meal (laboratory setting) and a food diary app (real-world setting). Healthy diet eating behaviors were
successfully promoted by the dCBT intervention. Finally, the study demonstrated physiological and psychological adjustments
supporting the metabolic mechanisms and consequences related to healthy eating behavior in humans. Investigating eating
behaviors using both objective and self-report methods and measurement of psychological and physiological indices will allow us
to implement individualized treatment in obesity clinics.
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Figures

Figure 1

Conceptual framework of eating behavior with assessment methods and related factors.
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Figure 2

Overall results for each behavioral phenotype in both healthy and unhealthy diets from buffet test-meal assessment.

Figure 3

Overall results for the changes by food intake phenotype in each meal from the food diary app assessment.
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Figure 4

Predictive markers and mechanisms related to changes in major eating behavior phenotypes.
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