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Chapter 1

In 2019, the foremost global causes of death were dominated by ischemic heart disease (IHD),
contributing to 16% of total deaths, followed by stroke at approximately 11% (1). Diabetes has
recently entered the top 10 causes of death, showing a substantial 70% increase since 2000.
Notably, diabetes witnessed the most significant surge in male deaths among the top 10,
with an 80% rise since 2000 (1). Of the top 10 causes, seven were noncommunicable diseases
(NCDs). There are several risk factors contributing to NCDs, such as tobacco use, physical
inactivity, harmful use of alcohol, air pollution and unhealthy diets (2). While a comprehensive
health strategy addressing multiple risk factors is optimal for preventing NCDs (3), prioritizing
dietary improvements serves as a fundamental step. Establishing healthier diets not only
forms the basis for overall health and well-being (4) but also addresses a well-known myth-
that exercise alone cannot ‘outrun a bad diet’ (3). This underscores the important role of
dietary improvement in preventing NCDs.

The association between diet and diet-related non-communicable diseases (NCDs) may
involve intermediary factors such as high blood pressure, elevated blood lipids (e.g., high LDL-
cholesterol and triglycerides), or pre-diabetes (4-8). These conditions, in turn, can stem from
suboptimal diets (as a risk factor) or may be intermediated through overweight and obesity
(9-11). Figure 1.1illustrates the intricate relationship between various risk factors, leading to
diverse conditions and associated diseases, with a specific emphasis on diets. Examining the
prevalence of individuals with overweight and obesity, we observe a significant number that is
crucial to address for the prevention of NCDs (12). In 2021, 54% of the adults had overweight or
obesity in OECD countries on average (12). This percentage continues to rise in most countries
(12).
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Figure 1.1: Link between different risk factors, conditions, and diseases. “Focusing on diets
leading to overweight (no underweight). AThe conditions given in the figure are not compre-
hensive but meant to show that various conditions can directly or indirectly (via overweight
or obesity) lead to NCDs. *NCDs that were found in the top 10 for leading causes of death
globally (1). COPD, chronic obstructive pulmonary disease; IHD, ischemic heart disease; NCDs,
noncommunicable diseases.

(PERSONALIZED) NUTRITION

While diet plays a crucial role in preventing or managing obesity, health conditions, and diet-
related diseases, a substantial number of individuals maintain unhealthy diets (12). In 2019,
only an average of 15% of adults in OECD countries consumed five or more portions of fruits
and vegetables daily (12). On a larger scale, unhealthy diets can eventually be deadly. Diets
low in fruit, vegetables and legumes contributed to an estimated 2.7 million global deaths,
leading the World Health Organization (WHO) to recommend a daily intake of at least 5 portions
(12). Additionally, the WHO guidelines state that a healthy diet involves diets low in fat (less
than 30% of total energy), sugars (less than 10% of total energy) and salt/sodium (less than
5 gram per day) (4). Meeting, for example, the recommended salt intake of less than 5 grams
per day could prevent 1.7 million deaths annually (13). The WHO guidelines were translated
into many national guidelines to promote healthy diets, such as the ‘Schijf van Vijf’ in the

15




Chapter1

Netherlands (11,14). However, many individuals do not adhere to these guidelines, resulting
in dietary insufficiency associated with about 7.94 million deaths and 188 million disability-
adjusted life years among those aged 25 years and older (15). Beyond the health implications,
there is a significant economic burden, with dietary factors accounting for approximately
18.2 percent of the costs associated with IHD, stroke, and type 2 diabetes in the United States
(US) (16). Scarborough et al. (17) reported that poor diet stands out as a behavioral risk factor
with the most significant impact on the budget of the National Health Service (NHS) in the
United Kingdom (UK). The associated ill health costs were approximately 5.8 billion pounds
in 2006-2007 (17).

The heavy health and economic burden of poor diets highlights the need to improve
diets and thereby prevent diet-related NCDs. Governments play a central role in establishing
an environment in which people could easily adopt and maintain healthy diets (18). Various
policies aimed to promote healthier lifestyles have been adopted by most OECD countries
(11). Examples are the mandatory back-of-pack nutrition labelling and the implementation of
taxation of foods high in calories (e.g., sugar-sweetened beverages). Besides, more and more
countries have shown increasing interest in new electronic tools such as mobile health apps to
promote various health-related behavioral changes. For example, as part of a family oriented
Change4Life campaign in 2014, England developed a ‘Be Food Smart’ app that provides sugar,
saturated fat, and salt content in packaged products by scanning the barcode. Unfortunately,
despite those initiatives, the rates of overweight have been increasing, which indicates they
have not sufficiently addressed diet-related health problems. The implementation of these
policies at the population level and their effectiveness is not optimal (11), including the lack
of changing nutrition related behavior (19,20).

To enhance effectiveness, guidelines and policies should transition from a population-
based approach to a more individualized one, such as personalizing nutrition, considering the
diverse individual responses to nutrition (21-27). Variability in responses is evident, among
others, in the response of bodyweight to identical dietary interventions (28), physiological
reactions to salt (29), and vitamin metabolism (30). This diversity can be influenced by factors
like sex, ethnic origin, genetics, metabolic traits, environment, microbiome composition, and
potentially other elements which might still need to be discovered (27). Numerous studies
have identified associations between genetic factors and food metabolism, nutritional needs,
dietary preferences, and disease outcomes in this context (23,31,32).

The personalization of nutrition is gaining increasing interest. However, there is still
much to be discovered, including an agreed definition (23,33). There are many related and
overlapping terms, such as precision nutrition, nutrigenomics, nutritional genomics and
nutrigenetics, as well as adjacent (more developed) branches such as personalized medicine
(34,35). For the purposes of this dissertation, we use the term ‘personalized nutrition’ and
follow the definition by Ordovas et al. (23), who stated that it is ‘an approach that uses
information on individual characteristics to develop targeted nutritional advice, products,

16

General introduction

or services’. Additionally, those authors described two conceptual bases for personalized
nutrition: 1) biological evidence indicating diverse responses to foods/nutrients based on
genotypic or phenotypic characteristics, and 2) examination of current behavior, preferences,
barriers, and objectives, followed by the delivery of interventions that motivate and enable
each person to make suitable changes to their eating pattern (23).

Besides difficulties in reaching consensus on the definition of personalized nutrition, there
are also several challenges when it comes to translating and applying the advancements in
personalized nutrition approaches to human studies. One example is the challenge of creating
a personalized nutrition infrastructure (33). Some studies somehow have succeeded in
addressing (some of) the challenges associated with personalized nutrition interventions
and examining the effectiveness of such interventions (36). However, those interventions
have not yielded consistent findings (36,37). For example, the Food4Me study showed
positive dietary behavior changes in the personalized nutrition group compared to the non-
personalized control group (38). However, the incorporation of phenotypic (e.g., glucose
and total cholesterol) or genotypic data, along with the analysis of current eating patterns,
did not enhance intervention effectiveness (38). Moreover, a study by Frankwich et al. (39)
showed no significant differences in lipid profile among participants who received genotype-
based diet and standard therapy. In contrast, Rein et al. (40) showed the benefits in glycemic
measures in newly diagnosed type 2 diabetes patients of including personal information in
dietary recommendations (i.e., personalized diet). The personalized diet in this study utilized a
machine learning algorithm that integrated clinical (e.g., blood tests and anthropometrics) and
microbiome features to predict individual postprandial glucose responses. This was compared
to the commonly recommended Mediterranean-style diet (40).

Given the existing uncertainties about the effectiveness of personalized nutrition, questions
can beraised about whether it is a potential solution (hope) or just a hype in addressing diet-
related diseases. To move forward, developers, policymakers and other stakeholders should
address existing challenges and explore its effectiveness simultaneously.

PREVENTOMICS

One project that tackled various challenges in the field of personalized nutrition is
PREVENTOMICS (41). Financed through the European Horizon 2020 initiative, this recently
completed project investigated the potential of advanced technologies for personalized
nutrition across individuals with normal weight, overweight, and obesity. Specifically,
it investigated the use of omics, with a specific focus on metabolomics, as a key input for
personalized nutrition advice (8). The project not only harnessed existing omics technologies
but also introduced innovations in metabolomics, facilitating an unprecedented level of
precision in characterizing individual metabolism.

17




Chapter1

The initial steps in developing personalized nutrition advice within the PREVENTOMICS
project areillustrated in Figure 1.2A. The figure demonstrates the utilization of metabolomics,
proteomics, and genetics (35 single nucleotide polymorphisms) data to categorize individuals
into five distinct metabolic clusters, representing the core health processes (8). Easily
accessible samples such as plasma, serum, urine, and saliva were used to retrieve this data.
The health processes represent relatively independent clusters of various metabolites and
protein biomarkers. For each of the five core health processes (carbohydrate metabolism,
lipid metabolism, inflammation, microbiota, and oxidative stress), the project generated
a metabolic score. This score indicated the deviation from the average, with higher scores
signaling a greater deviation. Dietary advice for health improvement was then tailored based
on deviations in an unhealthy direction (8).

What sets PREVENTOMICS apart from other personalized nutrition initiatives is not
only its advances in omics but also its practical integration of these technologies. The
project developed a user-friendly and comprehensive platform referred to as the Decision
Support System (DSS) (see Figure 1.2B) (8). This innovative platform integrated phenotypic
characterization at the metabolomic level with individual’s genotype, lifestyle, health status,
preferences, and physiological status.
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Figure 1.2: Implementation of the proposed personalized nutrition approach in the PRE-
VENTOMICS project, as presented in a study by Keijer et al. 2023 (8): A) The system integrated
metabolomic, proteomic, and genetic data along with the results of data analysis to score
the five core health processes. B) The scores for core health processes were then combined
with behavioral information within a decision support system (DSS). C) The decision support
system was accessed by various software programs capable of retrieving specific information
about the user to formulate personalized recommendations.

Furthermore, the platform was integrated into three distinct use cases (see Figure 1.2C),
resulting in three PREVENTOMICS interventions (8,42): [1] Software for nutrition professionals:
integration of the platform with software to support healthcare professionals in formulating
personalized dietary plans for consumers, [2] E-commerce portal: integration of the platform
at the retailer level for personalized recommendations during shopping, and [3] Catering
company: integration of the platform to develop and deliver easy-to-prepare personalized
meal boxes. These three PREVENTOMICS interventions were studied in four different trials
conducted in Poland, the United Kingdom (UK), Spain and Denmark. Detailed discussions
of these interventions will follow in subsequent chapters, with a summary provided below.
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Software for nutrition professionals

In this study, the platform was incorporated into nutrition professionals’ software (MetaDieta)
and implemented in two countries, Poland, and the UK. In both countries, comparable study
protocols were employed, involving a 4-month trial focusing on participants aged 18 to 65 years
with abdominal obesity and a BMI between 25 and 40 kg/m? (43,44). Participants were assigned
to three groups: 1) personalized plan + behavioral change (PP+B); 2) personalized plan (PP), and
3) control. Participants in the control group received general dietary recommendations by the
dietitian, while the PP+B and PP groups received personalized advice by the dietitian based on
the factors described in Figure 1.2A-B. The MetaDieta software processed recommendations
from the platform for dietitians to create individualized dietary plans using various factors.
Additionally, participants used the MetaDieta app for dietary support, intake monitoring, and
dietitian contact. The PP+B group received additional behavioral prompts via the MetaDieta
app. Consultations with the dietitian were scheduled once a month.

E-commerce portal

In this PREVENTOMICS intervention, the platform was incorporated into an E-commerce
portal, also referred to as the ALDI supermarket microsite, with the intervention implemented
in Spain. The study was a 4-month single-blind randomized placebo-controlled trial, in which
healthy adults (18-65 years) were randomly assigned to three groups (45): 1) control, receiving
general recommendations based on the Mediterranean diet; 2) personalized nutrition (PN),
receiving personalized recommendations adapted to metabolomics, proteomics, genetics,
and other factors (see Figure 1.2B); 3) personalized plan (PP), including PN and a behavioral
change program. Recommendations were delivered through a specially developed ALDI
microsite. This microsite accessed the recommendations from the platform through API-
based calls, matching them to food products in ALDI’s catalogue (personalized for PN and
PP or general for control), considering context attributes like season, weather, and location
(8,42,45). This process provided participants with a categorized list of recommended products.

Catering company

In this study, the platform was incorporated into a catering company software (i.e., Simple
Feast), with the intervention implemented and tested in Denmark (46,47). Itincluded a 10-week
randomized, single-center, parallel-group, double-blinded trial, targeting overweight and
obese adults, with two arms: Personalized Plan (PP) and control. Participants were allocated
in a 1:1 ratio, stratified by the five clusters. Both groups received easy-to-prepare plant-based
meals in boxes twice a week (12 meals/week) from Simple Feast (Copenhagen, Denmark), with
isocaloric and guideline-compliant meals. The meals in the PP group were based on a cluster-
specific list and included some bioactive compounds especially beneficial for the metabolic
function of individuals corresponding cluster. Additionally, this group received a behavioral
program through Onmi’s app with active “Do’s” tailored to their cluster. The control group
also received a behavioral program, but with general informational messages. Both groups
received 2-3 electronic push notifications per week (46,47).
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COST-EFFECTIVENESS ANALYSES

While the effectiveness of these PREVENTOMICS interventions is still uncertain, they hold
the potential to improve health outcomes (47). However, the innovative approach of the
PREVENTOMICS interventions introduces additional expenses, primarily due to the high costs
associated with omics analyses (48). With the constraints of limited resources in national
health systems, it becomes crucial that personalized nutrition interventions are not only
effective but also cost-effective, ensuring optimal utilization of scarce resources to achieve
maximum health benefits (49).

Economic evaluations (i.e., cost-effectiveness analyses) help shed light on whether
interventions, such as the PREVENTOMICS ones, are cost-effective and thereby assist
healthcare decision-making for different stakeholders (49,50). In short, economic evaluations
involve the comparison of costs and effects among alternative strategies. There are different
variants of these economic evaluations; all using monetary units to measure costs but varying
in their measurement of effectiveness. Although “cost-effectiveness analysis” is commonly
used as a general umbrella term, it also denotes a specific type of economic evaluation. In that
specific type of cost-effectiveness analysis (CEA), the effectiveness measure is expressed in
natural units, such as life years gained or points of blood pressure reduction. In a cost-benefit
analysis (CBA), effectiveness is denoted in monetary units, while a cost-minimization analysis
(CMA) assumes equal effectiveness for both alternatives. Lastly, in a cost-utility analysis (CUA),
the effectiveness measure is expressed in quality-adjusted life years (QALYs), representing
healthy years (49).

The last mentioned CUA is often used in practice as it is useful for comparing interventions
in different areas of healthcare (49). It employs an incremental cost-utility ratio (ICUR) as a
conclusive measure of cost-effectiveness, providing decision-makers with a focused outcome.
Essentially, this ratio divides the additional costs of one intervention over the other by the
additional effects it delivers (A costs / A QALYs = ICUR). Typically, this ICUR is compared to a
specific willingness to pay (WTP) threshold, which varies by country. A positive ICUR, where
both incremental costs and effects are positive and fall below the WTP threshold, suggests the
intervention could be considered cost-effective. A negative ICUR, where incremental costs are
negative and incremental effects are positive, also deems the intervention cost-effective (49).

As previously mentioned, this outcome holds relevance for various stakeholders in
healthcare decision-making. Given that the PREVENTOMICS interventions are in a pre-market
phase and open to further development, the CEAs conducted in this dissertation can be
regarded as early CEAs. ‘Early’ is defined by Love-Koh (51) as ‘being any point before healthcare
payers are making decisions about whether or not to adopt the intervention’. The resulting
ICURs and related conclusions from an early CEA are particularly pertinent for developers and
policymakers, informing aspects like development (e.g., design), market access, and pricing
(50,52-54). Utilizing economic models for these investigations is crucial as there is often little
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or no data available in this phase (51). Ultimately, this process aids in the ‘stop or go’ decision
by determining whether the PREVENTOMICS interventions are considered cost-effective in
this phase.

PREFERENCES

While the cost-effectiveness of interventions is a crucial factor for decision-making, there is
a growing recognition of the importance of patient preference data in healthcare decision-
making (55-57). The National Institute for Health and Care Excellence (NICE) in the UK,
for example, acknowledges the role of patient preference studies as valuable evidence
alongside other types of data (58). The US Food and Drug Administration (FDA) defines patient
preference information as ‘qualitative or quantitative assessments of the relative desirability
or acceptability to patients of features that differ among alternative health states, health
interventions, or services’ (59). Other agencies that evaluate health technologies (i.e., health
technology assessment (HTA) agencies) have also expressed interest in incorporating patient
preferences into decision-making (60).

Integrating patient preferences into the assessment of a health technology (i.e., HTA) is
justified for several reasons: it upholds patients’ right to participate in decisions affecting
them, enhances decision-making by leveraging patients’ experiential knowledge, and
contributes to the social legitimacy of decisions (55). Employing a structured process to unveil
preferences can involve using both qualitative and quantitative preference measurement
methods (61). However, some argue in favor of quantifying patient preferences to ensure their
proper consideration in healthcare decision-making (62).

A commonly used quantitative method for eliciting preferences is a discrete choice
experiment (DCE) (61). This method is widely employed in healthcare and food research (61,63).
In a DCE, respondents are asked to state their preference repeatedly by trading-off alternatives
(i.e., hypotheticalinterventions) through a series of questions (i.e., choice tasks) (64,65). These
alternatives have various characteristics (attributes) of which levels vary between alternatives
and choice tasks. With statistical methods, the relative importance of attributes and levels
could be analyzed, aligning with random utility theory, where the chosen alternative offers
the highest utility to the respondent (66-69). These methods can also determine marginal
rates of substitution, such as the WTP (66). This reflects the amount users would be willing to
pay to obtain additional benefits such as improved health. Given that users of (personalized)
nutrition interventions, in particularly PREVENTOMICS interventions, may bear part of the
intervention costs, estimating WTP is crucial in the nutrition field (68,70).

HEALTH TECHNOLOGY ASSESSMENT (HTA)

When assessing personalized nutrition interventions to guide healthcare decision-making, it
is crucial to acknowledge that various considerations exist beyond mere cost-effectiveness,
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preferences, and WTP. Broadening the scope of assessments through HTA is essential for a
comprehensive evaluation of interventions’ overall value (71,72). The term ‘value’ encompasses
dimensions such as clinical effectiveness, safety, costs, and ethical and legal considerations of
a health technology (72). To determine this value, an HTA applies a multidisciplinary process
and uses explicit methods which could be applied at different points in the lifecycle of a health
technology (72).

An ‘early’ HTA, defined by IJzerman et al. (54) as ‘all methods used to inform industry and
other stakeholders about the potential value of new medical products in development, including
methods to quantify and manage uncertainty’, could help in promoting transparency and
government accountability. Additionally, it could aid technology developers in understanding
how their technologies will be assessed. This early HTA could reduce the time and financing
required for a product to gain market entry or get reimbursed (54,73,74).

Previous HTAs have often focused solely on costs, health effects, and cost-effectiveness
of nutrition interventions, neglecting broader societal and healthcare issues (75). To address
variations in the extent and scope of HTA and discrepancies in reporting results, the European
Network for Health Technology Assessment (EUnetHTA) developed the HTA Core Model (76).
Figure 1.3 illustrates the domains covered by this model, offering either a comprehensive
(broad scope) or rapid (limited scope) assessment.

Conducting an early HTA using the HTA Core Model provides advantages such as (timely)
identifying key assessment components, offering a structured analysis of (early) scientific
evidence, and highlighting existing gaps, informing subsequent decision-making steps
(52,54,77,78). Ultimately, it offers insights into whether personalized nutrition is a mere hype
or a hopeful avenue.

SCOPE HTA Core Model DOMAINS

- 1. Health problem and current use of technology
LL] J L M .
— o 2. Description and technical characteristics
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s o 3. Safety
) ©
B 4. Clinical effectiveness
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= =
E = o 7 >. Costs and economic evaluation
e e
g— 6. Ethical analysis
S 7. Organizational aspects
O . Organizational aspects
8. Patient and social aspects
9. Legal aspects

Figure 1.3: Different domains in an HTA as published by Kristensen et al. (78).
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THESIS AIM

This PhD thesis investigated the potential of personalized nutrition interventions, using the
PREVENTOMICS interventions as examples, by conducting an early HTA. The overarching goal
was to provide insights that would assist diverse stakeholders in healthcare decision-making,
guiding the development and implementation of personalized nutrition interventions into the
market to mitigate diet-related diseases. To achieve comprehensive conclusions, the following
key research questions were addressed:

« What is the potential cost-effectiveness of personalized nutrition interventions,
including the PREVENTOMICS interventions studied in different countries?

+ What are the preferences and willingness to pay of the general population regarding
personalized nutrition interventions?

« Beyond cost-effectiveness and preferences, what other crucial HTA aspects should be
considered for the development and implementation of personalized nutrition
interventions?

+ Can personalized nutrition interventions genuinely be regarded as a ‘hope,” or is it
merely a ‘hype’?

OUTLINE

To address the research questions, the thesis is structured into seven chapters, which are
organized into three distinct parts. This structure, along with the titles assigned to each part,
is inspired by another crucial modifiable risk factor for NCDs: physical activity or sports.

While this thesis did not thoroughly explore this risk factor, the structure of the thesis was
chosen in recognition of its importance in preventing NCDs. Moreover, the absence of sports
or other physical activity would render the completion of this thesis incomplete, as detailed in
the preface. Therefore, Matveyev’s Model was chosen, named after the Soviet sports scientist
and coach Leo Matveyeyv, as the foundational concept (79-81). In short, Matveyev’s model is
fundamental in the periodization of sports training. Periodization refers to the systematic
planning and organization of training over specific periods (cycles) to optimize athletic
performance during competition. In other words, it involves a logical and phased approach
to manipulate fitness and recovery cycles. The goal is to enhance the likelihood of achieving
specific performance objectives while minimizing the risk of nonfunctional overreaching,
overtraining, and injuries (81). The phases in this model align with the outline presented below
and is visually presented in Figure 1.4.
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R

Part | - Preparation: establishing a foundation for cost-effectiveness analyses
The preparatory phase in sportis crucial for maximizing performance during the competition
phase (80). In other words, this initial stage establishes the physiological foundation for
performance. This encompasses both general and specific preparation, involving shifts
from extensive to intensive methods and technique training (81,82). Translating this to the
thesis outline, Part | serves as the foundation for the analyses (competitions) that were done
in Part Il. General and specific preparations correspond to Chapter 2 and 3, respectively.
Chapter 2 entails a general preparation through a systematic review. The review assessed
the current landscape of cost-effectiveness studies on personalized nutrition interventions.
This established the foundation for decisions regarding the development and utilization of a
cost-effectiveness model to examine the lifetime cost-effectiveness of personalized nutrition
interventions. The cost-effectiveness model used in the analyses found in Part I is described
in detail in Chapter 3. Moreover, in this chapter, the potential impact of prevention was
assessed, with a focus on the health and economic burden of obesity. With this more specific
preparation, the stage was set for the subsequent chapters in Part II.

At

Part Il - Competitions: conducting cost-effectiveness analyses

The competition phase is the period in which athletes aim to maximize their performance,
marked by competitions that include pre-competitive and main competition stages (80,81).
Building on the foundation established in Part I, Part Il of this thesis investigated the cost-
effectiveness of personalized nutrition interventions developed during the PREVENTOMICS
project. Using the language of ‘sport competitions’, it scrutinizes interventions to determine
which intervention (within or across the chapters) ‘wins’ from the other in terms of cost-
effectiveness. Chapter 4 presents the results of a cost-effectiveness analysis for the clinical
trial conducted in Denmark, which examined the cost-effectiveness of personalized nutrition
plans versus general nutrition plans for adults with overweight and obesity. In Chapter 5,
the focus shifts to adults with overweight and obesity in the UK and Poland, evaluating
the cost-effectiveness of personalized nutrition plans with or without a behavioral change
program compared to a control group. In Chapter 6 the cost-effectiveness of a personalized
nutrition plan, with or without a behavioral change program, versus a control group in healthy,
overweight, and obese adults in Spain was assessed. All cost-effectiveness studies utilized
the model explained in Chapter 3. The model was adjusted to the country in which the trial
took place to estimate the lifetime cost-effectiveness of personalized nutrition interventions
using trial data.
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A

Part 1l - Transition: to a broader health technology assessment perspective
After the demanding competition phase, athletes enter a transition phase before entering
a new annual training plan, which starts again with the preparation phase (i.e., next cycle)
(80). This transition phase allows the athlete to actively relax and to recover from physical
and psychological stress (79,80). Additionally, it enables a critical assessment of various
aspects, including goals, mental factors, and performance standards (80). This comprehensive
evaluation is essential to adequately prepare athletes both mentally and physically for the
upcoming cycle.

In the context of this thesis, we shift the focus from cost-effectiveness analysesin Part | and
Part Il to a more comprehensive HTA perspective, primarily emphasizing the broader meaning
of the transition phase. Chapter 7 examined a facet that is of growingimportance in healthcare
decision-making: preferences. Through DCEs in Europe and the US, it explores preferences
and willingness to pay for personalized nutrition interventions in the general population. In
Chapter 8, the perspective broadens further to a more holistic HTA perspective, leveraging
the EUnetHTA HTA core Model.

The thesis concludes with a (general) discussion (Chapter 9) covering all chapters. While
each chapter contains discussions specific to their research focus, this final section examined
overarching and additional discussion points. It evaluates the strengths and limitations of
the thesis work, including a broader assessment of personalized nutrition intervention.
The chapter offers recommendations and implications for diverse stakeholders. Applying
Matveyev’s model, these insights can inform decisions about the ‘next cycle’ of development,
implementation and/or research.
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Chapter 2:
SR

Chapter 3:
Impact of Prevention:
Introduction of CE Model

Competition

Chapter 4: Chapter 5: Chapter 6:
CEA DK CEA PL/UK CEA SP

Transition

Chapter 7:
DCE

Chapter 8:
HTA

Chapter 9:
General discussion

Figure 1.4: Outline of this thesis. CE, cost-effectiveness; CEA, cost-effectiveness analyses; DCE,
discrete choice experiment; DK, Denmark; HTA, health technology assessment; PL, Poland;
SP, Spain; SR, systematic review; UK, United Kingdom.
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ABSTRACT

Objectives

Important links between dietary patterns and diseases have been widely applied to establish
nutrition interventions. However, knowledge about between-person heterogeneity regarding
the benefits of nutrition intervention can be used to personalize the intervention and
thereby improve health outcomes and efficiency. We performed a systematic review of cost-
effectiveness analyses (CEAs) of interventions with a personalized nutrition (PN) component
to assess their methodology and findings.

Methods

A systematic search (March 2019) was performed in 5 databases: EMBASE, Medline Ovid, Web
of Science, Cochrane CENTRAL and Google Scholar. CEAs involving interventions in adults
with a PN component were included; CEAs focusing on clinical nutrition or undernutrition
were excluded. The CHEERS checklist was used to assess the quality of CEAs.

Results

We identified 49 eligible studies among 1792 unique records. Substantial variation in
methodology was found. Most studies (91%) focused only on psychological concepts of PN
such as behavior and preferences. Thirty-six CEAs were trial-based, 13 were modeling studies
and 4 studies were both trial- and model-based. Thirty-two studies used quality-adjusted life
year as an outcome measure. Different time horizons, comparators and modeling assumptions
were applied, leading to differences in costs/ quality-adjusted life years. Twenty-seven CEAs
(47%) concluded that the intervention was cost-effective and 75% of the incremental cost-
utility ratios were cost-effective given a willingness to pay threshold of $50,000 per quality-
adjusted life year.

Conclusions

Interventions with PN components are often evaluated using various types of models.
However, most PN interventions have been considered cost-effective. More studies should
examine the cost-effectiveness of PN interventions that combine psychological and biological
concepts of personalization.
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INTRODUCTION

There are well-established links between poor dietary patterns, representing a complex
set of highly correlated dietary exposures (83) and an increased risk of different diseases
(23,84). Obesity may be an intermediate outcome of these links (85), since obesity often
leads to diet-related diseases such as type 2 diabetes, heart disease, stroke, and cancer
(23). In other cases, poor dietary patterns can arise from other problems (e.g., hip fracture)
which may lead to malnutrition and possibly result in disorders such as functional disability
and impaired cognitive function (86). In this regard, diet-based prevention of obesity and
malnutrition can help to reduce the frequency of various diseases, improve health outcomes,
and reduce economic burden (87). This knowledge has led to the development of many
nutrition interventions based on population averages. However, although these nutrition
interventions might have an acceptable average overall effectiveness (i.e., population level),
they often have poor individual-level effectiveness (48,84). Studies have shown this might
be caused by inter-individual variability of metabolic responses to specific diets and food
components that affect health (37,88). Knowledge about an individual’s response could lead
to a personalized intervention to maximize the potential health benefits of these diets and
food components (88).

Various personalized nutrition (PN) interventions, which can be defined as an
approach that uses information on individual characteristics to develop targeted nutritional
advice, products, or services (23), have been developed and assessed. For example, the
Food4Me study found that internet-delivered personalized advice produced larger and more
appropriate changes in dietary behavior than a conventional (one-size-fits-all) approach (38).
However, policy decisions must be guided by their ability to improve health outcomes and their
cost-effectiveness (89), given the ever-present tension between effectiveness and financial
constraints (90). In fact, various cost-effectiveness analyses (CEAs) of nutrition interventions
have been published, and systematic reviews of these CEAs have been conducted (89,91,92).
However, these reviews often focused on specific diseases or interventions (e.g., salt reduction
(92)). To our knowledge, no review has ever focused specifically on PN. Therefore, we reviewed
and critically appraised CEAs of personalized interventions with a nutrition component in
adults by describing and assessing their methodology, findings, and quality. This can support
policy decisions around PN (23,90). In addition, this review can help to design and improve
future CEAs of PN interventions.

METHODS

Literature Search

The approach in this review was based on a series of 3 articles describing methodological
guidelines for systematic reviews of CEAs (90,93,94). The term CEA was used as an overarching
term for full economic evaluations such as CEA and cost-utility analysis (CUA). A biomedical
information specialist helped to design the systematic search strategy; the search was
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performed on March 8, 2019. Five bibliographic databases were used (i.e., Embase, Medline
Ovid, Web of Science, Cochrane CENTRAL, and Google Scholar). Search terms (including MESH
terms and text words) were terms related to CEA (e.g., economic evaluation), nutrition (e.g.,
diet therapy), and personalization (e.g., individual). Specific search queries are provided in
Appendix 2.1.

Inclusion criteria were full texts, English-language publications of CEAs involving
interventions with a PN component focusing on adults. Interventions involving children,
clinical nutrition, and studies of adults with underweight (body mass index <18.5) were
excluded. Appendix 2.2 provides detailed information about inclusion/exclusion criteria.

Two authors (MMJG, WKR) independently reviewed titles and abstracts of all articles
(including CEAs found via screening systematic reviews) to determine which ones met the
eligibility criteria. Interrater agreement about the eligibility for full-text review was then
assessed and found to be moderate (Cohen’s kappa: 0.498) (95,96). Any disagreement not
resolved by discussion resulted in full-text screening. Full-text versions of the articles were
then examined to determine which ones met all eligibility criteria. This was done primarily
by the first author (MMJG) using a detailed list of criteria, and any doubt was discussed with
a second reviewer (WKR).

Data Extraction/Analyses

Data extraction was initially done by one author (MMJG) and checked by a second author
(WKR). General features of the studies that might influence economic outcomes (e.g.,
intervention characteristics including definitions) were collected as well as economic findings
themselves (e.g., incremental cost-effectiveness ratio and incremental cost-utility ratio (ICUR)).
Summary tables and figures of these characteristics were created, and each intervention was
matched to a PN concept. Previous literature defined the conceptual basis for PN; specifically,
personalization can be based on the analysis of current eating habits, behavior, preferences,
barriers, and objectives (“psychological concept”) or on the biological evidence of differential
responses to foods/nutrients (i.e., biomarkers, genotype, and microbiota) (“biological
concept”) (23,97).

Conclusions of the authors regarding the cost-effectiveness of the intervention were
collected and arranged into 4 categories: “yes” (cost-effective), “no” (not cost-effective),
“sometimes” (only cost-effective in some subgroups), and “no conclusion.” Total costs and
ICURs were inflated to 2019 costs using the country-specific Consumer Price Index (98) and
converted to Unites States dollars (US$) using the purchasing power parity (99). If the cost
year of the study was not specified, it was assumed to be the year of publication. To determine
whether an intervention would be considered cost-effective, ICURs were compared with 2
willingness to pay (WTP) thresholds (values in USS$ per quality-adjusted life years (QALY)):
$20,000 (close to the thresholds of £20,000 ($25,937 (100)) used in United Kingdom and €20,000
($23,680 (100)) in the Netherlands for interventions targeting diseases with a low disease
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burden (101)) and $50,000 (widely used in the United States). The incremental net monetary
benefit (INMB) was calculated by valuing incremental QALYs in monetary values using both
thresholds. Furthermore, we examined possible relationships between the results (QALYs and
costs) and general features (i.e., population, intervention, choice of comparator) and modeling
choices (i.e., time horizon, perspective, discount rate, number of health states, intermediate
outcomes, and assumptions regarding intervention effects).

Quality Assessment

The quality of all studies was assessed using the Consolidated Health Economic Evaluation
Reporting Standards (CHEERS) checklist (102), which is preferred when modeling studies are
included (94). This checklist consists of 24 items, subdivided into six categories: [1] title and
abstract; [2] introduction; [3] methods; [4] results; [5] discussion; and [6] other. There are 3
possible answers for each item: fulfilled, not fulfilled, and not applicable.

RESULTS

The database searches identified 2864 articles (Figure 2.1 (103)); an additional 15 records
(104-118) were identified manually via systematic reviews (119-124). After removing
duplicates, 1792 records were screened on title/abstract, and 1577 records were excluded
based on the eligibility criteria. The remaining 215 articles underwent full-text screening,
which resulted in a final list of 49 articles. Most studies were performed in Europe (44% (n=24)
(106,108,109,111,117-119,125-141)), of which 10 studies were in the United Kingdom (106,108
,119,125,130,134,136,137,139,140). Almost as many were performed in North America (n=22
(42%) (104,107,112-114,116,142-157)). Dalziel et al. (158) conducted different CEAs, of which
we included 5 (127,137,150,159,160) which led to a total of 53 unique CEAs (48+5=53). Since
several characteristics of interventions differed between study arms, some frequencies of
characteristics were reported perarm.
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Figure 2.1: PRISMA diagram. CEA, Cost-effectiveness analysis; n, number of records. *These
systematic reviews were found in the database searches and studies in these systematic re-
views were screened for relevant articles. All relevant articles were then included in the title/

abstract screening process.

Population and Intervention

Figure 2.2 provides an overview of the general study characteristics (i.e., populations,
interventions, methods); Appendix 2.3 provides detailed information per study. Nine studies
focused on interventions related to the Diabetes Prevention Program (DPP) (104,112-
116,123,131,153) and 4 on the Diabetes Prevention Study (DPS) (109,117-119,158). The DPP trial
determined whether lifestyle intervention or pharmacological therapy (metformin, placebo)
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prevented or delayed the development of type 2 diabetes in the United States (161). DPS was
a Finnish randomized controlled trial with a personalized lifestyle intervention arm (162,163).

Fifteen CEAs (105-107,110,111,125,142,144-146,151,155,157,158) focused on the obesity/
diabetes/impaired glucose tolerance population but studied interventions other than DPP/DPS
(Figure 2.2, Appendix 2.3). These interventions were mostly computer-based (n=6 studies;7
arms (106,107,110,145,155,157)) and comprised interventions with only a nutrition component
(105,110,125,144,145,159) instead of exercise and nutrition asin DPP/DPS. Other CEAs focused
on general/healthy populations (n=6 (117,135,149,154,158)) or “other” populations such
as depression (n=14 (126,128-130,134,136,138-140,143,147,152,156,164)). The only CEA in
the review that assessed an intervention based on only the biological concept of PN was
found here (128). CEAs found in malnourished (at risk of undernutrition) populations (n=5
(132,133,141,165,166)) studied interventions that were similar to the interventions studied in
CEAs of other populations. For example, individual counseling was studied in both CEAs of
malnourished populations (141,165) as well as CEAs of other populations (144,160).

In total, 34 studies had 1 or more arms that defined PN as “individualized”
nutrition (arms: 46%, n=45), followed by 18 studies (109,112-114,119,123,127-
129,131,135,137,139,141,143,154,157,162) that used “tailored” (arms: 23%, n=23) and
18 studies (106,125,126,129,130,133-137,139,143,149,150,154,155,159,164) that used
“personalized” (arms: 19%, n=20) (Figure 2.2, Appendix 2.3). Ordovas et al. (23) found that
personalized nutrition partly overlaps with different terms such as individualized and tailored,
but they have slightly different meanings; tailored interventions group individuals with shared
characteristics, whereas personalized and individually tailored mean similar things and involve
delivery of interventions suited to a particular individual. Most studies (n=48) included arms
(n=60) that were based on the psychological concept of PN. One study (128) (n=3 arms) applied
personalization based on the biological concept, and 4 studies (140,144,150,166) (n=4 arms;
1 arm per study) used interventions that comprised both concepts (integrated approach).
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Figure 2.2: Frequencies regarding study design elements. CBA, cost-benefit analysis; CCA,
cost-consequences analysis; CEA, cost-effectiveness analysis; CUA, cost-utility analysis; DPP,
Diabetes Prevention Program; DPS, Diabetes Prevention Study; IGT, Impaired glucose tol-
erance. Study design elements are shown on the y-axis and frequencies are shown on the
x-axis. Frequency reflects the number of studies or study arms (*). (+): Frequency was based
on intervention arms only (no comparator arms). (*): Frequency exceeded total number of
studies (53) orarms (138) since some studies included several element types in their analysis.

Methodology of the CEAs

Nineteen studies (105,106,112,114,116,118,119,125,128-130,136,138-140,153,156,164,165)
involved a CUA and reported QALYs as outcome measure; 13 studies (104,109,117,126,127,
133,135,137,141,147,150,159,166) conducted both a CEA and CUA. Other studies conducted
a CEA (n=19 (107,110,111,113,115,123,131,134,142-146,149,152,154,155,157,160)) and cost-
consequence analysis (CCA) (n=2 (132,151)); these studies used other outcome measures such
as weight change (n=10 (107,127,132,133,141,142,146,159,160,167)) and life years gained (n=6
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(109-111,113,117,123)) (Figure 2.2, Appendix 2.3). Two CUAs also calculated the iNMB using
WTP thresholds not specifically related to nutrition interventions (135,156). Most studies (n=36)
were trial-based, 13 were model-based (109,110,112-114,116-119,123,128,131,153) and 4
studies used both (127,137,150,159). The range of time horizons among the trial-based studies
was 0.08 years (4 weeks) (134) to 6 years (127,129), whereas the range of time horizons in the
model-based studies was 3 years (131) to lifetime (109,112,116,117,123,128). See Appendix 2.4
for frequencies of time horizons.

The societal perspective was most commonly used (n=22 (104,106,109,114,116-
118,127,130,131,133,135,137,139,141,147,150,153,156,159,160,164)), followed by healthcare
(n=15 (104,115,116,125,126,129,130,136,138,144,145,153,164-166)) and payer (n=10 (112-
114,117,119,123,128,131,155,157)); other CEAs used a patient perspective (n=2 (114,142)),
intervention/program (n=2 (142,143)), and employer (n=1 (147)) (Figure 2.2, Appendix 2.3).
Most studies used “usual care” or “standard care” as comparator. However, some studies used
other comparators; Herman et al. (116) used metformin, and Sukhanova et al. (154) used a
comparator (untailored program) that was similar to the intervention (tailored program) but
did not have a personalized component.

CUAs of DPP/DPS interventions evaluated almost homogeneous populations, interventions,
comparators, and outcomes (PICOs) (Figure 2.2, Appendix 2.3). However, in some CUAs
subgroup analyses were done (e.g., overweight, borderline, and obese) (109) and variation in
comparators was observed; drug comparators (104,116), general lifestyle recommendations
or no intervention were used (109,112,114,118,119,153,158). Moreover, variation was found
in the CUA models (i.e., different assumptions and approaches). First, time horizons varying
from 3 years (104) to lifetime (109,112,116) and societal (104,109,114,116,118,153,158), payer
(112,119), and health system (104,116,153) perspectives were used. Second, CUAs of the DPS
intervention were done with Markov models using 3 (119), 4 (109,158) or 7 (118) health states.
Additionally, different assumptions were made about the treatment effect over time and
intermediate outcomes; the intervention effect was modeled using cardiovascular disease
(CVD) risk factors and body mass index (109) through CVD risk factors alone (118), or no CVD
risk factors were modeled (119). Third, models in DPP interventions varied; 4 (112,153) or 5
(116) health states were used in Markov models and Eddy et al. (114) used the Archimedes
model (addresses what happens underneath clinical states, between annual jumps and inside
transition probabilities). See Appendices 2.3 and 2.5 for detailed information about modeling
approachesin DPP/DPS studies.
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A systematic review

Results of the CEAs

Appendix 2.6 shows results of the base-case analysis in the different studies but only shows
results of comparisons involving an intervention with a PN component. Several comments
can be made about these results. First, an overall range in incremental QALYs of -0.034 (158)
to 0.77 (150) was found. The smallest QALY gain was seen in the malnourished population
(maximum:0.020 QALYs (165)), which is lower than that seen in other populations. Second,
authors of 47% (n=27) of the studies concluded that the intervention was cost-effective,
12% (n=7 (106,126,130,131,138,142,146)) concluded that the intervention was not cost-
effective, 11% considered the intervention cost-effective in some subgroups (sometimes)
(n=6 (128,129,133,135,141,156)) and 30% (n=17 (105,107,112,114,119,132,136,139,140,149,15
5,157,158)) had no conclusion.

Figure 2.3A shows incremental costs (in 2019 USS$) and QALYs of all CUAs in a cost-
effectiveness plane. Fifty-five percent of the ICURs are found in the southeast (lower costs,
higher QALYs) (20%) or northeast quadrant (higher costs, higher QALYs) below the WTP
threshold of $20,000 (35%). This means that 55% of the ICURs can be considered cost-effective
given a threshold of $20,000. Using a threshold of $50,000 increases the percentage to 75%.
The variation in incremental costs and QALYs seen in Figure 2.3A leads to a range in iNMB
(A=50,000) of $-8,531 (114) to $37,862 (150) (mean: $4,456). Table 2.1 provides results of the
additional analyses with the iINMB. Appendix 2.7 provides all (converted) costs/ICURs.
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Figure 2.3: Cost-effectiveness plane. QALYs, Quality-Adjusted Life Years; USD; United States
dollar. Incremental costs (in 2019 USD) on the y-axis and incremental effects (in QALYs) on the
x-axis. Four different cost-effectiveness thresholds (in USD) are shown. The percentages in the
northwest, southwest, and southeast quadrants are based on the number of ICURs found in
that quadrant. The percentages in the northeast quadrant are based on the number of ICURs
below a particular threshold divided by the total number of ICURs in the northeast quadrant.
Figure A provides the ICURs of all studies, Figure B shows the ICURs arranged according to the
concepts of personalized nutrition used in the studies, and Figure C shows the ICURs according
to the population that was studied.

Relationship Between Study Characteristics, Methods, and Results
Examination of the relationship between study features and economic outcomes yielded
a number of noteworthy findings. First, interventions that were considered cost-effective
according to the authors showed incremental QALYs that varied from 0.0090 (129) to 0.7714
(150) and costs varying from $-4,877 (116) to $7,369 (116) (INMB (A=$50,000) mean: $5,769)
(Table 2.1). In contrast, interventions considered not cost-effective by the authors showed
incremental QALYs varying from -0.0340 (129) to 0.0200 (135) and costs from $-1,087 (141) to
$2,026 (130) (iINMB (A=$50,000) mean: $-940).

Second, variation in incremental costs, QALYs, and iINMB is seen between the PN concepts
(Figure 2.3B). The highest mean iNMB (A=$50,000) was found in the integrated approach
($13,366), followed by the psychological concept ($4,443) and the biological concept ($13)
(Table 2.1). Third, a wide variation in incremental costs and QALYs is found within the DPP and
DPS interventions, despite their comparable PICOs (Figure 2.3C). For example, 2 main outliers
were found in the DPP CUAs; 1 study was associated with relatively high costs ($10,242) and
low QALY gain (0.034) ($299,424 per QALY, iNMB (A=$50,000) $-8,531) (114) and the other outlier
reported costs of $-4,877 and QALY gain of 0.4500 (iNMB (A=$50,000) $27,377) (116).

The relationship between costs and QALY results of DPP and DPS CUAs and various study
characteristics, including methodology, was explored. First, some differences in PICOs of DPS
studies might explain differences in outcomes (see Appendix 2.3); slightly different populations
were studied in different countries (e.g., Switzerland (109) and the United Kingdom (119)).
Moreover, different comparators were used, but no clear pattern related to outcomes was
observed here. Second, longer time horizons were associated with more QALY gain. Third, we
found that an assumed prolonged effect of DPS intervention (158) (for 20 years) causes higher
QALY gain compared to waning or no lasting effect. Fourth, 1 study did not consider the DPS
intervention impact on hypertension, hypercholesterolemia, and CVD and reported lower
QALYs than other CUAs (119). See Appendix 2.5 for information about modeling approaches
of DPP/DPS studies and Appendix 2.8 for the cost-effectiveness planes divided by different
characteristics of DPP/DPS interventions.

The model-based DPP CUAs also showed that longer time horizons in the models resulted
in more QALY gain. Moreover, much variation was seen in incremental QALYs and costs of
CUAs by Herman et al. (116) and Eddy et al. (114) These differences might be explained by
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different assumptions. First, Herman et al. (116) used a 70-year time horizon and studied
1 intervention over time, whereas Eddy et al. (114) used a 30-year time horizon and added
another intervention after a person was diagnosed with diabetes. Second, both studies
assumed a treatment waning effect. However, Eddy et al. (114) did not assume a constant
transition rate, resulting in less cost-savings than Herman et al. (116). Third, Eddy et al. (114)
incorporated a considerably higher level of biological detail and clinical realism which affected
the outcomes.
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Figure 2.4: Study quality based on the CHEERS checklist (102). CHEERS, Consolidated Health
Economic Evaluation Reporting Standards. The 24 statements of the checklist are shown on
the y-axis. The frequencies of each category are shown on the x-axis. Three categories were
used: Fulfilled (study scored well on this statement), Not fulfilled (study scored poorly) and
Not Applicable (i.e. the statement was not applicable for a study). The total number of studies

included was 49 since the article of Dalziel et al. was counted as 1 study.

Quality of Economic Analyses

Figure 2.4 summarizes the quality of reporting using the CHEERS checklist (102). Many studies
showed a high quality of reporting their results, but 6 studies (134,140,149,151,152,167)
reported 10 or fewer statements correctly. Most problems in reporting were found in statement
18 related to study parameters (n=26 not fulfilled) and in reporting heterogeneity of cost-
effectiveness results across different subgroups/patient populations (statement 21);13 studies
(107-112,114,116,117,128,129,141,144) reported this appropriately. Appendix 2.9 provides
information about the quality per study.
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DISCUSSION

This systematic literature review was done to synthesize and critically appraise CEAs of
PN interventions. We identified 53 CEAs of interventions with a PN component in adults.
Interventions were based mostly on the psychological concept of PN (48 studies), 1 study
(128) on the biological concept and 4 studies (140,144,150,166) on the integrated approach.
Approximately half of the authors concluded that an intervention with a PN component was
cost-effective (47%). Of the interventions that reported a QALY gain, 55% were cost-effective
according to the lowest assessed threshold $20,000, increasing to 75% based on a threshold of
$50,000. Moreover, studies that used an integrated approach showed the highest iNMB based
on both $50,000 and $20,000 thresholds.

Wide variation in methodology of the CEAs in this review was found. First, variation
is seen in terminology/definitions of PN and in the conceptualization of the terms. For
example, Sherwood et al. (107) used “individualized” to describe individual counseling
sessions with goal-setting and individual feedback, whereas Olsen et al. (111) only used
“individualized” to describe individualized counseling sessions. Furthermore, the duration
of the personalized component used in the interventions varied. For example, 2 studies used
the term “personalized” but varied the duration of the interventions; participants receiving 1
intervention could expect to have 4 counseling sessions on personalizing snacks (134) whereas
participants receiving a different intervention received personalized messages via the internet
when needed (106). Future research could examine how the different terms used in PN relate
to cost-effectiveness.

Second, different comparators and number of comparators are used in studies, resulting
in different cost-effectiveness outcomes. While the “best” comparator is study-dependent,
1 comparator might be insufficient in some cases. For example, if usual care is used as a
comparator to assess a PN intervention, a second comparator could be a similar nutrition
intervention but without the personalized component. By adding this third arm, researchers
would be able not only to see the effect of the intervention (when compared to usual care),
but also the effect of a specific personalized component. Additional research regarding the
best choice of comparator when studying PN interventions is needed.

Third, different cost perspectives were used; choice is mainly depending on the resident
country of the population. Two CEAs found in this review used the perspective of an individual
(114,142), which might be considered when assessing the cost-effectiveness of PN interventions
since individuals will likely have to pay for at least part of the extra costs; the actual amount
would be country- and intervention-dependent. However, these 2 CEAs did not include all
costs related to this perspective. This is very similar to what Bilvick Tai et al. (168) reported
in their systematic review. They not only found a paucity of CEAs using a patient perspective
but also observed that studies that used this perspective did not fully explore the true patient
costs.
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Fourth, variation was observed in time horizons and many CEAs used time horizons that
are probably too short to capture all important effects of PN interventions on outcomes
and costs. That is, CEAs with a short follow-up would not observe any long-term benefits of
behavioral change and would therefore show less favorable results than ones with a longer
follow-up (158,169). Furthermore, nutrition often has a preventive effect, in which benefits
take longer timespans to develop (170). One CEA from this review supports this and showed
adecrease in ICURs when time horizons increase (per QALY gained: £113,905 ($238,856) (year
1) to £5,825 ($12,215) (year 15)) (119). Moreover, from DPP/DPS studies it was observed that
longer time horizons were associated with more QALY gain. It is therefore recommended to
use longer time horizons and/or to include both trial and model data to investigate the full
impact of PN. While well-designed trials can help to establish short-term (cost-)effectiveness of
interventions, modeling beyond that point may be unavoidable to estimate the intervention’s
overall cost-effectiveness.

It is debatable what the best modeling approach for PN interventions beyond the trial
can be. Nutrition economics requires a holistic approach because of the complexity of
food and its interactions with multiple interdependent processes (170) and yet there is no
systematic approach to assess the health impact of (personalized) nutrition (171). Therefore,
there is still much variation in models for PN (even those with comparable PICOs, e.g., DPP/
DPS interventions), resulting in avoidable variation in estimated costs and QALYs. Some
suggestions specific for nutrition interventions could be made for models, such as linking
identified markersin trials to longer-term outcomes (170). For example, Eddy et al. (114) linked
LDL cholesterol to a reduction in long-term CVD risk. More research is needed to define good
PN modeling approaches.

Variation in QALYs was observed between populations. The smallest QALY gain was
observed in the malnourished population. Since all studies found in this population were
done in elderly, this might explain the lower QALY gain compared to younger populations.
These findings are in line with an earlier review that reported that studies in elderly found no
differences in quality of life between intervention and control treatments (172).

Additionally, variations in health economic outcomes between the different PN concepts
were found, in which most promising outcomes were found by the integrated approach.
However, only a few CEAs with different methodologies evaluated the integrated approach.
Nevertheless, there are different reasons to suspect that an integrated approach will be most
cost-effective. First, this review found a lowest iNMB in CEAs with an integrated approach.
Second, previous studies in the nutrition field have mentioned that an integration of biological
and psychological characteristics is the optimal approach (23,97,173). An example of an
intervention with an effective integrated approach is Food4Me, which has shown greater
improvement in dietary behavior (38,174). Moreover, CEAs of integrated approaches in different
disease areas often tend to have positive results, such as improved cost-effectiveness of the
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integrated care management versus the standard care of advanced chronic obstructive
pulmonary disease (175). This integrated approach of PN deserves further investigation.

Limitations

First, since our literature search was restricted to CEAs published in English-language journals,
it may have missed CEAs reported elsewhere. Second, some bias in our review might have
arisen through inclusion of poor-quality CEAs. Nevertheless, assessing quality of the CEAs
was important for revealing improvements for future CEAs, such as better reporting on
study parameters. Third, our results could have been influenced by publication bias, since
interventions that are found to be cost-effective are more likely to be published (176). Fourth,
heterogeneities in methodology and the limited number of CEAs that studied the integrated
or biological concept, made it difficult to draw stable conclusions about the cost-effectiveness
of these concepts; more CEAs are therefore needed.

Future Research

In addition to the suggestions for future research already given above, another question to
consider is how much people are willing and able to spend on PN. This review calculated iNMBs
with 2 different WTP thresholds, but there is no specific cut-off point defined in the literature
for PN (135). Astudy by Corso et al. (177) found that treatment is preferred above prevention by
society, which might imply that the WTP might be greater for a comparable treatment rather
than for prevention-oriented PN. Since costs of these interventions are often (partly) borne
by the user, WTP studies of PN interventions could give perspectives on potential consumer
behavior for 2 reasons. First, a WTP will indicate the willingness of the user to make the
required behavioral change and how much the user expects to benefit from PN. Second, these
studies show policy makers how much demand might vary between different social classes and
indicate how demand for PN varies depending on the level of public subsidy applied. However,
to date, it seems there has been only 1 published WTP study in this area (178).

Moreover, multiple criteria decision analysis might be considered for future research,
because there are many factors besides cost-effectiveness that affect the value of PN
(120,179-181). Personal preferences might be relevant as well, and particularly for diet-related
interventions since food —and all activities related to food—has a profound role in a person’s
life. Therefore, any assessment of the merits of PN strategies should consider preferences.

CONCLUSIONS

Heterogeneity exists in the methodology of CEAs done in the field of PN, including variation in
definitions and its conceptualization, PICOs and modeling approaches. This leads to differences
in health economic outcomes. Nevertheless, PN interventions tend to be cost-effective
compared to usual care and drug-related treatments with WTP thresholds of $20,000 and
$50,000. This suggests that many PN interventions may offer good value for money. Moreover,
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this review found that an integration of PN concepts may yield the greatest iNMB. Future CEAs
should improve their methods to support laterimplementation and reimbursement decisions.

48

APPENDICES
Appendix 2.1: Search terms used in the different bibliographic databases

embase.com

(‘cost effectiveness analysis’/de OR ‘economic evaluation’/de OR ‘cost benefit analysis’/de
OR ‘cost utility analysis’/de OR ‘program cost effectiveness’/de OR economics/de OR ‘health
economics’/de OR ‘economic aspect’/de OR (((cost OR costs) NEAR/3 (effectiv* OR efficien* OR
benefit* OR utilit* OR quality-of-life OR qol OR hrqol)) OR Econom*):ab,ti) AND (‘diet therapy’/
exp OR ‘dietary supplement’/exp OR supplementation/de OR ‘Mediterranean diet’/de OR ‘low
calorie diet’/exp OR ‘low carbohydrate diet’/exp OR ‘healthy diet’/de OR ‘gluten free diet’/de OR
‘nutrition education’/de OR ‘probiotic agent’/de OR ‘lifestyle’/exp OR ‘lifestyle modification’/
de OR ‘body weight loss’/exp OR (((diet* OR nutrition*) NEAR/3 (therap* OR Interven* OR
modif* OR restrict* OR coach* OR low-energ* OR low-carb* OR low-calor* OR low-fat* OR
low-salt* OR low-protein* OR ketogenic* OR support* OR consult* OR gluten OR weight-loss OR
Mediterran* OR education* OR healthy OR counsel* OR management* OR habit*)) OR snack* OR
((supplement* OR fortif*) NEAR/3 (nutrition* OR diet* OR calcium OR vitamin* OR multivitamin*
OR fatty-acid OR food OR energ* OR iron OR selenium OR folate* OR folic-acid OR nutrient*
OR micronutrient® OR multimicronutrient® OR macronutrient® OR multimacronutrient®
OR iodine* OR feed OR zinc OR omega OR fiber* OR fibre* OR protein*)) OR probiotics* OR
synbiotics* OR ((sodium OR salt OR fat) NEAR/6 (reduc* OR restrict*) NEAR/6 (diet* OR interven*
ORintake*)) OR ((fruit OR vegetable) NEAR/3 intake*) OR lifestyle OR life-style OR ((weight OR
bodyweight) NEAR/3 (loss* OR losing OR reduc* OR change OR management*)) OR (Calor*
NEAR/3 Restrict*)):ab,ti) AND (‘personalized medicine’/de OR (personali* OR individuali* OR
precision* OR ((stratif* OR tailor* OR targeted*) NEAR/6 (nutrition* OR diet* OR lifestyle OR
life-style OR therap* OR intervention* OR treatment*)) OR (individual NEXT/1 (treatment OR
therapy))):ab,ti) NOT ([Conference Abstract]/lim) AND [english]/lim NOT ([animals]/lim NOT
[humans]/lim) NOT (juvenile/exp NOT adult/exp)

Medline ovid

(Cost-Benefit Analysis/ OR Economics/ OR Economics, Medical/ OR (((cost OR costs)
ADJ3 (effectiv* OR efficien* OR benefit* OR utilit* OR quality-of-life OR qol OR hrqol)) OR
Econom®).ab,ti.) AND (exp Diet Therapy/ OR diet therapy.fs. OR exp Dietary Supplements/ OR
supplementation/ OR Diet, Mediterranean/ OR Caloric Restriction/ OR Diet, Carbohydrate-
Restricted/ OR Healthy Diet/ OR Diet, Gluten-Free/ OR Diet, Reducing/ OR Probiotics/ OR
Life Style/ OR exp Weight Loss / OR (((diet* OR nutrition*) ADJ3 (therap* OR Interven* OR
modif* OR restrict* OR coach* OR low-energ* OR low-carb* OR low-calor* OR low-fat* OR low-
salt* OR low-protein* OR ketogenic* OR support* OR consult* OR gluten OR weight-loss OR
Mediterran* OR education* OR healthy OR counsel* OR management* OR habit*)) OR snack* OR
((supplement* OR fortif*) ADJ3 (nutrition* OR diet* OR calcium OR vitamin* OR multivitamin*
OR fatty-acid OR food OR energ* ORiron OR selenium OR folate* OR folic-acid OR nutrient* OR
micronutrient™ OR multimicronutrient* OR macronutrient* OR multimacronutrient® OR iodine*
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OR feed OR zinc OR omega OR fiber* OR fibre* OR protein*)) OR probiotics* OR synbiotics* OR
((sodium OR salt OR fat) ADJ6 (reduc* OR restrict*) ADJ6 (diet* OR interven* OR intake*)) OR
((fruit OR vegetable) ADJ3 intake*) OR lifestyle OR life-style OR ((weight OR bodyweight) ADJ3
(loss* OR losing OR reduc* OR change OR management)) OR (Calor* ADJ3 Restrict*)).ab,ti.)
AND (Precision Medicine/ OR (personali* OR individuali* OR precision* OR ((stratif* OR tailor*
OR targeted*) ADJ6 (nutrition* OR diet* OR lifestyle OR life-style OR therap* OR intervention*
OR treatment*)) OR (individual ADJ (treatment OR therapy))).ab,ti.) AND english.la. NOT (exp
animals/ NOT humans/) NOT (juvenile/ NOT adult/)

Web of science

TS=(((((cost OR costs) NEAR/2 (effectiv* OR efficien* OR benefit* OR utilit* OR quality-of-life
OR gol OR hrqgol)) OR Econom*)) AND ((((diet* OR nutrition*) NEAR/2 (therap* OR Interven* OR
modif* OR restrict* OR coach* OR low-energ* OR low-carb* OR low-calor* OR low-fat* OR low-
salt* OR low-protein* OR ketogenic* OR support* OR consult* OR gluten OR weight-loss OR
Mediterran* OR education® OR healthy OR counsel* OR management* OR habit*)) OR snack* OR
((supplement* OR fortif*) NEAR/2 (nutrition* OR diet* OR calcium OR vitamin* OR multivitamin*
OR fatty-acid OR food OR energ* OR iron OR selenium OR folate* OR folic-acid OR nutrient* OR
micronutrient® OR multimicronutrient® OR macronutrient* OR multimacronutrient® ORiodine*
OR feed OR zinc OR omega OR fiber* OR fibre* OR protein*)) OR probiotics* OR synbiotics*
OR ((sodium OR salt OR fat) NEAR/5 (reduc* OR restrict*) NEAR/5 (diet* OR interven* OR
intake*)) OR ((fruit OR vegetable) NEAR/2 intake*) OR lifestyle OR life-style OR ((weight OR
bodyweight) NEAR/2 (loss* OR losing OR reduc* OR change OR management*)) OR (Calor*
NEAR/2 Restrict*))) AND ((personali* OR individuali* OR precision* OR ((stratif* OR tailor* OR
targeted*) NEAR/5 (nutrition* OR diet* OR lifestyle OR life-style OR therap* OR intervention*
OR treatment*)) OR (individual NEAR/1 (treatment OR therapy)))) NOT ((child* OR infan* OR
adolescen*) NOT (adult*))) AND DT=(article) AND LA=(english)

Cochrane CENTRAL

((((cost OR costs) NEAR/3 (effectiv* OR efficien* OR benefit* OR utilit* OR quality-of-life OR
gol OR hrqol)) OR Econom*):ab,ti) AND ((((diet* OR nutrition*) NEAR/3 (therap* OR Interven*
OR modif* OR restrict* OR coach* OR low-energ* OR low-carb* OR low-calor* OR low-fat* OR
low-salt* OR low-protein* OR ketogenic* OR support* OR consult* OR gluten OR weight-loss OR
Mediterran* OR education® OR healthy OR counsel* OR management* OR habit*)) OR snack* OR
((supplement* OR fortif*) NEAR/3 (nutrition* OR diet* OR calcium OR vitamin* OR multivitamin*
OR fatty-acid OR food OR energ* OR iron OR selenium OR folate* OR folic-acid OR nutrient*
OR micronutrient® OR multimicronutrient® OR macronutrient® OR multimacronutrient®
OR iodine* OR feed OR zinc OR omega OR fiber* OR fibre* OR protein*)) OR probiotics* OR
synbiotics* OR ((sodium OR salt OR fat) NEAR/6 (reduc* ORrestrict*) NEAR/6 (diet* OR interven*
ORintake*)) OR ((fruit OR vegetable) NEAR/3 intake*) OR lifestyle OR life-style OR ((weight OR
bodyweight) NEAR/3 (loss* OR losing OR reduc* OR change OR management*)) OR (Calor*
NEAR/3 Restrict*)):ab,ti) AND ((personali* OR individuali* OR precision* OR ((stratif* OR tailor*
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ORtargeted*) NEAR/6 (nutrition* OR diet* OR lifestyle OR life-style OR therap* OR intervention*
OR treatment*)) OR (individual NEXT/1 (treatment OR therapy))):ab,ti)

Google scholar

“cost|costs effectiveness|efficiency|benefit|utility” “diet|dietary|nutrition|nutritional therapy-
|Intervention|restriction”|’energy|carb|carbohydrates|calory|fat|salt|protein|ketogenic diet”
personalized|personalised|individualized|individualised|precision
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Appendix 2.4: Frequencies of time horizons

Notknown

6

5

3.83

Trial: Time 3
horizon (vears)
1.67

1

0.67

0.5

0.23

0.08

Lifetime
30
25

Model: Time 20
horizon (vears) 10

0 2 4 6 8 10 12 14 16 18
m Frequency

Distribution of time horizons. This figure shows the variation in time horizons used in the studies, separated by design
(trial/model). The y-axis shows the different time horizons found in years and the x-axis shows the frequencies. Since
4 studies used both trial and model-based data, a total of 57 (53+4) observations can be found in the figure.
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Appendix 2.5: Modeling approaches of DPP and DPS studies

Ackermann et
al. 2006(112)

Model type

Markov 4.
states:

IGT, diabetes,
complications,
death

(Intermediate)
outcomes:
mechanism of
intervention
effect

Treatment effect
is obtained from
the trial: risk

of diabetes is
reduced.

Changes in HbAlc
and diabetes
treatments were
modeled to reflect
those observed

in the UKPDS
intensive therapy
arm.

Assumed
intervention
effect

Lasting:
Reduction
remained
constant.

Utility source

IGT who

diabetes: from
model by applying
penalty scores
for demographic,
treatment, and
disease state
variables to a
baseline utility
score.

Forthose
developing
hypertension,
CHD, or CVD
before developing
diabetes: mean
year 3 health
utility score

fora male DPP
participantas
abaseline and
applied the same
penalty scores as
above.

Country +
discount
rates

UK: 3% costs
and effects
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Model type

Eddyetal. Archimedes

2005(114) model: full
scale simu-
lation model
of human
physiology,
diseases,
behaviors,
interventions
and health-
care systems;
includes all
biological
variables and
outcomes
related to
diabetes and

complications.

The model
simulates
what happens
in the clin-
ical states,
between the
annual jumps
and inside
the transition
probabilities.

80

(Intermediate)
outcomes:
mechan of
intervention
effect

I reduced weight,
blood pressure
and FPG levels
and improves
LDL cholesterol,
HDL cholesterol
and total
cholesterol.
Metformin
reduces FPG

and 2-hour

oral glucose
tolerance,
decrease LDL
cholesteroland
triglyceride
levels and retard
weight gain.

Assumed Utility source Country +
intervention discount
effect rates

Waning: After People without 3% costs and
an initial weight diabetes: fromthe QALYs
loss of about 7%, DPP study.

the simulated Diabetes and its

persons’ weight complications:

loss gradually Coffey et al.(184)
decreased to

4% after 3 years

asseenin DPP,

and that degree

of weight loss

persisted as long

as they received

thel.

The Archimedes
model shows

the same
phenomenon

of adiminishing
relative effect
asHerman et
al.2005(116),

but with greater
accuracy because
itincorporates the
fact that neither
the transition rate
nor the relative
effect of lifestyle
is constant.

A systematic review

Model type

(Intermediate)
outcomes:
mechanism of
intervention
effect

Assumed
intervention
effect

Utility source

Country +
discount
rates

Herman et al. Markov 5 Blood pressure Waning: Lifestyle  UKPDS US: 3% costs
2005(116) states: and lipid levels and metformin | and effects
IGT, onset progressed as would be applied
of diabetes, they did in DPP until diabetes
clinically participants and onset and health
diagnosed cardiovascular and Quality of
diabetes, complications life benefits
diabeteswith  occurred as associated with
complications, theywouldin the | persisted
death. type 2 diabetes until diabetes
according to risk onset.
factorsand HbAlc Penalties were
level. applied after the
3-year period
for utilities in
the IGT state
associated with
hypertension and
CVD risk factors
and in diabetes
state based upon
treatments, CVD
risk factors and
complications.
Smith et al. Markov 4 Diabetes Not appointed No diabetes: US: 3% costs
2016(153) states: incidence was Smith et al. and effects
Nondiabetic, a function of 2010(185)
stable diabe- baseline BMl and Stable diabetes:
tes, diabetes weight change, Smith et al.
with compli- with odds ratios 2010(185) Herman
cations, and for diabetes risk etal.2005(116)
death. based on weight
change derived
from a nationally
representative
sample of US
adults adjusted
for age, baseline
BMI, sex, race
education,
systolic blood
pressure, skin
hold ratio and
reported change
in physical
activity.
81
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Model type

(Intermediate)
outcomes:
mechan of
intervention
effect

Assumed
intervention
effect

Utility source Country +
discount
rates

A systematic review

Model type

Lindgrenetal.  Markov 7
2007(118) states:
IGT, Diabetes,
MI (2 states),
stroke (2

states), death.

(Intermediate)
outcomes:
mechanism of
intervention
effect

Relative risk
reduction of
developing
diabetes.

CVD risk factors
(total cholesterol
(decreasing),
HDL (increasing),
HBA1lc
(decreasing),
Systolic blood
pressure
(decreasing)

Assumed Utility source
intervention
effect

Not lasting: No
effect of | was
assumed once (191)
treatment was
discontinued.

UKPDS trial by

Clarke et al. 2002.

Country +
discount
rates

Sweden: 3%
costs and
effects

Avenell et al. Markov 3 Treatment effect Not appointed Diabetes: from UK: 6% costs
2004(119) states: is taken from the the Cost Utility and 1.5%
IGT, diabetes,  trial: risk of dia- Analysis database  QALYs
death. betes is reduced of Harvard
(not considered University.
the impact of I 1GT: from Clegg et
on hypertension, al.2002(186)
hypercholester-
olemiaand CVD.
From Dalziel Markov 4 Treatment effect Lasting: Length Colagiuri et al. Australia: 5%
etal.(158): states: istaken from of benefitis 2003 (187) costs and
Eriksson et al. NGT, IGT, the trial: risk extended to 20 effects
1999(127) diabetes, of diabetes is yearsduetoa
death reduced. Not maintenance of
described inmuch  outcomes for the
detail: model last few years
parameters were of trial data,
informed by the indicating that
intermediate continuation of
outcome effect is likely.
measures
reported in
the seminal
studies and
other pertinent
data sources.
Lifetables are
adjusted for
metabolic status
and weight.
Galani etal. Markov 7 Reduction in Waning: Effect Utilities for Switzerland:
2007(109) states: BMI, and CVD of on CVD risk overweight and 3% costs and
Overweight/ risk factors factorsand weight obese people: effects
obese, (systolic blood lossis maintained  Macran 2004 (188)
hypertension,  pressure, total up to six years, Utilities changes
diabetes, cholesterol, and thereafter due to decreases
hypercholes- HDL cholesterol). subjectsstart in BMI: Hakim et
terolemia, to regain weight al.2002.(189)
coronary linearly fora Utilities
heart disease, period of 4 years associated with
stroke, death. i.e. aftertenyears  the complications

82

weight loss went
back to the initial
weight.

Assumption is
sustained by the
extended follow-
up of the trial.

of obesity: Jia et
al. 2005.(190)

BMI, Body Mass Index; DPP, diabetes prevention program; DPS, diabetes prevention study; CHD, coronary heart disease;
CVD, Cardiovascular Disease; FPG, fasting plasma glucose; HDL, high density lipoprotein; I, intervention; IGT, impaired
glucose tolerance; LDL, low-density lipoprotein; MI, myocardial infarction; NGT, Normal Glucose Tolerance; UKPDS, UK
Prospective Diabetes Study; QALY, Quality-Adjusted Life Year.
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ABSTRACT

Objectives

Estimating the burden of obesity in five European countries (Germany, Greece, the
Netherlands, Spain, and the UK) and the potential health benefits and changes in healthcare
costs associated with a reduction in body mass index (BMI).

Methods

A Markov model was used to estimate the long-term burden of obesity. Health states were
based on the occurrence of diabetes, ischemic heart disease and stroke. Multiple registries
and literature sources were used to derive the demographic, epidemiological, and cost input
parameters. For the base-case analyses, the model was run for a starting cohort of healthy
obese people with a BMI of 30 and 35 kg/m? aged 40 years to estimate the lifetime impact
of obesity and the impact of a one-unit decrease in BMI. Different scenario and sensitivity
analyses were performed.

Results

The base-case analyses showed that total lifetime healthcare costs (for obese people aged
40 and BMI 35 kg/m?) ranged from €75,376 in Greece to €343,354 in the Netherlands, with life
expectancies ranging from 37.9 years in Germany to 39.7 years in Spain. A one-unit decrease
in BMI showed gains in life expectancy ranging from 0.65 to 0.68 year and changes in total
healthcare costs varying from -€1,563 to +€4,832.

Conclusions

The economic burden of obesity is substantial in the five countries. Decreasing BMI results in
health gains, reductions in obesity-related healthcare costs, but an increase in non-obesity
related healthcare costs, which emphasizes the relevance of including all costs in decision
making on implementation of preventive interventions.
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INTRODUCTION

The prevalence of obesity in Europe is high and increasing over time. In 2014, 51.1% of the
adult EU members was overweight defined as a body mass index (BMI) of = 25 kg/m?, of which
15.4% could be classified as obese (BMI = 30 kg/m?) (192). These values increased to 52.7%
and 16.3%, respectively in 2019 (193), and are expected to increase even more because of a
continuing increase in intake of energy-dense foods and a decrease in physical activity (194).
Obesity is a major risk factor for diabetes, cardiovascular disease (heart disease and stroke),
several types of cancer and musculoskeletal disorders (194). According to the Global Burden
of Disease Study (GBD), a high BMI was associated with 4.7 million deaths and 147.7 million
disability-adjusted life years worldwide in 2017 (195). Consequently, obesity is associated
with substantial healthcare costs for treating obesity-related diseases and complications
(87,196,197), and other costs (e.g., lost productivity) (198,199).

A review from Tremmel et al. (87) showed that most of the studies investigating the
economic burden of obesity included costs associated with treating obesity-related diseases
and some included costs related to loss of productivity and premature mortality. However,
costs related to informal care, defined as unpaid care provided by people other than healthcare
professionals, were not considered in any of the studies in the review. Two recently published
studies on the economic burden of obesity included short-term costs for informal care
(200,201). Consideration of the long-term costs of informal care is relevant because obese
people receive more informal care than people with normal weight (202).

Besides investigating the economic burden of obesity, several studies explored the impact
of areduction in BMI or the reduction in percentage of people with obesity on health and costs,
concluding that a reduction in obesity prevalence is associated with cost savings in obesity-
related costs (203,204). Other studies investigating the cost-effectiveness of treatments for
obesity concluded that treatments are cost-effective or cost saving based on the change in
costs for obesity-related diseases and complications (205-207). However, because high BMl is
associated with an increased mortality risk (208), a reduction in BMI will result in an increase
in life expectancy with a certain risk for getting other non-obesity-related diseases requiring
treatment and thus costs in these additional years lived (209-211). Reducing high BMI might
therefore lead to a reduction in costs for obesity-related diseases, but these savings might be
(partly) compensated by the additional healthcare costs for other diseases in life years gained
(212). All relevant healthcare costs should therefore be included in an analysis to show the full
lifetime impact of an intervention that reduces BMI.

The aim of the current study was to estimate the long-term burden of obesity in five
European countries, including Germany, Greece, the Netherlands, Spain, and the UK by
presenting a wide range of health outcomes and healthcare costs using a newly developed
obesity model. In addition, the study aimed to assess the potential health benefits and
changes in healthcare costs associated with a reduction in high BMI to normal values because
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of a hypothetical health intervention. Costs included in the model were lifetime medical costs
for obesity-related diseases, informal care costs, and medical costs for other diseases.

METHODS

Model structure

To model the impact of obesity on health and lifetime costs, a health economic model was
developed as part of the COMPAR-EU project, a project that aimed to estimate the (cost-)
effectiveness of self-management interventions for obesity and included partners from five
different countries (Germany, Greece, the Netherlands, Spain, and the UK) (213). The developed
Markov model included obesity-related diseases as health states and had a cycle length of 1
year. Figure 3.1 shows the model structure. Besides the death state, the following health states
were included: diabetes, ischemic heart disease (IHD) and stroke. These obesity states were
included in the model, as, compared with other obesity-related diseases, prevalence and costs
of these diseases were the highest (214,215). The first state included obese people without
any of the three diseases, but who are at risk to develop diabetes, IHD or stroke depending
on their BMI. When patients have developed one of the three diseases, they have a higher risk
for one of the other diseases. Therefore, all possible combinations of diseases were modeled;
patients could have one disease, combinations of two diseases or all three diseases combined.
The impact of other obesity-related diseases than diabetes, IHD and stroke was not explicitly
modeled but had been included through the impact on mortality.

No diabetes/noischemic heart disease (IHD)/no stroke Lo BME.
lBMI {BMI lBMI
IHD Diabetes Stroke
[ |
Diabetes+ IHD IHD + stroke Diabetes + stroke | (B
|
Diabetes+ IHD + stroke

Figure 3.1: Structure of the Markov model for obesity. BMI, body mass index; IHD, ischemic
heart disease.

Transition rates between health states reflected the incidence of disease(s), while mortality
rates for the population without disease(s) and for patients with disease(s) reflected the
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transition probabilities from the health states to death. Occurrence of diseases and mortality
were dependent on BMI, which was modeled continuously.

The model starts with an obese population specified by sex, age and mean BMI. The model
then simulates the changes in this cohort over time because of occurrence of diabetes, IHD and
stroke, and death. The time horizon of the model was lifetime, which means that subjects were
followed up to the age of 100, after which they are assumed to die in the next cycle. Transition
rates were not fixed, as both incidences of diseases and mortality were dependent on sex, age
and BMI and being in a certain health state (e.g., incidence of IHD is higher for patients in the
diabetes state than patients in the no diabetes/IHD/stroke state). Mortality in the diabetes
state was a combination of mortality attributable to diabetes plus mortality because of other
causes. For IHD, including myocardial infarction and for stroke, which are events with a high
risk for mortality at the time of occurrence, mortality has been separated in case-fatality,
mortality attributable to either IHD or stroke and mortality because of other causes. The
case-fatality rate was applied to the new incident cases, which implies that from the new
incident cases of IHD or stroke, a certain proportion was assumed to die immediately. Mortality
attributable to either IHD or stroke was applied to patients in the ‘stable’ state, that is, these
mortality rates were applied only to people who did not die from IHD or stroke immediately.

Each health state was associated with a certain value for quality of life (QOL) and costs.
QOL values were specified by sex, age and disease status. Costs included in the model were all
healthcare related costs (in 2020 euros?), including medical costs for diabetes, IHD and stroke,
informal care costs, and medical costs for other diseases. The model was implemented in R
using RStudio (version Ri386 3.6.1/Rx64 3.6.1).

Model inputs

Multiple sources from registries and literature were used to derive the demographic,
epidemiological, and cost input parameters. All details on the input parameters are presented
in Appendix 3.1. The mean BMI by sex and age for the different countries was obtained from
the GBD (216). Relative risks (RRs) for the association between BMI and all-cause mortality,
specified by sex, were obtained from a meta-analysis of 230 cohort studies (208), while RRs for
the association between BMI and diabetes, IHD and stroke, specified by age, were obtained
from the GBD (216). In addition, RRs for the co-occurrence of ‘diabetes and stroke’, ‘diabetes
and IHD’ and ‘IHD and stroke’ were included to take into account that the three diseases tend to
cluster (217-219). The prevalence and incidence for diabetes, IHD and stroke, specified by sex
and age for the five European countries, were obtained from the DYNAMO-HIA study (217,218).
Mortality data were based on the DYNAMO-HIA study (217,218), two studies by Vaartjes et
al. (220,221) one study by Hoogenveen et al. (222) and OECD data (223,224). QOL data were

1 The Consumer Price Index was used to calculate prices of goods and services in a country over time
and the Purchasing Power Parity was used as currency conversion rate to convert prices/expenditures

expressed in national currency to other currencies.
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based on general population sex- and age-specific utilities derived from the EQ-5D, which
is a generic health-related QOL measure (225), and adjusted for the occurrence of diabetes,
IHD and stroke using prevalence data and previously published utility decrements for the
different diseases (226). Medical costs for treating diabetes, IHD and stroke were obtained from
different country-specific literature sources (227-238). Medical costs for other diseases in the
Netherlands and the UK, were obtained from the Dutch PAID tool version 3 and UK PAID tool
version 1, respectively (239,240). For the other three countries these costs were calculated by
subtracting the obesity-related costs per capita for diabetes, IHD and stroke from the annual
healthcare spending per capita by sex and age (241-243). See the study of Mokri et al. (244)
for the complete description of this cost calculation.

Model analyses

For the base case analyses, the model was run for a cohort aged 40 years at the start of the
simulation (50% women) with either a BMI of 30 kg/m? or a BMI of 35 kg/m? to show the impact
of different levels of BMI on health outcomes and costs. In addition, the impact of a one-unit
decrease in BMI was explored by comparing lifetime results for a cohort with starting BMI of
30 kg/m? with the results of a cohort with a BMI of 29 kg/m?. Furthermore, results for a cohort
with BMI 35 kg/m? were compared with a cohort with BMI 34 kg/m?to show the impact of the
starting level of BMI on changes in health outcomes and costs. Outcomes predicted by the
model were: life expectancy, years with diabetes, incident cases of obesity-related diseases,
quality-adjusted life years (QALYs), and different types of costs from an extended healthcare
perspective. Costs and effects were not discounted in the base-case analyses to increase
comparability between countries (Appendix 3.3 shows the discounted results).

Scenario analyses

In addition, two scenario analyses were performed to show the effects and costs attributable
to obesity and the potential impact of prevention. The first scenario was performed by
comparing the results of an obese cohort (BMI 35 kg/m?) aged 40 years at the start of the
simulation (50% women) with the results of a cohort with BMI 25 kg/m? (i.e., lowest BMI in
the overweight range) aged 40 years at the start of the simulation (50% women). The second
scenario was performed on a population level using the obese population aged 25-65 years
in the five countries as a starting point for the simulation. For this scenario, we first estimated
the total numbers of obesity cases in the specific countries; the general population by sex and
age in a specific country, was combined with sex- and age-specific percentages of obesity
(192,193). Next, the total numbers of obese cases (with information about BMI, sex and age)
were used to calculate the mean BMI, the percentage of women, and mean age of the obese
population, which were used as inputs for the model. Lifetime results for the obese population
in the different countries were then compared with results for a population comparable in sex
and age, but with a BMI of 25 kg/m? to show the potential of prevention on a population level.
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Sensitivity analyses

To translate uncertainty around the input parameters into uncertainty around the outcomes of
the model, probabilistic sensitivity analyses (PSA) were performed for the scenario analyses.
Uncertainty around the RRs for the association of BMI with all-cause mortality and the RRs
for BMI and obesity-related diseases was included as well as uncertainty around costs. The
other parameters were kept fixed. Appendix 3.2 shows additional information on the PSA.

In addition, several one-way sensitivity analyses (SA) were performed for all countries to
estimate the impact of key model parameters or assumptions on the outcomes. The first SA
used a time horizon of 20 years instead of lifetime. In the second SA, RRs for the association
between BMI and obesity-related diseases were obtained from DYNAMO-HIA (217,218) instead
of the GBD. The third SA explored the impact of using RRs for the association between BMI and
all-cause mortality based on DYNAMO-HIA (217,218) instead of the meta-analysis of Aune et
al. (208) In the fourth SA, no increased risk for the co-occurrence of diabetes and stroke and
diabetes and IHD was assumed to be conservative. In the fifth SA, productivity costs were
added calculated using the SHARE data (245). Productivity costs are costs because of missing
work or productivity because of illness or health conditions related to obesity, specified by BMI.
The last SA added productivity- and age-specific non-medical costs, resulting in an analysis
from an extended societal perspective. Non-medical costs were estimated from national
household consumption/expenditure surveys in each country considering the household size
(246-250). These costs were included as living longer results in more opportunity to consume
other goods and services, such as electricity, gas, housing and water (210,244). More details
about the productivity- and non-medical costs can be found in Appendix 3.1.

Model validation

The model was validated by running a cohort of men/women with a starting age of 40 years
and a mean BMI of the general population as was observed in each country (216). The resulting
life expectancy was compared with the life expectancy for men and women for the different
countries reported by EUROSTAT (251). In a second analysis, the model results were compared
with outcomes of other obesity models in the literature (252,253) by comparing the predicted
difference in life expectancy between a healthy and obese 40-year-old person.

RESULTS

Table 3.1 shows the lifetime results for cohorts with a starting age of 40 years and a mean
BMI level of 30 or 35 kg/m?. For both cohorts, Spain had the highest life expectancy. Total
lifetime healthcare costs in a cohort with BMI level of 35 kg/m?, ranged from €75,376 (Greece)
to€343,354 (the Netherlands). In general, total costs were higher in the cohort of people with
a BMI of 35 kg/m? compared with a BMI of 30 kg/m?. In most countries, medical costs for other
diseases had the largest contribution to the total costs.
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Table 3.2 shows that a reduction of one unit in BMI for a cohort of 35 kg/m? resulted in a
higher gain in life expectancy and reduction in disease cases compared with a cohort of 30 kg/
m?in most countries. The savings in medical costs for diabetes, IHD and stroke were lowest in
Greece and highest in Germany. In the Netherlands, an increase in total costs was observed,
mainly because of the change in medical costs for other diseases. When the results of Tables
3.1and 3.2 were discounted (see Appendix 3.3), medical costs for other diseases still appeared
to have the largest contribution to the total costs, but to a lesser extent.

Table 3.3 shows the results of the scenario analyses. On a population level, the reduction of
the BMI to healthy levels will result in cost savings in all countries in medical costs for obesity-
related diseases, ranging from €8,532 in Greece to €22,042 per person in Germany. Moreover,
there was a gain in life expectancy and QALY in all countries, but this gain was lower than in
the cohort analyses. Because of this increase in life expectancy, the risk for getting other
non-obesity-related diseases (including costs) increased as well. The increase in costs for non-
obesity-related diseases was larger in the cohort analyses because the gain in life expectancy
was higher. Total healthcare costs decreased in all countries, except for the Netherlands.

Table 3.4 shows the results of the SAs in the UK cohort. Health outcomes appeared to
be most sensitive to the time horizon used (0.625 and 0.545 less gain in life expectancy and
QALYs, respectively when SA1 was compared with the base case). Including productivity costs
(SA5) did not change the total costs much (€52 difference when SA5 was compared with base
case), whereas adding non-medical costs as well (SA6) considerably changed the total costs
(€7,316 difference). The results of SAs in other countries showed comparable impact and are
presented in Appendix 3.4.

Table 3.1: Lifetime results (per person) for the base-case analysis for a healthy cohort (starting
age of 40 years) and different BMI levels in the absence of any weight loss intervention, costs
in 2020 euros (undiscounted).

BMI Outcome Germany Greece Netherlands L E)] UK
30kg/ Life expectancy 40.7 41.3 40.9 42.5 41.3
m? (years)
Years with 5.0 4.3 6.3 7.1 3.3
diabetes
Cum. incident 331 194 375 204 338
cases IHD /1000
Cum. incident 280 557 294 288 317
cases stroke
/1000
QALY 35.4 34.2 35.3 36.1 33.1
Medical costs €59,027 €22,895 €35,464 €29,894 €42,917
diabetes, IHD,
stroke
Medical costs for  €204,807 €17,016 €312,588 €88,557 €109,361

other diseases

Table 3.1: Continued.

Burden of obesity and potential impact of prevention

BMI Outcome Germany Greece Netherlands Spain UK
Informal care €17,480 €29,737 €17,977 €48,193 €31,839
costs
Total costs €281,314 €69,648 €366,031 €166,633 €184,117

35kg/ Life expectancy 37.9 38.6 38.1 39.7 38.6

m? (years)

Years with 10.5 8.3 12.1 13.4 6.9
diabetes

Cum. incident 418 246 463 275 406
cases |HD /1000

Cum. incident 354 604 382 365 382
cases stroke

/1000

QALY 32.6 31.7 325 333 30.6
Medical costs €87,535 €33,121 €56,487 €47,853 €60,846
diabetes, IHD,

stroke

Medical costs for €184,443 €16,644 €271,619 €83,995 €98,976
other diseases

Informal care €14,837 €25,612 €15,248 €41,344 €27,178
costs

Total costs €286,814 €75,376 €343,354 €173,183 €187,000

Abbreviations: BMI, body mass index; cum., cumulative; IHD, ischemic heart disease; kg, kilograms; m, meter; QALY,
quality-adjusted life year.

Table 3.2: Lifetime results (per person) for the base-case analysis of one unit decrease in BMI
for a cohort age 40 years, costs in 2020 euros (undiscounted).

30 kg/m?

Outcome

Gainin life expectancy
(years)

Decrease in years with
diabetes

Decrease in cum.
incident cases IHD /1000

Decrease in cum.
incident cases stroke
/1000

Gainin QALY

Change in medical costs
diabetes, IHD, stroke

Change in medical costs
for other diseases

Germany Greece
0.363 0.360
0.737 0.567
15 9

12 11
0.376 0.348
€-4,327 €-1,608
€2,879 €49

Netherlands

0.371

0.839

16

15

0.390

€-3,174

Spain

0.379

0.941

12

13

0.396

€-2,704

UK

0.347

0.470

13

12

0.322

€-2,863
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Chapter 3
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Table 3.4: Results SA for scenario of one-unit change in a cohort aged 40 years old with BMI 35 kg/m? (UK), costs in 2020 euros (undiscounted).
Outcome
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DYNAMO-HIA

Adding Adding

No clustering
of diseases

RRs from the
assumed

RRs from the

20 years instead
of lifetime

Assumptions that were changed:

DYNAMO-HIA productivity productivity
costs

DYNAMO-HIA

costs and non-

(217,218) instead
of Aune et al.

(208)

(217,218) instead
of GBD (216)

medical costs

0.032 0.614 0.567 0.533 0.657 0.657

0.657

Gainin life expectancy (years)

Gainin QALY

0.598

0.598

0.489

0.534

0.553

0.053

0.598

€-1,024 €-3,558 €-4,254 €-3,064 €-4,147 €-4,147

€-4,147

Change in medical costs diabetes, IHD,

stroke

€2,351 €2,151 €2,060 €2,520 €2,520

€42

€2,520

Change in medical costs for other

diseases

€7,368

Change in non-medical costs

-€16 €1022 €840 €906 €1,086 €1,086

€1,086

Change in informal care costs

€-52

€-52

Change in productivity costs

€-591 €6,777

€-97

€-1,264

€-185

€-997

€-539

Change in total costs

Abbreviations: BMI, body mass index; IHD, ischemic heart disease; kg, kilograms; m, meter; QALY, quality-adjusted life year; RR, relative risk; SA, sensitivity analysis.

Burden of obesity and potential impact of prevention

The model validation exercises showed that in general, the current model resulted in slightly
lower estimates of the life expectancy for both men and women compared with EUROSTAT
data (i.e., 0.4-0.9 years lower compared with EUROSTAT data). See Appendix 3.5 for figures
related to this validation check.

Comparison of the difference in life expectancy between a healthy and obese 40-year-
old person with the current model and other published studies showed that results were
comparable with the results presented by van Baal et al. (253) but lower than the results of
Peeters et al. (252) The current model predicted a difference in life expectancy ranging from
3.7 years for the UK to 4.0 years for Spain comparable with the 4.2 years reported by van Baal
etal. Peeters et al. reported a difference in life expectancy ranging from 5.82 to 6.85 years for
men and from 6.18 to 7.21 years for women.

DISCUSSION

This study investigated the lifetime health and healthcare burden of obesity, by including
a wide range of healthcare costs, in five European countries. We found that total lifetime
costs and health outcomes varied between European countries; total costs were lowest in
Greece and highest in the Netherlands. Annual treatment cost per case for obesity-related
diseases obtained from the literature (Appendix 3.1: Table 3.1.3) showed substantial variation
between countries, being the highest in Germany and the lowest in Greece. Medical costs for
other diseases showed even larger variation. The latter costs were relatively low in Greece
compared with other countries, because in Greece there is large out-of-pocket spending (i.e.,
private spending), which is not included in healthcare expenditure databases (244). Moreover,
differences in medical costs for other diseases were calculated using best available data
(244), using inpatient hospital care costs for Greece and multiple cost components for the
Netherlands. In line with a previous study (204) health outcomes were better in a cohort with
a BMI of 30 kg/m? compared with 35 kg/m?, as higher BMI results in higher risks for obesity-
related diseases.

In addition, we showed the potential of preventing obesity, by reducing high BMI with one
unit and by assuming a reduction in BMI to a healthy BMI of 25 kg/m?, resulting in gains in life
expectancy and QALY. Moreover, the total healthcare costs will be reduced when obesity is
prevented, which is comparable with other studies (200,254). However, in the Netherlands the
total costs did not decrease because of a large increase in medical costs for other diseases. It
must be noted that discount rates had not been applied in base case analyses; when discount
rates were applied in the Netherlands, this resulted in cost savings for the Netherlands as well
as the increase in medical costs for other diseases will happen in the future.

Applying a shorter time horizon is important for the final outcomes (SA1). In the analysis

with a time horizon of 20 years, which is below the average life expectancy of a 40-year-old
person with a BMI of 35 kg/m? (see Table 3.1; 38.6 years), the gain in life expectancy was very
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low (0.032 years), resulting in only a small increase in medical costs for other diseases. The
incremental informal care costs were negative, which could be explained by the fact that these
costs mainly occurin the last year(s) of life (255). The results of SA6 did show a large impact of
non-medical costs on the total lifetime costs and it could therefore be argued that these costs
should not be neglected. There is still discussion in the literature whether to include these
costs, but there is an increase in favor of the arguments as practical issues can be overcome
(210,239,244,256).

One way to compare the burden of obesity in terms of reduced life expectancy with the
additional health spending that might result of successful obesity prevention is to attach a
monetary value to reduced life expectancy (257). Such monetary values are used in decision
making based on cost effectiveness results. Monetary values that have been used in that
context are defined, for example, by the National Institute for Health and Care Excellence
(NICE) to be 20,000 pounds (22,676 euros) per 1 additional QALY (258). The scenario analyses
on a population level showed a gain in QALY of 1.62 for preventing obesity, corresponding
to a cost of €36,735 for reduced quality-adjusted life expectancy, which is much higher than
the increase in healthcare costs (i.e., change in total costs) associated with obesity (about to
€6,500 for the UK). Economic evaluations can help to assess whether specific interventions
reducing BMI are good value for money by comparing the change in total lifetime costs with
the acquired health benefits. It isimportant that new initiatives to prevent obesity keep being
developed, such as the use of systems science for strategic planning of obesity, or by targeting
asustainable change in behavior by introducing personalized nutrition (23,259). Future studies
can use this newly developed obesity model to evaluate the cost-effectiveness of obesity-
related interventions.

The current study included a wide range of healthcare costs. Another strength of the study was
that the newly developed Markov model is representative for five different countries, which
allows comparison between countries on costs and health outcomes. In contrast to most
previously published obesity models that include classes (e.g., normal weight, overweight
and obese) (260), BMI was modeled continuously. Modeling BMI as a continuous parameter
gives the model more flexibility in simulating the impact of, for example prevention, on BMI
reductions. However, the model also had some limitations. First, only three main obesity-
related diseases were modeled directly. Thus, the effect of BMI reduction on occurrence and
costs of other obesity-related diseases could not be explicitly shown. A reduction in BMI has
been shown to be beneficial for other diseases as well, such as osteoarthritis, sleep apnea,
many types of cancers, and mentalillness (261-263). The impact of these other diseases on life
expectancy was considered, however, by including RRs for BMI on all-cause mortality. Costs
for the other (obesity-related) diseases were included in the medical costs related to other
diseases. Second, the model used BMI as a parameter to estimate the lifetime cost and effects
of a certain cohort. However, other parameters, such as body fat or waist circumference,
might yield more accurate estimates of the long-term costs and effects (194). The association
between body fat and other factors such as life expectancy, QOL and costs, however, was
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not yet well established in the literature. From the model validation, it could be found that
results were slightly comparable or even somewhat conservative in comparison with other
models. Finally, we did not consider any differences in BMI between ethnicities. However, itis
shown that an equivalent risk of type 2 diabetes, was at substantially lower BMI values in black
Caribbean, south Asian, Chinese, and Arab populations (in populations living in England) than
the current BMI cut-offs for obesity (264). Future research could look at the impact of these
ethnic differences on the total costs and effects.

In conclusion, our findings show that the total impact of obesity on healthcare costs is
substantial in the five different countries that were investigated. In addition, results show
that the life expectancy of people with obesity is on average about 4 years lower compared
with people with a normal weight. Reductions in BMI resulted in a reduction of obesity-related
diseases and a gain in life expectancy, which emphasizes the importance of reducing BMI and
the development of interventions that support this reduction. However, the wide range of
healthcare costs that was included showed that an increase in life expectancy, because of a
BMI reduction, has implications for non-obesity-related healthcare costs, which is relevant
to support decision making on implementation of preventive interventions.
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APPENDICES
Appendix 3.1: Input data

Mean body mass index (BMI) in the population

The mean BMI by sex and 5-year age classes for the different countries was obtained from the
Global Burden of Disease Study (216). To obtain estimates for the mean BMI in the general
population by sex and one-year age classes, a generalized additive model with P-splines
was estimated. The estimated model was used to predict the mean BMI values for the non-
observed ages. The resulting mean BMI values by sex and age are shown in Figure 3.1.1.

Mean BMI males

Mean

S

22
L

30 40 50 60 70 80 90

Age

Mean BMI females

Mean

Figure 3.1.1: Mean BMI in the general population for a) males and b) females. Abbreviations:
BMI, body mass index; NL, the Netherlands; UK, United Kingdom.

Association between BM| and all-cause mortality
Relative risks (RRs) for the association between BMI and all-cause mortality specified by sex
were obtained from a meta-analysis of 230 cohort studies from Aune et al. (208). Based on the
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RRs for all-cause mortality, reported for several BMI values in this meta-analysis, a function
was estimated to describe the association between BMI and RR for all-cause mortality, which
was done separately for males and females. Based on the reported data a generalized additive
model with P-splines was estimated. The resulting association between BMI and all-cause
mortality is shown in Figure 3.1.2.

— Males
—— Females

\

T T T T T
25 30 35 40 45

BMI

Figure 3.1.2: Association between BMI and relative risk for all-cause mortality. Abbreviations:
BMI, body mass index; RR, relative risk.

Association between BMI and obesity-related diseases

RRs for the association between BMI and diabetes, IHD and stroke specified by age were
obtained from the Global Burden of Disease study (216). Risks were expressed per 5-unit
change in BMI. Risks were presented for different age classes, with decreasing risks for
increasing ages. For stroke, the RRs for ischemic stroke were used. The RRs per 5-unit change
in BMI were transformed to risks per 1-unit change in BMI. A generalized additive model with
P-splines was estimated using the risks per 1-unit change in BMI. The estimated model was
used to predict the RRs for the non-observed ages. The RRs outside the age range reported by
the Global Burden of Disease study were assumed equal to the values reported for the first or
last age class, respectively. RRs for 24 years of age and lower were assumed equal to the risks
at age 25. RRs for age 86 and over were assumed equal to the risks at age 85. The resulting
age-specific RRs shown in Figure 3.1.3.

141




w |
— Diabetes
— IHD

< | —— Sroke

RR per unit BMI

Age

Figure 3.1.3: RRs for the association between BMI (one-unit change) and diabetes, IHD and
stroke specified by age. Abbreviations: BMI, body mass index; IHD, ischemic heart disease;
RR, relative risk.

Co-occurrence of obesity-related diseases

The DYNAMO-HIA study provided RRs for the co-occurrence of ‘diabetes and stroke’ and
‘diabetes and IHD’ (217,218). Risk for ‘IHD and stroke’ were not available but based on the
paper of Van Baal et al. (219), these risks were assumed equal to the risks for ‘diabetes and
IHD’. See Table 3.1.1.

Table 3.1.1: Relative risk for co-occurrence of diseases.

Combination of diseases Men Women
Diabetes and IHD 2.66 (<age 55) 3.53 (<age 65)
1.93 (>age 55) 2.59 (>age 65)
Diabetes and stroke 2.0 (<age 50) 2.9 (<age 50)
1.8 (>age 50) 2.2 (>age 50)
IHD and stroke Not available, assumed equal to diabetes and ischemic heart disease (219)

Abbreviations: IHD, ischemic heart disease
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Prevalence and incidence of obesity-related diseases
The prevalence, incidence, and excess mortality of diabetes, IHD and stroke specified by sex
and age for the five European countries were obtained from the DYNAMO-HIA study (217,218).
Reported data were specified by BMI using the following approach. In accordance with the
meta-analysis of Aune et al. (208) a BMI of 23 was assumed to be the reference value with a
RR of 1 for occurrence of obesity-related diseases. Using the RRs for the association between
BMI and the disease, and the currently observed prevalence, incidence and BMI values for the
general population, the disease prevalence and incidence at a RR of 1 were calculated using
the following formulas:

Prev_rr=1= Prev_observed / RR_disease®"23

INC_Rrr=1 = INC_observed / RR_disease®23
Where Prev_rr=1and Inc_rr=1are the prevalence and incidence of the obesity-related disease for
RR=1, Prev_observed and Inc_observed are the prevalence and incidence as observed in the general
population and BMI is the BMI in the general population by sex and age. Based on Prev_rr=1
and Inc_rr=1 it is possible to calculate the prevalence and incidence of diseases for cohorts of
people with a given BMI using the following formulas:

Prev_cohort= Prev_rr=1 * RR_disease(®BM!-cohort-23)

INC_cohort = INC_rr=1* RR_disease®M!-conort-23)
Where Prev_cohortand Inc_cohort are the prevalence and incidence of the disease in the cohort
of interest and BMI_cohort reflects the mean BMI value in the cohort.

Besides specifying prevalence and incidence of diabetes, IHD and stroke by BMI, the two
parameters also needed to be divided over the different health states in the model. For the
model, the parameters needed to be specified as prevalence and incidence from the healthy
state as well as prevalence and incidence from disease states. The total prevalence and
incidence observed in the population, is the combination of all different rates. For example,
the incidence of diabetes observed in the population is the sum of the incidence of diabetes
in healthy persons, in patients with IHD, in patients with stroke and in patients with both IHD
and stroke. To make the incidence rates depending on the co-occurrence of other diseases,
the approach as described below was used. First, the prevalence of the different combinations
of diseases has been calculated using the following steps:
1. The prevalence rate of the combination of all three diseases has been calculated using the
prevalence rates of the three diseases and the RRs for co-occurrence of the diseases:
Prev_diablHDstroke = Prev_diab * Prev_iHp * Prev_stroke * RR_diab_iHD * RR_diab_stroke
2. The prevalence rate of the combinations of two diseases has been calculated as follows:
Prev_diabiHp = Prev_diab™ Prev_iHp * RR_diabiHD - Prev_diablHbstroke
PreV_diabstroke = PreV_diab * PreV_stroke * RR_diabstroke- PreV_diablHDstroke
PI’EV_IHDstroke = PI'EV_IHD * Prev_stroke * RR_strokeIHD - PreV_diabIHDstroke
3. The prevalence rate of having one disease only has been calculated as follows:
Prev_diab_only = Prev_diab_total - Prev_diablHDstroke - Prev_diabIHD - Prev_diabstroke
Prev_iHp_only = Prev_iHp_total - Prev_diablHDstroke - Prev_diabiHD - Prev_iHpstroke

Prev_stroke_only = PreV_stroke_total - Prev_diabiHDstroke - Prev_diabstroke - PreVv_iHpstroke
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4. The population without diabetes, IHD or stroke has been calculated as:
POp_healthy: 1- PreV_diab_only - PreV_IHD_only - PreV_stroke_only- PreV_diabIHD- PreV_diabstroke
-PreV_IHDstroke - Pl’ev_diabIHDstroke

Second, the total incidence of the three diseases has been divided over the different health
states in the model using the total incidence rates of the three diseases, the prevalence rates
of the different states as calculated above and the RRs for co-occurrence of the diseases.

Example diabetes:

|nC_diabfhealthy7pop =INncC_diab_total / (POpﬁhealthy *1+ Prev_iHp_only * RR_diablHD + Prev_stroke_only *
RR?diabstroke + PI’erlHDstroke * RRfdiabIHD * RR?diabstroke)

Inc_diab_inp = Inc_diab_healthy_pop * RR_diabIHD

|nC_diab_stroke: |nC_diab_healthy_pop * RR_diabstroke

Inc_dia b_IHDstroke = Inc_dia b_healthy_pop * RR_diabstroke * RR_diabIHD

Figure 3.1.4-3.1.6 show the incidence rates of diabetes, IHD or stroke by sex, age, and BMI
levelin the UK as example.
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Figure 3.1.4: Incidence diabetes by sex, age, and BMI level (example UK). Abbreviations: BMI,
body mass index.
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Figure 3.1.5: Incidence IHD by sex, age, and BMI level (example UK). Abbreviations: BMI, body
mass index.
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Figure 3.1.6: Incidence stroke by sex, age, and BMI level (example UK). Abbreviations: BMI,
body mass index.

Mortality

All-cause mortality

All-cause mortality rates for the five different countries were calculated using the mortality
numbers and population numbers in the different countries. A generalized additive model
with p-splines assuming a Poisson distribution was estimated using the mortality numbers
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as outcome, age as predictor and the logarithm of the population numbers as offset variable.
The model was used to predict the all-cause mortality rates by sex and one-year age-classes
(see Figure 3.1.7).
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Figure 3.1.7: All-cause mortality rates for a) males and b) females. Abbreviations: NL, the
Netherlands; UK, United Kingdom.

All-cause mortality rates were made dependent on BMI using the RRs for BMI and all-cause
mortality and the currently observed BMI values for the general population. The all-cause
mortality rate at a RR of 1 was calculated using the following formula:

Mort_allcause_rr=1=Mort_allcause obeserved / RR_allcause_mortality (BMI_population)
Based on mort_allcause_rr=1 it is possible to calculate the all-cause mortality rate for a cohort
of people with a given BMI using the following formulas:

Mort_allcause_cohort = Mort_allcause _rr=1 * RR_allcause_mortality(BMI_cohort)
Figure 3.1.8 shows the all-cause mortality rate for different BMIs.
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Figure 3.1.8: All-cause mortality by sex, age, and BMI level (example the UK). Abbreviations:
BMI, body mass index.

Mortality for obesity-related diseases

Excess mortality is the additional mortality observed in a person with a specific disease
compared to a person without the disease. The additional mortality is however, not all
attributable to the disease itself. For example, the excess mortality in a person with diabetes is
notonly including mortality due to diabetes itself but also the increased risk that a person with
diabetes dies from diseases with the same risk factors, for example cardiovascular disease.
Excess mortality for diabetes, IHD and stroke in 2014 for the five European countries were
obtained from the DYNAMO-HIA study (217,218). When a disease model includes multiple
diseases, combining excess mortality data might lead to overestimation of the mortality for
patients. The mortality of patients with two diseases is not simple the sum of the two excess
mortality values, because as explained above the excess mortality for diabetes for example
also includes increased mortality due to IHD, because diabetes patients have a higher risk
for IHD as well. In a model with multiple diseases, the excess mortality therefore needs to
be adjusted to attributable mortality figures, i.e., mortality due to the disease itself, to avoid
double counting (222). The ratios between attributable mortality and excess mortality for
diabetes, myocardial infarction and stroke were derived from a paper of Hoogenveen et al.
(222) and applied to all country-specific estimates of excess mortality to derive the country-
specific values for attributable mortality. The resulting attributable mortality rates are shown
in Figure 3.1.9.
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were calculated. Case-fatality rates outside the age range reported by Vaartjes et al. were set
to a fixed value. The rate for age 51 and lower was set to the rate for the age of 52. The rate
for age 89 and older was set to the rate of the age of 88. The case-fatality rate for stroke was
obtained from a Dutch study of Vaartjes et al. presenting the one-year mortality rates after
admission for stroke specified by sex and age (221). Based on these data a general additive
model with P-splines was estimated. The model was used to predict the case-fatality rates
in the unobserved ages. Case-fatality rates outside the age range reported by Vaartjes et al.
were set to a fixed value. The rate for age 41 and lower was set to the rate for the age of 42.
The rate for age 89 and older was set to the rate of the age of 88. The Dutch age-specific case
fatality rates were adjusted to other countries using OECD data on the overall case-fatality
for myocardial infarction and stroke for the other European countries (223,224). Resulting
case-fatality rates are presented in Figure 3.1.10 and 3.1.11.
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Figure 3.1.9: Attributable mortality rates for diabetes, IHD and stroke specified by sex. Ab-
breviations: IHD, ischemic heart disease; NL, the Netherlands; UK, United Kingdom.

Case-fatality rates

For both ischemic heart disease including myocardial infarction and stroke, which are events,
a case-fatality rate has been applied. Because the model has a cycle length of one-year, case-
fatality was defined as mortality within the first year after the event. The case-fatality rate
was obtained from a Dutch study of Vaartjes et al. reporting the one-year risk of death after Ml
(220). Based on the age-specific case-fatality rates for myocardial infarction reported a log-
linear model was estimated using the logarithm of the case-fatality rate as outcome and age
as predictor. Based on the estimated model, the case-fatality rates for the unobserved ages
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Figure 3.1.10: Case-fatality rate for IHD for a) males and b) females. Abbreviations: IHD, isch-
emic heart disease; NL, the Netherlands; UK, United Kingdom.
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Figure 3.1.11: Case-fatality rate for stroke for a) males and b) females. Abbreviations: NL, the
Netherlands; UK, United Kingdom.

Mortality due to other causes
The mortality due to other causes than diabetes, IHD and stroke was calculated using the
all-cause mortality rates, the prevalence, incidence and attributable mortality rates for the
three different diseases and the case-fatality rates for IHD and stroke.
Mort_othercauses = Mort_allcause - (Prev_diab * Mort_attrib_diab + Prev_IHD *
Mort_attrib_IHD + Inc_IHD * Casefat_IHD + Prev_stroke * Mort_attrib_stroke +
Inc_stroke * Casefat_stroke)
The mortality due to other causes for a specific cohort can be calculated using the following
formula, where mortality for all-causes and prevalence and incidence for the different diseases
are dependent on the BMI of the cohort:
Mort_othercauses_cohort = Mort_allcause_cohort- (Prev_diab_cohort * Mort_attrib_diab
+Prev_IHD_cohort * Mort_attrib_IHD +Inc_IHD_cohort * Casefat_IHD + Prev_stroke_cohort
* Mort_attrib_stroke + Inc_stroke_cohort * Casefat_stroke)

Quality of life

Quality of life data were based on general population sex- and age-specific utilities based
on the EQ-5D in the different countries (225), which were adjusted for the occurrence of
diabetes, IHD and stroke using prevalence data and previously published utility decrements
for the different diseases (226). Figure 3.1.12 shows the baseline utilities for the obesity model
representing utilities for a population without diabetes, IHD and stroke.
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Figure 3.1.12: Baseline utilities for the obesity model representing utilities for a population
without diabetes, IHD and stroke for a) males and b) females. Abbreviations: IHD, ischemic
heart disease; NL, the Netherlands; UK, United Kingdom.

When diseases occur a decrement in the baseline utility is applied. Decrements are assumed
to be additive. The country-specific utility decrements for diabetes, IHD and stroke are shown
in Table 3.1.2.

Table 3.1.2: Utility decrements for obesity-related diseases for all five countries.

Disease Germany Greece The Netherlands Spain United Kingdom
Diabetes -0.0609 -0.0724 -0.0589 -0.0724 -0.0714
IHD -0.0534 -0.0634 -0.0516 -0.0634 -0.0626
Stroke -0.0998 -0.1187 -0.0966 -0.1187 -0.1171

Abbreviations: IHD, ischemic heart disease.
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Costs
Cost of obesity-related diseases
Direct medical costs for treating diabetes, IHD and stroke were obtained from different

literature sources (Table 3.1.3) (227-238). All costs were updated to 2020 euros.

Table 3.1.3: Annual costs for treating diabetes, IHD and stroke (price level 2020 euros).

Country Diabetes IHDT Stroke

First year Subsequent First year Subsequent

year year

Germany €1,696 (227) €11,389 (228) €5,735(228) €15,857 (228) €10,901 (228)
Greece €1,401 (229) €6,159 (230) €2,098 (230) €4,523 (230) €2,028 (230)
The Netherlands €2,133(231) €5,687 (232) €1,717 (233) €16,174 (234) €4,297 (234)
Spain €1,449 (235) €8,879 (236) €5,260 (236) €5,950 (236) €2,209 (236)
United Kingdom €1,782(237) €7,599 (238) €4,814 (238) €11,297 (238) €5,941 (238)

tFor IHD cost estimates for myocardial infarction were used. Abbreviations: IHD, ischemic heart disease.

Productivity costs

Hours of productivity loss were estimated based on the SHARE data (245) and specified for
central-European countries (Germany, the Netherlands and the UK) and Southern-European
countries (Spain and Greece). Costs for long-term work loss were calculated using data on
the percentage of people with a paid job (Table 3.1.4), the mean number of working hours per
week (Table 3.1.4) and the probability to become unemployed (Table 3.1.5) using the friction
cost method (Table 3.1.6).

Table 3.1.4: Coefficient for the equation prediction probability to be employed at baselinet.

Country Central-European countries Southern- European countries
Intercept -14.6526*** -11.8985***

Sex (female vs. male) 0.7523*** 0.5874***

Age -0.00861*** -0.00664***

Age? -0.3354*** -0.5568***

Working hours per week Males: 38, Females: 30 Males: 40, Females: 36

*kk

p<0.001; TProb=exp(outcome_equation)/(1+exp(outcome_equation)).
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Table 3.1.5: Coefficients for regression equation predicting the probability to become
unemployed 1.

Coefficient Coefficients

Country Central-European countries Southern- European countries
Intercept -2.7395*** -2.7574**

Sex (Female=1) 0.09195** 0.2218***

Age (years, scaled) 0.7042*** 0.6529***

BMI (continuous) 0.01681*** 0.01656**

Diabetes incidence (Yes=1) -0.1404 0.05356

Stroke incidence (Yes=1) 0.2981* 0.3260

Heart attack incidence (Yes=1) 0.01624 -0.1029

T Age_scaled = as (age-mean[age])/std; where mean==57.67046; std=6.064744
1 Probability = exp(outcome_equation)/(1+exp(outcome_equation))
*significant at <0.05; **significant at <0.01; ***significant at <0.0001

In addition, productivity costs were calculated for short-term working hours lost estimated
as the annual number of working days lost (Central-European countries: without disease = 10
days, with disease = 15 days, Southern-European countries: without disease =7 days, with
disease = 10 days).

Table 3.1.6: Friction period and reference prices for productivity across countries.

Country Friction period in days Productivity cost per hour 2020
Germany 69 €36,60
Greece 99 €16,90
Spain 75 €22,80
The Netherlands 85 €36,80
United Kingdom 82 €29,00
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Cost for informal care

Costs forinformal care were also based on the SHARE data and calculated using information
on the percentage of people receiving informal care and the number of hours per day based
onregression equations (Table 3.1.7 and 3.1.8). Both parameters were assumed to depend on
sex, age, and time-to-death. Unit costs for informal care are shown in Table 3.1.9.

Table 3.1.7: Coefficients for the equation predicting weekly use of informal care (%) by
European regionf.

Parameter Coefficients

Country Central-European countries Southern- European
N=3,732 countries
N=3,282
Intercept -1.451*** -1.249**
Sex (female vs. male) 0.368** 0.286*
Age 0.054*** 0.068***
Age? 0.0003 0.001*
Time-to-death (years) -0.061*** -0.055**

* Significant at <0.05; **significant at <0.01; ***significant at <0.0001
t Probability = exp(outcome_equation)/(1+exp(outcome_equation))

Table 3.1.8: Coefficients for the equation predicting the use of informal care in hours per dayf.

Parameter Coefficients

Country Central European countries N=549  Southern-European countries N=508
Intercept 0.497** 1.449***

Sex (female vs. male) 0.112 0.053

Age 0.019*** 0.005

Time-to-death (years) -0.034** -0.030*

* Significant at <0.05; **significant at <0.01; ***significant at <0.0001
t Number of hours = exp(outcome_equation)

Table 3.1.9: Reference prices for informal care.

Country Reference price per hour (price 2020)

Germany €12,60 (€13,00)
Greece €7,30 (€7,40)

Spain €10,90 (€11,20)
The Netherlands €12,90 (€13,50)
United Kingdom £13,11(£20,30)
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Medical costs for other diseases

Medical costs for other diseases were calculated as the total annual healthcare spending per
capita (239-243,245) minus the related medical costs per capita, which were calculated by
combining the direct medical costs per patient with the prevalence and incidence data for
diabetes, IHD and stroke.
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Figure 3.1.13: Medical costs for other diseases for males and females specified by last year of
life and other years. Abbreviations: NL, the Netherlands; UK, United Kingdom.

Non-medical costs

Age-specific non-medical costs were estimated from national household consumption/
expenditure surveys in each country taking into account the household size (246-250) and
presented in Figure 3.1.14.
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Figure 3.1.14: Non-medical costs by age. Abbreviations: NL, the Netherlands; UK, United
Kingdom.

Appendix 3.2: Details probabilistic sensitivity analyses

To translate uncertainty around the input parameters into uncertainty around the outcomes
of the model probabilistic sensitivity analysis (PSA) was performed. Uncertainty around the
relative risks (RRs) for the association of BMI with all-cause mortality and the RRs for BMI and
obesity-related diseases was included as well as uncertainty around costs. In addition, when
the impact of a treatment reducing BMI is evaluated, uncertainty around effectiveness of the
treatment and its costs is included. The other parameters were kept fixed.

Uncertainty around the RRs for the association of BMI and all-cause mortality was obtained
from the publication of Aune et al. which reported uncertainty intervals around the RRs for 11
different BMI values (208). For each reported value of BMI 10 random values were drawn from
theintervals around the RRs assuming a normal distribution. Based on the reported mean RRs
and the surrounding uncertainty, a regression model with second degree polynomials was
estimated, using RR as an outcome and BMI as predictor. For the PSA uncertainty was based
on the uncertainty around the coefficients in the estimated model and random draws for all
coefficients were made taking into account the co-variance of the coefficients. The regression
model was estimated separately for males and females.

For the RRs reflecting the association between BMI and obesity-related diseases almost
the same approach was used. The Global Burden of Disease Study reported the RRs for 12
different age groups including the uncertainty intervals. Again, 10 random draws around
each observation were taken assuming a normal distribution. Afterwards a linear model was
estimated based on the reported RRs and the surrounding uncertainty using relative risk as
outcome and age as predictor. For the PSArandom draws for the coefficients were made taking
into account the co-variance.
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Uncertainty around costs was not available. Therefore, a SE of 20% of the mean value was
assumed for all cost estimates. For costs a gamma distribution was assumed. Uncertainty
around the effectiveness and medical costs of reducing BMI was assumed to following a normal
distribution.

Appendix 3.3: Discounted results

Table 3.3.1: Lifetime results (per person) for the base-case analysis for a healthy cohort
(starting age of 40 years) and different BMI levels in the absence of any weight loss intervention,

costs in 2020 euros.”

BMI Outcome Germany Greece Netherlands Spain 3::;::m

.::)zkgl Life expectancy (years) 22.7 22.8 29.9 23.2 21.0
Years with diabetes 2.2 1.7 4.0 3.0 1.2
Cum. Incident cases IHD /1000** 331 194 375 204 338
Cum. Incident cases stroke [1000** 280 557 294 288 317
QALY 20.081 19.597 26.074 20.247 17.369
Medical costs diabetes, IHD, stroke €22,235 €8,325 €10,405 €11,506 €13,785
Medical costs for other diseases €90,718 €9,896 €101,153 €45,786 €45,557
Informal care costs €5,338 €9,156 €3,851 €14,390 €7,912
Total costs €118,291 €27,376 €115,409 €71,682 €67,254

?nszkg/ Life expectancy (years) 21.8 22.0 28.4 22.4 20.3
Years with diabetes 5.0 3.6 8.1 6.1 2.7
Cum. Incident cases IHD /1000 418 246 463 275 406
Cum. Incident cases stroke /1000 354 604 382 365 382
QALY 19.081 18.714 24.426 19.239 16.648
Medical costs diabetes, IHD, stroke € 35,546 €13,092 €18,525 €19,820 €21,258
Medical costs for other diseases €85,878 €9,814 €95,193 €44,754 €43,163
Informal care costs €4,878 €8,442 €3,608 €13,235 €7,341
Total costs €126,303 €31,348 €117,326 €77,808 €71,760

*Discount rates: Germany; costs 3% effects 3%, Greece; costs 3% effects 3%, the Netherlands; costs 4% effects 1.5%,
Spain; costs 3% effects 3%, United Kingdom; costs 3.5% effects 3.5%.

**No discounting applied.
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ABSTRACT

Objectives

Since thereis no diet that is perfect for everyone, personalized nutrition approaches are gaining
popularity to achieve goals such as the prevention of obesity-related diseases. However,
appropriate choices about funding and encouraging personalized nutrition approaches should
be based on sufficient evidence of their effectiveness and cost-effectiveness. In this study, we
assessed whether a newly developed personalized plan (PP) could be cost-effective relative
to a non-personalized plan in Denmark.

Methods

Results of a 10-week randomized controlled trial were combined with a validated obesity
economic model to estimate lifetime cost-effectiveness. In the trial, the intervention group
(PP) received personalized home-delivered meals based on metabolic biomarkers and
personalized behavioral change messages. In the control group these meals and messages
were not personalized. Effects were measured in body mass index (BMI) and quality of life
(EQ-5D-5L). Costs [euros (€),2020] were considered from a societal perspective. Lifetime
cost-effectiveness was assessed using a multi-state Markov model. Univariate, probabilistic
sensitivity, and scenario analyses were performed.

Results

In the trial, no significant differences were found in the effectiveness of PP compared with
control, but wide confidence intervals (Cls) were seen [e.g., BMI (-0.07, 95% Cl: -0.51, 0.38)].
Lifetime estimates showed that PP increased costs (€520,102 versus €518,366, difference:
€1,736) and quality-adjusted life years (QALYs) (15.117 versus 15.106, difference: 0.011); the
incremental cost-utility ratio (ICUR) was therefore high (€158,798 to gain one QALY). However,
a20% decrease in intervention costs would reduce the ICUR (€23,668 per QALY gained) below
an unofficial gross domestic product (GDP)-based willingness to pay threshold (€47,817 per
QALY gained).

Conclusions

On the basis of the willingness to pay threshold and the non-significant differences in short-
term effectiveness, PP may not be cost-effective. However, scaling up the intervention
would reduce the intervention costs. Future studies should be larger and/or longer to reduce
uncertainty about short-term effectiveness.
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INTRODUCTION

Overweight [body mass index (BMI) = 25 kg/m?] and obesity (BMI = 30 kg/m?) are growing
public health problems (194). Globally, the prevalence of obesity has nearly tripled between
1975 and 2016 (194). Moreover, research from the Organization for Economic Cooperation
and Development (OECD) shows that the average rates of adult obesity in OECD countries
has risen from 21.3% in 2010 to 24.0% in 2016; this corresponds to an additional 50 million
people with obesity (11). Additionally, in 34 out of 36 OECD member countries, more than
half of the population is now overweight (11). A higher BMI is in turn a major risk factor for
non-communicable diseases, such as cardiovascular diseases (the leading cause of death
in 2012), diabetes, musculoskeletal disorders, and some cancers (194). These diseases and
obesity itself will reduce the average life expectancy by 2.7 years across OECD countries over
the period 2020-2050 (11). Because of these related diseases and the direct negative effect
of overweight and obesity on physical ability and mental health (e.g., stress, depression, and
anxiety) (265-267), people may be hampered in their capacity to perform their daily activities.
Altogether, these negative physical and mental conditions reduce health-related quality of
life (HRQoL) (268,269). Fortunately, studies have shown that weight loss is associated with
improved HRQoL (269-271).

In addition to the huge global health problems caused by overweight and obesity, these
conditions also pose a serious threat to the economy (11). On average, 8.4% of the health
budget of OECD countries is spent on treating the consequences of obesity (11,201). In the
USA this number is even higher, at 14% of the health budget (11). Besides healthcare costs,
obesity has a rising impact on other social costs as well, such as patient and family costs
and productivity losses (272,273). Lifetime productivity losses are almost twice as high in the
obesity population compared with normal weight populations (272).

A well-balanced healthy diet is one of the key factors to prevent overweight, obesity,
and related diseases (11). Several studies showed relationships between dietary patterns
and significant changes in BMI over time (274-276). Countries have therefore implemented
different policies to tackle overweight and obesity, including those targeting diets (11).
However, obesity is a complex multifactorial disorder, which makes its management a
challenging task (277). One single ‘perfect’ diet suitable for everyone may not exist because
of the interindividual variation in a dietary treatment response (i.e., how the body utilizes and
metabolizes nutrients), due to multiple phenotypic factors and genetic variants (173,278,279).
Therefore, there is an increasing demand for studies investigating personalized nutrition
approaches, rather than approaches on a population level (23). Personalized nutrition could
be defined as “an approach that uses information on individual characteristics to develop
targeted nutritional advice, products or services” (23). Several studies have already proven the
effectiveness of personalized nutrition, but they have not yielded consistent findings (36,37).
For example, the Food4Me study did not find significant gene-diet interaction effects on body
weight but did find more appropriate changes in dietary behavior in a personalized nutrition
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group versus a control group (a non-personalized intervention) (38). Moreover, Zeevi et al. (24)
showed that personalized diets created with an accurate predictor of blood glucose response,
considering dietary habits, physical activity, and gut microbiota, may successfully modify
elevated postprandial blood glucose and its metabolic consequences.

Although there is a growing interest in advanced omics technologies to facilitate holistic
approaches to biological problems (e.g., metabolomics, transcriptomics, and genomics), there
is a need for a simple, effective, and affordable personalized nutrition tool that integrates these
technologies with other nutritional and psychological aspects (8). To address this need, the
PREVENTOMICS project (Horizon 2020: no. 818318) took an innovative approach by integrating
genetic, nutritional, and psychological sciences with state-of-the-art metabolomics
technologies and computational modeling. The outcome of this project was a comprehensive
platform that includes a decision support system (DSS) (8,46). This platform effectively
combines genetic, nutritional, biochemical, physiological, and behavioral factors and utilizes
machine learning techniques to provide personalized dietary recommendations [24,25]. This
study reports the results of the Danish intervention, in which the platform is integrated in an
e-commerce digital tool created for delivering personalized meals plus a behavioral change
program (i.e., personalized plan, PP) to sustainably improve the health status of people with
overweight or obesity and thereby prevent obesity-related diseases (46). Effectiveness results
showed that the PP intervention did not significantly improve health measures beyond those
produced by the control (non-personalized) intervention (47). However, the wide confidence
intervals (Cls) around the effectiveness estimates (e.g., effect in BMI of PP versus control:
-0.07, 95% Cl -0.51, 0.38) shows that the PP nutrition may still be more effective than a non-
personalized intervention.

In addition to activities to assess the evidence regarding the effectiveness of personalized
nutrition interventions, itis important to assess the cost-effectiveness of these interventions
since policymakers expect evidence of cost-effectiveness when making reimbursement
decisions. There is still a lack of cost-effectiveness literature relating to newly developed
personalized nutrition interventions that specifically focus on omics-based personalized
nutrition (280). This is, however, especially crucial to evaluate, given the potentially higher
estimated costs of using omics technologies to personalize interventions (48). An economic
evaluation can help to shed light on whether this intervention might potentially be cost-
effective. Such information is especially important at this stage of first integration of the
intervention, as it can help to inform developers of personalized nutrition interventions, as
well as possible payers of the interventions. The aim of this study is therefore to evaluate
the potential cost effectiveness of the PP intervention versus a control intervention (non-
personalized) in adults with overweight and obesity in Denmark.
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METHODOLOGY

Overall study design

Results regarding clinical and health outcomes from a clinical trialin Denmark (i.e., short-term
results) (registered at clinicaltrial.gov (NCT04590989) were analyzed and then used to estimate
the long-term effects, costs, and cost-effectiveness of the PP intervention versus control,
using a validated obesity cost-effectiveness model (281). The Consolidated Health Economic
Evaluation Reporting Standards (CHEERS) statement was followed (282).

Study population

The study population included in these analyses, was based on the population included in the
Danish trial within the PREVENTOMICS project. Participants in this intervention were women
and men aged 18-65 years with overweight or obesity (BMI of 27 kg/m? but < 40 kg/m?) and
had no chronic diseases (e.g., diabetes and cancer) (46,47).

Trial description

The Danish trial was a 10-week randomized, single-center, parallel-group, double-blinded
intervention study (46,47). The study had two intervention arms: PP and control. Participants
were allocated in a 1:1 ratio, that was stratified by five ‘clusters’, to either PP or control.
The clusters involved were oxidative stress, inflammation, carbohydrate metabolism, lipid
metabolism and microbiota-generated metabolites (8). Information into which cluster to
classify the participant, was gathered from a metabolome analysis of 51 biomarkers quantified
from urine, plasma, and serum samples taken during the pre-baseline visit. Moreover, saliva
analysis of 35 different single nucleotide polymorphisms was used, since they could affect
the biomarker levels associated with the five clusters (46,47). Together, the biomarkers and
saliva analysis provided a score for each cluster. This was done by using proprietary algorithms
for any participant where both the absolute value of the biomarker in the biofluid and the
biological relevance of the biomarker in the metabolic cluster were considered.

The PP group and the control group received easy-to-prepare boxed meals twice a week
(12 meals/week) from Simple Feast (Copenhagen, Denmark); all meals were plant-based
(46,47). Both groups received meals that were isocaloric and complied with the national
dietary guidelines on macronutrient distribution (283). Moreover, the food items included in
the boxes for the PP group were based on a list created as part of the project, which differed
between clusters. One meal box included both breakfast and dinner for 3 days, delivered
twice a week, meaning that for the days for which meals were not provided (Saturdays) as
well as for lunches, participants were referred to the Simple Feast Recipe App. The number of
meals provided to the participants was determined using a combination of factors, including
budgetary limitations, practical reasons, and behavioral factors. In this app they were shown
a set of recommended recipes, so they could prepare meals as similar as possible to the group
and cluster to which they were assigned. Meals in the PP group also included some bioactive
compounds (i.e., functional ingredients); the compounds were especially (or exclusively)
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beneficial for the metabolic function of individuals corresponding to a cluster. Additionally,
both groups (PP and control) received a behavioral program delivered through Onmi’s app,
which is a behavior change technology aimed to increase behavioral flexibility and to facilitate
adoption of healthier habits (284). During this program, participants received 2-3 electronic
push notifications per week. In the PP group, participants received active “do’s” (behavioral
prompts) from the predefined Onmi’s evidence-based behavioral change program. The do’s
were based on participants’ individual behavior, assessed by questionnaire, and inputs from
Eurecat’s Nutrition team via the PREVENTOMICS platform. For example, suppose a participant
received a recommendation to include kale and Brussels sprouts in their diet. In that case,
they might receive a message such as: ‘Our analysis shows kale and Brussels sprouts are good
for you and should be part of your diet. Find out how much you should be consuming. Do it
now’ (46). The control group received general messages, which were not given to prompt
participants to take a specific action, but mostly informational in nature (i.e., messages based
on general guidelines from the National Health Service and the World Health Organization)
(46). See Appendix 4.1 for more details about the different behavioral messages for the PP and
the control group. More details about the trial protocol can be found elsewhere (46).

Short-term costs and effects

Effects

Different health outcomes were derived from measurements at baseline and follow-up, of
which BMI was one (47). Information about quality of life was also measured by the EuroQol
five-dimension questionnaire with five levels (EQ-5D-5L) (285). The questionnaire was
completed online in Danish. The EQ-5D-5L consists of five dimensions (mobility, self-care, usual
activities, pain/discomfort, and anxiety/depression, with five response levels per dimension;
an EQ-5D index score (0 can be considered equal to death and 1 full health) was calculated
by using a country specific value set (285,286). The EQ-5D-5L also includes a Visual Analogue
Scale (EQ VAS), by which respondents report their perceived health status (285).

Statistical analyses were performed using STATA 17 software (287). Participants’ baseline
characteristics were described using descriptive statistical analyses. Possible differences
between the PP and control groups were also assessed. In case of normal distributed data,
an independent t-test was used to test for differences between groups while the Mann-
Whitney U test was used in case of non-normality data. The chi-squared test was used to
test for differences regarding categorical variables. Linear mixed models (LMMs) were used
to quantify the differences in BMI effects between the PP and control group (i.e., difference
in outcome measures between baseline and follow-up) (288). The participant’s identification
was included as random intercept, while all other covariates were included as fixed effects
[i.e., time of measurement (visit), intervention group (PP versus control), interaction between
time and intervention]. Sex and age were included as fixed covariates as well. The two-tailed
significance level was set at a=0.05. Restricted maximum likelihood (REML) was used to fit
LMMS to accommodate missing values at random within a single response variable among the
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participants’ data (289). For analyzing EQ-5D-5L data, a simple linear transformation was done
to obtain right-skewed data for the utilities (utility decrements) and generalized estimation
equations (GEE) were used to analyze the HRQoL parameters (i.e., EQ-VAS and EQ-5D-5L
utilities), using link function, exchangeable correlation structure and robust standard error
estimator (290-292). Sex, age, baseline HRQoL, time of measurement (visit) and intervention
group (PP versus control), as well as the interaction between time and intervention, were
included as fixed covariates.

Costs

Costs were considered from a societal perspective, as proposed in the Danish standards for
economic evaluations (293,294), but only intervention costs were assumed relevant societal
costs over the trial period (295). Intervention costs were gathered via interviews and by
provided information from partners involved in the PREVENTOMICS project. Development
costs during the project were not considered, but intervention costs were based upon a
hypothetical scenario in which the intervention would enter the market. The costs for the two
groups included (1) costs for meals [i.e., food, packaging, production, delivery, indirect costs
(see Table 4.1)], (2) behavioral messages, (3) access to the Simple Feast app, and (4) costs for
the PREVENTOMICS platform (i.e., storage of data, maintenance questionnaires). In addition,
the PP group had costs for (1) the functional ingredients that were added to the meals and for
(5) collecting personal data (i.e., blood, urine, and saliva testing/analyses). Which functional
ingredient, in what amount and for which price was added to the meals, varied per cluster.
The amount is shown in the paper by Aldubayan et al. (47), and the prices per kilogram were
3.84 euros (€), €9.85, €3.73, €2.30 for inulin, fructooligosaccharides, sunflower and turmeric
powder, respectively. With the number of participants per cluster, the weighted average price
for functional ingredients was calculated.

The costs for the PREVENTOMICS platform were determined as a fixed price. Given that
the Danish trial was just one of the clinical trials utilizing the platform (with three other trials
conducted as part of the PREVENTOMICS project (8)), the total fixed price was divided by the
total number of participants in all trials of the project (N=400). This calculation allowed us
to calculate the per-participant costs for utilizing the platform (4). Additionally, the costs for
collecting personal data (5) and some cost components of the meals (1) (i.e., the production
costs of the meals, indirect costs of the meals) were given per participant but may potentially
decrease as the total number of participants increases. However, the exact extent of cost
reduction with an increasing number of participants remains uncertain. Costs were given per
participant and expressed in 2020 euros, as well as in 2020 Danish krone (DKK).
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Table 4.1: Average intervention costs per participant (2020 €; 2020 DKK in brackets).

Components PP Control Difference
(1) Meals (breakfast & dinner, eaten 6 days
per week)
Direct costs
Food costs 2,746 (20,507) 2,746 (20,507) 0
Packaging costs 1,239(9,253) 1,239 (9,253) 0
Production costs 1,273 (9,507) 318 (2,375) 955 (7,132)
Delivery costs 189 (1,411) 189 (1,411) 0
Indirect costs (25% of direct costs)? 1,362 (10,171) 1,123 (8,387) 239 (1,784)
Functionalingredients 5.00(37.39) 0 5.00(37.39)
Total meal costs 6,814 50,887) 5,616 (41,940) 1,198 (8,947)
(2) Behavioral messages via app 15(112) 15(112) 0
(3) Access SF app recipes 21(155) 21(155) 0
(4) PREVENTOMICS platform (storage data + 0.81(6.02) 0.81(6.02) 0
questionnaires maintenance)®
(5) Tests (blood, urine, saliva)
Omics 383 (2,857) 0 383(2,857)
Genetics 54 (403) 0 54 (403)
Other (e.g., overhead) 115 (857) 0 115 (857)
Total tests costs 551 (4,117) 0 551(4,117)
TOTAL COSTS 7,402 (55,277) 5,653 (42,215) 1,749 (13,062)

DKK Danish Krone, PP Personalized Plan, SF Simple Feast.

2 Indirect costs (indicated to be 25% by SF) cover, for example: electricity, water consumption, use of own premises
(i.e., SFresources that are not salaries for the production of the meal boxes).

® A fixed amount of €140 per month was charged. These costs were divided over the total number of users of the
platform, which equaled the total number of participants in all interventions in the PREVENTOMICS project (N=400).

Long-term cost-effectiveness

Method to estimate long-term outcomes

Since the trial duration was too short to capture all relevant costs and effects, a Markov
model for obesity with obesity-related diseases was used to estimate lifetime costs and
health outcomes (281). The model was developed as part of a European Union (EU)-funded
project (COMPAR-EU) (213). Figure 4.1 provides an overview of the model’s structure (281).
Each rectangle shows a different health state. The model starts with a cohort of people with
overweight or obesity and a certain distribution in man/women, a mean age, and a mean BMI
(based on the population in the Danish trial) in the state titled ‘no diabetes/no ischemic heart
disease (IHD)/no stroke.” The model then simulates what can happen over time in this cohort
regarding the occurrence of diabetes, IHD, stroke and death; these diseases were included in
the model, since their prevalence and costs are the highest amongst obesity-related diseases
(214,215). A cycle length of 1 year was used to model over a lifetime horizon.

Disease incidence and mortality are dependent on sex, age, BMI, and health state.
Incidence of IHD is for example higher for patients in the diabetes state than patients in the
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‘no diabetes/no IHD/no stroke’ state (281). Mortality in the diabetes state encompasses both
diabetes-related mortality and mortality due to other causes. IHD, including myocardial
infarction (MI), and stroke are events associated with a significant risk of mortality when they
occur. As a result, mortality for these disease states has been subdivided into case fatality,
IHD- or stroke-related mortality, and mortality due to other causes (281).

BMI is included as a continuous variable in this model. All analyses were performed in R
using RStudio (version Ri386 3.6.1/ Rx64 3.6.1). Details of the model can be found elsewhere
(281).

No diabetes/noischemic heart disease (IHD)/no stroke =~ F=-=--==--- »

Jowo [Bw Jown

IHD Diabetes Stroke

[>===TT | |~

Diabetes+ IHD IHD + stroke Diabetes + stroke — ===

Diabetes + IHD + stroke

Figure 4.1: Structure of the Markov model for obesity as described by Hoogendoorn et al.
(281). BMI body mass index, IHD Ischemic heart disease.

Model inputs

For the analysis, we used data from the Danish intervention study in the PREVENTOMICS
project. Other sources were used to derive the demographic and epidemiological distributions
of the Danish population for estimating the transition probabilities, as well as to describe the
associated HRQoL and costs in each health state. Model inputs are described in the following
sections and presented in Table 4.2; details are described elsewhere (281).

Demographic and epidemiological input for transition probabilities

The modelincluded mean BMI by sex and age of the Danish population, and this was obtained
from the Global Burden of Disease study (216). The sex-specific relative risks for the association
between BMI and all-cause mortality were obtained from a meta-analysis of 230 cohort
studies (208). The Global Burden of Disease study was used for the relative risks by age for
the association between BMI and diabetes, IHD and stroke (216). Additionally, the relative
risks for the co-occurrence of diabetes and stroke and diabetes and IHD were considered;
risks for co-occurrence of IHD and stroke were assumed equal to the risks for diabetes and
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IHD (217-219). Data on the prevalence and incidence for diabetes, IHD and stroke, specified
by sex and age were obtained from the DYNAMO-HIA study; mortality data were also obtained
from this study (217,218). Moreover, three additional studies (220-222) and OECD data were
used to calculate mortality (223,224). No fixed transition probabilities are given in Table 4.2
since they varied according to age, sex, and BMI (281).

Effectiveness

The mean change in BMI was used as one of the intervention effects and was obtained from the
Danish trial (47). Since this change was observed over the 10-week trial period, an assumption
had to be made about changes in BMI beyond the trial’s follow-up period. On the basis of the
study conducted by Knowler et al. (296), we assumed that the treatment effect in terms of BMI
reduction would gradually decline in subsequent years. Specifically, the annual percentage
of treatment effect loss in BMI was estimated to be 17.9% until the beginning of year 5, after
which any remaining BMI reduction was assumed stable (see more explanation below Table
4.2) (296). This assumption was deemed reasonable for two reasons: firstly, the behavioral
prompts provided as part of the intervention were expected to lead to sustained treatment
effects beyond the intervention period, as supported by previous research indicating the
role of behavioral flexibility in maintaining long-term health behaviors (297,298). Secondly,
participants in the intervention group were exposed to new, healthier, and more suitable
ideas for cooking meals during the intervention, which they could continue to apply, and could
therefore lead to a sustained intervention effect.

The other intervention effect used in the cost-effectiveness model was the change in
utility (mean) obtained from the trial (see section ‘effects’). The long-term health outcomes,
as recommended in the guideline (293,294), were expressed in life expectancy and quality-
adjusted life years (QALYs), which were estimated using the model (281). HRQoL in the model
was based on general population sex- and age-specific utilities, based on EQ-5D values in
Denmark (299). These utilities were adjusted for the occurrence of diabetes, IHD and stroke
using prevalence data and previously published utility decrements for the different diseases
(226). All utilities were discounted at 4% per year (293,294,300).

Costs

Total costs of the intervention (see section ‘costs’) were applied only during the first cycle
(i.e., costs were applied during the intervention period and assumed to be zero afterwards).
Direct medical costs for treating diabetes, IHD and stroke were obtained from different studies
(300-303).

Costs of productivity loss were estimated using SHARE data (245) on the basis of values
for central European countries since the employment status in Denmark is comparable
with those in central European countries (304,305). The costs for long-term work loss were
calculated using SHARE data (245) on the percentage of people with a paid job, the mean
number of working hours per week and the probability of unemployment using the friction
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cost method (friction period of 3 months (306)). Production costs per hour were also obtained
from the Eurostat website (307). See Appendix 4.2 for more details. Costs for informal care
were based on SHARE data (245) and calculated using information on the percentage of people
receiving informal care and the number of hours per day on the basis of regression equations
for northern European countries.

Unrelated medical costs (i.e., costs for other diseases than obesity-related diseases) were
calculated by subtracting the related costs per capita for diabetes, IHD and stroke from the
annual healthcare spending by capita by sex and age. More information about this calculation
is shown in Appendix 4.3. Non-medical costs were age specific and estimated from national
household consumption/expenditure surveys in each country [Household Budget Surveys
(HBS) from Eurostat]. The non-medical costs were based on mean consumption expenditure
(308) by taking into account household size (309) and by correcting for the probability of having
more than one adult per household (244). See Appendix 4.4 for more details.

All costs were converted to 2020 currency using the consumer price index for Denmark
(310). Thereafter, as recommended by the ISPOR’s guideline on good research practices (311),
the costs were converted to DKK using purchasing power parity (PPP) (312) and exchange rates
(313), depending on the source. All costs were then converted from 2020 DKK to 2020 € using
exchange rates (1 DKK=€0.134) (313). Costs were discounted at 4% annually (293,294,300).

Base-Case Analysis

Model outcomes consisted of total costs (including a breakdown by cost component), life years,
life years with diabetes, cumulative incident cases of IHD and stroke, and QALYs of the PP and
controlinterventions. The incremental cost-utility ratio (ICUR) was calculated by dividing the
incremental costs by the incremental QALYs (PP versus control). The gross domestic product
(GDP) per capita in Denmark in 2020 (€47,817, or 357,100 DKK) was used as the willingness to
pay threshold (WTP) to gain one QALY, as done in earlier studies (300,314), since no specific
threshold value was recommended in the guideline (293,294).
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Table 4.3: Baseline characteristics.

PP, N=49 Control, N=51 p-Value?
Mean (sd) Median (IQR) Mean (sd) Median (IQR) N (%)
Age, 46.39 46.92 (35.35, - 45.86(11.36)  47.27(38.81, - 0.91
years (11.85) 55.73) 54.73)
Sex
Females - - 37(76) - - 32(63) 0.17
Males - - 12 (24) - - 19 (37)
BMI(kg/ 31.98(3.61) 31.68(29.12,33.74) - 32.29 (3.62) 31.41(29.38, - 0.73
m?) 34.30)
EQ-5D-  0.92(0.12)  0.95(0.88,1) 0.94 (0.08) 0.95(0.88, 1) 0.68
5L utility
EQ-5D 74.33 80 (65, 85) 81.61 (13.56) 85 (75,90) 0.01
VAS (15.58)

BMI body mass index, EQ-5D EuroQol five-dimension questionnaire, IQR interquartile range, kg kilogram, m meter, n
number, PP Personalized Plan, sd standard deviation, VAS Visual Analogue Scale.

2If the values for both the PP and the control groups were normally distributed, the p-values of the means were given;
if not, the p-values of the medians were given.

In total, 82 respondents finished the study (38 in the PP group and 44 in the control group. In
both groups a significant decrease in BMI was observed compared with baseline measures
(Table 4.4). Moreover, the PP group showed a slightly greater but nonsignificant decrease in
BMI compared with the control group. A significant difference in EQ-5D-5L utility of 0.04 was
found. Additionally, the PP group reported greater increases in EQ-5D VAS than the control
group; however, these results were not statistically significant.

Table 4.4: Results of the 10-week clinical trial.

Variables Effectin PP, Effectin Mean difference PP-
means (SE) control, means  control (95% Cl)
(SE)
BMI (kg/m?) -1.05 (0.17)** -0.98 (0.15)** -0.07(-0.51, 0.38) 0.76
EQ-5D utilities 0.02 (0.01) -0.02 (0.01) 0.04(0.00,0.07) 0.04
EQ-5D VAS 4.74 (1.82)** 2.05(1.23) 2.69 (-1.61,7.00) 0.22

BMI body mass index, C/ confidence interval, EQ-5D EuroQol five-dimension questionnaire, kg kilogram, m meter, PP
Personalized Plan, SE standard error, VAS Visual Analogue Scale.

*p <0.05 significantly change from baseline

**p <0.01 significantly change from baseline

When costs of the two interventions were analyzed, a difference in total costs of €1,749 was
found (Table 4.1). This mainly arose from the costs of preparing and providing the meals.
Personalized meals were more labor intensive and therefore more costly, since more unique
boxes needed to be prepared. Moreover, functional ingredients were incorporated into the
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personalized meals. Table 4.1 presents weighted average costs for these ingredients. The costs
for the tests represented a one-time expenditure.

Base-case estimates of lifetime costs and effects

Table 4.5 provides the base-case results for various outcomes over a lifetime. Regarding
discounted health outcomes, PP increased health by 0.011 QALYs (PP:15.117 versus control:
15.106). Regarding discounted costs, PP increased total lifetime societal costs by €1,736
(12,963 DKK) (PP: €520,102 versus control: €518,366). The most important factor in this
increase was intervention costs. Increases were found in unrelated costs and non-medical
costs. On the contrary, there was a decrease in the costs of different obesity-related diseases
and productivity costs. When the differences in QALYs and costs were combined, the additional
cost for PP to gain one QALY was €158,798 (1,185,909 DKK). This is much higher than the WTP
threshold of €47,817 per QALY gained (357,100 DKK), meaning that PP is not cost-effective
given that threshold. The undiscounted results show higher effects and higher costs than
the discounted results, resulting in a lower ICUR [€99,575 (743,632 DKK)] compared with the
discounted ICUR.
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Univariate sensitivity analyses and scenario analysis
° = = g g Results from the univariate sensitivity analyses of different parameters are shown in Figure
v} ~ . > 1
s <l o - ) SIS &l 3 = = 4.2A-C. The change in intervention costs had the most impact on the incremental costs,
— = o = = — N . . . .
% g § i i E g E = § g 8 % § : % followed by the intervention’s effect on BMI (see Figure 4.2A). The most impactful parameter
for the incremental QALYs was the duration of the QoL effect (see Figure 4.2B); an increase in
- 3 duration of 0.19 years (trial period) to 10 years increased the incremental QALYs from 0.011 to
[ee] [()
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Intervention costs: 5,922; 8,882 (44,222; 66,332)
Effect BMI: -0.51; 0.38

Duration effect loss BMI: 1-7 years

Diabetes costs: 5,074; 7,611 (37,890; 56,836)
Non-medical costs: +/-20%*

Effect loss BMI: 0.143; 0.214

Unrelated medical costs: +/-20%*

IHD costs first year: 15,742; 23,613 (117,560; 176,340)
Stroke subsequent year: 2,317;3,475 (17,302; 25,954)
Stroke first year: 13,040; 19,560 (97,383; 146,075)
Hourly rate productivity loss: 36; 54 (270; 406)

IHD costs subsequent year: 384; 576 (2,868; 4302)
Hourly rate infromal care: 17; 25 (126; 188)

Effect QoL: 0.00; 0.07

Duration effect QoL: 0.19-10 years

186

Incremental costs € (DKK)

0 670 1,339 2,009 2,678 3,348
(0) (5,000) (10,000)  (15,000) (20,000)  (25,000)

Cost-effectiveness catering company

m
]
I
|
|
|
|
|
|
|
|
|

W [ower bound W Upper bound

Incremental QALYs
-0.100 -0.050 0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350

Effect BMI: -0.51; 0.38 . |

Effect QoL: 0.00; 0.07 [ ]

Duration effect QoL: 0.19-10 years

Duration effect loss BMI: 1-7 years | ]

Effect loss BMI: 0.143; 0.214

Intervention costs: 5,922; 8,882 (44,222; 66,332)
Diabetes costs: 5,074; 7,611 (37,890; 56,836)

IHD costs first year: 15,742; 23,613 (117,560; 176,340)
IHD costs subsequent year: 384; 576 (2,868; 4302)

Stroke first year: 13,040; 19,560 (97,383; 146,075)

Stroke subsequent year: 2,317;3,475 (17,302; 25,954)
Hourly rate productivity loss: 36; 54 (270; 406)
Hourly rate infromal care: 17; 25 (126; 188)
Unrelated medical costs: +/-20%*

Non-medical costs: +/-20%*

B Lower bound m Upper bound

187



Chapter 4

-307,979

ICURs (€ (DKK)/QALY)

-174,075 -40,171

93,733 227,637 361,541 495,445
(-2,300,000)(-1,300,000)(-300,000)(700,000)(1,700,000)(2,700,000)(3,700,000)
1 1 1 1 1

Effect QoL: 0.00; 0.07 - |
Intervention costs: 5,922; 8,882 (44,222; 66,332) [ [
Effect BMI: -0.51; 0.384 i |
Duration effect QoL: 0.19-10 years e
Duration effect loss BMI: 1-7 years | .
Effect loss BMI: 0.143; 0.214 | B

Diabetes costs: 5,074; 7,611 (37,890; 56,836)
Non-medical costs: +/-20%*

Unrelated medical costs: +/-20%*

IHD costs first year: 15,742; 23,613 (117,560; 176,340)
Stroke subsequent year: 2,317;3,475 (17,302; 25,954)
Stroke first year: 13,040; 19,560 (97,383; 146,075)
Hourly rate productivity loss: 36; 54 (270; 406)

IHD costs subsequent year: 384; 576 (2,868; 4302)

Hourly rate infromal care: 17; 25 (126; 188)

B@Lower bound

® Upper bound

Figure 4.2: Tornado diagrams for change in incremental costs in € (DKK) (A), incremental
QALYs (B) and ICUR (C) using lower and upper bounds of parameters. BMI Body Mass Index,
DKK Danish Krone, ICUR incremental cost-utility ratio, IHD ischemic heart disease, QALYs qual-
ity-adjusted life years, QoL quality of life. “No fixed number, since costs differ by sex and age.
AParameters for both lower and upper bounds lead to results in the same direction (the control
intervention dominates when the upper bound was used as input).

188

Cost-effectiveness catering company

187,466
(1,400,000)
160,685 1
(1,200,000) oy,
133,904
1,000,000) |
107,123
(800,000) |
80,342
(600,000) |
53,562 S
(400,000) = =n =n o= == o= === = - - - - - - - - S -
26,781 | -
(200,000)

0 - .
ofs 5% 10% 15% 20% .- . 30%
26,781 |
(-200,000)
53,562 |
(-400,000)
80,342 |
(-600,000) Reduction intervention costs (%)

Costs per QALY gained € (DKK)

ICER == e= e WTP threshold*

Figure 4.3: Influence of reduction in intervention costs on cost-effectiveness. QALYs quali-
ty-adjusted life years DKK, Danish Krone, ICUR incremental cost-utility ratio, WTP willingness
to pay. *WTP threshold = 357,100 DKK per QALY gained (€47,817).

Probabilistic Sensitivity Analysis (PSA)

Figure 4.4 shows an incremental cost-effectiveness scatterplot with discounted costs and
QALYs. Most values can be found in the northeast quadrant (80%), meaning that PP is more
costly and more effective than the controlintervention. Moreover, the results show that most
ICURS are above the maximum WTP threshold, meaning that the probability of PP to be cost-
effective is low; only 3% of the iterations were found to be cost-effective at a threshold of
€47,817 (357,100 DKK). This finding is supported by Figure 4.5, in which the cost-effectiveness
acceptability curve is shown. Figure 4.5 shows that by a WTP threshold of €200,856 (1,500,000
DKK) the probability of PP being cost-effective is 57%. Based on the PSA results, the mean
QALY gain from PP is 0.011 (95% CI: -0.015, 0.04) and mean cost increase is €1,748 (13,055 DKK)
[95% Cl: €1,592 (11,892 DKK), €1,907 (14,239 DKK)].
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5 Northwest quadrant: 20% i . i Northeast quayé\t: 80%

2,009
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Figure 4.4: Probabilistic sensitivity analysis of the cost-effectiveness of PP versus control.
QALYs quality-adjusted life years DKK, Danish Krone, PP personalized plan, WTP Willingness
to Pay.
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Figure 4.5: Cost-effectiveness acceptability curve plot. DKK Danish Krone, PP Personalized
Plan, Pr probability, QALY quality-adjusted life year, WTP Willingness to Pay.

DISCUSSION AND CONCLUSION

Thiseconomic evaluation was based on a randomized controlled trial comparing a personalized
intervention using omics science (PP) with a control intervention (non-personalized). In both
groups, participants received home-delivered meals and behavioral messages, but the PP
group received meals and messages that were based on individual phenotypic characteristics
atthe metabolome level, genotype, lifestyle habits and preferences. In our study, we examined
both the short-term and long-term costs and health outcomes associated with PP compared
with the controlintervention. The trial showed statistically nonsignificant differences in clinical
outcomes (i.e., BMI change of -0.07 kg/m? (95% ClI: -0.51, 0.38) between the PP and control
groups. When the short-term differences in effectiveness were extrapolated into lifetime
effectiveness in QALYs, we found a slight increase of 0.011 QALYs when the PP intervention
was compared with control. The costs increased as well [€1,736 (12,963 DKK)], resulting in
base-case results that were not cost-effective (€158,798) at a given WTP threshold of €47,817
per QALY gained (357,100 DKK).

However, the limited statistical power, reflected in wide 95% Cls surrounding the estimated
short-term effects, makes itimportant to address the uncertainty in cost-effectiveness results
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with sensitivity analyses. Results from the PSA showed that there was only a small probability
(3%) that PP was cost-effective. From the univariate analyses we found again that the results
were quite robust; for most parameters, varying their values did not substantially affect the
cost-effectiveness estimates. However, as expected, a 20% reduction in intervention costs
reduced the ICUR to €23,668 per QALY gained (174,534 DKK), which is cost-effective given a
WTP of €47,817 (357,100 DKK). This was even the case if intervention costs were reduced by
16%. Overall, there are only small increases in QALYs observed when PP was compared with
control and the incremental costs were relatively high. This can mainly be explained because
personalization of nutrition is labor intensive, which makes intervention costs high; data need
to be collected, organized, and analyzed (173). For some intervention costs (i.e., the production
costs of the meals, indirect costs of the meals, costs for testing and costs for the DSS), the
costs per participant, and thereby the total intervention costs, could be reduced by increasing
the volume (i.e., number of users). In other words, PP might be cost-effective when compared
with the control group if the intervention were to be scaled up. This is something which should
be validated in future research.

The results from our study correspond with a recently conducted systematic literature
review that investigated the cost-effectiveness of interventions with a personalized nutrition
component in adults (280). That review included 49 studies and found that personalized
nutrition interventions often led to incremental QALYs between 0 and 0.1, which is comparable
with our study findings. However, the review concluded that most personalized nutrition
interventions were cost-effective, which is somewhat different from our CEA results. This could
mainly be explained by the lower incremental costs found in the review [most costs between
-2,000 (-€1,886) and +2,000 dollars (+€1,886)] compared with the incremental costs in our study
(+€1,736). The lack of studies exploring personalized nutrition interventions based on omics-
science, which incurs higher costs (48), could account for this finding. Instead, the reviewed
studies personalized interventions using psychological data, while some incorporated basic
biological data such as plasma fatty acids (150,158) and vitamin or protein intake (128,166).
However, none of them employed advanced omics technologies as seen in the PREVENTOMICS
project.

Different choices need to be made when analyzing the cost-effectiveness of nutrition
interventions (e.g., how to deal with ‘weight loss’), and this results in heterogeneity in methods
across CEAs (280,320-323). In our study, we used the clinical trial results regarding BMI as a
proxy for ‘weight loss’ as model input. However, some authors believe that it might be better to
use other outcome measures than BMI (324). For example, body fat might be a better measure
for ‘weight loss’ since it is the most metabolically harmful tissue type (194,325). We, however,
decided to stick to BMI as our outcome measure for several reasons. First, a validated economic
model has been used to explore the cost effectiveness of PP (281). This model used BMI as a
continuous parameter, unlike most previously published obesity models that include classes
(e.g., normal weight, overweight and obese) (260). Modeling BMI as a continuous parameter
gives the model more flexibility in simulating the impact of personalized nutrition on BMI.
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There were not enough data available in the literature to do this with similar other outcome
measures, such as body fat. Second, if we had used another outcome, we would have had to
work with intermediate outcome measures; for example, body fat had to be transformed into
BMI before calculating lifetime cost-effectiveness. This is not recommended in good research
practice guidelines for cost-effectiveness analysis alongside clinical trials (326). Third, studies
have shown that there is a strong correlation between body fat and BMI (327), which was also
found in the Danish trial results (47); small (insignificant) decreases were found when PP was
compared with control), so we would not expect different results if a different ‘weight loss’
measure was used as input for the model.

Additionally, the choice for a specific comparator also varied in economic evaluations of
(personalized) nutrition interventions, and this might influence the cost-effectiveness results
of personalized nutrition (280). In our study, we used a control intervention that is already
considered a ‘healthy’ option. It might therefore be the case that the benefits of additional
personalization might not be worth the extra money, particularly given the high intervention
costs that were observed for personalization. The question is then, will payers accept the
necessary higher short-term costs (e.g., intervention costs) to achieve any long-term health
benefits?

Another important question to consider is who the payers for personalized nutrition
interventions will be. Nutrition interventions are typically paid out-of-pocket by the consumer
and are thus not reimbursed by a third-party payer (321). Higher social economic groups
might therefore be more likely to use personalized nutrition, although literature showed that
in high-income countries the obesity epidemic affects people with a lower socioeconomic
status disproportionately (328). Personalized nutrition might thereby ignore the underlying
population causes of obesity (i.e., social, cultural, economic, and political contexts) and might
increase social inequalities further. Some governments may therefore find it important to make
personalized nutrition acceptable for everyone and could consider introducing reimbursement
or subsidies for effective personalized nutrition interventions.

This study has several limitations that should be considered. First, the costs were presented
in 2020 euros instead of a more current year closer to the time of publication. However,
considering the inflation that has occurred since 2020, it is anticipated that the difference
in costs between PP and control would only increase (310). This, in turn, does not alter the
ultimate conclusion that PP is not cost-effective since greater incremental costs would only
increase the ICUR values. Second, although short-term effectiveness data were based on an
appropriately designed and executed clinical trial, the trial population was relatively small,
which resulted in limited statistical power and a rather wide 95% ClI for BMI reduction. As a
result, subgroup analyses were therefore not conducted. It would be desirable to perform a
similar study with a larger population. Third, the trial’s follow-up might have been too short
to capture the full effect of personalized nutrition. Given that personalized nutrition is an
individual-tailored approach, it is likely that compliance with such interventions is higher,
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which could lead to sustained positive behavioral changes and greater long-term effectiveness
regarding outcomes such as BMI (36). However, this is likely not directly captured in our study
due to the short follow-up. Our study findings, which mainly show insignificant short-term
results, are in line with a previous study indicating that the most significantimprovements by
nutrition interventions occur after the first 6 months (329). This highlights the need for properly
funded long-term studies to effectively address the serious health consequences of obesity.

As with most clinical trial-based evaluations, the short study follow-up necessitated
modeling assumptions to estimate lifetime cost-effectiveness. For example, assumptions were
made over the annual percentage of effect loss in BMI after the first year, based on the literature
(296), which is not as precise as if we had been able to measure this for a longer time. However,
we found consistency in literature about this effect loss (330). Moreover, we examined the
impact of the uncertainty around the assumptions that we made in our sensitivity analyses.
This study is therefore meant as a starting point for future studies of the cost-effectiveness of
personalized nutrition interventions.

Although cost-effectiveness is an important factor in policymaking decisions about
interventions, other factors are relevant as well. One approach to examine all relevant
factors would be a comprehensive health technology assessment (HTA) (71,331,332), where
interventions are systematically evaluated and assessed in the context of clinical, ethical,
economic, social, legislative, organizational, and other domains. This HTA should include
results from preference studies as well, since knowledge about people’s preferences regarding
personalized nutrition interventions could lead to the development of more cost-effective
interventions that people need and accept (60). Moreover, this research could be extended to
other countries as well, to see if similar cost-effectiveness results are found (281).

We found that PP would not be considered cost-effective based on the point estimate for BMI
reduction seen in the clinical trial but found that PP has the potential to yield health benefits
when compared with a control. A larger and/or longer study would provide a more accurate
estimate of effectiveness. Moreover, scaling up the intervention would reduce per-patient
costs and thereby help to make the intervention cost-effective. In addition to the challenges
in demonstrating the cost-effectiveness of personalized nutrition interventions, another
challenge relates to how they will be financed; options to consider are needs-dependent
reimbursements or subsidies.
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APPENDICES

Appendix 4.1: The type and number of behavioral messages delivered by
ONMI to the participants in the personalized and control groups, as presented
by Aldubayan et al. 2022 (46).

Type of messages Quantity  Description Example PP

Starter Do 1 Easy start of the programme  SWITCH SEATS DAY! Move some seating around today. Sit v
on behavioural questionnaire  somewhere different at meals/ when working/when watching
completion at V2 TV. Get a new view! —Shaking up old habits is good for you and

puts you back in charge of your life. Try something new regularly.
Make every day count! --

General Do 5 Apply to everyone, relatively NEW WAY DAY. Take a detour today, go the prettiest route not v
easy, to get user hooked to the shortest. Allow more time, smile at people. Spot 3 beautiful
the programme things along the way.—Wakey Wakey. Regularly challenging our

brain keep us alert and interesting. When we take notice of our
surroundings we start to live life to the fullest.

Personalised Do 10 Based on behavioural WHAT ARE YOU EATING FOR? Back off from boredom, address
questionnaire your stress. Get busy, unwind, release your emotions so you

only eat when you're hungry today.

System Message 3 Encouragements, tips, HEALTH TIP. Regular contact with friends and family is key to v
manage expectations good mental and physical health. Connections give meaning

and purpose to our lives, even when it is digitally.

Expander Do 3 Prompt user to explore new  EXPANDER: It's NO Day today. Don't say yes when you really v
parts of personality, based on want to say no. Give no reason or excuse. Just say, 'Sorry, but
behavioural questionnaire the answer’s no'.

Preventomics 6 Template messages that use PREVENTOMICS: Are you getting the right amount of {{.R1}} v

Messages inputs from the nutritional and {{.R2}} in your diet? Go online and find some interesting

recommendations of food to  recipes to try at home. Do it now.
increase

General Messages 24 Recommendations from the  Eating a healthy, balanced diet is an important part of v
NHS and WHO on eating, maintaining good health, and can help you feel your best. This
eating out, exercise, check-  means eating a wide variety of foods in the right proportions,
ups, help and support, and consuming the right amount of food and drink to achieve
balanced diet and maintain a healthy body weight.

C, control; NHS, The National Health Service; PP, personalised plan; PREVENTOMICS, Empowering consumers to PREVENT diet-related diseases
through OMICS sciences; WHO, World Health Organization.

Appendix 4.2: Productivity costs calculation
This appendix provides more information on the cost calculation of productivity loss. This
explanation is based on information provided by Hoogendoorn et al. (281).

The costs of productivity loss were estimated based on SHARE data (245) for central European
countries since the employment status in Denmark is comparable with those in central
European countries (304,305).

Costs for long-term work loss were calculated using data on the percentage of people with
a paid job (Table 4.2.1), the mean number of working hours per week (Table 4.2.1) and the
probability of becoming unemployed (Table 4.2.2). The friction costs method, with additional
input provided in Table 4.2.3, was applied in this process.
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Table 4.2.1: Coefficient for the equation prediction probability to be employed at baselinet.

Intercept -14.6526***

Sex (female vs. male) 0.7523***

Age -0.00861***

Age? -0.3354***

Working hours per week Males: 38, Females: 30

*kk

p<0.001; tProb=exp(outcome_equation)/(1+exp(outcome_equation)).

Table 4.2.2: Coefficients for regression equation predicting the probability to become
unemployed {.

Coefficient Coefficients

Intercept -2.7395***
Sex (Female=1) 0.09195**
Age (years, scaled) t 0.7042***
BMI (continuous) 0.01681***
Diabetesincidence (Yes=1) -0.1404
Stroke incidence (Yes=1) 0.2981*
Heart attack incidence (Yes=1) 0.01624

t Age_scaled = as (age-mean[age])/std; where mean==57.67046; std=6.064744
1 Probability = exp(outcome_equation)/(1+exp(outcome_equation))
* significant at <0.05; **significant at <0.01; ***significant at <0.0001

The productivity costs for short-term working hours lost were calculated by multiplying
the estimated annual number of working days lost (Central-European countries: without
disease = 10 days, with disease = 15 days) with the reference price (see Table 4.2.3).

Table 4.2.3: Friction period (306) and reference price (307).

Friction period in days Productivity cost per hour 2020

91.25 338 DKK
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Appendix 4.3: Method used to calculate unrelated medical costs.

Unrelated medical costs were calculated by subtracting the related costs per capita for
diabetes, IHD and stroke from the annual healthcare spending per capita by sex and age. This
annual healthcare spending per capita by sex and age was calculated following several steps.

1. Information from the DYNAMO-HIA project (217,218) about the percentage of people
with disability per age group, divided by sex (in year 2014), was used as a proxy for a certain
distribution of the total healthcare costs over the Danish population.

2. The total healthcare expenditure of Denmark, in 2014 (333), which was 201,522 DKK
in millions of units, was divided over d