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Abstract 

Objective

This study aimed to investigate 12-month changes in eating behaviors and metabolic 

outcomes following bariatric surgery or lifestyle-induced weight loss.

Methods

This study is a longitudinal secondary analysis comparing data from two indepen-

dent prospective cohorts: bariatric surgery (n = 19) and lifestyle-induced weight loss 

intervention (n = 19). Body weight, body composition (Dual-energy X-ray absorptiom-

eter – DEXA), and metabolic parameters (blood samples, Oral Glucose Tolerance 

test – OGTT) were measured, and eating behaviors were assessed using validated 

questionnaires (Three-Factor Eating Questionnaire, Dutch Eating Behavior Ques-

tionnaire, Binge-Eating Scale) at baseline, at 5–6 months, and at 12 months after the 

intervention initiation.
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Results

Bariatric surgery produced greater weight loss (surgery −28.1 ± 8.1 kg vs lifestyle 

−8.9 ± 7.9 kg; p < 0.001) and larger improvements in metabolic markers than lifestyle- 

induced weight loss. Despite these differences, eating-behavior trajectories diverged. 

Bariatric surgery was from baseline to 12 months associated with stable or decreased 

eating restraint, whereas lifestyle-induced weight loss led to an increase in restraint 

(cognitive restraint: surgery −0.05 ± 0.7 vs lifestyle +6.4 ± 0.9; p < 0.001; restrained 

eating: surgery −0.7 ± 0.1 vs lifestyle +0.6 ± 0.2; p < 0.001). Both interventions reduced 

disinhibited eating, binge eating, and external eating. Hunger-related outcomes also 

improved in both interventions, but with different signatures: surgery was accom-

panied by reduced hunger perception and cue-reactivity, whereas lifestyle-induced 

weight loss was characterized by increased reliance on deliberate cognitive/behav-

ioral control strategies. When changes in eating behaviors were analyzed per 1% 

body weight lost, the opposing pattern in restraint remained significant, and the 

lifestyle group showed a larger increase in restraint and a greater relative reduction in 

susceptibility to hunger compared with surgery. Exploratory item-level patterns sup-

ported these profiles, suggesting fewer cue-driven triggers to overeat after surgery 

and greater use of conscious restraint strategies after lifestyle-induced weight loss.

Conclusions

Lifestyle-induced weight loss was associated with increased cognitive restraint, 

whereas bariatric surgery resulted in stable or decreased restraint. Both interventions 

decreased hunger sensations, likely through adaptive learning in the lifestyle group 

and physiological changes after surgery.

Introduction

Obesity is a chronic, relapsing disease associated with complications such as 
type 2 diabetes (T2D), cardiovascular disease, and various cancers [1]. Despite 
treatment advances, achieving and maintaining weight loss remains a major 
challenge.

Long-term weight loss outcomes differ drastically between intervention meth-
ods [2]. Bariatric surgery results in significant and sustained weight loss, reduced 
cardiovascular risk, remission of T2D, and improved quality of life [3,4]. While life-
style interventions also yield metabolic benefits, they usually produce less weight 
loss and are associated with poor long-term maintenance and frequent weight 
regain [5].

Bariatric surgery and lifestyle-induced weight loss affect physiology differently, 
influencing food intake regulation [6,7]. Surgery promotes sustained weight loss 
through mechanisms that enhance satiety, reduce appetite and hunger [8–10], 
and facilitate psychological changes in eating behavior, such as decreased moti-
vation to eat [9], and reduced desire to eat high-calorie treats [11–14]. Individuals 
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undergoing bariatric surgery also seem to better control their desires [15,16]. In contrast, findings regarding eating 
behavior following lifestyle-induced weight loss are inconsistent. Studies have reported increases [17,18], no changes 
[19], or decreases [20–22] in hunger and hunger-driven eating following lifestyle interventions, depending on the 
approach. Unlike bariatric surgery, lifestyle-induced weight loss often requires more conscious, sustained efforts to 
restrict food intake and regulate eating behaviors [22,23].

Few studies have directly compared changes in eating behavior following bariatric surgery versus lifestyle-induced weight 
loss. One comparative study found that surgery reduced hunger, appetite, and the effort needed to stop eating [24]. Even 
when appetite decreased similarly after both interventions [25], the desire to eat and prospective food consumption declined 
more after surgery. To date, only two studies have evaluated changes in eating behaviors using validated questionnaires to 
directly compare bariatric surgery and lifestyle-induced weight loss [26,27]. At 11 weeks, hedonic hunger decreased similarly 
after a comparable weight loss in both groups, although reductions in food reward across categories were greater following 
surgery [26]. Reductions in emotional eating, hunger, disinhibition and food reward along with increases in eating restraint 
and sustained weight loss, were observed up to one year after bariatric surgery, whereas participants in the lifestyle-induced 
weight loss group experienced weight regain and no long-term improvements in eating behaviors [27].

Therefore, the aim of this study was to identify key differences in eating behavior changes between bariatric surgery 
and lifestyle-induced weight loss, using validated questionnaires and a one-year follow-up. This study evaluates both 
interventions using standardized, multidimensional assessments and uniquely adjusts for weight loss to better isolate 
behavioral changes. Factors underlying these changes are explored through subscale analysis and qualitative evaluation 
of individual questionnaire items.

Methods

Participants

This is a secondary, comparative, longitudinal analysis of two independent prospective cohorts with harmonized assess-
ments. We included adults without type 2 diabetes who had complete eating-behavior questionnaire data available at 
baseline and at 12-month follow-up.

Bariatric surgery cohort.  The parent bariatric surgery cohort (n = 120) has been previously published) [28]. At 
12 months, 112 participants remained with complete follow-up (one planned gastric bypass was converted to sleeve 
gastrectomy, three were lost to follow-up, and four did not return questionnaires). For the present comparative analysis, 
we selected a subset of 19 participants without diabetes whose baseline body mass index and sex distribution were 
most comparable to the lifestyle cohort. These participants (14 women/5 men; age 47.0 ± 9.2 years; baseline body 
mass index >35 kg/m²) underwent Roux-en-Y gastric bypass (n = 7) or one-anastomosis gastric bypass (n = 12). Key 
exclusions included anemia (hemoglobin <120 g/L), pregnancy/lactation, contraindications to magnetic resonance 
imaging/spectroscopy, hiatal hernia, reflux esophagitis or Barrett’s esophagus, and other conditions affecting safety or 
interpretation.

Lifestyle cohort.  Nineteen adults with obesity (12 women/ 7 men; age 35.8 ± 7.7 years) completed a lifestyle weight-
loss trial, had no concomitant medications, and had complete follow-up [29–31]. Exclusions included smoking, > 5 kg 
weight change in the prior 3 months, diabetes, endocrine disease, or medications affecting appetite or weight regulation; 
no participants were lost to follow-up.

Participants were recruited at Helsinki University Central Hospital and Oulu University Hospital (surgery) and the 
University of Helsinki Obesity Research Unit (lifestyle). Ethics approvals were HUS 1/13/03/02/16 (surgery) and 
270/13/03/01/08 (lifestyle); trials were registered at ClinicalTrials.gov (NCT02882685; NCT01312090). All participants 
gave written informed consent.
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Study design

Both cohorts were followed for 12 months with repeated measures of eating behaviors, anthropometry/body composition, 
and metabolic outcomes.

Surgery timeline.  Baseline was at the start of a 6-week very-low-calorie diet (800–1000 kcal/day), ~ 6 weeks pre-
surgery; follow-ups occurred at 6 and 12 months post-surgery. Subsequently, participants received nutritional and exercise 
counseling adapted to postsurgical needs [28].

Lifestyle timeline.  Assessments were at baseline, 5 months, and 12 months. The program began with a 6-week very-
low-calorie diet, followed by counseling for a 500–1000 kcal/day deficit with regular dietitian/nurse visits (twice monthly to 
month 5, then monthly) [29–31].

Although not designed as a head-to-head trial, the similar follow-up structure and identical eating-behavior question-
naires enabled longitudinal comparison of behavioral trajectories between interventions.

Clinical examinations

Body weight and height were measured in light clothing after an overnight fast, and body mass index (BMI, kg/m2) was 
calculated. Body composition was measured by dual-energy x-ray absorptiometry (DEXA; GE Lunar Prodigy). Fasting 
plasma glucose was measured following a 12-hour fast using spectrophotometric hexokinase and glucose-6-phosphate 
dehydrogenase assay (Roche Diagnostics), and insulin resistance estimated using the homeostatic model assessment for 
insulin resistance (HOMA-IR) index. Fasting plasma total cholesterol, HDL cholesterol, and triglycerides were measured 
using enzymatic methods (Roche Diagnostics Hitachi, Hitachi Ltd) and LDL cholesterol was calculated using the Friede-
wald formula.

Questionnaires

Eating behaviors were assessed using validated questionnaires: (i) the Three-Factor Eating Questionnaire (TFEQ), (ii) 
the Dutch Eating Behavior Questionnaire (DEBQ), and (iii) the Binge-Eating Scale (BES; Table 1). The TFEQ measured 
cognitive restraint of eating (conscious restriction of food intake), disinhibited eating (overeating in response to social, 
emotional, or food-related triggers), and susceptibility to hunger (Table 1) [32]. The TFEQ subscales included: flexible 
and rigid control [33]; habitual, emotional, and situational susceptibility to disinhibition [34]; and internal and external 
locus of hunger [34]. The DEBQ assessed restrained, external, and emotional eating [35]. The BES evaluated the sever-
ity of binge-eating behavior [36]. Participants completed the Finnish versions of the questionnaires. Responses were 
scored based on questionnaires’ instructions. In the rare occurrence that participants gave two answers for a single item, 
the average was recorded. Outcome variables were included if at least 80% of items were completed. In the surgery 
group, one DEBQ item (Question 22: “Do you have a desire to eat when you are emotionally upset?”), was missing by 
default and treated as a missing response. Additionally, we conducted a qualitative analysis by selecting individual items 
per questionnaire that showed more prominent changes (based on p values and value shifts) between baseline and 
12-month follow-up. We selected ten items from TFEQ and DEBQ, and five from BES, to facilitate a more descriptive 
discussion.

Statistical methods

Statistical analyses were conducted using Stata (release 17.0, Stata Corporation, College Station, TX, USA) and R (R 
Foundation for Statistical Computing, Vienna, Austria). Between- and within-group differences in outcome variables 
from baseline to 5–6 and 12 months were analyzed using linear mixed-effects models with restricted maximum likeli-
hood estimation. The models included group, time and their interaction as fixed effects, as well as sex, age, baseline 
BMI, and baseline outcome value to account for baseline differences between groups. Participant identifiers were 
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included as random effects. Residuals were assessed for normality using the Shapiro–Wilk test and by visual inspec-
tion of quantile–quantile (QQ) plots and histograms. Variables were log10-transformed if residual distribution violated 
normality assumptions. Baseline between-group differences were assessed using separate linear mixed models, with 
group-and-time interaction as fixed and participant id’s as random effects. Chi-square test was used to assess baseline 
sex differences. To account for differences in weight loss between groups, we investigated behavioral changes relative 
to weight loss percentage. Linear mixed-effects regression models were used to evaluate changes in standardized 
eating behaviors per 1% of weight loss from baseline to 12 months, adjusted for sex and age. In this analysis the eating 
behavior variables were additionally standardized (mean = 0, SD = 1) to facilitate comparisons. Post hoc comparisons 
were performed using The Tukey HSD test. Individual questionnaire items were compared between baseline and at 12 
months using the McNemar symmetry test for dependent variables. All statistical test were two-tailed, and significance 
was set at p < 0.05. Because the study sample size was determined by feasibility, post hoc effect size estimates and 
power calculations were used to contextualize the detectable between-group differences in eating behavior trajectories. 
Effect size was quantified as Cohen’s d for the between-group difference in change from baseline to the final follow-up 
timepoint, corresponding to the group × time interaction estimate from the linear mixed-effects models. Post hoc power 

Table 1.  Definitions and scoring for eating behavior variables.

Definition Scale

TFEQ AU

Cognitive restraint of 
eating

Conscious effort to restrict food consumption in order to control body 
weight

0–21

Rigid control Strict guidelines and an “all or nothing” kind of behavior to restrict 
food intake

0–7

Flexible control Subtle approach to limiting food intake with adaptable boundaries 0–7

Disinhibited eating Overeating or losing control of eating in response to emotional, 
social, or food property (sight, smell, and taste) triggers

0–16

Situational disinhibition Overeating triggered by social circumstances or other environmental 
triggers

0–5

Habitual disinhibition Repeated patterns of overeating due to frequent environmental 
triggers

0–5

Emotional disinhibition Overeating in response to negative emotions 0–3

Susceptibility to hunger Influence of hunger perception on food consumption 0–14

Internal locus for hunger Hunger that is regulated by the body’s internal signals 0–6

External locus for hunger Hunger that is activated by external cues 0–6

DEBQ

External eating Overeating in response to external cues 1–5

Restrained eating The intention to restrict eating 1–5

Emotional eating Eating due to negative feelings 1–5

BES

Binge-eating score The extent to which one experiences losing control of eating, a pre-
occupation with food, and eating and related dysphoric feelings
 Severe binge eating
Moderate binge eating
No binge eating

0–46
 
 ≥27
18–26
≤17

Abbreviations: TFEQ, Three-Factor Eating Questionnaire; AU, arbitrary units; DEBQ, Dutch Eating Behav-
ior Questionnaire; BES, Binge-Eating Scale. Based on Berntzen BJ 2021 thesis citation [37].

https://doi.org/10.1371/journal.pone.0346240.t001
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was calculated using G*Power with the test family t tests (two-tailed) “Means: Difference between two independent 
means,” using α = 0.05 and group sample sizes of n = 19 each. Under these conditions, a standardized effect size of 
approximately Cohen’s d = 0.95 is required to achieve 80% power, indicating that the study was primarily powered to 
detect large between-group differences in behavioral change. Given the strong conceptual relatedness among eating 
behaviors and the emphasis on estimation of behavioral trajectories rather than binary hypothesis testing, no formal 
correction for multiple comparisons was applied. Effect size estimates and corresponding power calculations for all 
eating behavior outcomes are reported in the Supporting Information to allow interpretation of effect magnitude and 
uncertainty across behaviors (S1 Table).

Results

Greater metabolic improvements following bariatric surgery compared to lifestyle-induced weight loss

At baseline, bariatric surgery participants had a higher BMI (38.6 ± 2.5 vs. 34.6 ± 2.7; p < 0.001) as well as higher 
weight, age, and HOMA-index but lower HbA1c levels compared to the lifestyle-induced weight loss group. No other 
significant differences were observed between the groups (Fig 1, Table 2, S2 Table). None of the participants had type 
2 diabetes. By 5–6 months, the bariatric surgery group showed greater reductions in weight, BMI, body fat, as well 
as larger improvements in glucose metabolism, including Hba1c and HOMA-index, compared to the lifestyle group. 
These differences persisted at 12 months, with surgery participants also showing more pronounced improvements 
in lipid profile by higher decreases in total and LDL-cholesterol levels. At 12 months, the bariatric surgery group had 
achieved a total weight loss of 28.1 ± 8.1 kg (25.1 ± 7.2%), significantly greater than the 8.9 ± 7.9 kg (9.0 ± 7.4%) lost in 
the lifestyle-induced weight loss group (p < 0.001). Although both groups had a similar baseline body fat percentage 
(~44%), the surgery group had a 10.5% lower body fat percentage than the lifestyle group at 12 months (Fig 1,  
Table 2, S2 Table).

Increased cognitive restraint following lifestyle-induced weight loss, reduced disinhibited eating following 
bariatric surgery, and decreased susceptibility to hunger in TFEQ following both interventions

First, we assessed eating behaviors using the TFEQ. At baseline, cognitive restraint of eating was higher in bariatric sur-
gery than lifestyle-induced weight loss participants (Fig 2, Table 3, S3 Table). During weight loss, cognitive restraint signifi-
cantly increased at both 6 and 12 months in the lifestyle-induced weight loss group but remained unchanged in bariatric 
surgery participants, resulting in significant between-group differences at both timepoints. Disinhibited eating, also similar 
at baseline, decreased in both groups, though the reduction was more pronounced in the bariatric surgery group over 
the 12-month period. At baseline, both lifestyle-induced group reported higher levels of susceptibility to hunger. However, 
participants in the lifestyle-induced weight loss group showed a greater reduction during the first 6 months compared with 
those in the bariatric surgery group. By 12 months, susceptibility to hunger had significantly declined in both groups, with 
no significant between-group differences (Fig 2, Table 3, S3 Table).

Subscale analysis revealed that flexible (adaptable) and rigid (strict) control, components of cognitive restraint, 
increased in the lifestyle-induced weight loss group, resulting in significant differences from the bariatric surgery group 
at 5–6 and 12 months. In contrast, flexible control remained stable after surgery, while rigid control decreased over the 
12-month period. Among disinhibition subscales, habitual disinhibition decreased only in the bariatric surgery group, 
whereas emotional disinhibition remained unchanged in both groups. Situational disinhibition decreased in both groups, 
with a significantly greater reduction in the surgery group. Regarding hunger subscales, sensitivity to external hunger cues 
significantly decreased in both groups, while the internal hunger signals remained unchanged over 12 months. Observed 
standardized effect sizes varied across eating behavior outcomes, resulting in substantial variability in achieved power  
(S1 Table); consequently, null findings for outcomes with small to moderate effect sizes should be interpreted cautiously.
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Fig 1.  Anthropometric and metabolic characteristics in bariatric surgery- versus lifestyle-induced weight loss interventions at baseline and 
at 5 months for the dieting group and 6 months for the bariatric surgery group and 12 months. The p-values for comparisons between surgery 
and dieting interventions are shown as asterisks between the surgery and dieting data points at each timepoint. The p-values for the within-group 
change from baseline to 12 months is shown behind the final data point of the dieting and surgery group separately. *p < 0.05,**p < 0.01***, p < 0.001. 
Abbreviations: BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance; LDL, low-density lipoprotein; HDL, high-density 
lipoprotein.

https://doi.org/10.1371/journal.pone.0346240.g001
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Decreased restrained, emotional, and external eating in DEBQ following bariatric surgery, and increased restraint 
and decreased external eating following lifestyle-induced weight loss

Next, we examined eating behaviors using the DEBQ questionnaire. At baseline, restrained eating did not differ between 
the bariatric surgery and lifestyle-induced weight loss groups (Fig 2, Table 3, S3 Table). Over time, restrained eating 
decreased following bariatric surgery and increased after lifestyle-induced weight loss, resulting in a significant between-
group difference at both 5–6 and 12 months. Emotional eating triggered by negative feelings declined significantly in 
the bariatric surgery group, whereas no changes were observed in the lifestyle-induced weight loss group, resulting in a 
significant between-group difference at 5–6 months. External eating driven by sensory cues (smell, taste, or sight of food) 
decreased similarly in both groups over 12 months.

Absence of binge-eating disorder, with decreased binge eating behaviors during weight loss in both groups

Additionally, we assessed the severity of the binge eating patterns using the BES. No binge-eating disorder was reported 
in either group at any timepoint. BES scores were similar at baseline and decreased over 12 months in both groups, with 
no significant differences in the extent of reduction between the bariatric surgery and lifestyle-induced weight loss groups 
at 5–6 and 12 months (Fig 2, Table 3, S3 Table).

Higher cognitive restraint and greater reductions in hunger susceptibility following lifestyle-induced weight loss 
than with bariatric surgery after accounting for weight loss

During follow-up, participants in the bariatric surgery group lost more weight than those in the lifestyle-induced 
weight loss group. To account for this difference, changes in eating behaviors were analyzed relative to each 1% of 

Table 2.  Between-group comparisons of weight loss and metabolism: bariatric surgery versus lifestyle-induced weight loss intervention at 
baseline, 5/6 months, and 12 months.

Surgery vs. Lifestyle

Baseline Baseline vs. 5/6 months 5/6 vs. 12 Baseline vs. 12 months

Variable Effect size [95% CI] p-value Effect size [95% CI] p-value Effect size [95% CI] p-value Effect size [95% CI] p-value

Age (years) −11.3 [−14.4, −8.2] <0.001

Female sex(%) 74 vs 63% 0.887

Height (cm) −1.8 [−4.9, 1.3] 0.244

Weight (kg) −13.3 [−21.6, 5.0] 0.002 13.7 [9.7, 17.7] <0.001 5.5 [1.5, 9.5] 0.007 19.2 [15.2, 23.2] <0.001

BMI (kg/m2) −6.1 [−6.3, −1.7] <0.001 4.7 [3.3, 6.1] <0.001 1.9 [0.5, 3.3] 0.007 6.7 [5.3, 8.1] <0.001

Fat (%) 0.8 [−4.2, 5.9] 0.745 4.9 [2.3, 7.5] <0.001 4.6 [2.0, 7.2] 0.001 9.5 [6.9, 12.1] <0.001

Fat (kg) −4.5 [10.1, 1.2] 0.121 9.9 [6.4, 13.3] <0.001 6.2 [2.7, 9.7] 0.001 16.0 [12.6, 19.5] <0.001

fP-glucose (mmol/l) −0.1 [−0.5, 0.3] 0.585 0.1 [−0.3, 0.5] 0.543 0.1 [−0.3, 0.5] 0.603 0.2 [−0.2, 0.7] 0.253

Hba1c (mmol/mol) 2.5 [−0.1, 5.0] 0.055 2.8 [1.3, 4.2] <0.001

HOMA-index −1.8 [−2.0, −0.4] 0.009 0.2 [0.1, 0.4] <0.001 0.1 [−0.1, 0.2] 0.349 0.3 [0.2, 0.4] <0.001

Cholesterol (mmol/l) 0.1 [−0.4, 0.5) 0.814 0.2 [−0.1, 0.5] 0.263 0.2 [−0.2, 0.5] 0.285 0.4 [0.0, 0.7] 0.027

HDL (mmol/l) 0.03 [−0.2, 0.2] 0.712 0.0 [0.0, 0.0] 0.815 0.0 [−0.1, 0.1] 0.294 −0.0 [−0.1, 0.0] 0.196

LDL (mmol/l) 0.1 [−0.3, 0.6] 0.520 0.2 [−0.1, 0.5] 0.137 0.1 [−0.4, 0.2] 0.517 0.3 [0.0, 0.6] 0.032

Triglycerides (mmol/l) −0.05 [−0.3, 0.2] 0.703 −0.1 [−0.2, 0.0] 0.179 0.1 [0.0, 0.2] 0.029 0.0 [−0.1, 0.1] 0.398

Weight loss (kg) −13.7 [−17.7, −9.7] <0.001 −5.5 [−9.5, −1.5] 0.007 −19.2 [−23.2, −15.2] <0.001

Weight loss (%) −10.8 [−14.4, −7.2] <0.001 −5.3 [−9.0, −1.7] 0.004 −16.1 [−19.8, −12.5] <0.001

Linear mixed models were used to assess longitudinal timepoint differences. Models were adjusted for sex, age, baseline BMI and baseline value of 
the outcome variable. Baseline between-group differences were assessed using separate unadjusted linear mixed models. Chi-square test was used to 
assess baseline sex differences. Significant values are shown in bold. Abbreviations: BMI, body mass index; HOMA-IR, homeostatic model assessment 
for insulin resistance; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

https://doi.org/10.1371/journal.pone.0346240.t002
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Fig 2.  Eating behaviors in bariatric surgery- versus lifestyle-induced weight loss interventions at baseline and at 5 months for the dieting 
group and 6 months for the bariatric surgery group and 12 months. The primary variables in the graphs are colored black and the subscale graphs 
are colored grey. The p-values for the comparisons between surgery and dieting are shown as asterisks between the data points at each timepoint. 
The p-values for the within-group change from baseline to 12 months are shown behind the final data point of the dieting and surgery group sepa-
rately. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: TFEQ, Three-Factor Eating Questionnaire; DEBQ, Dutch Eating Behavior Questionnaire; BES, 
Binge-Eating Scale.

https://doi.org/10.1371/journal.pone.0346240.g002
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weight lost (Fig 3, Table 4). All variables were also standardized (i.e., z-scores) to enable direct comparison across 
scales.

These analyses showed opposite behavioral profiles in the two interventions. Over 12 months, the largest stan-
dardized eating behavioral changes per percentage of weight loss in the bariatric surgery group were decreases in the 
main scale for disinhibited eating (β = −0.38), the subscale for situational disinhibition (β = −0.45), and external eating 
(β = −0.40). In contrast, the most pronounced changes in the lifestyle-induced weight loss group were increases in the 
main scale for cognitive restraint of eating (β = +1.20), the subscales for flexible control (β = +1.17) and rigid control 
(β = +0.99).

Compared to the surgery group, the lifestyle-induced weight loss group showed significantly greater increases in 
restrained eating (DEBQ) and cognitive restraint (TFEQ), including both flexible and rigid control subscales, indicating 
an opposing pattern between the groups, even after adjusting for weight loss. Moreover, the lifestyle-induced weight loss 
group demonstrated a significantly greater reduction in susceptibility to hunger, including both internal and external hunger 
subscales, compared with the surgery group. For other eating behavioral traits, the same amount of weight loss from both 
interventions was associated with a similar degree of change between the groups.

Individual questions revealed decreased triggers to overeat following bariatric surgery and increased restraint 
behaviors following lifestyle-induced weight loss

To better understand the nature of the reported eating-behavior changes, we conducted an exploratory, descriptive exam-
ination of individual questionnaire items from the TFEQ, DEBQ, and BES over the 12-month follow-up (S4–S9 Tables). 
Given the limited sample size, these item-level observations should be interpreted as hypothesis-generating rather than 
inferential.

Table 3.  Between-group comparisons of eating behaviors: bariatric surgery versus lifestyle-induced weight loss intervention at baseline, 5/6 
months, and 12 months.

Surgery vs. Lifestyle

Baseline Baseline vs. 5/6 months 5/6 vs. 12 Baseline vs. 12 months

Variable Effect size  
[95% CI]

p-value Effect size  
[95% CI]

p-value Effect size 
[95% CI]

p-value Effect size 
[95% CI]

p-value

Cognitive restraint of eating −3.6 [−6.4, 0.9] 0.009 7.0 [4.5, 9.5] <0.001 −0.5 [−3.0, 2.0] 0.682 6.5 [4.0, 8.9] <0.001

Flexible control −0.9 [−2.2, 0.2] 0.113 2.2 [1.0, 3.4] <0.001 −0.6 [−1.8, 0.7] 0.373 1.7 [0.4, 2.9] 0.008

Rigid control −1.3 [−2.4, −0.2] 0.017 3.1 [2.1, 4.1] <0.001 0.2 [−0.8, 1.2] 0.699 3.3 [2.3, 4.3] <0.001

Disinhibited eating 0.9 [−1.0, 2.8] 0.506 0.1 [0.0, 0.2] 0.198 0.1 [0.0, 0.2] 0.066 0.2 [0.1, 0.3] 0.002

Habitual disinhibition 0.1 [−0.6, 0.8] 0.765 0.1 [−0.5, 0.7] 0.641 0.4 [−0.2, 1.0] 0.204 0.5 [−0.1, 1.1] 0.078

Emotional disinhibition 0.3 [−0.3, 0.9] 0.310 0.1 [−0.5, 0.6] 0.815 0.2 [−0.3, 0.7] 0.453 0.3 [−0.3, 0.8] 0.321

Situational disinhibition 0.4 [−0.4, 1.3] 0.337 0.5 [−0.4, 1.5] 0.266 0.5 [−0.5, 1.4] 0.354 1.0 [0.0, 2.0] 0.04

Susceptibility to hunger 2.8 [1.2, 4.5] 0.002 −2.0 [−3.7, −0.3] 0.024 0.6 [−1.2, 2.3] 0.516 −1.4 [−3.1, 0.3] 0.105

Internal locus for hunger 1.1 [0.3, 1.8] 0.337 −0.1 [−0.4, 0.1] 0.289 0.0 [−0.3, 0.3] 0.935 −0.1 [−0.4, 0.2] 0.413

External locus for hunger 1.4 [0.5, 2.2] 0.002 −0.9 [−1.8, 0.1] 0.065 0.4 [−0.6, 1.3] 0.448 −0.5 [−1.5, 0.4] 0.277

Restrained eating −0.5 [−0.9, 0.1] 0.816 1.2 [0.8, 1.6] <0.001 0.1 [−0.3, 0.5] 0.72 1.2 [0.8, 1.6] <0.001

Emotional eating 0.03 [−0.5, 0.5] 0.904 0.4 [0.0, 0.8] 0.029 −0.2 [−0.5, 0.2] 0.383 0.2 [−0.1, 0.6] 0.19

External eating 0.3 [−0.3, 0.6] 0.077 0.1 [−0.2, 0.3] 0.572 0.0 [−0.2, 0.2] 0.964 0.1 [−0.2, 0.3] 0.539

Binge-eating score 2.5 [−1.0, 5.9] 0.159 0.0 [−3.2, 3.2] 0.988 1.1 [−2.1, 4.3] 0.496 1.1 [−2.1, 4.3] 0.502

Linear mixed models were used to assess longitudinal between-group differences. Models were adjusted for sex, age, baseline BMI and baseline value 
of the outcome variable. Baseline between-group differences were assessed using separate unadjusted models. Significant values are shown in bold.

https://doi.org/10.1371/journal.pone.0346240.t003
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In TFEQ, descriptive patterns suggested a decrease in disinhibited eating following bariatric surgery, and an increase 
in cognitive restraint of eating with lifestyle-induced weight loss (S4 Table, S7 Table). After surgery, participants tended to 
report less overeating triggered by appealing food or by seeing others overeat, as well as fewer difficulties leaving food 
on their plate or stopping eating. In addition, it seemed that strict control over food intake became less necessary, as con-
scious dieting efforts occurred less frequently. In contrast, participants in the lifestyle-induced weight loss group appeared to 
show greater reliance on conscious restraint strategies, such as consciously eating less than desired or adjusting intake in 
response to weight fluctuations. However, both groups described adopting small behavioral changes to regulate intake (e.g., 
taking smaller portions or skipping dessert). Another notable similarity between the groups was related to hunger. After bar-
iatric surgery, diminished hunger was a commonly reported theme, making dietary adherence less challenging and reducing 
the urge to eat spontaneously. Following lifestyle-induced weight loss, the response to the sight of delicious food appeared 
less pronounced, and participants demonstrated improved hunger control, finding it easier to stop eating before finishing their 
meals.

Fig 3.  Change in standardized eating behaviors per percentage of weight loss between 0 and 12 months in the bariatric surgery- versus 
lifestyle-induced weight loss interventions. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: TFEQ, Three-Factor Eating Questionnaire; DEBQ, Dutch 
Eating Behavior Questionnaire; BES, Binge-Eating scale.

https://doi.org/10.1371/journal.pone.0346240.g003
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Exploratory item-level trends in the DEBQ (S5 Table, S8 Table) showed reduced external and restrained eating 
post-surgery. Interestingly, participants in the lifestyle-induced weight loss group appeared to combine reduced external 
eating with increases in restrained eating. After bariatric surgery, the taste, smell, sight, or availability of delicious food 
seemed to have a diminished impact on eating. In the lifestyle-induced weight loss group, participants reported fewer 
temptations to buy food, less overeating of tasty foods, and greater resistance to eating treats. Weight loss following bar-
iatric surgery was also associated with reduced avoidance of eating to control weight and fewer compensatory behaviors 
after overeating. In contrast, participants in the lifestyle-induced weight loss group reported increased restrained eating, 
reflected in more frequent refusal of foods or drinks due to weight concerns, stricter monitoring of food intake and eating 
less than desired.

BES item patterns post-surgery (S6 Table) indicated a reduction in polarized eating behaviors (i.e., overeating followed 
by fasting), fewer preoccupations with controlling urges to eat, and decreased self-consciousness regarding body weight 
or size. Similarly, participants in the lifestyle-induced weight loss group (S9 Table) also reported less polarized eating, with 
a reduced tendency to overeat until uncomfortably full or to eat impulsively without experiencing physical hunger.

These exploratory patterns provide qualitative context for the broader behavioral changes observed at the scale and 
subscale level but should not be interpreted as independent statistical findings.

Discussion

This study compared one-year changes in eating behaviors and metabolic outcomes after bariatric surgery and lifestyle- 
induced weight loss. Despite larger weight loss and metabolic improvements after surgery, lifestyle-induced weight loss 
was characterized by a greater increase in eating restraint and control, and this divergence persisted after analyzing 
changes per 1% body weight lost in each cohort. Both interventions were associated with reductions in overeating-related 

Table 4.  Standardized eating behaviors in the bariatric surgery- and lifestyle-induced weight loss intervention groups per percentage of 
weight loss.

Surgery 0 vs 12 months Lifestyle 0 vs 12 months Surgery vs Lifestyle

Variable Standardized beta coefficient p-value Standardized beta coefficient p-value p-value

Cognitive restraint of eating 0.02 0.822 1.20 <0.001 <0.001

Flexible control 0.11 0.170 1.17 <0.001 <0.001

Rigid control −0.13 0.099 0.99 <0.001 <0.001

Disinhibited eating −0.38 <0.001 −0.41 <0.001 0.808

Habitual disinhibition −0.25 0.001 −0.23 0.095 0.904

Emotional disinhibition −0.17 0.020 −0.16 0.233 0.984

Situational disinhibition −0.45 <0.001 −0.51 0.001 0.727

Susceptibility to hunger −0.26 0.002 −0.79 <0.001 0.004

Internal locus for hunger −0.23 0.025 −0.66 <0.001 0.040

External locus for hunger −0.31 <0.001 −0.89 <0.001 0.002

Restrained eating −0.34 <0.001 0.73 <0.001 <0.001

Emotional eating −0.23 <0.001 −0.06 0.603 0.222

External eating −0.40 <0.001 −0.51 <0.001 0.222

Binge-eating score −0.34 <0.001 −0.64 <0.001 0.054

Regression analysis, using linear mixed-effects models, was used to analyze the change in standardized eating behaviors per 1% of weight loss 
between baseline and the final follow-up visit. The models were adjusted for sex and age. The Tukey HSD test was used as the post hoc analysis to 
compare surgery versus dieting. Significant values are shown in bold.

https://doi.org/10.1371/journal.pone.0346240.t004
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traits, reactivity to external food cues, and susceptibility to hunger, but the pattern of change differed. After surgery, 
improvements in hunger and cue-driven eating occurred alongside stable or reduced restraint, consistent with a more 
automatic shift in appetite and eating regulation. In contrast, lifestyle-induced weight loss combined reductions in over-
eating and external eating with a marked rise in conscious, effortful restraint strategies. These findings suggest that 
early eating-behavior adaptation after weight loss is intervention-specific and may have implications for long-term weight 
maintenance.

Most changes in eating behaviors occurred within the first 5–6 months, corresponding to the period of greatest weight 
loss and most frequent monitoring. Over time, however, some behavioral changes may diminish or reverse, particularly 
in the lifestyle-induced weight loss group, which showed a trend toward weight regain after six months. Supporting this, a 
previous study reported that positive changes in eating behavior, such as decreases in emotional eating, hunger, disin-
hibition, and food reward and increases in dietary restraint, persisted for up to a year after bariatric surgery but not after 
lifestyle-induced weight loss, where weight regain was observed [27]. These findings suggest that lifestyle-induced weight 
loss may primarily lead to short-term behavioral adaptations.

Notably, we observed opposing trajectories in restrained eating (DEBQ) following bariatric surgery and lifestyle-induced 
weight loss. Specifically, eating restraint increased with lifestyle-induced weight loss but decreased after surgery. A similar 
pattern emerged in the TFEQ subscale for rigid control, whereas flexible control increased only in the lifestyle-induced 
weight loss group and remained unchanged after bariatric surgery. Some studies have reported unchanged [15,38–40] 
or even increased [41] eating restraint after bariatric surgery, partly contradicting our findings. In contrast, many studies 
have shown increases in eating restraint following lifestyle-induced weight loss [21,23,42,43]. Interestingly, one compar-
ative study reported increased dietary restraint one year after intervention only in the bariatric surgery group but not after 
lifestyle-induced weight loss [27], differing from our results. However, our findings align with studies showing reductions in 
desire to eat and prospective food consumption following bariatric surgery [25], as well as reduced preference for highly 
palatable foods, observed through functional magnetic resonance imaging [14,44]. These changes may reduce the need 
for conscious restraint, consistent with our observation that favorable shifts in eating restraint and weight occur post- 
surgery without strict effort. In contrast, participants in the lifestyle group appeared to require more active behavioral strat-
egies to maintain dietary control. This divergence may reflect physiology: satiety hormones [e.g., glucagon like peptide 
1 [45,46], peptide YY [45,47,48], and cholecystokinine [45,47]] increase after bariatric surgery but remain unchanged or 
decrease after lifestyle-induced weight loss. This may help to explain why lifestyle-induced weight loss necessitates more 
deliberate control over eating, whereas post-surgical changes appear more biologically driven.

Similar changes in eating patterns following bariatric surgery and lifestyle-induced weight loss included reduced sus-
ceptibility to hunger, less loss of control overeating, and decreased responsiveness to external food cues. However, 
the decrease in disinhibition (TFEQ) appeared more pronounced in the bariatric surgery group at 12 months, while the 
lifestyle-induced weight loss group showed only a transient decrease at 5 months. Reductions in externally driven eating 
and overeating following surgery have also been reported previously [15,39–41], whereas reductions following lifestyle 
interventions are typically short-term [21,22], consistent with the patterns seen in our data. Supporting this, one study 
demonstrated a decrease in disinhibition after bariatric surgery, but not after lifestyle-induced weight loss at one year 
[27]. Evidence suggests that bariatric surgery may naturally reduce cravings [16], whereas lifestyle-induced weight loss 
may require active strategies to manage overeating [43,49]. Two studies directly comparing surgical and lifestyle-induced 
weight loss reported reductions in hunger, increases in fullness [25] and decreased hedonic hunger [26,27] in both groups, 
in line with our results showing diminished hunger after both interventions. Another comparative study found that sur-
gery participants experienced less hunger and greater satiety, while the lifestyle-induced weight loss group reported the 
opposite [50]. Several additional studies have consistently reported diminished hunger following bariatric surgery [8–10]. 
However, evidence for hunger changes following lifestyle-induced weight loss is mixed, with some studies reporting 
decreased [20–22] and others increased [17,18] feelings of hunger. These discrepancies may be explained by differences 
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in measurement tools. Specifically, the TFEQ captures behavioral consequences of hunger and how hunger drives food 
consumption, providing insight into patterns participants can learn to regulate. Studies using the TFEQ have shown 
decreases in hunger related eating behavior following lifestyle-induced weight loss, consistent with our findings [21,22]. In 
contrast, studies using visual analog scale primarily assess immediate perceptions of hunger, which have been shown to 
increase following lifestyle-induced weight loss [17,18]. It is therefore plausible that, while subjective perception of hunger 
may increase, individuals may simultaneously learn to respond to these cues with greater restraint.

To explore behavioral changes relative to weight loss in both bariatric surgery and lifestyle-induced weight loss groups, 
we standardized eating behavior scores and scaled them according to percentage of weight loss. This analysis confirmed 
an opposing pattern in eating restraint: a decrease after surgery and an increase after lifestyle-induced weight loss. Thus, 
even after accounting for weight loss, participants in the lifestyle-induced weight loss group appeared to require more con-
scious effort to limit food intake, whereas restriction became less necessary after surgery. Another notable finding related 
to hunger, which decreased more per percentage of weight loss in the lifestyle-induced weight loss group than in the 
surgery group. Although hunger declined in both groups, the lifestyle-induced group experienced less overall weight loss, 
which may have contributed to the relatively greater reduction in hunger per percentage of lost weight. These findings 
align with previous studies reporting mixed results on hunger following lifestyle-induced weight loss [17,18,20–22]. This 
may partly reflect the development of learned behaviors aimed at regulating hunger and managing food intake, though 
further research is needed.

The changes in eating patterns following bariatric surgery may stem from neurohormonal and physiological changes, 
including hypothalamic signaling, shifts in gut hormone and bile acid secretion, and changes in the gut microbiota [6]. In 
contrast, lifestyle-induced weight loss may involve endocrine adaptations in gastrointestinal hormones that resist con-
tinued weight loss and may promote weight regain [7]. One comparative study confirmed that gastrointestinal hormone 
profiles shifted more favorably to regulate hunger just 10 weeks following bariatric surgery compared with lifestyle inter-
vention [25]. These physiological benefits likely contribute to reduced hunger and diminished temptation to overeat after 
surgery, whereas individuals undergoing lifestyle intervention must actively restrict eating and overcome biological mecha-
nisms that oppose further weight loss.

To better understand which behavioral elements might have influenced the observed changes, we conducted an explor-
atory, descriptive examination of the qualitative characteristics of eating behaviors by identifying the individual question-
naire items that showed the greatest change over time in each intervention group. Bariatric surgery participants seemed 
to become less vulnerable to internal signals and environmental triggers for (over)eating and more often reported a 
decreased need for cognitive control, as conscious dieting efforts diminished. In contrast, participants in the lifestyle- 
induced weight loss group seemed to adopt learned behaviors that required sustained attention to limit food intake, such 
as eating less than desired and refusing foods or drinks due to weight concerns. Although both groups reported a dimin-
ished susceptibility to hunger and external eating cues, the nature of these changes differed. Bariatric surgery participants 
more often reported reduced hunger itself (e.g., they were no longer constantly hungry and needed less conscious dieting 
as hunger decreased), while the lifestyle-induced weight loss group participants rather answered strategies to manage 
persistent hunger (e.g., eating less than desired, skipping dessert, taking smaller portions). Similarly, bariatric surgery par-
ticipants reported responding less to sensory food cues (e.g., taste, smell, and sight of food, or social situations), whereas 
lifestyle-induced weight loss group participants seemed to adopt situational coping strategies to manage such triggers 
(e.g., inhibiting to buy from local food outlets and resisting delicious foods).

Both groups reported behaviors like skipping dessert when satiated or reducing portion size, but possibly for different 
reasons. After surgery, these behaviors might have stemmed from physical limitations and discomfort, including nausea 
and vomiting [24]. In contrast, lifestyle-induced weight loss participants likely adopted these behaviors to control food 
intake [24]. A 1994 study by Greenstein [24] found that bariatric surgery participants primarily stopped eating to avoid 
vomiting, whereas lifestyle-induced weight loss participants stopped for appearance or health. This distinction supports 
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our findings: bariatric surgery may promote physical satiety, while lifestyle-induced weight loss can rely on psychological 
motivation to restrict intake. Thus, the quality and source of behavioral changes after bariatric surgery may contribute to 
more sustainable long-term outcomes.

Strengths of this study include the standardized clinical setting, with assessments performed in the same research 
unit by the same researchers, study nurses, and dietitians, as well as comparable follow-up duration and similar sample 
sizes between groups. Both studies used intensive, structured follow-up with high visit attendance; accordingly, we had 
complete 12-month follow-up for the participants included in the present analysis in both the lifestyle and surgical groups. 
We identified key changes in eating behavior one year after both interventions, providing a foundation for future research 
into physiological mechanisms underlying these behavioral adaptations. However, our study also has limitations. First, 
eating behaviors were assessed using self-reported questionnaires, which may introduce reporting bias. Nonetheless, 
these instruments are widely used and validated. Second, the relatively small sample size limits the generalizability of 
our findings. Third, weight-loss trajectories differed between interventions: weight loss plateaued in the lifestyle group by 
6 months, whereas it continued through 12 months after surgery. Because these trajectories may both influence and be 
influenced by eating behaviors, longer follow-up with larger samples will be important to clarify the temporal relationships 
and their implications for weight maintenance. Additionally, the groups differed in certain baseline metabolic and behav-
ioral characteristics, as they were not originally designed for direct comparison. To address this, we adjusted analyses 
for age, sex, baseline BMI and baseline outcome values. We also standardized analyses by percentage of weight loss to 
enable more equitable comparisons. The use of individual questionnaire items in this study sheds light to the interpreta-
tion of the data but should regarded as exploratory and hypothesis-generating rather than confirmatory. Lastly, because 
weight, metabolic outcomes, and eating behaviors were measured at the same time points, we cannot interfere causality 
between behavioral and physiological changes.

Conclusion

Bariatric surgery was associated with a natural reduction or stabilization of eating restraint, whereas lifestyle-induced 
weight loss required increased cognitive control and conscious restriction of food intake. Importantly, this opposing pat-
tern remained significant even after adjusting for weight loss. While both interventions reduced susceptibility to hunger, 
overeating, and external eating, bariatric surgery led to a greater reduction in overeating. Interestingly, when adjusted 
for percentage weight loss, lifestyle-induced weight loss was associated with a greater relative decrease in hunger. 
However, the nature of this change differed: bariatric surgery appeared to diminish physical hunger and reactivity to 
external food cues, whereas lifestyle-induced weight loss prompted the adoption of compensatory behaviors to cope 
with sustained hunger and external eating triggers. These findings suggest that maintaining weight loss and favorable 
eating behaviors may be more cognitively demanding after lifestyle-induced weight loss due to the increased need for 
ongoing self-regulation. Further research is needed to identify the physiological mechanisms underlying these behavioral 
adaptations.

Supporting information

S1 Table. Effect sizes (Cohen’s d) and statistical power for eating behavior variables. Effect size was quantified as 
Cohen’s d for the between-group difference in change from baseline to the final follow-up timepoint, corresponding to the 
group × time interaction estimate from the linear mixed-effects models. Post hoc power was calculated using G*Power with 
the test family t tests.
(DOCX)

S2 Table. Weight loss and metabolism following bariatric surgery and lifestyle-induced weight loss at base-
line, 5/6 months, and 12 months. Linear mixed models were used to assess timepoint differences. Models were 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s002


PLOS One | https://doi.org/10.1371/journal.pone.0346240  April 27, 2026 16 / 19

adjusted for sex, age, baseline BMI and baseline value of the outcome variable. Values are reported as mean ± stan-
dard deviation (SD). Significant values are shown in bold. Abbreviations: SD, standard deviation; BMI, body mass 
index; HOMA-IR, homeostatic model assessment for insulin resistance; LDL, low-density lipoprotein; HDL, high-density 
lipoprotein.
(DOCX)

S3 Table. Eating behaviors following bariatric surgery and lifestyle-induced weight loss at baseline, 5/6 months, 
and 12 months. Linear mixed models were used to assess timepoint differences. Models were adjusted for sex, age, 
baseline BMI and baseline value of the outcome variable. Values are reported as mean ± standard deviation (SD). Signifi-
cant values are shown in bold.
(DOCX)

S4 Table. Most changed individual questions from TFEQ between baseline and 12 months in the bariatric surgery 
induced weight loss group. Abbreviations: Q, question; T1, timepoint 1 (0 months); T3, timepoint 3 (12 months). For 
comparisons, we used McNemar’s test of symmetry for dependent variables and considered p < 0.05 statistically signifi-
cant. Significant values are shown in bold.
(DOCX)

S5 Table. Most changed individual questions from DEBQ between baseline and 12 months in the bariatric surgery 
induced weight loss group. Abbreviations: Q, question; T1, timepoint 1 (0 months); T3, timepoint 3 (12 months). For 
comparisons, we used McNemar’s test of symmetry for dependent variables and considered p < 0.05 statistically signifi-
cant. Significant values are shown in bold.
(DOCX)

S6 Table. Most changed individual questions from BES between baseline and 12 months in the bariatric surgery 
induced weight loss group. Abbreviations: Q, question; T1, timepoint 1 (0 months); T3, timepoint 3 (12 months). For 
comparisons, we used McNemar’s test of symmetry for dependent variables and considered p < 0.05 statistically signifi-
cant. Significant values are shown in bold.
(DOCX)

S7 Table. Most changed individual questions from TFEQ between baseline and 12 months in the lifestyle-induced 
weight loss group. Abbreviations: Q, question; T1, timepoint 1 (0 months); T3, timepoint 3 (12 months). For compar-
isons, we used McNemar’s test of symmetry for dependent variables and considered p < 0.05 statistically significant. 
Significant values are shown in bold.
(DOCX)

S8 Table. Most changed individual questions from DEBQ between baseline and 12 months in the lifestyle-induced 
weight loss group. Abbreviations: Q, question; T1, timepoint 1 (0 months); T3, timepoint 3 (12 months). For compar-
isons, we used McNemar’s test of symmetry for dependent variables and considered p < 0.05 statistically significant. 
Significant values are shown in bold.
(DOCX)

S9 Table. Most changed individual questions from BES between baseline and 12 months in the lifestyle-induced 
weight loss group. Abbreviations: Q, question; T1, timepoint 1 (0 months); T3, timepoint 3 (12 months). For compar-
isons, we used McNemar’s test of symmetry for dependent variables and considered p < 0.05 statistically significant. 
Significant values are shown in bold.
(DOCX)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346240.s009


PLOS One | https://doi.org/10.1371/journal.pone.0346240  April 27, 2026 17 / 19

Acknowledgments

The authors thank the following colleagues for their contributions to this work: Tarja Hallaranta (study nurse), Elisa Sil-
vennoinen (dietician) and the whole Obesity Research Unit team. We also thank the study participants for their invaluable 
contribution.

Author contributions

Conceptualization: Laura Vuorela, Bram J. Berntzen, Tuure Saarinen, Sanna Meriläinen, Vesa Koivukangas, Laura 
Suojanen, Aila Rissanen, Kirsi Virtanen, Anne Juuti, Kirsi H. Pietiläinen, Sini Heinonen.

Data curation: Laura Vuorela, Bram J. Berntzen, Kirsi H. Pietiläinen, Sini Heinonen.

Formal analysis: Laura Vuorela, Bram J. Berntzen, Maheswary Muniandy, Sini Heinonen.

Funding acquisition: Anne Juuti, Kirsi H. Pietiläinen, Sini Heinonen.

Investigation: Tuure Saarinen, Sanna Meriläinen, Vesa Koivukangas, Laura Suojanen, Aila Rissanen, Kirsi Virtanen, 
Anne Juuti, Kirsi H. Pietiläinen, Sini Heinonen.

Methodology: Laura Vuorela, Bram J. Berntzen, Maheswary Muniandy, Kirsi H. Pietiläinen, Sini Heinonen.

Project administration: Laura Vuorela, Bram J. Berntzen, Kirsi H. Pietiläinen, Sini Heinonen.

Resources: Kirsi H. Pietiläinen, Sini Heinonen.

Software: Laura Vuorela, Sini Heinonen.

Supervision: Bram J. Berntzen, Sini Heinonen.

Validation: Sini Heinonen.

Visualization: Laura Vuorela, Bram J. Berntzen, Sini Heinonen.

Writing – original draft: Laura Vuorela, Bram J. Berntzen, Sini Heinonen.

Writing – review & editing: Maheswary Muniandy, Tuure Saarinen, Sanna Meriläinen, Vesa Koivukangas, Laura 
Suojanen, Per-Henrik Groop, Aila Rissanen, Kirsi Virtanen, Anne Juuti, Kirsi H. Pietiläinen.

References
	1.	 De Lorenzo A, Romano L, Di Renzo L, Di Lorenzo N, Cenname G, Gualtieri P. Obesity: A preventable, treatable, but relapsing disease. Nutrition. 

2020;71:110615. https://doi.org/10.1016/j.nut.2019.110615 PMID: 31864969

	2.	 Gloy VL, Briel M, Bhatt DL, Kashyap SR, Schauer PR, Mingrone G, et al. Bariatric surgery versus non-surgical treatment for obesity: a systematic 
review and meta-analysis of randomised controlled trials. BMJ. 2013;347(oct22 1):f5934–f5934. https://doi.org/10.1136/bmj.f5934

	3.	 Karlsson J, Taft C, Rydén A, Sjöström L, Sullivan M. Ten-year trends in health-related quality of life after surgical and conventional treatment for 
severe obesity: the SOS intervention study. Int J Obes (Lond). 2007;31(8):1248–61. https://doi.org/10.1038/sj.ijo.0803573 PMID: 17356530

	4.	 Adams TD, Davidson LE, Litwin SE. Health benefits of gastric bypass surgery after 6 years. JAMA - Journal of the American Medical Association. 
2012;308. https://doi.org/10.1001/2012.jama.11164

	5.	 Hall KD, Kahan S. Maintenance of Lost Weight and Long-Term Management of Obesity. Med Clin North Am. 2018;102(1):183–97. https://doi.
org/10.1016/j.mcna.2017.08.012 PMID: 29156185

	6.	 Al-Najim W, Docherty NG, Le Roux CW. Food intake and eating behavior after bariatric surgery. Physiological Reviews. 2018;98. https://doi.
org/10.1152/physrev.00021.2017

	7.	 Polidori D, Sanghvi A, Seeley RJ, Hall KD. How Strongly Does Appetite Counter Weight Loss? Quantification of the Feedback Control of Human 
Energy Intake. Obesity (Silver Spring). 2016;24(11):2289–95. https://doi.org/10.1002/oby.21653 PMID: 27804272

	8.	 Morínigo R, Moizé V, Musri M, Lacy AM, Navarro S, Marín JL, et al. Glucagon-like peptide-1, peptide YY, hunger, and satiety after gastric bypass 
surgery in morbidly obese subjects. J Clin Endocrinol Metab. 2006;91(5):1735–40. https://doi.org/10.1210/jc.2005-0904 PMID: 16478824

	9.	 Schmidt JB, Pedersen SD, Gregersen NT, Vestergaard L, Nielsen MS, Ritz C, et al. Effects of RYGB on energy expenditure, appetite and glycaemic 
control: a randomized controlled clinical trial. Int J Obes (Lond). 2016;40(2):281–90. https://doi.org/10.1038/ijo.2015.162 PMID: 26303352

https://doi.org/10.1016/j.nut.2019.110615
http://www.ncbi.nlm.nih.gov/pubmed/31864969
https://doi.org/10.1136/bmj.f5934
https://doi.org/10.1038/sj.ijo.0803573
http://www.ncbi.nlm.nih.gov/pubmed/17356530
https://doi.org/10.1001/2012.jama.11164
https://doi.org/10.1016/j.mcna.2017.08.012
https://doi.org/10.1016/j.mcna.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/29156185
https://doi.org/10.1152/physrev.00021.2017
https://doi.org/10.1152/physrev.00021.2017
https://doi.org/10.1002/oby.21653
http://www.ncbi.nlm.nih.gov/pubmed/27804272
https://doi.org/10.1210/jc.2005-0904
http://www.ncbi.nlm.nih.gov/pubmed/16478824
https://doi.org/10.1038/ijo.2015.162
http://www.ncbi.nlm.nih.gov/pubmed/26303352


PLOS One | https://doi.org/10.1371/journal.pone.0346240  April 27, 2026 18 / 19

	10.	 le Roux CW, Welbourn R, Werling M, Osborne A, Kokkinos A, Laurenius A, et al. Gut hormones as mediators of appetite and weight loss after 
Roux-en-Y gastric bypass. Ann Surg. 2007;246(5):780–5. https://doi.org/10.1097/SLA.0b013e3180caa3e3 PMID: 17968169

	11.	 Miras AD, Jackson RN, Jackson SN, Goldstone AP, Olbers T, Hackenberg T, et al. Gastric bypass surgery for obesity decreases the reward value 
of a sweet-fat stimulus as assessed in a progressive ratio task. Am J Clin Nutr. 2012;96(3):467–73. https://doi.org/10.3945/ajcn.112.036921 PMID: 
22836034

	12.	 Ullrich J, Ernst B, Wilms B, Thurnheer M, Schultes B. Roux-en Y gastric bypass surgery reduces hedonic hunger and improves dietary habits in 
severely obese subjects. Obes Surg. 2013;23(1):50–5. https://doi.org/10.1007/s11695-012-0754-5 PMID: 22941334

	13.	 Schultes B, Ernst B, Wilms B, Thurnheer M, Hallschmid M. Hedonic hunger is increased in severely obese patients and is reduced after gastric 
bypass surgery. Am J Clin Nutr. 2010;92(2):277–83. https://doi.org/10.3945/ajcn.2009.29007 PMID: 20519559

	14.	 Ochner CN, Stice E, Hutchins E, Afifi L, Geliebter A, Hirsch J, et al. Relation between changes in neural responsivity and reductions in desire to eat 
high-calorie foods following gastric bypass surgery. Neuroscience. 2012;209:128–35. https://doi.org/10.1016/j.neuroscience.2012.02.030 PMID: 
22406414

	15.	 Pepino MY, Bradley D, Eagon JC, Sullivan S, Abumrad NA, Klein S. Changes in taste perception and eating behavior after bariatric surgery- 
induced weight loss in women. Obesity (Silver Spring). 2014;22(5):E13-20. https://doi.org/10.1002/oby.20649 PMID: 24167016

	16.	 Leahey TM, Bond DS, Raynor H, Roye D, Vithiananthan S, Ryder BA, et al. Effects of bariatric surgery on food cravings: do food cravings and the 
consumption of craved foods “normalize” after surgery? Surg Obes Relat Dis. 2012;8(1):84–91. https://doi.org/10.1016/j.soard.2011.07.016 PMID: 
21925967

	17.	 DeBenedictis JN, Nymo S, Ollestad KH, Boyesen GA, Rehfeld JF, Holst JJ, et al. Changes in the Homeostatic Appetite System After Weight Loss 
Reflect a Normalization Toward a Lower Body Weight. The Journal of Clinical Endocrinology & Metabolism. 2020;105(7):e2538–46. https://doi.
org/10.1210/clinem/dgaa202

	18.	 Coutinho SR, Rehfeld JF, Holst JJ, Kulseng B, Martins C. Impact of weight loss achieved through a multidisciplinary intervention on appetite in 
patients with severe obesity. Am J Physiol Endocrinol Metab. 2018;315(1):E91–8. https://doi.org/10.1152/ajpendo.00322.2017 PMID: 29360396

	19.	 Cameron JD, Goldfield GS, Cyr M-J, Doucet E. The effects of prolonged caloric restriction leading to weight-loss on food hedonics and reinforce-
ment. Physiol Behav. 2008;94(3):474–80. https://doi.org/10.1016/j.physbeh.2008.02.014 PMID: 18420235

	20.	 Andriessen C, Christensen P, Vestergaard Nielsen L, Ritz C, Astrup A, Meinert Larsen T, et al. Weight loss decreases self-reported appetite and 
alters food preferences in overweight and obese adults: Observational data from the DiOGenes study. Appetite. 2018;125:314–22. https://doi.
org/10.1016/j.appet.2018.02.016 PMID: 29471068

	21.	 Bas M, Donmez S. Self-efficacy and restrained eating in relation to weight loss among overweight men and women in Turkey. Appetite. 
2009;52(1):209–16. https://doi.org/10.1016/j.appet.2008.09.017 PMID: 18929608

	22.	 Chaput J-P, Drapeau V, Hetherington M, Lemieux S, Provencher V, Tremblay A. Psychobiological impact of a progressive weight loss program in 
obese men. Physiol Behav. 2005;86(1–2):224–32. https://doi.org/10.1016/j.physbeh.2005.07.014 PMID: 16112692

	23.	 Svensson M, Hult M, van der Mark M, Grotta A, Jonasson J, von Hausswolff-Juhlin Y, et al. The change in eating behaviors in a Web-based 
weight loss program: a longitudinal analysis of study completers. J Med Internet Res. 2014;16(11):e234. https://doi.org/10.2196/jmir.3131 PMID: 
25367316

	24.	 Greenstein RJ, Rabner G, Taler Y. Bariatric Surgery vs Conventional Dieting in the Morbidly Obese.

	25.	 Aukan MI, Skårvold S, Brandsaeter IØ, Rehfeld JF, Holst JJ, Nymo S, et al. Gastrointestinal hormones and appetite ratings after weight loss 
induced by diet or bariatric surgery. Obesity (Silver Spring). 2023;31(2):399–411. https://doi.org/10.1002/oby.23655 PMID: 36536482

	26.	 Aukan MI, Brandsaeter IØ, Skårvold S, Finlayson G, Nymo S, Coutinho S, et al. Changes in hedonic hunger and food reward after a similar weight 
loss induced by a very low-energy diet or bariatric surgery. Obesity (Silver Spring). 2022;30(10):1963–72. https://doi.org/10.1002/oby.23535 PMID: 
36046953

	27.	 Aukan MI, Finlayson G, Martins C. Hedonic hunger, eating behavior, and food reward and preferences 1 year after initial weight loss by diet or 
bariatric surgery. Obesity (Silver Spring). 2024;32(6):1059–70. https://doi.org/10.1002/oby.24021 PMID: 38653583

	28.	 Saarinen T, Meriläinen S, Koivukangas V, Pietiläinen KH, Juuti A. Prospective randomized controlled trial comparing the efficacy and safety of 
Roux-en-Y gastric bypass and one-anastomosis gastric bypass (the RYSA trial): trial protocol and interim analysis. Trials. 2019;20(1):803. https://
doi.org/10.1186/s13063-019-3898-y PMID: 31888729

	29.	 Rappou E, Jukarainen S, Rinnankoski-Tuikka R, Kaye S, Heinonen S, Hakkarainen A, et al. Weight Loss Is Associated With Increased NAD(+)/
SIRT1 Expression But Reduced PARP Activity in White Adipose Tissue. J Clin Endocrinol Metab. 2016;101(3):1263–73. https://doi.org/10.1210/
jc.2015-3054 PMID: 26760174

	30.	 Jokinen R, Rinnankoski-Tuikka R, Kaye S, Saarinen L, Heinonen S, Myöhänen M, et al. Adipose tissue mitochondrial capacity associates with 
long-term weight loss success. Int J Obes (Lond). 2018;42(4):817–25. https://doi.org/10.1038/ijo.2017.299 PMID: 29203860

	31.	 Pietiläinen KH, Kaye S, Karmi A, Suojanen L, Rissanen A, Virtanen KA. Agreement of bioelectrical impedance with dual-energy X-ray absorp-
tiometry and MRI to estimate changes in body fat, skeletal muscle and visceral fat during a 12-month weight loss intervention. Br J Nutr. 
2013;109(10):1910–6. https://doi.org/10.1017/S0007114512003698 PMID: 22935366

https://doi.org/10.1097/SLA.0b013e3180caa3e3
http://www.ncbi.nlm.nih.gov/pubmed/17968169
https://doi.org/10.3945/ajcn.112.036921
http://www.ncbi.nlm.nih.gov/pubmed/22836034
https://doi.org/10.1007/s11695-012-0754-5
http://www.ncbi.nlm.nih.gov/pubmed/22941334
https://doi.org/10.3945/ajcn.2009.29007
http://www.ncbi.nlm.nih.gov/pubmed/20519559
https://doi.org/10.1016/j.neuroscience.2012.02.030
http://www.ncbi.nlm.nih.gov/pubmed/22406414
https://doi.org/10.1002/oby.20649
http://www.ncbi.nlm.nih.gov/pubmed/24167016
https://doi.org/10.1016/j.soard.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/21925967
https://doi.org/10.1210/clinem/dgaa202
https://doi.org/10.1210/clinem/dgaa202
https://doi.org/10.1152/ajpendo.00322.2017
http://www.ncbi.nlm.nih.gov/pubmed/29360396
https://doi.org/10.1016/j.physbeh.2008.02.014
http://www.ncbi.nlm.nih.gov/pubmed/18420235
https://doi.org/10.1016/j.appet.2018.02.016
https://doi.org/10.1016/j.appet.2018.02.016
http://www.ncbi.nlm.nih.gov/pubmed/29471068
https://doi.org/10.1016/j.appet.2008.09.017
http://www.ncbi.nlm.nih.gov/pubmed/18929608
https://doi.org/10.1016/j.physbeh.2005.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16112692
https://doi.org/10.2196/jmir.3131
http://www.ncbi.nlm.nih.gov/pubmed/25367316
https://doi.org/10.1002/oby.23655
http://www.ncbi.nlm.nih.gov/pubmed/36536482
https://doi.org/10.1002/oby.23535
http://www.ncbi.nlm.nih.gov/pubmed/36046953
https://doi.org/10.1002/oby.24021
http://www.ncbi.nlm.nih.gov/pubmed/38653583
https://doi.org/10.1186/s13063-019-3898-y
https://doi.org/10.1186/s13063-019-3898-y
http://www.ncbi.nlm.nih.gov/pubmed/31888729
https://doi.org/10.1210/jc.2015-3054
https://doi.org/10.1210/jc.2015-3054
http://www.ncbi.nlm.nih.gov/pubmed/26760174
https://doi.org/10.1038/ijo.2017.299
http://www.ncbi.nlm.nih.gov/pubmed/29203860
https://doi.org/10.1017/S0007114512003698
http://www.ncbi.nlm.nih.gov/pubmed/22935366


PLOS One | https://doi.org/10.1371/journal.pone.0346240  April 27, 2026 19 / 19

	32.	 Stunkard AJ, Messick S. The three-factor eating questionnaire to measure dietary restraint, disinhibition and hunger. J Psychosom Res. 
1985;29(1):71–83. https://doi.org/10.1016/0022-3999(85)90010-8 PMID: 3981480

	33.	 Westenhoefer J. Dietary restraint and disinhibition: Is restraint a homogeneous construct? Appetite. 1991;16. https://doi.
org/10.1016/0195-6663(91)90110-E

	34.	 Bond MJ, McDowell AJ, Wilkinson JY. The measurement of dietary restraint, disinhibition and hunger: An examination of the factor structure of the 
Three Factor Eating Questionnaire (TFEQ). Int J Obes. 2001;25. https://doi.org/10.1038/sj.ijo.0801611

	35.	 van Strien T, Frijters JER, Bergers GPA, Defares PB. The Dutch Eating Behavior Questionnaire (DEBQ) for assess-
ment of restrained, emotional, and external eating behavior. Int J Eat Disord. 1986;5(2):295–315. https://doi.
org/10.1002/1098-108x(198602)5:2<295::aid-eat2260050209>3.0.co;2-t

	36.	 Gormally J, Black S, Daston S, Rardin D. The assessment of binge eating severity among obese persons. Addict Behav. 1982;7(1):47–55. https://
doi.org/10.1016/0306-4603(82)90024-7 PMID: 7080884

	37.	 Berntzen BJ. Beat my inheritance: potential keys to a lower BMI: physical activity, eating, and sleep behaviors in twin pairs discordant for body 
mass index. 2021. http://ethesis.helsinki.fi/

	38.	 Subramaniam K, Low W-Y, Lau P-C, Chin K-F, Chinna K, Kosai NR, et al. Eating Behaviour Predicts Weight Loss Six Months after Bariatric Sur-
gery: A Longitudinal Study. Nutrients. 2018;10(11):1616. https://doi.org/10.3390/nu10111616 PMID: 30400129

	39.	 Bryant EJ, King NA, Falkén Y. Relationships among tonic and episodic aspects of motivation to eat, gut peptides, and weight before and after 
bariatric surgery. Surgery for Obesity and Related Diseases. 2013;9. https://doi.org/10.1016/j.soard.2012.09.011

	40.	 Laurenius A, Larsson I, Bueter M, Melanson KJ, Bosaeus I, Forslund HB, et al. Changes in eating behaviour and meal pattern following Roux-en-Y 
gastric bypass. Int J Obes (Lond). 2012;36(3):348–55. https://doi.org/10.1038/ijo.2011.217 PMID: 22124454

	41.	 Bocchieri-Ricciardi LE, Chen EY, Munoz D, Fischer S, Dymek-Valentine M, Alverdy JC, et al. Pre-surgery binge eating status: effect on eating 
behavior and weight outcome after gastric bypass. Obes Surg. 2006;16(9):1198–204. https://doi.org/10.1381/096089206778392194 PMID: 
16989704

	42.	 Sarlio-Lähteenkorva S, Rissanen A. Weight loss maintenance: determinants of long-term success. Eat Weight Disord. 1998;3(3):131–5. https://doi.
org/10.1007/BF03340000 PMID: 10728162

	43.	 Nurkkala M, Kaikkonen K, Vanhala ML, Karhunen L, Keränen A-M, Korpelainen R. Lifestyle intervention has a beneficial effect on eating behavior 
and long-term weight loss in obese adults. Eat Behav. 2015;18:179–85. https://doi.org/10.1016/j.eatbeh.2015.05.009 PMID: 26112229

	44.	 Faulconbridge LF, Ruparel K, Loughead J, Allison KC, Hesson LA, Fabricatore AN, et al. Changes in neural responsivity to highly palatable foods 
following roux-en-Y gastric bypass, sleeve gastrectomy, or weight stability: An fMRI study. Obesity (Silver Spring). 2016;24(5):1054–60. https://doi.
org/10.1002/oby.21464 PMID: 27112067

	45.	 Jensen CZ, Bojsen-Møller KN, Svane MS, Holst LM, Hermansen K, Hartmann B, et al. Responses of gut and pancreatic hormones, bile acids, 
and fibroblast growth factor-21 differ to glucose, protein, and fat ingestion after gastric bypass surgery. Am J Physiol Gastrointest Liver Physiol. 
2020;318(4):G661–72. https://doi.org/10.1152/ajpgi.00265.2019 PMID: 32068442

	46.	 Laferrère B, Teixeira J, McGinty J, Tran H, Egger JR, Colarusso A, et al. Effect of weight loss by gastric bypass surgery versus hypocaloric diet 
on glucose and incretin levels in patients with type 2 diabetes. J Clin Endocrinol Metab. 2008;93(7):2479–85. https://doi.org/10.1210/jc.2007-2851 
PMID: 18430778

	47.	 Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A, Kriketos A, et al. Long-term persistence of hormonal adaptations to weight loss. N 
Engl J Med. 2011;365(17):1597–604. https://doi.org/10.1056/NEJMoa1105816 PMID: 22029981

	48.	 Oliván B, Teixeira J, Bose M, Bawa B, Chang T, Summe H, et al. Effect of weight loss by diet or gastric bypass surgery on peptide YY3-36 levels. 
Ann Surg. 2009;249(6):948–53. https://doi.org/10.1097/SLA.0b013e3181a6cdb0 PMID: 19474685

	49.	 Fogelholm M, Kukkonen-Harjula K, Oja P. Eating control and physical activity as determinants of short-term weight maintenance after a 
very-low-calorie diet among obese women. Int J Obes.

	50.	 Halliday TM, Polsky S, Schoen JA, Legget KT, Tregellas JR, Williamson KM, et al. Comparison of surgical versus diet-induced weight loss on 
appetite regulation and metabolic health outcomes. Physiol Rep. 2019;7(7):e14048. https://doi.org/10.14814/phy2.14048 PMID: 30927343

https://doi.org/10.1016/0022-3999(85)90010-8
http://www.ncbi.nlm.nih.gov/pubmed/3981480
https://doi.org/10.1016/0195-6663(91)90110-E
https://doi.org/10.1016/0195-6663(91)90110-E
https://doi.org/10.1038/sj.ijo.0801611
https://doi.org/10.1002/1098-108x(198602)5:2<295::aid-eat2260050209>3.0.co;2-t
https://doi.org/10.1002/1098-108x(198602)5:2<295::aid-eat2260050209>3.0.co;2-t
https://doi.org/10.1016/0306-4603(82)90024-7
https://doi.org/10.1016/0306-4603(82)90024-7
http://www.ncbi.nlm.nih.gov/pubmed/7080884
http://ethesis.helsinki.fi/
https://doi.org/10.3390/nu10111616
http://www.ncbi.nlm.nih.gov/pubmed/30400129
https://doi.org/10.1016/j.soard.2012.09.011
https://doi.org/10.1038/ijo.2011.217
http://www.ncbi.nlm.nih.gov/pubmed/22124454
https://doi.org/10.1381/096089206778392194
http://www.ncbi.nlm.nih.gov/pubmed/16989704
https://doi.org/10.1007/BF03340000
https://doi.org/10.1007/BF03340000
http://www.ncbi.nlm.nih.gov/pubmed/10728162
https://doi.org/10.1016/j.eatbeh.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26112229
https://doi.org/10.1002/oby.21464
https://doi.org/10.1002/oby.21464
http://www.ncbi.nlm.nih.gov/pubmed/27112067
https://doi.org/10.1152/ajpgi.00265.2019
http://www.ncbi.nlm.nih.gov/pubmed/32068442
https://doi.org/10.1210/jc.2007-2851
http://www.ncbi.nlm.nih.gov/pubmed/18430778
https://doi.org/10.1056/NEJMoa1105816
http://www.ncbi.nlm.nih.gov/pubmed/22029981
https://doi.org/10.1097/SLA.0b013e3181a6cdb0
http://www.ncbi.nlm.nih.gov/pubmed/19474685
https://doi.org/10.14814/phy2.14048
http://www.ncbi.nlm.nih.gov/pubmed/30927343

