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ABSTRACT

Obesity is a major public health problem in the UK ewadidwide and there is a heed to develop-effdctive
behavioural interventionsEstimating the costffectiveness of weight management interversios
challenging due to the number of factorattinfluence weight and the heterogeneity oftervention
effectiveness. This thesis explores incorporating psychological mechanisms of action of a weight management
intervention into a health economic model of obesity to inform the design and funding decisions of behavioural
weight management interventions. Ttiiesis consisted of a systematic review of health economic models of
obesity, a mediation analysis of a randomised controlled trial of a weight management intervention, an
adaptation of an existing health economic model of obesity to include psychofagtoas, a comparison of

this adapted model to standard methods, andriglemodelling based on estimated changes in a mechanism

of action. The review indicated that psychological factors were not considered in the simulation of weight
change in healtaconomic models. In the subsequent chapters, psychological mechanisms of action of a weight
management intervention were identified and added into an existing health economic models ofabesity
allow change inBMI to beconditional on change in thegsychologicalfactors. Estimated BMI and cest
effectiveness were similar to those generated when standard methods were used but the adapted model allowec
a wider range of subgroup and sensitivity aredyélthough these additional analysesreunlikely to impact

funding decisions for the intervention evaluated, it indicated the potential for this to be informative in other
evaluations. Prgrial modelling in which scenarios of changes in mechanisms of action were tested
demonstrated how a model with thesechamisms of action included could be used as a tool in the design of
interventions. Further research that examines associations between intervention content, mechanisms of action
and weight change would enable developmenmt@®éxisting models to includmore determinants of weight
changes which has the potential to inform-pi@ modelling and economic evaluation of behavioural weight

management interventions.
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CHAPTER 1:INTRODUCTION

Obesityis high on the public health agenda both within the UK and glol§allyIndividuals who are
overweightor obe® are at an increased risk ofimerous health conditiorf®) and altcause mortality(3).
Specifically, increased body mass index (BMI) is associated with an increased risk of type Il diabetes,
cardiovascular diseases (hypertension, coronary artery disease, congestive heart failure, pulmonary embolism,
stroke), cancer (breast, colorectal endiak kidney, ovarian), asthma, osteoarthritis and chronic back pain

(4). In 2016, 35.2% adults in England were overweight and 26.2% were obebyg 2080, it is expected that

obesty prevalence in the UK will rise t41-48% in men and 383% in womenThis is estimated to result in
544,000668,000 new cases of diabetes, 331;@d80,000 cases of coronary heart disease and strokes and
87,000130,000 new cases of cang¢B). As a result of the negative impact of obesity on hetihmedical

costs in thaJK are predicted to approach £2 billion per yggrand the indirect costs are expected to equal or

exceed this figuréo).

Behavioural weight management programmes are recommendgdirasline treatment by the National
Institute of Health and carexBellence(7). Systematic reviewg8-10) that have summarised the effectiveness

of interventions have highlighted the heterogeneity of intervention content and impact on weight change across
interventions. This has led to an increased focus on undergydnmdirbehavioural interventions work atiak
constructs that an intervention targetetmke behaviouchangeand weight los¢11, 12) Health economic

models of obesity have been used to assess howtshorthanges in weight or BMI are associated veitigd

term costs and benefits which can be used to inform funding decisions. However, the large number of
influencing factors and consequences related to being overweight or obese, as well as the variation in
intervention effect, presents a challenge wheimesing the coseffectiveness of a behavioural intervention

(13). The work inthis thesis aims to investigate the psychological constructs associated with the effectiveness
of a weight management intervention and explore how these psychological censdrutie used to inform

predictions of weight trajectories within a health economic model of obesity.



1.1 Understanding the effectiveness of behavioural weight management interventions

Many behavioural weight management interventions are associatedgnifitant weight losshowever the
average weight lossariesacrossntervention(14, 15) For example,n a systematic review, the average weight
loss across randomised controlled trials of weight loss interventions varied4r08kg to-21.3kg (16).
Furthermore, thelurationof the effectassociated with these interventiaadifficult to establish due tthe
limited amount of followup data available. The evidence of laegm weight maintenance is mixed; while
reviews of weight loss and weiglissmaintenance interventions indicate that any weight lagigained by

5 years(8, 17) a large observational study indicatdndit those who have lost weight are able to maintain
weight loss for up to ten yeaf$8). The magnitude of weight loss and dition of weight loss maintenance

impacts on the health benefits and therefore there is a need to understand this observed heterogeneity.

In order to understand the variation in weight loss across intervention and individuals, there has been a greater
focus on understandingow an intervention is effective; specifically, the pathways through which the
components of an intervention impact on weight or BEi). To facilitate this, there have been efforts to
describe the content of an intervention. An ingeion can be described in terms of behaviour change
techniques (BCTs) or methods;iaakrniblecomponent of an intervention designedhtipact on determinants

of behaviour(19). In order for a behaviour change techniques to be effedtiveust target ad act on a
determinant of a behavio(®20). Det er mi nants are described as figene:]
or regulatory process that are assumed, on the basis of empirical or theoretical evidence to be causal
ant ecedent s (20).fThelpmdess throagh wiiich a behaviour change technique impacts on a
determinant of behaviour and therefore behaviour and health outcomes is described as the mechanism of action
(MoA) (21). This is represented in Figure 1.1. Often the direct effect of teeverition on BMI or weight is

the only effect of interest when evaluating an intervention (Figure 1.1(10b)Testing the indirect effect

(Figure 1.1, 1a) of an intervention on weight change via determinants of behaviour change enables a better

understading of intervention effectiveness and can inform the design of effective interveii&)ns
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Figure 1.1. Indirect (mechanisms of action) and direct effect of a behaviour change technidustsawiour change.
Reprinted from Known knowns and known unknowns on behavior change interventions and mechanisms of action by M.
S. Hagger, 2020, Health Psychology Review, 14(1);2199 Copyright 2021 by Taylor & Francis. Reprinted with

permission.

Reviews of empirical and observational studies have summarised the evidedegeoninantof weight
changeThese have found evidence thalfsegulation skills self-efficacy, autonomous motivatigrflexible

eating restrainteating disinhibitionselfmonitoring of weight, dietary restraint are modifiable determinants

of weight los5(10, 22, 23) However, theeviewsall highlighted a lack of formal mediation studi¢isat is

testing of how the intervention content impacts on a determinant of behavangechnd how this then
impacts on behaviour change (Figure 1.1 1a). This is reflected in a systematrewestaof mechanisms of

health behaviour change (not restricted to weight management interventions) which indicated that only 6% (4
out of 66) of themetaanalyses included in the mekview directly examined the relationship between
potential determinants of behaviour change and the outcomes to test the mechanisms of action of the

intervention(24). Therefore, there is a need to investigate the nmesimaof action to contribute to the
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understanding of heterogeneity in effectiveness across intervention and inform the design of future

interventions.

1.2 Estimating the costffectiveness of behavioural weight management interventions

Obesity is associad with a large financial burden in the B and heNationalHealthService (NHS) has a
finite budget to spend on treatment&us,when proposing a neweight management interventiosm health
economic evaluatiothatassessscosts anadtonsequenceassociated witthe intervention compared to those
associated with an alternatioe currently availabléreatment optiorshould be conductemhd used to inform

decisions regarding fundin@5).

The costs associated with an interveniimiude the cost of the intervention and disease related wgsts,
depending on the decision maker, may be healthedaited only or include wider costs such as social care
costs. The incremental cost is the difference between the costs associatedrajithsad intervention and

the costs associated with an alternative (often standard(2&je)

Within the UK, the preferred method of measugogsequencéss qual ity adjusted | if
is calculated by multiplying the time spent igextain healtlstate by the preference weight of that s(a&.

This preference weight is a valusually anchored d (dead) and 1 (full health) anals sub, QALYs take

account of both length and quality of lifeor example, 2 QALYs could represent 2 years at full health, 4 years

at a health state of 0.5 or 8 years at a health state offhh@3ncremental effect is the difference between the
QALYs associted with a proposed intervention and @&LY's associated with an alternative (often standard

care).An ICER is calculated by dividing the incremental dosthe incremental effe¢25).

Incremental costs
ICER =

Incremental QALYs

The ICER generated is then compared tosteffectivenesshreshold which represents the maximum cost

that is acceptable to pay per incremental QAlrvthe UK, this threshold igstimatedo be between £20000

€



and £30000 per QALY27) but other factorsare taken intaconsideration including how much uncertainty

there is around theutcomes and whether the intervention is for-efilife care(28). If an intervention is more
expensive and is less effective than a comparator, it is described as dominateaiswhan intervention is

less expensive and more effective, it is described as don{REntNet Monetary Benefit (NMB) is another
summary statistic that can be used to represent the value of an intervention in monetary terms rather than using
a ratiolike the ICER. This requires a known c@stectiveness threshold.

NMB = (incremental benefit x threshold)ncremental cost

1.2.1 Health Economienodelling

Thefull costs and consequences of an effective weight management intenagptiften not immediaté&or
example, when aindividual reduces their BMltheir risk of developingertain conditions such as type 2
diabetess reduced, bwever,an event (e.g. developing type 2 diabetes) may not have occanctherefore
the relatd coss and benefitgvould not be capturedvithin the trial In the absence of loftgrm data, health
economic modelling can be utilised to predict the lemn effect of the intervention on costs and
conseguences based on the available gbort data(29). This allows an economic evaluation of the
intervention over a time horizon that is expected to capture the relevant costerseduenceghis is
particularly beneficial fowveight managememterventiors when some impadf the intervention is ligly to

occurbeyond the trial period.

A range of health economic modelling methods can be used to condueffeosveness analysiBecision

tree modelsnvolve comparing treatment options through a series of pathways which represent potential
options or events that could impactiadividual. In a Markovmodel, participants can be in one of a number

of health states anadt each time cyclendividuals careither remain in the same health state or change to
anotherdependent on the transition probabilitiese(fprobability of staying wiih the same health state or
moving into another stateHowever, the complexity of conditions such as obesity can reopgre complex
methods. For example, living with obesity is associated with an increased risk for many conditions and this
would be challenging to represent in a decision tree model. The risk of conditions may also be related to past
events such as a preumcardiac event or complication of diabetes and while Markov modelling methods have

been developed to enable more complex scendhigscan beome increasingly difficult to implement.
5



Individual patient level simulation modegnablesimulatedindividuals to be monitored through different
possible diagnoses and complications. Within this type of model,pibssibleto represent an individual
experiencing multiple events or conditioasd the exact time to the event can be simulatedange of
individual characteristics shas age, gender asdmorbidities, can inform the trajectory of headiind risk

of various conditionghroughout the modéB0). Although these models can require large amount of data and

be computationally inteng, the potential to represent more complexity compared to decision tree and
Markov models makes these model potentially more suitable for representing the many influential factors and

conseguences of obesity.

In health economic models, the input pararewalues of the model, for example the association between

BMI and blood pressure, can be derived from clinical trials, observational studies or expert opinion. Usually
the point estimate (e.g. mean valuepsed, RRMAHE!| T ¢
Probabilistic Sensitivity Analysis (PSA) the parameters are represented as distributions around the point
estimateg(31). The type of distribution is likely to differ depending on the parameter and are usually based on
supporting gidence where this is availabg5). In PSA, the model is run many times and each time a set of
values is drawn by random sampling from the distribution of each parameter. Incremental costs, QALYs and
an ICER is calculated for each model run. This is tsedeasure the uncertainty around the-effgctiveness

outcomes.

Health economic modelling is often used to estimateeffsttiveness after a trial has been collected or based

on available data. However, health economic modelling can also be uspdetdal modelling. Prior
economic evaluation was identified as a useful approach in medical research council guidelines for developing
and evaluating complex interventiof®82). This method can be used to estimate whether an intervention is
likely to be costeffective and inform decisions regarding whether to proceed with a full trial. This method has
been used in development of interventi¢d3). For example, it was used to assess whether-prialkention
intervention was likely to be casffective.Based on pilot trial data, the intervention was unlikely to be cost
effective and thus a full trial was not recommend@d)). This type of analysis is based on an expected

treatment effect, which may be based on a pilot study or on results from sineglvemntions. Prérial
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modelling can reduce the chance that interventions unlikely to beftestive proceed to trial and can inform
decisions about the design of the intervention; iftae¢ modelling indicates an intervention is likely to exceed
the costeffectiveness threshold, changes can be made, such as moving to an online format, to increase the

likelihood of costeffectiveness.

1.2.2 Challenges of Public Health Economic Modelling

With any economic evaluation there is uncertainty about tieecinsts andonsequencegssociated witlan
intervention(35). When extrapolating results from one or more trials to a wider population, several factors
could result in uncertainty including whether the data available, and assumptions made basedson this, i
generalisable to the wider population and the accuracy of the assumptions made in th@3hodablic

health economic modelling has additional challenggsause the target of these types of interventions is to
change behaviouandthere islikely to be alarge numberof factors that influence behavio(86). In an
economic evaluation af weight managemertervention the area in which an individual lives and works,

the behaviours of their family, their past experience, their reasorefangaging in thenhealthy behaviours

and their motivatiorior behaviour changmight all have an impact on the outcomes of the intervematioh

so these should be conside(8d). Furthermore, because of the wide range of possible determinants of weight
changethe caisal pattern through which the intervention is successful (if this is the case) is then difficult to
establish which can make it challenging to estimate effectiveness for the populaiaerstanding what
aspects of the intervention makeesftective or not effective can be usedhp decisiommakers understand

how differentintervention optionsnay be usedbr different subgroups or contexXt38).

One challengespecific to thehealth economianodelling of obesity is estimating the letgym weight
trajectory ofsimulated individuals within the mod@&ecausehe follow-up after a trial is ofteehortterm and

rarely extends beyond 2 or 3 ye@¥$assumptions are made about weight trajectories between the end of the
trial and the end ofie time horizonFFor exampleit may be assumed withsome health economic evaluations
that all weight is regainedfter the final followup point in the trialwhereas othermight assume that all
weightloss is maintainedntil the end of the time horimoOther studies may choose a rate or regain based on
other data sourcesuch asnother trials of a similar interventig®9). The weighttrajectorychosen is likely

to impact on costs antbnsequencethrough the potentially increased incidence of diseasuch as diabetes
7



and heart disea$#3). Differences in theveighttrajectorysimulated thereforehas the potential to impach
the assessment of ceffectivenessand ultimatelyfunding decisionsFor this reason, it is important to
understand the factors that impact on weight trajectories and consider these when simulating weight trajectories

in health economic modelling.

1.3 Inclusion of pychologicaffactorsin health economic models

To combatthe challenges of understanding the causal relationships in public health economic modelling, it
was recommended that insights from other disciplines are incorporated. Given the theoretical and empirical
research indicating the role of psychological festio weight loss and weight loss maintenafid® 40, 41)

there is justification to explore how adding relevant factors to health economic model of obesity could be
beneficial. Adding psychological variables to health economic models could have twoatigbtamefits.

Firstly, including the predictors @feight loss and weight loss maintenaimcéhe model may enable the model

to better predict who maintains the weight loss during an intervention which, in turn, may lead to more accurate
predictions of loagterm health and will better inform decisions made regarding allocation of funding.
Secondly, prédrial modelling can be carried out to determine how much can be spent on an intervention that
is expected to have a certain effect on psychological vafghle order for the interventions to be cost
effective. This will complement, and make use of, recent and ongoing research into describéatgatteur

change techniques and how these impaaaiarminants of behaviour change to inform the design ofdut

interventions

Although psychological theories have been incorporated into mathematical models to estimate attendance at
breast cance@2) or diabetic retinopathy screening appointméag), health economic models do not often
incorporate psycholagal variableq44). These studies were limited by a lack of data linking the components

of the theory to the screening behaviour. In one economic evaluation, predictors of treatment effectiveness was
incorporated into a health economic model of type betes(45) but there was not sufficient power in the
prediction model to predict who would respond to treatmésitdescribed in section 1.1, there is evidence
linking psychological factors to weight management and therefore there is the potential dotothms

incorporated into health economic models. Studies that examine the mechanisms of action of an intervention



would be most useful because they could inform both the understanding of the impact of the intervention on a

determinant of behaviour and hdkis determinant is associated with weight change.

1.4 Aims and Research Questions

This thesis will build upon therevious research on psychological predictors of weight change and use this to
inform the development of a health economic modelling lwésgy. The overall aim of this thesis is to
investigatethe feasibilityand benefit®f including psychological factors in the prediction of BMI trajectories
within health economic modelling of behavioural weight management interverfliasverarching aim can
be subdivided into the following research questions
i.  What are the current methods used within health economic models to predict weight trajectories and
how have psychological factors been incorporated?
ii.  What are the psychological constisjor changes in constructs, that predict weight trajectories during
and following a weight management intervention?
iii.  What impact does incorporating these factors in an existing health economic model have on cost
effectiveness outcomes?
iv.  How can inclusion bthese factors in an existing health economic model facilitatériptenodelling

for intervention design?

1.5 Outline of Thesis

Chapter 2eportsa systematic review of health economiodelsof obesity interventionsChis had two aims.
Oneaim of the review was to determine what methods are used within health economic modelling to predict
weight trajectory of a population beyond the available ddia.second aim was determine to what extent
psychology had been used within the healtmendc modeldo inform estimated weight trajectori€zhapter

3 reportsananalysis of the data from the weigbss programme referrals for adults in primary care (WRAP)
randomised control trial (RCT) in which latent growth curve modelling (LG@s usedto determine the
association between psychological factors amight loss maintenanagp to 2years postandomisation.
Chapter 4describs an existing health economic model and how, using the output from the analysis im chapte

3, this modelwasadaptedo include relevanpsychologicalariables.lt compare this adapted model with

9



the original model to determine what impact the adjustment has made. An intervesgiexamined using

both the original and adapted model to deterrfirdifference in terms of the costs, consequences, uncertainty
and potential impact on decision maki@hapter 5 will show how a health economic model can be used in
the design phase of @lavioural weight maintenance intervention using a justifiable costs analysis in which
an estimated treatment effect on BMI is used to estimatet®ng costs and consequences. This will show
how pretrial modelling can be conducted using the health eminevithout any psychological variables.
Chapter6 will use the adapted model in Chapternfbdel to conduct pr&rial modelling the impact of
hypothetical interventionswith associated changes in psychological fagtonscosteffectiveness will be
examhed. Figure 1.2 shows how the objectives of each chapter link to the research quesadnsChapter

7 will summarise and discuss the findings of the thesis and will consider the novel contributiobyrtizide

work, the strengths and limitations aglidections for further research.
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Chapter

Research Objectives

Research Questions

Aim

Chapter 2: A systematic review of methods to predict
weight trajectories in health economic models of
behavioural weight management programmes: the

potential role of psychosocial factors

Chapter 3: Mechanisms of action in a behavioural
weight-management programme: latent growth curve

analysis

To examine 1) the assumptions that are made about weight trajectories within HEMs of
behavioural weight management interventions; 2) what, if any, evidence sources are used to justify
these assumptions; 3) the impact of differing assumptions on conclusions about cost-effectiveness
and 4) which, if any, variables have been used to predict weight trajectories within HEMs and 5)
whether psychosocial variables were measured within the evidence sources that informed the

modelled weight trajectory.

What are the current methods used
within health economic models to
predict weight ftrajectories and how
have psychological factors been

incorporated?

Chapter 4: Can psychological mechanisms of action
be used to predict weight loss and cost-effectiveness

in a behavioural weight management intervention?

To investigate whether the trajectories of dietary restraint, habit strength, and autonomous,
controlled and amotivation self-regulation of diet mediated the effect of the weight-management
programme on BMI trajectory over 24 months using latent growth curve analysis; a method that

incorporates the full trajectory of the mediators and BMI

To compare a model specification in which BMI was predicted based on mechanisms of action to
commonly used methods to input intervention effect and to explore the impact of additional

analyses based on the mechanisms of action incorporated into the health economic model.

Chapter 5: Using health economic medelling to
inform the design and development of an
intervention: estimating the justifiable cost of weight

loss maintenance in the UK

To use a health economic model to determine the justifiable cost of a behavioural weight loss
maintenance intervention compared to no intervention in two populations; i) individuals with a
Body Mass Index (BMI) of 28 latgm2 or above without diabetes and ii) individuals with a

diagnosis of type 2 diabetes.

Chapter &: Exploring the feasibility of conducting
pre-trial health economic modelling of behavioural
weight-management interventions based on the

expected impact on mechanisms of action

To conduct pre-trial modelling of a hypothetical planned intervention based on behaviour change
techniques and the estimated impact on the mechanisms of action, to examine the impact of
interventions scenario in which there was either a small, medium or large effect on each of the

mechanisms of action and to develop a user interface to the model.

What are the psychological
constructs, or changes in constructs,
that predict weight trajectories during
and following a weight management

intervention?

What impact does incorporating
these factors in an existing health
economic model have on cost-

effectiveness outcomes?

/

How can inclusion of these factors in
an existing health economic model
facilitate pre-trial modelling for

intervention design?

-

To investigate the feasibility and
benefits of including
psychological factors in the
prediction of BMI trajectories
within health economic modelling
weight

of behavioural

management interventions.

Figure 1.2. Summary of thesis structure
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1.5.1 Formatting

The alternative thesis format (also known as the publication format thesis) was used for this thesis. Therefore,
the following chapters (B) will be written in manuscript format. Each formed a separate paper either
published (Chapters 2 and 3), submitt@dpublication (Chapter 5) or intended for publication (Chapter 4 and

6). In order to maximise readability, all will be included in the main text of the thesis and will follow contents
pagination accordingly and figure and table numbers were updatetkirt@make navigation of the document
easier. Manuscripts have also been rearranged to ensure that figures and tables are close to the reference in th
text even where these are required to be at the end of the manuscript by journal guidelines. Refetbeces

parts of the thesis have also been added to aid understanding of the links between the work. Author contribution
statements are iAppendix 1. References for each chapter will be included at the end of that chapter in line
with the manuscript fonat. As required, all research wasdertaken while supervised by University of

Sheffield supervisa
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CHAPTER 2:.LITERATURE REVIEW OF HEALTH ECONOMIC

MODELS OF OBESITY

This chapter reports a systematic review of health economic models of obesity with a specific focus on
understanding the methods used to simulate weight trajectories. Specifically the aims were to teamine
assumptions that are made about weight trajestdhe evidence sources used to justify these assumptions
and the impact of differing assumptions on conclusions abouetfestivenesskurthermore, to understand

if and how psychological factors have been used in health economic models of obkestheratwo aims

were to examin&vhich, if any, variablesvereused to predict weight trajectories withtre health economic
models of obesity anevhether psychosocial variables were measured within the evidence sources that

informed the modelled weiglrajectory.

The review was first conducted in November 2017 and was then updated in July 2019 to identify additional

papersThe paper was submitted and accepted for publicatidedical Decision Making

Bates, S., Bayley, T., Norman, P., Breeze, Bl Brennan, A., 2020. A Systematic Review of Methods to
Predict Weight Trajectories in Health Economic Models of Behavioral Wginagement Programs: The

Potential Role of Psychosocial Factdviedical Decision Makingd((1), pp.96105.

The content ofrte chapter is the same as the published version other than section 2.6 which has been added
for this thesis version of the workhe article was published open access following the requirement of the
Wellcome Trustvho financially supported this work. Trenditions of the open access publishing allow use

of the inal published PDF original submission oracceptedmanuscrip in this thesis (including in any
electronic institutional repository or databake Full details of reuse guidelines are here:

https://uk.sagepub.com/gb/eur/journalauthorarchivingpoliciesandre-use

The paper in the chapter was waittwith 4 ceauthors; Thomas Bayley, Penny Breeze, Alan Brennan and
Paul NormanSarah Bates conceived of the idea, designed and developed the search strategy, conducted the

search and produced the original draft of the manuscript. Thomas Bayley revigdvetf the search results
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https://uk.sagepub.com/en-gb/eur/journal-author-archiving-policies-and-re-use

andPenny Breeze, Alan Brennan and Paul Norswgpervised and reviewed the work and provided feedback

on the manuscript.
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A SYSTEMATIC REVIEW OF METHODS TO PREDICT WEIGHT
TRAJECTORIES IN HEALTH ECONOMIC MODELS OF
BEHAVIOURAL WEIGHT MANAGEMENT PROGRAMMES: THE

POTENTIAL ROLE OF PSYCHOSOCIAL FACTORS
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2.1 Abstract

Objectives There is limited evidence on the lotegm effectieness of behavioural weightanagement
interventions, and thus, when conducting health economic modelling, assumptions are made about weight
trajectories. The aims of this review were to examine these assumptions made about weight trajectories, the
evidene sources used to justify them, and the impact of assumptions on estimateifiectiseness. Given

the evidence that some psychosocial variables are associated with-las$gtifjectories, we also aimed to
examine the extent to which psychosocial @aea have been used to estimate weight trajectories and whether
psychosocial variables were measured within cited evidence sources.

Methods. A search of databases (Medline, PubMed, Cochrane, NHS Economic Evaluation, Embase,
PSYCinfo, CINAHL, EconLit) wasonducted using keywords related to overweight, weaigdmagement,

and economic evaluation. Economic evaluations of weitgmiagement interventions that included modelling
beyond trial data were included.

Results Within the 38 eligiblarticles, 6 typesf assumptions were reported (weight loss maintained, weight
loss regained immediately, linear weight regain, subgsmgeific trajectories, exponential decay of effect,
maintenance followed by regain). Fifteen articles cited at least 1 evidence sosuppaot the assumption
reported. The assumption used affected the assessment-effeottveness in 9 of the 19 studies that tested

this in sensitivity analyses. None of the articles reported using psychosocial factors to estimate weight
trajectories. ldwever, psychosocial factors were measured in evidence sources cited by 11 health economic
models.

Conclusions Given the range of weight trajectories reported and the potential impact on funding decisions,
further research is warranteditwestigate how psychosocial variables measured in trials can be used within
health economic models to simulate heterogeneous weight trajectories and potentially improve the accuracy

of costeffectiveness estimates.
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2.2 Introduction

Behavioural weight mnagement programmese tle first line of treatment recommended by the National
Institute for Health and Care Excellence (NICE) for individuals who have a body mass index (BMI) of over
25 in England1). Systematic evidence reviewnd large clinical trig show that many of these programmes
are associated with significant weight I¢8s3)butthe longterm success, as measured by lasting weight loss
maintenance, is harder to determine. Although there are weight management studies withupfoflopto

10 years or moré4, 5), the majority have a maximum of only3years(6). Moreover, the limited evidence
available is mixed; while recent reviews have indicated that weight is regained by approximately(6,years
7), in an observational study basadhe USA, participants\¢ 4,000) reported maintaining an average weight

loss of 33kg, from an original weight of 105kg, for around 5.7 y&arg)

The lack of longterm data introduces additional uncertainty to decisions of whether to fund ar miny

One aspect considered in this decision making is-effsttiveness analysis (CEA). Within CEA, health
economic models (HEMs) can be used to extrapolate costs and effectiveness of weight management
programmes beyond trial data to determine-effgictiveness over a longer period of tii®). To conduct

this analysis, an estimation of intervention effect is mod€llddland, in the absence of loigrm data, an
assumption is made about weight trajectories beyond the trial period both with anat withmtervention.

For example, in the economic modelling conducted to inform NICE obesity guidelines, it was assumed that
individuals regained 5% of the weight loss annually resulting in a return to thmteorention weight
trajectory after 20 yeaKd 2). The assumption used is partly determined by the HEM structurél&edhich

can allow for estimating either a mean weight trajectory for all individuals, weight trajectories for certain
subgroups or a weight trajectory for each individual. Theraptan used determines the duration of benefits
gained from an intervention which will impact on costs and consequences, the assessment of cost

effectiveness, and potentially the funding decision made.

Weight trajectories during and peseight managemeimterventions are likely to be affected by a variety of
individual factors and consideration of these factors could potentially improve the accuracy of assumptions

made with HEMs and of resulting cesffectiveness estimates. Psychosocial variables arsdsyed to be
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important factors in obesity and are often the target for behavioural intervefitihrib) There is growing
evidence of associations between psychosocial factors, such-ssgsédition, motivation, sekfficacy and

habit, and weightdss maintenancgl6-18). In a review of experimental studies, higher internal motivation
compared to motivation driven by external pressure;esélff i cacy (an individual 6s
change and maintain healthy behaviours) andreglilaton (monitoring of diet, exercise or weight) were
predictive of weight los§17). A positive body image, flexible dietary restraint (restriction of dietary intake)

(16, 17) and habit (the extent to which healthy behaviours have become automatic) héeealagsociated

with weight loss maintenand@6). Given there is strong evidence to indicate that psychosocial factors are
important in weight trajectories, including these variables in HEMs has two potential benefits. First, in the
absence of longerm data, these variables could be used to predict weight trajectorieggogention and
represent the heterogeneity in weight trajectories. This has the potential to increase the accuracy of estimates
of long-term costeffectiveness. Second, HEMs couldus®ed to estimate the impact of planned behavioural
interventions that are expected to change certain psychosocial factors (e.gbasedinterventiqi9), and

this can be used in the intervention design process.

There has been a broad review of HEM®d to estimate the cesffectiveness of obesity prevention and
treatment intervention0) but none through September 2019 have specifically examined the assumptions
made regarding weight trajectories. Given the potential impact of these assumptiestsrates of cost
effectiveness, the aims of this review are to examine 1) the assumptions that are made about weight trajectories
within HEMs of behavioural weight management interventions for overweight and obesity; 2) what, if any,
evidence sources amgsed to justify these assumptions; and 3) the impact of differing assumptions on
conclusions about cosffectiveness. Furthermore, given that there is evidence to indicate that inclusion of
psychosocial factors may contribute to accurate predictionsegghivtrajectories, this review will also
document 4) which, if any, variables have been used to predict weight trajectories within HEMs and 5) whether
psychosocial variables were measured within the evidence sources that informed the modelled weight

trajectory.
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2.3 Methods

PRISMA guidelines were followed when conducting this systematic re\@g

2.3.1Study searches

Searches were conducted in November 2017 in Medline, Pubmed, Cochrane, National Healt(iNg¢B)ice
economic evaluation (EE) database, Embase, PSYCinfo, CINAHL, EconlLit including terms related to
overweight or obesity, weight loss management and recommended search terms for economic e(2R)ations

with no restriction on year of publication. Treference lists of eligible articles were searched and retrieved,

and citation searches were conducted. The search was updated in July 2019 using the same search strategy t

identify any recent studies published. The full search strate§ypplementary Marial (Table 2.4)

2.32 Study selection

Titles and abstracts were reviewed and then the full text of remaining articles was screened to determine
eligibility. A random selection (10%) of the full articles reviewed were screened by a second reviewer (T.B
and any disagreements on eligibility were discussed. Studies were included if they reported an original
economic evaluation (i.e. not a review of health economic evaluations or models) of at least one behavioural
weight management intervention aimeaadtilts (aged 1:85) who were above a healthy weight (i.e., with a

BMI > 25) with an aim of reducing weight. Studies also had to include modelling of weight trajectories beyond
data available from the intervention trial. Studies were excluded if the intemvavas aimed at a population

with a health condition (this included diabetes, cancer, pregnancy, a history of recent surgery including
bariatric surgery and in rehabilitation from a recent cardiovascular event) that could have impacted on weight
trajecory or if more than half of the study sample had one of these conditions. The weight trajectories and the
factors that impact these may differ for those with and without health conditions; for example, those with
diabetes regain weight more quickly thangé without(6). Studies were excluded if they did not include an
evaluation of at least one behavioural weight management intervention or if the behavioural weight
management intervention included a pharmacological or surgical component (e.g. weighementag

intervention paired with a weight loss medication). Studies were excluded if they did noaregiatonomic
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evaluation; that is, if they did not include an assessment of both costs and outcomes and/or did not include a

comparisons of 2 or moraterventions (10)Publications in languages other than English were excluded

2.33 Study Characteristics

A data extraction formSupplementary Material; Table 2\Wwas used to extract details of the weight trajectory
modelling methods. The assumptions made about weight trajectories, any cited evidence sources, and any
sensitivity analysis conducted regarding the weight trajectory (and the related impact on dutzeraes
extracted. Any psychosocial factors that had been used in the prediction of weight trajectories and the use of

these factors within the articles, and in cited evidence sources, were also extracted.

2.3.4 Data Synthesis

As this is a review of metls rather than an estimation of treatment effects, we did not undertake-a meta
analysis of studies or assess studies for quality. A detailed review of methods and a narrative synthesis were
conducted; assumptions made about weight trajectories within Hizvks categorised and the evidence
sources were examined and summarised. Any sensitivity analyses around the weight trajectory assumptions
were reviewed and their impacts on the incremental-effsttiveness ratio (ICER) described. The
psychosocial varidbs used within the HEMs or measured within evidence sources cited, and any analysis

conducted on these variables were summarised.

2.4 Results

Including the original and updated search, 4215 titles and abstracts were reviewed. Of these, the full text of
174 articles were reviewed and 136 were excluded; the most common reasons were that the articles were not
a full health economic evaluatiar that there was no modelling beyond the trial data. A total of 38 studies

(listed in Supplementary Material; Tat2e6) met the eligibility criteria (Figur@.1).
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Records identified through database searches
(n=4,834)

Titles and abstracts screened (n = 4,215)

Duplicates removed (n = 619)

Full-text articles assessed (n = 174)

Excluded after title/abstract screen (n = 4,041)

Health economic evaluation included (n = 38)

Excluded after full-text review (n = 136):

No modelling beyond trial data (n =39)

Not full health economic evaluation (n = 38)

Not original economic evaluation (n = 20)

Weight loss not listed as an aim (n =19)

Not a behavioural intervention (n =9)

Outside of eligible age group (n =4)

Not aimed at people with overweight or obesity (n =4)
Participants had health condition (n =3)

Figure 2.1. PRISMA flow diagram
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2.41. Assumptions made about weight trajectories
Six different methods were used to predict wetgggectories in the HEMs; these are graphically represented

in Figure 22.

a) Weightloss maintained

Twelve HEMs(23-34) assumed that the weight loss experienced by the intervention group was maintained
such that from the end of the trial, and for the a@mder of the time horizon, the weight difference between

the intervention and control group was maintained. The parallel weight trajectories were either stable (each
group remained the pe#itervention weight) for the remainder of the time horig2®28, 32, 33)or followed

a natural history of weight in which individuals followed the expected trajectory of someone with their post

intervention weigh{29-31, 34)(Figure2.2a).

b) Weightloss regainedmmediately

Eight HEMs (35-42) assumed that the intervention effect ceased after the trial folloand that those
receiving the intervention immediately returned to the same weight as the control group. From this point
onwards, there was no weight difference between the intervearidrcontrol groups; their weight either
remained at that value for the remainder of the time ho(&889, 42)or followed a natural history trajectory

(40, 41)(Figure2.2b).

c) Linear weight regain

Eleven HEMq43-53) assumed that the weight loss wagained by a set time after completion of the trial or
intervention.The time at which all weight was regained varied from 5 mo(@B3to 5 years(43) post
intervention (Tabl.1). Following this, it was either assumed that both groups remained thensagie(43,
44,4749, 51, 52pr followed a natural history weight trajectory for the remainder of the time hddzod6,

50, 53)(Figure2.2c).

d) Subgroupspecific trajectories
Three HEMs(54-56) divided the population assigned to a weight management intervention into two groups

with associated trajectories (e.g. Fig@r2d). In one study56) individuals were divided into shetérm (6
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months) and longerm (5 years) maintainers; the latter wiren assumed to maintain this weight for the rest
of the time horizon. The probabilities of longnd shorterm weight maintenance were 20% and 67%
respectively. Two HEM¢54, 55)divided individuals into responders and naasponders. Responders were
defined as those who successfully lost wei¢fbd) or successfully maintained the weight loss during the
intervention(55). The percentage of responders ranged from 83pto 40% (55) and responders were
expected to maintain weight loss for 4 years beéitteer regaining the weight immediately4) or over a

further 4 years to return to pnetervention weight by 8 years pdstervention(55).

e) Exponential decay of effect

Two HEMs(57, 58)assumed an annual effect reduction per year (FRjde3.Ginskerg and Rosenberg (2012)
assumed amannual reduction of effect of 50%; in the first year 50% of the weight loss was regained, the
following year 50% of the remaining weight loss was regained and this continued until the effect had
effectively diminishedCobiac and colleagug®7) did not report the rate at which the intervention effect
declined, but they stated that the rate used resulted in almost complete weight regain by 5.5 years after baseline.
In both models, it was assumed that the weight of théraogroup remained stable throughout the time

horizon rather than follow a natural history weight trajectory.

f) Period of maintenance followed by regain

Two HEMs(59, 60)assumed that, for those participating in the weight management intervention, lagsght

was maintained for 6 years and regained between 6 and 10 years Z2futa both of these models, it was
assumed that the weight of the control group remained stable throughout the time horizon rather than follow a

natural history weight trajectp.
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a) Weight-loss maintained b) Weight-loss regained immediatly
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Figure 2.2. Graphical representations of categories of weight trajectory assumptions used in health economic models of

overweight or obesity.
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2.4.2. Evidence sources used to justify assumed weight trajectories

None of the HEMs that included assumptions that either weight loss was maintame®) or regained
immediately (0 = 8) cited an evidence source to justify this assumption. Of those thiaeditother
assumptions, three did not give an evidence sqdi&e46, 51) Of the remaining 15 HEMs, sevéh3, 44,

4850, 52, 57xited a metanalysis, siX47, 5355, 59, 60xited trials, twa(56, 58)cited a range of sources
(including metaanalysestrials and observational studies). The details of the evidence sources are provided in

Table2.1.

Nine of the HEMs(29-31, 34, 40, 41, 45, 46, 5Q)ilised a natural history to represent the weight trajectory of

the control group and the intervention group once, and if, weight had been regained. The annual rates of weight
gain reported for the natural history trajectories were (Bkg 46) 0.43kg(29), 0.46kg(34) and 0.16 BMI
units(40); four studies did not report this det@ll, 39, 45, 50)These rates of regain were based on the change
observed in individuals over time within trigls, 61) a metaanalysis(62), observational studig$3, 64) or

on NICE guidelinegl).
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Table2.1. Evidence sources used to inform the prediction of weight trajectory

First BMI trajectory assumption Type of evidenct Description and brief findings Limitations
author source
Au, N. Weight regain between week 26 a Trial (65) The trial compared 6 months of standard behavio The sample size was small and hac
47 78 in the study was extrapolated ur therapy (SBT) with detailed meal plans and shopg maximum followup of 18 months(12
baseline BMI was reached. lists (h = 163). Oneyear postintervention, weight months postntervention).
loss was 6.9kg for the intervention group compa
to 3.3 kg for the SBT group.
Cobiac, L. Annual exponential decay of effect « Metaanalysig6) The review included 46 studies (11,853 participar Only a single stdy (h = 51) had a follow
(57) 50% (almost no effect after 5. examining the impact of dietary counsellit up of 5 years. Studies had high rates
years). interventionson weight loss compared to a contl missing data and were moderate to pi
Cleghorn, Weight regain of 0.03 BMI group with followup of up to 5 years. Resul quality.
C. (52) unit‘month (regained fully by ¢ suggest a regain of 0.02 to 0.03 BMI units per ma
months postntervention). postintervention such that, on average, participa
Forster, Weight regain of 0.03 BMI return to their baseline weight after 5.5 years
M. (43) unit/month (regained fully by 5 yeal
postintervention).
Fuller, N. Weight regain of 0.03 BMI unit
(48) month after the ¥ear followup.
Retat, L. All weight loss was regained over
(50) years post intervention.
Whelan,  Weight regain of 0.03 BMI unit
M. (44) month.
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First BMI trajectory assumption
author
Ginsberg, Annual exponential decay of effect |

G.(58)  50%.

Gillet, M. Responders (40%) maintained weic
(55) loss until year 4 and regained ¢

weight loss by year 8.

Type of evidenci
source
Metaanalysis
(66)

Trial (5) (Also
by

Gillet et al. 2012)

referenced

Observational
study (8) (Also
reference by Row
et al. 2006)

Trial (67)

Description and brief findings

The review included 80 studies (26,455 participal
of weightloss interventions with at least cgear
follow-up. Approximately 50% of weight loss we

regained at 24, 36 and 48 months.

The Diabetes prevention programme (US) exami

the effectiveness of an intensive lifesty

intervention for 3234 overweight individual
Participants lost a mean of 7 kg by 1 year. This\
gradually regained and at they@&ar followup,

participants maitained at weight loss of 2kg.

The national weight control registry is a large>
4000) selfselecting sample of individuals that hi
successfully maintaine
least a year at entry into the registry. Participant
this study reported having lost an average of 3
from an average maximum weight of 1@5Kore
than 87% of participants reported maintaining
weight loss of at least 10% (of initial weight) after
years.

The Finnish Diabetes Prevention Study= 523)
examined the effectiveness of a diabetes prever

lifestyle (diet plus exercise) intervention. At the

Limitations

The metaanalysis was only conducted ¢
21 diet and/or exercise studies (t
remainder were pharmacologic
interventions). The average proportion
participant dropout wa29%.

Only individuals with impaired glucos
tolerance were included. Lifestyl
sessions to reinforce original weight lo
were offered every 3 months, which m:
have increased weight loss maintenar
At the 3years followup weight was
collected from less than 50% «
participants.
Participants were seffelecting and
weight loss on entry to the registry, ai
weight change while in the registry wi

self-reported.

The mean followup was 3.2 year:
indicating longer follomup was not

available for many participants. Onl



First

author

Galani, C.

(59)

Galani, C.

(60)

Kent,
(49)

Lymer, S.

(53)

Roux,
(56)

S.

L.

BMI trajectory assumption
source

Weight loss maintained until year

before a linear weight regain to ye

10.

Weight loss maintained until year

before a linear weight regain to ye

10.

Weight returned to baseline weig Metaanalysig(7)

over 5 years.

Participant és we Trial (68)
annually from their lowest weight t

their preintervention weight.

Participants had a 20% probability - Observational

long-term  weight  maintenanc study(69)
(remain at posintervention weight
for the remainder of the time horizol
and a 67% probability of shetérm
maintenance

weight (weigl

Type of evidenct Description and brief findings

the

maintained an average weight

year followup, intervention group ha
loss of 3.1
(maximum average weight loss reported at 2 yea

be 42kg).

The review included 45 trials (7,788 participants)
behavioural interventions focussed on weight |
maintenance. The mean difference between
intervention and control groups wagrsficant at 24

months but not at 30 months.

In a comparison of a 1tonth of a commercia
weight management intervention and standard i
(n=772), there was no sigicant weight difference
between groups at 24 months.

A telephone survey of participants who h
maintained a weight loss of at least 10% from tt
maximum weight for at least a year. Of those w
had been overweighh & 228), 62% reported losin
more than 10% of themaximum weight and of this
47-49% had maintained the weight loss for at lea

year.

Limitations

individuals  with  impaired glucos:
tolerance were included.

Only 2 studies f = 694) reported

outcomes at 24 and 30 months. T
average participant dropout was 28.<
and 20% for the weight loss and weic
loss maintenance interventiot
respectively.

Follow-up was limited to 24 months 1
year postintervention). Only 203 of 77:

participants completed the 2donth visit.

The sample size was small and all wei¢
change was seleported. Only 57% o
people contacted agreed to take part in

survey.
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First

author

BMI trajectory assumption

Type of evidenct Description and brief findings

source

maintenance for 6 months). Tt Trials

remainder did not kee weight.

Metaanalysis
(73)

Lowe et al., 2001(70) examined weight los:
maintenance among participants (n = 1,002) c
commercial weight loss program. At 5 years, 42.
of participants had maintained a loss of 5% or m
and 18.8% had maintained a loss of 10% or mort
Anderson et al., 201F 1) assessed loatgrm weight
maintenance after a velgw-calorie dietary
intervention. Participantsn(= 122) regained ar
average of 73% of their weight loss during the firs
years. The average weight loss maintained was :
of initial weight loss after years.

Gosseline & Cote, 200172) report weight loss
maintenance among participants £ 291) of a
commercial weight loss program. At a follayp of
9-11 years, 20% maintained at least 5% of tt
initial weight loss.

The review included 29 studies (4,298 participar
of dietary interventions. At 5 years péstervention,
average weight maintenance was 23% of ini

weight loss.

Limitations

All participants had already met their go
weight (determined by the participan
maintenance among participants who
not meet their goal weight was n
included.

The sample size was small. There wi
426 participants in the program but or
154 were eligible for follow up (e.g
completed the programme and met wei
loss target of 10kg) and data was ot
available for 122 (73%) of these.

A maximum of 55 participants complete
assesments at each time point. On
participants that had reached their gt
weight in the initial weight loss
programme were included.

Only very low energy or energy balanc:
dietary interventions were included. Eig
(1,388 participants) of the 29 studies hac
5-year followup. An average of 79% ¢

participants were available for followp.
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First BMI trajectory assumption Type of evidenct Description and brief findings Limitations

author source
Segal, L. Successful participants  (33% Trial (74)
(54) maintained weight loss until year
when all weight was regained. Tt
remainder followed the trajectory ¢

the control group.

In a feasibility trial of 370 participants with impaire The sample size was small and limited

glucose tolerance, particips (90% available fol participants
follow-up) maintained an average of 50% of init tolerance.

weight loss after 5 years.

with

impaired  glucos

BMI, body mass index; SBT, standard behavioural therapy
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2.4.3. Impact of differing assumptions on outcomes

Nineteen of the HEMs conducted sensitivity analysis around the assumption of weight trajectories. In these
studies other assumptions about weight trajectories were modeliedetmnine the magnitude of change in
the outcomes. The assumption used inrtfan analysis and resulting ICER, and the sensitivity analysis
conducted and corresponding ICER (or reported impact) are reported inZlabl&e findings in this table
indicake that the weight trajectory assumption does impact oreffesitiveness outcomes. In eight of these
studies(24, 26, 49, 51, 52, 568) the sensitivity analysis had a large enough impact on the outcomes of the
evaluation that théCER crossed a known @astimated coseffectiveness threshold in the country in which
the analysis was based. This may have altered the conclusions and recommendations from fihee @EA
these tested the scenarios in which all weight loss was either maintained for the eewfaimel time horizon

(52, 57, 58)or regained immediatel{24, 26) Two tested a scenario in which the duration of intervention
effect was reduce@9, 51)and one reduced the probability of individuals achieving weight mainte(@a@ce

In another HEM27)that tested an increase in the percentage of weight loss regained, tfeeovsty period

increased from 6 to 13 years (ICER not reported) which may also impact the assessmesffeictioshess.

35



Table2.2. Impact of Sensitivity analyses conducted on predicted weight trajectories within HEMs

First author

Method used to predict

weight trajectory

Base case ICER

Specific method tested in sensitivity analysis

Impact on ICER

Au, N. (47)

Bemelmans, R36)

Cleghorn, C(52)
Cobiac, L.(57)

Finkelstein, E(51)
Forster, M.(43)

Ginsberg, G(58)

Gray, C(34)
Gustafson, A.
(23)

Hersey, J(27)

Linear weight regain

Weight regained

immediately

Linear weight regain
Exponential decay of
effect (50%)

Linear weight regain

Linear weight regain

Exponential decay of
effect (annual decay of
50%)

Weight loss maintained

Weight loss maintained

Weight loss maintained

£166/QALY

a7, Qa0

79,700 NZD/ QALY
130,000 AUD/
DALY

$30,071/QALY
12,000 AUD/ DALY

47,559 NIS/ QALY

£2,150/ QALY
$183/LYG

$4,4005,600/ QALY
(Costrecovery period 6

years)

Upper CI of treatment effect and regain

Lower CI of treatment effect and regain

Permanent decrease in overweight of one percentage point
no improvement in physical activity.

Permanent decrease of 4% in overweight and inactivity.
Weight loss maintained.

Rate of decay varied from no benefit after the first year to fu

benefit sustained for life.

Duration of intervention effect reduced from 3 years to 1 yee

Rate of regain halved.

Annual decay of intervention effect 20%.
Annual decay of intervention effect 35%.
Annual decay ointervention effect 65%.
Annual decay of intervention effect 80%.
Weight regained.

50% of weight loss maintained.

Weight loss regained after 1 year.

Participants regained 30% more.

Participants regained 30% less.

£61/QALY
£330/QALY
09, 900/ QALY

U5, 600/ QALY
Costsaving

Probability of cost
effectiveness: 0% to 83%
(threshold $50,000/DALY)
$58,867/QALY
3,000AUD/DALY

11,812 NIS/QALY

29,661 NIS/QALY

65,457 NIS/QALY

83,355 NIS/QALY
Remained coseffective.
$3,612/QALY
$18,615/QALY
Costrecovery period
increased to 13 years.

No impact on costecovery

period.
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First author Method used to predict Base case ICER Specific method tested in sensitivity analysis Impact on ICER

weight trajectory

Kent, S.(49) Linear weight regain £12,955/QALY Participants maintained a 1kg lower weight than their pre £3,203/QALY
intervention weight after 5 years.
Weight regained immediately and then each year up to 5 ye Costeffective only if weight

regain takes

Krukowski, R. Weight loss maintained  $2,1603,306/ LYG All participants returned to priatervention weight at 1 year.  $73,005111,736/LYG
(24) Participants regained 50% of the weight at year 1 and the ~ $6,602/LYG
remaining weight by the end of the time horizon.
Lewis, L. (40) Linear weight regain £12,585/ QALY Assumed that BMI returned to pnetervention weight after 12 £15,276/ QALY
months if data wasno6t avail
Meads, D(29) Weight loss maintained Dominant All weight-loss regained by year 2. Dominant
All weight-loss regained byear 3. Dominant
Miners, A.(30) Weight loss maintained  £103,112/ QALY Doubled the time to a 0.1 BMI increase after the treatment s £122,125/ QALY
Palmer, A(38) Weight regained £6,381/ LYG Intervention effective over lifetime. £4,439/LYG
immediately
Roux, L.(56) Subgroupspecific $12,640/QALY Probability of longterm maintenance 0%. $36,000/QALY
trajectories: probability of Probability of longterm maintenance 60%. $5,000/QALY
short and longterm Probability of shorterm maintenance 20%. $130,000/QALY
maintenance 67% and 20" Probability of shorterm maintenance 80%. $15,000/QALY
Sacks, G(26) Weight loss maintained Dominant Effect decayed progressively down to no effect after 10 year $50,000 AUD/ DALY
Trueman, P(46)  Linear weight regain Dominant Weight loss is maintained as a decrement below the expecti Dominant

weight trajectory.

AUD; Australian Dollars, DALY Disability Adjusted Life Years, LYG; Life Years Gained, N&8aeli new shekeNZD; New Zealand DollarQALY; Quality Adjusted Life

Years



2.44. Factors used to predict weight trajectories

None of the studies reported using psychosocial factors to predict weight trajectories.

2.45. Measurement of psychosocial factors within evidence sources informing weight trajectories

The evidence sourcested for a) estimated weight loss and b) estimated weight regain trajectory were
examined to determine if any psychosocial variables had been measured. Psychosocial variables measured in
either of these indicates the potential to have included these withimealth economic modelling to inform

predictions of weight trajectories.

a) Estimated weighloss. Thirty HEMs cited an evidence source for estimated wdiggd that reported

no measurement of psychosocial varialfs33, 3540, 42, 44, 46, 492, #4-60). Psychosocial variables

were measured in evidence sources cited in eight HEMs (Z&)]dour of these HEM§43, 45, 48, 53¢ach

based the estimated weight loss on a single trial but no analyses of the psychosocial variables measured in
relationto the intervention or weight change were reported in the trial. Four HEBI84, 41, 47¢ited five

trials that included some analysis of psychosocial factors. In four of these trials, there were significant changes
to psychosocial variables but no reggal analysis of the association between these changes and weight loss
outcomes. First, in a study that provided either a shopping list for healthy meal ingredients or the ingredients
free-of-charge, there was greater adherence tenseffitoring of food mtake and exercigg7, 65) and both
interventions reduced the time and effort required to decide on, and plan meals. For those that were provided
food freeof-charge potential financial barriers to healthy eating were reqd@e®5) Second, a workasd

dietary intervention influenced dietlated attitudes including a reduction in confusion about what to eat and

an increase in the belief that food is important for health. There was no reported impact of this intervention on
perceived social support arelfefficacy for increasing fruit and vegetable consumpt{@b). Third, a
behavioural intervention aimed at lamcome women improved perceived social supf&s) and, fourth, an
intervention for men delivered through professional football clubs ingor@elfesteem and positive affect

(i.e. feelings and emotion§}4). One trial reported analysis of associations between psychosocial variables
and BMI; following the introduction of a nutritional labelling policy, health attitudes, including beliefs abou

own health and desire to change health status, were not associated with a chang@if). BMI
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b) Estimated weight regain trajectoryWWhen examining the evidence sources to estimate the weight
trajectory beyond the initial weight loss, two HE8$, 58)cited studies that included psychosocial variables.

In these studies, decreases in dietary restfa®)tand increases in dietary disinhibitiérs8, 79) hungen(78),
depressiorn(78, 79) and binge eating/8, 79)were associated with regaining weight. TW&Ms (45, 50)

cited changes in weight over time observed in the Health Survey for England (HSE) to support the use of an
annual weight change for both the control group and intervention groupegash; this is the weight
trajectory expected in the absenof any intervention. The HSE is an annual repeat-sedsonal survey of

around 8,000 adults and included measures of stress and eating habits. The measure of eating habits used wa
a descriptive measure of eating behaviour rather than the extehicto avbehaviour is habitual. Both stress

and eating habits have the potential to impact weight loss maintenance (13, 15, 64) but no analyses were

reported to test this.

Overall, the most frequently assessed variables within trials used to estimaté lagsgivere depression
and/or anxietyr{ = 6), dietary restraintn(= 5) and social supponh & 4). There was evidence to indicate that
dietary restraint, dietary disinhibition, hunger, depression and binge eating were associated with change in
BMI although only three of the 13 evidence sources cited included analyses of the association between th

psychosocial variables measured and weight loss outcomes.
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Table2.3. Psychosocial variables measured within evidence sources referenced in HEMs

Variables Definition Measured in evidencesource cited for
Measured estimated:
Weight loss Weight regain
Depression Persistent low mood and loss of interest Ahern(45), Forster(43), Ginsberg(58),
pleasurg80). Fuller (48), Gustafso Roux(56)
Anxiety Feelings of tension worry or unease w (23),

Dietary restraint

Socialsupport

Dietary

disinhibition

Binge eating

Health attitudes

Perceived stress

Habit

Self-regulation

Problem eating
behaviour

Life satisfaction

Self-monitoring

Resources

physical symptoms such as sweat{8@).
Conscious restriction of dietary intake with
manage weigh{81).

The quantity and quality of people that .
individual feels they can rely on and se
support from(82)

The tendency to overeat in response to fac
such as availability of palatable foods
emotional stres1).

The extent to which an individual consum
more than most would and fealitoof control
when eatind83).

Beliefs, feelings, and thoughts about food (e
beliefs about what is healthy or belief diet
important for healtt{75).

The extent to which situations in ¢
individual 6s | i f 4)al
The extent to which health behaviours beco
automatic and part
(85).

Monitoring of own health behaviour which ce
be autonomous (internally motivated)
controlled (externally motivatedq¥5).

The perception of certain eating behaviours
problematic to the individug#5s).

The extent to which an individual is satisfit
with their life (86).

The degree to which individual records
monitors the food they consume and |
exercise they d¢87).

The financial, cognitive and time resourc

that an individual has available.

Ahern (45), Forster(43), Ginsberg(58),
Fuller (48), Lymer(53)

Cecchini (41), Forster

(43), Fuller (48),
Gustafson(23)

Forster (43), Fuller Ginsberg(58),
(48), Lymer(53)

Ginsberg(58),

Roux (56)
Cecchini (41), Forster
(43)
Forster(43) Ahern  (45),
Retat(50)
Ahern(45) Ahern  (45),
Retat(50)
Ahern(45)
Ahern(45) Roux(56)
Ahern(45)
Au (47)
Au (47)
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Self-efficacy

Outcome
expectancies

Hedonic hunger

Self-esteem

Mood

Affect (Positive

and Negative)

An indi vi du &bréer alliliy ko Cecchini(41)
execute health eating and exercise behavi

(88).

An individual s bel i Cecchini(4l)
or action will lead to a specific outcom&9)

The drive to eat for pleasure in the absenct

a physiological need for fog@0).

The way an individual positively or negative Gray(34)
evaluates their view of themselv@l).

An individual 6s ¢9%)ai

The emotions and expression of a positive ( Gray(34)
cheerfulness) or negative (e.g. sadness) na

(93).

Ginsberg(58)

Roux (56)

Roux (56)
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2.5 Discussion

There was a wide range of weight trajectory assumptions made within the HEMs, which varied in complexity
from simple assumptions such as regaining or maintaining all weight loss to more complex assumptions such
as subgrowspecific trajectories or applyingn exponential decay of intervention effect. In the absence of
data, it is difficult to determine which is the most likely to be accurate. Thus, the second aim was to examine
the evidence on which these assumptions are based. Fifteen of the 38 stidies iimcthe review cited an
evidence source to justify the assumption made and these sources includexhahyses, trials, and
observational studies. While many of these sources represented a large number of participantsemu long
follow-up, the samle sizes decreased as the length of follgmincreased. Furthermore, some of the evidence
sources were focused mainly or solely on those participants who were successful in weight loss and weight
loss maintenang@7, 69, 78, 79, 94 Although in two HEM these sources were used to inform the trajectories

of successful participants only, another included it alongside other evidence sources to inform the trajectories
of all participants which could result in an overestimation of effect. Others focusseg@apulation with
impaired glucose tolerance and these may have a different weight trajectory to those who have a healthy
glucose tolerance given the differences in weight loss observed between those with and withou{@jabetes

In addition, the evidercsources indicated a wide range of results; reported weight regain at 5 years ranged
from 0% to 50% of initial weight loss and one source reported that over 80% of participants were able to
maintain a 10% (of initial weight) weight loss for 10 ye@5S). There was no evidence cited to support the
assumptions that all participants regained weight loss immediatelnparstention or maintained all weight

loss indefinitely indicating that these assumptions should not be used within HEMs unless thergis str
evidence to support this. However, due to the large variation in reported weight loss maintenance, there is not
a single weight trajectory assumption that can be recommended at this time. This justifies further analysis of
the factors associated witleight loss maintenance to understand this variation and improve the prediction of

weight trajectories.

For the third aim, we reviewed any sensitivity analyses conducted around weight trajectory assumptions.
Using different weight trajectories impacteml the costs and consequences to the extent that, in almost half of

the studies that conducted this type of sensitivity analysis, it would likely impact on assessments of cost
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effectiveness. This highlights that a change in the assumptions used coulddrgeeimpact on results and

that results from models using different assumptions are unlikely to be comparable. Given this impact,
sensitivity analysis on the weight trajectory should always be conducted in health economic modelling of
obesity particulagt on the time posintervention at which a participant returns to theiriptervention weight

(if at all). This is especially important if the main assumption is that all weight loss is immediately regained
postintervention or maintained for the restthé time horizon; there is little evidence for these assumptions

and when tested in sensitivity analysis, they often resulted in large changes in outcomes. The impact that these

assumptions had on outcomes further support the need to gain a great¢anditey®f weight trajectories.

Reviews of survival analyses used in eeffectiveness analyses have identified similar limitations in-long
term extrapolation methods. Similar to weight trajectories, the long term survival of individuals is hard to
detemine from shorterm data, has a potentially large impact on estimates eéffestiveness, and methods
used are not consistent and often not justife&] 97) Hawkins and Grieve (2017) state that considering causal
assumptions is essential to imprayitihe accuracy of cosfffectiveness analyses; in survival analyses, these
may be factors such as time take for illness to progress to a more sevd@¥ atereas for the assumptions

made about weight trajectories, these may be psychosocial factors.

The fourth and fifth aims of this review were to examine the use of psychosocial variables to predict weight
trajectories and the potential role of psychosocial factors in HEMs. None of the HEMs utilised any
psychosocial variables in the prediction ofiindual weight trajectories. However, psychosocial variables

were measured within the evidence sources that informed weight trajectories. Furthermore, analyses conducted
within these evidence sources indicated that the wéigktinterventions were assatgd with improvement

in selfmonitoring, financial and time resources, attitudes and social support and that decreased dietary
restraint, and increased dietary disinhibition, hunger, depression and binge eating were associated with weight
regain. The vaables could have been included in the HEMs which would not only add to the understanding
of why an intervention is effective, which can inform future intervention design, but also aid in the prediction

of weight trajectories within HEMs. Weight trajectarimay be different depending on whether psychosocial
factors (that promote weight loss maintenance) have changed during an intervention. For example, in a trial of

two weight loss programmes, despite equivalent outcomes at the end ofwleeK Zreatmenperiod, the
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intervention that focused more on habit formation was associated with greater weight loss maintenance after
6 monthq98). Including psychosocial variables would enable weight trajectory to be based, in part, on change
in psychological variabk and thus these lorigrm differences would be represented. Similarly, an
individual sd observed shift i n psydemoweighttiajactories ar i a
which may better reflect the heterogeneity that is observed in itienee sources cited by the HEMs. Thus,
including psychosocial variables has the potential to improve the accuracy of estimatestefrongight

trajectories and therefore the accuracy of-effgctiveness estimates.

There are some limitations of ¢hreview. First, although PRISMA guidelines were followed, we did not
measure quality or risk of bias for the studies; the review was focussed on a specific aspect of HEMs on which
there are no current guidelines; as a result, the review focussed optiwsafi the method rather than the

guality. Secondly, a formal assessment of the evidence used to support assumptions was not conducted, as this
was not in the scope of the review. The type of evidence cited, and brief details have been includee but futur
research could apply a formal assessment which would help to determine which assumption is best supported
by evidence. Thirdly, although the search was extensive, it focussed on academic journals and thus there may
have been eligible HEMs generated foganisations such as governments, local authorities or charities that
were not included. Also, the criteria that weight loss must be an aim of the intervention may have excluded
HEMs of interventions of prevention programmes that measured and prediétgd tragjectories despite

weight loss not being an explicit aim. Similarly, the restriction to Endgisguage journals may have excluded
models using alternative methods. Finally, in considering the impact of the different trajectories, the review
was limited to the types of sensitivity analysis conducted by the studies. The extent to which the weight
trajectory tested in sensitivity analysis diverged from the base case assumption varied and alternative

comparisons of assumptions may have led to diffax@mtlusions.

2.5.1 Conclusion

The current review has highlighted that (i) there is no consistent assumption made about weight trajectories
beyond the weight loss intervention, (ii) the evidence offemngn weight maintenance is limited, and results
arehighly variable, and (iii) the assumption used has the potential to impact assessmenisfidatasness.

Furthermore, (iv) despite evidence indicating that psychosocial variables are associated with weight loss
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maintenance, they have not been usedftom the prediction of weight trajectories. This is despite the finding
that (v) psychosocial variables have been measured within cited evidence sources. Future research should
investigate how psychosocial variables measured within trials and obseaVatiodies can be used within

HEMs to increase the accuracy of predicted weight trajectories and estimateseffetisteness.

2.6 Contribution to thesis

This chapter confirmed that estimating letegm weight trajectories pressra challenge whenonducting

health economic modelling of a behavioural weight management intervention. This reflects the weight
management literature where understanding the extent of weight loss maintenance post weight loss remains
difficult due to the lack of longerm fdlow-up. This indicates the need to explore other methods that could
contribute to accurate predictions of weight loss and weight loss maintenance when estimating cost
effectiveness. The finding that psychosocial variables were not included in the beatimec models despite

the data being available in some cases, provides evidence that there is the potential to incorporate these
variables. Incorporating psychological variables has been identified as an avenue for future research in public
health econonasi modelling methods and this review contributes to the rationale for considering how
psychological variables can be included in health economic models of obesity, particularly in the prediction of
weight trajectories. In the next chapters, | investigatatyalsychological factors explain the effectiveness of

a weight management intervention (Chapter 3) and then incorporate these into a health economic model of

obesity to inform predictions of weight trajectories (Chapter 4).
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2.8 Supplementary Material

Table2.4. Full search strategy

Search terms
(AND, OR, NOT)
and truncation
(wildcard

characters like *)

(Obes* OR Overweight) AND (weight loss OR calorie restriction OR diet,reducing
OR weight maintenance OR life?style OR healtlifgstyle OR health diet OR health
promotion OR weight reduction programs OR weight management OR eating
behaviour OR diet OR health diet OR portion size OR serving size OR exercise (
physical activity) AND cost: OR cost benefit analys: OR health caragjoSOT
(child)

((((((((obesity[Title/Abstract] OR Overweight[Title/Abstract])) AND (“caloric
restriction”[Title/Abstract] OR "calorie restriction"[Title/Abstract] OR
diet[Title/Abstract] OR weight maintenance[Title/Abstract] OR weight
loss[Title/Abstract OR weight reduction[Title/Abstract] OR
management[Title/Abstract] OR "eating behaviour"[Title/Abstract] OR "eating
behavior"[Title/Abstract] OR "health* diet"[Title/Abstract] OR "portion
size"[Title/Abstract] OR "serving size"[Title/Abstract] OR exerciggtle/Abstract]))
AND (cost[Title/Abstract] OR cost benefit analysis[Title/Abstract] OR health care
costs[Title/Abstract] OR economic[Title/Abstract]))) humans

Databases

searched

Medline, Pubmed, Cochrane, NHS EE, Embase, PSYCinfo, Cinahl, Econlit

Part of journals

searched

Title, abstract, keyword, subject heading word.

Years of search

Up until 24" November2017

Language

English

Types of studies

to be included

Heath economic evaluation of npmarmaceutical norsurgical obesity interventions

include some health economic modelling

Inclusion criteria
(why did you

include it?

Health economic evaluation

Includes modelling of outcomes beyond available data

Incudes modelling of at least one behavioural/public health intervention (including
disease prevention programmes)

Weight or BMI is an outcome

Aimed at adults (1865)

Exclusion criteria
(why did you rule
it out?

Health economic evaluation of solely dragd pharmaceutical interventions
Aimed at children or older adults 65+
Aimed exclusively at population with health condition (e.g. post Ml ornetst)

If weight or BMI is not measured as an outcome
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Table2.5. Data extraction form

Column Headings

First author
Country
Type of model
Time horizon
Intervention type
Method/assumption used to predict weight trajectory
Sensitivity analysis on trajectory (1 row for each typmdfre than one)
Impact on CE outcomes
Any mention of psychosocial variables throughout paper (if yes list what variables and what section of paper
Reference to psychosocial variable in assumptions of weight trajectory (if yes, list the variablestext)l co
Analysis conducted between intervention and psychosocial variables
Analysis conducted between psychosocial variables and weight trajectory
Evidence sources cited to justify assumptions made about weight trajectories (1 row per exdidesecd more thar
one)
Author and reference (NA if none)
Type of evidence source (e.g. trial, matzalysis)
Psychosocial variables measured
Analysis conducted between intervention and psychosocial variables

Analysis conducted between psychosocial variables and weight trajectory
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Table2.6. Final papers

First author Year Title

Ahern, A. 2017 Extended and standard duration weilglds programme referrals for adults in primary ce
(WRAP): a randomised controlled trial.

Au, N. 2013 The costeffectiveness of shopping to a predetermined grocery list to reduce overweig
obesity

Avenell, A. 2004 Systematic review of theng-term effects and economic consequences of treatments for ol
and implications for health improvement.

Bemelmans, 2008 The costs, effects and ceeffectiveness of counteracting overweight on a population leve

P. scientific base fopolicy targets for the Dutch national plan for action.

Cecchini, M. 2010 Tackling of unhealthy diets, physical inactivity, and obesity: health effects and
effectiveness.

Cleghorn, C. 2019 Health benefits and cosffectiveness from promoting smartpte apps for weight loss
Multistate life table modelling.

Cobiac, L. 2010 Costeffectiveness of Weight Watchers and the Lighten Up to a Healthy Lifestyle prograr

Dalziel, K. 2007 Time to give nutrition interventions a higher profile: ceffiectivenessof 10 nutrition
interventions

Finkelstein, E 2019 Incremental coséffectiveness of evidendgased nossurgical weight loss strategies

Forster, M. 2011 Costeffectiveness of diet and exercise interventions to reduce overweight and obesity

Fuller, N. 2013 Cost effectiveness of primary care referral to a commercial provider for weight loss tree
relative to standard care: a modelled lifetime analysis

Galani, C. 2007 Modelling the lifetime costs and health effects of lifestyle intereenin the prevention an
treatment of obesity in Switzerland.

Galani, C. 2008 Uncertainty in decisiomaking: value of additional information in the ceftectiveness of
lifestyle intervention in overweight and obese people

Gillet, M 2012 Non-pharmacological interventions to reduce the risk of diabetes in people with imj
glucose regulation: a systematic review and economic evaluation.

Ginsberg, G. 2012 Economic effects of interventions to reduce obesity in Israel

Gray, C. 2018 Longterm weight loss trajectories following participation in a randomised controlled trial
weight management programme for men delivered through professional football cli

longitudinal cohort study and economic evaluation
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First author

Year

Title

Gustafson, A

Hersey, J. C.

Kent, S.

Krukowski,

R.

Lewis, L.

Lymer, S.

Meads, D.

Michaud, T.

Miners, A.

Olsen, J.

Palmer, A.

Retat, L.

Roux, L.

Sacks, G.

Segal, L.

Smith, K. J.

2009

2012

2019

2011

2014

2018

2014

2017

2012

2005

2000

2019

2006

2011

1998

2010

Costeffectiveness of a behavioural weight loss intervention for-ite@me women: The
WeightWise Program.

The efficacy and costffectiveness of a community weight management interventior
randomized controlled trial of the healtleight management demonstration.

Is doctor referral to a lovenergy total diet replacement program eeféective for the routine
treatment of obesity?

Comparing behavioral weight loss modalities: incremental-efisttiveness of an internet
based versus an-person condition

The costeffectiveness of the LighterLife weight management programme as an intervent
obesity in England

The population costffectiveness of weightatchers with general practitioner referral compa
with standard care

The costeffectiveness of primary care referral to a UK commercial weight loss programrr
Costeffectiveness and return on investment etalable community weight loss interventior
An economic evaluation of adaptivdearning devices to promote weight loss via dietary che
for people with obesity

Costeffectiveness of nutritional counselling fobese patients and patients at risk of ische
heart disease

Applying some UK Prospective Diabetes Study results to Switzerland: theféadtiveness ol
intensive glycaemic control with metformin versus conventional control in overtvgdgients
with type 2 diabetes

Screening and brief intervention for obesity in primary care:-effettiveness analysis in tr
BWelL trial

Economic evaluation of weight loss interventions in overweight and obese women
‘Traffic-light' nutrition labelling and 'jurdfood’ tax: a modelled comparison of cestectiveness
for obesity prevention.

Costeffectiveness of the primary prevention of Ainsulin dependent diabetes mellitus.
Costeffectiveness analysis of efforts to reduce risk of type 2 diabetes and cardiovascular

in southwestern Pennsylvania, 260807
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First author Year Title

Smith, K.J. 2016 Cost effectiveness of an interrdlivered lifestyle intervention iprimary care patients witl
high cardiovascular risk.

Su, W. 2016 Return on Investment for Digital Behavioral Counselling in Patients with Prediabete
Cardiovascular Disease

Thorpe, K. 2011 Enrolling People with Prediabetes Ages@®In A Proven Weilgt Loss Program Could Say
Medicare $7 Billion Or More.

Trueman, P. 2010 Long-term costeffectiveness of weight management in primary care.

Whelan, M. 2014 Feasibility, effectiveness, and casffectiveness of a telephofiased weight loss progral
delivered via a hospital outpatient setting

Wilson, K. 2014 Costeffectiveness of a communityased weight control intervention targeting a 4c

socioeconomigstatus Mexicarorigin population
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CHAPTER 3:INVESTIGATING THE MECHANISMS OF ACTIONOF

A WEIGHT MANAGEMENT INTERVENTION

This chapter reporthieanalysisof andata from a trial of aeight management intervention. The intervention
was found to be effective and cadfective in previous analysis but the work in this chapter explores the
mechanisms of actions of this intervention to gain an understanding of how the interventionsaittgeve
observed effect on BMI. This has the potential to inform future research and will also inform development of

a health economic model to include psychological factors in the subsequent chapters.

The chapter was accepted for publicatioAimals oBehavioural Medicinén 2021

Bates, S., Norman, P., Breeze, P., Brennan, A., & Ahern, A. (2021). Mechanisms of action in a behavioural
weightmanagement programme: latent growth curve analsiepted for publication inAnnals of

BehaviouralMedicine

This articleswill be published open access following the requirement of the Wellcome wWhadinancially
supported this work. The conditions of the open access publishing allows use of the final published PDF,
original submission or accepted manudciipthis thesis (including in any electronic institutional repository

or database) he content of the chapter is the same aat¢heptedersionof the manuscripbdther than section

3.6.

The paper in the chapter was written with 4acthors;Amy Ahern Penny Breeze, Alan Brennan and Paul
Norman.Sarah Bates conceived the idea, conducted the analysis and wrote the mamesunpBreeze,
Alan Brennan and Paul Normanpervised the worklAmy Aherngave permission to ugbe data that was

analysedAmy Ahern,Penny Breeze, Alan Brennan and Paul Norprawided feedback on the manuscript.

Ethical approval
Ethical approval for the extended and standard duration wieighiprogramme referral for adults in primary

care (WRAP) trial was received from NRES Committee East of England Cambridge East and local approvals
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from NRES Committee North West Liverpool Central and NRES Committee South Central Oxford. This trial
was registered with Current Controlled Trials, number ISRCBS8232 All participants in the original trial

gave written informed consem{pproval to conduct the secondary data analysis conducted in this chapter was
given by Amy Ahern on behalf of tMYRAP Investigator Committee and the Senior Data Man&ga wee

robustly anonymised and transferred and stored securely. This ethics approval included the use of the WRAP
sample population to simulate the baseline population for the health economic modelling in Chapters 4 and 6.
| signed a University Research Ethi€Committeeapproved seffieclaration to confirm that the research

involves only existing anonymised data (ID: 02194§)pendix2.
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MECHANISMS OF ACTION IN A BEHAVIOURAL WEIGHT-

MANAGEMENT PROGRAMME: LATENT GROWTH CURVE

ANALYSIS
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3.1 Abstract

Background. A greater understanding of the mechanisms of action of weighiagement interventions is
needed to inform the design of effective interventions.

Purpose To investigate whether dietary restraint, habit strength or dietegpifation mediatethe impact of

a behavioural weighthanagement intervention on weight loss and weight loss maintenance.

Methods. Latent growth curve analysis (LGCA) was conducted on trial data in which aNalt2¢7) with

a Body Mass | nde x rapddrivided to étheRatbiketintem¢ntion @oaokdet on losing weight),

a 12week weightmanagement programme or the same programme for 52 weeks. LGCA estimated the
trajectory of the variables over 4 timpeints (baseline and 3, 12 and 24 months) to asdesther potential
mechanisms of action mediated the impact of the weigiriagement programme on BMI.

Results Participants randomised to the-Ehd 52week programmes had a significantly greater decrease in
BMI than the brief intervention. This direct eft became nesignificant when dietary restraint, habit strength

and autonomous diet sakgulation were controlled for. The total indirect effect was significant for both the
12- (estimate=1.33, se=0.41, p=0.001) and-B2ek (estimate2.13, se=0.52,40.001) programme. Only the
individual indirect effect for dietary restraint was significant for thenE2k intervention whereas all three
indirect effects were significant for the-B#&ek intervention.

Conclusions Behaviour change techniques that tarmdjetary restraint, habit strength and autonomous diet
selfregulation should be considered when designing weight loss and weight loss maintenance interventions.
Longer interventions may need to target both deliberative and automatic control processppatt
successful weight management.

Keywords:weight management, mediation, restraint, habit;regjfilation
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3.2Introduction

Approximately two thirds of adults in the UK and US are classdxebiag overweight or obedmsed on their
Body Mass Index (BMI) and there is little evidence that the prevalence is decréhsi)gBehavioural
weightmanagement programmes are theirg treatment for people classed as overweight or i3¢s@d
although there is evidence that these are effe@tiveéhe results are heterogenous between and within studies
(5). In a systematic review, the average weight loss across randomisededmtials of norsurgical weight

loss interventions varied frord.03kg to-21.3kg(6). There is also variability in evidence for the duration of
the intervention effect. A systematic review of trials with a follgvof at least 16 weeks found evidenoe f

significant intervention effects ranging from 18 months to 5 years from baégline

The heterogeneity in the size and duration of treatment effect may be due to differences in the behaviour
change techniques (BCTs) used in an intervention and tbhieamisms of actions targeted. For example, in a
previous trial, an intervention that used BCTs such as developing implementation intentions to target habit
formation resulted in greater weight loss than an intervention that used BCTs such as education abou
misinformation to target unhealthy relationships with food (8). Given the similarities in the duration and mode
of delivery, the findings indicate that the different BCTs used, and mechanisms of action targeted, resulted in
differences in weight changklentifying relevant mechanisms of action associated with the desired outcome
will enable the evidenebased selection of BCTs to include in an interven(i@n This is particularly
important for weight loss maintenance as weight regainiptestventionis commonly reported (e.g7)).

Thus, a greater understanding of the mechanisms of action associated with short artérongeight loss

is needed to inform the design of effective interventions, through the selection of appropriate BCTs, that result

in both weight loss and weight loss maintenance.

There are many potential mechanisms of action for waigirtagement interventions. A common focus of
these interventions is to create healthy eating behaviours by restricting the amount and types ofifirddsand
consumed10). Efforts to restrict food intake such as using strategies to prevent overeating (e.g., portion
control or avoiding unhealthy foods), adjusting eating behaviour after over consuming and being conscious of

food choices in order to contrweight are often referred to as dietary restrdifh). A recent review of studies
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that measured dietary restraint found that restraint was associated with weidh®)pspecifically, higher

dietary restraint was associated with a lower weight ipufaions with obesity and increases in dietary
restraint were associated with greater weight loss. In studies that have examined weight loss maintenance,
increases in dietary restraint during weight loss have also been found to predict weight losantair{tes)

and decreases in dietary restraint have been found to be associated with greater weight regain over 18 months
(14) to 10 years (8). Although there is evidence from observational and randomised controlled trials that
changes in dietary restraimeaassociated with weight conti@?2, 15) there has been less research on dietary
restraint as a mechanism of action (i.e., mediator) of wagintagement interventions. In a review, only one

study had conducted formal mediation analy$8), reportingthat dietary restraint mediated the impact of a
weightmanagement intervention on weight loss over 24 mddff)sIn a more recent study, dietary restraint

was not found to mediate the effect of a weiganagement intervention; however, the interventictuded

meal plans and preackaged food which may have limited the opportunity for participants to practice

restrained eatin@l8).

Continued dietary restraint may lead to healthy dietary behaviours becoming habitual which, in turn, may aid
the mainteance of weight loss. Habits can be defined as learned sthmagpense associations, such that
when a stimulus is encountered, an individual responds automatically with a certain behaviour or set of
behaviourg19, 20) Habits are formed when a behaviauch as monitoring diet, eating fruit and vegetables

or taking part in physical activity, is repeated frequently in the same context such that a cognitive association
is made between the situation and behavi@al). Habit strength has been associatedh witing behaviours

in observational studig®2, 23)and decreases in BMI during a weight loss interver({@di). In additionjn a

weight loss maintenance intervention, increases in healthy eating habits were associated with decreases in BMI
over 1 year (25). Although there has been some research on the benefits-basatbiintervention®, 26)

there is little research on wther habit strength is a mechanism of action of effective interventions. In one
study, the effect of a brief hakbiased weight loss intervention was mediated by automai)y However,

this analysis was conducted over a short time period (3 monthsprly one item was used to assess

automaticity.
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The motivation that drives behaviour change is also a key factor in weight loss and weight loss maintenance
(28). Autonomous regulation occurs when engaging in a behaviour is autonomously motivatisg;ttieat
behaviour is perceived as valued, important to the individual, consistent with intrinsic goals or outcomes and
part of t he i(R9 ltivprediated tha those wdttehigher autgnomousregjfilation are more

likely to adhere tohe behaviour change desiré80), and this is supported by findings that increased
autonomous selfegulation is associated with adherence toms@hitoring behaviou(31), weight losq31,

32), and weight loss maintenan(@3). In contrast, controlled geilation is driven by external pressures such

as a reward or avoidance of negative consequences. Although there is evidence that controlled regulation
results in success in the short tgf3d), it is predicted that without autonomous regulation, posithanges

in behaviours and weight loss will not be maintai(@8). In a systematic review of mediators of weight loss

(16), only one study examined the mediating role of autonomousegglfation(35);, an intervention aimed

at promoting autonomous regutatiresulted in greater weight loss than a general health education programme
and intervention effects onyg&ar weight change were partially mediated by autonomousegglfation at 2

years (33) supporting the proposition that autonomous diet-reglfilaton contributes to weight loss

maintenance (28).

Overall, although there is evidence that dietary restraint, habit strength and autonomomegukdibn are
associated with weight control, there have been few formal mediation analyses examining etiaetherin

these factors mediate the impact of effective interventions. In addition, of those mediation analyses that have
been conducted, traditional regression methods have been used which only examine two time points. This
results in the loss of informah or requires several analyses between each set of time points. Using only two
timepoints, especially the start and end of a study means that the model does not represent the trajectory of
weight throughout the intervention and follayp (36). Latent gravth curve analysis (LGCA) enables analysis

of the full trajectory of a variable over time. This is particularly important when individual changes follow a
nonlinear trajectory which is likely in a weigithanagement intervention in which a greater changmgl

the active intervention than during follewp is often expecte(b). LGCA also enables variables to be both
outcomes and predictors so that the trajectory of a potential mediator can be conditional on demographics
factors while also being a predictfran outcome. This method allows a greater understanding of the complex

associations between treatment, mechanisms of action and outcomes oy@8}time
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3.2.1The present study

Secondary mediation analysis was conducted on data from the Weight logalRéée Adults in Primary
care trial (the WRAP trial) which examined the effectiveness aneefiestiveness of a 5&eek referral to

an opergroup behavioural weighhanagement programme (WW, formerly Weight Watchers) compared to a
12-week referral tdhe same programme and a brief intervention (written materials on how to lose weight)
(37). Participants assigned to the- Hhd 52week weightmanagement programmes lost significantly more
weight than the control group at 3 and 12 months and those abdigrthe 52week programme lost
significantly more weight than the 4#2eek programme and the brief intervention at 12 and 24 months. The
full results are reported in Ahern et @7). The aim of the present study was to investigate whether the
trajectoriesof dietary restraint, habit strength, and autonomous, controlled and amotivaticegsddition of

diet mediated the effect of the weightitnagement programme on BMI trajectory over 24 months using latent

growth curve analysis; a method that incorportiedull trajectory of the mediators and BMI.

3.3Method

3.3.1Participants

Eligible participants were aged 18 years or older with a BMI of 28kgfrabove and were recruited through
general practice records in England. Eligible individuals were idiedtify their primary care providers.
Patients who were pregnant or were planning pregnancy within 2 years, who had past or planned bariatric
surgery, were already participating in a structured monitored weighigement programme, were taking

part in otheresearch that would impact on the study outcomes, had a diagnosed eating disorder, or were unable
to understand study information were excluded. Practices also excluded patients considered ineligible for other
reasons not stated above such as terminalsg or a mental health diagnosis. Eligible participants were then
invited to take part in the study by letter and asked to contact a study coordinator for a telephone screening if
interested in participating. Eligible and willing participants were gigemappointment where weight and

height were measured to confirm eligibility. All participants gave written informed cof&ént
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3.3.2Interventions

Participants were randomly assigned to either a brief intervention;veedR referral to an opegroup
behavioural weightnanagement programme (WW, formerly Weight Watchers) oraeek referral to the

same programme in a 2:5:5 allocation stratified by centre and gender using a randomisation sequence generatec

by the trial statistician.

The brief intervation included recognition of the problem by the GP in the form of a letter and written
information on sekhelp weight loss strategies (British Heart Foundation Booklet: So you want to lose
weight éfor good). At t he b asciptédiinmoguction tsat drew atjerdiontoi c i p
each section of this booklet. The-Hhd 52week behavioural weighhanagement programmes were group

based and led by an individual who had personal experience of successful weight management. It included
oneto-one discussions with participants at their first session and during the part of the session when
participants were weighd88). Sessions were held once a week at comminaised venues and were an hour

long. The core programme material consisted obad fpointsbased system (calculated based on the
participantds age, gender, height, weight and act.i
manage eating out and keeping motivated. Sessions also included information about heealgesand

nutrition, and physical activity. Weight loss goals were between 0.5 and 1kg per week based on a deficit of
500kcal per day. Participants were encouraged to be physically active and work towards a goal of 10,000 steps
per day. The interventionsed food and activity diaries, goal setting, evaluation of progression and the
provision of rewards for reaching weight loss targets. Using the taxonomy described by Mich@&atthle
intervention content has retrospectively been categorised anfoltbwing BCTs: provide general information

on behaviowhealth link, prompt intention formation, prompt review of behavioural goals, prompt self
monitoring of behaviour, provide feedback on performance, provide contingent rewards, set graded tasks,
provide opportunities for social comparison, instruction on how to perform a behaviour, information from a
credible source (i.e. someone with experience of successful weight management), social support, relapse

prevention and restructuring the food environn{dft 41)

Participants assigned to the behavioural werghhagement programmes were given vouchers to attend

weekly sessions and use online tools for the duration of their intervention. Those allocated tovéled 12
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referral received vouchers to attend 12 growgsieas and access to internet resources for 16 weeks and those
allocated to the 5%veek referral received vouchers for 52 sessions and access to internet resources for 12

months(42). The vouchers covered the full cost of the sessions and access toesdunees.

3.3.3Measures

Body mass index (BMI) and potential mediators were collected at baseline and 3, 12 and 24 months.

BMI
Height was measured at baseline to the nearest 0.1cm using a stadiometer and weight was measured to the
nearest 0.1kaising a 4point segmental body composition analyser at all time points. This was used to

calculate BMI (kg/m).

Dietary restraint

A 14-item subscale of the Three Factor Eating Question(E2:ed3)was used to assess two types of restraint:

rigid contrd which refers to an albr-nothing perception of weight control and flexible control which refers

to more adaptability in eating behaviours to control weight. In the current study the two types of restraint were
highly correlated (r = .89) so the totabsgale score was used (alpha = .86). This reflects findings from other
studies in which dieting behaviour and weight loss are associated with similar increases in both rigid and
flexible dietary restraint44, 45) The measure includes items suctbds iberatdly take small helpings as a
measure of weight contif@l. Ei ght items have a true/false respc
presented with a-point Likert scale. Higher scores on this measure represent greater control over dietary

behaviars (11, 43)

Selfreport habit index

The selfreport habit indeX46) was used to measure habit strength. The measure includes items assessing
behaviour al frequency, aut omat i ci tWatchenghwhatil daeist i t y
something was f ol |l owed Ibydol 2f roetwentmsn dsl uyodhg ua s ed Teditentsr t  n o
were accompanied bypoint Likert scales from agree to disagree. Higher scores indicate that the behaviour

is more habitual.
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Diet selfregulation

The measure of diet seliegulation was adapted from the Treatmentsgdfilation questionnaid7)to assess

selffr egul ati on of eat i ng Therbasaom | wolld/eat@d healthy digilisni st hfeo Ineaoay
by 15 items split into three subscal@he autonomous sekgulation subscale (alpha = 0.81) includes 6 items

s U ¢ hBeeasse ifiis consistent with my life gagals T h e ¢ o-redulatior subsahle @lphb £ 0.88)

i ncludes 6 Bedauwsersvansotherhito approvdiofome dmiotvation seHregulation subscale

(al pha = 0.79), a measure of the &4bdemde ofeamdtyi

ito . Al | i t ems wepoiat Likert scalesfront reotcat alvtrué th very trug.

3.3.4Statistical Analysis

To examine the longitudinal associations between the potential mediators and BMI, latent growth curve
analysis (LGCA) was conducted. This type of analysis, in which a curve is fitted to the variable at each of the
four time points, abws examination of the trajectory of variables over the two years. More detail about this
analysismethod can be found in tfupplementaryMaterial All analyses were conducted using Mplus8,
Version 1.6 (1). Maximum likelihood estimation was usedafomodels. The analysis was conducted in three

stages.

Step 1. Fit a latent growth curve to each variable

Scores at baseline, 3, 12 and 24 months were used to fit a curve to BMI, dietary restraint, habit strength and
the three subscales of diet sedfulation; autonomous, controlled and amotivation. The intercept factor
represented the values at baseline and the slope and quadratic factors represented the change in variable;
between baseline and 24 months. The means of each variable over the fowititmevpre examined to
determine the likely shape of the curve (i.e., linear or quadratic). In line with recommendations, the first model
fitted was the simplest, a single growth factor with a variance of 0 then increasingly complex models were
fitted andcompared48). At each stage, if the simpler model had a better or equal fit to the more complex
model it was chosen for analysis. An example of the path diagram for the unconditional model is in the
SupplementaryMaterial (Figure3.6). Once the best fittig unconditional model was chosen, variables were

added to form the conditional mod86). Age, gender and treatment group were included as control variables
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for each latent growth factor. For the BMI curve, income and education were also controlleshbagddnce

that these demographic factors are associated with(B®I These additional factors were not included in the

curve for the potential mediators due to the lack of evidence supporting an association. Path diagrams for the
conditional models arin theSupplementaryMaterial (Figures3.7 and3.8). A piecewise analysis was also

fitted, splitting the trajectories of BMI and potential mediators into two latent growth curves based on the
initial change (baseline to either 3 or 12 months dependinbeotrajectory of the variable; Figurdd and

3.2) and the subsequent return towards baseline values. This analysis was conducted to determine if piecewise
models resulted in a better fit to the variables, and to explore the relationships betweendBidtesmtial

mediators at different time points in the trial.

36
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Figure 3.1. Mean change in BMI in each treatment group over 24 months
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Step 2. Examine associations between change in potential mediator variables and change in BMI

Paralel processes models were developed for each of the potential mediator variables and BMI. These models
allow examination of the correlation between the growth curves fitted in step one. Specifically, the curve fitted
to the potential mediators in the prews step were (individually) combined with the curve fitted to the BMI

trajectory to determine the correlations between the latent growth factors of the two variables.

Step 3. Mediation models

If the trajectory of a potential mediator was associated gvitlip allocation (identified in step one) and with

the BMI trajectory (step 2), then it was included in the full mediation model. The curves fitted to the potential

mediators and BMI in step one were combined in a single model in which the trajectbieaB conditional

on the trajectory of potential mediators. The significance of the individual indirect effects of each mediator,

total indirect effect and the direct effect between the intervention and the BMI was examined to determine

whether the intemntion effect was mediated.

Model fit

Model fit was checked at each stage. The criteria used to make a judgement on model fit were a Comparative
Fit Index (CFIl) above or equal to 0.95, Root Mean Square Error of Approximation (RMSEA) and Standardised
Root Meansquare Residual (SRMR) below or equal to Q®®). A nonsignificant value of the ckdquare

( % statistic is often used to judge model fit; however, due to the large sample size, which often results in a
significant value even with a good model (##8), this criterion was not used in this study. The fit of each

model was assessed using all criteri

3.3.5Missing Data

The percentage of participants who completed the assessments at 3, 12 and 24 months was 79, 65 and 68%
respectively. The percentage of missing data for each treatment group and specifically for BMI and the
measures are reported inplementaryMaterial (Tables3.7 and 3.8). The pattern of missing data was
assessed and was treated as missing not at random (MNAR). There was an increasing number of missing
values at later time points and it is probable that-@napwvas linked to treatent effectivenes&b0). Multiple

imputation was conducted using R. For each variable, the missing values were predicted; the variables selected
73



for prediction were based on the strategy outlined by van Buuren &lal A prediction matrix
(SupplementarMaterial, Figure 3.5 shows the variables that were used to predict missing values for each
variable. Full details of the method used are irSilygplementaryaterial. Convergence plots confirmed that
convergence had been achieved and strip plots shilvaethe imputed values did not go out of the range of

the actual values and that they followed the same distribution.

3.4Results

3.4.1Baseline Characteristics

Between 18 October 2012 and 10 February 2014, 1954 participants were screened and 1267 were eligible and
were randomly allocated to a conditig@7). The baseline characteristics of the participahts1@67)

including psychological variables are in TaBl&. Additional participant characteristics can be found in the
original reporting of the stud{87). The change in both BMI and the psychological/behavioural variables are
shown in Figure8.1 and3.2. There were no significant differences between théniera groups at baseline

on BMI or the potential mediators determined by-wr@g analysis of variance (ANOVA) tests. BMI and the
mediator variables showed change between baseline and 3 or 12 months before a stabilisation or return towards
baseline betweeh2 and 24 months. Autonomous diet selfulation decreased over the 24 months for all

intervention groups.
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Table3.1. Baseline characteristics of participants in the WRAP trial (N = 1267)

Treatment Group

Brief 12-Week 52-Week
intervention intervention intervention
n % n % n %
Gender
Female 143 68 357 68 358 68
Male 68 32 171 32 170 32
Education
None 7 3 25 5 27 5
GCSE/Alevel/lequivalent 108 51 247 47 265 50
University degree or higher 81 38 199 38 174 33
equivalent
Missing 15 7 54 10 60 11
Income
Under £20 000 65 33 124 25 138 28
£20- £49 999 66 33 173 35 176 35
£50 000+ 41 21 91 18 84 17
Prefer not to say or missin 27 13 111 22 100 20
M SD M SD M SD
Age 51.91 14.07 53.60 12.27 53.29 13.98
BMI 34.43 4.63 34.68 5.39 34.45 5.05
Dietary restraint 5.39 3.26 4.88 3.03 5.34 3.06
Habit strength 3.24 1.38 3.08 1.29 3.14 1.38

Diet selfregulation
Amotivation 2.41 1.14 2.39 1.10 2.40 1.09
Autonomous 5.93 1.07 5.99 0.92 6.04 0.97
Controlled 3.55 1.47 3.32 1.39 3.44 1.36




3.4.2Latent Growth Curvé\nalysis

Step 1. Fit a latent growth curve to each variable

A latent growth curve was fitted to the four tirpeints (baseline, 3, 12 and 24 months) for BMI, dietary
restraint, habit strength and the three subscales of dietegelfation (autonomous, cwalled and
amotivation). A quadratic growth curve was the best fitting model for all variables other than the amotivation
subscale of diet setkegulation for which an intercept only model was the best fit. For the other four potential
mediators (dietaryestraint, habit strength and autonomous and controlled digegeifation) the model was

able to converge and fitted best when the variance of the quadratic factor was set to 0. The model for BMI
fitted well without this restriction. The results frometlincreasingly complex unconditional models are
reported inSupplementaryMaterial (Tables 3.163.15. Once the best fitting unconditional model was
established, the conditional factors were added. The values for each of the latent growth factorshafitng wit
statistics of the conditional model are shown in T&®e The model fit for all variables was good for all the
criteria other than the model for BMI which did not meet theagticriteria for CFl and RMSEA. However,

the values were close to thdteria indicating that the model provided a reasonable description of the data.

Table3.2. Model fits to trajectory of BMI and psychological/behavioural variables

Variable Intercept Slope Quadratic CFlI RMSEA SR
MR
BMI 36.16 (1.02)*** 0.84 (0.95) 0.03 (0.32) 093 0.12 0.02
Dietary restraint 2.82 (0.37)***  2.68 (0.59)*** -0.87 (0.19)*** 0.97 0.05 0.04
Habit strength 1.94 (0.19)**  0.79 (0.27)*  -0.21(0.11) 0.97 0.05 0.04
DSRAutonomous  5.75(0.13)*** -1.16 (0.33)***  0.36 (0.13)** 0.96 0.05 0.02
DSR Controlled 3.10 (0.17)**  -0.08 (0.30) 0.09 (0.13) 0.99 0.03 0.02
DSR Amotivation  2.39 (0.12)*** NA NA 0.96 0.04 0.05

Note.* p<.05. * p < .01. ** p< .00. BMI, Body Mass Index. CFl, comparative fit index. RMSEA, Root mean

square error of approximation. SRMR, Standardized Root Mean Square Residual. DSR,-Biguaibn.
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Table 33 shows the full details of the associations between the latent growth factors of each variable and age,
gender and treatment group in the conditional models. There were significant effects of botratick 32

week programme on the slope and quadratihefBMI trajectory, controlling for age, gender, income and
education. There were significant effects of both theati®d 52week programme on the slope and quadratic
factors of dietary restraint and habit strength but only thevé&k intervention signiéantly impacted
autonomous diet setkgulation. Age and gender were controlled for in all models. Gender was associated
with the slope and quadratic of dietary restraint and controlled dieteggifation, and age was associated

with the slope and quaatic of autonomous diet sakégulation.

There were significant associations between the BMI intercept and slope (estir@s®é,SE= 0.77,p =

.002), intercept and quadratic (estimate = 0SR= 0.30,p = .02) and slope and quadratic growth fagtor
(estimate =2.81,SE= 0.30,p < .001)indicating a higher BMI at baseline was associated with a steeper
decline in BMI, and a steeper return towards the baseline BMI. There were also significant correlations
between the intercepts and slopes of dyetestraint (estimate = 0.48E= 0.12,p = .001) and controlled diet
selfregulation (estimate =.05,SE= 0.02,p = .02) indicating that higher baseline values resulted in a lower
slope (lesser increase) for controlled diet-setfulation and a higlr slope (greater increase) for dietary
restraint. The correlations between the intercept and slope of autonomous diet regulation (estima&tE= 0.03,

= 0.02,p = .10) and habit strength (estimate.@4,SE= 0.05,p = 0.41) were nosignificant.

Piecewse latent growth curves were fitted to the trajectories of BMI and the potential mediators; however,

this resulted in a poorer fit than the quadratic model. Full results are BupipbementaryMaterial Tables

3.163.19.
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Table3.3. Coefficients of age, gender, and group allocation on trajectories of BMI and potential mediators

Variable Gender (reference Age Treatment Group (reference brief
group male) intervention)
12-week group 52-week group
BMI
Intercept 1.18 (0.31)*** -0.04 (0.01)**
Slope -0.52 (0.27) -0.03(0.01) *  -0.91 (0.38)** -1.82 (0.39)***
Quadratic 0.11 (0.10) 0.01 (0.003) 0.37 (0.13)** 0.66 (0.13) ***

Dietary Restraint
Intercept
Slope
Quadratic
Habit
Intercept
Slope

Quadratic

1.56 (0.18)**
-0.86 (0.24)*
0.23 (0.08)**

0.24 (0.09)*
0.06 (0.11)
-0.03 (0.04)

Diet selfregulation Autonomous
Intercept 0.27 (0.06)***
Slope -0.24 (0.13)
Quadratic 0.09 (0.05)
Diet selfregulation Controlled
Intercept 0.17 (0.08)*
Slope -0.38 (0.13)**
Quadratic 0.12 (0.05)*
Diet self-regulation Amotivation
Intercept -0.07 (0.03)

0.02(0.01)***
0.01 (0.01)
-0.003 (0.003)***

0.02 (0.003)***
-0.004 (0.004)
0.002 (0.002)

-0.001 (0.002)
0.01 (0.01)*
-0.01(0.002)*

0.003 (0.003)
-0.001 (0.01)

-0.001 (0.002)

0.02 (0.04)*

0.87 (0.29)**
-0.30 (0.10)**

0.36 (0.14)*
-0.16 (0.06)*

0.21 (0.16)
-0.06 (0.07)

0.12 (0.13)
-0.05 (0.06)

1.50 (0.31)**
-0.47 (0.10)***

0.57 (0.14)**
-0.23 (0.06)***

0.40 (0.17)*
-0.15 (0.07)*

0.29 (0.17)
-0.12 (0.07)

Note.* p<.05. * p< .01. ** p<.001. BMI, Body Mass Index.
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Step 2. Examine associations between change in potential mediator variables and change in BMI

The associations between each of the latent growth factors of the potential mediator variables and the latent
growth factors of BMI along with the model fit statistics are in T&fle There were negative associations
between the slopes of BMI and threstgntial mediator variables; dietary restraint (estimat@.60,SE=

0.20,p = 0.003), habit strength (estimate@36,SE =0.08,p < .001) and autonomous diet sedfyulation
(estimate =0.87,SE= 0.25,p < .001). Increases in these potential mexig@atvere associated with decreases

in BMI. At baseline, a higher controlled diet sedfyulation score was associated with a higher BMI (estimate
=0.71,SE=0.19,p < .001) but the association between the slopes wasigaificant (estimate =0.02,SE

= 0.06,p = .74). The amotivation subscale of diet geljulation was specified as an intercept only model so
the correlation of the change over time in this variable with change in BMI could not be examined. Although
the curve of the potential mediataariables were quadratic, the quadratic growth factors were fixed to 0 and
therefore the correlation between this and the BMI growth factors could not be calculated. Although three

models fell slightly below the criteria recommended for the CFI, all wesee@nd met other measures of fit.

Table3.4. Correlations between the latent growth factors of BMI and potential mediators

Variable BMI growth factors Fit statistics
Intercept Slope Quadratic CFI RMSEA SRMR
Dietary Restraint
Intercept -0.57 (0.36) -0.28 (0.36) 0.10 (0.12) 0.94 0.08 0.03
Slope 0.20 (0.22) -0.60 (0.20)** 0.11 (0.07)
Habit strength
Intercept -0.35 (0.19) 0.05 (0.17) -0.01 (0.06) 0.95 0.08 0.03
Slope 0.12(0.10) -0.36 (0.08)*** 0.08 (0.03)**
Autonomous diet Selfegulation
Intercept 0.22 (0.14) 0.10 (0.11) -0.03 (0.04) 0.93 0.08 0.06
Slope -0.45 (0.31) -0.87 (0.25)***  0.25 (0.09)**
Controlled diet Selfegulation
Intercept 0.71 (0.19)*** -0.03 (0.15) 0.02 (0.05) 0.94 0.07 0.02
slope -0.12 (0.08) -0.02 (0.06) -0.001 (0.02)

Note.* p<.05. * p<.01. ** p< .001. BMI, Body Mass Index. CFI, comparative fit index. RMSEA, Root mean

square error of approximation. SRMR, Standardized Root Mean Square Residual.
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In the piecewise analyses, associations between the slopes of the mediators in the intervEhtrmn{Bds)

and maintenance phases {42 months) were examined. In the intervention phase, the BMI slope was
associated with the slopes of dietary restraint, habit strength and autonomous -dégjusation. The BMI

slope in the maintenance phase was astatiwith the slope of autonomous diet setjulation in the
intervention phase and the slope of habit in the maintenance phase. However, the fit of the piecewise models
was poor based on model fit statistics (Supplemeniiterial, Table3.16). Therefoe, these results should

be interpreted with caution and a full mediation model was not examined.

Step 3. Mediation models

In step 1 it was determined that there were treatment effects of both #ned1%2 week intervention on BMI
trajectory compared to the control group. Of the potential mediators, dietary restraint, habit strength and
autonomous diet sefbgulation weressociated with both treatment group (step 1) and BMI trajectory (step
2). The amotivation and controlled subscales of dietregfiilation did not fit these criteria and therefore were

not included.

Mediation models were tested to determine whethanpact of the intervention on BMI slope was mediated

by the slope of dietary restraint, habit strength and autonomous dieegaHition (the variance of the
guadratic variables was restricted to 0 and therefore could not be included as a mediategulihef the
separate models for each of the potential mediators &epiplementanMaterial (Table3.21) and indicate

that dietary restraint and habit strength were significant mediators of thedkintervention and that all
three variables weregiificant mediators of the Beek intervention. A full mediation model with all three
mechanisms of action was then tested. When fitted, the total effects of both interventions on BMI slope were
significant and the direct effects became #s@nificant (Table 3.5). The total indirect effect via the three
mediator variables was significant; for then\li2ek intervention effect, only the individual indirect effect of
dietary restraint was statistically significant whereas for the/&2k intervention the indidual indirect of all

three variables were significant. Effect sizes were larger for the@e®R programme than the -Wek
programme on all mediators but only significantly larger for dietary restraint and habit strength. Model fit

statistics indicate amdequate fit on RMSEA (0.06) and SRMR (0.06) measures and was close to the fit criteria
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for CFI (0.94). The results of this are shown in Taéeand a simplified model is includedfgure3.3 (full

model tested is presented in Supplementéayerial, Figure3.11).

Table3.5. Total, direct and indirect effects via mediating variables of theah#@ 52week intervention on BMI

12-week intervention

52-week intervention

Effects Estimate SE p Estimate SE p
Total impact of intervention on BMI -0.69 0.36 0.04 -1.72 0.38 <.001
Direct effect of intervention on BMI when 0.64 0.54 0.23 0.42 0.63 0.51
mediators included
Total indirect effect of mediating variable -1.33 0.41 0.001 -2.13 0.52 <.001
Indirect Effect of Mediators
Dietary restraint -0.61 0.27 0.02 -0.98 0.39 .008
Habit strength -0.56 0.29 0.06 -0.88 0.25 .018
Autonomous diet selfegulation -0.17 0.54 0.23 -0.27 0.62 .048
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3.5Discussion

Dietary restraint, habit strength and autonomous dietregiflation mediated the effect of a weight
management programme on BMI. The dRd 52weekprogrammes were both associated with increases in
dietary restraint and habit strength and thevg2k programme was also associated with a lower reduction in
autonomous diet setkgulation. These changes were associated with decreases in BMI oveeding. 2hen
controlling for change in habit strength, dietary restraint and autonomous dietgéétion, the impact of

both the 12and 52week programme on the slope of BMI became-significant. Although the combined
indirect effect was significanof both the 12and 52week intervention, for the shorter intervention, only the
individual direct effect of dietary restraint was significant, whereas the indirect direct effect of all three

variables were significant for the &2&eek intervention.

This intervention included several BCTs and so it is not possible to establish which specific BCTs or
combination of BCTs resulted in the increases in dietary restraint and habit strength observed during the 12
and 52week weightmanagement programmes. Howeubg intervention included several BCTs that have
been linked with behavioural regulation, including seinitoring of behaviour and outcomes, through food

and activity diaries and regular weight measurement, goal setting and action p{&2,i6§) Behavioural
regulation is defined as behavioural, cognitive, and/or emotional skills for managing or changing behaviour
(52, 53) Given that dietary restraint can be considered as behavioural and cognitive control of eating

behaviour, these BCTs may have cimited to the observed increase in dietary restraint.

The BCTs that may have contributed to the increase in habit strength are social support, restricting the food
environment and general information on behawvioealth link. These have all been linked to behavioural
cueing, a construct that promotes formatad habits(52, 53) However, the finding that habit strength was a
significant independent mediator for theWw2ek intervention but not the 42eek intervention indicates that

the intervention length might be an influential moderating factor. Thismaybi nked t o a hi gh
BCTs in the 52veek intervention compared to thewek intervention due to the longer duration which may

help the formation of stronger habits to support weight maintenance. This formation of stronger habits may be

paricularly important as piecewise analysis indicated that a reduction in habit strength following the
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intervention was associated with an increase in BMI. Given that the content of the-mergigement
programmes were the same other than their length, 2heeBk intervention provided participants with
continued social support from the group leader and other attendees as well as more opportunity to perform
behaviours frequently in a stable context compared to theetk intervention; this may have enablbd t
transition of diet monitoring behaviour from deliberative to automatic cog@)lwhich, in turn, supported
weight loss maintenance. Such an interpretation is in line withptoaéss theories. These theories outline
deliberative (or reflective) presses which involve conscious and rational decisiaking and automatic (or
impulsive) processes which involve roanscious, learned reactiof@®-57). This is particularly important in
health behaviours when individuals aiming to perform healthy belavafiten have to overcome unhealthy
habitual behaviours and make conscious and reasoned healthier d¢bijonksese findings support the use
of long-term interventions that may facilitate the transition from deliberative attempts to control eatiagy(di

restraint) to more automatic and less effortful-setfulation of eating behaviour (habit strength).

Although autonomous setegulation was identified as an independent significant mediator for the&R
intervention, all groups actually experied a decrease in autonomous motivation throughout the trial and
follow-up. This indicates that although the lesser reduction experienced by the individuals inntbek52
intervention compared to the other two groups was beneficial (for weight logsemlentions (including the

brief intervention) had a negative effect on autonomousraseiflation. It is possible that this, and other,
weightmanagement interventions may have a negative impact on autonomousgsklfion through
implicitly promoting the message that participants need to be told what to do by people with expertise in order
to manage their weigli8). This is supported by qualitative findings from the WRAP trial that suggested that
participants felt a sense of obligation to the leadé¢he group sessiorfs8). The weight loss and weight loss
maintenance achieved in both the aAd 52week intervention may have been greater if autonomous self

regulation had been maintained or increased during the intervention.

The findings have iplications for the content of future interventions. Given that dietary restraint, habit
strength and autonomous diet s@fulation mediated the effect of the weighdnagement programme on
weight loss and maintenance over two years, researchers shasiltecancluding BCTs that are hypothesised

to target these mechanisms of action in future interventions. Recent research that has sought to link specific
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BCTs and mechanisms of action could be used to identify further BCTs to increase dietary reabiaint, h
strength and autonomous diet s@fulation(52, 53) For example, expert consensus exercises have indicated
that the BCTs of introducing prompts and cues for a desired behaviour and avoiding or reducing exposure to
cues for an unhealthy behaviouryrze linked to behavioural cueili§2), a mechanism of action that is likely

to support the formation of new habits. Similarly, satinitoring and goal setting have been linked to
behavioural regulatiof63) and could be used as strategies to supporargieestraint. Although a range of

BCTs have been linked with motivation as a mechanism of action, including the use of rewards and the
consideration of pros and co(B2, 53) particular attention needs to be given to how to specifically target
autonomousnotivation. For example, interventions implementing an autorsupyportive environment, in

which individuals are encouraged to engage in healtited behaviours for their own reasons, are supported

in overcoming barriers to change, and are made toaeestpted and respected, have been found to be
associated with higher autonomous setjulation, a healthier diet and greater weight loss in a-arethysis

(59). In contrast, techniques such as the use of rewards, may foster more extrinsic or cootrobedf f
motivation which, although they may promote initial behaviour change, may not be sufficient to support the
maintenance of behaviour chan@®, 61) In addition, given that the longer duration of intervention was
associated with larger changes ietdry restraint and habit strength, researchers should consider interventions
that provide support over an extended period of time to promote sustained changes in those mechanisms of

action that contribute to weight loss maintenance.

A key strength ofthis study compared to previous studies was the use of latent growth curve analysis to
disentangle the complex system of interactions between behavioural weighgement interventions,
mechanisms of action and the trajectory of weight change. This thetiabled a mediation analysis that
accounted for changes at every time point rather than just two time points that are often considered in
traditional regression methods. This is particularly important as changes in the mediators and BMI were non
linear and an analysis assuming a linear trajectory may not have captured the full impact of the mediating
variables. This method also enabled growth factors to be both outcomes and predictors. For example, the model
tested enabled the slope of the habit stretmyie an outcome conditional on treatment group, age and gender,
and a predictor of the BMI trajectory simultaneously. These results largely support previous research that

indicates dietary restraint, habit strength andisgtlation are potential medaas for the effect of a behaviour
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weightmanagement programme on weight loss and weight loss maintet@ntg, 17, 23, 31, 32)in
particular, the findings add to the small number of formal mediation analyses on thesd fda¢t@rs 33)and,
using a caplex method examining the mediating action of the three variables simultaneously, provide

evidence that these are relevant mechanisms of action for weight management.

There were some study limitations which need to be taken into consideration wheariimghe findings.

First, it was not possible to include the associations between the quadratic growth factors of the mediators and
the trajectory of BMI due to neconvergence of the individual latent growth curves (conducted in step 1 of

the analysisyvhen allowing the variance of the quadratic factors to vary between individuals. Thus, the rate
of acceleration/deceleration of change in BMI was not conditional on acceleration/deceleration of change
(quadratic) of the mediating variables. Including thisuld have resulted in a greater understanding of the
associations between the mediators and BMI. However, even without this, the model fit was adequate. Second,
the attrition rate was over 30% at 12 and 24 months which could have introduced some ke, mouitiple
imputation was used which is a valid general method for managing missing data in(62LTsinally,

although participants were referred to the commercial weight loss programme and the cost of sessions was
covered for a set period of timeitfer 12 or 52 weeks), attendance at weekly sessions was not recorded
consistently throughout the trial. Due to the large proportion of missing data on attendance (40%) it was not
included as a covariate in the analysis. Therefore, the potential impdierafance on both the mediators and

BMI was not controlled for.

In conclusion, dietary restraint, habit strength and autonomous dieegelation were all identified as
mechanisms of action for the effective-W2ek weightmanagement programme. Thading that habit
strength was only a significant mediator of thewsgek programme suggests that longer interventions may
provide the consistency of support required for behaviours to move from deliberative to habitual control. BCTs
that target dietaryastraint and habit strength and maintain or increase autonomoselfiigtgulation should

be considered when designing weight loss and weight loss maintenance interventions.
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3.6 Contribution to thesis

In this chapter, | used complex mediation methadsinderstand the mechanisms of action of a widely
available weight management programme available commercially and through GP referral. The findings
indicated thatlietary restraint, habit strength and autonomous dieteglflationwere mechanisms of aoh

and these findings can be used to inform the design of future weight management intervention. The work in
this chapter adds to the limited number of mediation analyses used to detect mechanisms of action of weight
management interventions. Furtherma@ieen that in this chapter | found trdietary restraint, habit strength

and autonomous diet seHgulationare modifiable determinants of BMI, these are potentially suitable
psychological factors to incorporate into a health economic model. Thisenékpplored in the next chapter

(Chapter 4).
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3.8Supplementary Material

3.8.1Participants

1954 assessed for eligibility

| 685 ineligible

A 4

1269 eligible and randomly assigned

v

h 4

'

211 randomly assigned to brief intervention

530 randomily assigned to 12-week behavioural
weight-loss programme

528 randomly assigned to 52-week behavioural
weight-loss programme

37 withdrew consent
30 did not attend

h 4

62 withdrew consent

60 did not attend
2 excluded (found ineligible)*
1 died

A 4

44 did not attend
29 withdrew consent

Y

144 completed 3-month assessment

405 completed 3-month assessment

455 completed 3-month assessment

35 did not attend
—®» 15withdrew consent

h 4

99 did not attend
—» 29 withdrew consent
1 died

¥

103 did not attend
| 33 withdrew consent
3 died

h 4

124 completed 12-month assessment

‘ ‘ 339 completed 12-month assessment

360 completed 12-month assessment

26 did not attend
—»

h 4

74 did not attend
—»! & withdrew consent

h

82 did not attend
| 12 withdrew consent
1died

Y

133 completed 24-month assessment

‘ ‘ 355 completed 24-month assessment

368 completed 24-month assessment

v

v

v

211 included in intention-to-treat analyses

528 included in intention-to-treat analyses

528 included in intention-to-treat analyses

*Excluded from intentiorto-treat analyses.

Figure 3.4. Trial profile published in Ahern AL, Wheeler GM, Aveyard P, et al. Extended and standard duration

weightloss programme referrals for adults in primary care (WRAP): a randomised controlled trial. The Lancet. 2017,

389:22142225.
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3.8.2Descriptive Analys

Table3.6. Mean values of psychological variables in each treatment group at each time points

Time Treatment  Dietary Diet selfregulation Habit
group restraint
Mean sd Autonomous  Controlled Motivation Mean sd
Mean sd Mean sd Mean sd
Baseline BI 539 326 593 107 355 147 241 114 324 138
12 weeks 488 303 599 092 332 139 239 110 3.08 1.29
52 weeks 534 3.06 604 097 344 136 240 109 314 138
3 months BI 755 3.13 571 1.15 3.44 1.49 2.52 1.23 3.64 133
12 weeks 820 310 582 104 324 134 229 105 372 132
52 weeks 866 289 595 107 330 133 231 109 384 131
12 Bl 6.84 328 543 132 321 143 263 131 351 1.28
months 12 weeks 723 322 560 117 308 129 234 106 366 1.33
52 weeks 839 314 573 117 327 134 235 110 387 132
24 Bl 650 3.00 523 132 330 143 249 110 3.67 142
months 12 weeks 6.46 335 548 123 304 128 232 104 355 139
52 weeks 725 339 545 131 316 136 238 110 3.71 133
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3.8.3Missing Data

Method

Forty imputations were generated based on the rule of thumb that number of imputations should match the
average percentage rate of missingness (Bodner, 2008). In thikeaseount of missing data was highest at

year 3 (35%) and so the number of imputations was rounded up to 40 to ensure that there was a sufficient
amount. The method chosen for the continuous variable was predictive mean matching which is a semi
parametricmethod which restricts the imputed values to the observed values and preserieganon
relationships between the variables used to impute the missing data. Multinomial logit model were used for
the categorial variables (Buuren & Grooth@adshoorn, 200). As recommended (Bodner, 2008), 30

iterations were conducted for each imputation.

Variables used for prediction

It was assumed that gender and age predicted the missing data of the potential mediator variables as it is
recommended that covariates ugednalysis are also used in prediction of missing data. These, income and
education predicted the missing data of the BMI variable based on evidence that these factors impact on BMI
(Tyrrell et al., 2016). Treatment group was also used to impute migaings of BMI and psychological
variables at 3, 12 and 24 months and missing values of variables and each time point were predicted by values
of that variables at other time points. Any variables that were correlated (with a correlation of at leadt .30) an

had enough usable cases to predict missing values in the other variable were also retained as predictors.

Table3.7. Percentage of participants that completed each assessment after baseline

Time after basetie Brief intervention 12-week intervention 52-week intervention All groups
3 months 68 77 86 79
12 months 59 64 68 65
24 months 63 67 70 68
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Table3.8. The percentage of missing data at each fiwiat for each measer

Time Treatment BMI Dietary Diet selfregulation Habit
group restraint  Autonomous Controlled Amotivation

Baseline BI 0.00 3.32 3.79 3.32 3.32 3.32
12 weeks 0.00 2.27 2.65 2.27 2.46 2.65
52 weeks 0.00 2.27 2.27 2.46 2.65 3.03

3 months Bl 31.75 37.91 39.34 38.39 38.86 38.86
12 weeks 23.30 28.03 28.79 28.98 28.98 29.17
52 weeks 13.83 17.61 19.51 19.32 19.32 19.32

12 months Bl 41.23 49.76 49.29 49.76 50.24 49.76
12 weeks 35.80 39.39 39.39 39.77 39.96 39.96
52 weeks 31.82 36.17 36.55 36.74 36.74 36.93

24 months Bl 36.97 45.50 45.50 46.92 47.39 46.92
12 weeks 32.77 39.58 39.77 41.10 41.10 41.48
52 weeks 30.30 38.07 38.45 38.07 38.07 38.26

Table3.9. The percentage of missing data across all groups
Time BMI Dietary Diet selfregulation Habit
restraint Autonomous  Controlled  Motivation

Baseline 0.00 2.62 291 2.68 2.81 3.00

12 weeks 22.96 27.85 29.21 28.89 29.05 29.12

52 weeks 36.28 41.78 41.75 42.09 42.31 42.22

3 months 33.35 41.05 41.24 42.03 42.19 42.22
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3.8.4.Latent growth curve analysis

In latent growth curve analysis (LGCA), the value for each individual (i) at each time point (t) can be
representedby a linear (Eq. 1) or quadratic (Eq. 2) equations whiteand . are the intercept, slope and
guadratic latent growth factors respectively assuming that the error term is normally and independently
distributed.

GOl @OY Vo - 1
GOl @Y 1o vo - 2

The growth factors of each individual is used to estimate the average growth factors and an aggregated error

variance for each as well asrrelation between the growth fact¢ts.

Analysis Strategy
First, we fitted an unconditional model. We tested increasingly complex models starting with a model in which
its assumed that all participants have the same intercept and then testing each of the hypothesis below following
recommendations in the literat2).

1) There will be variation between individual in the level of the variable

2) There will be a change in the variables over the course of two years

3) There will be variation in individuals in the extent of change in the variable over the two years

4) There wil be a nonrlinear (quadratic) change in the variable over the two years

5) There will be a variation in individuals in the extent of Aimear (quadratic) change in the variable

over the 2 years.

The factor loadings (represented as coefficients) for tieecept were set to 1. The coefficient of the slopes
reflect the time points at which the data was collected in months (0, 3, 12, 24) and similarly the quadratic
represent the acceleration or deceleration of changes and the loading and the squaredivadeessed for

the slope (0, 9, 144, 57@)).

For each of them the nestad difference testii %oirr) was used to compare models (the more complex model
to the previous one tested). A significant value on this test indicates that the more coioghdbis a better

fit thanthe less complex model. If the value is not significant then both models fit equally well and thus the
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simple model is considered the preferred op{ion However, all model fit indices will be considered when
deciding on the st fitting model. An example of a growth model with the maximum amount of growth factors

possible for this data set (intercept, slope and quadratic) is shdwguie 3.6.

99 0 @

Variable at 24 momh5

Varlable at baseline Variable at 3 monlhs Vanable at 12 months

Figure 3.6. Unconditional latent growth curve model

Once model fit was established for the unconditional model, a conditional model wa@jitidtkese included

age and gender for all variables and education and income for BMI. Brtagroup was included as a
covariate for the slope and quadratic (due to randomisation, no impact of group allocation on intercept was
modelled). All variables were treated as timeariant; although age is a tinvariant variable in reality, as

the trid was only two years long, we used starting age as aitivaiant variable to avoid additional
complexity in the model. For the psychological variables, the estimates of each of the growth factors in show
in equations & wherg ,T and/ are the codicients linking the age, sex and treatment group to the growth
factor. The same for the BMI variables in in equatior® Where” and’ are the coefficients linking income

and education to the latent growth facta€enditional growth models for potential mediators and BMI are

shown in Figure3.7 and3.8respectively.
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Figure 3.7. Mediator conditional growth curve model
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Figure 3.8. BMI conditional growth curve model
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Piecewise growth curve model
Piecewise growth curve model were also fitted to the trajectories of each of the mechanisms of action and BMI
as a secondary analysis. This enables a single intercept with two slopes which can be used to represent the
interventon stage (up to 12 months) and the maintenance staggd(tr#nths). Ideally piecewise analysis
requires at least 5 time points such that three time points can be used for ea¢h)ctiowever piecewise
analysis can be conducted on fewer time poidtepagh the requires restriction on some parameters (for
example, limiting the variance of, or covariance between, growth factors to zero) to allow the model to be
fitted (3). These were fitted at each stage following the same procedure as describeahgiytbis strategy
however based on the findings from the latent growth curve analysis, it was assumed that there were two slope
factors. The piecewise model was fitted with each of 3 and 12 months as the points that the slopes meet to test
which was the étter fit (steps 1 and 2). The slope of the first slope was varied first as the change in the variable
was the focus and greater variation change was expected in this phase when the intervention took place. The
model with the better fit was taken throughthie next stage:

1) Intercept and both slopes fixed to zero, slope 3sfbonths, slope 2 is34 months

2) Intercept and both slopes fixed to zero, slope 112 thonths, slope 2 is 224 months

3) Intercept and slope 2 fixed to zero

4) Intercept fixed t@ero

The unconditional and conditional examples of a piecewise model are shown in Bi§aed3.10

Variable at baseline Variable at 3 months | |Variable at 12 months| |Variable at 24 months

Figure 3.9. Mediator unconditional piecewise growth curve model
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Variable at baseline Variable at 3 months Variable at 12 months| |Variable at 24 months

Treatment
Group

Age Sex

Figure 3.10. Mediator conditional piecewise growth curve model

Benefits of the method

LGCA as a method has many benefits over traditional regression methods, an alternative analysis method for
this type of research question. Standard regression methods tend to use just two time points, the baseline and
the last time point. The last time pois regressed on the predictors while controlling for the baseline value;
thus, the analysis examines predictors of residual values (final value with the effect of the baseline value
removed)(1). When there are more time points available, as in the s#dtérom the WRAP study, the
information available about values about time points between the first and last is lost. In addition, if the
trajectory of variables is not linear, the impact of covariate may not be detgrt&dis is important for this

aralysis as the intervention takes place within the first year and therefore it is reasonable to expect an initial

change from baseline and a return towards the baseline value. This does not reflect a linear trajectory.

Another benefit of LGCA is that isipossible to investigate the different growth parameters in one analysis
(2). Although in this analysis, we were most interested in the change over time (slope and quadratic factors),
we were also able to account for any association between the chathgedantcome variable (BMI) and
baseline values of the predictors (intercept) as well as the impact of the change in predictors on the change in
BMI. This allows a more complete picture of the association between the predictors and the outcome. In

addition, the growth factors can be used as predictor or outcomes. In the mediation model, slopes of the
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psychological variables were an outcome (predicted by demographic variables and group allocation) and

predictors (of change in BMI).

Finally, the ability of @abling a timevarying variable (in this case the slope of the mediator) to be a predictor
of another timevarying variable (slope and quadratic of BMI) in both the parallel processing model (step 2)

and the full mediation would be challenging to do witten regression models.

Limitations

There are some limitations of this method. The shape of the curve is expected to be the same for all individuals
and so although the covariate can reflect the magnitude of the growth factors, they cannot be usetl to pred
shape. This is a limitation in this study as the three groups had different intervention time periods and therefore
different curve shapes was posside However, as can be seerFigure 1 in the main paper, the trajectory
ofchangeinthegroupee m t o foll ow a similar shape but with
this limitation to have had a large impact. The analysis is based on the assumption that variables are univariate
and multivariate normally distribute@). This was initally a concern because the variables used were not
normally distributed. However, we used a method of estimation method of that is robustriormath
distributions and found that the results did not differ significantly from the standard methods., Finally 6 s
acknowl edged that the fit of a model isndt easy t
must make a decision. Therefore, throughout the results, we included model fit statistics and have highlighted

when some are below recamended cut off values.

Considerations

1) Measurement issues
Often in LGCA, the observation between time points will be correlated such that time points closer together
will have a stronger correlation than time points further ggartHowever, in this stdy, this may not be the
case as we could expect more change between baseline and 3 months in which all participants have an
intervention of some kind than between year 1 and 2 when there is no reported intervention. Thus, in this
LGCA we 6V e netation patthsdbetdeercadjacent and nearly adjacent variables. Another potential

measurement issue is the assumption of homoscedasticity ové€blifibat is, is it expected that at each time
10¢



point the residual variance around an observation withbesame (i.e. the is the same around of variation
among individuals at each time point). Thus, changes observed between time points can be assumed to be
changes in in these variables rather than changes in residual variance. When fitting a curve fttheach o
variables, we fixed variances for each time to be equal. For each variable we also checked whether the model

fit was better without this fixing to determine any problems with this assumption.

2) Sample size
The sample size in terms of the number ofetippints and number of participants has an impact on LGCA.
The number of time points determine the complexity of the growth curve through the number of growth factors.
The number of growth factors much be at least one less than the number of time ptietsase, because
there were four time points, the maximum number of growth factors was three (intercept, slope and quadratic).
There are no clear guidelines on the number of time points nééileBome suggest that four to five
measurements are suficit and but that this is conditional on effect size, sample size and samé),size
others recommends that a limited number occasions avoid high levels of complexity that can make achieving
an adequate fit challengir{g). The important point is that thiene points should adequéteover the time of
interest. In this case, the time points were before intervention, after one group finished their intervention, after
the second group finished the intervention and then one year later which covers thim piongsvhere the

most change was expected to occur.

In terms of the number of subjects, again there is not clear guidelines for this although at least 100 are preferred
(8)(9) and our sample exceeded this substantially. However, as the sample reiasdacthere is a greater
probability of rejecting the models based on the significance of the Chi square statistic and therefore this model

fit statistic was not used.

3.8.5.Results
In Tables3.10-3.15 below the first model tested (0) will be the base d e | in which itds
participants have the same intercept and no change over time. Mddlelpdesent increasingly complex

models tested (outlined in previous section). A conditional model (adapted from the best fitting unconditional
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model) was then fitted. Finally, we checked the homoscedasticity assumption by removing the restriction of

equal variances across timepoints.

Tables3.16-3.19show the model statistics for the piecewise models fitted to BMI and each of the mediators.
Models1-4 are those described previously in the analysis seétioanditional model (adapted from the best

fitting unconditional model) was then fitted. Unlike the previous analyses, the homoscedasticity was assumed
throughout the models. This is based orfitiging that assuming the same variance across time points did not
negatively impact model fit in the previous section and because the piecewise model required more parameters

to be fixed to avoid oversaturation on the model.
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Table3.10. Latent growth curve analysis of BMI

Model Fit statistics Intercept Slope Quadratic Covariance
Chi-Square  Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope,
(df) Square (df) slope quadratic quadratic
0 3903.24 (12) 0.51 0.00 0.62 33.38
1 1005.78 (11) 2897.46 (1)*** 0.27 0.62 0.20 33.38 24.34
2 932.43(10) 73.35(1)*** 0.27 0.64 0.17 33.69 25.27 -0.32
3 715.38(8) 217.05 (2)*** 0.26 0.73 0.11 33.69 24.21 -0.32 0.89 0.24
4 384.31(7) 331.07 (L)*** 0.21 0.85 0.06 34.22 24.56 -2.69 1.08 0.98 0.05
5 224.35 (4) 159.96 (3)*** 0.21 0.92 0.03 34.22 25.32 -2.69 10.342 0.98 1.00 -2.05* 0.64* -3.08*
Conditional 364.35 (15) NA 0.14 0.93 0.02 36.16 24.50 0.84 9.52 0.03 0.92 -2.15* 0.67* -2.82*
Check 391.21 (12) 0.16 0.93 0.03 36.24 24.62 045 7.65 0.11 1.38 -2.09 0.68 -2.68
homoscedasticity

RMSEA; Root Mean Square Error Approximation, CFl; Comparative Fit Index, SRMR; Standardized Root Mean Square Residual
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Table3.11. Latent growth curve analysis of habit strength

Model Fit statistics Intercept Slope Quadratic Covariance
Chi-Square Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope,
(df) Square (df) slope quadratic quadratic
0 1134.12(12) 0.27 0.0 0.39 384
1 340.49 (11) 793.63 (1)** 0.15 05 0.17 3.84 1.16
2 299.61 (10) 40.99 (2)*** 0.15 06 0.17 3.70 1.17 0.14
3 127.62 (8) 171.99 (2)*** 0.12 0.8 0.11 3.40 1.22 0.28 0.01 -0.02
4 3295 (7) 94.67 (2)*** 0.07 09 005 3.26 1.21 0.99 0.09 -0.30 -0.04
5 Notconverged _
Conditional 41.52 (13) NA 0.05 09 0.04 194 1.14 0.79 0.10 -0.21 -0.06
Check 47.77 (10) NA 0.05 09 0.03 2.28 1.09 0.63 -0.06 -0.17 -0.03
homoscedasticity 8

RMSEA; Root Mean Square Error of Approximation, CBEgmparative Fit Index, SRMR; Standardized Root Mean Square Residual



Table3.12. Latent growth curve analysis of dietary restraint

Model Fit statistics Intercept Slope Quadratic Covariance
Chi-Square  Change in Chi RMSEA CFlI SRMR mean variance mean variance mean Intercept, Intercept, Slope,
(df) Square (df) slope guadratic quadratic
0 1345.75(12) 0.30 0.00 0.40 6.96
1 756.81(11) 588.91 (1)*** 0.23 0.05 0.25 6.96 4.50
2 311.20(10) 445.64 (2)** 0.16 0.62 0.14 5.69 4.80 0.70
3 292.71(8) 18.49 (2)*** 0.18 0.64 0.14 5,69 431 0.71 -0.09 0.20
4 34.09 (7) 258.62 (1)*»** 0.07 0.96 0.05 5.15 4.14 341 0.13 -1.13 0.43*
5 Not converged
Conditional 45.15 (13) NA 0.05 0.97 0.04 282 3.72 268 0.15 -0.87 0.40**
Check 38.77 (10) 6.38 (3)* 0.04 0.98 0.03 2.82 3.53 2.68 0.37 -0.86 0.43**
homoscedasticity

RMSEA; Root Mean Square Error Approximation, CFl; Comparative Fit Index, SRMR; Standardized Root Mean Square Residual
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Table3.13. Latent growth curve analysis of autonomous dietregjtilation

Model Fit statistics Intercept Slope Quadatic Covariance

Chi-Square Change in Chi RMSE  CFlI SRMR mean variance mean variance mean variance Intercep Intercept, Slope,

(df) Square (df) A t, slope quadratic quadratic

0 381.88(12) 0.16 0.47 0.52 0.81
1 359.40 (11) 22.48 (1)**  0.16 0.50 0.44 571  0.62
2 154.57 (10) 204.83 (1)*** 0.11 0.79 0.34 5.95 0.64 -0.24
3 55.22(8) 99.35 (2)***  0.07 0.93 0.18 5.95 0.52 -0.24  0.09 0.03
4 43.72(7) 11.50 (1)**  0.06 0.95 0.16 589 0.52 -0.43  0.09 0.08 0.03
5 Notconverged

Conditional 52.49 (13) NA 0.05 0.96 0.02 5.75 0.51 -1.16  0.09 0.36 0.03

Check 45.57 (10) 6.92 (3)* 0.05 0.96 0.07 5.76  0.53 -1.19 011 0.37 0.01
homoscedasticity

RMSEA; Root Mean Square Error of Approximation, CEgmparative Fit Index, SRMR; Standardized Root Mean Square Residual



Table3.14. Latent growth curve analysis of controlled diet-setjulation

Model Fit statistics Intercept Slope Quadratic Covariance
Chi-Square Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope,
(df) Square (df) slope quadratic quadratic
0 1616.59 (12) 0.33 0.00 0.42 3.27
1 59.23(11) 1557.36 0.06 0.96 0.03 3.27 1.18
2 25.60(10) 33.63 (1)*** 0.04 0.99 0.03 3.63 1.19 -0.09
3 14.63(8) 10.97 (2)** 0.03 1.00 0.02 3.36 1.27 -0.09 0.04 -0.06
4 9.04 (7) 5.59 (1)* 0.02 1.00 0.02 3.39 1.27 -0.22  0.04 0.06 -0.06
5* 5.36 (4) 3.68 (3) 0.02 1.00 0.01 3.39 1.27 -0.22  -0.04 0.06 -0.03 -0.05 0.00 0.05
Conditional 14.76 (13) NA 0.02 1.00 0.02 3.10 1.26 -0.08  -0.09 0.09 -0.03 -0.04 -0.1 0.07
Check 11.08 (10) 3.68(2) 0.02 1.00 0.02 3.08 1.22 -0.06 -0.17 0.09 -0.05 0.04 -0.03 0.10
homoscedasticity

*This model was not significantly better fitting than the previous, more sjmpdel and therefore the previous model was selected for the next step of the analysis.

RMSEA; Root Mean Square Error of Approximation, CFl; Comparative Fit Index, SRMR; Standardized Root Mean Square Residual
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Table3.15. Latent growth curve analysis of amotivation diet-sedfulation

Model Fit statistics Intercept Slope Quadratic Covariance
Chi-Square Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope,
(df) Square (df) slope qguadratic quadratic
0 802.96 (12) 0.23 0.00 0.32 2.39
1 28.40(11) 774.56 (1)*** 0.04 0.97 0.04 239 0.59
2% 27.20(10) 1.2(1) 0.04 0.97 0.04 2.38 0.59 0.02
Conditional 48.83 (17) NA 0.04 0.96 0.04 239 0.59
Check 42.79 (14) 6.04 (3) 0.04 0.96 0.05 2.40 0.60

homoscedasticity

*This model was not significantly better fitting than the previous, more simple, model and therefore the previous medisttedsas the next step of the analysis.
RMSEA; Root Mean Square Error of Approximation, CFl; Comparative Fit Index, SRMR;&threld Root Mean Square Residual
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Table3.16. Piecewise latent growth curve analysis of BMI

Model Fit statistics Intercept Slope Slope 2 Covariance
Chi-Square  Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope 2,
(df) Square (df) slope slope 2 slope 2
1 (slope 1: 8B) 3598.23 (10) 0.53 0.00 0.61 3454 -5.81 0.180
2 (slope 1: 012) 3512.69 (10) 0.53 0.00 0.61 34.08 -1.35 0.741
3(slope 1: 612) 2758.75(9) 753.94 (1)**  0.49 0.29 0.99 34.06 -1.35 18.75 0.741
4 (slope 1: @12) 2360.54 (7) 398.21 (2)***  0.52 021 0.61 34.06 -1.35 1347 074 6.71 0.08
5 (slope 1: @12) 374.69 (4) 1985.85 (3)*** 0.27 0.86 0.04 34.06 2497 -1.35 3.80 0.741 0.67 -0.95* 0.20 0.08
Conditional 545.51 (16) NA 0.16 0.90 0.02 36.01 24.16 2.07 3.46 0.83 0.61 -0.034**  0.20* 0.15
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Table3.17. Piecewise latent growth curve analysis of habingth

Model Fit statistics Intercept Slope Slope 2 Covariance

Chi-Square  Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope 2,

(df) Square (df) slope slope 2 slope 2
1 (slope 1: ) 1008.93 (10) 0.28 0.00 0.36 3.26 2.97 -0.11
2 (slope 1: 612) 1107.99 (10) 0.29 0.00 0.36 3.59 0.45 -0.18
3 (slope 1: @B) 810.01(9)  397.98 (1)***  0.21 0.38 0.34 3.26 297 1264 -0.11

4 (slope 1: 8B) Not converged
5 (slope 1: @) Not converged
Conditional 484.79 (15) NA 0.16 0.57 021 194 2.47 11.67 -0.01
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Table3.18. Piecewise growth curve analysis of dietary restraint

Model Fit statistics Intercept Slope Slope 2 Covariance
Chi-Square  Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope 2,
(df) Square (df) slope slope 2 slope 2
1 (slope 1: 8B) 740.49 (10) 0.24 0.00 0.32 5.15 10.30 -0.67
2 (slope 1: 612) 944.33 (10) 0.27 0.00 0.38 6.30 1.42 -0.97
3 (slope 1: B) 325.35(9)  618.98 (1)***  0.17 044 026 5.15 10.30 54.16  -0.67
4 (slope 1: 8B) Not converged
5 (slope 1: @) Not converged
Conditional 319.61 (15) NA 0.13 0.65 0.16 2.85 8.12 49.63 -0.37

114



Table3.19. Piecewise growth curve analysis of autonomous dietegifiation

Model Fit statistics Intercept Slope Slope 2 Covariance

Chi-Square  Change in Chi RMSEA CFI SRMR mean variance mean variance mean variance Intercept, Intercept, Slope 2,

(df) Square (df) slope slope 2 slope 2
1 (slope 1: B) 952.34 (10) 0.27 0.00 0.49 6.00 -0.58 -0.20
2 (slope 10-12) 954.46 (10) 0.27 0.00 047 598 -0.32 -0.15

3 (slope 1: @) Not converged
4 (slope 1: 8B) Not converged
5 (slope 1: @) Not converged
Conditional 319.61 (15) NA 0.20 0.37 0.39 2.85 8.12 49.63 -0.37
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Table3.20. Associations between the latent growth factors of BMI and potential mediators

Variable BMI growth factors Fit statistics

Slope Slope 2 CFlI RMSEA SRMR
Dietary Restraint
Slope -0.45(0.13) *  -0.51 (2.54) 0.72 0.14 0.12
Slope 2 -1.70 (5.84)
Habit strength
Slope -0.61 (0.19)** 0.26 (0.14) 0.76 0.14 0.12
Slope 2 -0.56 (0.15)**

Autonomous diet Selégulation
Slope -1.17 (0.50)* 0.74 (0.30)* 0.61 0.13 0.17
Slope 2 1.63 (1.25)
Note.* p<.05. * p<.01. ** p< .001. BMI, Body Mass Index. CFl, comparative fit index.

RMSEA, Root mean square error of approximation. SRMR, Standardized Root Mean Square Residual.
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Figure 3.11. Full mediation model tested
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Table3.21. Total, direct and indirect effects via mediating variables of theah@d 52weekintervention on BMI for each mediator (tested in separate models)

Total impact of intervention on

Total indirect effect of mediating

Direct effect of intervention on BMI

BMI variables when mediator included

Effect Estimate SE  Pvalue Estimate SE Pvalue Estimate SE  Pvalue
Habit strength

12-week intervention -0.68 0.37 0.06 -0.599 0.30 0.04 -0.08 0.45 0.86

52-week intervention -1.72 0.38 <0.001 -1.08 0.39 0.01 -0.65 0.53 0.22
Dietary restraint

12-week intervention -0.68 0.37 0.06 -0.83 0.34 0.014 0.14 0.51 0.78

52-week intervention -1.72 0.38 <0.001 -1.41 0.47 0.003 -0.31 0.60 0.60
Autonomous diet setegulation

12-week intervention -0.68 0.37 0.06 -0.21 0.17 0.21 -0.442 0.39 0.26

52-week intervention -1.72 0.38 <0.001 -0.39 0.18 0.03 -1.32 0.40 0.001
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Table3.22. Standardised total, direct and indirect effects via mediating variables of trentib2week intervention on BMI

12-week intervention

52-week intervention

Effect Estimate SE P value Estimate  SE P value
Total impact of intervention on BMI  -0.15 0.06 0.01 -0.28 0.06 <0.001
Total indirect effect of mediating -0.17 0.06 0.002 -0.29 0.07 <0.001
variables
Direct effect ofintervention on BMI 0.02 0.08 0.78 0.002 0.10 0.983
when mediators included
Indirect Effect of Mediator
Habit -0.05 0.03 0.07 -0.09 0.04 0.02
Restraint -0.10 0.04  0.027 -0.16 0.06 0.009
DSR -0.02 0.02 0.154 -0.04 0.02 0.048
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CHAPTER 4:INCORPORATING PSYCHOLOGICAL MECHANISMS

OF ACTION INTO A HEALTH ECONOMIC MODEL OF OBESITY

This chapter repostthe adaptation of an existing health economic model of obesity to include the three
mechanisms of action identified in Chapter 2. Specifically, dietary restraint, habit strength and autonomous
diet selfregulationwere incorporateahto the School of Public Health Research Health economic model. The
aims were then to 1) compare simulated BMI and -effsttiveness when these mechanisms were
incorporated, to model specifications without these mechanisms and 2) explore the additionalpsabdr
sensitivity analyses that can be conducted using the newly adapted wogdaision of this paper was

presented at the Health Economists Study Group (HESG) Winter 2021.
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USING A HEALTH ECONOMIC MODEL THAT INCORPORATES

PSYCHOLOGICAL MECHANISMS OF ATION TO ESTIMATE

COST-EFFECTIVENESS OF A BEHAVIOURAL  WEIGHT

MANAGEMENT INTERVENTION
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4.1 Abstract

Objectives Incorporating psychological mechanisms of ac{iploA) of weightmanagement interventions
into health economic modelg could result inbetter represeation of heterogeneityn weight change and
costeffectiveness estimatemnd thus more efficient allocation of resources. The aim of the study was to
incorporag¢ psychologicalMoAs of a weightmanagement interventionto a healh economic modeand
examine (i) if Body Mass Index (BMI) over 2 years carsimeulatedusingMoAs, (ii) how costeffectiveness
estimatedbased on MoAsompare to those generated when treatment effect on BMI is entered direrify, (i
baseline levels dfloAs impact costeffectivenesand (iv) sensitivity analysis around duration of effect based
on MoAs.

Methods. Analysis of a randomised controlled trial, in which participéNtsl,267)were randomised to either

a brief interventiona 12-week weight maagement intervention or the same intervention for 52 weeks,
indicated that @tary restraint, habit strength and autonomous dietregiflationwere significant MoAs.
These three MoAsvere incorporated into the School for Public Health Research micragiotulmodel.
Estimated BMI at years 1 and 2 and ldaegn costeffectiveness were compared for three model
specifications: applying mearmange irBMI in each treatment groupiean changg change irBMl in each
treatment group adjusting for demographictéas Demographieadjusted and treatment effect based on
demographic factors and change psychological MoAs (Demographic plusMoA-adjusted. Cost
effectiveness outcomes for individuals high and low on these variables, for each vadiigaally and three
variables together, were comparebwo sensitivity analyses were conducted based on hypothesised
trajectories of mechanisms of action.

Results There wereno significant differencebetween thesimulatedmeanand distribution of BMlof the

three model specificationgnd those observed ithe study dataCost savings of the 12and 52week
interventions compared to the brief intervention, were lower foD#rmaographieadjusted an@emographic

plus MoA-adjusted models compared to tlean change model and QALYs were highidrere were small
differences in incremental costs and QALYs when comparing individual that were high or low on each or all
mechanisms of action. Sensitivity analysis indicated that sustained changes in mechaaisions i@&sults in

larger cost savings and higher incremental QALYs.
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Conclusions Although limited to one study and threariablesthis researcldemonstrates how mechanisms

of action identified in mediation analysis of behavioural weight managemententions can be used to
reliably estimate BMI within health economic modelliMyhile our findings do not indicate that including
psychological mechanisms of action in a health economic model of obesity provides a predictive advantage
compared to standanehethods of inputting intervention effect, it does enables subgroup and sensitivity
analysis based on psychological mechanism of action which have the potential to have an impaet on cost

effectiveness and funding decisions.

124



4.2 Introduction

Behaviouralweight management interventioasethe firstline treatment recommended for peopleo are

above a healthiBody Massindex (BMI) (1) but theyvary in content and effectivene&. This has led to an
increagd emphasis in the field of behaviour changgience,on reportingthe content of behavioural
interventions and the underlying theory that inform their degigH). More recently thishas been
conceptualised as description of the behaviour change technigedsn an intervention and the targeted
mechani sms of action (fithe processes throu®Mh whic
is argued that an intervention is more likely to be effective at changing behaviour and ultimatelyrighprovi
health, if it targets and changes known influential mechanisms of action (e.g., dietary r@jraiherefore,

a greater understanding of the relationship between an intervention, the mechanisms of action and weight
change, could inform the desigr effective interventions and enhance understanding of why certain

interventions work and for whoi7, 8).

Including relevant mechanisms of action in health economic modelling of behavioural weight management
interventions has two potential benefits.sEifit may result in better representation of the heterogeneity in
weight changeand costeffectiveness leading to more efficient allocation of resoukteterogeneity is widely
reported; in a systematic review of trials of weight management interventioean weight change at 12
months ranged from +0.30kg 16.6kg across studi€®). Furthermore, while another systemaseiew found

that, on average, weight loss wagained byive years after the start of an intervent{®), there is evidence

from an observational studat some individuals are able to maintaieight lossfor up to ten year§10).
Allowing change irBMI to be conditional on change in mechanisms of action may result in better prediction
of BMI for individuals in apopulationcompared to methods commonly used such as entering acimeage

in BMI in weight for all simulated individuals or enteringlaange irBMI based on demographic factors such

as age and gendétl, 12) Including relevant mechanisms of action \balso enable subgroup analysis
based on these factors, whicbuld be used to allocate resources if commissioners are budget constrained
Subgroup analysis is often conductiedexamine the impact of demographic and heathted factors (e.g.

age, genedr and baseline BNllon costeffectivenes¢11). However, given strong evidence that psychological
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variables are important determinants of weight managefh®:5), there is justification to examine whether
costeffectiveness is dependent on the levelp®fchological determinants of weight change at baseline.
Finally, the inclusion of mechanisms of action may provide an opportunity to estimatetontrajectories
based on psychological theory. Estimating duration of effect of an intervention iscbéibenging as trial
follow-ups are often limited to one or two ye#®§ and assumptions are made about the timentéde
individual to regain weight logtL2). Using research that has investigated the role of psychological factors in
weight loss mainteamce(14) to guide sensitivity analysis, has the potential to inform more accurate estimates
of long-term costeffectiveness in the population of interest and ultimately support more efficient allocation of

resourceg1o).

A second benefit ofnicluding réevant mechanisms of action in health economic modelling of behavioural
weight management interventiorssthat itmay facilitate consideration of cestfectiveness in the design

phase of a behavioural intervention through-toi@d modelling. Pre-trial modelling is recommendeas it

enables the researcher to consider the likelihood of the intervention beirgffeosve based on known
intervention costs and estimated effects, and thus can inform decisions about the intervention design and
whether proceeding to a trial is justifiéti7, 18) Estimations of intervention effect are more likely to be
accurate if theyoére specific to the intervention
intervention(7). Entering this estimate of intervention effect mechanisms of #on would enable a more
theorybased and interventiespecificestimatef long-termcosts benefits and costffectivenes. Despite the
potential benefits a recent systematic review found that no health economic madedsporated
psychologicamechanéms of actiorfl2). Ther ef or e, at pr e s ehangeiBMhwithine i s n¢

health economic models can be reliably predicted from change in mechanisms of action.

Therefore, theaim of the current study was tgaemine the feasibility of estiatingchange irBMI and long

term costeffectivenessisingchange in mechanisms of action. To do,théychologicamechanisms of action
of a behavioural weight management intervention were incorporatedan existinghealth economic
microsimulationmodel based on a thregrm randomised controlled trial (RCT). In this tridktdry restraint,

habit strength and autonomous diet-sejulationwere identified as mechanisms of actions of aati2l 52
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week weight managemeintervention compared to a brief interventi@hapter 3) The aim can be divided
into two parts. First, the aim was to compare a model specification in which BMI was sdrdated on
mechanisms of action, to commonly used methods to input intervention effect. Specifically the objectives

were:

1) Tovalidate prediction of BMat year 1 and 2 based on demographic fachaseline BMland change in
known mechanisms of action édary restraint, habit strength and autonomous dietragifiating)
compared to (a) the BMI in the original RQP) entering meachange irBMI for each treatment group
and €) enteringchange irBMI for each treatment group adjusting for demographitofa@and baseline
BMI.

2) Tocompare the costffectiveness estimatgenerated when BMI was predicted basedhedemographic
factors baseline BMhndmechanisms of action to those generated when entering BMI using two methods:
(a) entering meachange inBMI for each treatment group and (b) entertigange inBMI for each

treatment group adjusting for demographic factord baseline BMI.

The second ainwas to explorethe impact of additional analyses based on the mechanisms of action

incorporated into the health economic modédle objective were

3) To investigate costffectiveness of the intervention in subgroups based on baseline scores on the
mechansms of action.
4) To examine different assumptions of duration of effect based on psychological theory (sensitivity

analysis).

4.3 Method

4.3.1Case Description

Themechanisms of action included in the health economic modkeis studywerebased on the weiglbss
programme referrals for adults in primary care (WRAP) randomised controlledli@ial In this trial
participants N = 1,267) with a BMI of 28 or over were randomised to either a control group in which they

were given a selfielp booklet(brief intervention)a 12week commercial weight management programme or
127



52 weeks of the same programme (vouchers provided). The participants completed assessments at pre
randomisation (baseline) and at 3, 12, and 24 months after startintgtirertion. At these time points weight

and height were measured, BMI was calculated, and participants completed meadwpstlodsized
mechanisms of action of the intervention (idéetary restraint, habit strength and diet setjulatior).
Participans in the weightmanagemeninterventiors (12- and 52week) lost more weight than tHmief
interventionat 3 and 12 months. At 24 months, there was a significant difference betweenwieeks2
intervention and the brief intervention but not between thevd@k intervention anthe brief intervention.

Latent growth curve mediation analyses was conducted to determine the association between the treatment
group, the potential mechanisms of act{dietary restraint, habit strength aadtonomous, controllechd
amotivationdiet seltregulation) and BMI((20); Chapter 3)The trajectories of dietary restraint, habit strength

and autonomous diet setfigulation mediated the impact of both the 42d 52week intervention on BMI

that is, when the change in thesgiables was controlled for, there was no longer a significant impact of the
interventions on the slope of BMI. This indicated that the interventions were effective through the impact they
had on these three variables (i.e. mechanisms of action). @tdyydiestraint was an independent mechanism

of action for the 12veek intervention whereas all three were significant independent mechanisms of action

for the 52week intervention. These three variables were incorporated into the health economic model

4.3.2School of Public Health Research (SPHR) diabetes prevention model

In the presenstudy, the School of Public Health Research (SPHR) diabetes prevention waslatlapted to
incorporate the three mechanisms of action: dietary restraint, habit strength and autonomous- diet self
regulation In the SPHRmodel, annual change in BMI (natural history) and associated changes in other
metabolic factorshood glucose,ystolic blood pressure (SBP) and cholesieaokbasedon analysiof the

Whitehall 1l prospective cohort stu@21). Based on this analysis, it is assumed that reductions in BMI results

in improvements irblood glucose, systolic blood pressure (SBP) emalesteral These metabolic factors

impact on whether an individual receives a diagnosis of diabetes, experiences a cardiovascular event, cancer,
osteoarthritis or diabetaglated complication For each simulated individual in the model, each yedr

BMI updates (increases, decreases or stays the sanig) thenimpacts on thie othermetabolic factors and
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their individualrisk of disease diagnosis andtwalthevent. Specifically, within thEPHRmodel, BMI is a
risk factor for cardiovascular diase, cancer (breast and colon) and osteoarthritis. BMI is also an indirect risk

factor for type2 diabetes through the association with HbAlc.

The impact of a weight management intervention is implemented in the model by entering a change in BMI,
often diserved in a trial. This change in BMI then impacts on the other metabolic factors and the risk of
healthcare events and conditions as described above. In the base case scenario, it is assumed that all weight i
regained to the natural history trajectobaged on the Whitehall trajectories previously described) in the

absence of the intervention after 5 years.

The model is amdividual simulation model that runs in annual cycléth a lifetime time horizon such that
costs, and effectiveness are measuonrert the lifetime of all simulated individuals. Effectiveness is measured

in Quality Adjusted Life Years (QALYSs). Aational health servicdHS) and personal social services (PSS)
perspectiveis used. This model has been used to assess theffeusiveness of diabetes prevention
programmes(22, 23) This health economic model was suited for this study because individual BMI
trajectories are modelled for each simulated individual in the model. This enabled adaptation of the BMI
trajectories such that thewere conditional on individual factors including demographic factors and
mechanisms of action. This model is also built in the software R which had the capability to incorporate the
analysis on the mechanism of action in Chapter 3. Full details of ttiel mmad model parameters can be found

in Appendix3 and4.



Summary School of Public Health Research (SPHR) diabetes prevention model

The School of Public Health economic model is an existing health economic model that hg

1S been

adapted for the thesimnd is used irChapters 46. Because of the manuscript format of the

chapters, the model is described briefly in each chapter, and thetéilb d¢the model have beg
included in Appendix 3. This was previously described in the Supplementary Material
published article. For the purposes of the thesis, this section will inckut@mary of the mode

structure.

At the first stage in theodel, the age of the simulated individual is updated. In the second
the number of GP visits is estimated and is conditional on demographic variable
comorbidities such as diabetes and cancer based on an analysis of the South Yorkshir
study (24). The number of GP visitwasused to estimate healthcare utilisation and the likelin
that the individual will have healthcarescreening. The third stages estimates the change in
and in stages 4, 5 and 6, the individuals glycaemia, bloegspre and cholesterol are updat
The changes in these metabolic factors are conditional on several individual charac
including age, sex, ethnicity, smoking, family history of CVD, and family history of tyj
diabetedased on an analysis ot Whitehall Il cohor{21). Change in glycaemia, blood press
and cholesterol (stages6} are influenced by the changes in BMI (stage 3). Trajectorig
glycaemia, cholesterol and blood pressures differ depending on whether the simulated pa
a diagnoses of type 2 diabetes, are receiving statin or are receitidgypertensive treatmer
respectivel y. I n stage 7, the simulated

that the individual are identified as eligible for antihypasdive treatment or statins or ge
diagnoses of type 2 diabetes at opportunistic screening if they attend at least one (

(estimated in stage 2nd if they meet certain criteria such as a history of cardiovascular dis

In stages 8 to 14, thmdividual may experience cardiovascular outcomes, diabetes r¢

complications, cancer, osteoarthritis, depression, dementia, and updated cognitive
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associated with dementia diagno3ile risk of cardiovascular events (stage 8) including miyrt
(stage 9) is based on the QRISK2 model, a validated model in which cardiovascular
estimated based @thnicity, smoking status, age, BMI, ratio of total/HDL cholesterol, Towns
score, atrial fibrillation, rheumatoid arthritis, renal disedsgmertension, diabetes, and fam
history of cardiovascular disea¢25). The risk of diabetes related complications (stage
including renal failure, amputation, foot ulcemmputationand blindnegswere based on th
UKPDS data based on factors indhgl age, glycaemia, blood pressure, medication history|

BMI (26).

The risk of breast and colon cancer (stage 11) were estimated usiBgrdpean Prospectiv
Investigation of Cancer (EPIC) cohd#7) but included a risk adjustment such that individu
with a higher BMI have a greater risk. The risk of osteoarthritis (stage 12) was based on
of type 2 diabetes and BMI based on a longitudinal studiyhatbitants of a town in Ital{33) as
no UK studies were available. Individuals can develop depression at any cycle. The incid
depression (stage 14) was based on a US cohort €6yit was assumed thatiagnosis of
diabetes and/or CVD increased the incidence of depression in individuals who do ng

depression at baseline

Cancer mortality rates and other-edluse mortality (including diabetes risk were based or

2014 Ofice of National statistics report.
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4.3.3 Model Comparisons

Intervention effect (on BMI) can be entered into the model using several different methods including mean
change in BMI or change in BMI conditional on demographic factors. Using the resuofisHe mediation
analysis (Chapter 3), BMind costeffectivenes®utcomes werestimated based on changes in mechanisms

of action (detary restraint, habit strength, and autonomous dietsgiflatior).

To determine whether using change in these mechanisms of actions reiablgtedBMI, the outcomes

were compared tthe actual trial data artdro commonly usednethodsof inputting intervention effect; first,

by inputting the mearchange inBMI observedn each treatment group for all individuals and second, by
inputting thechange inBMI conditional on treatment groyfpaseline BMland demographic factors (age,
gender, education and incomé@&he latter was based on the same latent growth curve anadgsisin the
mediation analysis (Chapter 3), but without the psychological mechanisms of actions, and enables
heterogeneity to be represented based on demographic factors such as age and gender and reflects the nor

linear change in BMI observed during thigmal trial.

Meanspecification
The changein BMI at years 1 and 2 in the 12nd 52week treatment group were based on the corresponding
mean change observed in thieéginal WRAP study outlined in the case descripti¢h9). All individuals in

each grap have the sanghange irBMI.

Demographieadjustedspecification

Change in BMI in years 1 and 2 is based on ttieange inBMI in the trial adjusting for the impact of
demographic factors and baseline BWIhus, leterogeneity ithe impact of the intervention @Ml is based

on treatment allocation and demographic factors (age, gender, education and idcauajlratic latent
growth curve was fitted to BMIA quadratic growth curve was fitted as it resulted in the best fit of the curve

to the data when compared to a linear alternative. This also reflects the observation that there wasna change

BMI between baseline and yelaand then a return towards the basdBiMd by year 2. The growth factors of
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BMI (intercept, slope and quadratic) were conditional on ggedereducation and incom&he coefficients

of these factors are reported in Table 4.6 of Supplementary Material.

Demographic plus MoAdjustedspecification

Change irBMI in years 1 and 2 is conditional on demographic factors, baseline BMharthange in dietary
restraint, habit strength, restraint and autonomous dietegglfation.Heterogeneity irthe impact of the
intervention onBMI is based on demographic factors (age, gender, education and income) and change in

mechanisms of action.

The change in BMlvasbased on the mediation model. In the mediation analysis, a latent growth curve was
fitted to the change in dietary restraint, habit strength and autonomous diegsidtion over the trial period

of two years. A quadratic growth e was fitted as it resulted in the best fit of the curve to the data when
compared to a linear alternative. This also reflects the observation that for each variable there was a change
between baseline and year 1 and then a return towards the basklmdéwaear 2. The growth factors
(intercept, slope and quadrataf)the mechanisms of actiavere conditional on age and gender and the slope
and quadratic growth factors were conditional on treatment gisijn the Demographiadjusted model
specificdion, aquadratic latent growth curve was fitted to the BMI trajectamgthe growth factors were
conditional on age, gender, education and incdthegvever, in this specificatiorihe slope of BMI waslso
conditional on the slope of dietary restraintbibatrength and autonomous diet selfjulation treatment
groupand baseline BMIThis enabld the impact of an interventiaon BMI to be enterethrough the impact

on dietary restraint, habit strength and autonomous dieteggpifation.

More detailsabout the mediation analysis on which Bemographic pludoA-adjustednodel specification

is based, including the equations used to estimate BMI, and a diagram of the relationship between the growth

factors and mechanisms of action have been previously reported in Ch¢gfigr 3
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Outcomes
The model specificationserecompared orsimulatedBMI at years 1 and 2ifetime costsand QALYs and
net monetary benefiassuming a cosffectiveness threshold of £20,000 per QAIlff each treatment group

(12- and 52week weight management interventions) compared to the brieféentéq.

Trajectory of comparison group

Usually, in the absence of an intervention, the BMA siinulated individual follows trajectoly based on the
analysis of th&Vhitehall Il prospective cohort stud®1). This is the natural history BMI trajectory simulated

for each individual in the general population and is the trajectory that individuals are expected to follow if
there is no intervention at alh the WRAP trial(19), the comparison group tia briefintervention in which
participants were given a sdltlp booklet. Because the participants in this group experienced some weight
loss, the trajectory for weight change in the comparator grotiee modelwvas changed to reflect that of the

brief interventon during the trialFor all model specifications and treatment grouipsas assumed that all
individuals, at 5 years into the model, returned to the BMI trajectory (linearly) that they would have been on

if they hadfollowed the Whitehall trajectoriefsom the first year.

Population

The baseline model population used in this study is the sample recruited in the randomised controlled trial
(WRAP trial) on which the mediation analysis was condu@uapter 3Y19). Baseline characteristics are
reportedin Tables 4.8 and 4.9 tiie Supplementary Materiabimulated individualsvererandomly sampled

with replication from the trial population to creabaseline population for the model. Ordinartlye Health

Survey for England28), a repeat crossectional survey of around 80@dulss that aregepresentative of the
population in Englands used as the baseline population for the SPHR diabetes prevention model. However,
this population does not ¢tude the relevant psychologicalechanisms of actiofdietary restraint, habit
strength and autonomous diet s@fulation) which are required for tiemographic plusvoA-adjusted

model specification.
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In the WRAP data, there was some baseline infoamatbout the participants that was not collected in the
original trial or was not available for the analydiat thatwas requiredn the SPHRo inform the individual

risk factors for the various conditions in the modigiormationthat were requiredof the model but were not
available includd past cardiovascular disease including angina, myocardial infarction, trans ischaemic attack,
stroke atrial fibrillation, and depression. For these conditions a baseline prevalence rate of zero was assumed
Although all participants were overweight and thus might be at greater risk of cardiovascular disease, the
general practitioners were asked to exclude anyone with a condition that prevented them from taking part
the trial. Therefor@ was determined that) the absence of other data, this was an appropriate assumption for

this sample at baseline.

Sensitivity analysis

Probabilistic Sensitivity Analysis (PSA) (described in the Chapt8ection 1.2) wasonducted in all analgs
across the three model specificatidnsensure that parameter uncertainty was taken into account in the
outcomes. The model was run one thousand times each with 5000 simulated indsetheiésd at random

Credible intervals, the central portion of th@00 results that contain 95% of the values, were reported.

4.3.4Subgroupanalysisbased on baseline levels of mechanism of action

The Demographic plutoA-adjustedspecification was used to examine subgrdugsed on the scoom the
mechanisms of activat baselinelncreases in each of these variables had a positive impact on BMI and
therefore the impact of starting either low or high on this variable was examined to investigate whether the
baseline level impacted cestfectiveness. In the originaltent growth curve analys{€hapter 3)the change

in BMI over timewasnot dependent on the intercepts of the mechanisms of action, based on initial results
demonstrating no significant association between change in BMI and baseline level of mechaattios. of
However, subgroup analysis was conducted to determine if the baseline mechanisms of action impacted on
costeffectiveness by a pathway not detected within the latent growth curve analysis such as through
associations with baseline demographicmetabolic variabled=or each of thenechanisms of actiglietary

restraint, habit strength and autonomous dietregjfilation), individuals were divided into those who scored
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in the top quartil€high) and those who scatén the bottom quartil§low) at baselineThis resulted in three
comparisonsn a fourth comparison, individuals who were haghall three variablete thosdow on all three

variables

While the option of examining each combination of high or low scores of the three variables (e.g. high habit,
low dietary restraint, high autonomous diet setjulation) wasconsidered, this resulted in small group

numbers for some scenarios which mayehisnpacted reliability of results.

4.3.5Sensitivity analysis based on estimated trajectories of mechanisms of action

Sensitivity analysis was conducted on the trajectories of BMI. In thedaaseanalysis using the Demographic

plus MoA-adjusted modespecification it was assumed that for the first two years ¢hange inBBMI was

based on change in mechanisms of action. It was then assumed that all participants in alkgaingdo

the natural history trajectorlyy 5 yearsthat is, the weight tjactory that they would have followed in the
absence of an intervention. However, there is a lack of eviddhaeg-term weight loss maintenan¢® and

it is therefore advised that the duration of intervention effect, or the time to weight regainied iva
sensitivity analysis (Chapter 2). Without the mechanisms of action in the model, sensitivity around the duration
of effect is based on assumptions about BMI only. However, inclusion of the mechanisms of action enables
change in BMI to be estimatash mechanisms of action. Although there is limited evidence onttng

weight trajectories, it is possible to make some estimates about the trajectories of mechanisms of action based
on theories of behaviour change maintenance. In the sensitivity anahgsiduration of effect was varied

depenihg on the potential trajectory of mechanisms of action.

In both of the sensitivity analyses, the BMI is conditional on the mechanisms of action beyond the 2 years and
usestwo main assumptions. The first assuiop is that after first 2 years, instead of assuming that BMI return

to the natural history trajectory between 2 and 5 years {fmseassumption), the trajectory of mechanisms

of action is extrapolated beyond the 2 years and the BMI continues to bidoc@hcbn this change in

mechanisms of action. This assumes that the mechanisms of action return towards the baseline value. It is
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assumed that an individual follows the BMI trajectory predicted by the mediation analysis from baseline to the
point at whid the individual reaches the natural history trajectory (that would have been followed in the
absence of an intervention). The other assumption used in the sensitivity analyses is that the change in the
mechanisms of action is maintained beyond the int¢ime and the BMI trajectory is predicted accordingly.

This assumes that the behaviour change techniques used in the intervention resulted in sustained changes ir

the mechanisms of action beyond the two years.

In the first sensitivity analysis, it wassasned that the mechanisms of action followed the trajectory predicted

by the mediation analysis for participants in both the brief intervention and tveelRintervention. This
assumed that the return to baseline that had been observed towards théetriabtontinud until the BMI

reached the BMI trajectory that they would have been on in the absence of the intervention. This resulted in a
regain to the original weight trajectory at an average of 3 years after baseline for both the briefvadd 12
intervention groups. However it is assumed that the mechanisms of action inwleelbihtervention were
maintained following the intervention. This was based on the hypothesis that the behaviour change techniques
implemented over a longer period of &nf52 vs 12 weeks) enabled participants to develop and maintain
dietary restrain29), and that greater increases in habit over time increased the likelihood of habits becoming
stable(30). Furthermore although seakégulation had reduced during the inemtion, there is evidence that

an extended care model of treatment results in sustained moti@tip his still resulted in weight regain
between years 2 and 5 and, so although this was an alternative assumption compared todke hnabysis,

it still resulted in a regain to the original weight trajectories 5 years which matches the assumption made in the

base case analysis.

In the second sensitivity analysis, it was assumed that the three mechanisms of action were maintained for both
the 12 and 52week intervention but not for the brief intervention. This was based on the hypothesis that both
the 12 and 5&veek interventionsvere sufficient to evoke sustained changes in mechanisms of action
compared to the brief intervention which was a booklet only. Using this assumption resulted in a regain to the
original weight trajectory at an average of 4 years after baseline for teelRintervention. The time to

regain to the original trajectory was 3 and 5 years for the brief intervention angelk2intervention
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respectively as in the first sensitivity analysis. Table 4.1 outlines the sensitivity analyses and Figure 4.1 shows

the BMI trajectory for each treatment group in each sensitivity analysis.

Table4.1. Scenarios tested in sensitivity analysis

Mechanisms of action trajectory Years to regain

Sensitivity analysis 1
Brief intervention Followed trajectory predicted by the mediation analysis 3
12-week intervention Followed trajectory predicted by the mediation analysis 3
52-week intervention Maintained until BMI trajectory returns to original trajecto 5
Sensitivity analgis 2

Brief intervention Followed trajectory predicted by the mediation analysis 3

N

12-week intervention Maintained until BMI trajectory returns to original trajecto

(6]

52-week intervention Maintained until BMI trajectory returns to originahjectory

Sensitivity Analysis 1

BMI

Time after baseline (months)
Sensitivity Analysis 2

BMI

o 20 40
Time after baseline (months)

Brief intervention - ---  12-week intervention 52-week intervention

Figure 4.1. Trajectory of BMI for each treatment groups in each sensitivity analysis
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4.4 Results

4.4.1 Comparing models

Validation of each model in terms of population IeB®ll predictionat years 1 and 2

Figure 4.2 showdie mean estimated BMI for the-ldhd 52week interventions at years 1 antbRall model
specifications alongside the meNll observed inthe studydata.For both interventions, mean BMI at year
1 and 2 generated by the Mean, Demographjosted and Dmographic plusMoA-adjusted model
specifications were within the confidence interval of the actual mean. The Demographic pltedMeted
model specification resulted in a larger variation in BMI compared to the Mean and Demogudjpkied

suggesting tat adding the mechanisms of action increased the variatBMI.

Year 1 Year 2
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The distribution of BMI at year 1 and 2 in each treatnggntipis shown inthe density plos in Figure4.3

The estimated distributioof each model specificaticare represented by lines overlaid on the densitygblot

the actual ppulation Chi-squared testssed to compare the estimated and actual distributions at each time
point, indicated that there were no significant differences between the distributions estimated by each model
specification and the actual study data. Combined Figure 4.2, these results indicate that the mean and
distributions of BMIs at years 1 and 2 can be predicted by the Mean, Demogadplsted and Demographic

plusMoA-adjusted model specifications.
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Figure 4.3. Density plots of the actual and estimated distribution of BMI at year 1 and year 2 for the two intervention

arms in the WRAP trial
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Costs and Quiality adjusted lifeears(QALYS)

Table 4.2 shows the costs and QALYs for each treatment group for each model specification, and the
percentage differences between both the Demogragljisted and Demographic pIM®A-adjusted model
specification and the Mean specificatidrnis indicates that there were only sndifferences between the

costs and QALYS between model specifications (all under 0.5%).

Table4.2. Absolute costs and QALYSs per person for-avé2k and 52veek behawural weight management

programme using three model specifications.

Costs (£) QALYs

12-week intervention

Absolute results for each intervention

Mean 28701.72(22167.47,39459.01)  10.8240(10.1379 11.49D)
Demographieadjusted 28911.03(22335.85,39853.46)  10.80%F (10.114711.4719
Demographic plus Mofadjusted 28852.68(22047.34,39821.22)  10.8(®0(101341,11.4007)
Percentage difference froMeanmodel specificatioi%)

Demographic adjusted 0.35(0.33, 0.37) -0.19 €0.19,-0.18)

Demographic plus MoAadjusted 0.73 (0.71, 0.75) -0.19 €0.26,-0.12)

52-week intervention

Absolute results for each intervention

Mean 28554.44(22020.3539302.23 10.8375(10.1473 11.50%)
Demographic adjusted 28680.24(22127.4039419.2% 10.8248(10.136&, 11.493R)
Demographic plus MoAadjusted 28629.21(21928.6339689.02) 10.8211(10.1449,114177)
Percentage difference froMeanmodel specificatioii%)

Demographic adjusted 0.44 (0.42, 0.46) -0.12 ¢€0.12,-0.11)

Demographic pluoA-adjusted 0.28 (0.13, 0.42) -012 ¢0.21,-0.07)

All results are displayed with credible intervdlse central portion of the 1000 results that contain 95% of the values
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Table 4.3 showshe incremental costs, QALYs and net monetary benefit ggeson for all model
specificationsin all model specificationshe brief interventiomad greater costs and lower QAL¥snboth

the 12 and 52week interventionThere were greater cost savings and incremental QALYSs for the Mean model
specification tAn both the Demographadjusted and the Demographic plus Madjusted model
specifications and the Demographic plus Madjusted model specifications had greater cost savings and

incremental QALY's than the Demograptaidjusted.

Table4.3. Incremental costs and QALYs for adi2ek and 52veek behavioural weight management programme using

three model specifications

12-week vs. brief interventic 52-week vs. brief intervention

Costs
Mean -274.51(-577.53,-77.41) -280.30 (678.06,-24.94)
Demographieadjusted -70.31 ¢281.31, 86.68) -159.60 ¢(501.12, 64.97)
Demographic plus MoAadjusted -98.58 €397.80, 164.29) -180.55 ¢{562.40, 85.94)
QALYs

Mean 0.0274 (0.0109, 0.0473) 0.0409(0.0184, 0.0676)
Demographieadjusted 0.0083 ¢0.0053, 0.0248) 0.0295 (0.0104, 0.0538)
Demographic plus Mofadjusted 0.0105 ¢0.0076, 0.0323)  0.02958 (0.0068, 0.0560)
NMB
Mean 822.82 (363.03, 1428.72) 1098.81 (476.59, 1818.25)
Demographieadjusted 236.57 (146.62, 700.24)  748.65 (221.49, 1390.06)
Demographic plus Mofadjusted 309.05 ¢225.80, 951.41)  772.08 (115.59, 1495.41)

NMB; Net monetary benefits based onasteffectivenesshreshold of £20 000 per incremental QALY

Costeffectiveness planes (Figuded) show the incremental costs and QALYs comparing a) theegk
intervention to the brief intervention and b) thev@@ek intervention to the brief intervention for both model
specificationsThere was overlap in incremental costs and QALYs across the model specifiddtimeser,
despite similar estimates of BMI at the population level, the heterogeneity introduced by adjusting BMI for
demographic factors or estimating BMIdeal on mechanisms of action results in lower costs savings and
incremental QALYs.Costeffectiveness curves indicated that at all @#tctiveness threshaddup to

£50,000 the 52week intervention had the highest probability of being-effstctive (Figire 4.9).
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Figure 4.4. Incremental costs and QALYs of the a8d 52week intervention compared to the brief intervention
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4.4.2Subgroupanalysisbased on baseline levels of mechanism of action

Costeffectiveness of the interventiofiar individuals with high (highest quartile) or low (lowest quartile)
baseline scoresn habit strengtidietary restrainand autonomous diet sekgulationwere exanined Table

4.10 in the Supplementary Material shows the number of the baseline population in each of the subgroups.
Figure 4.5 shows the average total costs and QALYs per person for each subgroup and each intervention.
Although all groups had very similar costs and QALYSs, individuals with low habit strength had higher costs
and higher QALYs than those with high habitesigth, individuals with high dietary restraint had slightly
higher costs and lower QALYs than those with low dietary restraint and individuals with high autonomous
diet selfregulation had higher costs and lower QALYs than those with low autonomous|tietgsilation.

The direction of difference was the same across all treatment groups. Individuals high on the three mechanisms
of action had higher costs and lower QALYs than individuals low on the three variables across all treatment

groups.

Brief intervention 12-week intervention 52-week intervention
50000

40000

30000

Costs per person

20000

o

Brief intervention 12-week intervention 52-week intervention

o

QALYs per person
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Figure 4.5. Average total costs and QALYSs per person for each treatment group, for 8 subgroups, based on baseline
scores of habit strength, dietary restraint and diet-sgdfulation
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The incremental costs and QAL¥sd net monetary benefit apeesentedn Table4.4, whichshows the 12

and 52 week interventions each compared to the brief intervenfibere were only small differences in
incremental costs and QALYs across all of the subgroups asibftectivenesglanes (Supplementary
Material Figure4.7 and4.8) show that the distribution of PS#odelruns were similarCosteffectiveness
acceptability curves indicate that for all subgroups, thavé@k intervention has the highest probability of
being the mostasteffective treatment option (Figureld). However, high baseline levels of habit strength,
dietary restraint and autonomous diet-sefjulation were all associated with higher net monetary benefits than
low baseline levels of the mechanisms of acti®milarly, there was a higher net monetary benefits for

individuals high on all mechanisms of action than those low on all mechanisms of action.
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Table4.4. Psychological MoA Model results for 8 subgroulperemental costs and QALYs for thewgek and 52

week behavioural weight management intervention based on dietary restraint, habit strength and autonomous diet self

regulation

Costs

QALYs

NMB

12-week intervention vs brief intervention
Total -98.58 ¢398.75, 156.80)
Habit strength
High -108.78 (529.82, 223.82)
Low -88.78 ¢561.40, 297.61)
Dietary restraint
High -112.20 ¢{581.25, 272.64)
Low -58.66 ¢490.53, 359.01)
Autonomous diet selfegulation
High -130.16(-588.16, 261.73)
Low -84.09 ¢483.62, 252.75)

All mechanisms of action

High -155.08 ¢(1074.12, 601.47)

Low -31.02¢801.25, 709.87)

0.0105 ¢0.0077, 0.0322)

0.0117 ¢0.0147, 0.0426)
0.0089 (0.0143, 0.0377)

0.0114 (0.0139, 0.0442)
0.0093 (0.0158, 0.0387)

0.0105 ¢0.0134, 0.0385)
0.0112 ¢0.0131, 0.0392)

0.0126 (0.0277, 0.0697)
0.0072 (0.0494, 0.0678)

309.05 ¢229.96, 949.58)

343.22 (352.73, 1187.99)
267.58 (414.43,1106.69)

340.74 (395.31, 1205.31)
243.82 (448.84, 1049.47)

340.45 {345.51, 1167.99)
308.75 {356.43, 1105.68)

407.27(-828.26, 1892.32)
174.45 ¢1296.58, 1677.79)

52-week intervention vs brief intervention
Total -180.55 (564.91, 85.16)
Habit strength

High -183.34 {658.02, 210.71)

Low -176.23¢662.01, 213.53)
Dietary restraint

High -187.52 {698.75, 216.87)

Low -130.05 ¢637.76, 265.74)
Autonomous diet selfegulation

High -232.74 (806.95, 194.42)

Low -149.76 (639.98, 187.09)
All mechanisms of action

High -249.08 {(1349.66, 542.03)

Low -86.20 ¢1028.56, 655.90)

0.0296 (0.0067, 0.0555)

0.0310 ¢0.0001, 0.0680)
0.0272 (0.0000, 0.0605)

0.0299 (0.0001, 0.0669)
0.0284 (0.0008, 0.0600)

0.0287 (0.0014, 0.0615)
0.0301 (0.00070.0649)

0.0304 ¢0.0131, 0.0907)
0.0259 (0.0295, 0.0987)

772.08 (112.40, 1483.20)

802.67 ¢{31.23, 1748.31)
719.27 {97.52, 1608.12)

784.86 (65.55,1825.60)
698.77 (51.73, 1590.04)

805.83 (8.85, 1724.49)
750.77 ¢{38.87, 1663.41)

856.17 {443.02, 2521.97)
604.11 (833.90, 2241.14)

QALYs; Quality Adjusted Life Years, NMB; Net Monetary Benefit.



4.4.3 Sensitivity analysis based on estimated trajectories of mechanisms of action

Sensitivity analyss of two scenarios in which the duration of the intervention effect, timeetght regain to

original trajectory, were varied based on the expected trajectory of the mechanisms of action, were conducted.
This indicated that, when individuals in both the brief intervention and thee&R intervention return to the
norrinterventiontrajectory after 3 years, both the cost savings and QALYs gained were larger when comparing
both interventions (sensitivity analysis 1) to the brief interventions (Figure 4.6). This costs saving ef the 12
week intervention compared to the brief intervemtivas even higher when it was assumed that the individuals

in the 12week intervention returned to the nmtervention trajectory after 4 years (scenario 2).
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4.5 Discussion

Theaim of the current study was t@aenine the feasibility of estimatirghange irBMI and longterm cost
effectivenessisingchange in mechanisms of actjovithin a health economic model of obesAyter adapting

an existing health economic model to include dietary restraint, habit strength and autonomous- diet self
regulation, he first part of the analysis was to compare a model specification in whicwB@Mpredicted

based on mechanisms of action to commonly used methods to input intervention efféicdifbe suggest

that BMI can be reliably predicted within health economic modelling based on changesbit strength

dietary restraint andutonomos diet seHregulation demographic factors and baseline BMI. None of the BMI
means and distributions were significantly different from the actual data indicating that, at a population level,
all models predict BMI accurately. The Demogragéifusted anddemographic plusMoA-adjustedmodel
specifications both resulted in lower cost savings and lower incremental Qtharisthe Mean model
specification In this case he conclusions regarding caxffectivenessnd funding decisionwould likely be

the samdor all three model specifications, however, this is in part due to the intervention being cost saving.
In evaluations in which the estimates of eelectiveness is closer to the cestective threshold, this
difference could be sufficient to impact fumding decisions. The difference in estimates of-effgictiveness

is likely because, although the predictions of BMI were accurate on a population level, both the Demographic
adjusted and Demographic pliA-adjustedmodels allow variation among indddaals which resulted in
higher costs and lower QALYs. However, individual variation is represented in both the Demagraphic
adjusted and Demographic piM®A-adjustednodel specifications. This supports the use of model in which
BMI is conditional on demogphic and/or psychological mechanisms of action, but theeffesitiveness
results alone do not provide a strong rationale for including the psychological mechanisms of action over and

above demographic factors.

This finding that coseffectiveness estiates of the Demographédjusted, and Demographic plMoA-
adjustedmodel specification were similar suggests that Demographidviidsadjustednodel specification
offer little or no predictive advantage over the Demograpdjasted model specificatiofhe Demographic

adjusted model is likely to be easier to implement as it does not require the complex mediation analysis needed
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for the Demographic plusioA-adjustedmodel specificatiorfChapter 3X20). This may indicate that while

the mediation analysigrovided a greater understanding of how and why the intervention worked, which is
useful in intervention design and implementation, it may not provide a predictive advantage over the
demographieadjusted model in health economic modelling. However, tipadatof including mechanisms of

action may differ depending on the content of the intervention, the mechanisms of actions targeted and the
target population. Further research is needed to test whether including psychological mechanisms of action
offer a pedictive advantage when evaluating other interventions or comparing interventions that target

different mechanisms of action.

The second part of the research was to explore the impact of additional analyses based on the psychological
mechanisms of actiorThe outcomes for individual with high and low scores on baseline psychological
mechanisms of action were compared. The results indibatecosteffectiveness of the 12and 52week

weight management intervent®did notvary substantiallybetween the subgroups based on baseline levels

of dietary restraint, habit strength and autonomous dietesgifiation. Thisuggests thdhe interventions are
costeffective regardlessofann di vi dual 6s | evel of t htegportallacationab | e s
of treatment based on these factors. However, there were consistent differences in costs and QALYs across
treatment groups. For example those with low habit strength had higher costs and QALY's than individuals
with high habit in both he 12 and 52week intervention and the brief interventiémthis evaluation the two
interventions were the same other than duration and therefore targeted the same mechanisms of action
Furthermore, the mediation analysiChapter 320) indicated tlat all three interventia)including the brief
intervention, showed a similar direction of change in mechanisms of action although with different effect sizes.
Therefore, any impact that baseline psychological factors had on the effectiveness ofvitietiotemay have

been present across all groups and so would have had little impact on incremental costs andimQldive
mechanisms ddction in health economic modelling may have a greater impact on outcomes when comparing

interventions that targetfterent mechanisms of action.

The Demographic plusMoA-adjustedmodel specification enabled an alternative approach to extrapolating

weight which is based on psychological theory and the specific mechanisms of action targeted by the
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intervention beingealuated. In this study, alternative assumptions about weight regain based on potential
trajectories of the mechanisms of action were tested in sensitivity analysis. Testing alternative scenarios of
weight regain is often conducted as part of sensitiviglysis because of the potential impact of duration of
intervention effect on costffectiveness outcomgd2) (Chapter2). However, in previous analyses, the
duration of effect has been chosen arbitrarily or based on previous studies of weight managsmwemtions.

The sensitivity analysis in the current evaluation was based on the theorised impact of the intervention on
mechanisms of action which enables interventipacific assumptions to be used in the absence oftésny

data. This sensitivity abysis supported findings in a recent systematic review (Chapt@2})that the
duration of intervention effect has the potential to impact oneffattiveness estimates. Furthermore, the
finding that an assumption of maintenance of the changes imamiems of action change resulted in the same
simulated duration of effect as the basse supports the basase assumption used in this model (weight
regain by 5 years). Although in this study, the funding decision would likely be the same in alioscenar
alternative hypothesised trajectories of mechanisms of action may have an impact on evaluations in which the

interventiavingp sndédt so cost

Together thdindings suggest that inputting observed or predicted change in dietary restraint,reabihst
andautonomous diet sefegulation may be a reliable proxy for entering treatment effect as a change in BMI
when estimating cosgffectivenessThe Demographic plusioA-adjustedmodel specification simulated the
mean and variation in BMI observetthe original study and there is also no evidence that bias was introduced.
The findingthat BMI and costeffectiveness can be reliably estimated based on changedhanisms of
action provides evidence that conductingre-trial modelling based oexpected change in mechanisms of
actionis feasible and will complement tlvecreasing focus odescribing a planned intervention in terms of
the behaviour change techniques utilisedl mechanisms of action target@d 8). An interventionwill
comprise aselection of behaviour change techniques, each of which will impact on one or more mechanisms
of action to get an aggregate change in mechanisms of acliomsnediation analysis integrated inhe

health economiodel translates the overall changenechanisms of actionto a change in BMI andost
effectivenessThis allows a more theo#lyased and interventiespecific estimation of expected effect and

costeffectiveness rather than using weight change observed in previous trials which may berbased
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interventions that differ in contenthis can be used twnduct prerial modelling such as justifiable cost and
value of information analyses; important methods which can be used to inform the design of interventions and

progression of trials.

The analysis presented has some limitations and challenges. First, because the HSE28)rwéyich is
representative of the English population, did not have measures of the mechanisms of action in the study
(dietary restraint, habit strength and autonomoigt delfregulation) or similar variables, the sample
population from the original analysis was used as the baseline population. Although the trial sample was
broadly generalisable to the English population that would be eligible for a weight managderganiion

based on socioeconomic factors, ethnicity and BMI), only 32% were males and the smaller sample size
compared to the HSE would have limited the variability of the sample and thus, the generalisability of the
results Secondalthough this sty demonstrateBow mechanisms of action can be added to a health economic
model, only three variables were included as these were the mechanisms of action relevant for this study and
intervention. It is likely that there are other mechanisms of actiantiald be important to include for this

model to be relevant to a wider rangevaight managemerihterventions. For example, in a review of
mediation analyses of weight management interventions, there were was strong evidencesffiahsgliind
self-regulation skills such as sefionitoring were important mediatof$5). Supporting this is the findings

from the original mediation analysis in which the direct effect of the intervention on BMI became positive
(increased BMI) when the mechanisms of @ttivere included as mediatossiggeshg thatthere are other
factors that wereno6t measur ed i n byihcreasingveightdweight t h at
regain or limiting weight loss. While the intervention had an impact on dietarpairéshabit strength and
autonomous diet setegulation which resulted in a reduction in BMI, the intervention may have had a negative
impact on another determinant of behaviour change which had the opposing effect on BMI; for example, in a
previous grap-based weight loss intervention, seeing others lose weight increased perception of own progress
which was then associated with reduced weight (88% In addition, while the three mechanisms impacted

on BMI via dietary behaviours, there is evidencet tt@mpensatory physiological adaptations that occur
following dietinduced weight loss can promote weight redaB). A greater understanding of the mechanisms

of action of behaviour change techniques used in interventions, the wider determinants btheighe and
15¢



how these interact will likely enable better estimation of {@rgh weight change. Existing theories of
behaviour change and behaviour change maintenance may inform development of the model to include
additional factorg13). Collating datafom existingstudies and condung analyses and metmnalysesould

help to establish associationlsetween interventionsthar mechanisms ofaction and BMI as well as
interactiondetweerdifferentinterventionsand mechanisms of actionoinclude alfactorsrelevant to weight
managemerin the health economic modebuld likely require data from multiple studies and data Isets

would enablehe models to represent the broader framework of factors that impact on weight manageiment

would make the model applicable to a wider range of behavioural interventions.

To the best of our knowledge, thiglefirst time thatpsychological mechanisms of actibave feen used in
estimating BMI trajectories in health economic modelling of a hiebnaal weight management intervention.
Although limited to one study and threariables this demonstrates how mechanisms of action identified in
mediation analysis of behavioural weight management interventions can be used to reliably estimate BMI
within health economic modellingVhile the findings do not suggest that including psychological mechanisms

of action in a health economic model of obesity, provides a predictive advantage compared to a model that
adjusts for demographic variables only when mtéty costeffectiveness, it does enables subgroup and
sensitivity analysis based on psychological mechanism of action. Althodlglding mechanisms of action

did not impact on the likely funding decision in this study, there is the potential for théséoan impact in

other evaluations. The findings also indicate the potential to conqmtadtial modelling of behavioural
interventions based on expected impact on the mechanisms of. deditoine research should investigate
whether the impact of includg psychological mechanisms of action in a health economic model varies
depending on the intervention, the mechanisms of action targeted, and the mechanisms of action targeted in

the comparison group.
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4.6 Contribution to thesis

In Chapter 3, three meahmam of action were identified in mediation analysis. In this chapter, | used the
outcomes of the mediation analysis to adapt an existing health economic model. Based on the findings of the
review in Chapter 2, this is reportedly the first health economidel of obesity to incorporate psychological
factors and so this represents a novel methodological advance in health economic modelling of weight

management intervention.

Including the psychological factors provided no predictive advantage compangditiing BMI conditional

on demographic factors when estimating esfftctiveness which raises doubt about the benefit of including
psychological factors especially given the complex mediation analysis (Chapter 3) that was required to make
the adaptatiodetailed in this chapter. However, this is likely, in part, because the intervention that was tested
which was associated with high c@stvings and so a large difference in outcomes would be needed to impact
funding decisions. Furthermore, including theahanisms of action allowed additional analyses which may

be useful in making decisions about allocation of resources. These additional analysis can be specific to the
behaviour change techniques used in an intervention and the mechanisms of actiod. tatidpetegh, |

adapted the model based on a single study and the subgroup and sensitivity analyses conducted would not have
impacted on funding decisierin this case, the study demonstrated a method of including psychological

variables in health economigodelling of weight management and the potential benefits of doing so.

The findings have implications for ptgal modelling methods. Pseial health economic modelling of a
planned intervention can be conducted based on the effectiveness of pretéouentions which will be
explored in Chapter 5, but the adapted model, described in the current chapter, would etradllenpeielling

based on expected changes in mechanisms of action which will be explored in Chapter 6.
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4.8 Supplementary Material

4.8.1 Equations used in latent growth curves

The full equations for the latent growth curves fitted to eacthefmiechanisms of action and to BMI are
detailed below. The results from the mediation analysis were used to predict BMI at year 1 and 2 in the MoA
specification. In the direct specification, coefficients from a model in which the mechanisms of actidh tveren

included as mediators was used.
The habit score for participant j at time t can be specified as
Hab“jt = qu + qut + q2jt2 + a_t Equationg

Whereqq;, gy and gy represent the intercept, linear slope componengaadratic component growth factors

of the habit trajectory and & the random error.

0o = bo + @Age +noGender + § Equation10
qy = b1 + gr/Age +mGender 1 Tx12 +H1,Tx52 + hy Equation11
0z = bz + @Age +nGender HpTx12 +H2,Tx52 + by Equation12

Wherebo, b, andb, are the intercepts for each growth factor (intercept, slope and quadpaticly represent

the magnitude of the coefficient linking Age to the intercept, slope and quadratic respeatvalyn,
represent the magnitude of the coefficienkilig gender to the intercept, slope and quadratic respectively and
hg;, hyj, hy represent the random error for the intercept, slope and quadratic respeldtivatydH., represent

the magnitude of the coefficient linking the intervention-{dgek intervention and 5&eek intervention
respectively) to the slope amty; andHz; represent the magnitude of the coefficient linking the intervention

(12-week intervention and 5&eek intervention respectively)) to the quadratic component.
The restraint score for participant j at time t can be specified as
Restraint=Y g+ Yyt + Y 5t* + by Equation13

WhereY g, Yy andY , represent the intercept, linear slope component and quadratic component growth factors

of the dietary restraint trajectory angig the random error.
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Y = Co+j oAge +koGender +g Equation14
Yy =c1+]j 1Age +kiGender 4GiiTx12 +G;TX52 + Equationl5
Y2 =cC2+] 2Age +k.Gender 4Gy Tx12 +GpTX52 + iy Equation16

Whereco, c1, andc; are the intercepts for each growth factor (intercept, slope and quadratjc). j 2
represent the magnitude of the coefficient linking Age to the intercept, slope and quadratic resgeckively.
k2 represent the magnitude of the coefficienkiliyg gender to the intercept, sloged quadratic respectively.
Gi1 and G2 represent the magnitude of the coefficient linking the interventigiweek interventiorand52-
week interventiomespectively) to the slope ad. andG: represent the magnitude of the coefficient linking

the intervention2-week interventiomnd52-week interventiomespectively) to the quadratic componegt. r

Iy, ry represent the random error for the intercept, slope and quadratic respectively.
The autonomous diet restraint score for participant j at time t can be specified as
ADSR; = Sy + Syt + Syt? + G Equation17

WhereSg, Sijand Syjrepresent the intercept, linear slope component and quacivatjponent growth factors

of the autonomous diet setgulation trajectory and: ¢s the random error.

Soj = io + doAge +woGender + g Equation18
Sy = i1 + diAge +wiGender # 11Tx12 +F 15TX52 + g Equation19
Sy =iz + doAge +WoGender H 21 Tx12 +F 5, TX52 + g Equation20

Whereio i1, andi; are the intercepts for each growth factor (intercept, slope and quadigatic)d, represent
the magnitude of the coefficient linking Age to the intercept, slope and quadratic respeutivety.w-
represent the magnitude of the coefficienkilny gender to the intercept, slope and quadratic respectivaly.
andF 12 represent the magnitude of the coefficient linking the interventi2rveek interventiomnd52-week
interventionrespectively) to the slope aR@: andF 2, represent the magnitude of the coefficient linking the
intervention (2-week interventiormnd52-week interventiomespectively) to the quadratic componegtss,

s represent the random error for the intercept, slope and quadratic respectively.
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The coefficients for age, gender and treatment group on the intercept, slope and quadratic for each of the

mechanisms of actioare listed inTable4.5.

Table4.5. Coefficients for age, gender and treatment group for growth facteareohanisms of action

Habit strength Dietary restraint Autonomous diet self

regulation

Intercept Slope Quadratic Intercep! Slope Quadratic Intercept Slope Quadratic

Age 0.022 -0.003 0.001 0.023 0.006 -0.002 0.001 0.012 -0.005
Gender 0.237 0.047 -0.023 1.568 -0.877 0.284 0.269 -0.255 0.093
Intervention (reference group: Brief intervention)

12-weekintervention 0.305 -0.128 0.926 -0.361 0.265 -0.061

52-week intervention  0.482 -0.186 1.494 -0.507 0.418 -0.143

The quadratic model for the BMI can be specified as

BMIji= poj + pyjt + pat + d Equation21

Where BM|: represent the BMI for participaptat time t. The interceppg), slope p), andquadratic )

components on the BMI trajectory can be represented as
P = Wb + gpAge +hoGender +aglncome +mEducation ey Equation22

py =W + giAge +hiGender +aglncome +#mEducation # (qy) +s(Y 3) +n(Sy) +teiTx12 Equation23

+102TX52 +ey
pz = Ws + gAge +h,Gender +aglncome +myEducation #1,Tx12 +11,TX52 +ey, Equation24

WhereWs, Wi, andW are the intercepts for each growth factor (intercept, slope and quadgatie)ao, M
represent the magnitude of the coefficients linking age, gender, income and education respectively to the
intercept of BMl.gi, h1, a1, m represent the magnitudé the coefficients linking age, gender, income and
education respectively to the slope component of the BMI trajegohy, a,, m represent the magnitude of

the coefficients linking age, gender, income and education respectively to the quadrptoent of the BMI

trajectory.r, s andn represents the magnitude of the coefficients linking the slope of ltapjtdietary
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restraint Y 1) and autonomous diet segulation &) to the slope of BMIto1andt o, represent the magnitude

of the coefficient linking the interventiodZ-week interventiormnd52-week interventiomespectively) to the
slope component of the trajectory. This represents the remainirgjgraficant direct effect of the treatment
group o BMI when the mechanisms of action were included as medigioasdt 1> represent the magnitude

of the coefficient linking the interventiodZ-week interventiormnd52-week interventiomespectively) to the
guadratic component of the BMI trajectory,e: , & represent the random error for the intercept, slope and

guadratic respectively.
BMI at years 1 and 2 was calculated using the baseline line BMI as follows:
BMIj; = Baseline BM|l+ pyt + pzt? Equation25

The coefficients for demographic variables and treatment group on the slope and quadratic for BMI is listed

in Table4.6.
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Table4.6. Coefficients for demographic variables and treatment group on the slope and quadratic growth factors of

BMI used inDemographic plus MoAdjustedspecification

Slope Quadratic
Age -0.028 0.008
Gender -1.178 0.124
Education (reference groupelow GCSE)
GCSEI A-level 0.312 -0.154
Degree and above 0.256 -0.150
Income reference group (under £20 000)
£20 000- £50 000 -0.119 0.061
£50 000 and above -0.144 0.043
Not disclosed -0.312 -0.269
Dietaryrestraint slope -0.656
Habit strength slope -1.851
Autonomous diet selfegulation -0.656
Baseline BMI -0.014
12-week intervention* 0.640 0.319
52-week intervention* 0.415 0.636

*This represent the remaining naignificant impact of théreatment group on BMI.

Conditional model
The intercept and quadradic of the BMI were represented by the same equations (equations 14 and 16
respectively) in the MoA specification but the slope is as follows

py = b1 + glAge +h:Gender +aclncome +mEducation #0,Tx12 +t;Tx52 +e;;  Equation26

Whereb;, is the interceptgy, h1, a1, m represent the magnitude of the coefficients linking age, gender, income

and education respectively to the slope component @aahdt o, represent the magnitude of the coefficient
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linking the intervention (Tx12 and Tx52 respectively) to the slope componhére trajectorye; represent the

random error for the intercept, slope and quadratic respectively.

BMI at years 1 and 2 was then calculated as specified in equation 17.

Table4.7. Coefficients for demagphic variables and treatment group on the slope and quadratic growth factors of

BMI used inthe demographiadjustedmodelspecification

Slope Quadratic
Age -0.033 0.008
Gender -0.525 0.126
Education (reference group: below GCSE)
GCSEi A-level 0.251 -0.149
Degree and above 0.181 -0.142
Income reference group (under £20 000)
£20 000- £50 000 -0.183 0.068
£50 000 and above -0.230 0.055
Not disclosed -0.421 0.128
Baseline BMI -0.014
12-weekintervention -0.658 0.308
52-week intervention -1.716 0.639
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4.8.2 Baseline Population Characteristics SPHR model

The model required demographic, anthropometric and metabolic characteristics that would be representative
of the UK generapopulation. In the original health economic model, the Heath Survey for England (HSE)
was suggested by the stakeholder group because it colletcislate crossectional data on the characteristics

of all ages of the English population. It also bendfiten being a reasonably good representation of the
socioeconomic profile of England. However for this study, levels of dietary restraint, habit strength and
autonomous diet sefegulation were required, and these were not available in the HSE. Thusdihsasnple

from the weight loss referrals for adults in primary care (WRAP) trial were used. Summary statistics for the

WRAP data extracted from the dataset are reported in Table 4.8.

Table4.8. Characterisics of WRAP trial sample (N=1267)

Variable name Mean Median SD Missing (N)
(description)

Age 53.19 54.00 13.71 3
Weight 95.16 93.90 17.05 0
Height 166.70 165.80 9.05 0
BMI 34.54 33.32 5.17 0
Total Cholesterol  5.33 5.26 1.12 425
HDL Cholesterol 1.67 1.54 0.61 425
HbAlc 571 5.28 1.73 462
SBP 132.93 131 17.37 4
DBP 80.21 80 9.77 4
EQ-5D 0.80 0.85 0.25 347
Habit strength 3.20 3 1.49 38
Dietary restraint 5.16 4.67 3.09 33
Autonomous diet  6.00 6.17 0.97 37

selfregulation
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Table4.9. Summary data for categorical variables (N=1267)

Variable name Category N %

(description)

Sex Male 405 32.2%
Female 859 67.8%
Missing 0 0%
Income £0-£19,999 328 25.9%
£20,000£49,999 415 32.8%
£50,000 and over 216 17.1%
Not disclosed 165 13.1%
Missing 140 11.1%
Origin Asian or Asian British 35 2.7%
Black or Black British 23 1.8%
Mixed or multiple ethnic group 15 1.2%
White or white British 1136 89.7%
Other 15 1.2%
Missing 43 3.4%
Smoking group Current 27 2.1%
Ex-smoker 33 2.6%
Never smoke 407 32.1%
Missing 800 63.1%
Hypertensive Yes 628 49.6%
treatment
No 631 50.4%
Missing 1 0.001%
Diabetes Yes 204 16.1%
No 1016 80.1%
Missing a7 3.7%

A complete dataset was required for all individuals at baseline. However, no measurements for Fasting Plasma
Glucose (FPG) or-Rour glucose were obtained. In addition, the questionnaire did not collect information
about individual family history of diabes or family history of CVD. These variables were imputed from the

Whitehall 1l dataset (see belo;6).



4.8.3 Missing data for WRAP sample population
The majority of missing data methods are documentsppendix3 and match those used in the original

model. Those detailed below are the methods specific to the baseline population from the WRAP study.

Anxiety/Depression
We did not have information on whether participants had depression or anxiety. We therefordanade

assumption that individuals in this sample did not have severe anxiety/depression.

Rheumatoid Arthritis, Atrial Fibrillation, History of Cardiovascular disease
We did not have information on whether participants had arthritis, or any cardiovassesedand we

therefore made the assumption that the baseline prevalence of these conditions was zero.

Habit strength, dietary restraint and autonomous dietsaglation

Dietary restraint, habit strength and autonomous dietregiilation variables&r e n 6t i n t he or |
and so for these, multiple imputation was used with a single imputation generated for each PSA run. A subset
of the relevant variables was taken including the variables used in the multiple imputation described (sex, age,
BMI, education and income) and the mediators (dietary restraint, habit strength and autonomous diet self
regulation).The method chosen for the continuous variable was predictive mean matching which is a semi
parametric method which restricts the imputed valiteshe observed values and preserves-limaar
relationships between the variables used to impute the missingltdats assumed that gender and age
predicted the missing data of habit strength, dietary restraint and autonomous ediegugatfon. Aly

variables that were correlated (with a correlation of at least .30) and had enough usable cases to predict missing
values in the other variable were also retained as prediBiorsg probabilistic sensitivity analysis (PSA), a

single imputation was caicted on each model run, and the values were imputed. As a result, the total number
of imputations reflected the number of PSA runs. A description of the adaptions made for the WRAP sample

population to be used in the model is describesljpplementaryMaterial, Sectior#.8.2.
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4 .8.2 Additional Results

Incremental costs of health conditions

All model specifications estimated simitaductionin the costs associated with cardiovascular disease and type 2
diabetes and diabeteslated complications (including blindness, ulcer, amputation and renal) when compared to
the brief interventionKigure 4.6. In all model specificationshere was smhincreases in costglated to cancer

and depressiofhis islikely a result of living longer (and therefore being at higher risk of cancer) and living longer

with health conditions associated with depression.
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Subgroup analysis

Table4.10. Number of eligible participants in the baseline population (from the WRAP study) out of the full sample

(N=1267) that met the criteria of each giou

Subgroup Number ofeligible participants in the baseline
population

High habit strength 335

Low habit strength 333

High dietary restraint 320

Low dietary restraint 318

High autonomous dietelf regulation 354

Low autonomous diegelf regulation 362

High all mechanisms of action 76

Low all mechanisms of action 55
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Costeffectiveness planes
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CHAPTER 5:CALCULATING THE MAXIMUM JUSTIFIABLE COST

OF A WEIGHT LOSS MAINTENANCE INTERVENTION

This chapter descrilsan example of prérial health economic modelling. Pteal health economic modelling
enables researchers to estimate the-efisttiveness of a planned intervention but requires an estimate of
treatment effect. The aim of this analysis was to condeaittheconomic model of a behavioural weight loss
maintenance intervention for two populaspimdividuals with a high Body Mass Index (BMI) and individuals

with type 2 diabeteshis could then be used to inform the design of a weight maintenance iinve

Pretrial modelling based on mechanisms of action was identified as a benefit of the model adaptation made
and testedh Chapter 4. This chapter is an example oftped modelling that can be conducted in the version

of the model without mechanisms of actidimiscan be compared to ptaal health economimodellingwith

the newly developed model withange in mechiisms of action (Chapter 6) tortherunderstand the benefits

that could be gained from the inclusion of the mechanisms of antizealth economic modelling of weight

management interventions

This chapter was submitted BMC Public Healthin March 221.

Bates, S.Thomas, C., Islam, N., Ahern, A., Breeze, P. , Griffin, Br&nnan, AUsing Health economic
modelling to inform the design and development of an intervention: estimating the justifiable cost of weight

loss maintenance in the URubmited toBMC Public Health.

The paper was written with 6 -@uthors; Amy Ahern, Penny Breeze, Alan Brennan, Simon Griffin, Nazrul
Islam and Chloe Thomas. This work was completed as part of a larger project; Scalable behavioural weight
management programmes fthe prevention and treatment of type 2 diabetes (NIHR PGfAR: RP PG 0216

20010).



Amy Ahern proposed the idea of including {trial modelling for the project. Sarah Bates, Penny Breeze, Alan
Brennan and Chloe Thomas planned thetpat health economic modelling methods. Amy Ahern, Nazrul
Islam and Simon Griffin conducted the metadysis that informed the estimation of intervention effect in
section 5.3.3. Sarah Bates conducted the health economic modelling and wrote the original draft of the

manuscript. All authors provided feedback on the manuscript.

As stated in the author stabent, the metanalysis reported in section 5.3.3. was completed bgutimors

Amy Ahern, Nazrul Islam and Simon Griffin. It is included in this thesis as it inform th&iglenodelling

that is conducted as part of the Chapter
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USING HEALTH ECONOMIIC MODELLING TO INFORM THE

DESIGN AND DEVELOPMENT OF AN INTERVENTION:

ESTIMATING THE JUSTIFIABLE COST OF WEIGHT LOSS

MAINTENANCE IN THE UK
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5.1 Abstract

Background. There is a need to developsteffective weight loss maintenance interventions to prolong the
positive impact of weight loss on health outcom@snducting prdrial health economic modelling is
recommended to inforrthe design and development of behavioural interventions. We aimadehealth
economic modellingo estimate the maximum cqstr-person (justifiable costf acosteffectivebehavioural
weight loss maintenance intervention, given an estimated intervention fefféatlividuals with: i) aBody
Massindex (BMI) of 28kg/m¥ or above without diabetes and ii) a diagnosis of type 2 diabetes preszribed
singlenoninsulin diabetes medication.

Methods. The School for Public Health Research Diabetes prevention model was used to estilifietientne
Quality-adjusted life year (QALY) gainsiealthcare costeand maximum justifiable cosissociated with a
weight loss maintenance interventidBased on a matanalysis,the estimated effecbf a weight loss
maintenance intervention following a 9kg weight lagas aregain of 1.33kg and 4.38kg in years one and two
respectivelycompared tayreater regain 02.84kg and 5.6kg in the control group. Sensitivitylgsia was
conducted around the rate of regain, duration of effect and initial weight loss.

Results The justifiable costor a weight loss maintenance interventioamiCER of £20,000 per QALY was
£104.64 for an individual with a BMif 28 or overand £8.14 for an individual with type 2 diabet&¥ithin
sensitivity analysis, this varied from £36.42 to £203.77 for the fqoramel between £29.98 and £173.05 for
the latter.

Conclusions Researcherdevelopingaweight loss maintenance intervention should consider these maximum
justifiable cost estimates and tipetentialimpact of the duration of effect and initial weight losken
designing intervention content and deciding target populatieutsire research shild consider usinghe
methods demonstrated in this study to bealth economic modellinp inform the design and budgetary

decisiondn thedevelopmenbf a behavioural interventions.

Keywords: Health economic modelling, weight loss maintenance, Behralintervention
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5.2 Introduction

Overweight and obesity is a risk factor for several negative health outcomes including cardiovascular disease
(CVD), diabetes and cancét). Behavioural weight management programmes have been associated with
significant weight losg2) and can even result in remission from type 2 diali@¢dsut there is evidence that,

on average, individuals regain weight loss by 5 years-tpestment(4). Furthermore based on a large
observational study, only 21% of individuals atecessful at maintaining weight loss, defined as losing at
least 10% of their body weight and maintaining this weight loss for at least onésyeatile moderate
reductions in weight have positive benefits for individualo areoverweight or obesand for those who
havetype 2 diabetes even if weight loss is regaif@8), weight loss maintenance is required to maintain full
improvements in risk reductiorror example, individuals who lost2% of their initial body weight and
maintained this for 4ears (regained less than 3% of initial body weight) in a randomised control trial of a
behavioural intervention achieved sustained improvements in blood glitim&e)( systolic blood pressure

(SBP and cholesterol, all biomarkers linked with healthcomtes(9). Thus, there is a need to develop €ost
effective weight loss maintenance interventions in order to prolong the positive impact of weight loss on health

outcomeg10).

Conducting prdrial health economic modelling is recommended estimate the likelihood of cost
effectiveness, inform decision about whether a trial is justified identify potential improvements to the
intervention (9) Using an estimated intervention effect based on previous research, a maximypercost
person (jstifiable cost) can be estimated at which the intervention would remaieféestive given a certain
incremental coseffectiveness ratio (ICER)This can be compared to expected costs to ensure that an
intervention is not predicted to incur a cost atalthit is unlikely to be cosgffective Pretrial modelling has

been conducted previously; for example Asaria et al. (2016) used a health economic model to estimate the
annual costs at which interventions with varying impacts on cardiovascular risk beglusteffective for
individuals with different risk profile¢11) and pretrial modelling was used to inform the design of a-fall
prevention intervention and trigl2). However, these studies were either based on hypothetical, rather than

interventionspecific, risk changes (10) or based on the results from a pilot trial (11) and so is not a method
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that can be use before a pilot trial had taken plEoe aim of this analysis wasuse a health economic model
to determine the justifiable cost of ehavoural weight loss maintenance intervention compared to no
intervention in two populations; i) individuals withBody Mass IndexBMI) of 28 kg/nt or above without
diabetes and ii) individuals with a diagnosis of type 2 diabetes prescribed a singhesulon diabetes

medication.

5.3 Methods

The reporting of this study followed the 2013 Consolidated Health Economic Evaluation Reporting Standards

guidelineq(13).

5.3.1 SPHR Diabetes Prevention Model
The School for Public Health Research (SPHR) Diabetes prevention hasdbten used to assess the-cost
effectiveness of diabetes prevention intervent{@4sl6). For this study we use version 3.3 of the model and

full detail of the model background, methods, assumptions and paraisatefsppendix3and4.

The SPHR models an individual patient level model in which the baseline characteristics of an individual
areused to estimate annual changes in metabolic risk factors and the risk of related dibéasesdel was

used because it enables change in BMI to be modelled, trajectobH aind other metabolic factors to vary
among individuals andstimates othe impact of weight loss and weight loss maintenance on a range of health
conditions including CVD, type 2 diabeteassteoarthritisand depression. The model structure is shown in
Appendix3, Figure 1. Each year changes in metabolic factors, namelyH#dN1c, SBP and total cholesterol,

occur depending on the individual baseline characteristics including age, sex, ethnicity, smoking, family
history of CVD, and family history of type 2 diabetes. Associations between the trajectories of the metabolic
risk factors were based on latent growth curve modelling analysis conducted on the Whitehall 1l prospective

cohort study(17). Change in glycaemia, SBP and total cholestarelall conditional on change in BMI.
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These metabolic factors theontribute to the risk of an individual patient experiencing a disease or related
complications At GP visits, an individual in the model may be diagnosed with diabetes, hypertension and
dyslipidaemia. GP attendance is conditional on age, sex, BMI, dthaiw health outcomes (heart disease,
depression, osteoarthritis, diabetes, stroke, cancer) based on the South Yorkshire Colib&)studiyiduals

can also experience cancer (breast or colon), osteoarthritis and depression, CVD events (angimalmyocar
infarction (MI), strokeor transient ischemic attack (TIA) and diabetes related complications (renal failure,
amputation, foot ulcer, and blindness) based on risk equations described in secti@pénufix3. Many of

the diagnoses and events in timodel are conditional on BMI. Itontributes to the risk of the first
cardiovascular events as part of the QRISK2 prediction m{@8&I This is a validated algorithm to identify
individuals at high risk of cardiovascular disease. Subsequent cardiovasoriis are conditional on the
nature of the first event. Incidence of breast and colorectal cancer were estimated from the European
prospective investigation afancer (EPIC) cohor{20) and based on a largaetaanalysis including 221
prospective obseational studie¢21), a risk adjustment was included such that individuals with a high BMI
have a higher probability of the cancer diagnosis. Osteoarthritis was also conditional on BMI; this was based
a stakeholder discussion and a longitudinal analysietha Italy as there were no appropriate UK studies
available(22). A diagnosis of diabetes was dependent on blood glucose:{ii#e trajectory of which is
associated with BMI and, of the diabetetated complications, neuropathy (ulcer and amputatieas
conditional on BMI based on the UKPDS outcomes modg€P@2 Depression was not conditional on BMI
however it was assumed that a diagnosis of diabetes and/or cardiovascular disease increased the incidence o
depression for individuals who did nlehve depression at baseline based on two US cohort s(@djez5)

Depression was not a casual factor for any health outcomes in the model.

The consequences of interventions are measur@datity Adjusted Life Years@ALYs), as recommend by
theNational Institute for Health and Care Excellence (NICI), based on the EQD-3L, and costs/savings

in pounds sterling. The model has an annual cycle length and a lifetime horizon as weight loss and maintenance
have the potential to impact lotgrm helth outcomes. The setting is primary care in England, UK and a we
used a healthcare perspective (National Health Service (NHS) in England). This includes cost healthcare costs

incurred by the NHS and excludes amsts incurred by the patient such asdtand time costs association
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with the intervention. Both costs ar@ALYs were discounted at an annual rate of 3.5% as recommended by

NICE (26).

5.3.2Populations

The analyses were conducted faotseparate populations;iijdividuals with aBMI of 28 kg/m¥ or above

without diabetes and iindividuals witha diagnosis of type 2 diabetes prescribed oneimanin diabetes
medication.These populations were chosen as they are at high risk of negative health impacts, have the
potential to respond to earilgtervention (i.e. before developing diabetes, or diabetes dependent on insulin or
several medications) and were likely target populations for this type of intervd@ii@nThe baseline

characteristics of both populations can be foun@upplementary Mdterial, Table5.4.

For populatior(i), the baselineata on individualsvas obtained from Health survey for England (HSE) 2014
(28), which is representative of the population of Englé2@) and includes clinical risk factors including
HbAlc, SBP, BMI ad cholesterol and health outcom&ke population of interest was defined as adults with
a BMI of 28 kg/nt and over (prior to initial weighibss) based on previous studies in which this was a criteria
for referral to a weight management programme by 3B andwith a HbAc below 6.5% (the criteria used
for a diabetes diagno$i<hildren aged under 18 and adults with a diagnosis of diabeteexauded. Within

the final samplén = 2738) a subgroup of individuals with an Ha/f 6-6.49% were examined separately (n

= 322) as this criteria is used to identify individuals at higher risk of diafi&tes

For population(ii), HSE only includeda small number (approximately 400) of individuals with diabetes and
thus wouldbe unlikely torepresent the diabetic population weetid has little information about the diabetes
diagnosis such as time of diagnosis and treatnteort this population, peds with type 2 diabetes were
selected from the THIN (The Health Improvement Network) 2014 d&d®gas this had a large number of
individuals with diabete<Of the 3.7 million individuals from 427 GP practices, 131,000 had type 2 diabetes.
The time sine diagnosis and treatment prescribed was also available for this dataset alongside BMI, HbAlc,

cholesterol, and SBP and demographic factors such as age, gender and ethnicity. A baseline population was
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created by sampling from the summary statistics ofdiiia taking into account correlation between variables,
rather than individual patient data. The sample was not restricted by time spent on this medication but those
on more than one andiiabetic mediation or on insulin were excluded. A subgroup andtysthose with a

BMI of 28 or above was also included based on previous studies in which this was a criteria for GP referral to

a weight management programi3@).

5.3.3Intervention Effect

The estimated effect of the intervention on weight has beeinettay examination of the literaturé/e
conducted aandomeffects metaanalysis of behavioural weight loss maintenance studies to estimate the
expected effect of a weight loss maintenance intervention compared to no intervention (current standard care
in the UK) after weight loss resulting from a behavioural interventieollowing the PRISMA process,
relevant studies were screened frivmo previous systematic review and metaalysis studies of weight loss
maintenance interventiori83, 34)to identify those studies that met our gpecified inclusion criterialhe
inclusioncriteria were chosen to reflect likely commissioning of services in thé&lH& and were informed

by current practice and discussions witlr stakeholder groupomprising health economistdjnicians and
researcherand lay members St udi es had to include aXxwhbhadlpsart i c
O5% of t heoirre wsetiaghtti nbge ft he wei ght |1 oss maintenance
weight loss to join the study or which solely recruited participants with a specific health condition were
excluded as this population was deemed highly selective danmeépr@sentative of the intended population.

The intervention had to be a behavioural intervention including advice on diet and physical activity for the
primary purpose of weight management. Interventions that used meal replacements and financiasincentiv
were excluded as these interventions are unlikely to be widely commissioned in the UK NHS. Studies had to
report wei glimonthsufrons thenstars of tle weight maintenance intervention. Only randomised
controlled trials were included. We amgithese inclusion and exclusion criteria to the two systematic reviews,
which reported data from a total of 32 behavioural intervention arms from 20 s{88i&4). Nine studies

were excluded from our analyses for the following reasons: (a) inclusiemiarilid not reflect the target

population (36, 43, 50, 54}b) intervention included meal replacement or financial incen{®@s47, 53)c)

18t



primary purpose of the intervention was not weight manage(8&hor (d) did not report weight outcomes

O 1 2onths from the start of the weight maintenance interver(@8n42)

Three analyses of the studies were undertaken. Firstly, fourteen intervention arms from nin€3&udites

41, 4446, 48, 49, 51)vere included in a metanalysis to estimate il weight loss of participants that were
eligible for a weight loss maintenance intervention. Second, fifteen intervention arms from ten(3&yda&s

40, 41, 4446, 48, 49, 51rontributed to the metanalysis to estimate weight loss maintenance\vatgion
effects at 12nonth postweight loss. Third, two intervention arms from one study contributed to the estimates

at 2year postwveight losg51) as this was the only eligible study that included a 2 year falljpw

Table 5.1 shows the results of ghrandomeffects metaanalysis; the initial weight loss before the weight
maintenance intervention is estimated at38g9 and individuals partaking in a weight loss maintenance
intervention had an average regain of 1.33kg by year 1 and 4.38kg by yeap&red to a regain of 2.84kg
by year 1 and 5.6kg by year 2 in a control group. Forest plots comparing the active intervention with control
group at 12and 24month followup are showisupplementary MaterigFigure5.4and5.5). There was no
evidence of ainfluence of individual studies on the overall estimates at 12 months (Bigugaipplementary
Material). Influence plots were not generated for 24 months felipvas only one study provided data at this
time point. The revised Cochrane risk of biasltfor randomised trial§55) was used to assess the studies;
four were low risk of biag40, 41, 48, 51)3 were high risk35, 46, 49and there were some concerns regarding
the remaining three studi€37, 44, 45) A sensitivity analysis in which theetaanalysis excluded the studies
with a high risk of bias did not significantly impact the outcomes (TalleéSupplementary MateriplThere

was moderate heterogeneity across studies in weight maintenance at 12 ros®is,(P = 0.002).

In the absence of data on the longerm weight trajectories, we made the conservadisgumption that
participants would return to baseline weitfajectory at some pointo determine when this point would,be
the regain between years 1 and 2 was extrapdiatstly (assuming the same regain as between years 1 and
2 for each subsequent yeamtil the trajectoy reached that of theimulatedindividuald s wei ght i f

neverhad the initialweightloss intervention(based on the simulated trajectoriesni the SPHR health
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economic model). Both the control and treatment group returnedstoritinal trajectory by 5 years (to the
nearest full year) after the initial weight loss (Figar®. The initial weightloss was simulated in year 0, at

the start bthe model, and the regain in subsequent years.

Table5.1. Weight regain per annum: estimates from raneeffacts metanalysis

Weight maintenance intervention ( Control (nointervention) (n=  Difference between groups

=661) 383)
Year N Mean  95% CI* N Mean 95% CI* N Mean 95% CI
0 14 -8.93  (-9.49,-8.36) 14  -8.93 (-9.49,-8.36)
1 15 1.33 (0.67, 1.99) 15 284 (2.01,3.67) 15 -1.38 (-2.2,-0.55)
2 2 438  (3.64,5.11) 2 56 (519,602 2 -1.23 (-1.96,-0.49)

N indicates total number of intervention arms; Cl: Confidence intervals; estimates are in kg; *95% CI of mean weight
change. The weight for year 0 is the weight loss before weight maintenance intervention begins and the weight in year 1
and 2 is the weightegain per annum during weight maintenance intervention.



[
- -

Weight change (kg)

-7

2 3 1 5
Year after initial weight loss

—— No weight loss intervention
Weight loss intervention only
------- Weight loss & weight loss maintenance intervention

Figure5.1. Simulated trajectories of weight change post initial weight loss
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In the absence of any data about the direct effects of the weight loss and weight regain on other metabolic
factors, an indirect effect of trehange inBMI on HbA;,, SBP and cholesterol was modelled. Specifically,
covariates from the analysis conductedtbe Whitehall dataset were used to predict the change in the

metabolic factors from changes in BMI in the population simulét@yi(Appendix3).

5.3.4Intervention Costs

This analysis was conducted with the assumption that the proposed interventidrbevduhded for patient
through primary caree. the payer would be the NHS. Tlgsalreadythe case for some commercial weight

loss and diabetes prevention programimegbe UK (56). There is no fee charged to the individual receiving

the interventions and patient borne costs e.g. travel etc. are not included. Justifiable costs will be calculated
for each person who has the intervention based on the assumption that all eligimeatsiwill participate

in the intervention.

5.3.5 Health economic modelling

For each run of the model, 20,0@ligible individuals were randomly samplddom the two baseline
populations with replacemens the aim of this analysis was to estimatgisiifiable cost for a proposed
intervention,the cost of the weight loss maintenance intervention was set to £0 within the model and the
amount that could be spent on this intervention while remainineetiesttive was calculated using increasing
maximun ICERs.For NICE, this is estimated to be between £20,000 and £30,000 per @B¥)¥and
therefore the cost per person at these ICER values were the targets for the &udilysisealth interventions

often have a lower threshold because the benefitsigher in the future, therefore the maximum cost of the
intervention while being costaving was also calculated. At this cost or lower, the cost savings as a result of

the intervention is greater than the cost of the intervention.

5.3.6 Sensitivity Aalysis
Sensitivity analysis was conducted on the duration of effect, the initial wegghand the rate of regaifigble

5.2). By duration of effect, we are referring to the amount of time between year 0 and the point at which the
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weight trajectories reaches the trajectory thepuld have followed without any weight loss. Because the
duration was estimated by extrapolating tbgain from the first two years, in sensitivagalysisthe impact

of different durations (4 years) were examined (scenarie8)1The rate of regain, the amount regained at
year 1 and year 2, was varied using the 95% confidence intervals (Cls; ssdrand 5). The weight loss that

both groups achieved before entering either a weight loss maintenance intervention or control condition (no
intervention) was also examined. The figure of 8.93kg obtained from theamagsis conducted for this
analysisi s based on a target popul ation of peopl e wh
implementation of a weight loss maintenance programme in practice. We also examined a scenario in which
there was not a minimum weight loss required to takeipatte weight loss maintenance programme and
examined the impact of a lower initial weight loss of 2.84kg (scenario 6), based on average weight loss from
a previous metanalysis(2) of weight loss interventions that were applicable to UK primary dsrénitial

weight loss of 6.12kg (scenario, Which was the midpoint between the lower value of 2.84kg and the base
case value of 8.93kgvas also tested. The regain was adjusted proportionally. These are represented
graphically in theSupplementary Mat& (Figure5.7). Probabilistic sensitivity analyses was conducted to
assess uncertainty within the model inputs using probabilistic sensitivity analysis with 5000 Monte Carlo

simulations.The model parameters and uncertainty distributions are shown am&ixa.

Table5.2. Scenarios modelled in sensitivity analysis

Scenario Initial weight Regainyear 1, year Duration of effectyear9
loss kg) 2) Control  Intervention

Base case 8.96 1.33,4.38 5 5

1 [Duration] 8.96 1.33,4.38 4 6

2 [Duration] 8.96 1.33,4.38 5 6

3 [Duration] 8.96 1.33,4.38 4 4

4 [Regain rate] 8.96 0.67, 3.64 5 5

5 [Regain rate] 8.96 1.99,5.11 5 5

6 [Initial weight loss]  2.84 0.42,1.39 5 5

7 [Initial weight loss]  6.12 0.91, 2.99 5 5
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5.4 Results

5.4.1 High BMI (O 28kg/ m2)

The estimated maximum amount that can be spent on an intervention while remainiaffectise at
increasing ICER values, with the assumption of the eiet#tailed inTable5.1 andshown inFigure5.2. For
ICERSs of £20,000 and £30,000 per QALY, thaximum justifiable cosperperson was £104.64 and £137.78
respectivelyassuming duration of effect of 5 years and health benefits accrued over the lifetintae

subgroup that h a dybatweBivland®.3%, tha matimuanrjustifiahlé-qeEstperson was
£158.88 and £209.81 respectively
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[}
Q
k)
o
O 100
0
0 10000 20000 30000 40000
Willingness-to-pay threshold
—— Base case ~--+ Regain: Lower CI
------ Duration: Intervention 6 yrs, Control 5 yrs Regain: Upper ClI
-=-- Duration: Intervention 6 yrs, Control 4 yrs ——- |Initial weight loss: 2.84kg
- - - Duration: Intervention 4 yrs, Control 4 yrs -—-— Initial weight loss 6.12kg
Figure 5.2. Justifiable cost per personforacestf f ect i ve intervention: Base case ¢

Theaverage increment&ALY s perindividual was 0.003 and the cost saving was £388& detail of cost
and QALY savings for sensitivity analysis isthre Supplementary Materialaibles5.6 and5.7. Per 100,000
individuals, there were 8 cases of diabetes and 23 cases of cardiovdisaalae averted. For those at higher
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risk of diabetes (with and HhAof between 6 and 6.5%) this increased to 49 cases of diabetes and 33 cases of
CVD averted. In order to be cost saving, the maximum justifiable cost was £B88rpen for an intervention
targeted at individuals with a high BMI and £57-person for those who also have an Hi#etween 6 and

6.5%.

Sensitivity analysis was conducted around the duration of intervention effect, the initial-lwegyhnd the

rate of regain. The maximum justifiable cost per person for aeffesttive intervention for the ICERs of
£20,000 and £30,000 for each scenar®shown imable5.3. The largest maximum justifiable cost obtained
from the sensitivity analysis was when the duration of effect was six and four years for the intervention and

control group respectively and the lowest was for the lowest iniggjht loss.

Table5.3. Cost per person at incremental ceftectiveness ratios of £20,000 and £30,000

Scenario Hi gh BMI 3 O Type 2 Diabetes
£20,000 £30,000 £20,000 £30,000
Base case £104.64 £137.78 £88.14 £112.64
1 Duration (years): intervention 6, control £203.77 £267.52 £173.05 £219.75
2 Duration (years): intervention 6, control £163.40 £214.39 £135.98 £171.97
3 Duration (years): intervention 4, control £88.56 £116.65 £74.80 £96.08
4 Regain: Lower confidence intervi £159.52 £209.80 £134.91 £172.57
5 Regain: Upper confidence interv. £48.79 £64.22 £41.62 £53.22
6 Initial weight loss: 2.84kg £36.42 £47.94 £29.98 £38.09
7 Initial weight loss: 6.12kg £73.27 £96.07 £45.14 £55.01
BMI of 28 or above £96.61 £122.34

aDiagnosis of type 2 diabetes and prescribed singlejmardin diabetes medication

5.4.2 Type 2 Diabetes

The maximum amount that could be spent on an intervention while remainingffecsive, with the
assumption of the effect detailedTiable5.1, at increasing ICER values is showrigure5.3. For ICERs of
£20,000 and £30,000 per QALY, the maximumifigdile cost per person was £88.14 and £112.64 respectively

assuming duration of effect of 5 years and health benefits accrued over the lifégtimimcreased to £96.61
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and £122.34 when the population was limited to individuals with a BMI of 28 or afitneeaverage
incrementaQALY sper individual was 0.002 and the cost saving was £39.14 (full details of incremental costs
and QALYs for sensitivity analyses are Supplementary Material, ables 5.6 and 5.7). There were an

estimated 53 cases of CVD averpat 100,000 individuals. To be cost saving this intervention would have to

cost less than £39 peerson.
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Cost per person (£
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0 10000 20000 30000 40000
Willingness-to-pay threshold
—— Base case -+ Regain: Lower Cl
----- Duration: Intervention 6 yrs, Control 5 yrs Regain: Upper ClI
---- Duration: Intervention 6 yrs, Control 4 yrs ——- Initial weight loss: 2.84kg
- -~ Duration: Intervention 4 yrs, Control 4 yrs -—-— Initial weight loss 6.12kg

Figure 5.3. Justifiable cost per person for a cesftective intervention: Base case agahsitivity analysis (Diagnosis of

type 2 diabetes on single narsulin medication)

Sensitivity analysis was conducted around the duration of intervention effect, the initial-leegyahd the
rate of regain and the results of this are shown for ICERER20,000 and £30,000 irable5.4. As found with
the high BMI population, when the duration of effect was 6 years for the intervention for 4 years for the control,

the maximum justifiable cost was highest, and it was lowest when the initial weightdess84kg.
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5.4.3 Probability Sensitivity Analysis (PSA)

PSAwasconducted to examine the uncertainty of the justifiable cost estfordieth groupsFigure5.8and

5.9in the Supplementary Materiahows the incremental cost if the justifiable cost (geteel from the base

case analysis) was applied to each simulation, and incremental QRaMsoth groups, over 98% of the PSA

runs resulted in positive incremental QALYS. There was greater variation in incremental costs in the diabetes
population; for 8.% of PSA runs, the intervention resulted in lower costs than the control group when the
mean justifiable cost is applied. For the high BMI group, when the justifiable cost is applied, over 99% of PSA

runs resulted in a higher cost for the weight loss reaarice intervention compared to no intervention.

5.5 Discussion

At an ICER of £20,000, the maximum justifiable cost was estimated to be £105 for individuals with a high
BMI, £159 for individua$ with a high BMI and a high HbA (high risk ofdiabetesand £88 for individuks

with a diagnosis of type 2 diabetes on a singleinsalin medication. In sensitivity analysis, duration of effect

and the initial weight loss had the greatest impaguistifiable cost. The time it takes for participsiutd return

to their original trajectory, if they do at all, is hard to determine due to-tdrantfollow-up within trials(4)

and therefore a range of values should be considered when calculating a justifiable cost. The outcomes of
sensitivity analysislao indicates that a weight maintenance intervention is more likely to beféastive for
individuals with a larger initial weight loss. Previous evidence does suggest that greater initial agsigght

associated with weight maintenar(68) supportimg these findings.

The finding that the maximum justifiable cost is loweraveragéor those with a diagnosis of diabetes than

for those with a high BMI may seem counterintuitive given that tdea high BMI andat high risk of

diabetes had the hight maximum justifiable cost. This is likely to be because, for individuals without type 2
diabetes, this intervention may be able to avert or delay a diagnosis of diabetes, which is associated with a
reduction in the immediate costs associated with iagnsis. This is particularly important for those with a

high HbA. as the intervention averts or delays a potentially imminent diagnosis. Conversely, simulated

individuals that have diabetes already have a higher associated cost than those withag potdih¢ial
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i ncremental gains; they c Althoughtherbigsomeervidtncatiganremsssiahd i
from diabetes can be achiev@), whichcontradicts the model assumption that type 2 diabetes is irreversible

it is not yet cleartat this remission is maintained. Overall, this indicates that the benefits of intervening in
high-risk individuals (and therefore preventiogdelayingdiabetes) are higher than the benefits of intervening

in people who already have diabetes.

Weight médntenance interventions that cost more than the maximum justifiable cost estimated are unlikely to
be costeffective based on the estimated intervention effect. While there is evidence that weight maintenance
interventions are able to result in an addiiloB.2kg maintenance of weight loss over 18 mo(iB3 there is

less evidence regarding the cost. In a weight loss maintenance trial for participants that had lost at least 5% of
their body weight, interventions costs were between £16 and £49 dependimg amount of facto-face

contact but it was concluded that neither intervention was likely to beffestive in routine practicé9).

Further evidence is required to determine the feasibility of developing an effective intervention within the

justifiable coss estimated.

The method used in this analysis highlights the role that health economic modelling can have in the design and
development of a new weight loss maintenance intervention. Although type of modelling is recommended in
intervention degn guidance, there is little published research detpihe methodsised to do thisWhile

previous studies have used the results from a pilot(ir®)) the method presented here provides an estimate

of justifiable cost without a pilot trial based amrange of previous studies; this can inform the design of the
trial before a pilot trial. In addition, while pteial modelling has been used to identify the cost of an
intervention that achieves a certain risk reducf{idh), these estimated impacts a@t specific to a planned
intervention which may limit application to certain interventiolise maximum justifiable cost provides an
estimated upper bound over which the intervention would not beeffestive, which can be compared to the
predicted casof the planned interventions. This could help to avoid an intervention which is unlikely to be
costeffective proceeding to the trial stage. Subgroup and sensitivity analysis can also inform decisions about
whom the intervention should be targetd@ndwhat factors are most likely to impact on ceffectiveness

Although the current study is specific to a weight management intervention in the UK the methods can be
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applied to behavioural interventions in other health areas and countries. The incosaisedat public health
economic models being develop@d) will facilitate this type of modelling. However, as with many public
health interventions, there is likely to be a large amount of heterogeneity in effect within the patient groups
and thereforehtere may be limited application when using the mean effect only. Additional research into the

different factors that impact on the intervention effect would be informative in this type-wigbraodelling.

There were some limitations of this analysis. Firstlye to limited research in this ars@ sameveight loss

and regain was applied for each person and in both populations, despite some evidence of heterogeneity in
weight trajectorie$4, 58)and the stimate of weight regain at 24 months was based on only two intervention
arms and so caution should be exercised in interpreting this result. Given the potential impact of differing
weight trajectories, we conducted a range of sensitivity analysis tcagstine impact of alternate trajectories

(61). Secondly, remission from diabetes is currently not a scenario in the model. There is some evidence that
remission from diabetes (an HbAlc of below 6% and no requirement for antidiabetic medication) can be
achieved by following a lowcalorie diet for 35 months, with stepped-atroduction to food and ongoing

weight loss maintenance supp(@}. Given that those eligible for a weight loss maintenance intervention have
already been successful in weight lossthis study approximately 9kg, there is a possibility that some
individuals would go into remissioithis means that the model may underestimate the positive impact of the
intervention for those with diabetes as the ¢esduction associated with potentthli abet es r emi s s
capturedHowever, it is not yet clear that this remission is maintamedd likiely thas these patients will be
required to attend regular screenings due to their previous diagnosie asgbciated costs will still apply
Ongoing research will provide more information about the {mrgy impact of diabetes remission on costs

and QALYs(62). Finally, as the healthcare perspective was used, the costs incurred by patients as a result of
a change in lifestyle are not consider&@tiese costs may differentially impact subgroups, and this is not

accounted for in the analysis.
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5.5.1Conclusions

In conclusiongiven the expected weight loss and regain estimated in the current analyses, intervention designs
associated with a cost of above £105person for those with a BMI of 28 or above or £88-person for

those on firsline diabetes treatment (one medioatonly) should be carefully considered as these are less
likely to be costeffective. This methoddemonstrated, thatses results from previous relevant studies to
conduct pretrial modelling prior to a pilot study to inform the design and budgetaryidasisf a weight loss

maintenance interventioran beapplied to a wider range of behavioural interventions and contexts.



5.6 Contribution to thesis

In this chapterl conduded pretrial modelling of a planned weight loss maintenamterventionfor two
populations. This was part of a larger project and this analysis directly informed the design of an intervention;
for example, given the relatively low justifiable cost, a decision was made to deliver the intervention in an
online format to reduce costs. While this greal health economic modelling was used to inform the design of

an intervention, the findings were based on the effectiveness of previous interventions. Although efforts were
made to ensure that the previous interventgdiected the planned intervention, it is likely that these previous
interventions contained different behaviour change techniques compared to the planned intervention.

Estimatingimpactof a planned weight management interventarBMI was therefore cli@nging.

In Chapter 4, a health economic model was adapted to include mechanisms of action. This introduces the
ability to input intervention effect as a change in a psychological determinahtwge irBMI. Estimating
changein BMI, as was done in theurrent chapter, is limited by a reliance on the resofitprevious
interventions that may have a different content. However, estimating the impact of a treatment on a
mechanisms of action would enable use of existing theoretical and empirical reiséarglbehaviour change
techniques to mechanisms of action and thereforérigtanodelling could be both thechased and specific

to the planned intervention. This will be investigated in the next chapter.

Ideally, | would have like to have conductem-rial health economic modelling of the same intervention as
evaluated in this Chapter, but by estimating the impact of the intervention on the determichatsgefin

BMI in the health economic model. This would enable a comparison of the two mefhoesrial health
economic modelling (based on estimatbdnge iBMI, based on estimated impact on dietary restraint, habit
strength and/or autonomous diet gelfulation). However, due to unanticipated delays, the full description of
the planned wetg loss maintenance intervention was not available at the time of writing which limited my
ability to do this. Chapter 6 is, however, an exploration of an alternative method of-thHalgrealth economic

modelling demonstrated here, using the model Idgeel in Chapter 4.
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5.8 Supplementary Material

Of the additional material contained in this section, Table 5.5. and Figuré&s®4vas the outcomes of the

metaanalysis and were conducted byaugthor Nazrul Islam.

Table5.4. Population characteristics

Characteristic Population
Hi gh BMI ((8=2238fk g/ Type 2 DiabetegN=90,219%

Age: mean (SD) 53.84 59.8 (18.9)
BMI: mean (SD) 32.78 31.85 (6.02)
HbA.: mean (SD) 5.77 (0.93) 8.2% (2.0)
Gender: % male 45.72 57.1
Ethnicity: % White 90.12 94.6

BMI category: %

<28 0 11.33

28-34.99 74.99 60.95

35-44.99 20.29 25.17

045 2.35 2.55
IMD ¢ quintile

1 21.20 21.54

2 18.76 18.92

3 20.30 19.22

4 19.69 19.10

5 20.16 21.22

apopulation sampled from individual patient d&Rppulation derived from summary statistics of data set;

¢Diagnoses of type 2 diabetes and prescribed singleinsaiin diabetes medication;
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Table5.5. Weight loss and regain after the intervention: estimates from rasadfaots metanalysis excludinghose

with high risk of bias)

Treatment Control Difference
Year N Mean  95% CI N  Mean 95% ClI N Mean 95% CI
0 14 -893  (-9.49,-8.36) 14 -8.93 (-9.49,-8.36)
1 12 141 (0.68, 2.14) 12 2.74 (1.73, 3.76) 12 -1.14 (-2.07,-0.22)
2 2 438  (3.64,5.11) 2 56 (5.19, 6.02) 2 -1.23  (-1.96,-0.49)

N indicates total number of intervention arms; Cl: Confidence intervals; estimates are in kg
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Table5.6. QALYs gained pgrerson

Scenario At high risk of diabetes Newly diagnosed with diabetes
Control Active Incremental Control Active Incremental
Base case 11.674 11.678 0.003 11.882 11.885 0.002
1 Duration (years): intervention 6, control 4 11.673 11.679 0.006 10.881 10.886 0.005
2 Duration (years): intervention 6, control 5 11.674 11.679 0.005 10.882 10.886 0.004
3 Duration (years): intervention 4, control 4 11.673 11.676 0.003 10.881 10.883 0.002
4 Regain: Lower confidence interval 11.674 11.679 0.005 10.882 10.886 0.004
5 Regain: Upper confidence interval 11.674 11.676 0.002 10.882 10.883 0.001
6 Initial weight loss: 2.84kg 11.662 11.663 0.001 10.872 10.872 0.001
7 Initial weight loss: 6.12kg 11.669 11.671 0.002 10.877 10.878 0.001
Tableb5.7. Costs saved gained per person
Scenario At high risk ofdiabetes Newly diagnosed with diabetes
Control Active Incremental Control Active Incremental

Base case 29030.10 28991.72 38.37 103037.93 102998.79 39.14
1 Duration (years): intervention 6, control 29047.39 28971.13 76.26 103057.99 102978.34 79.65
2 Duration (years): intervention 6, control 29030.10 28968.67 61.43 103037.93 102973.93 64.00
3 Duration (years): intervention 4, control 29047.39 29015.01 32.38 103057.99 103025.74 32.24
4 Regain: Lower confidendaterval 29030.10 28971.13 58.97 103037.93 102978.34 59.59
5 Regain: Upper confidence interval 29030.10 29012.18 17.91 103037.93 103019.51 18.42
6 Initial weight loss: 2.84kg 29178.22 29164.85 13.37 103216.06 103202.29 13.77
7 Initial weight loss6.12kg 29097.56 29069.90 27.66 103117.63 103092.22 2541
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