September 15th, 2025

Five Pillars of Productivity Inquiry
Productivity Commission

697 Collins Street

Docklands Vic 3008

ear I

Re: “Delivering quality care more efficiently — Interim report”

We write to you in response to the Productivity Commission (PC) request for information
and feedback on the interim report titled “Delivering quality care more efficiently. We wish
to provide information specifically in relation to Section 3: A National framework to support
government investment in prevention (the National Framework).

Firstly, we commend the PC for recognising the value of prevention, the insufficient
levels of investment in preventive health and the limitations in the current approach to
economic evaluation of preventive health interventions. We support the proposed
recommendations and eagerly anticipate their adoption.

Please find attached our recent paper in PharmacoEconomics [Ademi, Rodda et al 2025]
discussing many of the challenges raised in the report along with potential solutions. This
may be useful in preparing the final report.

In addition, please consider the following comments and suggestions in response to the
report:

Re: figure 3.1 (page 53):

e We suggest refining the definitions of prevention, expanding to include primordial
prevention. Primordial prevention is focused on individuals without risk factors
with an aim to prevent risk factors from developing in the first instance and can
include policy, taxation, legislation or regulation to provide health-promoting
environments. [Ademi, Rodda 2025][1] The report mentions intervention in ‘areas
like housing, education, justice and family support services’ that would likely be
best described as primordial prevention. Primary prevention then aims to reduce
risk factors that are already present, in order to prevent the onset of disease.

e We argue that the economic evaluation of secondary and tertiary prevention
interventions is sufficiently accommodated within current health technology
assessment frameworks (Pharmaceutical Benefits Advisory Committee (PBAC),
the Medical Services Advisory Committee (MSAC)), therefore the national
framework to support government investment in prevention should be focused on
primary and primordial prevention interventions.

On page 60:
e The difficulty in determining causality between the effect of prevention interventions
on risk factors and outcomes is acknowledged. The PC cites ACE-Prevention (page
58); while historically relevant, it is outdated, and substantial new evidence supports a
life-course approach to prevention. Novel methodologies can be applied in some cases
to overcome this difficulty. For example, we draw the Commission’s attention to



emerging causal evidence that quantifies outcomes based on the cumulative impact of
risk factors, adopting a life-course perspective.[2] This modelling is based on
mendelian randomisation (MR), a methodology that uses genetic variants to assess
whether an exposure-outcome relationship is likely causal, and to estimate its
effect.[3, 4] For example, data from MR studies have been used to evaluate the impact
of long-term reductions in low density lipoprotein cholesterol on coronary heart
disease within a cost-effectiveness analysis of screening for familial
hypercholesterolaemia and primary prevention of CVD.[5, 6] This life course model
based on MR evidence has also evaluated the cost-effectiveness of early intervention
in CVD with antihypertenisves and lipid lowering treatment[7, 8] and for
Lipoprotein(a) screening.[9] MR data is now recognised by The National Institute for
Health and Care Excellence (NICE)[10] and we propose that the Prevention
Framework Advisory Board (PFAB) consider this type of evidence when evaluating
prevention interventions.

e We would like to bring attention to health equity concerns when establishing
effectiveness of interventions (within the PFAB context). These concerns are
particularly relevant for primary prevention interventions implemented at the
individual level requiring individual agency where differences in effectiveness across
social groups are more likely to occur.[11] Furthermore it is well established that
underserved populations are underrepresented in clinical trials.[12, 13] PFAB
decision making should actively consider presence of these potential biases. For
example, the inclusion of real-world evidence (such as administrative datasets,
registries or well conducted pragmatic clinical trials) may assist in understanding
differential effectiveness among subpopulations of concern.[14]

Systematic measurement of health-related productivity and integration into decision making

Measurement of health-related productivity facilitates evaluation of the economic
impacts of a disease or intervention on the ability of individuals to engage in productive
activities. It is currently inconsistently integrated into HTA decision-making in Australia, for
example through cost-effectiveness analysis conducted from the societal perspective.
However, this approach characterises health-related productivity losses or gains as an indirect
cost of disease, rather than an outcome. When considering prevention activities, health-
related productivity is a vital outcome, as these policies and interventions by their nature tend
to target healthy individuals at the peak of their productive lives.

We would like to draw the Commission’s attention to our recent work developing the
Productivity-Adjust Life Years (PALY) metric, which offers an innovative focus on
productivity as a direct outcome of healthcare and preventative interventions.[15] The PALY
is calculated by multiplying years of life lived by a ‘productivity index’ ranging from 0
(completely unproductive) to 1 (completely productive). This enables productivity
consequences of ill-health to be measured as an outcome rather than as a cost at a population
level over time using epidemiological modelling techniques. PALY's can therefore measure
the societal impact of ill health in a standardised way, facilitating comparison across diseases,
socioeconomic, demographic and geographic settings. This is supported by the application of
the PALY metric in over 40 peer reviewed publications to date, spanning 18 countries and a
broad range of both acute and chronic health conditions. We believe this metric can play an
integral role when developing policies around prevention.

Furthermore, there is a work underway by our group presented at the Australian
Health Economics Society about the population norms on how to capture health related
productivity index for paid and unpaid work, in Australia and globally.



Lastly, to address the questions raised in Information request 3.1 (page 65)

When prioritising different proposals, how should factors such as overall net benefits, net
fiscal effects, cost-effectiveness, equity, ease of implementation, timescale and the value of
future benefits and costs be weighted? Are there existing frameworks that do this well?

We propose that equity should most definitely be considered within PFAB decision
making for the following reasons:

The Australian public hold concerns for health inequalities based on Indigenous
status, income and geographic location, with the majority of society are willing to
sacrifice gains in total population health in order to improve health for the worst
off.[16] However, standard cost-effectiveness analysis does not reflect these
preferences.

e Structural interventions delivered at the population level (e.g. via taxation,
legislation) are likely to be cost-effective and improve health equity while primary
prevention interventions delivered at the individual level have potential to exacerbate
health inequalities. [Ademi, Rodda][1] As such we suggest the following:

The National Framework be focused on structural (primordial prevention) in order to
best reduce health inequalities.

If primary prevention programs implemented at the individual level are to be assessed
(e.g. educational or behavioural interventions), a quantitative evaluation of the equity
impacts should be included and considered by the PFAB.

Distributional cost-effectiveness analysis (DCEA) would be a suitable method to
evaluate the equity impacts of an intervention (who gains and who loses) within a
cost-effectiveness analysis.[17] DCEA can be especially useful in public health and
DCEA has been successfully applied to the evaluation of alternative approaches to
implementation of health programs taking a targeted approach to improving
equity.[18-20] For example, we are currently working on a DCEA evaluating various
implementation strategies for an antenatal intervention to prevent gestational diabetes.
[not yet published] This methodology has enabled us to identify that whilst the
intervention is cost-effective no matter how it is delivered, subsidy for provision to
women with a BMI>25kg/m® would generate a greater net health benefit, whilst
provision to women only in the public hospital system would have the greatest impact
on health equity. These findings were presented this week at the Australian Health
Economics Society Conference, Canberra.

The degree of aversion to health inequality estimated for the Australian population in
regards to Indigenous status, socioeconomic status and geographic location [16] could
be applied to weight the value of future benefits (and costs). We suggest this to be
done with care and that various levels of inequality aversion be evaluated via scenario
analyses.

Whilst the use of discounting within cost-effectiveness analysis has its place, it can be
problematic in health economic models evaluating the long-term outcomes of prevention
where costs are predominantly upfront and benefits take long periods to eventuate.

In these models with long time horizons (e.g. 50-60 years), discounting can have a significant
impact, generating uncertainty, and potentially making prevention appear less cost-effective
compared to interventions with short-term effects. [Ademi, Rodda][ 1] Therefore, we propose
that costs and benefits of prevention interventions be discounted at lower rates than routinely
adopted for the evaluation of acute treatments, namely the 5% discounting routinely used by



the PBAC and MSAC. A sensible approach would be to model scenarios where a 0%, 1.5%
and 3% discounting rate is applied to evaluations assessed by the PFAB.

There is no consistent approach to the economic evaluation of prevention
interventions and novel methods to better evaluate the equity and intersectoral impacts of
prevention have only limited practical application to date. To overcome these challenges,
significant resources will be required to conduct and rigorously review economic evaluations
of prevention interventions. We propose that the PC report include consideration of health
economics workforce capacity and increased funding of research into the health economic
evaluation of prevention.

Should there be minimum cost-effectiveness and/or cost-benefit ratios and how should they be
set?

We hold concerns that explicitly setting a cost-effectiveness or cost-benefit ratio
threshold for prevention interventions may inadvertently lead to higher costs, with
providers/sellers potentially gaming the system.[21] We suggest looking to the incremental
cost-effectiveness ratios (ICERs) for prevention interventions in the published literature [22]
to provide a historical reference point when determining an acceptable ICER for prevention
interventions.

How should decision makers balance the need to assess early effectiveness of programs with
the need to maintain consistent long-term funding for programs with long-term benefits?

To be effective, primary prevention requires sustainable and long-term investment
that is removed from short political and budget cycles.[23] As such, we argue the National
Framework should focus on the evaluation of long-term benefits where possible.

However, we acknowledge that the government may wish to have some early indication
of whether the funded program is delivering as intended. Suitable indicators of early
effectiveness may include:

e Uptake rates and whether these differ across social groups. More specifically what
proportion of the target population have made initial engagement with the program,
and how does the spread of these proportions across equity relevant groups compare
to the distribution in the target population (i.e. a representation index [13]).

e Engagement or retention rates: the proportion of the target population that is
completing the intervention and how does the spread of these proportions across
equity relevant groups compare to the distribution in the target population (again
using a representation index [13]).

e (Costs of implementing and delivering the program, and the extent to which these
deviate from the costings provided in the initial economic evaluation.

How could a diversification strategy be designed to ensure that prevention programs from
different sectors and with benefits across different timeframes are funded?

As described in the interim report, the impacts of prevention are intersectoral and
should be valued accordingly. Moving away from a focus on specific diseases towards a
focus on risk factors, and acknowledging that risk factors are commonly interrelated may be
helpful. For instance, interventions reducing obesity have wide ranging impacts on diabetes,
cardiovascular disease and liver disease.



In terms of giving due consideration to investment across different sectors, the
‘extended impact inventory framework’ may help to estimate the net effects of an
intervention for multiple sectors.[24] The method can illustrate trade-offs between sectors
whilst providing an assessment of the allocation of benefits across individuals, thereby
accommodating equity concerns as well.[24]

Thank-you for the opportunity to contribute to this long overdue and critical
conversation about investment in prevention. We eagerly await the final report and
subsequent government response.

Yours sincerely,
Prof Zanfina Ademi Dr. Melanie Lloyd Sheridan Rodda

Health Economics and Policy Evaluation Research Group
Centre for Medicine Use and Safety

Faculty of Pharmacy and Pharmaceutical Sciences
Monash University

381 Roval Parade, Parkville, Victoria, Australia 3052.
Email:
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Abstract

Cardiovascular disease (CVD) is a major contributor to the health and economic burden of disease globally. In this paper we
discuss the literature on the health economics of the prevention and early intervention in CVD. We reveal the large economic
impact of CVD and provide the economic argument supporting the calls for early detection and diagnosis of CVD outlined
in the Global Heart Hub’s patient-led Manifesto for Change. Many challenges in conducting cost-effectiveness analyses of
interventions for CVD prevention are identified, as well as the emerging statistical and economic methods to help overcome
these issues. Lastly, we acknowledge the profound disparities in cardiovascular health faced by minority or underserved

populations, and the important role that prevention and early intervention can play in improving health equity.

1 Introduction

Cardiovascular disease (CVD) is the leading cause of dis-
ease burden globally, and CVD prevalence and mortality
are predicted to grow, with 35.6 million cardiovascular
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Key Points for Decision Makers

Early cardiovascular disease (CVD) interventions have
been found to be cost-effective from both healthcare and
societal perspectives: Preventive strategies and timely
diagnosis can reduce long-term healthcare costs and
improve quality of life.

Innovative methods support better decisions: We pro-
pose that funders take a proactive rather than reactive
approach to cardiovascular health and consider alterna-
tive forms of evidence and emerging real-world evidence
techniques for health technology assessment in CVD
prevention.

Equity-driven prevention enhances efficiency: Prioritis-
ing underserved populations through better data col-
lection and targeted, intersectoral policies can reduce
disparities and improve overall system outcomes.

This article includes only the health economic aspects
of CVD prevention based on a narrative review and the
Manifesto meeting.
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deaths worldwide projected for 2050 [1, 2]. The economic
impact of CVD is equally staggering and is predicted to
increase substantially [3]. In 2021, the total cost of CVD
to the European economy was €282 billion, or €630 per
citizen [4].

This increasing health and cost burden of CVD is due to
an ageing population, rising healthcare costs, the growing
prevalence of CVD risk factors and persistent inequities in
CVD, particularly in disenfranchised or underserved groups
[3]. The predominant modifiable risk factors for CVD are
elevated systolic blood pressure, dietary risks (diets high in
sodium and low in whole grains) and elevated low-density
lipoprotein cholesterol (LDL-C). (1) Looking forward, high
body mass index (BMI) and high fasting plasma glucose
are expected to increasingly contribute to CVD mortality
and morbidity. (2) There is now increasing recognition of
the important role played by non-modifiable risk factors,
including genetic risk factors, and the opportunities these
create for early identification of high-risk groups.

Equitable action in cardiovascular health is required,
and the Global Heart Hub, an international alliance of heart
patient organisations, has produced ‘Achieving Early Detec-
tion and Diagnosis of Cardiovascular Disease: A Manifesto
for Change’, centred around patients and carers with lived
experience of CVD supported by global stakeholders [5].
The Manifesto for Change sets priority actions to improve
CVD outcomes, calling for early detection and diagnosis of
CVD. In this paper, we discuss the core economic concepts
behind CVD prevention based on a narrative review and we
apply these concepts to manifesto actions to provide health
economic evidence for decision making.

2 The Economic Argument for CVD
Prevention

The economic impacts of a disease are typically classi-
fied into direct healthcare costs (e.g. hospital stays, medi-
cations, procedures), direct non-healthcare costs (e.g.
transportation, home modifications, informal caregiving)
and indirect costs (e.g. lost productivity due to illness or
premature death). When considering healthcare funding
from a societal perspective, the direct and indirect costs
are combined. Recently, productivity-adjusted life years
(PALYSs) has been proposed as an outcome measure to
capture the impact of prevention beyond healthcare [6].
Direct healthcare costs are the largest contributor to
the overall cost of CVD, and these costs are increasing
(government contribution, health insurance and out-of-
pocket). Growth of direct healthcare costs is driven by
inpatient care in coronary heart disease (CHD), particu-
larly medical devices and long-term care for both CHD
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and cerebrovascular disease [4, 7]. Direct non-healthcare
costs and productivity are also significant and should be
considered by funders wanting a comprehensive under-
standing of the benefits of an intervention. Direct non-
healthcare costs include informal care, which is unpaid
care undertaken by family or friends acting as carers for
people affected by CVD. Time spent providing informal
care takes away from time spent in work or leisure and
carries an opportunity cost. Informal care is not consist-
ently considered in economic evaluations but can have an
economic impact, especially for CVD [8, 9]. Furthermore,
productivity losses arising from premature mortality and
morbidity negatively impact the workforce and in turn the
wider economy and society [10].

In the United States (US), the total cost of CVD was US
$627 billion for 2020 (2.7% of gross domestic product) [3].
Of this total, 63% were direct costs (health and non-health-
care costs combined) while productivity contributed the
remaining 37% (US $234 billion) [3]. For the United King-
dom (UK), CVD cost £29 billion in 2021/2022, of which
57% was for direct healthcare costs, 22% for informal care
and 21% for productivity [7]. Similarly, in the European
Union (EU), CVD costs were €155 billion in 2021 (€347
per person), of which 46% were due to direct healthcare
costs, 37% for direct non-healthcare costs (mostly informal
care) and 17% for productivity losses [4]. In Australia, a
10-year projection revealed that the cost of CVD was 140.65
billion Australian dollars (AU $), of which 55% was due
to productivity losses [11]. Recognising these indirect and
non-healthcare costs of CVD is crucial for policy-making.
An understanding of the consequences of healthcare funding
decisions in the health and non-healthcare sectors is required
to support the case for prevention interventions.

There are four approaches to CVD prevention worth not-
ing. Primordial prevention is focused on individuals without
CVD risk, with an aim to prevent risk factors from develop-
ing in the first instance [12]. It targets the entire population
by addressing the underlying social, economic and environ-
mental conditions that contribute to disease [12]. Primordial
prevention interventions can include policy, taxation, legisla-
tion or regulation to provide health-promoting environments
[12, 13]. Primary prevention focuses on healthy individuals
whom already have increased risk of disease and aims to
prevent the onset of disease. This can include immunisa-
tion, public health interventions and specific programmes
to reduce risk factors such as behavioural interventions for
physical activity or smoking cessation [12].

Secondary prevention targets individuals with early dis-
ease or risk factors (many of whom may be asymptomatic),
with a view to preventing progression to serious symptoms
or events. Much of the literature classifies screening and risk
factor management, such as blood pressure screening, as sec-
ondary prevention [12, 13]. However, identifying high-risk
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individuals through early screening to prevent initial CVD
events could also fall under primary prevention [14]. This
reflects a shift toward earlier investment in prevention, aim-
ing to address risks before disease develops. Lastly, tertiary
prevention is focused on reducing disease severity, symp-
toms and sequalae among individuals with established dis-
ease, for example, rehabilitation programmes [12, 13].

Globally CVD generates a large burden of disease and
economic costs. Primary prevention and early detection and
diagnosis of CVD provides an opportunity for action. For
example, control of systolic blood pressure to below 130
mmHg through behaviour modification in US adults with
stage 1 hypertension (at low 10-year risk of CVD) could pre-
vent 26,100 CVD events and 2900 deaths and avoid US $1.6
billion in healthcare costs over 10 years [15]. In Australia,
healthcare costs arising from initial CVD events were largest
for chronic management and treatment; however, decreas-
ing CVD risk by 10% through primary prevention among
the disease-free population could prevent 13,225 deaths and
save AU $6.23 billion over 2020-2029 [11]. By intervening
at these earlier stages, health and economic outcomes can
be improved.

Despite these opportunities, government healthcare fund-
ing is disproportionately directed towards secondary and ter-
tiary interventions, with minimal spending on public health
[16, 17]. In many countries, healthcare funding decisions,
generally made by governments or insurers, are informed
by health technology assessments (HTAs) that evaluate
evidence on the cost-effectiveness (CE), equity and legal
aspects and budget impact of interventions. However, eval-
uating the CE of interventions for preventing CVD poses
unique challenges.

3 The Challenge of Demonstrating
Cost-Effectiveness for CVD Prevention

Randomised controlled trials (RCTs) are the gold stand-
ard for new intervention strategies, providing high-quality
efficacy data utilised by HTA bodies worldwide. However,
RCTs have limitations, particularly in the disease preven-
tion context, mainly because RCTs rarely measure long-term
outcomes, due to time and budget constraints on long-term
follow-up [18]. Prevention interventions generally incur
costs upfront, and the benefits may only be realised in the
longer term; therefore, RCTs are unsuitable for measuring
efficacy, as the long-term benefits can be underestimated
[19]. Also, RCTs often do not provide the long-term cost
information needed for CE analyses. Lastly, there are the
well-known concerns in generalising benefits observed in
RCTs to implementation in the target population, including
differences in adherence or uptake, which can systematically
over- or underestimate intervention benefits [19].

RCTs demonstrating the CE of public health interventions
are not feasible or ethical; therefore, computational models
based on observational data, often requiring multiple data
sources and including many assumptions, are commonly
used [20]. Health economic simulation models are useful
to evaluate the short- and long-term costs and outcomes of
preventive health interventions (i.e. interventions targeting
lifestyle and pharmacological treatments). Nevertheless,
the type of model chosen (Markov cohort or patient-level
simulation), the underlying assumptions and the estimation
of CVD risk within the model can make evaluation very
challenging. The occurrence of CVD events depends on age,
a variety of interrelated risk factors and the history of the
individual (risk exposure over time). Currently, the major-
ity of health economic evaluations of early detection strate-
gies for CVD use Markov cohort state models [18]. While
Markov models may be simpler to conduct than patient-level
simulations, or discrete event simulations, requiring fewer
inputs, they have limited ability to accommodate the impact
of multiple risk factors or the clinical history of simulated
individuals, due to their memoryless nature [18, 21]. Patient-
level (micro)simulation models over longer time horizons
may be more suitable for the evaluation of early detection
strategies as they can reflect long-term clinical and treatment
history [18].

Even when simulation models are used, pitfalls remain
in estimating disease risk and treatment effects. The risk
or probability of CVD events occurring (transition prob-
abilities) within health economic models can be taken
from age-specific estimates or by using CVD risk scores.
The majority of studies evaluating new medications for the
management of atherosclerotic CVD used health economic
models based on instantaneous age-related risk estimates
[22]. However, these estimates and risk scores rely heavily
on age and gender and fail to consider the cumulative effect
of modifiable risk factors and, as a consequence, can sys-
tematically underestimate the benefits of CVD prevention
[19]. Furthermore, the treatment effects of interventions are
frequently modelled using estimates from short-term RCTs,
as capturing long-term outcomes of complex interventions
targeting multiple risk factors in real-world populations is
not feasible.

The growing availability of real-world evidence (RWE) or
non-randomised studies from registries and electronic health
record data can provide sources of event-rates, adherence
and long-term outcomes. Some HTA bodies have devel-
oped frameworks for how RWE is to be used, but there is no
universally accepted RWE framework [23, 24]. RWE may
not be widely accepted by HTA agencies due to concerns
including potential for bias and residual confounding, trans-
portability of treatment effects from the RWE to the target
population, underdeveloped data infrastructure to support
access to detailed RWE and ingrained perceptions that RWE
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is of low quality [25]. Looking forward, technologies for
high unmet clinical need or for rare and ultra-rare diseases,
such as advanced or gene therapy products, with specific and
small patient populations, will benefit from the application
of RWE [23]. For CVD prevention, RWE could supplement
RCT data by generalising trial findings to other populations
and to help confirm costs and effectiveness where RCTs have
used surrogate endpoints (such as reductions in weight or
systolic blood pressure) or provided short-term follow up
[23]. Researchers and policymakers may need to reconsider
what evidence is sufficient to evaluate public health and pre-
vention interventions [26]. Capacity-building steps to sup-
port the integration of RWE into HTA include global and
more standardised technical guidance from HTA agencies
on the best practices for RWE, training and education for
all HTA stakeholders that is multi-disciplinary (e.g. across
genetics/phenotyping, study design, analytical methods) and
resourcing and workforce planning to support the conduct
and evaluation of RWE [23, 25, 27].

A novel method to provide RWE, mendelian randomisa-
tion (MR), has recently been applied to health economic
models for CVD prevention. The National Institute for
Health and Care Excellence (NICE) recognises natural
experiments, including instrumental variable methods [24].
MR is one such approach, using genetic variants to assess
whether an exposure-outcome relationship is likely causal
and to estimate its effect. For example, the impact of long-
term reductions in LDL-C on CHD derived from MR studies
has been used to evaluate the CE of screening for familial
hypercholesterolaemia (FH) [28, 29]. MR can address con-
cerns with CVD risk estimation by considering the cumula-
tive effects of risk factors and overcomes the aforementioned
issues with RCTs by providing generalisable, long-term
costs and outcome estimates in situations where an RCT
is not feasible [19]. The details of MR are provided else-
where [30], but briefly, MR leverages the random inherit-
ance of alleles from parents to assign individuals, simulating
a naturally occurring RCT that can assess causality between
risk factor levels and disease risk using (biological) obser-
vational data. Outcome data derived from MR studies has
been incorporated into the economic evaluation of numerous
CVD screening and prevention strategies that found early
diagnosis and proactive management more cost-effective
than intervening at a later stage [29, 31-34]. However, MR
is not a substitute for an RCT, and careful consideration
should be given to the population within the MR versus the
target population, differences in therapy to MR, the goals
of the intervention when interpreting MR-based economic
evaluations, and which MR estimate to use when multiple
are available [19]. There are currently limited biological
scenarios to which MR can be applied because it requires
robust biological evidence from a dataset linking individual-
level genetic, risk factor and outcome data. Requirements
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of MR include genetic variants or alleles that are associated
with the risk factor of interest, no unmeasured confounders
linking the alleles to the outcome, genetic variants that only
affect the outcome through the risk factor and a risk factor
with evidence supporting an irreversible cumulative effect
on the outcome over time (e.g. systolic blood pressure, low-
density lipoprotein, smoking and diabetes for CVD) [19,
30]. Some limitations of MR include off-target, unexpected
or adverse effects of an intervention that occur via a path-
way unrelated to the mechanism of action, which will not
be identified via MR. Risk factors that vary by disease stage
cannot be accounted for within MR effect estimates. We
anticipate that MR may be used as an input for costs and
outcomes (including via surrogate endpoints) within HTA
submissions for CVD in the future. For instance, the causal
effect of BMI on quality-adjusted life years (QALYs) and
total healthcare costs has been established and applied to a
CE analysis of theoretical obesity policy examples [35]. MR
is an emerging field; the necessary evidence, guidelines and
expertise to apply MR techniques are currently limited but
hold great potential for HTAs.

Lastly, traditional health economic practices pose chal-
lenges to demonstrating the impact of CVD prevention. Eco-
nomic models to evaluate long-term outcomes of prevention
may need to run for up to 50-60 years, making the effect of
discounting more pronounced and generating greater uncer-
tainty. Discounting, a necessary method routinely applied in
health economics, involves adjusting future costs and ben-
efits to their current value to reflect decision makers’ time
preference for money or resources in the present over the
future. Consequently, benefits arising further in the future
(such as CVD events avoided through prevention) have
reduced value, making prevention appear less favourable
when compared to acute treatments. The choice of discount
rate greatly impacts economic evaluations in CVD preven-
tion, and higher rates can favour interventions focused on
the short term at the expense of preventive treatments and
future generations [17, 33]. Scenario analysis with various
discounting rates may be used to illustrate the opportunity
cost of investment to decision makers.

Compared to simple clinical interventions, models for
public health interventions may face greater structural
uncertainty. These interventions are complex and multi-
component, occurring within dynamic systems and involve
behavioural change and are therefore difficult to characterise
with a simple model structure [36]. For example, there are
often only short-term (6—12 month) data available, with lit-
tle known about the extent to which this behaviour change
is maintained [37]. Consequently, assumptions are made
around health benefits far into the future, generating addi-
tional uncertainty around the CE that may not be acceptable
to decision makers. Strategies utilising behavioural science
including better consideration of the intervention content
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and context, and incorporating internal and external influ-
ences on individual health-related behaviours, may help to
inform long-term assumptions [37]. Innovation in health
economic practices and HTA processes is needed to best
seize the opportunity to prevent CVD.

Moving forward, we need innovative approaches to
evaluating CE to better recognise the potential health and
economic benefits of investing in cardiovascular health.
The Global Heart Hub’s Manifesto for Change [5] calls for
increased investment in research assessing the CE or return
on investment (ROI) to support changes in CVD preven-
tion. Advances in health economic methods are emerging to
overcome these challenges and better evaluate the potential
impact of CVD prevention.

4 Intervene Early Through Detection
of At-Risk Individuals

Despite the availability of pharmacological and lifestyle
interventions to prevent CVD events, CVD is underdiag-
nosed and insufficiently treated [38—40]. The early diag-
nosis of CVD and identifying at-risk individuals in order
to promptly initiate guideline-directed medical therapy are
important aims of CVD prevention. Prevention can be deliv-
ered at an individual level, such as behavioural interventions
for lifestyle change, or the population level, for example,
high-risk screening. Furthermore, population-wide interven-
tions can be universal or targeted at specific groups. Robust
evidence to support the CE of screening programmes in
CVD was previously found to be lacking, and opportunities
to improve the quality and applicability of economic evalu-
ations for CVD screening were identified [41, 42]. These
include conducting economic evaluation alongside clinical
trials to better capture costs and outcomes including uptake
and adherence, including the impact on health inequalities,
exploring targeted screening approaches and developing a
single validated or reference simulation model to improve
transferability of results for policymakers [18, 41, 42].
Despite these challenges, a recent review has found a wide
variety of CVD early detection strategies to be cost-effec-
tive or cost saving [18]. These studies were heterogenous,
with most using Markov cohort models, but few reported
on productivity losses or indirect healthcare costs, and only
one mentioned equity or distributional effects [18]. Popula-
tion screening using 10-year CVD risk was cost saving in
67% of studies [18]; thus, improving detection of high-risk
individuals and subsequent management of risk can prevent
CVD events and may be cost saving. When compared to
standard of care in the UK, a scenario where it was possible
to detect all individuals with high-risk CVD was estimated
to save £68 billion in healthcare costs and prevent 3.4 mil-
lion CVD events, becoming cost saving by 10 years [38].

When maximum detection rates were combined with sub-
sequent best practice treatment for the high-risk individu-
als, 5.2 million CVD events were avoided, with cost savings
slightly reduced (due to the costs of preventive treatment)
but becoming cost saving by 13 years [38].

Risk scores are used worldwide to identify people at high-
risk of CVD, but there are issues with their implementation.
Firstly, the uptake of CVD risk screening and adherence to
preventive treatment guidelines is suboptimal [43-45]. Sec-
ondly, the risk scores used can underestimate risk of CVD
events by taking a static approach measuring risk factors at
a single point in time, rather than a life-course approach to
their development [34, 46]. It is established that age, sex,
diabetes, chronic kidney disease, genetic or hereditary fac-
tors and the cumulative impact (level and duration of expo-
sure) of modifiable risk factors such as obesity, smoking,
elevated LDL-C and elevated systolic blood pressure all
influence CVD risk [46]. However, CVD risk scores in use
may not reflect true population risks, particularly in minority
and disenfranchised groups. The American College of Car-
diology/American Heart Association (ACC/AHA) Pooled
Cohort Equations, QRISK3, AusCVDRisk calculator and
SCORE?2 all estimate 5- or 10-year absolute risks at the cur-
rent point in time, but do not consider the cumulative impact
of risk factors earlier in life [33, 46—48]. The recent AHA
PREVENT equations based on novel risk prediction algo-
rithms apply a life-course perspective for age-related risk,
enabling estimation of short-term and long-term CVD risk.
Nonetheless, these equations do not integrate other known
risk factors in a cumulative manner or include genetic bio-
markers such as lipoprotein(a) [Lp(a)]. Accurate long-term
risk prediction is critical, as some individuals with low
short-term risk of CVD may have high long-term risk but are
not identified by current CVD screening guidelines; thereby,
individuals miss out on intervention earlier in the life course
when preventive strategies have more benefit [33, 46].

The value of preventive treatment has been demonstrated
using the simple intervention of statin medication for lipid
(LDL-C) lowering. Early initiation of statin treatment in
the UK, from 30 years of age, is highly cost-effective for
preventing CHD and more cost-effective than commenc-
ing treatment later in life [31]. This potential benefit arising
from early intervention is illustrated in Fig. 1.

Even if at-risk populations are identified, statin treatment
may be insufficient, with patients failing to achieve LDL-C
therapeutic goals [32]. In Australia, the lost therapeutic ben-
efit from delayed intensive lipid-lowering treatment (high-
dose statin alone or with ezetimibe) is substantial. Among
a simulated cohort of 1000 individuals at moderate to high
risk of CVD, compared to those not achieving LDL-C tar-
gets under standard of care (low- to moderate-intensity sta-
tin), treatment intensification prevented 29 CHD events and
gained 0.02 years of life lived per person and 0.03 QALYs
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Fig. 1 Cumulative disease incidence by age with early vs later inter-
vention. Modified from Morton and Ademi [31]

per person [32]. Treatment intensification was cost-effective
(incremental cost-effectiveness ratio [[ICER] AU $13,205 per
QALY gained) and even more so when compared to a 5-year
delay in treatment (ICER AU $7445) [32].

Recognising cumulative exposure to LDL-C, or ‘choles-
terol burden,” within CE studies is especially relevant when
evaluating screening programmes for FH. Individuals with
FH, a genetic condition of dysregulated LDL-C metabolism
leading to elevated LDL-C levels from birth, experience this
cholesterol burden acutely, having increased risk of prema-
ture death from CHD [49]. Detection of FH permits earlier
lifestyle modification and pharmacological treatment to pre-
vent CVD events. If cholesterol burden is underestimated or
not included within the economic evaluation, more effective
diagnostic and treatment policies may, incorrectly, not be
recommended, particularly in younger individuals with FH
[50]. Genetic screening for FH can be implemented univer-
sally (population-wide) or with a targeted approach called
cascade screening (case finding through testing close rela-
tives of known FH cases). Nationwide FH cascade screen-
ing of 10-year-olds (with subsequent preventive treatment)
in the Netherlands was estimated to be cost saving from a
societal perspective and likely cost-effective from a health-
care perspective (ICER €9220 per QALY), with a positive
ROI of €8.37 per euro spent on the programme [29]. Simi-
lar modelling for Australia found FH cascade screening of
10-year-olds was cost saving from a healthcare perspective
[28]. Studies taking a universal screening approach using
opportunistic LDL-C testing of all children to indicate the
need for further FH testing were also cost-effective [49].
Overall detection and management of FH in children via
screening programmes is cost-effective from a healthcare
and a societal perspective over multiple healthcare settings,
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but has not been widely adopted into policy [49]. Challenges
remain in determining which screening strategy maximises
benefit within the resource constraints of each setting.

Screening for Lp(a) is another potential avenue for detect-
ing individuals at high risk of CVD. Lp(a) is an independent,
causal risk factor for atherosclerotic CVD and aortic valve
stenosis. As genetic polymorphism in apolipoprotein(a)
drives increased Lp(a) levels, a single genetic test for adults
is suitable for screening [51, 52]. Some have argued that
Lp(a) measurement is unnecessary in the absence of an
available treatment to specifically lower Lp(a) levels. How-
ever, when interpreted in combination with traditional CVD
risk factors, Lp(a) testing can provide a more comprehen-
sive, individualised risk assessment, managed with modifi-
cation of other risk factors in the absence of a direct Lp(a)-
reduction approach [53]. In patients with raised Lp(a) and
a medium to large number of traditional CVD risk factors,
overall CVD risk is underestimated markedly [54, 55].

These patients can miss opportunities for early and inten-
sive treatment that would reduce global CVD risk even if
Lp(a) remains unchanged [54, 55]. European, Canadian
and American clinical guidelines now recommend Lp(a)
status be measured at least once for adults and the results
interpreted in the context of existing risk factors and global
CVD risk [51, 52, 56]. Moreover, the Brussels declara-
tion advocates for inclusion of Lp(a) testing in the national
cardiovascular plan [53]. Risk factors are then managed
through intensive lifestyle and pharmacological interven-
tions. In addition, evidence is emerging in the use of lipo-
protein apheresis, and treatments addressing Lp(a) levels
are in the clinical trial pipeline. Current CVD risk scores
do not include Lp(a); therefore, Lp(a) screening presents
an opportunity to make early intervention in cardiovascular
health even more impactful. Preliminary findings from the
first Lp(a) global summit organised through the FH Europe
Foundation found Lp(a) testing was cost saving in high-
income countries (HICs) [53], and a recent, international
study showed that Lp(a) screening and treatment in HICs is
cost saving [57]. Further research is required to support the
implementation of Lp(a) screening.

Strategies for the detection and early intervention in
CVD are predominantly cost-effective and almost a quarter
are dominant (cost saving) [18]. Through the application
of novel health economic methods and improved consid-
eration of CVD risk, we have demonstrated that improved
detection and early intervention in CVD can result in large
health benefits and cost savings; however, these findings do
not always translate into health policy. As such, based on this
narrative review and the Manifesto for Change recommends
implementing pathways that ensure early signs of CVD are
detected and managed for all stages of life by taking a life-
course approach, supported by investment in research on the
ROI for early CVD detection and diagnosis.
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5 Intervene Early Through CVD Risk Factor
Reduction

There has been longstanding debate as to whether the ‘high
risk’ or individual approach to prevention, identifying and
treating individuals at high risk of CVD discussed above, or
a ‘mass’ or population approach reducing the determinants
of CVD risk across the population as a whole should be
adopted [58]. The high-risk approach has been the focus of
public health efforts in HICs, but multiple risk factor screen-
ing is less commonly implemented in low- and middle-
income countries (LMICs) with limited healthcare resources
[58, 59]. Drawbacks to a high-risk screening approach are
many and varied. In addition to the aforementioned issues
with accurately assessing CVD risk, screening programmes
alone are ineffective in preventing stroke and CVD events
unless linked with suitable behavioural and pharmacological
treatment, and even when uptake and treatment are adequate,
the impact on CVD is modest [58]. The pharmacological
treatment used should also be cost-effective. The CE of
antihypertensives and statins is well established, but newer
agents such as proprotein convertase subtilisin/kexin type
9 (PCSKD9) inhibitors have not been found cost-effective as
primary prevention [60]. Since we can now identify and con-
trol many of the underlying causes of CVD (such as tobacco
use, excessive sugar and salt intake, inadequate fruit and
vegetable intake, physical inactivity and harmful alcohol
use), traditional thinking would indicate a renewed focus
on reducing exposure to risk factors at the population level,
in combination with CVD risk screening [58, 61].

There is limited research on the CE or ROI for these pub-
lic health strategies. Only a minority of health economic
evaluations for the primary prevention of CVD examine
health promotion and public health interventions compared
to secondary interventions, and consequently primary pre-
vention and public health are underutilised and underfunded
[17, 58]. This can be due to commercial or political inter-
ests and difficulties in robustly demonstrating CE [20, 62].
Within existing economic evaluations of public health inter-
ventions, it is difficult to make firm conclusions on CE or
make comparisons to guide funding decisions due to poten-
tial publication bias and poorly reported or inconsistent
methodologies [17, 20]. Many studies use no intervention
rather than current best practice as a comparator, which may
overestimate CE [20]. Not all evaluations measure compara-
ble outcomes such as QALYs, disability-adjusted life years
or life years gained, and there is inconsistency in the types
of costs included (healthcare vs societal perspective) and the
discounting rates applied [40]. For instance, the majority of
evaluations of public health interventions targeting physical
activity and healthy diet took a healthcare perspective, yet a
societal perspective is preferable in public health, where the

costs and benefits are likely to be inter-sectoral [20]. Stud-
ies on primary prevention rarely considered additional costs
arising from living longer (due to CVD events avoided),
introducing bias whereby CE must be interpreted based only
on estimated reductions in CVD costs [17, 18]. Furthermore,
studies primarily focus on major CVD events (myocardial
infarction and stroke), leaving us with limited understanding
of the CE of CVDs more broadly [63]. Lastly, equity consid-
erations, such as effectiveness among different communities
or populations, or distributional effects or impacts on health
inequalities went mostly unreported [18, 63].

Despite these limitations, the majority of public health
interventions for CVD have demonstrated potential to be
cost-effective and even cost saving [20, 64, 65]. Across
simulation-based studies, structural and policy interven-
tions including taxation on tobacco, alcohol and salt and
sugar were the most impactful for preventing CVD bur-
den (mortality and incidence) [63]. Notable examples
have identified health benefits and healthcare cost savings
attributed to the reduction of sugar-sweetened beverage
intake via taxation in the US [66], and for population-
wide salt restriction in China [67]. In the HIC setting, most
public health interventions provide ROI, and upstream,
population-wide structural interventions reducing expo-
sure to risk factors through fiscal (taxation) or regulation
methods provide greater ROI [62]. For instance, taxation
of tobacco, alcohol and unhealthy foods, mandated limits
on salt in foods, and health promotion to increase physi-
cal activity and intake of fruits and vegetables have been
estimated to be cost saving or cost-effective [12, 64, 65].
In LMICs, evaluating the CE of prevention is critical, as
they face a growing burden of non-communicable disease
(NCDs), alongside the competing demands of communi-
cable disease, all within weaker healthcare infrastructure
and tighter budgetary constraints [68—70]. Making global
CE comparisons is challenging, with LMICs facing addi-
tional barriers to evaluating CE for primary prevention.
CE thresholds differ vastly to those in HICs, vary widely
by country and may not be established, relying instead on
rules of thumb based on gross domestic product, which
may lead to inappropriate decisions [69, 70]. For stud-
ies reporting QALYSs, country-specific utilities are non-
existent, with a reliance upon utilities derived from HICs
[59, 69]. Similarly, CVD risks and treatment effects used
within models are often taken from HICs, due to limited
local RCT data [68, 69]. Studies on the CE of CVD pre-
vention in LMICs are limited. The few studies for pri-
mordial or primary prevention predominantly focused
on tobacco (mass media, taxation and legislation), salt
(mass media, reformulation and labelling) and population
screening for high-risk individuals, and all were very cost-
effective or cost saving [69, 70]. There is a pressing need
for studies in LMICs evaluating non-pharmacological and
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population-level interventions that include equity impacts
[68, 70].

While there may be little financial or political incen-
tive to invest in preventive services, for younger people
in particular, there is potential for well-conducted health
economic research and advocacy to promote change in
public policy [3, 62]. For example, in CVD prevention,
expanding outcomes beyond QALY to include PALY's
captures patient-centred impacts, such as time spent at
work or on daily activities that resonate in real-world set-
tings [6, 71]. Underfunding of public health can occur
because it sits within the healthcare budget but has benefits
that accrue in other sectors that are not well accounted
for. Capturing these broader non-health sector benefits and
better understanding what goals or metrics are relevant to
payers may support funding of primary prevention [72].
When resource allocation is accomplished through the
government, this can involve multiple decision makers,
each with their own objectives and remits [73]. Economic
approaches to capture intersectoral impacts of policies
including the often used ‘societal perspective’ may not
include all costs, outcomes and opportunity costs across
relevant sectors, involve many implicit value judgements
and lack transparency in how their results inform choices
made by (potentially multiple different) decision mak-
ers [73]. Novel approaches such as the ‘extended impact
inventory framework’ are emerging that can be applied
to CE analysis or cost—benefit analysis [73]. The frame-
work involves estimating the net effect of an intervention
(including opportunity costs) within all relevant dimen-
sions (or sectors) such as health, education and crime, for
example. This can evaluate both the current allocation
across individuals (to address equity concerns for exam-
ple) and provides the intervention effects across sectors
to illustrate any potential trade-offs for consideration by
intersectoral decision makers. Naturally, this approach also
requires many normative judgements as to the selection of
dimensions and their relative social value [73].

To promote action on CVD primary prevention we pro-
pose the following: better incorporation of equity into eco-
nomic evaluations (see below), development of standardised
guidance or best practice recommendations for the evalua-
tion of primary prevention interventions that includes dis-
counting, perspective and costs included, and the adoption
of models and frameworks that move beyond major CVD
events and report metrics relevant to payers, including inter-
sectoral costs and benefits.
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6 Intervene Early for Health Equity

Health inequities are differences (or inequalities) in health
outcomes seen systematically across socioeconomic, geo-
graphic or demographic groups that are avoidable and
unfair [74]. While healthcare policy and medical technology
have evolved over time, this has not necessarily resulted in
reduced inequalities in health, making health equity a con-
cern for HTA globally [75]. Within healthcare decision-mak-
ing, an equity-efficiency trade-off can exist where priority
may be given to maximising health of the total population
irrespective of how health is distributed (efficiency) or to
prioritising health gains in particular individuals or groups
(equity). Debate continues on how best to manage this con-
flict, but society does hold equity concerns in relation to the
illness severity, age, race or ethnicity, socioeconomic status
and geographic location of the individual [76-78]. Equity is
commonly mentioned in HTA agency guidelines but rarely
considered in an explicit manner, with decision-making in
many countries based more on efficiency (as QALYs, for
example) rather than equity [79].

The majority of deaths globally are attributable to NCDs
(predominantly comprising CVD, as well as cancer, chronic
respiratory disease and diabetes) [80], and NCDs account
for much of the socioeconomic inequalities in all-cause
mortality seen within and between countries [81, 8§2]. CVD
in particular has the largest absolute and relative socioeco-
nomic inequality in disease burden, when comparing across
EU countries [81]. Inequalities in CVD outcomes across
certain populations are well documented, with poorer out-
comes reported in minority ethnic, immigrant or indigenous
groups, in some rural or regional communities and in people
of lower socioeconomic position [83-85]. For example, rates
of myocardial infarction and CVD mortality are increasing
among young women, and CVD in women is systematically
underdiagnosed and undertreated [39]. Non-Hispanic black
adult Americans have a higher prevalence of many CVDs
and associated risk factors than white Americans [84].
Lastly, in Australia, indigenous populations are 2.1 times
more likely than non-indigenous adults to have CVD, and
people living in remote and very remote areas have a CVD
death rate 1.4 times that seen in major cities [85]. Moreover,
intersection of these socio-demographic characteristics can
compound inequalities, with some communities facing over-
lapping gender, ethnic and socioeconomic-related disparities
[39, 85, 86].

Inequity in CVD outcomes also has an economic impact.
In Australia, bringing the health status of the most socioeco-
nomically disadvantaged populations up to the same level as
those least disadvantaged is estimated to save AU $704 mil-
lion in healthcare costs and AU $3844 million in lost learn-
ings over 2021-2030 [87]. For countries without universal
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healthcare access, the costs of CVD-related healthcare may
further increase disparities, resulting in intergenerational
economic losses [3].

The social determinants of health (SDOH) are the con-
ditions in which people are born, live, learn, work, play,
worship and age, and the wider forces and systems shaping
the conditions of daily life [88, 89]. These factors greatly
impact CVD outcomes through psychosocial and biologi-
cal pathways, particularly among marginalised communi-
ties through discrimination, stigmatisation and social exclu-
sion [89]. Consequently, action to improve equity of CVD
outcomes means addressing the structural determinants of
health equity (i.e. access to healthcare and education, occu-
pation and income, built, social and economic environment)
that influence lived experience [89].

Many preventive public health policies using struc-
tural, fiscal, regulatory and educational mechanisms and pre-
ventative treatment or screening programmes improve health
outcomes whilst also improving equity [90]. However, CVD
prevention programmes delivered at the individual level
require some degree of agency from individuals and may
be more likely to generate or widen inequalities compared
to population level strategies [41]. Therefore, depending on
engagement and uptake, some interventions may worsen ine-
qualities, indicating a need to evaluate the equity impacts of
interventions as well as CE [90, 91]. Methods for conduct-
ing equity-informative CE analysis are emerging and have
been applied to the evaluation of CVD prevention [64, 92].
For a population-wide individual CVD risk screening pro-
gramme in the UK, universal implementation was unlikely
to be cost-effective or equitable; a targeted approach deliv-
ered to the most socioeconomically deprived groups had
potential to become cost-effective and equity improving in
the future, but an approach combining targeted risk screen-
ing and structural public health interventions was estimated
to be most cost-effective and deliver larger improvements
in equity [91].

Opportunities to promote health equity within CVD pre-
vention include: improving the measurement of the SDOH
in research, incorporating the SDOH into CVD risk scoring,
tailoring prevention programmes to community needs and
priorities, designing interventions that address the upstream
SDOH, greater incorporation of equity concerns into HTA
processes and evaluating interventions using mixed methods
to incorporate the lived experience of marginalised com-
munities [79, 89]. A range of global initiatives, including
but not limited to, the Global Heart Hub manifesto and
FH Europe Foundation [53], have highlighted the need to
address disparities in CVD detection and diagnosis through
data collection to better monitor inequalities; implement pol-
icies addressing disparities that are targeted to local needs;
and take an intersectoral approach that addresses the SDOH
to facilitate equity of access.

7 Conclusion

The economic case for early intervention in CVD preven-
tion is clear. Interventions that impact CVD prevention may
improve health outcomes and can save money in the long
term. The challenge that remains is to determine the optimal
balance between interventions for early detection or CVD
risk management, and primordial prevention through popu-
lation-wide approaches tackling the upstream determinants
of CVD. These questions should be explored by modelling
long-term outcomes using a life-course approach and analy-
sis of the equity impacts alongside CE.

This narrative review and Global Heart Hub’s manifesto
highlights the importance of equity in improving the lives of
people living with CVD through early diagnosis and inter-
vention, thereby preventing CVD events, reducing health
inequities and limiting future economic burden to society.
This can be achieved through:

e Reconsidering how we evaluate the CE of disease pre-
vention in terms of accurate lifetime risk, discounting
and the use of novel methods (MR and equity-informed
analysis).

e Research to further grow the evidence base for CVD
prevention that involves people with lived experience of
CVD, including those from marginalised groups.

¢ Translating the economic evidence into practice by advo-
cating for intersectoral policies for CVD prevention that
address the SDOH.
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A Causal Model for Primary Prevention of Cardiovascular Disease: The
Health Economic Model for the Primary Prevention of Cardiovascular

Disease
Jedidiah I. Morton, PhD, Danny Liew, PhD, Zanfina Ademi, PhD

Objectives: Our objective was to design and develop an open-source model capable of simulating
interventions for primary prevention of cardiovascular disease (CVD) that incorporated the
cumulative effects of risk factors (eg, cholesterol years or blood-pressure years) to enhance
health economic modeling in settings which clinical trials are not possible.

Methods: We reviewed the literature to design the model structure by selecting the most important
causal risk factors for CVD—low-density lipoprotein-cholesterol (LDL-C), systolic blood pressure
(SBP), smoking, diabetes, and lipoprotein (a) (Lp(a))—and most common CVDs—myocardial
infarction and stroke. The epidemiological basis of the model involves the simulation of risk
factor trajectories, which are used to modify CVD risk via causal effect estimates derived from
Mendelian randomization. LDL-C, SBP, Lp(a), and smoking all have cumulative impacts on CVD
risk, which were incorporated into the health economic model. The data for the model were
primarily sourced from the UK Biobank study. We calibrated the model using clinical trial data
and validated the model against the observed UK Biobank data. Finally, we performed an
example health economic analysis to demonstrate the utility of the model. The model is open
source.

Results: The model performed well in all validation tests. It was able to produce interpretable and
plausible (consistent with expectations of the existing literature) results from an example health
economic analysis.

Conclusions: We have constructed an open-source health economic model capable of incorporating
the cumulative effect of LDL-C (ie, cholesterol years), SBP (SBP-years), Lp(a), and smoking on
lifetime CVD risk.

Keywords: cardiovascular disease, causal modeling, health economic analysis, primary prevention.

VALUE HEALTH. 2024; 27(12):1743-1752

the effects of risk fac-
tor modification. We

Although most health economic models for cardiovascular
disease (CVD) adopt a lifetime perspective, the effect estimates
underlying treatment effects are predominantly based on short-
term randomized clinical trials (RCTs)."” However, several major
risk factors for CVD—low-density lipoprotein-cholesterol (LDL-C),
systolic blood pressure (SBP), smoking, and diabetes—have cu-
mulative effects on the risk for CVD.>° Therefore, it is likely that
using RCT-based efficacy estimates will substantially underesti-
mate the benefits of risk factor control when a model time horizon
is substantially longer than the trial period, because the benefits of
risk factor control should increase with time (if people remain
adherent). This limitation risks misallocation of resources and
forgoing the potential benefits of early intervention for the pri-
mary prevention of CVD.

Nevertheless, RCTs remain the gold standard for causal evi-
dence and observational studies provide less reliable estimates of

recently proposed that
when an RCT that
would produce the re-
sults  required to
inform a health eco-
nomic model is not
possible or practical
(such as when the time
horizon is too long or
cost is too high, as in
primary prevention of
CVD), health economic

e Many health economic models for
cardiovascular disease (CVD) are
based on randomized clinical trials;
however, because they do not
incorporate the cumulative effect of
changes in risk factors, they may
underestimate the benefit of
therapies as the time horizon of the
studies increases. No health
economic models have incorporated
the cumulative effect of risk factors
on the risk for incident CVD.

¢ Herein, we outline the construction
of a health economic model that
incorporates the cumulative and
causal effects of low-density
lipoprotein-cholesterol, systolic
blood pressure, smoking, diabetes,
and lipoprotein (a) (Lp(a)) on the
risk of myocardial infarction and
stroke. We describe the rationale
behind the novel model structure,
how we incorporated causal effects
of key cardiovascular risk factors,
and calibrated and tested the model
against real-world data. We also
provide all syntax necessary for
model construction.

¢ This model has potential in public
health and clinical decision making
when a clinical trial for the
intervention simulated is not
possible or practical, which is the
case for most long-term studies on
the primary prevention of CVD. It
can assess the cost-effectiveness of
complex interventions for CVD
prevention and identify individuals
in whom long-term targeted CVD
prevention is cost-effective.

models should be based on causal effects derived from Mendelian
randomization analyses® Briefly, this is because Mendelian
randomization, when combined with knowledge of disease
pathophysiology and other forms of epidemiological evidence, can

1098-3015/Copyright ® 2024, International Society for Pharmacoeconomics and Outcomes Research, Inc. Published by Elsevier Inc. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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allow for causal inference from observational data, which can be
used for the design of health economic models that incorporate
the long-term, cumulative effects of risk factors (eg, cholesterol
years or blood-pressure years) on the risk for CVD.

This approach was then illustrated via a study that assessed the
cost-effectiveness of lipid-lowering strategies for primary pre-
vention of coronary heart disease initiated at ages 30, 40, 50, and
60 years and showed that earlier lowering of LDL-C is a more cost-
effective strategy than late intervention.” However, this model did
not include risk factors other than LDL-C and thus could not
simulate interventions that did not lower LDL-C (ie, most lifestyle
interventions) or target treatment via absolute risk of CVD.
Therefore, there remains a requirement for a health economic
model that reliably incorporates the cumulative effects of modi-
fiable risk factors on CVD risk.

Here, we outline the construction of such a health economic
model, which incorporates the causal effects of LDL-C, SBP,
smoking, diabetes, and lipoprotein (a) (Lp(a)) on the risk of
myocardial infarction (MI) and stroke. We describe the rationale
behind the novel model structure, how we incorporated causal
effects of key cardiovascular risk factors, and calibrated and tested
the model against real-world data. Further, in an online protocol,
we provide all syntax necessary for model construction (ie, the
model is open source).

A more detailed explanation of the models’ construction, as
well as all syntax, is available in the protocol, available at https://
shop.monash.edu/primary-prevention-cardiovascular-disease-hea
Ith-economic-model.html. All analyses were conducted in Stata,
Version 17.0 (StataCorp).

The model includes 2 CVDs—MI and stroke (stratified by
ischemic and hemorrhagic subtype)—and 5 modifiable risk fac-
tors—LDL-C, SBP, Lp(a), diabetes, and smoking. These CVDs were
selected because they are responsible for the majority of the
burden of CVD,® and because the causal structure of these CVDs,
particularly MI, has been studied at length.” LDL-C, SBP, diabetes,
and smoking were included because they are the modifiable
causal risk factors in both the Framingham risk score and pooled
cohort equation'®'""; Lp(a) was included because it is causal for
both MI and stroke and is an important risk factor for CVD in a
subset of the population with very high Lp(a).’>"'

The model has the following living health states: no CVD or
diabetes; M, stroke, and diabetes; and all combinations thereof
(diabetes constitutes both a health state and a risk factor for MI
and stroke). Thus, there were a total of 9 health states: No diabetes
or CVD; MI; stroke; MI and stroke; diabetes; diabetes and MI;
diabetes and stroke; diabetes, MI, and stroke; and dead (Fig. 1).
Further, the model tracks recurrent MI and stroke. From any living
health state an individual in the model can transition to death,
which is the only absorbing state in the model.

Because the included risk factors (smoking in particular) are
associated with diseases other than CVD that may cause death (and
thus become a competing risk for CVD), we reviewed evidence
from Mendelian randomization studies that examined the associ-
ation between each risk factor and cause of death that was
responsible for at least 1% of all deaths in the UK Biobank cohort.
This led to the inclusion of several cause-specific mortality rates in
the model. A detailed description of the literature reviewed for
inclusion of each risk factor and outcome association is provided in
the protocol, pp.5-47, Appendix Table 1 in Supplemental Materials
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Model structure. Straight arrows represent transitions
between states; circular arrows repeat events (Ml or stroke)
within a health state.

Healthy

Diabetes
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Ml indicates myocardial infarction.

found at https://doi.org/10.1016/j.jval.2024.07.010 summarizes the
included associations, and Figure 1 shows the model structure.

For LDL-C, SBP, Lp(a), and smoking, the effect of these risk
factors on CVD risk is proportional to both magnitude of exposure
(ie, absolute levels of the risk factor) and duration of exposure (ie,
time spent exposed to the risk factor).>>' This is essentially the
concept of cholesterol years, blood-pressure years, or smoking-
pack years.'® Results from Mendelian randomization can quan-
tify the effect of exposure to the risk factor over the lifetime but
cannot provide an age- or exposure-specific estimate of effect.
Thus, the key assumption underlying the relationship of LDL-C,
Lp(a), and SBP with CVD risk is that CVD risk is proportional to
the time-weighted mean cumulative level of the risk factor at a
given age. For smoking, the cumulative impact is captured using
the lifetime smoking index (LSI),"” which incorporates the
nonlinear effects of duration of smoking, time since cessation of
smoking, and number of cigarettes smoked per day. The effects of
the risk factors are incorporated into the model using the
following formula:

Ry =RxM*®

in which R; is the adjusted age and sex-specific rate of CVD, R the
age- and sex-specific rate of CVD for the whole population, M the
measure of association from a Mendelian randomization study, x
the time-weighted mean cumulative level of the risk factor (or LSI)
for the individual in the simulation, and p the time-weighted
mean cumulative level of the risk factor (or LSI) across the



population used to derive the age- and sex-specific rate for the
whole population.

Thus, this formula provides an estimate of the age-specific rate
of CVD for an individual based on their exposure to risk factors
over the lifetime. To estimate the time-weighted mean cumulative
level of the risk factor (or LSI) at any age, the risk factor trajectory
over the lifetime needs to be simulated. The approach to this for
each risk factor is outlined below.

For diabetes, incorporating duration of exposure and magni-
tude of exposure (ie, to elevated glucose) was deemed impractical
for this model (discussed in the protocol, p.19); thus, the effect of
diabetes on the risk of CVD was incorporated using the following
formula:

Rpm = Rnopm XM

in which Rpy is the age and sex-specific rate of CVD in people with
diabetes, R the age and sex-specific rate of CVD in people without
diabetes, and M the measure of association from a Mendelian
randomization study (a rate ratio in this instance).

As described above, there are 2 risk factor trajectories that are
captured in this model—the risk factor trajectories among UK
Biobank participants (u, above) and the risk factor trajectories for
the model population (x, above). Importantly, the simulation of
risk factor trajectories in the UK Biobank population is designed to
recapitulate the values used in the estimation of transition prob-
abilities (thereby incorporating the effects of any lipid or blood
pressure lowering therapies in the UK Biobank population). For
the UK Biobank population, which recruited people (mostly) be-
tween the ages of 40 and 69 years,'® we used generalized linear
models, stratified by sex, to estimate age and sex-specific value of
each risk factor for people between ages 40 and 69 years. For all
risk factors, we used these models to project the risk factor values
from ages 70 to 84 years, assuming the trajectory of risk factor
values would continue linearly from age 69 to 84 years. For dia-
betes and the LSI, we used these models to estimate the values
from ages 30 to 39 years, assuming a linear trajectory from 30 to
40 years. For LDL-C, Lp(a), and SBP, to estimate values before age
40, we made the following assumptions. For LDL-C, we assumed
that mean LDL-C was 0.75 mmol/L at birth,'® increases linearly to
2 mmol/L by age®?° and then increases linearly to age 40 years.
For Lp(a), we assumed that the value was constant from birth to
age 40 years.”! For SBP, we assumed that mean SBP was 85 mm Hg
at birth and increases linearly to 118 mm Hg by age 17 years,*?
then increases linearly to age 40 years. Once each risk factor
was simulated, we then calculated the time-weighted mean cu-
mulative level of the risk factor (time weighting is outlined in the
calibration section below). For the model population, risk factor
trajectories can be specified at any age and do not necessarily need
to follow these assumptions, although for all examples we present,
we followed these assumptions. Moreover, any level and timing of
nonadherence can be specified by modifying the risk factor tra-
jectories of the simulated population.

The incidence of CVD (both fatal and nonfatal) and mortality
rates in people without CVD were estimated using age-period
cohort models.?® For these models, we followed individuals from
date of first assessment in the UK Biobank until the first of M],
stroke, death, or end of follow-up for CVD models or followed
until death or end of follow-up for mortality models. Risk time
and events were then tabulated into 0.5-year intervals by age and
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period, stratified by sex. Poisson models were then fit on these
data, with spline effects of current age, period (calendar time), and
cohort (period minus age), with log-link, and person-years of
follow-up as the exposure (separately by sex). These models were
then used to predict incidence and cause-specific mortality rates
in single-year intervals with the prediction year set at 2016 (the
mid-point of follow-up). The resulting transition probabilities are
shown in Appendix Figures 1 and 2 in Supplemental Materials
found at https://doi.org/10.1016/j.jval.2024.07.010. The incidence
of type 2 diabetes was modeled using data from Pal et al** via
Poisson regression with spline effects of age, stratified by sex
(Appendix Fig. 3 in Supplemental Materials found at https://doi.
org/10.1016/j.jval.2024.07.010). These transition probabilities are
the “unadjusted” transition probabilities (population mean tran-
sition probabilities hereafter) on which risk factors exert their
effects in the model (via the formula described above and the
effects listed in Appendix Table 1 in Supplemental Materials found
at https://doi.org/10.1016/j.jval.2024.07.010).

To estimate the incidence of recurrent events and death after
an incident CVD event, we used Poisson models with spline effects
of age and binary effects of prior MI and stroke, stratified by sex.
The resulting transition probabilities are shown in Appendix
Figure 4 in Supplemental Materials found at https://doi.org/10.1
016/j.jval.2024.07.010. Because the focus of this model is primary
prevention of CVD, the incidence of recurrent events and death
after CVD were not sensitive to risk factors other than age and sex
in this model.

After estimation of population mean transition probabilities
and risk factor trajectories in the UK Biobank sample, there are 5
steps for the model itself. First, select the population(s) and in-
tervention(s) to be tested. Second, simulate modifiable risk factor
trajectories based on the selected population(s) and in-
tervention(s) (details below). Third, using these risk factor tra-
jectories, calculate transition probabilities for the primary
prevention population adjusted for risk factor values for use in the
model. Fourth, perform the microsimulation (details below).
Finally, calculate desired results.

In this instance, unlike the simulation of risk factor trajectories
for the UK Biobank, in which the trajectories are meant to match
the population so that the population mean transition probabili-
ties accurately reflect the risk factor values in the UK Biobank
cohort, the risk factor trajectories can be specified in detail with
any trajectory possible. Nevertheless, it is more realistic to use
similar assumptions to those described above. Simulation of
modifiable risk factor trajectories for the model is the point for
interventions to act; thus, the effect and timing of the intervention
must be decided before simulation of risk factor trajectories. These
risk factor trajectories are then used in concert with the popula-
tion mean transition probabilities and risk factor trajectories in the
UK Biobank sample to calculate adjusted transition probabilities,
using the formulas described above.

The model is a microsimulation model, the structure of which
has been described above. The model can be populated with any
age, sex, and starting health states. Transitions between states are
determined by converting all incidence rates for leaving a health
state into transition probabilities, then “stacking” these transition
probabilities so that they measure continuously from O to 1 (for
example, if the probability of developing type 2 diabetes, MI,
stroke, and death is 0.1, 0.15, 0.1, and 0.2, respectively, then the
stacked probabilities range from 0.0-0.1, 0.1-0.25, 0.25-0.35, 0.35-
0.55, and 0.55-1.0 for type 2 diabetes, MI, stroke, death, and
remaining in the health state), then a random number between
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0 and 1 is selected, and whichever interval this number falls in
dictates the health state the individual moves to in that cycle. An
example of this process is shown in Appendix Figure 5 in
Supplemental Materials found at https://doi.org/10.1016/j.jval.2
024.07.010. Thus, individuals are at risk for only 1 event each cycle.

The model advances in 0.1-year cycles and saves each cycle,
tracking the current health state (no CVD or diabetes, prior MI,
prior stroke, type 2 diabetes, or combinations thereof, and death),
and number of MIs and strokes. Once run, the saved cycles can be
used to calculate desired results.

The relationship of LDL-C and SBP with CVD risk is unlikely to
be linear. For example, under the assumption that LDL-C is cu-
mulative and causal for coronary heart disease (CHD),%° and given
that the relative risk for CHD of a 1 mmol/L reduction in LDL-C
over the lifetime (mean age 65 years) is 0.48,> it would not be
possible to show a relative risk for CHD of a 1 mmol/L reduction in
LDL-C over approximately 5 years in RCTs of 0.77.2° Therefore, it is
likely that LDL-C in more recent years has more relevance for CHD
risk than less recent years, meaning that for the model to accu-
rately recapitulate reality, the effect of LDL-C should be time
weighted. Similarly, the relative risk for CHD per 10 mmHg
reduction in SBP over the lifetime (mean age 65 years) is 0.57,
whereas the relative risk for CHD per 5 mmHg reduction in SBP
over 4 years in clinical trials is 0.92,>7 again, indicating that SBP in
more recent years is more important than less recent years.

Therefore, we calibrated the model using clinical trial data to
define the time-weighting functions for LDL-C and SBP. For this, we
simulated clinical trials using the model across several weighting
functions and selected the functions that most accurately reca-
pitulated the composite CVD outcome over the short term. For
LDL-C, this function was characterized by the following formula:

we (X3)°
3
in which w is the weighting factor, and x is years before the age at

which the cumulative LDL-C is being calculated.
For SBP, the formula was:

we (2217
21
Additionally, because we assumed that the pathophysiology of

Lp(a) on CVD risk is similar to LDL-C, we used the same time-
weighting function for Lp(a) as for LDL-C.

To test the model, we conducted 4 tests. First, to test the
structure of the model and estimation of transition probabilities,
we aimed to recapitulate the first 14 years of follow-up in the UK
Biobank study. To do this, we populated the model with the UK
Biobank population at baseline and simulated 3 different risk
factor trajectories following first assessment (as follow-up
changes in medication use and risk factors were not available
for most participants). Second, we subjected the model to absur-
dity tests. That is, we tested if the model would give the expected
results at extreme values of risk factor inputs. Third, we conducted
one-way sensitivity analyses to determine which of the model
inputs the model was most sensitive to, across a range of in-
dividuals. All inputs to the epidemiologic basis of the model are
shown in Appendix Tables 2 to 4 in Supplemental Materials found
at https://doi.org/10.1016/j.jval.2024.07.010. Fourth, we conducted
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a probabilistic sensitivity analysis by varying all model inputs in
1000 Monte Carlo simulations to estimate the overall uncertainty
in the epidemiological outputs of the model.

Finally, to demonstrate the utility of the model, we conducted a
full health economic analysis. We used the model to estimate the
cost-effectiveness of initiation of 20 mg of atorvastatin and 5 mg
of rampiril for primary prevention of CVD at age 40 years
compared with initiating these therapies at age 60 years. That is,
early vs late intervention to control risk factors. We tested this
strategy on 3 individuals (each simulated 10 000 times): (1) a
person with an LDL-C of 3.5 mmol/L, SBP of 150 mmHg, and Lp(a)
of 20 mg/dL, nonsmoker, and without diabetes at age 40 years; (2)
a person with an LDL-C of 3.5 mmol/L, SBP of 150 mmHg, and
Lp(a) of 200 mg/dL, current smoker who has smoked 20 cigarettes
per day since age 18 years, and with diabetes at age 40 years; and
(3) a person with an LDL-C of 4.5 mmol/L, SBP of 170 mmHg, and
Lp(a) of 20 mg/dL, nonsmoker, and without diabetes at age 40
years. All analyses were stratified by sex (ie, 6 individuals total).
The confidence intervals for each result were derived from prob-
abilistic sensitivity analyses with 1000 Monte Carlo simulations
(ie, 1000 probabilistic simulations over each of the 10 000 repli-
cated individuals), as described above.

Briefly, the model inputs in addition to those described above
were as follows. The effect of atorvastatin 20 mg was to lower LDL-
C by 42.3% (42.0, 42.6)*%; the effect of rampiril 5 mg was to lower
SBP by 6.29 mmHg (3.32, 9.26)*°; the annual costs of atorvastatin
20 mg and ramipril 5 mg were $176.41 and $173.22, respec-
tively®®; utility values for people without CVD or diabetes were
age and sex-specific and derived from an Australian population
study?®'; utilities for CVD and diabetes were derived from sys-
tematic reviews>2>%; healthcare costs (acute and chronic costs of
diabetes, MI, and stroke, and medication costs) were derived from
the most recent Australian studies (Appendix Table 5 in
Supplemental Materials found at https://doi.org/10.1016/j.jval.2
024.07.010).>>% All costs were inflated to 2022 Australian dol-
lars (AUD). We used 5% annual discounting in the base-case
analysis.”” We conducted one-way and probabilistic sensitivity
analyses, with the primary outcome the incremental cost-
effectiveness ratio (ICER) for initiation of therapy at 40 vs 60
years, from the Australian healthcare perspective. More detail on
the full health economic analysis is available in the protocol,
including scenario analyses where the lipid-lowering agent was
changed from atorvastatin 20 mg to evolocumab 420 mg, lower
levels of adherence were simulated, and the discounting rate was
varied from 5% to 4%, 3%, 2%, 1%, and 0%. We did not use Mendelian
randomization to derive effects of disease on utilities or costs
because such studies are scant.*®

The model structure was able to accurately recapitulate the
observed results in the UK Biobank study (Appendix Fig. 6 in
Supplemental Materials found at https://doi.org/10.1016/j.jval.2
024.07.010). Similarly, the model performed as expected at
extreme values of risk factor inputs (Appendix Fig. 7 in
Supplemental Materials found at https://doi.org/10.1016/j.jval.2
024.07.010). The lifetime risk of CVD in the model was most
sensitive to transition probabilities from no CVD to CVD, and the
effect of risk factors on outcomes; nevertheless, no single input
had a major effect on this outcome (Fig. 2). For the cumulative
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Tornado diagrams for one-way sensitivity analyses. These show the cumulative incidence of CVD by age 85 years at the lower
and upper bounds of the confidence intervals for each model input. Inputs are broken into 3 categories: TP, transition probabilities; RF
UKB, risk factor values in the UK Biobank; RF OC, effect of risk factors on outcomes. The 3 individuals have the following risk factor
values: (1) LDL-C of 1.5 mmol/L, SBP of 120 mm Hg, and Lp(a) of 0 mg/dL at age 40 years, never smokes, never develops diabetes; (2)
mean value of all risk factors for the UK Biobank population at every age; (3) LDL-C of 5.0 mmol/L, SBP of 170 mm Hg, and Lp(a) of 100
mg/dL at age 40 years, pack-a-day smoker since age 18 years, diabetes from age 30 years.
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incidence of all-cause mortality, certain rarer causes of death
(bladder cancer, Parkinson’s disease, and pneumonia) had major
effects in one-way sensitivity analyses, owing to the high uncer-
tainty in the estimation of their rate in the UK Biobank sample
(Appendix Fig. 8 in Supplemental Materials found at https://doi.
org/10.1016/j.jval.2024.07.010). Nevertheless, the probabilistic
sensitivity analysis showed a reasonable level of uncertainty for all
epidemiological outputs of the model (Fig. 3).

In females, the model suggested that initiation of atorvastatin
20 mg and ramipril 5 mg at age 40 years would lead to a lifetime
risk of MI of 4.2% (95% CI: 3.3, 5.3), 17.1% (11.7, 25.6), and 19.2%
(15.2, 24.3) for individuals 1, 2, and 3, respectively, compared with
7.4% (6.3, 8.9), 33.3% (24.2, 45.7), and 37.6% (30.5, 45.5) for inter-
vention at age 60 years, respectively; estimates for males were
8.0% (6.6, 9.6), 26.2% (19.0, 36.6), and 28.7% (23.8, 34.2) for in-
dividuals 1, 2, and 3, respectively, at age 40 years, compared with

12.9% (11.3, 14.6), 46.5% (36.3, 59.0), and 48.5% (41.7, 55.6) for age
60 years, respectively (Table 1). Reductions in the lifetime risk of
stroke were much smaller than those observed for MI (Table 1).

For health economic outcomes, intervention at age 40 vs 60
years was projected to lead to a gain in quality-adjusted life-years
of 341 (—249, 821), 1154 (235, 2116), and 4547 (3111, 6443) for
females 1, 2, and 3, respectively; corresponding estimates for
males were 634 (—226, 1259), 1165 (—75, 2286), and 5614 (3933,
7458). For individual 1 in both females and males, earlier (vs later)
intervention cost approximately AU$4000 and AU$3600 per per-
son, respectively, whereas earlier intervention was cost-saving for
individuals 2 and 3. Earlier (vs later) intervention was not cost-
effective in individual 1 in either females or males (because they
are at low CVD risk), but most simulations showed the interven-
tion was dominant (beneficial and cost-saving) in individuals 2
and 3 (Fig. 4). Earlier intervention was not cost-effective when the
lipid-lowering agent to evolocumab; ICERs were similar to the
base-case when lower adherence was simulated; and ICERs
improved with lower discounting rates.
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We have designed and developed a novel health economic
model that simulates risk factor trajectories over the life course
and uses these to project CVD (MI and stroke) outcomes and
associated healthcare costs, based on data from Mendelian
randomization and calibrated using RCTs. The model can be
populated with any individual (characterized by the models’ risk
factors) and simulate any modification to the risk factors over any
length of time between ages 30 and 84, with risk proportional to
the cumulative level of the risk factors, essentially quantifying the
concept of cholesterol years, blood-pressure years, and smoking-
pack years. This model has potential in public health and clinical
decision making when a clinical trial for the intervention simu-
lated is not possible or practical, which is the case for most long-
term studies on the primary prevention of CVD. It can assess the
cost-effectiveness of complex interventions for CVD prevention
and identify individuals in whom long-term targeted CVD pre-
vention is cost-effective.

The model performed well on the model validation tests and
was calibrated using clinical trial data. Additionally, it is mostly
based on well-known disease biology in terms of the relationship
between the included risk factors and risk for CVD. The utility of
the model was demonstrated in an example health economic
analysis, in which it was clearly shown that for higher-risk

individuals, early control of risk factors is an effective and domi-
nant (cost-saving) approach to the prevention of CVD. A major
advantage of the model is that transition probabilities (and hence,
the entire model population) can be personalized to any individ-
ual, even if someone with those characteristics was not present in
the UK Biobank sample on which the model is based. Thus, the
model also has the potential to generate personalized estimates of
the lifetime risk and health outcomes of CVD and link these to
tailored treatment recommendations.

Nevertheless, the model has several limitations that are worth
outlining. First, the epidemiological structure of the model is not
that of a randomized trial. Although the effect estimates for in-
terventions are based on causal data from Mendelian randomi-
zation, there were a number of assumptions underlying their
incorporation in the model. Second, we did not perform a com-
plete systematic review for each effect estimate incorporated.
Third, the allelic variation in risk factors, and thus the variation
underlying Mendelian randomization, is usually smaller than
clinical interventions. For example, reductions in LDL-C with lipid-
lowering therapy can exceed 50%,® whereas the variation attrib-
utable to most alleles is in the range of 0% to 5% per allele.?
Therefore, the effect estimates in the model rely on extrapo-
lating effects beyond the range they were estimated under. Fourth,
we have not included only Mendelian randomization as our
source of evidence—selection of each source of evidence was
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Cumulative incidence (and 95% confidence intervals) of CVD, M, stroke, and death for 3 individuals from a probabilistic

sensitivity analysis. The 3 individuals have the following risk factor values: (1) LDL-C of 1.5 mmol/L, SBP of 120 mm Hg, and Lp(a) of 0 mg/
dL at age 40 years, never smokes, never develops diabetes; (2) mean value of all risk factors for the UK Biobank population at every age;
(3) LDL-C of 5.0 mmol/L, SBP of 170 mm Hg, and Lp(a) of 100 mg/dL at age 40 years, pack-a-day smoker since age 18 years, diabetes from

age 30 years.
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CVD indicates cardiovascular disease; LDL-C, low-density lipoprotein-cholesterol; MI, myocardial infarction; SBP, systolic blood pressure.
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Table 1. Probabilistic sensitivity analysis results. 1000 probabilistic iterations over 10 000 iterations of each individual, from age 40 to

84 years.
Sex Individual Outcome Intervention at 60 Intervention at 40 Difference
Female 1 Incident MI (N) 741 (629, 887) 420(330, 531) —320 (—396, —255)
Incident stroke (N) 679 (546, 875) 641 (497, 846) -39 (-89, 9)
Diabetes (N) 2882 (2660, 3149) 3293 (2831, 3832) 410 (148, 700)
Deaths 2870 (2516, 4252) 2718(2367, 4185) —145 (—208, -73)
Total Mis (N) 940 (788, 1127) 507 (399, 640) —432 (—544, —336)
Total strokes (N) 919 (731, 1172) 863 (670, 1128) =57 (-137, 20)
Total YLL 176 828 (176 216, 177 390) 177 468 (176 853, 178 001) 631 (303, 1010)
Total QALY 152 443 (150 018, 154 606) 152772 (150 271, 155 045) 341 (—249, 821)
Total healthcare costs (AU\$) 91 812 526 (80 859 671, 131 972016 (118 665 579, 40 291 138 (31 557 401,
103 677 936) 148 708 682) 50 586 549)
ICER 88 987 (—1 269 563, 1 185 971)
2 Incident MI (N) 3326 (2417, 4571) 1707 (1174, 2561) —1624 (2131, —1162)
Incident stroke (N) 1427 (992, 2012) 1336 (864, 2015) —80 (—207, 63)
Diabetes (N) 10 000 (10 000, 10 000) 10000 (10000, 10 000) 0(0, 0)
Deaths 8272 (7415, 8826) 8698 (7635, 9233) 389 (145, 611)
Total Mis (N) 4406 (3154, 6036) 2181 (1492, 3256) —2232 (—3002, —1581)
Total strokes (N) 2062 (1424, 2955) 1920 (1250, 2934) —-118 (-302, 99)
Total YLL 158 535 (152 711, 162 583) 159420 (153 052, 163 783) 842 (—510, 2090)
Total QALY 108 839 (92 990, 121 879) 109967 (94 094, 123 188) 1154 (235, 2116)
Total healthcare costs (AU\$) 749 278 270 (626 969 350, 717 667 286 (595 409 106, —30 995 777 (—73 432 444,
879 123 104) 47 388 596) —144 278)
ICER —26 339 (—130549, 1172)
3 Incident MI (N) 3756 (3054, 4550) 1924 (1518, 2432) —1820 (—2249, —1453)
Incident stroke (N) 1192 (948, 1528) 1132 (887, 1490) —56 (—166, 50)
Diabetes (N) 2112 (1931, 23149) 2662 (2517, 2794) 548 (266, 788)
Deaths 4300 (3848, 5303) 3530(3119, 4812) —733 (—1005, —425)
Total Mis (N) 4856 (3899, 5968) 2331 (1826, 2979) —2519 (—3163, —1993)
Total strokes (N) 1621 (1277, 2095) 1529(1178, 2023) —91 (—244,62)
Total YLL 172 088 (169 912, 173 522) 175726 (174 683, 176 467) 3618 (2579, 5196)
Total QALY 146 282 (142 965, 149 076) 150883 (148 278, 153 094) 4547 (3111, 6443)
Total healthcare costs (AU\$) 199 200 759 (158 919 779, 161 553 505 (144 984 800, —37 705 058 (—74 692 252, —8 450 138)
250 420 418) 180 906 033)
ICER —8215 (—14 858, —2463)
Male 1 Incident MI (N) 1286 (1127, 1463) 802 (658, 959) —481 (—573, —405)
Incident stroke (N) 852 (713, 1040) 811 (652, 1000) —44 (—99, 6)
Diabetes (N) 3566 (3184, 3962) 4061 (3407, 4773) 488 (193, 823)
Deaths 4445 (3940, 5733) 4279 (3755, 5634) —158 (-232, —-70)
Total Mis (N) 1657 (1452, 1879) 985 (800, 1177) —671 (—800, —553)
Total strokes (N) 1090 (908, 1330) 1027 (832, 1276) —63(—147,17)
Total YLL 174 579 (173 893, 175 253) 175527 (174 789, 176 109) 947 (532, 1366)
Total QALY 154 422 (152 015, 156 581) 154 988 (152 385, 157 426) 634 (—226, 1259)
Total healthcare costs (AU\$) 123 163 154 (108 514 409, 139 656 499) 159 064 386 (139 042 078, 182 905 921) 35 817 692 (24 522 204, 49 755 219)
ICER 50 128 (—471 117, 517 545)
2 Incident MI (N) 4646 (3626, 5897) 2620 (1904, 3658) —2010 (—2449, —1565)
Incident stroke (N) 1558 (1160, 2083) 1501 (1012, 2122) —53 (—195, 105)
Diabetes (N) 10 000 (10 000, 10 000) 10000 (10000, 10 000) 0(0, 0
Deaths 8329 (7880, 8721) 8812 (8306, 9197) 472 (308, 646)
Total Mis (N) (4955, 8094) 3467 (2511, 4882) —2888 (—3597, —2233)
Total strokes (N) 2138 (1555, 2927) 2078 (1385, 2943) —60 (—270, 185)
Total YLL 154 184 (148 416, 157 967) 154717 (147 333, 159 139) 533 (—1241, 1999)
Total QALY 108 713 (92 567, 122 095) 109955(93 616, 123 223) 1165 (—75, 2286)
Total healthcare costs (AU\$) 793 942 947 (675 001 057, 926 011 832) 735 970 112(614 791 404, 858 981 294) —56 428 180 (—106 479 981, —18 963 624)
ICER —45 606 (—251 864, 125 846)
3 Incident MI (N) 4846 (4171, 5556) 2868 (2377, 3418) —1968 (—2341, —1653)
Incident stroke (N) 1333 (1111, 1650) 1328 (1077, 1696) -4 (-107,117)
Diabetes (N) 2791 (2613, 2955) 3476 (3105, 3841) 685 (339, 1024)
Deaths 5700 (5249, 6400) 5090 (4614, 6029) —598 (—815, —301)
Total Mis (N) 6460 (5534, 7498) 3568 (2947, 4289) —2860 (—3408, —2409)
Total strokes (N) 1710 (1409, 2139) 1696 (1365, 2170) —-15(—153, 159)
Total YLL 168 550 (166 784, 170 071) 173024 (171 978, 173 942) 4473 (3386, 5834)
Total QALY 146 454 (143 438, 149 091) 152081 (149 545, 154 336) 5614 (3933, 7458)
Total healthcare costs (AU\$) 253 658 008 (210 340 508, 307 453 979) 203 654 815 (181 606 568, 230 026 400) —50 043 708 (—86 995 324, —18 817 104)
ICER —8915 (—14 730, —3622)

The 3individuals have the following risk factor values at age 40 years: 1. LDL-C of 3.5 mmol/L, SBP of 150 mm Hg, Lp(a) of 20 mg/dL, nonsmoker, no diabetes; 2. LDL-C of
3.5 mmol/L, SBP of 150 mm Hg, Lp(a) of 200 mg/dL, pack-a-day smoker since age 18 years, diabetes; 3. LDL-C of 4.5 mmol/L, SBP of 170 mmHg, Lp(a) of 20 mg/dL,

nonsmoker, no diabetes.

ICER indicates incremental cost-effectiveness ratio; MI, myocardial infarction; QALYs, quality-adjusted life-years; YLL, years of life lived.

contextual and based on a range of considerations; there is
not yet a guideline for when/how to include Mendelian random-
ization in health economic modeling, which is an area for future
research.

Fifth, we calibrated the model using a combination of Men-
delian randomization and clinical trial data, assuming that more
recent values of LDL-C, Lp(a), and SBP were more relevant than
values in the past when estimating the cumulative values of these
risk factors, which is not consistent with some observational

evidence.® Nevertheless, lack of weighting would only further
enhance the importance of early risk factor control, making our
model conservative with respect to earlier intervention. Sixth, the
UK Biobank population underlying the model was affected by a
“healthy volunteer” selection bias,*” meaning risk estimates here
may underestimate the risk in other populations. Although this is
conservative, it does limit the generalizability of the model.
Similarly, the UK Biobank population and most Mendelian
randomization estimates come from predominately European
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Figure 4. Probabilistic sensitivity analysis simulations presented in a common cost-effectiveness plane for 3 individuals for initiation of
therapy at 40 vs 60 years of age, by sex. The 3 individuals have the following risk factor values at age 40 years: 1. LDL-C of 3.5 mmol/L,
SBP of 150 mm Hg, Lp(a) of 20 mg/dL, nonsmoker, no diabetes; 2. LDL-C of 3.5 mmol/L, SBP of 150 mm Hg, Lp(a) of 200 mg/dL, pack-a-

day smoker since age 18 years, diabetes; 3. LDL-C of 4.5 mmol/L, SBP of 170 mmHg, Lp(a) of 20 mg/dL, nonsmoker, no diabetes.
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populations; thus, studies of higher-risk populations may need a
modified version of the model. Seventh, several of the Mendelian
randomization effect estimates included in the model had a high
degree of uncertainty and/or had not been replicated at the time
of model construction. Eighth, the underlying disease patho-
physiology for every risk factor and outcome was not explicitly
considered—the relationship between risk factors and risk for CVD
was the biological relationship upon which the model was based.
Therefore, certain conclusions from the model, particularly those
not related to CVD, should be interpreted with caution. Ninth, we
only included 5 modifiable risk factors in the model. Other risk
factors influence CVD risk (such as inflammation®' and stress*?)
and incorporation of other risk factors into future iterations of this
model, or similar models, is an area for further study. Similarly,
although MI and stroke are responsible for the majority of the
burden of CVD,® we still have only included 2 cardiovascular
outcomes (ie, only MI and stroke, out of all possible CVDs) in the
model; inclusion of further CVDs is also warranted in future.
Tenth, our risk factor trajectories for the mean of the UK Biobank
sample required extrapolation out the sample range, which will
have introduced error. Similarly, calculating trajectories in this
assumes their values will remain stationary at a given age over
calendar time, which is unlikely.** Eleventh, our simulation of risk
factor trajectories in the UK Biobank population was designed to
recapitulate the values used in the estimation of transition prob-
abilities and will therefore include both people taking and not
taking medications; recalibration of these values in settings where
more or less people are taking medications may be required.
Finally, our model was designed to capture the impact of in-
terventions for primary prevention of CVD; thus, we did not
attempt to integrate the effect of risk factors on recurrent CVD
events.

In conclusion, when testing long-term interventions for pri-
mary prevention of CVD, a setting in which clinical trials are not
practical, we propose one solution as being the use of health
economic models based on cumulative risk factor trajectory
modeling and Mendelian randomization. We have outlined con-
struction of a novel model and have made all model syntax
available to allow its use in health economic analysis.
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HIGHLIGHTS

e First cost-effectiveness study of routine
Lp(a) testing for primary CVD preven-
tion across multiple high-income
countries.

e Lp(a) testing in primary prevention may
reclassify CVD risk and be cost-saving
from both healthcare and societal
perspectives.

e Our model uses trial and real-world
data, including Mendelian random-
isation, to capture lifetime impact of
elevated Lp(a) on CVD risk.

e Study introduces a novel open-access
microsimulation model for the individ-
ual risk trajectory modelling over the
life course.

¢ Findings support adding Lp(a) to CVD
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GRAPHICAL ABSTRACT

Aim of the study

To evaluate the cost-effectiveness of
Lp(a) testing in the cardiovascular
disease (CVD) primary prevention
population from healthcare and
societal perspectives.

Main findings

Among 10,000 individuals, 1,807 had
their treastment modified from Lp(a)
testing. This led to 217 and 255
quality-adjusted life years gained in
Australia and the UK, respectively,
with corrasponding incremental
cost-effectiveness ratios of 12,134
(cost-effective) and cost-saving,

Conclusions

Lp(a) testing in the primary pre-
vention population to reclassify CVD
riskand treatment is cost-saving and

risk guidelines and funding models, Nanausedto reven CvD:

improving equity and efficiency in pre-
vention strategies.
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Mecrton et al. Lp(a) testing for the primary prevention of cardiovascular disease in
high-income countries: a cost-effectiveness analysis

ABSTRACT

Background and aims: Cost-effectiveness of Lipoprotein(a) [Lp(a)] testing is not established. We aimed to evaluate the cost-effectiveness of Lp(a) testing in the
cardiovascular disease (CVD) primary prevention population from healthcare and societal perspectives.

Methods: We constructed and validated a multi-state microsimulation Markov model for a population of 10,000 individuals aged between 40 and 69 years without
CVD, selected randomly from the UK Biobank. The model evaluated Lp(a) testing in individuals not initially classified as high-risk based on age, diabetes status, or the
SCORE-2 algorithm. Those with an Lp(a) level >105 nmol/L (50 mg/dL) were treated as high risk (initiation of a statin plus blood pressure lowering). The Lp(a)
testing intervention was compared to standard of care. The primary analyses were conducted from the Australian and UK healthcare perspectives in 2023AUD/GBP.
A cost adaptation method estimated cost-effectiveness in multiple European countries, Canada, and the USA.

Results: Among 10,000 individuals, 1,807 had their treatment modified from Lp(a) testing. This led to 217 and 255 quality-adjusted life years gained in Australia and
the UK, respectively, with corresponding incremental cost-effectiveness ratios of 12,134 (cost-effective) and —3,491 (cost-saving). From a societal perspective, Lp(a)
testing saved $85 and £263 per person in Australia and the UK, respectively. Lp(a) testing was cost-saving among all countries tested in the cost adaptation analysis.
Conclusions: Lp(a) testing in the primary prevention population to reclassify CVD risk and treatment is cost-saving and warranted to prevent CVD.

1. Introduction

Lipoprotein(a) [Lp(a)] is an important risk factor for cardiovascular
disease (CVD) [1,2]. Although the relationship between Lp(a) concen-
tration and CVD risk is continuous [1], risk enhancing thresholds guide
clinical practice. Depending on the threshold used to define “high” Lp
(a), anywhere from ~10-20 % of individuals have high Lp(a) [1].
However, Lp(a) is not routinely measured in clinical practice at present.
As a consequence, the overwhelming majority of individuals with high
Lp(a) are unaware of their status and thus do not modify their CVD risk
by initiating preventive measures. While highly effective treatments to
lower Lp(a) are in a late stage of development [2], there are currently no
clinically available options for lowering Lp(a) potently and selectively
(beyond lipoprotein apheresis). Nevertheless, Lp(a) measurement can be
used to reclassify risk and prompt more intensive management of other
cardiovascular risk factors that might otherwise go untreated in an effort
to lower overall cardiovascular risk without directly lowering Lp(a) [1].
Thus, widespread Lp(a) testing could be a useful way to improve the
prevention of CVD in the population by identifying individuals at higher
CVD risk than current risk scores estimate.

Lp(a) is a good screening candidate. More than >90 % of the con-
centration of Lp(a) is genetically determined [3,4], although genetic
testing is not required to measure it. Hence, many guidelines recom-
mend that Lp(a) needs to be measured only once in a lifetime in most
people. The test cost is relatively inexpensive, ranging from a few dollars
to approximately US$50, depending on the jurisdiction. These factors
make Lp(a) screening followed by advice to modify treatment of other
cardiovascular risk factors a potentially attractive option for CVD

prevention.

However, while guidelines and society consensus statements have
recommended the implementation of Lp(a) testing [1,2], to date, no
studies have evaluated the cost-effectiveness of widespread Lp(a)
testing, which is a key step in assessing the feasibility of implementing
these recommendations. The feasibility of Lp(a) testing is especially
important as European governments are currently developing cardio-
vascular health plans that could determine whether or not Lp(a) testing
is made widely available [5].

Therefore, we have constructed a state-of-the-art health economic
model to evaluate the cost-effectiveness of testing for Lp(a) in the pri-
mary prevention population, where testing is assumed to be followed by
more intensive treatment of other cardiovascular risk factors in the
population with high Lp(a), compared to current standard of care, as
defined by the European guidelines for CVD prevention [6]. The primary
analysis was conducted from the Australian and UK national healthcare
system and societal perspectives, with secondary analyses adapting the
results to other high-income countries in Europe and North America.

2. Methods

All analysis syntax and a more detailed explanations of the methods
are available in an online protocol (available at: https://github.com/
jimbOw/LPAtesting). All analyses were conducted in Stata, Version
17.0 (StataCorp, Texas, USA). We have completed this study in accor-
dance with the CHEERS checklist (Appendix).
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Table 1
Baseline characteristics for the model starting population.
Females Males Overall
N 5,477 4,523 10,000
Age 58 (50, 63; 40, 58 (50, 63; 40, 58 (50, 63; 40,
69) 69) 69)
N (%) with diabetes 174 (3.2 %) 247 (5.5 %) 421 (4.2 %)
LDL-C (mmol/L) 3.7 (3.2,4.3; 3.7 (3.2,4.2 3.7 (3.2, 4.3;
1.2, 9.0) 1.1, 8.9) 1.1,9.0)
Lp(a) (nmol/L) 22.0(8.3,81.2 17.7 (7.1,70.6; 19.9 (7.8, 76.7;
0.2, 624.8) 0.1, 487.8) 0.1, 624.8)
N (%) with Lp(a) >105 1,140 (20.8 %) 853 (18.9 %) 1,993 (19.9 %)
nmol/L (50 mg/dL)
N (%) with Lp(a) >149 742 (13.5 %) 510 (11.3 %) 1,252 (12.5 %)
nmol/L (70 mg/dL)
N (%) with Lp(a) >192 422 (7.7 %) 245 (5.4 %) 667 (6.7 %)
nmol/L (90 mg/dL)
N (%) with Lp(a) >236 250 (4.6 %) 137 (3.0 %) 387 (3.9 %)
nmol/L (110 mg/dL)
SBP (mmHg) 134 (122, 150; 142 (130, 155; 138 (126, 152;
84, 225) 96, 266) 84, 266)
LSI 0.0 (0.0, 0.2; 0.0 (0.0, 0.6; 0.0 (0.0, 0.4;
0.0, 3.0) 0.0, 3.3) 0.0, 3.3)

Numeric variables are presented as median (25th centile, 75th centile; mini-
mum, maximum). A conversion factor from nmol/L to mg/dL was applied ac-
cording to Langsted et al., [68] as follows: (Lp(a) in nmol/L + 3.18)/2.18 Lp
(a) in mg/dL.

Abbreviations: LDL-C — Low density lipoprotein-cholesterol; Lp(a) — Lipoprotein
(a); SBP — Systolic blood pressure; LSI — Lifetime smoking index.

2.1. Model overview

The model is represented schematically in Supplementary Fig. 1. We
constructed a microsimulation model that ages people in 1-year cycles
from the age they enter the model (40-69 years) to age 85 years. The
model tracks the occurrence of cardiovascular events, both incident and
recurrent. The cardiovascular events included in the model were
myocardial infarction (MI) and stroke (ischemic and hemorrhagic),
selected as the two most common forms of CVD [7].

Risk of MI and stroke in the primary prevention population was
determined by age, sex, lowdensity lipoprotein-cholesterol (LDL-C)
concentration, systolic blood pressure (SBP), Lp(a) concentration, dia-
betes, and smoking. The modifiable risk factors (other than Lp(a)) were
selected as among the longest-standing and most evidenced-based
causal risk factors for CVD [8,9].

The microsimulation model had the following health states: 1) No
history of MI, stroke, or diabetes; 2) MI; 3) stroke; 4) diabetes; 5) MI and
stroke; 6) MI and diabetes; 7) stroke and diabetes; 8) MI, stroke and
diabetes; and 9) death. Repeat events (i.e., recurrent MI and stroke) were
also tracked throughout the model time horizon.

The effects of LDL-C, SBP, Lp(a), and smoking on the risk of MI,
stroke, and death from other causes was proportional to both magnitude
and duration of exposure (i.e., the concept of cholesterol-years, pack-
years, etc.). In line with our methodological framework [10-15], we
assumed that risk of CVD was proportional to the cumulative exposure
to a risk factor at a given age, an assumption which is supported by a
substantial body of evidence [16-19]. Thus, the model adjusts the risk of
CVD and death from other causes based on lifetime exposure to these
risk factors. The effect of diabetes on the risk of MI, stroke, and death
from other causes was binary.

The relationship between exposure to a risk factor and the risk of
CVD or death was quantified using estimates from Mendelian random-
isation studies [18-31]. The relationship of each risk factor with MI,
stroke, and death from other causes is shown in Supplementary Table 1.

The risk of cardiovascular events and death from other causes after
an individual had developed MI or stroke in the model was related to
age, sex, prior MI status, and prior stroke status.

The model was validated using tests based on the AdViSHE tool [32]
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and calibrated using data from clinical trials. Results of the validation
and calibration are presented in the online protocol.

2.2. Epidemiological inputs

The principal source of data for epidemiologic inputs to the model
was the UK Biobank study [33]. The UK Biobank enrolled over 500,000
participants between 2006 and 2010, with follow-up data available until
2021. Epidemiologic inputs are summarised in Supplementary Table 2.

To estimate the incidence of MI (fatal and non-fatal), stroke (fatal
and non-fatal), and mortality not due to coronary heart disease or stroke,
prior to the development of MI or stroke, we used age-period-cohort
models [34], which are described in full in the Supplementary
Methods. The incidence of outcomes prior to the development of MI or
stroke is shown in Supplementary Figs. 2-3. We followed a similar
approach to estimate the incidence of MI, stroke, and mortality not due
to coronary heart disease or stroke, following the development of MI or
stroke (Supplementary Fig. 4). Because the UK Biobank does not contain
reliable data on the incidence of diabetes, we derived the age and
sex-specific incidence of diabetes from Pal et al., [35] as this study
contained the most recent diabetes incidence data for the UK
(Supplementary Fig. 5).

Data on risk factor trajectories were also mostly informed by data
from the UK Biobank, but also necessitate several assumptions, which
we drew from published literature. These assumptions and how the ef-
fect of risk factors on the incidence of outcomes was incorporated is
explained in the Supplementary Methods.

2.3. Population, intervention, and control

The study population consisted of individuals without CVD (defined
as prior MI and/or stroke), initially aged between 40 and 69 years.
People aged 70 and above were excluded because they are considered
high risk and are recommended treatment by current guidelines [6],
meaning testing for Lp(a) with the goal of modifying traditional risk
factors would not be appropriate.

People aged below 40 years were also excluded from the study
population because they are not part of the Systemic Coronary Risk
Estimation (SCORE2) algorithm and thus there are no risk treatment
thresholds, are rarely recommended for pharmacological treatment in
current guidelines [6], and were not present in the UK Biobank sample
in sufficient numbers (as they were outside of the target recruitment
population).

We populated our model with 10,000 randomly selected individuals
from the UK Biobank study who were aged between 40 and 69, without
prior CVD, who had information on their LDL-C, Lp(a), SBP, and high-
density lipoprotein-cholesterol.

The standard of care (control) scenario was based on the European
guidelines for CVD prevention [6]. The guidelines are designed to be
individually specific; therefore, we simplified the guidelines to the
following points for the purposes of the analyses. First, all individuals
with diabetes received both a high intensity statin (regardless of baseline
LDL-C because statins reduce CVD risk regardless of baseline LDL-C
levels [36]) and pharmacological treatment for hypertension if they
had an SBP of >140 mmHg. Second, all individuals without diabetes
aged 40 and above were tested for CVD risk every 5 years using the
updated SCORE2 algorithm [37]. Third, individuals deemed “Very high
risk” from SCORE2 were treated with a high intensity statin (again,
regardless of LDL-C) and received pharmacological anti-hypertensive
treatment if they had an SBP of >140 mmHg; in the European guide-
lines, “Very high risk” thresholds are >7.5 % for individuals aged <50
years and >10 % for individuals aged 50-69 years. Fourth, individuals
deemed ‘High risk™ or lower were not pharmacologically treated unless
they had an LDL-C level of >5.0 mmol/L or a SBP of >160 mmHg (varied
to 3.0 mmol/L and 140 mmHg in scenario analyses; see below). And
fifth, individuals become “Very high risk” once they reached age 70
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Fig. 1. Schematic of the control scenario.
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Fig. 2. Schematic of the intervention scenario.

years and received both a high intensity statin and pharmacological
treatment for hypertension if they had an SBP of >140 mmHg. The
standard of care scenario is represented schematically in Fig. 1.

We selected the high intensity statin in this study to be atorvastatin
80 mg once daily, with an LDL-C reduction of 51.7 % (95 %CI: 51.2 %,
52.2 %) [38]. Pharmacological therapy for lowering SBP was based on
the most common medications used in the intensive arm of the SPRINT
trial [39] — losartan 100 mg, chlortalidone 25 mg, and amlodipine 10 mg

— leading to a 20 mmHg (+25 %) reduction in SBP. To match these
clinical trials, we assumed conditions analagous to a clinical trial in the
simulation of interventions: people either received treatment or they did
not, and we assumed uptake and adherence was the same as these
clinical trials.

The intervention scenario was identical to the standard of care sce-
nario, except individuals classified as “High risk” or lower after risk
estimation with SCORE2 received immediate further testing for Lp(a)
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(Fig. 2). The result of this testing was to reclassify CVD risk based on Lp
(a) levels — people with an Lp(a) of at least 105 nmol/L (50 mg/dL) were
reclassified into the “Very high risk” category and treated as per
everyone else in this category (i.e., a high intensity statin and pharma-
cological treatment for hypertension if they had an SBP of >140 mmHg).
Lp(a) testing only occurred once at the age the person first reaches
threshold for testing. In the control scenario, no Lp(a) testing occurred.

2.4. Health economic inputs

The primary analysis was based on the Australian and UK national
healthcare systems and included both the healthcare and a societal
perspective. All health economic inputs are shown in Supplementary
Tables 3 and 4

Utilities measure quality of life and usually range from 0 (death) to 1
(perfect health) [40]. The utilities used in this study were derived from
the EuroQol-five dimensions (EQ-5D) questionnaire [40] and a full
explanation of their values and selection is available in the Supple-
mentary Methods. The utilities for people without diabetes or CVD in
Australia and the UK were derived from cross-sectional studies of the
general populations (Supplementary Figs. 6-7) [41,42]. Utility values
for each health state were derived from systematic reviews and/or
cohort studies (Supplementary Methods).

All costs in the primary analysis were in 2023 Australian dollars ($,
hereafter) and Great British pounds (£, hereafter), inflated (when
necessary) using the Health Price Index [43] and NHS cost inflation
index [44], for Australia and the UK, respectively. A full explanation of
all cost inputs and their selection is available in the Supplementary
Methods. Costs were derived preferentially from government costing
reports and studies, followed by large cohort studies. The once-off cost
of an Lp(a) test was set at $25 in Australia and £40 in the UK. This cost
included the full cost to the healthcare system, not just the cost of the
test itself. Indirect costs were estimated using the human capital
approach (Supplementary Methods) [45]. We included costs due to lost
earnings due to absenteeism, workforce dropout due to diabetes or CVD,
and loss of future earnings due to death before retirement.

2.5. Outcomes

The model estimated: the number of people who received an Lp(a)
test and the number of people who had their treatment modified in
response to the Lp(a) test; the number of MIs, strokes, and deaths; years
of life lived and quality-adjusted life years (QALYs) in each health state;
the costs of Lp(a) testing; acute and chronic healthcare costs; and total
indirect costs. The primary outcome was the incremental cost-
effectiveness ratio (ICER), defined as the incremental healthcare costs
divided by the incremental QALYs comparing the Lp(a) testing inter-
vention to standard of care.

In the primary analysis, all health economic outcomes underwent
discounting at 5 % in Australia and 3.5 % in the UK (per their respective
guidelines [46,47]), and results were compared to the countries
respective willingness-to-pay thresholds (as defined in guidelines) of
$28,000 per QALY gained in Australia [43] and £20,000 to £30,000 per
QALY in the UK [47]. If ICERs were below these values but still produced
costs, results were considered cost-effective; if incremental costs were
negative, the interventions were considered cost-saving. We stratified
results by starting age group (40-49, 50-59, and 60-69) and sex.

2.6. Cost adaptation analyses

To provide an indication of the cost-effectiveness of Lp(a) testing in
multiple other high-income countries, we used a cost adaptation method
based on that reported by Ademi et al. [49,50] This method adapts all
cost inputs to the model based on comparative differences between
countries in per-capita healthcare spending, purchasing power parity,
and mean annual income. These data were all derived from the
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Table 2
Base case results for Lp(a) testing (intervention) compared to standard of care
(control). Full results are shown Supplementary Tables 35 and 36.

Country Outcome Control Intervention  Difference
Overall Population size 10,000 10,000 0
Lp(a) tests 0 9,098 9,098
Treatment modifiedin 0 1,807 1,807
response to Lp(a) test
Incident MI (N) 677 617 60
Total Mls (N) 838 756 82
Incident stroke (N) 565 552 13
Total strokes (N) 702 692 10
Deaths (N) 3,727 3,701 26
Australia  Chronic healthcare 86,116,594 83,603,286 2,513,308
costs ($)
Acute event costs ($) 10,416,641 9,670,544 746,097
Medication costs ($) 42,395,294 48,062,287 5,666,993
Lp(a) test costs ($) 0 227,450 227,450
Total YLL 141,423 141,592 169
Total QALY 118,161 118,378 217
Total healthcare costs 138,928,529 141,563,567 2,635,038
$)
Total indirect costs ($) 114,770,428 111,281,009 3,489,419
Total costs ($) 253,698,957 252,844,575 854,381
ICER ($ per QALY) 12,134
SICER ($ per QALY) 3,934
UK Chronic healthcare 74,655,129 73,040,742 1,614,387
costs (£)
Acute event costs (£) 2,751,321 2,609,579 141,742
Medication costs (£) 3,901,155 4,402,295 501,140
Lp(a) test costs (£) 0 363,920 363,920
Total YLL 164,453 164,670 217
Total QALY 128,400 128,655 255
Total healthcare costs 81,307,605 80,416,536 891,069
(€3}
Total indirect costs (£) 56,216,988 54,475,525 1,741,463
Total costs (£) 137,524,592 134,892,061 2,632,531
ICER (£ per QALY) 3,491
SICER (£ per QALY) 10,314

The willingness-to-pay threshold was $28,000 per QALY gained in Australia
[48] and £20,000 to £30,000 per QALY in the UK [47].

If ICERs were below these values but still produced costs, results were consid-
ered cost-effective; if incremental costs were negative, the interventions were
considered cost-saving.

Abbreviations: MI — Myocardial infarction; YLL — Years of life lived; QALY —
Quality-adjusted life years; ICER — Incremental cost-effectiveness ratio (defined
as the incremental costs divided by the incremental QALYs for the intervention
compared to control); SICER — Incremental cost-effectiveness ratio (societal
perspective).

Organization for Economic Cooperation and Development (OECD)
[51-53]. We performed cost adaptation from both the healthcare system
and societal perspectives for Austria, Canada, France, Germany, Italy,
the Netherlands, Spain, Poland, and the USA, using the UK as the
reference. The ICER derived through cost adaptation is only an estima-
tion and does not represent the true ICER. It provides an approximate
measure based on adjusted costs and assumptions, but it may not fully
capture the actual cost-effectiveness in each country. These ICERs were
compared to cost-effectiveness thresholds estimated by Pichon-Riviere
et al. [54].

2.7. Sensitivity and scenario analyses

Results with the assumptions above are considered the “base case™ —
the most likely set of inputs. We conducted one-way sensitivity analyses
by varying the model inputs between the lower and upper bounds shown
in Supplementary Tables 1-4, presenting the results in Tornado dia-
grams. We conducted probabilistic sensitivity analyses using 500 Monte
Carlo simulations based on the uncertainty in the model inputs. We used
the probabilistic sensitivity analysis to compute 95 % uncertainty in-
tervals by taking the 2.5th and 97.5th centiles of the simulation results.
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Table 3
Cost adaptation results.
Country Outcome Control Intervention Difference
Austria Total healthcare costs (2023 Euro) 115,968,289 114,697,365 1,270,923
Total indirect costs (2023 Euro) 99,788,351 96,697,156 3,091,195
Total costs (2023 Euro) 215,756,640 211,394,521 4,362,118
ICER (2023 Euro per QALY) 4,979
SICER (2023 Euro per QALY) 17,090
Canada Total healthcare costs (2023 CAD) 166,922,375 165,093,034 1,829,341
Total indirect costs (2023 CAD) 133,014,829 128,894,360 4,120,469
Total costs (2023 CAD) 299,937,204 293,987,394 5,949,810
ICER (2023 CAD per QALY) 7,167
SICER (2023 CAD per QALY) 23,310
France Total healthcare costs (2023 Euro) 101,157,140 100,048,535 1,108,604
Total indirect costs (2023 Euro) 73,312,382 71,041,346 2,271,035
Total costs (2023 Euro) 174,469,522 171,089,882 3,379,640
ICER (2023 Euro per QALY) 4,343
SICER (2023 Euro per QALY) 13,241
Germany Total healthcare costs (2023 Euro) 125,876,319 124,496,811 1,379,508
Total indirect costs (2023 Euro) 99,936,147 96,840,373 3,095,774
Total costs (2023 Euro) 225,812,465 221,337,184 4,475,281
ICER (2023 Euro per QALY) 5,405
SICER (2023 Euro per QALY) 17,533
Italy Total healthcare costs (2023 Euro) 58,629,741 57,987,204 642,537
Total indirect costs (2023 Euro) 35,544,620 34,443,536 1,101,084
Total costs (2023 Euro) 94,174,361 92,430,740 1,743,621
ICER (2023 Euro per QALY) 2,517
SICER (2023 Euro per QALY) 6,831
The Netherlands Total healthcare costs (2023 Euro) 111,861,747 110,635,829 1,225,919
Total indirect costs (2023 Euro) 96,843,024 93,843,068 2,999,956
Total costs (2023 Euro) 208,704,772 204,478,897 4,225,875
ICER (2023 Euro per QALY) 4,803
SICER (2023 Euro per QALY) 16,556
Spain Total healthcare costs (2023 Euro) 58,537,741 57,896,212 641,529
Total indirect costs (2023 Euro) 35,909,658 34,797,266 1,112,392
Total costs (2023 Euro) 94,447,398 92,693,478 1,753,921
ICER (2023 Euro per QALY) 2,513
SICER (2023 Euro per QALY) 6,871
Poland Total healthcare costs (2023 Zloty) 121,187,032 119,858,916 1,328,117
Total indirect costs (2023 Zloty) 58,502,346 56,690,089 1,812,257
Total costs (2023 Zloty) 179,689,378 176,549,004 3,140,374
ICER (2023 Zloty per QALY) 5,203
SICER (2023 Zloty per QALY) 12,303
USA Total healthcare costs (2023 USD) 285,907,091 282,773,769 3,133,322
Total indirect costs (2023 USD) 275,474,467 266,940,952 8,533,515
Total costs (2023 USD) 561,381,558 549,714,721 11,666,837
ICER (2023 USD per QALY) 12,276
SICER (2023 USD per QALY) 45,708

Abbreviations: QALY — Quality-adjusted life years; ICER — Incremental cost-effectiveness ratio;

SICER - Incremental cost-effectiveness ratio (societal perspective).

We also conducted nine scenario analyses. In the first three, we
varied the Lp(a) threshold at which treatment occurs from 105 nmol/L
(50 mg/dL) to 149 nmol/L (70 mg/dL), 192 nmol/L (90 mg/dL), and
236 nmol/L (110 mg/dL), respectively. The remaining six, and their
results, are presented in the Supplementary Methods and Results.

3. Results
3.1. Overall

The characteristics of the random sample for 10,000 people from UK
Biobank used in the model are shown in Table 1. The median LDL-C was
3.7 mmol/L (IQR: 3.2, 4.3) and SBP 138 mmHg (126, 152), and 19.9 %
of the population had an Lp(a) >105 nmol/L (50 mg/dL) (range
0.1-624.8 nmol/L).

In the base case model, Lp(a) testing was performed on 9,098 of the
10,000 in the sample (Table 2; the Lp(a) testing subset in Fig. 2), and
1,807 (19.9 % of those tested) had their treatment recommendations for

other risk factors modified in response (i.e., they initiated a statin as well
as blood pressure lowering therapy if indicated). Among the model
population, testing prevented 60 incident MIs, 13 incident strokes, and
26 deaths (Supplementary Fig. 8). This led to a gain in years of life lived
of 169 in Australia and 217 in the UK and a gain in QALYs of 217 in
Australia and 255 in the UK for the intervention compared to standard of
care. Incremental QALYs exceeding years of life lived indicates im-
provements to quality of life in excess to simply quantity of life.

Lp(a) testing and subsequent treatment changes from risk reclassi-
fication saved $3,259,405 and £1,756,129 in healthcare costs for man-
aging CVD, while causing an increase of $5,666,993 and £501,140 in
medication costs and $227,450 and £363,920 in testing costs in
Australia and the UK, respectively (Table 2). Overall, this resulted in a
net cost of approximately $264 per person tested in Australia, whereas
testing was cost saving in the UK, saving approximately £89 per person
in the primary prevention population from a healthcare perspective. Lp
(a) testing reduced indirect costs by approximately $349 and £174 per
person, resulting in a total cost saving from the societal perspective of
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Fig. 3. Results of the probabilistic sensitivity analysis for Lp(a) testing (intervention) compared to standard of care (control) in a common cost-effectiveness plane for
each country. The cost-effectiveness plane shows incremental quality adjusted life years (QALYs) for the intervention compared to the control along the x axis, and
incremental costs along the y axis. Each dot represents a single simulation in which the input parameters were varied probabilistically to provide an estimate of the
overall uncertainty of the results. The diagonal lines represent the willingness-to-pay thresholds for each country The willingness-to-pay threshold was $28,000 per
QALY gained in Australia [48] and £20,000 in the UK [47]. Each dot in the plot represents an incremental cost-effectiveness ratio (defined as incremental costs
divided by incremental QALYs). If an ICER (i.e., a single dot in the plot) was below the willingness-to-pay threshold (i.e., to the right of the line) but still produced
costs (i.e., in the top right quadrant of the plane), results were considered cost-effective; if incremental costs were negative (i.e., the bottom right quadrant of the

plane), the interventions were considered cost-saving.

$85 and £263 per person in Australia and the UK, respectively.

Lp(a) testing was cost-effective in Australia (ICER $12,134 per
QALY; under the willingness-to-pay threshold of $28,000 per QALY in
Australia) and cost-saving (dominant; i.e., the intervention led to a gain
in QALYs and was cost saving) in the UK compared to standard of care in
the primary prevention population from a healthcare perspective, and
cost saving in both countries from the societal perspective. Age and sex
stratified results are shown in Supplementary Tables 5-14.

3.2. Cost adaptation analyses

The results of the cost adaptation analysis for each country are shown
in Table 3. Lp(a) testing would be cost-saving from the healthcare
perspective in all countries simulated, with ICERs ranging from 2,513
Euro (2023) per QALY in Spain to 12,276 USD (2023) in the USA. Lp
(a) testing was also cost-saving from the societal perspective in all
countries, with cost savings of up to 1,167 USD (2023) per person in the

USA (Table 3).

3.3. Sensitivity and scenario analyses

The results of the one-way sensitivity analyses are presented in
Supplementary Fig. 9. No individual input had an impact on the ICER in
either Australia or the UK.

The results of the probabilistic sensitivity analyses are presented in
Fig. 3 and Supplementary Table 34. The intervention led to a QALY gain
in all simulations in both Australia and the UK. From the healthcare
perspective, the probability that Lp(a) testing was cost-effective and
cost-saving was 99 % and 0 % in Australia and 100 % and 98 % in the
UK, respectively; corresponding probabilities from the societal

perspective were 100 % and 84 % in Australia and 100 % and 100 % in
the UK.

The results of the scenario analyses are shown in Supplementary
Tables 15-33. While the number of MIs and strokes prevented by risk
reclassification decreased with an increasing threshold, all thresholds
produced cost-saving and cost-effective ICERs.

4. Discussion
4.1. Main findings and interpretation

We have shown that testing for Lp(a) is cost saving in the primary
prevention population aged between 40 and 69 years from the health-
care and societal perspectives in high-income countries, offering sig-
nificant value for improving health outcomes and optimising resource
allocation if implemented. This, while only a minority of those tested
(approximately 20 % in our sample) will have their treatment modified
in response to testing, because the benefits from preventing cardiovas-
cular events by testing are still substantial owing to the high risk of CVD
among the population with high Lp(a). These findings strongly support
the implementation of Lp(a) testing to reduce CVD risk in the primary
prevention populations across high income countries.

Finding cost-effective strategies to improve the prevention of CVD is
a public health priority given that CVD remains a leading cause of
morbidity and mortality worldwide [7]. While pharmacological control
of two of the major CVD risk factors — LDL-C and SBP — has become a
mainstay of CVD prevention, these medications come at a cost and have
side effects, and thus a key issue has become effectively selecting people
who will benefit from pharmacological treatments to control risk factors
when there is not an overt clinical need for the therapies, as in the
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primary prevention population without markedly elevated LDL-C or SBP
[6]. Lp(a), as an important risk factor in a non-trivial minority (~10-20
% have concentrations above 105 nmol/L (50 mg/dL)) of the popula-
tion, has the potential to be an important and cost-effective risk stratifier
to address this critical clinical need, as shown by our findings.

However, despite calls from worldwide guidelines and society
consensus statements for Lp(a) testing [1,2], Lp(a) is not routinely
measured in clinical practice in most countries. One of the major reasons
for this could be a prevailing opinion that Lp(a) should not be measured
when no medication to lower Lp(a) is available, as reflected by a
statement in the European guidelines for the prevention of CVD that
“Lipoprotein(a) ... provides limited additional value in terms of reclas-
sification potential” [6]. This misjudgement has been rejected by
numerous scientific statements [1,2,55] and guidelines [56,57] that
recommend that other treatable risk factors should be treated more
in-tensely in people with elevated Lp(a). Our results support this notion
and oppose the paradigm that screening is only useful when the
biomarker screened for is directly treatable. It is essential that guidelines
be updated to reflect the most up-to-date healthcare recommendations.

The other reason Lp(a) has not been routinely measured in clinical
practice in most countries may in part be due to the fact that the
effectiveness and cost-effectiveness of Lp(a) testing had not yet been
established — no other published study to date has investigated the cost-
effectiveness of testing for Lp(a), with the exception of an abstract that
indicated that Lp(a) testing was cost-effective [58]. Our work showing
that Lp(a) testing is clinically warranted and cost-effective is therefore a
critical addition to the growing body of evidence supporting the
implementation of Lp(a) testing in clinical practice, even without a
registered medication for Lp(a)-lowering itself.

In the cost adaptation analysis we demonstrated that population-
based Lp(a) testing has the potential to be a cost-saving strategy in
various healthcare systems. Specifically, the approach could be viable in
countries such as Austria, Canada, France, Germany, Italy, Slovenia,
Spain, the Netherlands, Poland and the US, based on their willingness-
to-pay thresholds [54]. However, the calculated ICERs should be
viewed as approximate estimates rather than precise country-specific
outcomes, as this evaluation does not account for parameters unique
to individual healthcare systems.

Our results were also robust to sensitivity and scenario analyses. In
particular, when LDL- C or SBP lowering for all people not at very high
CVD risk was initiated at a threshold of 3.0 mmol/L or 140 mmHg, and
when we incorporated the increased risk of diabetes associated with
statins [59], ICERs remained highly cost-effective in the UK for all three
scenario analyses and in Australia for the latter two. These represent
some of the most conservative assumptions we could have implemented,
strengthening our conclusion that Lp(a) testing is cost-effective.

Thus, our results support widespread implementation of Lp(a)
testing — a massive scaling up compared to current intermittent and
sparse testing practices. We recommend that European and other gov-
ernments include Lp(a) testing as part of their national cardiovascular
health plans that are currently in development [5].

While beyond the scope of this work, it is worth noting that this
scaling will present challenges, such as education of clinicians and pa-
tients, generating widespread Lp(a) testing capability and capacity, and
ensuring that the scale-up does not exacerbate pre-existing health
inequality. Indeed, just in Australia and the UK, based on the prevalence
of CVD in the UK Biobank and population estimates [60,61], there are an
estimated 8.5 and 26.5 million people, respectively, who would be
recommended for an Lp(a) test based on our study. These factors have
been discussed at length in the Brussels International Declaration on Lp
(a) Testing and management [62]. Nevertheless, scaling up will also
have benefits we have not accounted for, such as economies of scale (for
example, Lp(a) testing will become much cheaper with a greater number
of tests performed), aligning with the principle that people have the
right to access important health information, implementation of more
efficient screening strategies such as cascade screening, and preparing
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the screening infrastructure for when Lp(a) lowering medications are
clinically available.

4.2. Strengths and limitations

Strengths of this study include that the model was based on a large
population and effects of interventions on CVD were derived from real-
world evidence (i.e. Mendelian randomisation) and lifetime risk factor
trajectories, thereby including the cumulative, causal effects of risk
factors on CVD risk.

Nevertheless, there are important limitations to the present study
that warrant mention. First, the UK Biobank study has a “healthy
volunteer” bias [63], meaning the CVD and mortality rates in the model
may be underestimates. However, underestimating event risk would be
conservative and thus our estimates of benefits of Lp(a) testing are likely
underestimates due to this limitation, strengthening our conclusion that
Lp(a) testing is likely cost saving. Second, the epidemiological structure
of the model is not that of a randomised clinical trial, being based
instead on causal data from Mendelian randomisation, meaning addi-
tional caution is required for interpretation of the results.

Third, the underlying event rates were all drawn from the UK and
from a predominantly white population, which may not be representa-
tive of the breadth of countries for which results were presented in this
analysis or other non-white populations; nevertheless the UK has a CVD
mortality rate that is among the lowest in Europe [64], and non-white
ethnicities have higher rates of CVD [65], again implying our results
may underestimate the benefit of Lp(a) testing, except for countries and
ethnicities with significantly lower CVD rates. Similarly, we only
included high-income countries; studies specific to low and middle in-
come countries will need to performed in the future. Fourth, many of the
model inputs and assumptions, particularly the Mendelian random-
isation inputs, had a high degree of uncertainty, although our results
were robust to sensitivity analyses that would partly account for this.

Fifth, the model only included MI and stroke as the two most com-
mon CVDs, while other less common CVDs (such as peripheral artierial
disease, aortic valve stenosis, and heart failure) would be impacted by
Lp(a) testing, again implying our results may underestimate the benefits
of Lp(a) testing. Sixth, because the SCORE-2 algorithm and, thus, current
guidelines essentially only recommend pharmacological primary pre-
vention of CVD from age 40 years, our starting population did not
include people below this age. It is thus unclear whether Lp(a) testing
would be cost-effective at a younger age, although cost effectiveness was
greater at younger ages in the present study and earlier reclassification
of risk and behaviour changes, lifestyle changes and treatment with
statins would lower the lifetime risk of cardiovascular events [12].
Further studies are needed to determine the cost-effectiveness of Lp(a)
testing at younger ages, particularly in an attempt to detect people with
very high Lp(a) that may be at risk of a very early onset of CVD.

Seventh, modelling necessitates a loss of clinical nuance in the
treatment of individuals in the model and reduces clinical practice to
rigid practice points and assumptions. Indeed, we did not simulate
lifestyle interventions as these are highly individual-specific and would
be offered to people regardless of cardiovascular risk, although they may
be intensified in people with high Lp(a), which is an area for future
study. We endeavored to make conservative assumptions about treat-
ment practices to strengthen the conclusions about cost-effectiveness.
Finally, we did not include treatment side-effects in this study as these
are rare [39,66] or a disutility associated with pill taking as it is insig-
nificant [67].

5. Conclusion

Lp(a) testing to reclassify CVD risk in the primary prevention pop-
ulation aged between 40 and 69 years is a highly cost-effective way to
prevent CVD. Implementation of Lp(a) testing is not only highly war-
ranted from a clinical perspective, but is likely to come with a financial
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return on investment when considered from the societal perspective.
Our results support the immediate implementation of Lp(a) testing in
primary prevention populations of high-income countries.

Patient and public involvement

Patients and advocates were actively involved in the research
through FH Europe Foundation. Patients with elevated Lp(a) contrib-
uted from the outset as part of the Lp(a) International Task-force (ITF),
participating in online and in-person meetings, including the ITF
meeting during the ESC Congress (Amsterdam, 2023) and the ITF
meeting during the EAS Congress (Lyon, 2024). A broader patient
community was informed during the FH Europe Foundation Annual
Network Meeting (Amsterdam, 2023).
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