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Introduction: Due to the increasing prevalence of obesity, approaches for a more
effective treatment especially in the long-term perspective are needed. However, studies
on weight loss and maintenance show heterogeneous results with large inter-individual
variations. Therefore, it is of interest to identify factors that contribute to inter-individual
differences and predict the success of long-term weight management.
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Methods and Analysis: The primary outcome of the Lifestyle Intervention (LION)
Study is to evaluate the effect of two diets (low carb vs. low fat) and two digital
counseling tools (newsletter vs. mobile application) on weight maintenance 12 months
after weight loss. The identification of predictive factors (e.g., genetic, epigenetic,
physiological, psychological) for the success of weight loss and maintenance is a
secondary outcome. Men and women with a body mass index (BMI) between 30.0 and
39.9 kg/m2 , aged 18–65 years, and without severe diseases are considered eligible.
After phenotyping (e.g., anthropometry, resting metabolic rate, meal challenges, blood
parameters) participants will follow a formula-based, low-calorie diet (LCD) for 8 weeks. In
addition, the intake of 200 g raw or cooked non-starchy vegetables are allowed per day.
Subsequently, 252 participants will be randomized into one of the four intervention groups
(low carb/app, low carb/newsletter, low fat/app, low fat/newsletter) for the 12-month
weight maintenance step. The study will be concluded after another 12 months of
follow-up. Results should provide indications for successful weight management and
give insights into the personalized treatment of obesity.
Ethics and Dissemination: This study has been granted ethical approval by the local
Ethics Review Committee of the School of Medicine, Technical University of Munich (vote:
69/19 S).
Trial Registration Number: This study has been registered within ClinicalTrials.gov
(NCT04023942) and the German Clinical Trials Register (DRKS00017819).
Keywords: personalized nutrition, obesity, low carb, low fat, formula diet, mobile application (app), lifestyle, weight
maintenance
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INTRODUCTION

the hypothesis that the gut microbiota plays a role in weight
maintenance since it seems to be able to alter parameters of
glucose metabolism (14). Fasting plasma glucose seems to be
another determinant that should be considered when matching
a diet to an individual’s characteristics (4), making it a predictor
for weight loss maintenance. However, the research around these
types of biomarkers is still in the beginnings and has failed to
show clinically relevant results (4, 5).
Several trials compared diets for the treatment of overweight
and obesity. It is well-known, that a negative energy balance is
relevant for weight loss (15). However, it has been shown that
the macronutrient composition of a diet does not affect long
term weight loss (9, 16). Low carb concepts lead to a greater
initial weight loss compared to other dietary regimes, but have
no advantages in the long-term. Other studies found out that low
carb diets lead to beneficial metabolic changes (17, 18). Overall,
it is rather unclear how low carb and low fat concepts compare
regarding weight maintenance after weight loss. Therefore, low
carb and low fat diet concepts are innovative in the context of
weight loss maintenance and are not yet finally proven.
Finally, novel information and communication technologies
(ICT) like wearables and mobile applications (apps) with
individualized recommendations, self-monitoring features, or
feedback systems may be a useful and inexpensive way to improve
weight loss maintenance (5, 19). While self-weighing is known
to be effective for weight maintenance, little is known as to
whether self-monitoring technologies for tracking lifestyle helps
people to maintain their weight. New ICTs promise to facilitate
individualized communication at a low-cost level (20). Theses
digital tools are not yet proven to support weight maintenance
after weight loss.
Overall, weight loss maintenance is difficult for most people
and there is a lack of evidence to support the hypothesis that
a specific macronutrient composition of a diet or that digital
tools can improve weight maintenance. Moreover, predictors
for personalized dietary recommendations for weight loss and
maintenance are still lacking. In this context, the Lifestyle
Intervention (LION) Study aims to compare two different
diets (low carb vs. low fat) and two digital tools (newsletter
vs. app) for long term weight maintenance. Furthermore,
genetic, epigenetic, physiological, psychological, and lifestyle
predictors for successful weight loss and weight maintenance
should be identified. The overall aim is to contribute to
the development of a personalized treatment of obesity. A
therapeutic approach tailored to the individual and adapted to
their genetic background and metabolic conditions may result in
greater weight loss success and maintenance in the long-term.

The World Health Organization indicates that overweight affects
globally 39% of the adult population, whereas obesity affects 13%
of adults (1, 2). In Germany, the prevalence of overweight reaches
67.1% in men and 53.0% in women, whereas obesity reaches 18.9
and 22.5% of men and women, respectively (3).
Both overweight and obesity cause pathophysiological
changes in the human body, increasing the risk for comorbidities,
such as diabetes, cardiovascular diseases, or some cancers
(1, 2, 4). Lifestyle based interventions for weight loss are wellestablished and are widely recommended in guidelines for the
prevention and treatment of overweight and obesity (5).
Lifestyle interventions are usually centered around a “onesize-fits-all” strategy, being successful for the short-term (6).
However, weight loss largely differs between individuals, and
data on long-term weight maintenance have shown that most
people regain weight after weight loss (5, 7). Studies have shown
that mean weight loss is moderate with large inter-individual
differences, ranging from 25 kg weight loss to 5 kg weight gain
(8, 9), depending on intervention type and duration. Aspects
that may affect inter-individual differences in weight regulation
include lifestyle factors, environment, genetics, phenotype,
metabolism, and the microbiome (5, 10, 11). There is still
limited knowledge on which factors are associated with weight
maintenance, and which therapeutic concepts are successful for
weight maintenance. Taking this into consideration, innovative
therapeutic approaches and guidance of affected people after
weight loss are favorable to achieve weight changes in the long
term. Therefore, there is an urgent need to identify predictors and
concepts for long-term weight maintenance.
Personalization and digitalization of medical treatment are
promising trends in the health care system. Although there are
several definitions for “personalized nutrition,” personalization
itself should incorporate aspects such as individual preferences,
requirements, and habits, combined with key characteristics of
an individual’s phenotype and genotype to obtain an optimally
tailored intervention strategy (6, 11). Which determinants can
improve the effectiveness of personalized nutrition is current
object of research.
Most research in this field is focused on gene-lifestyle
interactions. The DIETFITS trial characterized people with
obesity based on their genotypes and post-prandial insulin
response. The participants were subsequently matched or
mismatched to their “optimal” diet, based on their characteristics
at baseline. However, no genotype-diet nor diet-insulin
interaction was found for weight loss (8). On the other hand,
the POUNDS Lost trial, as well as the DIRECT trial, have found
that a specific diet can modify the expression of genes related to
weight regulation, supporting weight loss and improving glucose
metabolism (12). There is further evidence that the presence of
specific genotypes might favor a greater reduction in weight and
waist circumference (13).
Furthermore, the group of Zeevi et al. was able to
integrate sociodemographic and microbiological characteristics
to accurately predict the glucose response of an individual
to a meal (10). Results of the POUNDS Lost trial reinforces
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METHODS AND ANALYSIS
Study Design
The LION Study is a 2 × 2 factorial randomized controlled trial
in adults with obesity and comprises four steps: screening and
baseline phenotyping (step I), a 8-week weight loss intervention
(step II), a 12-month weight maintenance intervention (step
III), and a 12-month follow-up period (step IV) (Figure 1).
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FIGURE 1 | Study design. Numbers indicate measurements performed during the corresponding visit. (1) Screening questionnaire, (2) anthropometry, (3) collection of
biomaterial, (4) meal challenge, (5) questionnaires/protocols, (6) vital parameters, (7) resting metabolic rate, (8) magnetic resonance imaging (subgroup), (9) physical
functional performance test (subgroup), (10) hand strength measurement, (11) continuous glucose measurement. * Randomization of the test meal and selected
measures. The exact time point of measurements marked by a bracket is dependent of randomization.

as well as hemoglobin levels, are directly measured at the
study center to exclude participants with undiagnosed diabetes
mellitus (impaired glucose tolerance is accepted) and/or anemia
beforehand. Table 1 specifies the threshold values for glucose
and hemoglobin. Fasting glucose and hemoglobin levels of
capillary blood are analyzed with the rapid tester HemoCue R
Glucose 201+ System (HemoCue AB, Sweden) and DiaSpect Tm
Analyser (EKF Diagnostic GmbH, Germany), respectively.

Measurements and data collection occur during face-to-face
visits at different time points during the study. However, in
individual cases (e.g., due to coronavirus pandemic) face-to-face
visits can be converted to phone visits, in which self-reported data
will be collected instead of measured data (21). Participants will
be enrolled for 27 months from screening to final follow-up and
will attend seven visits in total: two visits at baseline (month 1)
and one visit each at 3, 6, 9, 15, and 27 months.

Study Setting

Interventions

The LION Study is a single-site study and takes place at the
Human Study Center of the Institute for Nutritional Medicine,
School of Medicine, Technical University of Munich, Germany.
The first patient was enrolled in July 2019. Date for last patient
out is predicted to be not before spring of 2023.

Weight Loss Intervention
Once the participant is still deemed eligible after baseline
phenotyping (step I), the 8-week formula-based low-calorie diet
(LCD) starts as weight loss intervention. Formula products
(Itrim, Itrim Sverige AB, Sweden) are provided for the
participants free of charge and are regularly handed out at
pick up appointments. Each meal provides 200 kcal. A total
daily calorie intake of 800 kcal exclusively by formula products
is predetermined, resulting in four formula products per day.
To increase compliance in the weight loss step, an additional
daily intake of 200 g raw or cooked non-starchy vegetables is
allowed. Due to further consumption of vegetables, the daily
calorie intake is higher than 800 kcal, whereby the weight loss
step is classified as LCD. During the LCD, participants fill out
a food diary to record consumed products including caloriefree beverages (e.g., water, tea, coffee, beverages sweetened with
artificial sweeteners) and vegetables and to document well-being
or side effects. Furthermore, participants are phenotyped by a
continuous blood glucose monitor (FreeStyle Libre Pro, Abbott
Diabetes Care Inc., USA) during the first 4 weeks of intervention.
During the weight-loss period, participants are contacted
regularly by phone (at weeks 1, 2, 4, and 6) to ensure well-being,

Eligibility Criteria
Adults aged between 18 and 65 years, with a body mass
index (BMI) between 30.0 and 39.9 kg/m2 , in ownership of
a smartphone and without any severe health condition, that
may pose risk for the participant and affect the validity of our
findings, are considered eligible. Table 1 specifies all inclusion
and exclusion criteria. The participants’ eligibility is self-reported
and is assessed during a preliminary telephone-based screening
interview. In exceptional cases, eligibility is assessed based on the
judgment of the investigator on a by-case decision. Individuals
who meet inclusion criteria (Table 1) are scheduled for a face-toface visit.
Participants undergo clinical examinations during the first
two face-to-face visits (Visit 1A and 1B), serving primarily for
baseline phenotyping as well as for the detection of potentially
unknown exclusion criteria. For preliminary screening, a drop
of capillary blood is withdrawn and fasting plasma glucose,
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over 4 kg after 8 weeks of LCD, are eligible for randomization
into one of the four weight maintenance intervention arms: (a)
low carb and app-based group, (b) low carb and newsletterbased group, (c) low fat and app-based group, (d) low fat and
newsletter-based group.
Low carb is defined as 30 energy percent from carbohydrates,
50 energy percent from fat, and 20 energy percent from protein.
Low fat is defined as 25 energy percent from fat, 55 energy percent
from carbohydrates, and 20 energy percent from protein. This
nutrient composition was firstly defined to allow the protein
intake of both groups to be standardized and comparable,
and secondly, to ensure feasibility and compliance to the
weight maintenance diet for the long-term. There is no further
breakdown specifying fat or carbohydrate types in the weight
maintenance diet. However, participants are trained to make
healthier decisions with the help of an overview which foods
should be avoided and which better alternatives are available
(providing information on e.g., low carb/low fat preparation of
food, choosing low energy but nutrient-dense alternatives, or
choosing foods with lower fat/lower carb content in the same
food group).
The daily energy requirement is calculated for each participant
individually, based on the measured resting metabolic rate
(RMR) after weight loss multiplied with the individual’s physical
activity level (PAL). The PAL is chosen based on the PAL values
for work and leisure activities of the German Nutrition Society,
according to self-reported work, leisure, and physical activities.
However, the recommended daily energy intake in the weight
maintenance period is 10% lower than the calculated daily energy
requirement (recommended daily energy intake = (RMR x PAL)
– 10%). The reduction by 10% serves as a safety buffer to ensure
weight maintenance, to diminish known inaccuracies in the
calculation of energy requirements. If desired, further weight loss
is allowed during the weight maintenance step, provided that it
is performed within the framework of the weight maintenance
intervention. The participant’s compliance is estimated based
on the recurring determination of blood and urine parameters
(e.g., urea concentration for protein intake), and macronutrient
composition of total energy intake assessed by a dietary record at
three time points during the 12-month weight maintenance step.
At months 6, 9, and 15 participants are examined in face-to-face
visits (Visit 3A, 3B, and 3C).
Participants assigned to the app-based intervention group,
regularly have contact with a coach via the app (Oviva, Oviva AG,
Switzerland), providing nutritional guidance and support during
the 12-month weight maintenance step. In the beginning, there
is a single phone call between coach and participant to get to
know each other and to become familiar with the participant’s
“starting point.” Afterward, conversations between coach and
participant take place within the app’s private chatroom in a
decreasing frequency (weekly in the first 3 months, every 2 weeks
in the following 6 months and once a month in the last 3 months
of intervention). Additionally, participants are provided with a
monthly information sheet (LION-Info) containing information
(e.g., recipes, shopping lists, preparation of food) on the assigned
diet and tips for long-term weight maintenance. Content to be
discussed between coach and participant is standardized by the

TABLE 1 | Main inclusion and exclusion criteria (self-reported, unless otherwise
indicated).
Inclusion criteria

Exclusion
criteria*

• Age: 18–65 years
• Body mass index (BMI): 30.0–39.9 kg/m2 (at the scale of the
study center)
• Ownership of a smartphone with an internet connection
(checked by the study team)
• No active severe disease
• Written informed consent
a. Medical conditions
• Diabetes mellitus (Fasting plasma glucose >126 mg/dl,
determined either by a rapid tester and laboratory findings)
• Anemia (Hemoglobin <12 g/dl, determined either by a rapid
tester and laboratory findings)
• Severe cardiovascular (e.g., angina, myocardial infarction,
stroke), liver (e.g., hepatitis B or hepatitis C), kidney and/or
respiratory disease
• Clinically significant untreated hypertension (measured and
evaluated by the study physician)
• Neoplasms (e.g., cancer or gastric ulcer)
• Inflammatory bowel disease (e.g., Crohn’s disease,
ulcerative colitis)
• Severe infections/inflammations (chronic or at time
of recruitment)
• Severe mental, behavioral or neurodevelopmental disorders
(e.g., eating disorders, severe depression)
• Severe diseases of the nervous system (e.g., Multiple
sclerosis, Parkinson‘s disease, epilepsy)
• Untreated endocrine diseases (e.g., thyroid disease,
determined by laboratory findings)
• Severe food allergies or intolerances, that are
clinically significant
• Severe Lipedema, that is clinically significant
b. Medication
Medications with the potential of affecting weight, energy
expenditure, or the participant’s judgment ability (such
as glucocorticoids, psychoactive medication, or epileptic
medication) are not allowed. The decision will take place on
a by-case basis after evaluation of type, dose and usage of
the medication by the study’s physician.
c. Other
• Pregnancy and lactation (self-reported or determined by a
pregnancy test)
• Vigorous weight fluctuations (>5 kg) in the last 3 months
• Immobility
• Surgery in the last 3 months and bariatric surgery
• Participation in other intervention studies, which could
influence the study outcomes
• Carrier of pacemakers
• Blood donation or transfusion in the last 3 months

*In general, a case and/or condition not named specifically is not an exclusion criterion for
enrollment in the first instance. However, if a criterion is considered critical in the judgment
of the investigator, the participant is excluded. Additionally, a belated inclusion/exclusion
is possible depending on the present case. The study physician makes a final decision on
a by-case basis, after estimation of the clinical significance.

to record observed side effects and to increase compliance. After
8 weeks of LCD, participants attend a face-to-face visit (Visit 2) at
the study center, which ensures a seamless transition to the weight
maintenance step.

Weight Maintenance Intervention
In order to exclude participants with either no or low adherence
to the formula diet, only participants that achieved a weight loss

Frontiers in Nutrition | www.frontiersin.org

4

November 2020 | Volume 7 | Article 586985

Reik and Holzapfel

Lifestyle Intervention for Obesity Treatment

FIGURE 2 | (A) First randomization: meal challenges. After the telephone-based screening and before the first visit, the order of meal challenges as well as the type of
lipid meal challenge will be randomized. Two meal challenges are carried out per participant (one during Visit V1A and one during Visit V1B). Oral glucose tolerance
test (OGTT), oral glucose and lipid mixed meal challenge (OG+LTT), oral lipid tolerance test (OLTT). (B) Second randomization: weight maintenance intervention. After
weight loss (during the Visit V2), participants are randomized to one of the four intervention groups. The second randomization is stratified according to the
parameters of the first randomization. No results of the meal challenge tests (blood and other metabolic parameters) are considered for randomization.

During the 12-month follow-up, all participants receive a
newsletter with general information on self-help for longterm weight maintenance every 3 months, independent of the
assigned weight maintenance intervention group. Topics to be
mentioned include not only nutritional information, but also
refer to psychological aspects and physical activity for weight
maintenance. After 12 months, the final face-to-face visit (Visit
4) takes place, concluding the study participation.

after administration of the test drink, to monitor changes of
metabolites in the blood (e.g., glucose, insulin, and lipid profile)
(Table 3).
The OGTT is carried out after an overnight fast after
consumption of a 300 ml drink providing 75 g glucose. The
OGTT-drink is prepared as follows: 82.5 g glucose monohydrate
(≥99.5% D(+)-glucose monohydrate, Ph. Eur.; Carl Roth GmbH
+ Co. KG, Germany) filled up to 300 ml with tepid water. Blood
is drawn at baseline and 30, 60, 90, and 120 min after drinking the
test meal.
The lipid meal challenge is also carried out after an overnight
fast. The type of the administered lipid meal challenge (plain lipid
drink or a glucose-lipid mixed drink) is randomly chosen for each
participant. The glucose-lipid mixed meal challenge (OG+LTT)
is applied as an attempt to modulate different processes of
metabolic health in comparison to a plain glucose or plain lipid
meal challenge. The OLTT-drink is prepared as follows: a fat
emulsion drink (Calogen R , Nutricia GmbH, Germany) is filled
up with water to 300 ml. The fat emulsion drink provides 35 g
fat per m2 of the participant’s body surface, which is calculated
based on the equation by Du Bois and Du Bois (22). The 300 ml
OG+LTT-drink is prepared analogous to the plain lipid drink
and contains additionally 82.5 g glucose monohydrate. Blood is
drawn at baseline and 30, 60, 120, 180, 240, and 300 min after
drinking the test meal.
To guarantee a washout period, without distorting the baseline
data, the two first visits (Visit 1A and 1B) should be at least 3
days apart.

Meal Challenges

Outcomes

For phenotyping purposes and analysis of individual metabolic
responses as a secondary outcome, participants take part in
two meal challenges at baseline (Visits V1A and V1B). All
participants undergo an oral glucose tolerance test (OGTT) and
a lipid meal challenge, which itself can be based on a plain lipid
drink (oral lipid tolerance test, OLTT) or a glucose-lipid mixed
meal challenge (oral glucose and lipid tolerance test, OG+LTT)
(Figure 2). Blood is drawn at baseline and several time points

The primary objective of the LION Study is to evaluate the effect
of two diets (low carb vs. low fat) and two digital counseling
tools (app vs. newsletter) on long-term weight maintenance 12
months after weight loss (weight change from baseline to month
15, Visit 3C).
Secondary objectives are mainly focused on the identification
of predictors for the success of weight loss and weight
loss maintenance. This includes data such as anthropometric,

study team. However, the participant can address specific dietary
questions to the coach. All coaches are certified nutritionists
and are additionally trained by the study team. Tracking of
weight/physical activity and uploading pictures of meals (as
a picture-based dietary record) are some examples of further
features within the app, which are not mandatory for the
intervention but can be additionally used by the participants.
In comparison, participants assigned to the newsletter-based
intervention group get digital newsletters regularly via email,
providing nutritional information (e.g., recipes, shopping lists,
preparation of food, basic nutritional facts, quizzes) regarding the
assigned diet in the same frequency as “contacts” take place in the
app-based group. Information included in the LION-Info is also
provided in the newsletter. However, the newsletter is kept more
general, to be appealing to a broader group of people. Content
to be discussed in the newsletter is standardized by the study
team and is identical to the LION-Info sent to the app-based
intervention group.

Follow-Up

Frontiers in Nutrition | www.frontiersin.org
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TABLE 2 | Data collection plan.
Time point
Study step
Visit

Screening and baseline phenotyping
Screening

V1A

V1B

x

Weight loss

Weight maintenance

Follow-up

V2

V3A

V3B

V3C

V4

x

x

x

x

x

Parameters
Screening questionnaire

x

Verify eligibility

x

x

Informed consent

x

x

Anthropometry

x

Body height

x

Bodyweight

x

x

x

x

x

x

Body compositiona

x

x

x

x

x

x

Body circumferencesb

x

x

x

x

x

x

x

x

x

x

x

SBP, DBP

x

x

x

x

x

Heart rate

x

x

x

x

x

Body temperature

(x)*

(x)*

x

x

x

Respiratory rate

(x)*

(x)*

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Vital parameters

Biomaterials
Blood
Urine
Saliva
DBS

x

x
x

x

x

24-h urine (optional)

x

x

Stool (optional)

x

x

x

x

x

x

PBMCs (subgroup)

x

x

x

Metabolic response
Glucose tolerance test

(x)*

(x)*

Lipid tolerance test

(x)*

(x)*

x

Questionnaires

x

x

x

x

x

x

BAS

x

x

x

x

x

x

DEBQ

x

x

x

x

x

x

IWQOL-lite

x

x

x

x

x

x

MBSRQ-AS

x

x

x

x

x

x

mYFAS 2.0

x

x

x

x

x

x

PHQ-9

x

EDE-Q8

Nutritional assessment
FFQ

x

x

x

x

x

x

x

Dietary record
MoMo

x

x

Dietary diary
PA assessment

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

7-day step log
RMR

(x)*

(x)*

x

x

Hand strength

(x)*

(x)*

x

x

CGM

x

x

Functional tests (optional)

x

x

MRI (optional)

x

x

Safety record

x

x
x
x

x

x

BAS, body appreciation scale; CGM, continuous glucose monitor; DBS, dried blood spots; DBP, diastolic blood pressure; DEBQ, dutch eating behavior questionnaire; EDE-Q8, eating
disorder examination questionnaire; FFQ, food frequency questionnaire; IWQOL-lite, impact of weight on quality of life-lite questionnaire; MBSRQ-AS, multidimensional body-self relations
questionnaire—appearance scales; MoMo, motoric-module questionnaire; MRI, magnetic resonance imaging; mYFAS 2.0, modified yale food addiction scale version 2.0; PA, physical
activity; PBMCs, peripheral blood mononuclear cells; PHQ-9, patient health questionnaire—depression module; RMR, resting metabolic rate; SBP, systolic blood pressure.
*Order of measurements dependent on randomization.
a Body composition: fat mass, fat-free mass, total body water, impedance.
b Waist circumference, hip circumference.
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Further exploratory research questions are planned and will
be clarified in the course of the study.

TABLE 3 | Routine blood and urine parameters.
Time point
Study step

Visit

Screening Weight loss
and baseline
phenotyping
V1A

V1B

V2

Weight
maintenance

V3AV3B

Follow-up

V3C

V4

x

Sample Size and Power Calculation
A total of 252 participants will be randomized to the weight
maintenance step (n = 63 per arm). Assuming a 30% dropout,
there will be 176 participants (n = 44 per arm) that provide
primary endpoint data. A sample size of 176 participants is
sufficient to detect a difference in weight loss maintenance of
1.7 kg between the two dietary intervention arms and the two
digital tools with a power of 80%, a significance level of 0.05 and
assuming a within-arm standard deviation of 4.0 kg.
To randomize 252 participants to the weight loss maintenance
step, it is estimated that 504 participants are needed to be
included in the weight loss step. This estimate is based upon
the assumption that 30% of participants will drop out during
weight loss and that 20% will not reach the weight loss of
4 kg, which is necessary for randomization to one of the four
weight maintenance groups. These are conservative estimates for
dropout and ineligibility. If these rates are lower, fewer people will
need to be screened and included in the weight loss step.

Blood parameters
CBC

x

x

x

x

x

AST

x

x

x

x

x

x

ALT

x

x

x

x

x

x

γ-GT

x

x

x

x

x

x

AP

x

x

x

x

x

x

Sodium

x

x

x

x

x

x

Potassium

x

x

x

x

x

x

Calcium

x

x

x

x

x

x

Albumin

x

x

Creatinine

x

x

x

x

x

x

GFR

x

x

x

x

x

x

Urea

x

x

x

x

x

x

Uric acid

x

x

x

x

x

x

Total protein

x

x

x

x

x

x

Bilirubin

x

x

CRP

x

x

x

x

x

x

HbA1c

x

x

x

x

x

x

TSH

x

x

x

x

T3

x

x

x

x

T4

x

Glucose

x*

x
x*

x

x

x

x

x

x

x

Total cholesterol

x*

x*

x

x

x

x

x

Triacylglycerol

x*

x*

x

x

x

x

x

HDL-C

x*

x*

x

x

x

x

x

LDL-C

x*

x*

x

x

x

x

x

LDL/HDL ratio

x*

x*

x

x

x

x

x

Insulin

x*

x*

x

x

x

x

x

Randomization
There are two randomization time points (Figure 2). The
first randomization takes place at baseline, shortly before the
participant attends the first visit and determines either the
order of the two meal challenges (OGTT and lipid meal
challenge) as well as the type of the lipid meal challenge
(plain lipid drink or a glucose-lipid mixed drink). The second
randomization takes place after weight loss during visit V2, in
which participants are randomly assigned to one of the four
weight maintenance intervention arms. This randomization step
is stratified according to the order and type of meal challenges
assigned with the first randomization. The results of the meal
challenge tests (e.g., glucose response) are not considered for the
weight maintenance intervention.
For each randomization, an online tool of the Münchner
Studienzentrum (MSZ) is used to generate the allocation
sequences. This online tool uses pre-defined randomization lists,
created block-wise. Due to the nature of the intervention, it is not
possible to blind the participants as well as the study team.

Urine parameters
Albumin

x

x

Creatinine

x

x

x

x

Urea

x

x

x

x

Urea nitrogen

x

x

x

x

ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate
aminotransferase; CBC, complete blood count; CRP, C-reactive protein; γ-GT,
gamma-glutamyltransferase; GFR, glomerular filtration rate; GOT, glutamic oxalacetic
transaminase; GPT, glutamic pyruvate transaminase; HbA1c, hemoglobin A1c; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TSH,
thyroid-stimulating hormone; T4, thyroxine; T3, triiodothyronine.
*Several time points are available for these parameters, since they will be analyzed as part
of the meal challenge.

Data Collection
Measurements and data collection occur during seven face-toface visits throughout the study. These visits are numbered
according to the study step (I–IV). If there are more than one
visit assigned to a study step, they are additionally labeled in
alphabetical order (A-C). Participants attend the visits fasted for
at least 8 h, without being physically active in the past 12 h and no
smoking on the day of the visit. Table 2 gives an overview of data
collected at different time points in the study.

metabolic, and genetic parameters; RMR; clinical, lifestyle,
psychological, environmental, and social factors; adipose tissue
and fat compartments measured by magnetic resonance imaging
(MRI, subgroup); among others. The characterization of
metabolic responses on meal challenges at baseline (Visits
V1A and V1B; Tables 2, 3) that may predict the success of
weight loss and weight loss maintenance is one of the main
secondary objectives.

Frontiers in Nutrition | www.frontiersin.org

Anthropometry
Height (cm) is measured in a standing position, without shoes
and looking straight using a stadiometer (Seca 214, Seca GmbH
& Co., KG, Germany).
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Participants are also invited to collect stool samples at home.
Samples are collected in tubes with and without a DNA stabilizer.
Samples will be stored at −80◦ C until analysis.

Body composition is assessed in a fasted state using a
body composition scale (BC-418MA, Tanita Europe B.V.,
Netherlands), based on the Bioimpedance analysis (BIA). The
participant is asked to take off shoes and empty the bladder before
measurement. Since the participant is allowed to be dressed in
light clothing, one kilogram is deducted for the assessment. The
following data outcomes are recorded: weight (kg), fat mass (%,
kg), fat-free mass (kg), total body water (kg), and impedance (Ω).
Waist and hip circumferences (cm) are measured in a standing
position using a non-stretch measuring tape with a hock for
easier reading.
Furthermore, participants are invited to an optional MRI
measurement to determine e.g., fat distribution, organ fat (e.g.,
liver fat content), and brown adipose tissue (e.g., proton density
fat fraction).
Additionally, optional phenotyping concerning muscular
strength, motor function and posture analysis are assessed
through different techniques: Body Composition using an air
displacement plethysmograph (BOD POD, Cosmed S.r.l., Italy)
and a body composition analyzer (InBody 770, InBody Europe
B.V., Germany), posture analysis using a 3D Body Scanner
(VITUS 3D Body scanner, Vitronic, Germany) and the Diers scan
(DIERS formetric 4D, DIERS International GmbH, Germany)
and motor and muscle function using a 3D force plate (OPTIMA
force plate, Advanced Mechanical Technology Inc., AMTI, USA),
and the IsoMed Back Module (D. & R. Ferstl GmbH, Germany).

Questionnaires
German versions of the following questionnaires are applied
once or several times throughout the study course: Body
Appreciation Scale (BAS) (23), the Dutch Eating Behavior
Questionnaire (DEBQ) (24), the short version of the Eating
Disorder Examination Questionnaire (EDE-Q8) (25), impact
of weight on quality of life-lite questionnaire (IWQOL-lite)
(26), the Multidimensional Body-Self Relations Questionnaire—
Appearance Scales (MBSRQ-AS) (27), Modified Yale Food
Addiction Scale Version 2.0 (mYFAS 2.0) (28, 29), the
Patient Health Questionnaire—Depression module (PHQ-9) (30,
31), and the Motorik-Modul (MoMo) questionnaire (32, 33).
Additionally, questionnaires to assess medical history, socialeconomic factors (e.g., marital status, qualification, employment,
smoking status), safety and an evaluation of the study program
are filled out by participants.

Lifestyle Assessment
Dietary intake is assessed in each step of the LION Study using
different methods. A food frequency questionnaire (FFQ) is used
(Visits V1A and V4) to obtain an overview of the participant’s
diet history (34). A daily dietary record is filled in during the
weight-loss intervention to assess the intake of formula diet
products, vegetables, and beverages and to collect data on wellbeing. Furthermore, open dietary records for 3 consecutive days
are applied three times during weight maintenance, to assess total
energy intake and the participants’ adherence to their assigned
weight maintenance diet.
Moreover, participants are encouraged to use any tool of
choice (e.g., wearables, apps) to track physical activity and
document daily steps in a 7-day step log at five time points.

Vital Parameters
Systolic and diastolic blood pressure (mmHg) and heart rate
(bpm) are carried out in a seating position using a blood
pressure monitor (BM 60 or BM 70, BEURER GmbH, Germany;
M400 Intelli IT, OMRON Medizintechnik Handelsgesellschaft
mbH, Germany) with a cuff. Blood pressure is calculated as the
mean value of 3 performed measurements on the arm with the
higher blood pressure measured with a 1-min rest in between.
Body temperature (◦ C) is measured with an in-ear infrared
thermometer (Thermoscan IRT 4020, Braun GmbH, Germany).
The respiratory rate measurement is carried out manually by
counting the patient’s breath rate per minute.

Resting Metabolic Rate (RMR)
The RMR is measured through indirect calorimetry (COSMED
Quark RMR 2013010303, COSMED S.r.l., Italy) with a canopy
hood. Based on the measured oxygen consumption (VO2 ) and
carbon dioxide production (VCO2 ) and using the equation after
Weir (35), the software calculates RMR (kcal/day). The 30-min
measurement is carried out after an overnight fast in a lying
position at rest.

Biomaterials
Fasting venous blood, fasting midstream urine and 24 h urine
samples are collected and sent to an external lab (SYNLAB
Medizinisches Versorgungszentrum Labor München Zentrum
GbR, Munich, Germany) for the analysis of routine parameters
(Table 2). Furthermore, serum and plasma blood samples,
peripheral blood mononuclear cells (PBMCs), dried blood spots
(DBS) and urine samples are stored at −80◦ C until needed for
further analysis. PBMCs however, will be gradually frozen at
−80◦ C in a separate freezing container (Nalgene R Mr. Frosty R
Cryo 1◦ C Freezing Container, Thermo Fisher Scientific Inc.,
USA) for the first 3 days and transferred to a liquid nitrogen
tank after the third day. Sample collection, pre-analytic steps,
labeling, storage, packing, and shipment of samples is performed
according to standard operating procedures (SOPs).
Additionally, saliva samples are collected in a fasting state
(Table 3). Participants spit about 1–2 ml directly into a tube with
a screw cap. Saliva samples are stored at −80◦ C until analysis.
Frontiers in Nutrition | www.frontiersin.org

Handgrip Strength
Handgrip strength (kg) is measured with a handgrip
dynamometer based on a hydraulic system (JAMAR R ,
Performance Health Supply Inc., USA). The measurement
takes place in a seated position with the elbow flexed at 90◦ and
rested on an armrest. The participant is instructed to press as
hard as possible for a short period. The measurement is repeated
six times (three times each arm). The maximum isometric
strength of the hand and forearm muscles is the highest value of
the six measurements.

Continuous Glucose Monitoring (CGM)
For CGM participants wear a small sensor (FreeStyle Libre Pro,
Abbott Diabetes Care Inc., USA) on the back of the upper arm,
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by word of mouth. Participants are regularly asked to assess the
burden of the intervention through feedback questionnaires and
verbally during visits.

during the first 4 weeks of formula diet. The sensor consists
of a thin, flexible filament (0.4 × 5 mm) which is inserted,
activated, and replaced by the study team in the uppermost skin
layer and automatically monitors blood glucose levels (mg/dl)
in the interstitial fluid continuously. Collected data are used
for exploratory analyses and has no impact on the weight
loss or weight maintenance intervention. Diabetes status, as an
important factor associated with overweight and obesity, will be
monitored through routine blood parameters collected during
face-to-face visits.

ETHICS AND DISSEMINATION
This study is performed following the ethical principles of
the current version of the Declaration of Helsinki. The
study protocol has been approved by the local Ethics Review
Committee of the School of Medicine, Technical University of
Munich (vote: 69/19 S). The trial has been registered within
clinicaltrials.gov (NCT04023942) and the German Clinical Trials
Register (DRKS00017819). Any protocol modifications will be
submitted for review by the research ethics committee.
Participants give oral consent before the telephone-based
screening interview and sign the informed consent for the LION
Study as well as for the storage of data and biospecimen before
any procedure is conducted.
Together with the local coordinating center for clinical
studies, a risk stratification has been performed indicating
no increased risk for the participants compared to standard
treatment. Participants will be closely monitored by the
study team.
Route insurance is additionally provided for all participants.
Participants themselves are free to discontinue their
participation at any time, without the obligation to state
the reason for withdrawal. Reasons for withdrawal will be
documented when nominated by participants. Participants
can also be discontinued from the study, at the discretion of
the investigator.
Personal data is two-fold encoded to maintain privacy and
confidentiality. Participants receive copies of available routine
test results (e.g., blood and urine parameters, RMR) after every
visit. Results of this study will be submitted for publication
in peer-reviewed journals and presented at conferences. Press
releases for the wide public are planned after the study
is completed.

Data Management
Data management, monitoring, and randomization are
conducted in cooperation with the local coordinating center for
clinical studies, the Münchner Studienzentrum (MSZ), which is
a member of the nationwide network of clinical coordinating
centers (KKS). Most data are completed on hard copy case report
forms (CRFs) and are subsequently entered into an electronic
database (MACRO 4, InferMed Ltd., UK) by the study team.
Access rights and login criteria are defined. Monitoring is carried
out by the MSZ according to a monitoring plan.

Statistical Analysis
To investigate the primary outcome, a comparison of groups
in the weight maintenance step (app groups combined vs.
newsletter groups combined and low carb groups combined vs.
low fat groups combined at month 15) will be conducted based
upon a linear regression model. A further regression model
assesses a potential interaction between the dietary and mode
of delivery interventions. A complete-case analysis and analysis
using multiple imputations will be performed. Participants are
analyzed according to groups to which they are randomized
(intent-to-treat, ITT).
The continuous secondary endpoints at different time points
are compared between the dietary and the mode of delivery
groups using analogous linear regression models in completecase analyses.
Exploratory analyses are performed to assess parameters
as potential predictors for effective weight loss and weight
maintenance. Exploratory analysis can be restricted to subgroups
based on a per-protocol analysis. For instance, to address the
bias of self-reported data obtained due to the implementation
of telephone-based visits during the coronavirus pandemic, the
mode of visits will be considered in statistical analysis (e.g.,
by adjusting according to the mode of the visit). Moreover,
interaction terms (e.g., gene-diet interactions) will be considered
as exploratory analyses. Since further weight loss is allowed
during weight maintenance, weight trajectories during this
period will be also one element of subgroup analysis (e.g., weight
loss, stable weight, weight regain).
Finally, missing data are a challenge in long-term clinical
studies. Depending on the amount of acquired missing data,
statistical analysis will be adapted (e.g., imputation).

DISCUSSION
The LION Study is a large clinical trial comparing lifestyle
interventions on a large scale. These lifestyle interventions are
well-known for weight loss purposes and are applied here to
explore their effects on long-term weight maintenance in people
with obesity. Furthermore, the dietary intervention is combined
with digital tools, for which its efficacy on weight maintenance
has to be shown. Moreover, several aspects of deep phenotyping
of participants are incorporated, in order to identify predictors
for successful weight loss and maintenance. This approach should
pave the way toward personalized nutrition. We anticipate, that
the methodological diversity of this long-term study will enable
the derivation of personalized recommendations for weight loss
and weight maintenance based on the phenotype and genotype
of an individual.
The study design, including two randomization steps, a 2
× 2-factorial design, a weight loss and a weight maintenance
period, and a follow-up investigation 24 months after weight

Participant and Public Involvement
Participants were not involved in the development of research
questions, study design and dissemination of results. However,
participants are involved in recruitment by distributing flyers or
Frontiers in Nutrition | www.frontiersin.org
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ETHICS STATEMENT

loss, are strengths of the LION Study. This design ensures a
comparison of baseline values and intervention effects at different
time points. Compared to other studies the primary outcome of
the LION Study is weight maintenance 12 months after weight
loss, for which a thorough power calculation is provided. Due
to trained staff, SOPs, study monitoring, and data management
by the local coordinating center for clinical studies, high quality
of data is ensured. The LION Study mainly fulfills the criteria
of the European Expert Guidelines, mentioned in the OBEDIS
Core Variables Project. These guidelines emphasize, that defining
a core set of variables is key to incorporate in randomized,
controlled clinical trials of obesity interventions (36).
However, as a result of the nature of the LION Study, some
limitations appear. Due to the study environment, with frequent
contacts between the study team and participants, weight loss
and weight maintenance results might be different from “reallife” settings. Additionally, the weight maintenance diets are
focused on the distribution of macronutrients, to maintain
better feasibility and adherence to the diet. For this reason,
there are no specifications on fat or carbohydrate types for a
healthy balanced diet. Furthermore, study results are biased by
the participants themselves, since people participating in such
studies are usually highly motivated. Deep phenotyping is a
major aspect of this study. However, the weight loss and weight
maintenance intervention of this study is not based on obtained
phenotyping data. Therefore, this study is not primarily intended
as a proof of concept of personalized nutrition, but rather a
multidimensional approach to identify an optimal intervention
method for each phenotype. In line with other weight loss and
weight maintenance trials, it is expected that more female than
male participants will be recruited. Finally, data on sleep and
stress are not collected.
The LION Study is a randomized clinical study addressing the
complex nature of weight loss and weight maintenance. Results
will provide a deeper insight into the metabolism underlying
weight management. Through pooling of various datasets, many
aspects of weight loss and weight maintenance are covered and
will pave the way to tailored nutritional recommendations for
obesity treatment. The long-term aim is to identify predictors for
a personalized lifestyle therapy for overweight and obesity.
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