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Abstract
Objectives: Treatment thresholds based on risk predictions can be optimized by considering various health (economic) outcomes and
performing marginal analyses, but this is rarely performed. We demonstrate a general approach to identify treatment thresholds optimizing
individual health (economic) outcomes, illustrated for statin treatment based on 10-year coronary heart disease (CHD) risk predicted by the
Framingham risk score.

Study Design and Setting: Creating a health economic model for a risk-based prevention strategy, risk thresholds can be evaluated on
several outcomes of interest. Selecting an appropriate threshold range and decrement size for the thresholds and adapting the health eco-
nomic model accordingly, outcomes can be calculated for each risk threshold. A stepwise, or marginal, comparison of clinical as well as
health economic outcomes, that is, comparing outcomes using a specific threshold to outcomes of the former threshold while gradually
lowering the threshold, then takes into account the balance between additional numbers of individuals treated and their outcomes (addi-
tional health effects and costs). In our illustration, using a Markov model for CHD, we evaluated risk thresholds by gradually lowering
thresholds from 20% to 0%.

Results: This approach can be applied to identify optimal risk thresholds on any outcome, such as to limit complications, maximize
health outcomes, or optimize cost-effectiveness. In our illustration, keeping the population-level fraction of statin-induced complications
!10% resulted in thresholds of T 5 6% (men) and T 5 2% (women). Lowering the threshold and comparing quality-adjusted life-years
(QALYs) after each 1% decrease, QALYs were gained down to T 5 1% (men) and T 5 0% (women). Also accounting for costs, net health
benefits were favorable down to T 5 3% (men) and T 5 6% (women).

Conclusion: Using a stepwise risk-based approach to threshold optimization allows for preventive strategies that optimize outcomes.
Presenting this comprehensive overview of outcomes will better inform decision makers when defining a treatment threshold. � 2017
Elsevier Inc. All rights reserved.
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1. Introduction

Risk prediction models are tools that combine multiple
predictors by assigning relative weights to each predictor
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to estimate the probability of a current (diagnostic model)
or future (prognostic model) outcome [1]. Based on thresh-
olds specifying certain risks, individuals can be classified
into risk categories, which allow tailoring of preventive
treatment to individuals who are at high risk and therefore
expected to benefit most. In this manner, risk prediction
models have become an important aid in clinical decision
making [2]. For instance, individuals at high risk (O20%)
for coronary heart disease (CHD), according to a Framing-
ham risk score (FRS), are commonly recommended preven-
tive statin treatment [3,4].
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What is new?

� Identifying the optimal threshold based on risk-
based (marginal) outcomes provides a treatment
threshold above which the preventive treatment
will not only be cost-effective on average across
the risk levels of all treated individuals, but it will
be cost-effective for all risk levels of treated indi-
viduals. Evaluating risk-based (marginal) out-
comes is essential in gaining a comprehensive
evidence base to inform society, as well as decision
makers and developers of treatment guidelines, on
the consequences of defining a particular treatment
threshold and inform them in defining the most
suitable and adequate threshold. Using health eco-
nomic modeling and a stepwise (or marginal) risk-
based approach to treatment threshold optimization
treatment, such as proposed in this paper, risk-
based (marginal) outcomes can be evaluated and
treatment thresholds can be identified that optimize
such outcomes, providing the required comprehen-
sive evidence base.
Risk-based treatment thresholds, such as for CHD pre-
vention, are commonly specified in clinical guidelines.
They implicitly aim to trade-off effectiveness and possible
harms, as well as costs, of preventive treatment [5e7].
Whereas such evidence-based thresholds are ideally
derived from randomized (prediction-treatment) trials
studying benefits, harms, and costs of introduction of
risk-based prevention strategies, these are often infeasible
and rarely performed [8,9]. Instead, health economic
models may be constructed to assess the cost-
effectiveness of a risk predictionebased preventive treat-
ment strategy, including the application of a specific risk
threshold. In such evaluations, commonly, only one or a
few risk thresholds are evaluated. Hence, the evaluated
threshold with best performance may not actually be
optimal when a much larger range of thresholds would have
been considered [10e12]. As many existing treatment
thresholds are derived from evaluations with the aforemen-
tioned limited scope, current preventive strategies may
therefore not be optimal.

The identification of an optimal treatment threshold may
be improved in two ways. First, for example, Pandya et al.
have evaluated the cost-effectiveness of a number of 10-
year atherosclerotic cardiovascular disease (ASCVD) risk
thresholds, using the new ASCVD risk score, to find its
optimal value based on the incremental cost-effectiveness
ratio (ICER) [6,13]. Sporadically, similar studies have eval-
uated the impact of a (limited) number of thresholds to
select the one optimizing a specified outcome [13e19].
Instead of only evaluating thresholds on a single specific
outcome, such as the ICER, insight into intermediate, clin-
ical outcomes (e.g., numbers of treated individuals or com-
plications) as well as long-term outcomes (e.g., life-years
or costs) may be very informative for decision makers
and clinicians who will ultimately define and apply the
optimal threshold. Second, recent threshold studies have
focused on absolute, or average, outcomes, that is, out-
comes when using one specific threshold, or incremental
outcomes, that is, the difference between outcomes when
using a specific threshold and outcomes when using the
current threshold as specified in guidelines [13,17,20,21].
Based on these average or incremental outcomes, one
may conclude that applying a prediction model using a
(new) threshold may be cost-effective, but as outcomes
are averaged over groups of individuals with different risks,
this threshold may not be optimal on the level of individual
patients. For example, if a new 5% threshold has shown to
be cost-effective compared to an original 20% threshold,
this implies that the treatment is on average cost-effective
across all individuals with predicted risks between 5%
and 20%. However, it may be the case that the treatment
is cost-effective among the individuals that have a risk be-
tween 8% and 20% but not among the individuals in the
5e8% risk category. In that case, the 8% threshold would
thus be optimal, for all targeted individuals, which will
not be identified if only a one new threshold (5%) or a
few (e.g., 5%, 10%, 15%) are evaluated. Assessing mar-
ginal outcomes, that is, the difference in outcomes when us-
ing risk thresholds that are varied gradually in small steps
may thus provide key additional information [20,21].

Considering various (intermediate) outcomes and perform-
ing marginal analyses for the identification of a treatment
threshold are rarely performed, and a general structured
approach to identify optimal treatment thresholds is currently
lacking. In this paper, we demonstrate such an approach to
identify optimal treatment thresholds and illustrate this
approach in a simplified case study for identifying the
threshold for risk-based preventive statin treatment for CHD.
2. Methods

We propose a general approach of six steps to identify
the optimal risk-based treatment threshold based on mar-
ginal comparison and resulting in multiple (intermediate)
outcomes for decision makers, which is depicted in
Fig. 1. These steps will be explained below and are illus-
trated by the following simplified example.

In this illustration, we aim to identify the risk-based treat-
ment threshold for CHD prevention by statin treatment and
evaluate the use of the adult treatment panel (ATP) III guide-
line, which recommends statin treatment for CHD prevention
in individuals classified into the high-risk category (FRS
O 20%) [3,4]. Recently, it has been demonstrated that statins
also reduce cardiovascularevents in peoplewith (much) lower
risk [22]. Lowering the current threshold might further
improve health outcomes [6,23,24], but this may also lead to



Fig. 1. Approach to identify optimal risk-based treatment thresholds. FRS, Framingham risk score; QALYs, quality-adjusted life-years; NHB, net
health benefit.
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medicalization, increasing the health care costs and the inci-
dence of statin-induced complications in the population
[24e26]. We aim to evaluate thresholds lower than 20% and
provide decision makers with more extensive information to
identify an optimal treatment threshold. We want to emphasize
that this clinical example and the data used are for illustrative
purposes only. Determination of the actual optimalCHD treat-
ment threshold warrants further research (see Section 4).

2.1. Define outcomes and create health economic model

The identification of optimal treatment thresholds starts
with defining criteria and outcomes of the risk-based pre-
vention strategy under study that you wish, or are required,
to present to clinicians or decision makers to enable them to
select the optimal threshold. Examples are the evaluation of
certain health events, treatment-induced complications, ex-
pected life-years, or expected costs per quality-adjusted
life-year (QALY), as required by the guidelines of the Eu-
ropean network for Health Technology Assessment and the
National Institute for Health and Care Excellence [27,28].
Subsequently, a health economic model will be created to
evaluate these outcomes for the risk-based prevention strat-
egy under study.

First, we investigated a clinical, intermediate outcome:
the complication fraction, that is, the fraction of the popu-
lation suffering from statin treatmenteinduced complica-
tions (mild or severe). Second, we assessed QALYs and
third cost-effectiveness. We measured cost-effectiveness us-
ing the net health benefit (NHB), which is defined as the dif-
ference between two strategies (here: thresholds) in QALYs
minus the difference in costs divided by the willingness to
pay (WTP, US$50,000/QALY) [29e33]. A positive NHB
value implies that the balance between additional health ef-
fects and additional costs of the new strategy (here:
threshold) is favorable and vice versa. This measure was cho-
sen because it is more robust than the ICER in this type of
optimization [30]. For more details on (calculation of) the
NHB, see Supplemental Methods II at www.jclinepi.com.

A Markov decision-analytic model was created to first
evaluate the outcomes of risk-based preventive statin treat-
ment following the ATP III guideline [4,34]. In the model,
individuals could remain healthy, experience a fatal or
nonfatal myocardial infarction (MI), or die from other
causes (Supplemental Fig. 1 at www.jclinepi.com) [35].
In addition, individuals receiving preventive statin treat-
ment could experience mild or severe adverse treatment
events resulting in QALY losses. Each health state was as-
signed a utility value, which was subsequently used to
calculate QALYs over the evaluation period of 30 years
[36]. Additional information on the health economic model
and its input parameters on costs, statin treatment, and util-
ities can be found in Supplemental Methods II and
Supplemental Table 1 at www.jclinepi.com.

2.2. Select threshold optimization parameters

A relevant range of treatment thresholds and decrement
size should be defined, for which outcomes will be evalu-
ated. The range of threshold may for instance be based
on an interval surrounding the current treatment threshold
recommended in a guideline. Evidence on treatment in risk
groups and costs of the preventive treatment may give an
indication of whether the optimal threshold may be lower
or higher than the one recommended in the guideline.
The decrement size may be selected according to a trade-
off between achieving accurate thresholds and clinical rele-
vance as well as data availability. A smaller decrement size
allows identification of more accurate optimal threshold but
requires a large amount of data (see Section 4).
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As statins have been shown to reduce cardiovascular
events in individuals with (much) lower cardiovascular risk
than the current treatment threshold in the ATP III guide-
line of 20% [22], we evaluated risk-based preventive statin
treatment with marginally lower treatment thresholds over
the entire relevant range of 20e0%. Based on our data
availability, we used decrements of 1% to ensure a suffi-
cient number of individuals were present in each risk cate-
gory, providing a clinically relevant threshold accuracy
(see next step).

2.3. Calculate prediction input parameters

In order to calculate health effects and costs of the risk-
based prevention strategy for each treatment threshold, we
require the distributions of individuals over risk categories
for all treatment thresholds in the selected threshold range.
Hence, a population data set is required in which predicted
risks can be calculated for each individual. Subsequently,
numbers of individuals in each risk category, and their
average event risk, can be obtained for each of treatment
threshold.

For each individual in the Atherosclerotic Risk in Com-
munities data (a cohort of 15,792 persons sampled from
four US communities for a prospective study of cardiovas-
cular disease), risk predictions were calculated (see
Supplemental Methods I at www.jclinepi.com) [37]. Subse-
quently, each individual was classified into the low/non-
treated (!T%) or high/treated risk category (�T%) for
each threshold T (0e20%). For each threshold, the distri-
bution of individuals over the risk categories, as well as
their average predicted CHD risk within the risk category,
was calculated.

2.4. Evaluate model for all relevant thresholds

The health economic model can now be used to evaluate
the outcomes of interest for each treatment threshold T. As
with any health economic evaluation, outcomes may be
evaluated for a hypothetical cohort over a selected time ho-
rizon and sensitivity analysis may be performed to assess
the uncertainty in the outcomes.

We simulated cohorts of 100,000 men and women at low/
nontreated, or high/treated CHD risk. Costs and QALYs
were evaluated for a time horizon of 30 years, and a dis-
counting rate of 3% for costs and effects according to US
guidelines was applied [38]. The uncertainty in outcomes
was evaluated with probabilistic sensitivity analysis
(PSA) and Monte Carlo simulation based on 10,000
samples (parameter distributions can be found in
Supplemental Table 1 at www.jclinepi.com).

2.5. Compare outcomes for all relevant thresholds

Health economic evaluations generally apply incremental
comparison of a new strategy, or intervention, compared to
usual care, that is, outcomes using threshold T compared
with outcomes using guideline threshold TG. We recommend
the application of marginal comparison in which outcomes
using threshold T are compared with outcomes at former
threshold Tþ1%. Thereby, it investigates the balance be-
tween additional numbers of individuals treated and their
outcomes (additional health effects and costs) [21,39].
Conceptually, the difference between incremental and mar-
ginal outcomes is that the marginal comparison reveals the
outcomes (e.g., costs, life-years, QALYs) of switching from
one treatment threshold to the next, that is, average out-
comes of individuals with a predicted risk between threshold
T and Tþ1%, whereas incremental comparison reflects the
outcomes using a new treatment threshold T compared to
the guideline threshold TG, that is, average outcomes of in-
dividuals with a predicted risk between threshold T and TG.

In the incremental comparison, QALYs and costs at a
selected threshold T were compared with those at TG
5 20% (guideline threshold), whereas in the marginal com-
parison, QALYs and costs at a selected threshold T are
compared with those at the former threshold Tþ1%. For
instance, the difference between the incremental and mar-
ginal NHB is that the marginal comparison reveals the
NHB of switching from one treatment threshold to the next,
hence, the average NHB for individuals with a predicted
risk between these two thresholds, whereas incremental
comparison reflects the NHB of a new treatment threshold
compared to the guideline threshold, averaged over all in-
dividuals with a predicted risk between the selected and the
guideline threshold.
2.6. Define optimal threshold

Finally, the treatment threshold can now be defined ac-
cording to a preferred criterion, such as the threshold opti-
mizing the absolute, incremental, or (preferably) marginal
outcomes of interest, as discussed or required by decision
makers. A comprehensive overview of optimal thresholds
optimizing intermediate clinical as well as long-term
cost-effectiveness outcomes can now be presented to the
decision makers.

To define the optimal treatment threshold, the following
three criteria were specified based on the outcomes of inter-
est: (1) restraining treatment-induced complications: the
threshold for which individuals were treated as long as
the complication fraction in the population was below
10%, (2) maximizing QALYs: the lowest threshold that re-
sulted in positive marginal QALYs (corresponding to the
threshold where the highest number of incremental QALYs
is achieved and including QALY losses in case of statin use
complications), and (3) maximizing cost-effectiveness: the
lowest threshold that resulted in a positive marginal NHB
(corresponding to the threshold where the highest incre-
mental NHB is achieved). With this overview of clinical
(complication rate/QALYs) as well as health economic
(NHB) outcomes, decision makers will have extensive infor-
mation to define the optimal threshold.

http://www.jclinepi.com
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Table 1. Main outcomes of the health economic evaluation

Absolute outcomes at selected
treatment thresholds

Absolute outcomes

T [ 20% T [ 5% T [ 4% T [ 3% T [ 2% T [ 1% T [ 0%

Men
Fraction treated 0.34 71.28 83.90 93.28 98.57 99.89 100.00
Total annual risk of MI 1.01 0.81 0.79 0.78 0.78 0.78 0.78
Complication fraction 0.05 12.48 14.76 16.48 17.45 17.70 17.72
Life-years 15.278 15.330 15.335 15.337 15.338 15.338 15.339
QALYs 12.621 12.680 12.685 12.688 12.689 12.689 12.689
Costs (US$) $2,336 $3,413 $3,580 $3,696 $3,771 $3,823 $3,866

Women
Fraction treated 0.53 18.99 27.09 39.57 57.92 84.72 100.00
Total annual risk of MI 0.48 0.43 0.42 0.40 0.39 0.38 0.38
Complication fraction 0.08 3.24 4.67 6.92 10.24 15.14 17.95
Life-years 17.164 17.185 17.190 17.196 17.202 17.208 17.209
QALYs 13.696 13.714 13.717 13.721 13.726 13.730 13.734
Costs (US$) $1,301 $1,781 $2,021 $2,346 $2,764 $3,279 $3,886

Incremental and
marginal outcomes
for lowering
treatment
thresholds

Incremental comparison Marginal comparison

5-20% 4-20% 3-20% 2e20% 1e20% 0e20% 4-5% 3-4% 2-3% 1-2% 0-1%

Men
QALYs 0.055 0.060 0.064 0.066 0.066 0.066 0.005 0.003 0.001 0.000 0.000
Costs (US$) $1,077 $1,244 $1,360 $1,435 $1,487 $1,530 $167 $116 $75 $52 $42
NHB 0.034 0.035 0.036 0.037 0.037 0.035 0.001 0.001 0.000 �0.001 �0.001

Women
QALYs 0.018 0.021 0.025 0.029 0.034 0.038 0.004 0.004 0.004 0.004 0.004
Costs (US$) $480 $720 $1,045 $1,463 $1,977 $2,584 $241 $325 $418 $514 $607
NHB 0.007 0.006 0.004 0.000 �0.005 �0.013 �0.001 �0.003 �0.004 �0.006 �0.008

MI, myocardial infarction; QALYs, quality-adjusted life-years; NHB, net health benefit for a willingness to pay (WTP) of $50,000/QALY.
In the incremental comparison, QALYs and costs at a selected threshold T are compared with those at T 5 20%. In the marginal comparison,

QALYs and costs at a selected threshold T are compared with those at the former threshold Tþ1%.
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3. Results

Calculating the 10-year predicted CHD risk for each in-
dividual and classifying them according to the ATP III
guideline resulted in 5,402 (99.7%) men and 6,811
(99.5%) women at low to moderate CHD risk (!20%)
and 19 (0.3%) men and 37 (0.5%) women at high CHD risk
(�20%) and hence eligible for treatment. Preventively
treating high-risk individuals at T 5 20% resulted, on
average, in 12.621 QALYs for men and 13.696 QALYs
for women, whereas costs were $2,336 for men and
$1,301 for women. Further intermediate and long-term ab-
solute outcomes for this strategy can be found in Table 1.

3.1. Compare outcomes for all thresholds and identify
optimal thresholds

Lowering the treatment threshold, the treatment fraction,
and thereby the fraction of the population suffering from
mild statin-induced complications monotonically increased
from 0.1% of both men and women at T 5 20% to 17.7%
of men and 18.0% of women when preventively treating
everyone at T 5 0% (Table 1, Fig. 2). Identifying the
optimal treatment threshold according to the first criterion,
that is, aiming to keep the fraction of mild statin-induced
complications in the population below 10%, resulted in a
threshold of T 5 6% for men and approximately T 5 2%
for women (Table 1, Fig. 2).

Preventively treating more individuals through a lower
treatment threshold resulted in an increase in QALYs to a
maximum of 12.689 QALYs for men at T 5 1% and
13.734 QALYs for women at T 5 0% (Table 1).
Comparing outcomes at threshold T to usual care
(T 5 20%) showed that in men and women, incremental
health benefits in the population, measured in QALYs,
were larger than 0 for any threshold T. In a population of
100,000 men and 100,000 women, a maximum of 6,815
QALYs could be gained in men and 3,800 QALYs in
women, when lowering the treatment threshold to
T 5 1% and T 5 0%, respectively (Fig. 3A). Correspond-
ingly, lowering the treatment threshold by decrements of
1% and comparing outcomes at threshold T to those at
the former threshold Tþ1%, as opposed to T 5 20%,
showed that marginal QALYs were positive down to
T 5 1% for men and for every threshold down to
T 5 0% for women (Table 1, Fig. 3B). Hence, following
the second criterion, identifying the lowest threshold that
resulted in positive marginal QALYs (and thereby the
maximum absolute as well as incremental QALYs in the



Fig. 2. Complication fraction of statin treatment at varying treatment
thresholds. At diminishing treatment thresholds, the fraction of mild
statin-induced complications among men and women in the total pop-
ulation is shown.
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population) resulted in a threshold of T 5 1% in men and
T 5 0% in women (Fig. 3).

Additionally taking into account the costs of these pre-
ventive strategies, the incremental NHB, that is, the NHB
in the population using the threshold T compared to the
guideline (T 5 20%) threshold, was favorable (larger than
0) for every threshold down to T 5 0% for men and down
to T 5 2% for women using a WTP of $50,000/QALY
(Table 1, Fig. 4A). The incremental NHB achieved a
maximum at T 5 3% for men and at T 5 6% for women,
with an NHB of 3,919 QALYs among 100,000 men and
834 QALYs among 100,000 women. Correspondingly, the
marginal NHB, that is, the NHB in the population using
the threshold T compared to the former threshold Tþ1%
was favorable (larger than 0) down to T 5 3% for men
and T 5 6% for women (Table 1, Fig. 4B). According to
the third criterion, that is, the lowest threshold that resulted
in a positive marginal NHB, these latter thresholds were
thereby the identified optimal thresholds.

4. Discussion

The need for rigorous evidence assessment, including ev-
idence on cost-effectiveness, in the development of guide-
lines of risk-based preventive medicine is increasingly
recognized [7,40]. Given the constraints to conducting
large-scale, long-term clinical trials of the implementation
of risk-based strategies, while there is a need to evaluate
many new risk-based prevention strategies, it is clear that
modeling strategies are becoming increasingly important
[8,9]. We have illustrated how a general threshold evaluation
approach, based on health economic modeling combined
with absolute/average, incremental and marginal analysis,
of the full relevant range of treatment thresholds, can provide
a comprehensive overview of intermediate clinical outcomes
as well as long-term cost-effectiveness outcomes. These out-
comes can inform society, as well as decision makers and
developers of treatment guidelines, on the consequences of
defining a particular threshold and inform them in defining
the most suitable and adequate threshold.

The health economic model we developed for this study
served the purpose of an illustration of our threshold evalua-
tion approach. Determination of the actual optimal treatment
threshold for CHD prevention warrants further research
focusing on the need to extend this illustrative example model
to better reflect clinical practice, for instance by performance
of systematic literature reviews and meta-analyses for input
of parameters and performing model validation. Additionally,
there may be ethical (nonhealth economic aspects) arguments
for selection of a certain threshold. As it was our aim to illus-
trate our approach and not to evaluate and optimize preven-
tive statin treatment in great detail, our illustration evaluates
a guideline threshold (ATP III), which has recently been up-
dated, and includes some simplifying assumptions that may
have influenced the outcomes of the model [4,6]. Neverthe-
less, this general optimal threshold identification approach
is not restricted to any risk prediction model assumptions
and may as well be applied to other risk prediction models,
such as the ASCVD model or European SCORE model
[6,41]. The approach may just as well be applied to other dis-
eases as well as to treatment thresholds not based on risk,
such as blood pressure, fasting plasma glucose, or other
biomarker levels.

As preventive treatment strategies are known to result in
small improvements in outcomes, also following from our
results (Table 1), in marginal comparison, improvements
in outcomes will be even smaller. This implies that large
data sets are required to estimate a smooth pattern in mar-
ginal outcomes over the threshold range. When lowering
the treatment threshold, depending on the risk prediction
model used and the risk distribution of the cohort, across
some decrements, only few additional individuals will be
treated. If these numbers become very small, the sampling
variation in the PSA may outweigh the small difference in
outcomes between two subsequent treatment thresholds.
The level of accuracy that can be obtained through optimi-
zation will then depend on the amount of evidence and the
variation in outcomes from simulating the model. If, with
common random numbers to reduce sampling variation
(which was used in our illustration), variation remains pre-
sent, statistical techniques may be used to smooth the out-
comes, which was done here for the marginal outcomes of
the QALYs and the NHB, and/or a larger step size between
thresholds may be applied. While in our example, decre-
ments of 1% where chosen, smaller decrements may be
applied to achieve more accurate treatment thresholds.
The optimal threshold may of course take any value and
is likely not to be a rounded number, but guidelines are ul-
timately likely to round the treatment threshold to the near-
est integer for convenience and clinical relevance.

As opposed to earlier studies evaluating only a certain
number of thresholds on a few outcomes [14e16,18,19],
we were able to provide a full range of outcomes giving



Fig. 3. QALYs of statin prevention at varying treatment thresholds. (A) Health benefits in the general population. (B)Marginal QALYs. Panel (A) shows the
incremental QALYs that may be gained in the general population (N5 100,000men or women) when using treatment threshold T instead of the original
treatment thresholdT520%.Panel (B) shows themarginal QALYs (per individual), that is, theQALYs gainedwhen using treatment threshold T instead of
the former threshold Tþ1% when lowering the treatment threshold. For instance, the value at 0.08 is the difference between the QALYs achieved at
threshold T5 8% and the QALYs achieved at threshold T 5 9%. From panels (A) and (B), it can be seen that the threshold where the marginal QALYs
(formen) drop below zero corresponds to the one where the incremental QALYs reach theirmaximum. This is explained by the fact that while themarginal
QALYs remain positive, overall incremental health benefits will continue to accumulate, whereas when they becomenegative (at|0.5% formen), treating
additional men below this threshold will incur a QALY loss, thereby decreasing the overall health benefits. QALYs, quality-adjusted life-years.
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Fig. 4. Net health benefit of statin prevention at varying treatment thresholds. (A) Incremental net health benefit in the general population. (B)
Marginal net health benefit. Panel (A) shows the incremental net health benefit (NHB) in the general population (N 5 100,000 men or women),
that is, comparing QALYs and costs at threshold T to those at the original treatment threshold T 5 20%. The incremental NHB at T was defined as
[QALYs(T) e QALYs(TG)] e [costs(T) e costs(TG)]/WTP, where T is the currently selected threshold, TG the threshold according to the guidelines,
and WTP the willingness to pay, here $50,000/QALY. Panel (B) shows the marginal NHB (per individual), that is, comparing QALYs and costs at
threshold T to those at the former threshold Tþ1%. The marginal NHB at T was defined as [QALYs(T) e QALYs(Tþ1%)] e [costs(T) e cost-
s(Tþ1%)]/WTP, with a WTP of $50,000/QALY [31e33]. In both figures, a positive NHB implies that the additional health effects outweigh the
additional costs, whereas for a negative NHB, this balance is unfavorable. From panels (A) and (B), it can be seen that the threshold where the
marginal NHB drops below zero corresponds to the one where the incremental NHB reaches its maximum. This is explained by the fact that while
the marginal NHB remains positive, the overall incremental NHB will continue to accumulate, whereas when it becomes negative (e.g., at |5% for
women), treating additional women below this threshold will incur a loss in NHB in these women, thereby decreasing the overall NHB.
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guideline developers the freedom to define a threshold opti-
mizing a preferred outcome. In our illustration, we identi-
fied treatment thresholds by specifically restraining the
complication fraction or optimizing the marginal QALYs
or NHB. Other outcomes, such as treatment fraction, MI
risk, or life years, can also easily be extracted from the
health economic model and applied to optimization of the
treatment threshold (Table 1). In addition, the overview of
all potentially relevant outcomes provides insight into the
trade-off between different outcomes. For example, it is
easy to identify the number of complications from preven-
tive treatment that can be expected when the treatment
threshold is based on maximized (marginal) NHB. We
emphasize the importance of gaining evidence on the bal-
ance between additional numbers of individuals treated
and their health effects and costs, requiring the proposed
marginal analysis. Identifying the optimal threshold using
marginal (risk-based) outcomes provides a threshold above
which the preventive treatment will not only be cost-
effective on average over all treated individuals, but it will
be cost-effective in every treated individual.

Many approaches can be taken when defining a treatment
threshold, for the introduction of risk-based medicine. A
comprehensive evidence base for the definition of such thresh-
olds, including a marginal comparison of intermediate as well
as long-termoutcomes over the entire range of relevant thresh-
olds, is essential to fully inform discussions on appropriate
threshold values. Regardless whether the goal is to limit com-
plications, maximize health outcomes, optimize cost-
effectiveness, or minimize costs, this study presents a feasible
approach to identifying the threshold accordingly.
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