Health policy

Modelling the impact of physical activity on public health: a review and critique

Manuscript Number:
Article Type:
Keywords:

Corresponding Author:

First Author:
Order of Authors:

Abstract:

--Manuscript Draft--

HEAP-D-20-00243R2
Review/Comparative article

physical activity; Health economic modelling; public health, cost-effectiveness,
structural uncertainty; decision-analytic modelling

Paolo Candio, Ph.D.
University of Oxford
UNITED KINGDOM

Paolo Candio, Ph.D.
Paolo Candio, Ph.D.
David Meads, Ph.D.
Andrew J. Hill, Professor
Laura Bojke, Ph.D.

Background While several reviews have assessed economic evaluations of physical
activity in public health and, in most cases, found the interventions to be cost-effective,
the validity of the conclusions reached depends on the appropriateness of the
modelling methods used in the individual studies.

Objective To provide an overview and critique of modelling approaches and key
structural assumptions used in applied studies to estimate the impact of physical
activity on health.

Methods Electronic databases were systematically searched for relevant model-based
economic evaluations. A thematic approach was used to assess the modelling studies.
The critique determined the appropriateness of the modelling frameworks and
plausibility of key structural assumptions.

Results Twenty-five models were identified. Cohort models were most frequently used.
High variability in the modelling of downstream diseases was found across studies
analysing similar populations. Structural assumptions regarding the dynamics of
change of physical activity were unrealistic in most cases. Heterogeneity was
addressed in only a few studies, while health equity concerns were, at best,
acknowledged by authors.

Conclusions This literature is predominantly characterised by modelling approaches
that may not adequately address the complexities associated with representing the
physical activity behaviour- population health process. A consensus on how to model
the impact of physical activity on public health and development of a reference model
could help reduce these sources of uncertainty.
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ABSTRACT

Background While several reviews have assessed economic evaluations of physical activity
in public health and, in most cases, found the interventions to be cost-effective, the validity of
the conclusions reached depends on the appropriateness of the modelling methods used in the
individual studies.

Objective To provide an overview and critique of modelling approaches and key structural
assumptions used in applied studies to estimate the impact of physical activity on health.
Methods Electronic databases were systematically searched for relevant model-based
economic evaluations. A thematic approach was used to assess the modelling studies. The
critique determined the appropriateness of the modelling frameworks and plausibility of key
structural assumptions.

Results Twenty-five models were identified. Cohort models were most frequently used. High
variability in the modelling of downstream diseases was found across studies analysing
similar populations. Structural assumptions regarding the dynamics of change of physical
activity were unrealistic in most cases. Heterogeneity was addressed in only a few studies,
while health equity concerns were, at best, acknowledged by authors.

Conclusions This literature is predominantly characterised by modelling approaches that may
not adequately address the complexities associated with representing the physical activity
behaviour- population health process. A consensus on how to model the impact of physical
activity on public health and development of a reference model could help reduce these

sources of uncertainty.

Keywords: physical activity, economic evaluation, modelling, public health.
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INTRODUCTION

The finite resources available to decision makers dictates that commissioning of interventions
ought to be based not only on the grounds of effectiveness, but also on cost-effectiveness®. To
support reimbursement decisions concerned with funding interventions where there are
multiple options, economic evaluation is typically used?.

Several studies have reviewed the cost-effectiveness evidence for promoting physical activity
(PA) in the general population and found the interventions to provide value for money in
most cases®’. However, methodological reviews have highlighted a number of challenges
related to the economic evaluation of public health interventions, including PA%%, Covering
all elements of the evaluation, from research design of the intervention to the statistical and
economic analyses, these challenges have previously been grouped into four broad
categories: attribution of effects, measuring and valuing outcomes, intersectoral costs and
consequences and incorporating equity concerns.

A recent review examined how the four methodological challenges above have been
addressed in applied studies, across two categories of PA interventions (targeted PA and
sedentary behaviour)t. Confirming previous findings®1?, this review found an overall poor
quality of reporting and marked inconsistencies in the methods applied across economic
evaluations, providing a series of recommendations for the design, analysis and appraisal of
economic evaluations.

The existing methodological reviews did not provide a critique on the appropriateness of the
modelling approaches used to estimate the impact of changes in PA on population health.
More specifically, they did not comment on the appropriateness of structural features of the
modelling approach and if these aligned with the fundamental nature of the behaviour-

population health process they were designed to represent 213, This is important as the lack
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of adequate structure and unrealistic model assumptions can hinder the validity of cost-

effectiveness findings 4,

Challenges in modelling the impact of physical activity on public health

More specifically, in terms of measuring effectiveness, a number of challenges in modelling
healthy behaviours for public health economic evaluations, including PA, have been
discussed in the literature 1*16, These challenges derive from key complexities of the
behaviour — population health process, which require the use of form of modelling, and
include: 1) the link to multiple chronic diseases; 2) a dynamic nature of behaviour and 3)
heterogeneous response to the intervention.

A recent scientific report!’, which forms the basis of the current UK PA guidelines?®,
describes the relationship between PA and the downstream risk of disease, by assessing the
relevant available evidence from systematic reviews and meta-analysis against five criteria
(i.e. applicability, generalisability, risk of bias or study limitations, quantity and consistency
and magnitude and precision of effect). This report confirmed that there was strong evidence
suggesting a link between PA and metabolic (e.g. type Il diabetes), cardiovascular (e.g.
coronary heart disease and stroke), genetic mutation (e.g. colorectal and breast cancer),
mental (e.g. depression) and geriatric (e.g. falls) conditions. In addition, disease probabilities
may not be independent from one another. For instance, the risk of type Il diabetes has been
associated with risk of colorectal and breast cancers, mainly due to shared risk factors, among
which PA plays a major role'®.

From a modelling standpoint, this complexity represents a technical problem in that a heathy
individual faces a number of different competing and complementary disease risks at any
given time, based on the individuals’ PA level and other personal characteristics.

Furthermore, some disease risks which will be affected by changes in PA habits in the short
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term (e.g. psychological benefits?®), while others will take some time before occurring (e.g.
colorectal cancer incidence??).

While PA habits generally tend to be stable over adulthood??, a decline in PA is typically
associated with older age?®. Evidence has also shown that natural fluctuations in PA can
occur due to seasonality effects or particular life phases?*. Furthermore, it is also reasonable
to expect that different individuals not only will react heterogeneously, in terms of change in
behaviour to the same level of exposure, but also that behaviour changes will be sustained at
different rates over time?. Although the magnitude of effect will depend on the type of
intervention, assuming that the changes induced by the intervention over the short term will
remain constant over time is likely to be unrealistic, whereas rebound trajectories are
generally more likely to occur?,

Finally, it is important to take into account heterogeneity in natural history of the PA
behaviour-health process and intervention effects on this process for two main reasons: to
reduce the risk of inducing bias in the cost-effectiveness results and to align the modelling
approach to the objectives of the decision-makers the model is aimed to inform?!2, Public
health decision-makers have a prominent goal of reducing existing health disparities in the
population, for instance associated with socio-economic factors?’, reflecting the value that

society places on lessening unfair inequalities alongside improving health?8.2°,

Modelling frameworks available to analysts

There has been a wealth of research dedicated to generating taxonomies of the mathematical /
epidemiological paradigms available to health economic modellers®*-2, This has also
reflected on their properties to inform model-based economic evaluations in public health.

These frameworks have been broadly categorised into cohort and individual level approaches
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and based on their ability to formally capture time-dependent effects and interactions between
individuals and the environment®2,

Briefly, cohort-level approaches are generally simpler than individual level frameworks. In
ascending order of modelling capacity, with decision trees and comparative risks assessments
(CRAS) neither time nor interactions can be explicitly considered. Markov chains, which can
be implemented at both an individual and a cohort level, can instead represent time in the
process explicitly as a sequence of transitions between states. More complex are discrete time
events and agent-based models which, despite their ability to formally represent changes in
states over time and interactions between individuals (the latter), using either discrete and
continuous time frameworks, have seen limited application in public health®,

Beside the suitability of the modelling framework, the way these methods are implemented in
practice (i.e. what structural assumptions are made) can affect the validity of cost-
effectiveness findings!®. Comparably to how the National Institute of Health and Care
Excellence (NICE) evaluates models included as part of manufacturers submissions®,
previews attempts to critique the plausibility of key structural assumptions of the models
have been made in other public health evaluation settings®*®. To date, no methodological
review has focussed on investigating these issues within the PA literature. The present paper

aims to fill this gap.

METHODS

Details regarding the search strategy, eligibility criteria, study screening and selection
methods are described in Appendix I. In brief, model-based economic evaluations of PA
interventions were identified within the published literature, from database inception to April

2019. Given the review focus, only full economic evaluations were included (i.e. cost-utility,
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cost-benefit, cost-consequences and cost-benefit analyses). A literature search of four
electronic databases (MEDLINE, EMBASE, SportDiscus and EconL.it) was conducted, with
free-text terms, synonyms, spelling variants, abbreviations and indexing terms related to the
three concepts of economic evaluation, model and physical activity being used to identify
relevant articles.

Data extraction forms were developed by adapting existing templates suggested by review
guides 4%, These forms were designed to extract information on what modelling frameworks
were applied and what key structural assumptions of the models relating to the three
complexities discussed above (i.e. the link of physical inactivity to multiple chronic diseases;
a dynamic nature of PA behaviour and heterogeneous response to the intervention) were
made for estimation of the intervention impact on population health.

As recommended for methodological reviews®*3, methods were summarised using a
thematic approach. For reference, an overview of the modelling studies is first presented.
This includes details on the decision contexts and mathematical frameworks used for
economic evaluation, based on a classification recently suggested?. The second part of the
review critiqued the base-case structural assumptions of the models in terms of their
plausibility against the existing available evidence. While these assumptions are often
interrelated, an evaluation of how the related complexities have been handled in practice is

presented. The following questions thus formed the basis of the extraction process, under four

themes:
. Modelled downstream disease risk:

o what and how diseases associated with PA have been modelled?
. Dynamic nature of PA:

o does the model allow for natural fluctuations in PA levels over time?;
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o what assumptions have been made with regard to the link between exposure
and change in PA / gains in health?;
o what assumptions have been made with regard to time-dependency of
intervention effects?;
. Reflecting heterogeneity:
o how differences in intervention impacts between individual characteristics

have been reflected?

. Incorporating health equity concerns:
o how intervention impacts on existing health inequalities have been modelled?
RESULTS

Included studies

Figure 1 shows a PRISMA flow diagram of the literature search and selection process.
Twenty-five papers met the selection criteria. Table 1 provides an overview of the modelling
studies. Eleven papers based their analyses on primary data from the UK, seven from the
USA, four from Australia and one each from Belgium, Canada and The Netherlands. The
majority of studies focused on adults (>=18 years, n=20), four analyses focused only school
pupils, and two included a mixed population (adults and children). Interventions based on

universal approaches to promotion were explored in the majority of studies (18/25).

Modelling frameworks
Eighty percent of the studies (n=20) employed aggregate-level approaches, nine of which
used untimed modelling methods (eight CRAs and one decision-tree). Eleven analyses were

based on discrete-time frameworks, with two multiple cohort lifetable approaches®®*, and
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Markov chain modelling being used the most frequently. Of the five individual-level models,
two were Markov chains®®2°, one applied a system of linear equations using a cross-sectional
regression analysis approach*®, one a microsimulation approach*! (although no details were

reported in terms of Markovian assumptions or interaction-levels) and one study developed a

discrete event simulation model*2.

Modelling of downstream disease risk

Table 2 summarises the key structural assumptions made in order to estimate the impact of
changes in PA on public health. The majority of studies (n=23) evaluated the impact of
interventions on chronic diseases and conditions associated with PA, with eight of these
studies not stating which diseases were considered. The number of chronic diseases ranged
from one to seven, with one study modelling 32 disease combinations*®.

Except for one study which focused on Osteoporosis®, all the models selected Type Il
diabetes and at least one cardiovascular disease (either a type of Stroke or Coronary Heart
Disease). Eleven models included at least one cancer (i.e. Colon, Colorectal, Breast, Lung
and Kidney) and only two studies considered impacts on mental health outcomes,
specifically, depression. Only one study** included exercise-related injuries among the
consequences. For those studies focussing on adults from the general population (n=14), the
majority (n=8) selected five chronic conditions. In addition, while the models evolved over
time in terms of disease selection, except for one study which applied random search method
to calibrate disease risk parameters*?, none of the models took into account synergistic and
compensatory effects between disease risks.

Thus, none of the reviewed models would be able to reflect the currently available evidence

on the associated chronic disease risk, therefore, not adequately capturing the impact of
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changes in PA, either due to a narrow evaluation scope and/or lack of adjustments for

interaction between diseases.

Dynamics of physical activity

Natural course of PA

Except for two studies that developed a natural history model from PA available from a
country-level surveillance system “° 4% none of the models accounted for natural fluctuations
in PA levels over time. Baseline PA states were assumed to be stable, also when long-term
time horizons were considered, 15/25 evaluations with time horizons equal to or longer than
30 years). Furthermore, transitions between the highest and the lowest levels of PA were not

allowed.

Link between exposure and response and its time dependency

All but four models reported that changes in PA and related health gains would be immediate
following exposure to the intervention. One study*’ assumed that the intervention could not
affect disease risk in the first year (“run-in period”). Other analyses assumed that it would
take two years*®, or up to five years*®, for the intervention to reach full effect. Except for one
report which reported on the time lag assumed between changes in PA and disease
occurrence used in the model*, none of the other studies provides details regarding time lag

to disease.

Time-dependent intervention effects

The majority of models (15/25) assumed implicitly or explicitly that the intervention effect
would not decay after the intervention ended (i.e. beyond follow-up assessment period). The
remaining 10 analyses assumed a constant and homogeneous decline in effect, ranging from
25% to 100%, up to two years after the intervention ended.

10
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Although lack of data may have driven these choices, the structural assumptions related to the
dynamics of change in PA that underlie the current models are underreported and may be
unrealistic. While appropriate sensitivity analysis may have helped characterise these
complexities for decision-making?, only a minority of models explored the impact of

variations to these base-case structural assumptions (see Table 2).

Reflecting heterogeneity

Ten studies used population average approaches, evaluating the health impact of changes in
PA levels in homogeneous groups of inactive / sedentary adults or school pupils. Baseline
differences in PA were considered in only nine studies. Three to five levels (i.e. PA states)
were defined in these analyses, with part of the models aligning the classification of PA
levels to current national-level PA recommendations®’#54651-53 Twelve studies accounted for
heterogeneous health impacts based on at least age or gender, with two analyses also
considering ethnicity/race differences*%42,

Thus, while some degree of heterogeneity has been captured by the reviewed models, only a
minority addressed this aspect formally by considering at least basic socio-demographic

differences, and in particular, baseline PA level.

Incorporating health equity

None of the reviewed economic models incorporated concerns relating to the distributional
impact of the intervention formally into the economic evaluation. Where models accounted
for heterogeneous effects, they did not report subgroup analysis which would have allowed
for inferences about effects on health inequalities. In only a minority of studies (5/25) equity

considerations were discussed.

11
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DISCUSSION AND CONCLUSIONS

Main findings

Complementary to previous reviews® 14, this is the first methodological review to provide
an overview and critique of the modelling approaches used in model-based economic
evaluations for estimating impacts of changes in PA on public health. This review has shed
light on key structural assumptions that underlie the models, which can aid interpretation of
the cost-effectiveness findings and highlights model development opportunities.

If, on one hand, economic evaluation guidelines support the notion that model structures
should be kept as simple as possible®**°, models should align to the nature of the process they
are intended to represent!2, While acknowledging that the trade-off between simplicity and
internal validity still represents an unresolved challenge for modellers, this literature is
predominantly characterised by modelling approaches that may not adequately address the
complexities associated with the PA behaviour — population health process they were
intended to represent. In addition, key structural assumptions were often unsupported by

relevant evidence and based on general rules of thumb.

Minimum modelling standards

Based on the findings from this review, there are a number of areas in which minimum
modelling standards should be established. First, modelling of downstream disease risks. The
disease selection in the reviewed models does not reflect the current available
epidemiological evidence on the relationship between PA and chronic disease. While
differences in environmental-level factors may explain differences in magnitude of risk
between settings (e.g. countries), disease selection for identified populations should be only

based on strong and updated epidemiological evidence. Disease risks are not likely to be

12
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independent from one another, and this should be taken into account, either formally (e.g.
using calibration methods) or informally (e.g. by means of scenario analysis).

Second, accommodating for the dynamics of PA. Natural trends in PA levels should be used
as baseline data for comparison. Conceptualising PA levels as fixed states is likely to induce
bias in the estimations, especially when modelling PA behaviours that are subject to
seasonality effects (e.g. gym attendance in summer) or over sensitive life phases (e.g.
retirement). However, in scenarios where PA levels are likely to be stable, the decision to
incorporate this element into the model needs to be evaluated in light of the trade-off between
added complexity and accuracy.

Assumptions regarding time lags and decay of intervention effects over time must also be
made explicit. The current lack of data on long-term impacts of PA intervention does not
justify the use of unrealistic assumptions. Instead, modelling of PA should include analysis of
a range of possible scenarios for adequately reflecting the uncertainty surrounding the
decision?. The common assumption found across the models of no decay of effect over time
is unrealistic, especially when assessing effects over long periods of time. This is likely to
result in overestimation of the health benefits of the intervention and undermine the validity
of research findings.

Third, reflecting heterogeneity. Models should capture systematic differences in impacts
between individual characteristics®®. Moderator variables should be identified both for the
estimation of effectiveness and cost-effectiveness of PA interventions directed at
heterogeneous populations. Although sub-group analyses will not always be feasible in
practice (e.g. due to small sample sizes), reports should make explicit the reasons for not
conducting them. Reports should also include details regarding the gradients in risks between
population sub-groups, and how the shape of these gradients is assumed (e.g. curvilinear®’)

when no data were available.

13
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Forth, on the issue of incorporating health inequity concerns. Methods for incorporating such
concerns into economic evaluation have only been relatively recently suggested and this may
explain why this element is missing in the published studies. Practical considerations related
to the use of these methods have been acknowledged®®® (e.g. lack of data on sub-groups) and
this may impede analysts in undertaking any quantitative assessment such as health inequality
impact, opportunity cost or equity weighting analyses®. Nevertheless, given the importance
of addressing health inequity, it would be reasonable to expect that model structures allowed
for capturing differential natural histories and intervention effects between equity-relevant
sub-groups (e.g. socio-economic status)?®%°, Where this is not possible, authors should at
least highlight this as a limitation and conduct a qualitative assessment, for instance, by
reviewing the background information regarding existing patterns and causes of health
inequities)®°.

Finally, there is a need for a better characterisation of the uncertainty related to structural
assumptions. A more structured and formal approach to assessing the implications of key
structural assumptions on the economic decision should be a minimum requirement. In
absence of data, a range of plausible scenarios should be explored, and results be presented as

such, rather than just a base-case®.

Limitations

This review is subject to several limitations. The level of detail presented in the applied
studies leads us to conclude that an overall poor quality of reporting was observed, making
the assessment of the modelling studies difficult. However, a formal quality assessment was
not conducted according to previously defined criteria, limiting the ability of this review to
determine a more traditional judgement on study quality. In addition, whilst a detailed

systematic search was conducted, this review only included PA interventions, therefore

14
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limiting the generalisability of the findings to economic evaluations of interventions where
PA is combined with other technologies or healthy behaviours.

This study focused on the cost-effectiveness literature only, and it is possible that other types
of studies, such as epidemiological studies, have addressed some of the complexities
discussed. Furthermore, methodological aspects discussed here represent only a proportion of
the challenges that are apparent when modelling of impact of different types of PA
interventions. Specifically, modelling issues related to compensatory or synergistic effects
with other behaviours on the pathway to health improvement, such as dietary patterns,
interactions between individuals, and non-health effects of these interventions, have not been

addressed in this review and should be the focus of further research.

Concluding remarks

Reaching a consensus on minimum modelling standards, improved reporting of the key
model assumptions using the available reporting checklists®-** and development of a
reference model® could help reduce these sources of uncertainty, and therefore support

optimal decision-making.

15
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Table 2: Critique of the reviewed studies
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69 PA as a fixed 100% constant, 2 levels of PA
Montes et al., not specified state not specified | benefits accrue over | (proportion of active not specified not specified
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2009 the whole TH increasing
inequalities
44 PA as a fixed 100% constant, average individual
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of PA
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2015 the whole TH recommendations) of lack of data effect)
Sustained for the first
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recommendations)
72 PA as a fixed 100% constant, average individual
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Zapata-Diomedi IHD STTR% %C BRC PA a;;;ﬁxed not specified | benefits accrue over geographical not specified not specified
etal., 2017 ' T the whole TH location and 2 levels

Note: BRC=breast cancer, CC=colon cancer, CHD=coronary heart disease, DEP=depression, CRC=colorectal cancer, HD=heart disease, KDC=kidney cancer,
IHD=ischaemic heart disease, LUC=Ilung cancer, PA=physical activity, SA=sensitivity analysis, STR=stroke, T2D=type Il diabetes, TH= time horizon, y=years.
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6,960 potentially relevant records retrieved by
searching the following electronic databases:

e  MEDLINE (through OVID; n=1,183)

e  EMBASE (through OVID; n=3,488)

e SportDiscus (through EBSCO; n=1,565)
e  Econlit (through EBSCO; n=724)

1,654 duplicates removed

A\ 4

5,306 records screened by title

5,090 records excluded after screening titles

A 4

216 records screened by abstract

153 records excluded after screening abstract, of

which:

80 no full economic evaluation

73 not solely on physical activity promotion

A 4

63 records included for full text assessment

37 records excluded after screening full text, of which:

3 abstracts (full texts not available)

8 no full economic evaluation

2 not solely on physical activity promotion
3 not on non-clinical populations

21 not employing modelling methods
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25 records included in the review




Revision Notes (witho

ut Author details)

Reviewer: 1]

Comment

Response

* None of the studies accounted for natural fluctuation in PA levels over time. | agree that the PA models should consider or at least discuss this Answer: thanks for this comment. The Discussion section has

issue. However, whether to include this in the model also depends on factors such as time horizon of the analysis, model cycle length (e.g.
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ABSTRACT

Background While several reviews have assessed economic evaluations of physical activity
in public health and, in most cases, found the interventions to be cost-effective, the validity of
the conclusions reached depends on the appropriateness of the modelling methods used in the
individual studies.

Objective To provide an overview and critique of modelling approaches and key structural
assumptions used in applied studies to estimate the impact of physical activity on health.
Methods Electronic databases were systematically searched for relevant model-based
economic evaluations. A thematic approach was used to assess the modelling studies. The
critique determined the appropriateness of the modelling frameworks and plausibility of key
structural assumptions.

Results Twenty-five models were identified. Cohort models were most frequently used. High
variability in the modelling of downstream diseases was found across studies analysing
similar populations. Structural assumptions regarding the dynamics of change of physical
activity were unrealistic in most cases. Heterogeneity was addressed in only a few studies,
while health equity concerns were, at best, acknowledged by authors.

Conclusions This literature is predominantly characterised by modelling approaches that may
not adequately address the complexities associated with representing the physical activity
behaviour- population health process. A consensus on how to model the impact of physical
activity on public health and development of a reference model could help reduce these

sources of uncertainty.

Keywords: physical activity, economic evaluation, modelling, public health.
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INTRODUCTION

The finite resources available to decision makers dictates that commissioning of interventions
ought to be based not only on the grounds of effectiveness, but also on cost-effectiveness®. To
support reimbursement decisions concerned with funding interventions where there are
multiple options, economic evaluation is typically used?.

Several studies have reviewed the cost-effectiveness evidence for promoting physical activity
(PA) in the general population and found the interventions to provide value for money in
most cases®’. However, methodological reviews have highlighted a number of challenges
related to the economic evaluation of public health interventions, including PA%%, Covering
all elements of the evaluation, from research design of the intervention to the statistical and
economic analyses, these challenges have previously been grouped into four broad
categories: attribution of effects, measuring and valuing outcomes, intersectoral costs and
consequences and incorporating equity concerns.

A recent review examined how the four methodological challenges above have been
addressed in applied studies, across two categories of PA interventions (targeted PA and
sedentary behaviour)t. Confirming previous findings®1?, this review found an overall poor
quality of reporting and marked inconsistencies in the methods applied across economic
evaluations, providing a series of recommendations for the design, analysis and appraisal of
economic evaluations.

The existing methodological reviews did not provide a critique on the appropriateness of the
modelling approaches used to estimate the impact of changes in PA on population health.
More specifically, they did not comment on the appropriateness of structural features of the
modelling approach and if these aligned with the fundamental nature of the behaviour-

population health process they were designed to represent 213, This is important as the lack
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of adequate structure and unrealistic model assumptions can hinder the validity of cost-

effectiveness findings 4,

Challenges in modelling the impact of physical activity on public health

More specifically, in terms of measuring effectiveness, a number of challenges in modelling
healthy behaviours for public health economic evaluations, including PA, have been
discussed in the literature 1*16, These challenges derive from key complexities of the
behaviour — population health process, which require the use of form of modelling, and
include: 1) the link to multiple chronic diseases; 2) a dynamic nature of behaviour and 3)
heterogeneous response to the intervention.

A recent scientific report!’, which forms the basis of the current UK PA guidelines?®,
describes the relationship between PA and the downstream risk of disease, by assessing the
relevant available evidence from systematic reviews and meta-analysis against five criteria
(i.e. applicability, generalisability, risk of bias or study limitations, quantity and consistency
and magnitude and precision of effect). This report confirmed that there was strong evidence
suggesting a link between PA and metabolic (e.g. type Il diabetes), cardiovascular (e.g.
coronary heart disease and stroke), genetic mutation (e.g. colorectal and breast cancer),
mental (e.g. depression) and geriatric (e.g. falls) conditions. In addition, disease probabilities
may not be independent from one another. For instance, the risk of type Il diabetes has been
associated with risk of colorectal and breast cancers, mainly due to shared risk factors, among
which PA plays a major role'®.

From a modelling standpoint, this complexity represents a technical problem in that a heathy
individual faces a number of different competing and complementary disease risks at any
given time, based on the individuals’ PA level and other personal characteristics.

Furthermore, some disease risks which will be affected by changes in PA habits in the short
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term (e.g. psychological benefits?®), while others will take some time before occurring (e.g.
colorectal cancer incidence??).

While PA habits generally tend to be stable over adulthood??, a decline in PA is typically
associated with older age?®. Evidence has also shown that natural fluctuations in PA can
occur due to seasonality effects or particular life phases?*. Furthermore, it is also reasonable
to expect that different individuals not only will react heterogeneously, in terms of change in
behaviour to the same level of exposure, but also that behaviour changes will be sustained at
different rates over time?. Although the magnitude of effect will depend on the type of
intervention, assuming that the changes induced by the intervention over the short term will
remain constant over time is likely to be unrealistic, whereas rebound trajectories are
generally more likely to occur?,

Finally, it is important to take into account heterogeneity in natural history of the PA
behaviour-health process and intervention effects on this process for two main reasons: to
reduce the risk of inducing bias in the cost-effectiveness results and to align the modelling
approach to the objectives of the decision-makers the model is aimed to inform?!2, Public
health decision-makers have a prominent goal of reducing existing health disparities in the
population, for instance associated with socio-economic factors?’, reflecting the value that

society places on lessening unfair inequalities alongside improving health?8.2°,

Modelling frameworks available to analysts

There has been a wealth of research dedicated to generating taxonomies of the mathematical /
epidemiological paradigms available to health economic modellers®*-2, This has also
reflected on their properties to inform model-based economic evaluations in public health.

These frameworks have been broadly categorised into cohort and individual level approaches
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and based on their ability to formally capture time-dependent effects and interactions between
individuals and the environment®2,

Briefly, cohort-level approaches are generally simpler than individual level frameworks. In
ascending order of modelling capacity, with decision trees and comparative risks assessments
(CRAS) neither time nor interactions can be explicitly considered. Markov chains, which can
be implemented at both an individual and a cohort level, can instead represent time in the
process explicitly as a sequence of transitions between states. More complex are discrete time
events and agent-based models which, despite their ability to formally represent changes in
states over time and interactions between individuals (the latter), using either discrete and
continuous time frameworks, have seen limited application in public health®,

Beside the suitability of the modelling framework, the way these methods are implemented in
practice (i.e. what structural assumptions are made) can affect the validity of cost-

effectiveness findings!®. Comparably to how the National Institute of Health and Care

Excellence (NICE)NIGE evaluates models included as part of manufacturers submissions®,

previews attempts to critique the plausibility of key structural assumptions of the models
have been made in other public health evaluation settings®*®. To date, no methodological
review has focussed on investigating these issues within the PA literature. The present paper

aims to fill this gap.

METHODS

Details regarding the search strategy, eligibility criteria, study screening and selection
methods are described in Appendix I. In brief, model-based economic evaluations of PA
interventions were identified within the published literature, from database inception to April

2019. Given the review focus, only full economic evaluations were included (i.e. cost-utility,
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cost-benefit, cost-consequences and cost-benefit analyses). A literature search of four
electronic databases (MEDLINE, EMBASE, SportDiscus and EconL.it) was conducted, with
free-text terms, synonyms, spelling variants, abbreviations and indexing terms related to the
three concepts of economic evaluation, model and physical activity being used to identify
relevant articles.

Data extraction forms were developed by adapting existing templates suggested by review
guides 4%, These forms were designed to extract information on what modelling frameworks
were applied and what key structural assumptions of the models relating to the three
complexities discussed above (i.e. the link of physical inactivity to multiple chronic diseases;
a dynamic nature of PA behaviour and heterogeneous response to the intervention) were
made for estimation of the intervention impact on population health.

As recommended for methodological reviews®*3, methods were summarised using a
thematic approach. For reference, an overview of the modelling studies is first presented.
This includes details on the decision contexts and mathematical frameworks used for
economic evaluation, based on a classification recently suggested®?. The second part of the
review critiqued the base-case structural assumptions of the models in terms of their
plausibility against the existing available evidence. While these assumptions are often
interrelated, an evaluation of how the related complexities have been handled in practice is

presented. The following questions thus formed the basis of the extraction process, under four

themes:
. Modelled downstream disease risk:

o what and how diseases associated with PA have been modelled?
. Dynamic nature of PA:

o does the model allow for natural fluctuations in PA levels over time?;



©CO~NOOOTA~AWNPE

o what assumptions have been made with regard to the link between exposure
and change in PA / gains in health?;
o what assumptions have been made with regard to time-dependency of
intervention effects?;
. Reflecting heterogeneity:
o how differences in intervention impacts between individual characteristics

have been reflected?

. Incorporating health equity concerns:
o how intervention impacts on existing health inequalities have been modelled?
RESULTS

Included studies

Figure 1 shows a PRISMA flow diagram of the literature search and selection process.
Twenty-five papers met the selection criteria. Table 1 provides an overview of the modelling
studies. Eleven papers based their analyses on primary data from the United-KingdemUK,
seven from the USA, four from Australia and one each from Belgium, Canada and The
Netherlands. The majority of studies focused on adults (>=18 years, n=20), four analyses
focused only school pupils, and two included a mixed population (adults and children).
Interventions based on universal approaches to promotion were explored in the majority of

studies (18/25).

Modelling frameworks
Eighty percent of the studies (n=20) employed aggregate-level approaches, nine of which

used untimed modelling methods (eight CRAs and one decision-tree). Eleven analyses were
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based on discrete-time frameworks, with two multiple cohort lifetable approaches®®?’, and
Markov chain modelling being used the most frequently. Of the five individual-level models,
two were Markov chains®®2°, one applied a system of linear equations using a cross-sectional
regression analysis approach®®, one a microsimulation approach*! (although no details were
reported in terms of Markovian assumptions or interaction-levels) and one study developed a

discrete event simulation model*2.

Modelling of downstream disease risk

Table 2 summarises the key structural assumptions made in order to estimate the impact of
changes in PA on public health. The majority of studies (n=23) evaluated the impact of
interventions on chronic diseases and conditions associated with PA, with eight of these
studies not stating which diseases were considered. The number of chronic diseases ranged
from one to seven, with one study modelling 32 disease combinations*®.

Except for one study which focused on Osteoporosis®, all the models selected Type Il
diabetes and at least one cardiovascular disease (either a type of Stroke or Coronary Heart
Disease). Eleven models included at least one cancer (i.e. Colon, Colorectal, Breast, Lung
and Kidney) and only two studies considered impacts on mental health outcomes,
specifically, depression. Only one study** included exercise-related injuries among the
consequences. For those studies focussing on adults from the general population (n=14), the
majority (n=8) selected five chronic conditions. In addition, while the models evolved over
time in terms of disease selection, except for one study which applied random search method
to calibrate disease risk parameters*?, none of the models took into account synergistic and
compensatory effects between disease risks.

Thus, none of the reviewed models would be able to reflect the currently available evidence

on the associated chronic disease risk, therefore, not adequately capturing the impact of
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changes in PA, either due to a narrow evaluation scope and/or lack of adjustments for

interaction between diseases.

Dynamics of physical activity

Natural course of PA

Except for two studies that developed a natural history model from PA available from a
country-level surveillance system “° 4% none of the models accounted for natural fluctuations
in PA levels over time. Baseline PA states were assumed to be stable, also when long-term
time horizons were considered, 15/25 evaluations with time horizons equal to or longer than
30 years). Furthermore, transitions between the highest and the lowest levels of PA were not

allowed.

Link between exposure and response and its time dependency

All but four models reported that changes in PA and related health gains would be immediate
following exposure to the intervention. One study*’ assumed that the intervention could not
affect disease risk in the first year (“run-in period”). Other analyses assumed that it would
take two years*®, or up to five years*®, for the intervention to reach full effect. Except for one
report which reported on the time lag assumed between changes in PA and disease
occurrence used in the model*, none of the other studies provides details regarding time lag

to disease.

Time-dependent intervention effects

The majority of models (15/25) assumed implicitly or explicitly that the intervention effect
would not decay after the intervention ended (i.e. beyond follow-up assessment period). The
remaining 10 analyses assumed a constant and homogeneous decline in effect, ranging from
25% to 100%, up to two years after the intervention ended.

10
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Although lack of data may have driven these choices, the structural assumptions related to the
dynamics of change in PA that underlie the current models are underreported and may be
unrealistic. While appropriate sensitivity analysis may have helped characterise these
complexities for decision-making?, only a minority of models explored the impact of

variations to these base-case structural assumptions (see Table 2).

Reflecting heterogeneity

Ten studies used population average approaches, evaluating the health impact of changes in
PA levels in homogeneous groups of inactive / sedentary adults or school pupils. Baseline
differences in PA were considered in only nine studies. Three to five levels (i.e. PA states)
were defined in these analyses, with part of the models aligning the classification of PA
levels to current national-level PA recommendations®#54651-53 Twelve studies accounted for
heterogeneous health impacts based on at least age or gender, with two analyses also
considering ethnicity/race differences*%42,

Thus, while some degree of heterogeneity has been captured by the reviewed models, only a
minority addressed this aspect formally by considering at least basic socio-demographic

differences, and in particular, baseline PA level.

Incorporating health equity

None of the reviewed economic models incorporated concerns relating to the distributional
impact of the intervention formally into the economic evaluation. Where models accounted
for heterogeneous effects, they did not report subgroup analysis which would have allowed
for inferences about effects on health inequalities. In only a minority of studies (5/25) equity

considerations were discussed.

11
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DISCUSSION AND CONCLUSIONS

Main findings

Complementary to previous reviews® 14, this is the first methodological review to provide
an overview and critique of the modelling approaches used in model-based economic
evaluations for estimating impacts of changes in PA on public health. This review has shed
light on key structural assumptions that underlie the models, which can aid interpretation of
the cost-effectiveness findings and highlights model development opportunities.

If, on one hand, economic evaluation guidelines support the notion that model structures
should be kept as simple as possible®**°, models should align to the nature of the process they
are intended to represent!2, While acknowledging that the trade-off between simplicity and
internal validity still represents an unresolved challenge for modellers, this literature is
predominantly characterised by modelling approaches that may not adequately address the
complexities associated with the PA behaviour — population health process they were
intended to represent. In addition, key structural assumptions were often unsupported by

relevant evidence and based on general rules of thumb.

Minimum modelling standards

Based on the findings from this review, there are a number of areas in which minimum
modelling standards should be established. First, modelling of downstream disease risks. The
disease selection in the reviewed models does not reflect the current available
epidemiological evidence on the relationship between PA and chronic disease. While
differences in environmental-level factors may explain differences in magnitude of risk
between settings (e.g. countries), disease selection for identified populations should be only

based on strong and updated epidemiological evidence. Disease risks are not likely to be

12
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independent from one another, and this should be taken into account, either formally (e.g.
using calibration methods) or informally (e.g. by means of scenario analysis).

Second, accommodating for the dynamics of PA. Natural trends in PA levels should be used
as baseline data for comparison. Conceptualising PA levels as fixed states is likely to induce
bias in the estimations, especially when modelling PA behaviours that are subject to
seasonality effects (e.g. gym attendance in summer) or over sensitive life phases (e.g.

retirement). However, in scenarios where PA levels are likely to be stable, the decision to

incorporate this element into the model needs to be evaluated in light of the trade-off between

added complexity and accuracy. Assumptions regarding time lags and decay of intervention

effects over time must also be made explicit. The current lack of data on long-term impacts of
PA intervention does not justify the use of unrealistic assumptions. Instead, modelling of PA
should include analysis of a range of possible scenarios for adequately reflecting the
uncertainty surrounding the decision?. The common assumption found across the models of
no decay of effect over time is unrealistic, especially when assessing effects over long
periods of time. This is likely to result in overestimation of the health benefits of the
intervention and undermine the validity of research findings.

Third, reflecting heterogeneity. Models should capture systematic differences in impacts
between individual characteristics®®. Moderator variables should be identified both for the
estimation of effectiveness and cost-effectiveness of PA interventions directed at
heterogeneous populations. Although sub-group analyses will not always be feasible in
practice (e.g. due to small sample sizes), reports should make explicit the reasons for not
conducting them. Reports should also include details regarding the gradients in risks between
population sub-groups, and how the shape of these gradients is assumed (e.g. curvilinear®’)

when no data were available.

13
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Forth, on the issue of incorporating health inequity concerns. Methods for incorporating such
concerns into economic evaluation have only been relatively recently suggested and this may
explain why this element is missing in the published studies. Practical considerations related
to the use of these methods have been acknowledged®®® (e.g. lack of data on sub-groups) and
this may impede analysts in undertaking any quantitative assessment such as health inequality
impact, opportunity cost or equity weighting analyses®. Nevertheless, given the importance
of addressing health inequity, it would be reasonable to expect that model structures allowed
for capturing differential natural histories and intervention effects between equity-relevant
sub-groups (e.g. socio-economic status)?®%°, Where this is not possible, authors should at
least highlight this as a limitation and conduct a qualitative assessment, for instance, by
reviewing the background information regarding existing patterns and causes of health
inequities)®°.

Finally, there is a need for a better characterisation of the uncertainty related to structural
assumptions. A more structured and formal approach to assessing the implications of key
structural assumptions on the economic decision should be a minimum requirement. In
absence of data, a range of plausible scenarios should be explored, and results be presented as

such, rather than just a base-case®.

Limitations

This review is subject to several limitations. The level of detail presented in the applied
studies leads us to conclude that an overall poor quality of reporting was observed, making
the assessment of the modelling studies difficult. However, a formal quality assessment was
not conducted according to previously defined criteria, limiting the ability of this review to
determine a more traditional judgement on study quality. In addition, whilst a detailed

systematic search was conducted, this review only included PA interventions, therefore

14
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limiting the generalisability of the findings to economic evaluations of interventions where
PA is combined with other technologies or healthy behaviours.

This study focused on the cost-effectiveness literature only, and it is possible that other types
of studies, such as epidemiological studies, have addressed some of the complexities
discussed. Furthermore, methodological aspects discussed here represent only a proportion of
the challenges that are apparent when modelling of impact of different types of PA
interventions. Specifically, modelling issues related to compensatory or synergistic effects
with other behaviours on the pathway to health improvement, such as dietary patterns,
interactions between individuals, and non-health effects of these interventions, have not been

addressed in this review and should be the focus of further research.

Concluding remarks

Reaching a consensus on minimum modelling standards, improved reporting of the key
model assumptions using the available reporting checklists®-** and development of a
reference model® could help reduce these sources of uncertainty, and therefore support

optimal decision-making.

15
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