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Summary
Background Lifestyle interventions for weight loss are currently not individualised to underlying pathophysiology and
behavioral traits in obesity. We aim to compare the outcome of a standard lifestyle intervention (SLI) to phenotype-
tailored lifestyle interventions (PLI) on weight loss, cardiometabolic risk factors and physiologic variables contributing
to obesity.

Methods This 12-week, single-centre non-randomised proof-of-concept clinical trial including men and women aged
18–65 years with a body mass index (BMI) greater than 30 without history of any bariatric procedure, and current use
of any medication known to affect weight. Participants lived anywhere in the United States, and underwent in-person
testing in Rochester, MN at a teaching hospital. All participants completed in-person phenotype testing at baseline
and after 12 weeks. Participants were assigned to their intervention based on their period of enrollment. In the
first phase, participants were assigned to SLI with a low-calorie diet (LCD), moderate physical activity, and weekly
behavioral therapy sessions. In the second phase, other participants were assigned to PLI according to phenotype:
abnormal satiation (time-restricted volumetric LCD); abnormal postprandial satiety (LCD with pre-meal protein
supplementation); emotional eating (LCD with intensive behavioral therapy); and abnormal resting energy
expenditure (LCD with post-workout protein supplementation and high-intensity interval training). The primary
outcome was total body weight loss in kg at 12 weeks using multiple imputation for missing data. Linear models
estimated the association of study group allocation and study endpoints adjusting for age, sex, and baseline
weight. This study was registered with ClinicalTrials.gov, NCT04073394.

Findings Between July 2020 and August 2021, 211 participants were screened, and 165 were assigned to one of the
two treatments in the two phases: 81 SLI (mean [SD] age 42.9 [12] years; 79% women; BMI 38.0 [6.0]) and 84 PLI (age
44.8 [12.2] years; 83% women; BMI 38.7 [6.9]); 146 completed the 12-week programs. The weight loss was −7.4 kg
(95%CI, −8.8, −6.0) with PLI vs. −4.3 kg (95%CI, −5.8, −2.7) with SLI (difference, −3.1 kg [95%CI, −5.1 to −1.1];
P = 0.004). No adverse events were reported in any group.

Interpretation Phenotype-tailored lifestyle interventions may result in significant weight loss, but a randomised
controlled trial is required to confirm causality.
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Research in context

Evidence before this study
We searched PubMed, MEDLINE, Scopus, Embase and Google
scholar databases from the inception of the database to
September 1, 2022, for articles published in English language
using the terms: “lifestyle interventions”, “diet”, “obesity”,
“overweight’, “obesity phenotypes”, “satiation”, “postprandial
satiety”, “emotional eating”, and “energy expenditure”.
Lifestyle interventions for weight loss are currently not
individualised to underlying pathophysiology and behavioral
traits in obesity. There is currently no consensus on a
particular diet or lifestyle intervention that has constantly
showed better weight loss outcomes in patients with
overweight or obesity.

Added value of this study
Here, we aimed to compare the outcome of a standard
lifestyle intervention (SLI) to phenotype-tailored lifestyle
interventions (PLI) on weight loss, cardiometabolic risk factors
and physiologic variables contributing to obesity

pathophysiology. We demonstrated that PLI contributed to
better obesity treatment outcomes than a SLI with a greater
weight loss and, greater reduction in waist circumference,
triglycerides, daily caloric intake, and anxiety, more significant
increase in lean mass percentage, and lesser decrease in
resting energy expenditure compared with the SLI.

Implications of all the available evidence
In adults with obesity, the phenotype-tailored lifestyle
intervention resulted in more weight loss than with the
standard lifestyle intervention. The results of this non-
randomised proof-of-concept study suggest that a
phenotype-tailored diet and lifestyle intervention may benefit
patients with obesity and highlight the relevance of
characterizing the underlying pathophysiology of obesity as a
complex, multifactorial disease. Confirmation of these
findings in a randomised trial would lay the foundation to
phenotype-tailored, precision nutrition approaches for
obesity.
Introduction
Obesity is a chronic multifactorial disease associated
with multiple metabolic and cardiovascular complica-
tions.1 Even moderate weight loss can lower the risk of
cardiovascular disease,2 improve metabolic parameters,3

and enhance the quality of life.4 Lifestyle interventions
for weight loss are the cornerstone of obesity manage-
ment. However, long-term weight loss is difficult to
maintain and there is high variability in weight loss
response.1

Most professional societies recommend a caloric
deficit coupled with moderately intense physical activ-
ity.5 However, studies comparing different diets do not
document superiority of any specific diet for weight
loss,6 and long-term benefit with any intervention de-
pends on diet adherence.7 Diet interventions based on
macronutrients or meal timing8 have also shown no
benefit compared to standard treatment. Furthermore,
when matching diet to genetic predisposition there was
no effect on weight loss9; nevertheless, the POUNDS
lost trial post-hoc analysis demonstrated that genetic
data can influence the selection of a personalised weight
loss diet and may improve the metabolic profile.10 Diet
interventions have mainly focused on obesity-related
complications, such as managing and preventing type
2 diabetes,11 hypertension12,13 or cardiovascular risk.14

However, none of these interventions have been
tailored to the underlying pathophysiological and
behavioral traits identifiable in patients with obesity.

Thus, there is a need to develop a diet and lifestyle
intervention that addresses the underlying
pathophysiological and behavioral features of obesity.
Due to the complexity of energy balance regulation
and obesity pathogenesis, such an intervention should
optimally be comprehensive, yet personalised
depending on the most predominant underlying
pathogenic factor of the individual.15 Obesity pheno-
types based on pathophysiologic and behavioral com-
ponents include three main domains: homeostatic
eating, hedonic eating behavior and abnormal energy
expenditure.16 These domains can be categorised in
four actionable phenotypes: Abnormal satiation
(measured by calories ingested to experiencing post-
prandial fullness), abnormal postprandial satiety
(duration of fullness), emotional eating behavior and
abnormal resting energy expenditure. In prior studies,
these phenotypes explain 85% of the variance in
obesity and a phenotype-guided anti-obesity pharma-
cotherapy selection in a clinical setting may enhance
weight loss outcomes.16 However, it is unknown
whether diet and lifestyle interventions tailored to
these different obesity phenotypes would be superior
to a standard lifestyle intervention.

We hypothesise that an individualised intervention
tailored to obesity-related phenotypes may enhance
weight loss. The aim of this proof-of-concept study was
to develop and evaluate the outcomes of a phenotype-
tailored lifestyle intervention on weight loss, car-
diometabolic risk factors, and physiologic parameters, in
adults with obesity. These results were compared to
those observed in a separate cohort of adults with
obesity treated with a standard lifestyle intervention.
www.thelancet.com Vol 58 April, 2023
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Methods
Study design
This is a single-centre, non-randomised trial with a
single intervention team. To restrict the research team’s
impact, the design was divided into two phases. In the
first, all individuals got the standard lifestyle interven-
tion (SLI). After the study team was trained in adapting
lifestyle intervention to measured phenotypes, all par-
ticipants recruited in the second phase underwent
phenotype-tailored lifestyle intervention (PLI). Partici-
pants were assigned to their intervention based on their
period of enrollment (Appendix Fig. S1). The first phase
lasted from August 2020 to February 2021, and the
second from March 2021 to September 2021. The
intervention team was unaware of the PLI method until
February 2021, and only received training on the PLI
approach in March 2021 (Appendix Fig. S1).

Each phase consisted of a screening phase, in-person
physiologic testing visit, 2-day training on the weight
loss program, and 12-weeks of assigned lifestyle treat-
ment. Body weight, vital signs, waist and hip circum-
ferences, laboratory parameters, and 24-h dietary recall
questionnaire were collected at baseline, week 4, and
week 12. Phenotype parameters were measured at
baseline and at week 12. Manuscript reported per
CONSORT 2010 guidelines for pilot or feasibility trials.

Participants
Participants were recruited by advertising the study on
the Mayo Clinic’s classifieds website, targeted social
media ad campaigns, and the Mayo Clinic Weight
Management and Nutrition Clinic between August 2020
and September 2021, and data collection was completed
in March 2022. This study was conducted with approval
from the institutional research review board at the Mayo
Clinic, Rochester, MN. The study was registered on
ClinicalTrials.gov (NCT04073394). All participants pro-
vided written informed consent for study participation.
This study was conducted with approvals from the
institutional review board.

Eligible participants were men and women aged 18
years or older, with a body mass index (BMI) of 30 kg/m2

or higher. Participants were excluded if they had a self-
reported body weight change greater than 3% in the
previous three months, history of any bariatric proced-
ure, untreated psychiatric disorders, and current use of
medications known to affect body weight.

Procedures
Phenotype assessment and identification
Participants underwent extensive in-person phenotype
testing at the Clinical Research Trials Unit at the Mayo
Clinic, Rochester, MN and at the Mayo Clinic Healthy
Living Centre.16 Details are provided in the supplement
and appendix Fig. S2. Phenotype identification was
based on key energy balance variables including ad
libitum meal calorie intake (CTF), gastric emptying
www.thelancet.com Vol 58 April, 2023
(GE T½), anxiety measured by the anxiety sub-scale of
the hospital anxiety and depression scale (HADS),17

body composition measured by dual-energy x-ray ab-
sorptiometry (DEXA), and measured resting energy
expenditure (REE) divided by predicted REE based on
Harris Benedict equation. The HADS comprises 14
items, seven related to anxiety symptoms and seven
related to depressive symptoms. The scores for anxiety
and depression can therefore vary from 0 to 21,
depending on the presence and severity of the symp-
toms. The cutoffs of each measurement16 were as fol-
lows: abnormal satiation defined as abnormal CTF for
females >894 kcal and males >1376 kcal; abnormal
postprandial satiety defined as accelerated GE T½ for
females <101 min and males <86 min; abnormal
emotional eating defined as abnormal anxiety score ≥7
points on the HADS-A for both genders; abnormal REE
defined as measured REE lower-than-expected for fe-
males <96% and males <94% of predicted REE.

Interventions
Standard lifestyle intervention. The study SLI program
(control group) included recommendations for calorie and
macronutrient intake, physical activity, and behavioral
skills. They were delivered by a multidisciplinary team of
obesity experts in a two-day program with a 12-week
structured follow up.18 Diets were prescribed for each
participant with a 500 kcal/day deficit calculated from
measured resting energy expenditure. Diet composition
was guided based on the United States Dietary Associa-
tion that focused on stressing the value of whole grains,
avoiding sugar, fat-free or low-fat dairy and boosting fiber
without any specific macronutrient composition recom-
mendation. Participants were prescribed 150 min of
moderate physical activity per week (spread across the
week) along with a recommendation to reach 10,000 steps
daily. Participants received 12 individual sessions with a
health and wellness coach, who worked in partnership
with the participant to set weekly diet, physical activity,
and behavioral goals. Self-monitoring and stimulus con-
trol were utilised as cognitive-behavioral approaches.
(Further SLI details in Appendix).

Phenotype-tailored lifestyle intervention (PLI). The
concept of the phenotype-tailored diet was derived from
several nutritional studies that showed targeted-specific
physiological or metabolical benefits after/during a
unique intervention. For example, Watson and col-
leagues19 showed that a protein preload delayed gastric
emptying and improved glycemia. Consequently, sup-
ported by appropriate literature, our study team
matched those post-intervention findings to pre-
intervention “abnormalities” or phenotypes, and we
conceived a priori defined diet for each phenotype.

• Abnormal satiation phenotype: characterised by an
abnormal fullness. The intervention aimed to keep
3
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the brain hunger centre “switched off” for longer
periods of time, by reducing the allowed period of
caloric intake during a day20; the intervention was
also tailored to produce maximal gastric distention to
induce the sensation of fullness using a volumetric
diet,21 and if desired, a healthy second serving of
fruits or vegetables, helping participants to reach
satiation.22

• Abnormal postprandial satiety phenotype: characterised
by accelerated gastric emptying and increased post-
prandial hunger.23 The intervention’s purpose was to
deliver protein preloads to increase the early release
of gastrointestinal hormones,24 delaying gastric
emptying.19

• Abnormal emotional eating phenotype: characterised by
negative mood, high anxiety, and reward-seeking
behaviors in relation to negative and positive emo-
tions. Anxiety is highly correlated with negative
perceptions to food and emotional eating.25 The
behavioral intervention was structured to improve
emotional regulation, self-efficacy, goal-setting, self-
monitoring, and stimulus control through the use
of a targeted mindfulness-based motivational
approach.26

• Abnormal resting energy expenditure phenotype: char-
acterised by reduced REE, and muscle mass. Low
REE was suggested to play a role in the development
of obesity, contributing toward positive energy bal-
ance and subsequent weight gain.27–30 Body compo-
sition is the most important driver of REE,
particularly in metabolically active tissues such as
lean mass.31 The intervention was based on a struc-
tured exercise plan to increase lean (muscle) mass,
which accounts for most of the overall energy
expenditure ratio32; implement a high-intensity
resistance training to enhance muscle strength and
size to boost the total energy expenditure,33 and with
a protein supplement post-exercise for muscle
mass.34

Further details are described in the supplemental
material.

Intervention
The PLI program included recommendations for calorie
and macronutrient intake, physical activity level, and
behavioral skills to be followed for the 12-week inter-
vention period. The program was delivered by a multi-
disciplinary team of obesity experts as part of the Mayo
Clinic HLP in a two-day program. All participants
received a low-calorie diet with a 500 kcal/day deficit
calculated from their measured REE. Meal timing,
macronutrient intake, physical activity, and behavioral
therapy were a priori determined for each obesity
phenotype (Fig. 1A). Participants were provided a
tailored approach for diet, physical activity, and behav-
ioral intervention.
a. Abnormal Satiation phenotype: participants were
instructed to restrict their meals to one or two per
day with a volumetric, high fiber diet.

b. Abnormal Satiety phenotype: participants were
instructed to have three meals per day with a pre-
meal protein supplement.

c. Emotional eating: participants were instructed to
follow a standard diet (the same as that used in the
standard life intervention), avoid snacks, and
participate in a 12-session intensive behavioral
group therapy co-led by two clinical health psy-
chologists with expertise in weight management
along with weekly check-in with their wellness
coach.

d. Abnormal REE: participants were instructed to
follow a standard diet (same as controls), plus a
post-work-out protein supplementation and to
engage in at least 30 min of high-intensity interval
training four to five times per week, with a weekly
check-in with their physical therapist.

Other participants in the PLI group were advised to
reach a goal of 10,000 steps daily (as controls) without a
standard behavioral program.

Participants without an identified phenotype were
instructed to follow the standard lifestyle intervention
for diet, physical activity, and behavior change (as per
the cohort of patients assigned to SLI).

Outcomes
The primary endpoint was total body weight loss in kg,
defined as the change in body weight from baseline to the
12-week time point in kg. Secondary endpoints included
weight loss in percentage, the proportions of participants
achieving weight reductions of at least 5% or 10%, and
the change from baseline to week 12 of the following
variables: waist circumference, lean mass percentage
measured using DEXA, changes in the phenotype-
defining variables (GE T½ and percentage emptied at
120 min, CTF, HADS-A score, REE % of predicted), daily
caloric intake from a 24-h dietary recall, plasma low-
density lipoprotein (LDL) and high-density lipoprotein
(LDL) cholesterol, triglycerides, C-reactive protein, glu-
coregulatory factors including fasting glucose, HbA1C,
fasting insulin, blood pressure (systolic blood pressure
[SBP] and diastolic blood pressure [DBP]), and heart rate.

Statistical analysis
The statistical analysis plan is available in the
Supplement. Data are presented as mean (SD) or mean
change from baseline (95% confidence interval). The
primary approach for missing weight measurements
due to drop-out (n = 19/165) or withdrawal in the pri-
mary analysis cohort was multiple imputation.35 Ten
imputation data sets were created and analysed using
the mice package in R. A sensitivity analysis of the 146
participants who completed the assigned 12-week
www.thelancet.com Vol 58 April, 2023
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Phase 1: 
Standard Lifestyle 
Intervention (SLI)

All participants received the 
following interventions

Diet
(choose one)

Behavior
(choose one)

Abnormal Satiation 
Phenotype Diet
Volumetric, high fiber 
low calorie# diet with 1 
to 2 meals a day.

OR

Abnormal Satiety 
Phenotype Diet High 
protein, low calorie#

diet, pre-meal shakes 
with 3 meals a day.

OR

Standard Diet 
as described in Phase 1

Abnormal REE 
Exercise Program *
HIIT with weekly follow-
up at the DAHLC.

OR

10,000 Daily Steps 
(Goal)

*Note: patients with a slow 
burn phenotype had one 
protein shake after exercise 

Emotional Eating 
Phenotype 
12-weekly individual 
sessions of Health and 
Wellness Coaching 
with 12 weekly virtual 
group sessions.

OR

Standard Behavioral
Program as described 
in phase 1

Exercise 
(choose one)

Phase 2: 
Phenotype-tailored 

Lifestyle 
Intervention (PLI)

Participants received tailored 
interventions based on obesity 

related phenotype(s).

Participants with no phenotype 
received the standard diet, 

exercise, and behavior 
intervention as in Phase 1.

AND AND

Low calorie#, 
Mediterranean diet. 

Program consisting of 
Cardiovascular, 
Resistance, Balance, 
motility and NEAT. 

12-weekly individual 
sessions of Health 
and Wellness 
Coaching

Diet BehaviorExerciseAND AND

Excluded (n=7)
• Unstable CV disease (n=1)
• Not weight stable (n=1)
• Not able to exercise (n=1)
• BMI <30 kg/m2 (n=2)
• Planning to start AOM (n=2)

Completed 12-weeks (n=74)
Analysed (n=81)

¨ Excluded from analysis (n=0)

Lost to follow-up (n=3)
Discontinued intervention (n=4) 
• Started an Anti-obesity medication   

(n=2)
• COVID infection (n=1)
• No reason provided (n=1)

Standard Life-style Intervention           
(n=81)

Lost to follow-up (n=6)
Discontinued intervention (n=6)
• Started an Anti-obesity medication 

(n=3)
• COVID infection (n=1)
• No reason provided (n=2)

Phenotype-guided Life-style 
Intervention (n=84)

Completed 12-weeks (n=72)
Analysed (n=84)

¨ Excluded from analysis (n=0)

Assessed for eligibility 
(n=101)

Phase 1: 
Standard Lifestyle 
Intervention (SLI)

August 2020-February 2021

Phase 2: 
Phenotype-tailored 
Intervention (PLI)

March 2021-February 2022

Assessed for eligibility 
(n=110)

Declined to participate (n=13)

Screened 
(n=94)

Screened 
(n=88)

Excluded (n=10)
• Not weight stable (n=1)
• Not able to exercise (n=3)
• BMI <30 kg/m2 (n=2)
• Planning to start AOM (n=4)

Declined to participate (n=16)

A

B

Fig. 1: Phenotype-tailored Lifestyle Intervention (A) and CONSORT Flow Diagram (B). Phase 1 = Standard of Care Intervention (SLI) and
Phase 2 = Phenotype-tailored Lifestyle Intervention (PLI). A) Interventions: Phase 1 – Standard Diet consisted of a diet, exercise (physical
activity) and behavior program. Phase 2 – Phenotype-tailored Lifestyle intervention consisted in diet, exercise and behavior programs tailored to
the obesity-related phenotypes. B) CONSORT Flow Diagram for Phase 1 and Phase 2 Interventions.
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program was also conducted. Analyses of secondary
endpoints were conducted on those who had a 12-week
measurement. All statistical tests were 2-sided with a
0.05 significance level. All effect estimates were reported
with 95% confidence intervals. Linear and logistic
models were used to estimate the association of PLI on
study endpoints adjusting for age, sex, weight at base-
line, and the baseline value. Similar models were used
to assess the PLI outcomes on endpoints within
phenotype subgroups. Multiple imputation was used in
a parallel analysis for the secondary endpoints, available
in the Supplement. All statistical analyses were per-
formed in R version 4.1.2.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. All authors had full access to all the data in the
study and accept responsibility to submit for publication.
Results
Study participants
Between July 2020 and August 2021, 211 participants
were screened, and 165 were assigned to one of the two
treatments in the two phases: 81 received standard
lifestyle intervention (SLI) and 84 phenotype-tailored
lifestyle intervention (PLI). The first phase lasted from
August 2020 to February 2021, and the second from
March 2021 to September 2021. Overall, 146 partici-
pants (88.5%) had a 12-week weight assessment (study
flow chart in Fig. 1B). The proportion of participants not
completing the trial in the 2 groups was not significantly
different (PLI, 14.3%; SLI, 8.6%; P = 0.26).

Demographic and baseline clinical characteristics
were similar for the 2 groups participating in the two
treatments (Table 1). Most participants were women
(81.2%) and white (92%), with a mean (SD) age of 43.9
(11.9) years. Mean body weight was 110.6 (21.9) kg,
mean BMI was 38.3 (6.5) kg/m2, and mean waist
circumference was 116.2 (13.6) cm. At baseline, 76.8%
of participants had 1 or more comorbidities, with
depression being the most frequently reported among
participants (32%). Baseline characteristics of partici-
pants with the specific phenotype were similar for the 2
groups (Appendix Table S1).

For all participants, mean GE T ½ was 129.7 (33.8)
min, mean CTF was 891.2 (351.1) kcal, and mean REE
was 1874 (331) kcal/day. There were no significant dif-
ferences in clinical characteristics between the 2 groups
(Table 1). At baseline, 58 (35.4%) of participants had
abnormal satiation; 20 (12.1%) participants had
abnormal satiety; 45 (27.3%) participants had emotional
hunger; 68 (41.4%) participants had reduced REE, and
49 (29.6%) participants did not have one of these spe-
cific phenotypes. There were no significant differences
in the proportion of phenotypes in the 2 treatment
phases (Table 1), and there were no significant differ-
ences in baseline characteristics within each phenotype
between treatment groups (Appendix Table S1).

Phenotype-tailored lifestyle on body composition
The mean total body weight loss from baseline
was −7.4 kg (95%CI −8.8, −6.0) with PLI vs. −4.3 (95%CI
−5.8, −2.7) with SLI (difference, −3.1 kg [95%CI
−5.1, −1.1]; P = 0.004) (Fig. 2A and Table 2). After
adjusting for age, sex and baseline weight, the mean
difference was −3.0 kg (95%CI −5.0 to −1.1) (P = 0.003).
In those who completed the 12-week visit, the adjusted
weight loss was −8.0 kg (95%CI −9.2, −6.8) with PLI
vs −3.7 kg [95%CI −4.8, −2.7] with SLI (mean
difference, −4.3 kg, [95%CI −5.8 to −2.7]; P < 0.001).
Changes in body composition between baseline and
week 12 using multiple imputation analysis are reported
in supplementary Table S2.

Participants in the PLI group had significantly higher
odds to have lost at least 5% and 10% of baseline body
weight at week 12 vs the SLI group (P = 0.004 and
P = 0.049 respectively). These thresholds were achieved
by 59% vs. 33% and by 26% vs. 11% of participants in
the PLI and the SLI groups, respectively (Fig. 2B). Par-
ticipants in the PLI group had significantly higher odds
to lose at least 10% of their body weight compared to the
SLI group, after adjusting for age, sex, and baseline
weight (odds ratio 3.2, [95%CI 1.1 to 9.4]; p = 0.035).

The PLI group had a significant reduction in waist
circumference at week 12 compared SLI group (−7.9 cm
[95%CI −9.8, −6.0] vs. −4.1 cm [95%CI −6.1, −2.0];
P < 0.001) (Table 2). Fat mass was significantly reduced
in the PLI group (−6.9 kg [95%CI −8.0, −5.8]) compared
to the SLI group (−3.5 kg [95%CI −4.5, −2.5]; P < 0.001).
Lean mass percentage was significantly increased
(p = 0.006) in the PLI group (2.9% [95%CI 2.1, 3.7)
compared to the SLI group (1.7% [95%CI 1.2, 2.2]).

Phenotype-tailored lifestyle on cardiometabolic
risk factors
At week 12, fasting triglycerides were significantly lower
in the PLI group (−19 mg/dl [95%CI −31, −7]) compared
to the SLI group (8 mg/dl [95%CI −6, 22], p = 0.002).
Both groups had a significant reduction in LDL choles-
terol from baseline (PLI group −10 mg/dl [95%CI
−18, −1] and SLI group −10 mg/dl [95%CI −16, −4]),
without any difference between the groups. There were
no significant changes in glycemic factors, blood pres-
sure, heart rate or inflammatory markers (Table 2).
Changes in cardiometabolic risk factors between base-
line and week 12 using multiple imputations are re-
ported in supplementary Table S2.

Phenotype-tailored lifestyle on physiological,
metabolic and behavioral variables
Total daily caloric intake was significantly reduced
(p = 0.002) in the PLI group (−752 kcal [95%CI
www.thelancet.com Vol 58 April, 2023
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Standard Lifestyle Intervention Phenotype-tailored Lifestyle Intervention p-value

N = 81 N = 84

Demographics

Age, years 42.9 (11.6) 44.8 (12.2) 0.32

Sex, females 64 (79%) 70 (83.3%) 0.48

Race, white 75 (92.6%) 76 (90.5%) 0.63

Body composition

Weight, kg 109 (19.9) 112 (23.7) 0.49

Body mass index, kg/m2 38.0 (6.0) 38.7 (6.9) 0.49

Waist circumference, cm 116 (12.7) 117 (14.5) 0.72

Hip circumference, cm 126 (13.5) 128 (14.7) 0.36

Fat mass, kg 51.2 (13.6) 53.5 (16.2) 0.34

Lean mass, kg 54.2 (9.3) 54.4 (9.7) 0.89

Glycemic factors

Fasting glucose, mg/dl 104 (20.8) 101 (11.9) 0.31

HbA1c (%) 5.6 (0.7) 5.5 (0.5) 0.55

Fasting insulin, mg/dl 12.0 (8.6) 9.8 (4.5) 0.11

Blood pressure and heart rate

Heart rate, bpm 78.3 (11.1) 78.9 (10.5) 0.71

Systolic blood pressure, mmHg 121 (12.6) 121 (11.8) 0.95

Diastolic blood pressure, mmHg 80.2 (9.6) 79.6 (7.6) 0.62

Plasma lipids and inflammation

LDL cholesterol, mg/dl 113 (29.5) 114 (31.7) 0.88

HDL cholesterol, mg/dl 51.6 (15.4) 50.2 (13.3) 0.62

Triglycerides, mg/dl 112 (60.5) 126 (52.3) 0.18

C-reactive protein HS, mg/dl 4.1 (3.3) 5.3 (4.7) 0.14

Comorbidities

Participants with ≥1 comorbidities, % 64 (80) 62 (74) 0.35

Phenotype characteristics

Calories to fullness, kcal 924 (371) 860 (330) 0.24

Gastric emptying T ½, minutes 133 (33) 128 (34) 0.44

Harris-Benedict, kcal/day 1896 (317) 1899 (343) 0.95

REE, kcal/day 1890 (316) 1858 (346) 0.54

REE predicted/measured, % 101 (14) 99 (14) 0.39

HADS anxiety, score 4.2 (3.2) 4.6 (3.4) 0.42

Phenotype distribution

Abnormal satiation, n 30 (37.5%) 28 (33.3%) 0.58

Abnormal postprandial satiety, n 7 (8.6%) 13 (15.5%) 0.18

Emotional eating, n 18 (22.5%) 26 (31.0%) 0.22

Abnormal REE, n 31 (38.3%) 38 (45.2%) 0.36

Completers, n 74 (91.4%) 71 (85.7%) 0.23

Continuous data are summarized as mean and standard deviations. Categorical data are presented as frequencies and percentages. P-values were calculated with t-test or
chi-square test as appropriate. All P-values <0.05 were considered significant. HADS, hospital anxiety and depression scale; HDL, high density lipoprotein; HS, high
sensitivity; LDL, low density lipoprotein; REE, resting energy expenditure.

Table 1: Baseline demographics and clinical characteristics by treatment group.

Articles
−1051, −453]) compared to the SLI group (−148 kcal
[95%CI −331, 35]). There was no significant differ-
ence in calories consumed to reach fullness at the ad
libitum meal 12-week test among the groups. Both
groups consumed less calories at 12 weeks compared
to the baseline test (PLI group: −127 kcal [95%
CI −179, −76], SLI group: −95 kcal [95%
CI −157, −33]). Gastric content emptied at 120 min
was significantly reduced (p = 0.014) in the PLI group
www.thelancet.com Vol 58 April, 2023
(−4.9% min [95%CI −8.0, −1.8]) compared to the SLI
group (2.8% [95%CI −1.2, 6.9]), while there was no
significant difference in mean improvement in T1/2

time (8.2 vs. −0.7 min, p = 0.11). There was no sig-
nificant difference in pre-meal hunger from baseline
among the groups (Table 3).

REE was significantly reduced from baseline in both
groups (PLI, −116 kcal/day [95%CI −182, −49], and
SLI, −208 kcal/day [95%CI −270, −146]). There was no
7
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Fig. 2: A) Total Body Weight loss (kg) in standard lifestyle intervention (SLI) and the phenotype-tailored lifestyle intervention (PLI). Error bars
represent 95% confidence interval of the mean. B) Percentage of participants per treatment group with total body weight greater than 5 and
10% at 12 weeks.
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Table 2: Changes in body
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difference in the absolute value of REE in the PLI group
compared to the SLI group (adjusted difference 48 kcal/
day [95%CI −30, 125]; P = 0.23). But, when compared
Mean difference (95% confidence interval)

Standard Lifestyle Intervention Phenotype-tailore

gb −2.35 (−3.03, −1.67) −4.18 (−5.52, −

kgb −4.28 (−5.81, −2.74) −7.39 (−8.77, −

kg (completers only) −3.72 (−4.77, −2.66) −7.99 (−9.16, −

−1.45 (−1.99, −0.91) −2.61 (−3.17, −2

−4.05 (−6.10, −2.00) −7.90 (−9.80, −

−3.31 (−5.17, −1.46) −4.85 (−6.25, −

−3.49 (−4.53, −2.46) −6.94 (−8.04, −

−0.27 (−0.64, 0.10) −1.39 (−2.18, −

1.68 (1.15, 2.20) 2.92 (2.11, 3.7

−2.45 (−5.55, 0.65) −1.59 (−3.69, 0

−0.12 (−0.31, 0.06) −0.14 (−0.21, −

−3.02 (−5.52, −0.53) −2.72 (−4.07, −

t rate

−4.03 (−6.70, −1.37) −6.95 (−10.17, −

mHg 0.36 (−2.12, 2.83) 0.19 (−2.38, 2

mmHg −2.10 (−3.97, −0.23) −3.33 (−5.70, −

mation

−9.89 (−16.16, −3.63) −9.56 (−17.86,

1.42 (−3.08, 5.93) 1.43 (−2.98, 5

8.09 (−5.96, 22.14) −18.91 (−30.64,

/dl −0.58 (−1.46, 0.29) 0.04 (−1.17, 1.

n change from baseline and 95% confidence interval (CI). All P-values <0.05 were consider
ity; LDL, low density lipoprotein. aMean group differences and p-values are adjusted for a
dle missing data.

composition and cardiometabolic risk factors between baseline and week 12.
with predicted energy expenditure values, measured
REE at 12 weeks showed a significantly smaller reduc-
tion from baseline in the PLI group compared to the SLI
p-valuea

d Lifestyle Intervention Adjusteda group differences

2.84) −1.64 (−2.96, −0.31) 0.018

6.01) −3.04 (−4.99, −1.10) 0.003

6.81) −4.06 (−5.61, −2.51) <0.001

.04) −1.14 (−1.83, −0.46) 0.002

5.99) −4.53 (−6.92, −2.15) <0.001

3.45) −1.50 (−3.43, 0.43) 0.13

5.84) −3.29 (−4.81, −1.77) <0.001

0.61) −1.05 (−1.89, −0.22) 0.015

2) 1.35 (0.41, 2.28) 0.006

.51) 0.48 (−2.86, 3.83) 0.78

0.07) −0.01 (−0.18, 0.15) 0.87

1.37) −1.46 (−3.30, 0.38) 0.12

3.72) −2.75 (−6.76, 1.26) 0.18

.76) −0.06 (−3.28, 3.15) 0.97

0.97) −1.27 (−4.08, 1.54) 0.38

−1.25) −0.57 (−12.56, 11.42) 0.93

.84) −1.60 (−8.12, 4.92) 0.63

−7.18) −26.24 (−42.71, −9.77) 0.002

25) 0.57 (−1.12, 2.27) 0.51

ed significant. bpm, beats per minute; HbA1c, hemoglobin A1c; HDL, high density
ge, sex, baseline weight, and baseline measure of the response variable. bMultiple

www.thelancet.com Vol 58 April, 2023
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Mean difference (95% confidence interval) p-valuea

Standard lifestyle
intervention

Phenotype-tailored
lifestyle intervention

Adjusteda group differences
(95% CI)

Food intake

Daily caloric intake, kcal −148 (−331, 35) −752 (−1051, −453) −397 (−644, −150) 0.002

Ad libitum meal, kcal −95 (−157, −33) −127 (−179, −76) −21 (−95, 53) 0.57

Gastric function

Gastric Emptied 120 min, % 2.8 (−1.2, 6.9) −4.9 (−8.0, −1.8) −6.0 (−10.7, −1.3) 0.014

Gastric Emptying T1/2, min −0.7 (−8.6, 7.3) 8.2 (1.1, 15.3) 8.1 (−1.9, 18.0) 0.11

Appetite sensations (VAS)

Hunger pre-meal, mm −0.4 (−6.0, 5.3) 5.9 (−1.7, 13.5) 2.5 (−5.5, 10.4) 0.54

Resting energy expenditure

REE, kcal/day −208 (−270, −146) −116 (−182, −49) 48 (−30, 125) 0.23

REE predicted/measured, % −9.2 (−12.6, −5.7) −2.0 (−5.6, 1.5) 4.4 (0.4, 8.5) 0.034

Behavioral questionnaires

HADS Anxiety Score 0.65 (0.11, 1.18) −0.73 (−1.58, 0.13) −1.15 (−2.06, −0.25) 0.014

TFEQ Emotional Score −2.33 (−3.37, −1.28) −3.15 (−4.60, −1.70) −0.54 (−2.12, 1.04) 0.50

Data are summarized as mean change from baseline and 95% confidence interval (CI). All P-values <0.05 were considered significant. CI, confidence interval; HADS, hospital
anxiety and depression scale; REE, resting energy expenditure; VAS, visual analogue scale; TFEQ, three factor eating questionnaire. aMean group differences and p-values are
adjusted for age, sex, baseline weight, and baseline measure of the response variable.

Table 3: Changes in physiological, metabolic and behavioral variables between baseline and week 12.

Articles
group (adjusted difference 4.4% [95%CI 0.5%, 8.5%],
p = 0.034) (Table 3).

Anxiety levels (measured by the anxiety component
of the HADS) improved in the PLI group compared to
the SLI group (adjusted difference, −1.2 points [95%CI
−2.1, −0.3]; P = 0.014). Both groups had an improve-
ment in the TFEQ emotional domain score with no
significant difference in improvement between the
groups (Table 3). Changes in physiological, metabolic
and behavioral variables between baseline and week 12
using multiple imputation analysis are reported in
supplementary Table S2.
Discussion
Based on our data in adults with obesity, phenotype-
tailored lifestyle interventions may result in more
weight loss than standard lifestyle intervention. Partici-
pants in the phenotype-tailored lifestyle intervention
group not only lost more weight but also had greater
decrease in waist circumference, fat mass, gastric
emptying, anxiety score, and triglyceride levels
compared to the standard lifestyle intervention group.
They also had a greater increase in lean mass percentage
and a lower reduction in REE. The results of this non-
randomised proof-of-concept study suggest that a
phenotype-tailored diet and lifestyle intervention may
benefit patients with obesity and highlight the relevance
of characterizing the underlying pathophysiology of
obesity as a complex, multifactorial disease. Confirma-
tion of these findings in a randomised trial would lay the
foundation for phenotype-tailored, precision nutrition
approaches for obesity.
www.thelancet.com Vol 58 April, 2023
The results of this proof-of-concept study further
support the need for an actionable phenotype-based
classification, rather than reliance only on anthropo-
metric parameters or obesity-related comorbidities. As
evident in this study, participants assigned to the
phenotype-tailored lifestyle intervention had a signifi-
cant improvement in some of these targeted traits
(specifically abnormal satiation and emotional eating),
in contrast to the physiological and metabolic adapta-
tions that confound the results during a calorie-
restricted intervention.36 Long-term, confirmatory rand-
omised studies are needed to answer this important
question and substantiate whether the positive meta-
bolic results seen here can persist during weight
maintenance.37 Additionally, further studies may need to
incorporate other physiological and metabolic variables
to understand the participants with no identified
phenotype in our current study. Such advances may
enhance the tailored approach proposed from our data.

Participants in the PLI group showed some
improvement in cardiometabolic risk factors including
waist circumference, fat mass, LDL cholesterol and
fasting triglycerides; with no improvement in blood
pressure, glycemia, HDL or inflammatory markers.
However, the latter markers were normal at baseline in
our population. Except for triglycerides, there were no
changes in improvement in lipid profile when compared
to SLI. It is important to note that this may be explained
by a change in diet composition, despite no explicit
recommendations, but by emphasizing the need to
avoid sweets, increase fiber, and increase protein rec-
ommendations, which may result in reduced con-
sumption of carbohydrates overall. Future studies of
9
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a phenotype-tailored lifestyle intervention should also
focus on patients with obesity and other cardiometabolic
diseases such as type 2 diabetes and cardiovascular
disease.

This study has several limitations. First, this is a
proof-of-concept, short-term study that was designed as
a sequential two-phase trial, with non-randomised
allocation based on enrollment time. However, while
randomization minimises bias, there were no signifi-
cant baseline characteristic differences between
groups. Furthermore, this design permitted partici-
pants in both groups to be treated by the same team
and deliver the interventions during the COVID-19
pandemic. However, there were several circum-
stances related to the pandemic that we were unable to
control for that may have influenced the results. Sec-
ond, given the non-randomised, non-blinded nature of
this study, there is an inherent treatment bias. To
minimise this, we trained the study team delivering
the interventions on the PLI interventions after all
participants for the SLI completed the intervention. We
recognise that a randomised clinical trial would be the
most suitable method to address this limitation. Third,
most of the participants were white women and
therefore, it is unknown how these findings would
apply to a more diverse population. Fourth, as a proof-
of-concept study, this study was conducted over only a
12-week period of time. However, most studies suggest
that after 6 months of therapy, weight loss slows
considerably, with more than half of the weight loss
occurring in the first 12 weeks.38 Furthermore, it is
now recognised that weight loss and weight mainte-
nance are distinct behavioral and physiological pro-
cesses, since additional metabolic, physiological, and
behavioral adaptations may be seen beyond this time-
frame. Thus, the effects of therapy on these two pro-
cesses must be examined independently. Finally,
participants with an emotional eating component
received a more intense intervention, as they had a
total of 24 behavior modification sessions provided to
them (12 group session and 12 individual sessions).
However, this intervention is necessary to address the
underlying phenotypic trait that may have a central role
in obesity development. Otherwise, the two in-
terventions were very similar in terms of intensity for
other phenotypes. As per the methods section, in
addition to the 2-day instruction session on diet and
exercise, the standard program included a 12-session
behavior modification program. Patients in the
phenotype-tailored intervention also had a 2-day in-
struction session, but these patients had more specific
advice on dietary recommendations and exercise in-
terventions based on the presence or absence of the
phenotypic trait as per described in methods.

In conclusion, among adults with obesity, a
phenotype-tailored lifestyle intervention compared with
a standard weight loss intervention may result in
significantly greater weight loss after a 12-week inter-
vention. Further research is needed to assess the long-
term effect of this innovative approach in a larger and
randomised cohort.
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