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Chapter 1.

Cardiovascular disease (CVD), including atherosclerotic cardiovascular disease (ASCVD)
and heart failure (HF), is the most common non-communicable disease worldwide.! In
2020, the global prevalence of CVD was estimated at 607 million cases.? An estimated 64
million people are living with HF worldwide, which comes down to 1-2% of the general adult
population.®> CVD is also the leading cause of death, with 19 million deaths attributable
to CVD each year, accounting for 32% of all deaths."? Patients with HF have an especially
poor prognosis, with 5-year mortality rates as high as 43-75%.? Besides imposing a burden
on patients, CVD also imposes a huge economic burden, with a yearly expenditure of $407
billion in the United States alone, and $100 billion for HF globally.>* Due to population
ageing, unhealthy lifestyle habits, and the growing burden of obesity, the prevalence of CVD
is on the rise. From 2010 to 2020, prevalence increased by 29%, and CVD mortality by 19%.?
These numbers are expected to increase even further in upcoming years. Therefore, efforts

to reduce the global burden of CVD are of paramount importance.

Residual risk in cardiovascular disease

Over the years, several factors contributing to the development of CVD have been identified.
Risk factors most commonly recognized in clinical practice include smoking, hypertension,
hypercholesterolemia, and diabetes mellitus (DM). Traditionally, preventive treatments
for CVD have mainly focussed on modifying these conventional risk factors. Evidence
collected across numerous clinical trials conducted over several decades has shown that
agents lowering low-density lipoprotein cholesterol (LDL-C), and systolic blood pressure
(SBP) significantly reduce the risk of (recurrent) CVD by ~20% per 1 mmol/L, and 10 mmHg
reduction respectively.>® The same has been proven for smoking cessation, antithrombotic
agents, and glucose-lowering therapies.”” Consequently, these therapies have become the
cornerstones of CVD prevention. For years, international guidelines have recommended
the following preventive measures for all patients with established ASCVD: stop smoking,
lower LDL-C to <1.8 mmol/L, lower SBP to <140 mmHg, and use antithrombotic therapy.'*"
Therefore, most patients with ASCVD in current clinical practice receive lipid-lowering,
blood pressure-lowering, and antithrombotic treatments.'> However, despite the routine
use of these conventional therapies, patients with ASCVD still remain at high risk of
recurrent CVD events. As already indicated above, the numbers of CVD cases and deaths
are increasing rather than decreasing. Also, it has been shown that even when conventional
risk factors are treated to guideline-recommended targets, more than half of all patients
with ASCVD would still have a 10-year risk of recurrent CVD >10%, which is classified
as very high risk.”* The risk of CVD events that remains after efforts have been made to
institute conventional preventive treatment options to a maximum extent, is referred to

as ‘residual risk’.
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General introduction

Residual risk in heart failure

The phenomenon of residual risk is also applicable to patients with HE. Over the last few
decades most patients with HF have been treated with a loop diuretic, beta-blocker, and an
angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB)."
These drugs have been demonstrated to reduce hospitalizations for HF and mortality in
clinical trials."s"'® Nevertheless, epidemiological data show that patients with HF remain
at high risk of hospitalization and mortality. In fact, mortality trajectories have stagnated
over the last few decades, despite considerable advances in HF therapy during that time.'*?
Recent data show that HF patients, on average, are still hospitalized about once each year,
and that the 5-year mortality rate is still as high as 57%.20%

Unresolved questions relating to residual risk
The fact that patients with ASCVD and HF have a high residual risk of CVD events and

mortality is concerning, and gives rise to the following questions:
1. Which factors contribute to the residual risk of CVD?
2. How can the residual risk of CVD be predicted for individual patients?
3. Which treatments can be used to reduce residual risk, and which patients benefit the

most from these treatments?

Factors contributing to residual risk

Before one can move to predicting and treating residual CVD risk, one first has to identify
factors that contribute to this risk. In addition to the previously mentioned conventional
risk factors, over the years, several novel risk factors for the development of ASCVD and
HF have been discovered. Many of these novel risk factors are linked to obesity. With the
growing burden of obesity, i.e. currently one-third of the global population is classified
as overweight or obese which has been estimated to increase to more than half of the

population by the year 2030, these factors are becoming increasingly important.*

Adverse effects of obesity

Obesity gives rise to several health issues. Most importantly, increased abdominal fat leads
to adipose tissue dysfunction which can increase blood pressure and triglyceride levels,
lower high-density lipoprotein cholesterol (HDL-c) concentrations, and cause insulin
resistance. These metabolic disturbances are often clustered in the metabolic syndrome.*
In addition, adipose tissue dysfunction also causes systemic inflammation, which is

therefore sometimes seen as an additional component of the metabolic syndrome.?* This
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Chapter 1.

can be measured by increases in the concentrations of C-reactive protein (CRP), an easily

obtainable plasma marker of systemic inflammation.?

Relevance to patients with established CVD

The metabolic syndrome, its individual components, and systemic inflammation have all been
shown to be associated with an increased risk of CVD.?"?® However, previous studies have
almost exclusively been performed in apparently healthy people, without a history of CVD.
So, the association between these novel risk factors and future CVD events in patients with
established CVD is largely unknown. Establishing these associations specifically in patients
with established CVD, may be important for several reasons. First, the pathophysiology of CVD
events may be different in patients who have already had an event in the past, and therefore the
influence of metabolic and inflammatory risk factors may be different. Second, patients with
established CVD regularly use drugs such as statins, antiplatelet drugs, and antihypertensive
agents, with effects on metabolic and inflammatory risk factors as well as CVD risk, potentially
affecting the association between these factors and CVD.* Finally, patients with established
CVD have a far greater risk of future CVD events than individuals without a history of CVD.
Therefore, identifying novel risk factors for CVD events in these patients is especially important,
as interventions targeting these factors will likely be more (cost-)effective in this population.
This has become increasingly relevant in the light of the results of recent clinical trials, which
have shown that anti-inflammatory drugs as well as an agent that lowers triglyceride levels,
further reduce future ASCVD events on top of conventional therapy in patients with coronary
artery disease (CAD) and any type of ASCVD respectively.’'-** Establishing the association of
metabolic and inflammatory risk factors with various cardiovascular outcomes (i.e. different
types of ASCVD events, and HF) in patients with various types of CVD, could help to identify
new potential target populations for these novel therapies.

In this way, identifying factors that contribute to residual CVD risk may have important
implications for both risk stratification (i.e. identification of patients with high residual

risk), and treatment (i.e. reducing residual risk in these patients).

Individualized prediction of residual CVD risk

Just knowing which factors contribute to residual CVD risk is not enough to find out
the risk of an individual patient, as this is usually determined by a combination of risk
factors, i.e. both conventional and novel risk factors. As risk factor levels vary considerably
between patients, there is also a wide distribution of residual risk, with some patients being

at very high risk of future CVD events, whereas others have a relatively low residual risk
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under conventional therapy.” Knowing the residual risk for individual patients in clinical
practice is important for several reasons. First, it allows physicians to communicate an
individualized prognosis to their patients. Patients often want to know what they can expect
in the future, in terms of their risk of recurrent events, and their anticipated (event-free)
life expectancy. Second, showing patients estimates of their residual CVD risk may increase
disease awareness, and thereby promote a healthy lifestyle and adherence to preventive
treatments. Finally, individualized risk predictions are an important basis for treatment
decisions. In patients with a high residual risk, intensive treatment may often be warranted
in order to reduce their risk to an acceptable level. Whereas in patients with a low residual
risk under conventional therapy, the benefits of adding more treatments may not outweigh
the costs, and risk of adverse events. International guidelines therefore recommend that
treatment decisions in the context of CVD prevention are based on an individual’s risk

factor levels, and predicted future risk of CVD events.!

Multivariate risk prediction

As an individual’s residual CVD risk is determined by a combination of multiple risk
factors, predicting this risk requires a multivariate approach. One such approach is the
use of multivariable prediction models. These models combine information on a selection
of patient characteristics to predict an individual’s risk of future events over a certain
time span. For patients with ASCVD, models that have been developed in line with the
most recent quality standards already exist.*® The SMART?2 risk score can be used to
predict the 10-year risk of recurrent CVD events in patients with established ASCVD.*
The SMART-REACH model can be used to predict lifetime CVD risk, and CVD-free life
expectancy in this same population.®® The use of these models to support clinical and shared
decision-making in patients with ASCVD is recommended by the 2021 European Society
of Cardiology (ESC) CVD Prevention Guidelines.!

Limitations of current prediction models for patients with heart failure

For patients with HF, over the years, numerous prediction models estimating the risk of
hospitalization for HF, and/or mortality have been developed.?-* However, these models
have several limitations. First, they often include a large number of predictors, and/or
measurements that are not routinely available, hampering their implementation in clinical
practice. Second, most models have not, or only to a limited extent, been validated in
external data, so their performance in new patients from outside the development cohort
remains unsure. Third, models predicting HF hospitalization and/or cardiovascular
mortality have mostly not been adjusted for competing risks, while patients with HF

generally have a high risk of non-cardiovascular death.*® Finally, the model predictions are
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limited to 2- to 5-year risks. To date, a model predicting lifetime risk, in terms of an overall
or HF hospitalization-free life expectancy, in patients with HF has not been developed.
Lifetime risk estimates for HF patients would be informative, as HF is a chronic disease,
and lifetime risks therefore are a more complete representation of a patient’s prognosis
than its short-term counterparts. Relying on short-term risk estimates to guide treatment
decisions may lead to undertreatment in younger patients with less advanced HF. As these
patients have a relatively low short-term risk of HF hospitalization and cardiovascular
death, intensive treatment may not seem beneficial. While in fact these patients may have
a high lifetime risk, and so their benefits from treatment may be considerable in the long
term. At the same time, it may lead to overtreatment in older patients with advanced HF, as
treatment benefits may be expected to be large in these patients due to their high short-term
risk, while in fact they have a relatively short life expectancy and can therefore only benefit
from treatment for a limited period of time. This concept is also applicable to patients
with ASCVD, and gave rise to the development of the earlier mentioned SMART-REACH
lifetime prediction model.*® The development of a similar model for patients with HF, that
also overcomes the other limitations described above, could be of significant value in the

management of patients with HF.

So, the prediction of individual residual CVD risk is an important first step in identifying
patients who could benefit from intensified treatment, which can be followed by the

prediction of individualized treatment effects.

Individualized prediction of treatment effects to reduce
residual CVD risk

In recent years, several new treatment options have become available, which can be used to
reduce residual risk in CVD patients. In patients with ASCVD, clinical trials have proven
that novel therapies including proprotein convertase subtilisin-kexin type 9 (PCSK9)
inhibitors, low-dose rivaroxaban, icosapent ethyl, and anti-inflammatory drugs such as
low-dose colchicine, reduce the risk of recurrent ASCVD events on top of conventional
therapy.3233442 Similarly, trials have demonstrated that mineralocorticoid receptor
antagonists (MRAs) and angiotensin receptor-neprilysin inhibition (ARNI) in patients
with HF with reduced ejection fraction (HFrEF), and sodium/glucose cotransporter 2
(SGLT2) inhibitors in both patients with HFrEF and HF with preserved ejection fraction
(HFpEF), further reduce the risk of HF hospitalization and cardiovascular mortality when
added on top of a beta-blocker, and an ACE inhibitor/ARB (or as a replacement for an ACE
inhibitor/ARB in the case of ARNI).** Current international guidelines include class I

and II recommendations for the novel preventive therapies in patients with ASCVD, as
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well as class I recommendations for the new HF therapies in patients with HFrEF.1046-48
However, despite guideline recommendations, the implementation of these therapies in

clinical practice is lacking.'*#*

Potential reasons for suboptimal uptake of novel therapies in clinical
practice

A potential reason for this is clinical inertia. Regarding patients with ASCVD, physicians
may think that as long these patients reach their LDL-C and blood pressure targets under
conventional therapy, they will by definition have an acceptable residual risk. Regarding
patients with HF, physicians may think that as long as a patient’s symptoms are stable and/
or mild, there is no need to consider additional treatment options. However, CVD by nature
is a progressive disease, and the ‘stable’ CVD patient therefore does not exist. Prediction
models estimating the residual CVD risk for individual patients may improve awareness
of this risk among physicians, as well as patients. Another reason could be that it may be
hard for physicians to convince their patients that the benefits of an additional treatment
outweigh the potential harms (i.e. side effects), and that it is therefore worthwhile to add
more medications to several they might already be taking. Finally, translating trial results to
individual patients in clinical practice is challenging. In trials, treatment effects are usually
reported in terms of an average hazard ratio. But it is often hard to judge whether this
hazard ratio is applicable to an individual. Relative treatment effects (i.e. the hazard ratio
of a treatment) can be influenced by individual patient characteristics, as well as a patient’s
baseline CVD risk.*"*? Also, even in case of a homogeneous relative treatment effect, there
will still be large differences between individuals in the absolute effects of treatment, due to
differences in residual CVD risk and remaining life expectancy.’> For example, a treatment
causing a 20% relative risk reduction will afford an absolute risk reduction (ARR) of 6% in
a patient with a residual risk of 30%, as compared to an ARR of only 2% in a patient with
a residual risk of 10%. In other words, on an absolute scale, the treatment is three times as
effective in the former as compared to the latter patient. The 2021 ESC CVD Prevention
Guidelines therefore recommend that decisions on the initiation of intensified treatments
are based on an individual’s predicted residual CVD risk, and that these treatments should

predominantly be considered in patients with a high or very high residual risk.'

Translating trial results to individual treatment effects

A way to translate group-level trial results to individual patients is through individualized
prediction of treatment effects. Heterogeneity of relative treatment effects can be assessed by
using trial data to derive multivariate models including treatment-by-covariate or treatment-

by-risk interaction terms.*"*? Absolute treatment effects can be estimated for individual
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patients by combining models predicting an individual’s CVD risk, with hazard ratios from
trials or meta-analyses.’**® Previous studies have already used these methods to predict
individualized treatment effects of conventional therapies, and selected novel therapies (e.g.
PCSKDY inhibitors, and low-dose rivaroxaban) in patients with ASCVD.?*>3%3 However,
this has not yet been done for icosapent ethyl or anti-inflammatory drugs such as low-dose
colchicine, two therapies that modify metabolic and inflammatory risk factors that may
play an important role in residual CVD risk. In patients with HFrEF, a previous study
has estimated the lifetime benefits of a comprehensive treatment regimen including a
beta-blocker, ARNI, MRA, and SGLT2 inhibitor, on a group level.”® But the prediction of
individual treatment benefits in patients with HF is yet to be performed.

Clinical implications of individualized treatment effects
Predicting individualized treatment effects of novel therapies in patients with ASCVD,

and HF could have several clinical implications. First, it could help identify patients with
a clinically relevant benefit from intensified treatment. Second, it might emphasize the
benefits of additional therapies, also in younger patients with less advanced disease in
whom the effects of treatment may often be underestimated in current practice. Third, it
could allow physicians and patients to weigh the anticipated benefits of a treatment against
its costs, and potential harms. Fourth, it might help physicians to communicate treatment
benefits to their patients, supporting shared decision-making, and potentially promoting
treatment adherence. All could support treatment decisions with respect to the initiation of
novel therapies, improving their use in patients that could benefit from them, which could
contribute to reductions in the residual risk of patients with ASCVD and HF.

Relevance of lifetime treatment benefits

Individualized estimates of lifetime treatment benefits in particular could be relevant as
in both patients with ASCVD and HF, therapies are usually continued lifelong. Lifetime
benefits therefore provide a more complete overview of the total benefit that can be expected
from a certain treatment in a certain patient. As with estimates of CVD risk, relying on
short-term estimates of treatment benefits may lead to undertreatment in younger patients
with less advanced disease.*® These patients have relatively small expected treatment benefits
in the short term, but a long projected treatment duration during which the treatment
may slow down the progression of the disease, which may result in substantial lifetime
benefits. Older patients with more advanced disease may be overtreated, as they have large
expected short-term benefits due to their high short-term risk of events, while in fact they
may have rather small lifetime benefits due to their short life expectancy limiting the total

treatment duration.”® The 2021 ESC CVD Prevention Guidelines therefore recommend

16



General introduction

that decisions on the initiation of intensified prevention strategies are not only based on
an individual’s 10-year residual CVD risk, but also on estimates of an individual’s lifetime

risk and treatment benefit."

Thesis objectives

The general objectives of this thesis are:
1. To investigate potential risk factors that contribute to the residual risk of ASCVD and
HF in patients with established CVD.
2. To predict residual CVD risk and the effects of intensified treatment for individual
patients with ASCVD and HF.

Thesis outline

Part I of this thesis focuses on potential inflammatory and metabolic risk factors
contributing to the residual risk of ASCVD and HF. In Chapter 2, the association of CRP,
as a marker of systemic inflammation, with ASCVD events and mortality is assessed in
patients with established CVD from the UCC-SMART cohort. Chapter 3 examines the
association between CRP and incident HF in this population. In Chapter 4, the relation
between the metabolic syndrome and incident HF is investigated in non-diabetic patients
with established CVD from the UCC-SMART cohort.

Part II of this thesis focuses on the prediction of residual CVD risk and treatment
effects in individual patients with ASCVD and HF. In Chapter 5, a prediction model for
individualized lifetime prediction of survival and treatment benefit in HFrEF is derived
and validated using data from over 66,000 patients with HFrEF. In Chapter 6, the lifetime
benefits of anti-inflammatory treatment with low-dose colchicine are estimated for over
36,000 individuals with coronary artery disease, and compared to those of intensified
lipid- and blood pressure-lowering therapy. In Chapter 7, modification of the treatment
effects of icosapent ethyl, a triglyceride-lowering agent, by individual residual CVD risk
is assessed in patients with ASCVD and elevated triglyceride levels from the REDUCE-IT
trial. In Chapter 8, the course of the effects of LDL-C reduction on CVD risk over time,
i.e. treatment duration and age, is investigated through a meta-analysis of 60 randomized

controlled trials.

The main findings of this thesis are discussed in Chapter 9.
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Chapter 2.
Abstract

Background

Anti-inflammatory drugs reduce the risk of cardiovascular events in patients with coronary
artery disease (CAD), but less is known about the relation between inflammation and
outcomes in patients with cerebrovascular disease (CeVD), peripheral artery disease (PAD),

and abdominal aortic aneurysm (AAA).

Methods

This study assessed the association between C-reactive protein (CRP) and clinical outcomes
in patients with CAD (n = 4,517), CeVD (n = 2,154), PAD (n = 1,154), and AAA (n = 424)
from the prospective UCC-SMART cohort. The primary outcome was recurrent CVD,
defined as myocardial infarction, ischemic stroke, or cardiovascular death. Secondary
outcomes were major adverse limb events (MALE) and all-cause mortality. Associations
between baseline CRP and outcomes were assessed using Cox proportional hazards models
adjusted for age, sex, smoking, diabetes mellitus, body-mass index, systolic blood pressure,
non-high-density lipoprotein cholesterol, and glomerular filtration rate. Results were
stratified by CVD location.

Results

During a median follow-up of 9.5 years, 1,877 recurrent CVD events, 887 MALE, and 2,341
deaths were observed. CRP was independently associated with recurrent CVD (hazard ratio
[HR] per 1 mg/L 1.08; 95% confidence interval [CI] 1.05-1.10), and all secondary outcomes.
Compared to the first quintile of CRP, HRs for recurrent CVD were 1.60 (95% CI 1.35-1.89)
for the last quintile <10 mg/L, and 1.90 (95% CI 1.58-2.29) for the subgroup with CRP >10
mg/L. CRP was associated with recurrent CVD in patients with CAD (HR per 1 mg/L 1.08;
95% CI 1.04-1.11), CeVD (HR 1.05; 95% CI 1.01-1.10), PAD (HR 1.08; 95% CI 1.03-1.13), and
AAA (HR 1.08; 95% CI 1.01-1.15). The association between CRP and all-cause mortality
was stronger for patients with CAD (HR 1.13; 95% CI 1.09-1.16) compared to other CVD
locations (HRs 1.06-1.08; p = 0.002). Associations remained consistent beyond 15 years

after the CRP measurement.
Conclusion

In conclusion, higher CRP is independently associated with an increased risk of recurrent

CVD and mortality, irrespective of prior CVD location.
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Introduction

Patients with established cardiovascular disease (CVD) are at high risk of recurrent
cardiovascular events, despite the routine use of lipid-lowering, blood pressure-
lowering, and antithrombotic therapy.' Besides traditional risk factors, chronic low-grade
inflammation has emerged as a driving force of atherosclerotic disease.? High-sensitivity
C-reactive protein (CRP) is a well-established plasma marker of chronic low-grade
inflammation.>* In people without a history of CVD, CRP has been shown to be associated

with cardiovascular events and mortality.®

However, the association between CRP and clinical outcomes is less well established in
patients with various types of CVD. Several studies have been performed in patients with
coronary artery disease (CAD), cerebrovascular disease (CeVD), and peripheral artery
disease (PAD), but these studies were limited by either a relatively small sample size,
short follow-up duration, or strict eligibility criteria, and all only focused on one type
of CVD.*"" To date, a study simultaneously assessing the association between CRP and
clinical outcomes in patients with various CVD locations has not been performed. In recent
clinical trials in patients with CAD, anti-inflammatory drugs have been proven to reduce
the risk of recurrent CVD."-'® Establishing the association between chronic low-grade
inflammation, as measured by CRP, and outcomes in patients with various CVD locations
could reveal a broader potential for anti-inflammatory therapy in atherosclerotic CVD,

which may guide future trials.

This study aimed to determine the association between CRP and recurrent CVD and

mortality in patients with various CVD locations.

Methods

Study population

Patients were from the Utrecht Cardiovascular Cohort-Second Manifestations of ARTerial
disease (UCC-SMART) study, an ongoing prospective cohort study of patients with
established CVD at the University Medical Centre Utrecht, the Netherlands.”” The study
was approved by the local Medical Ethics Committee (reference number 22-088), and all
participants gave their written informed consent. All patients with CAD, CeVD, PAD, and/
or abdominal aortic aneurysm (AAA; definitions in Table S1), enrolled between September
1996 and January 2020 were included (n = 9,005). Patients were enrolled in the cohort
at least 2 months after the qualifying event. Patients with multiple CVD locations were
assigned to the subgroup of their main CVD location at time of inclusion (i.e. their primary

diagnosis which led to their inclusion in the cohort). As CRP concentrations >10 mg/L are
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often assumed to be associated with an acute inflammatory response, these patients (n =

756) were analyzed as a separate group.'®

Data collection

Information on medical history and lifestyle, and physical examination and laboratory
measurements were obtained at baseline according to a standardized screening protocol.”
From 1996 to 2012, CRP was measured by immunonephelometry, and from 2013, it was
determined in heparin plasma on an AU5811 routine chemistry analyzer. These techniques
provide comparable results.” Missing data (<2.0% for all variables), were imputed by single

imputation using predictive mean matching.

Outcomes

The primary outcome was recurrent CVD, i.e. a composite of non-fatal myocardial
infarction, non-fatal ischemic stroke, or cardiovascular death. Secondary outcomes were the
primary outcome components, major adverse limb events (MALE), and all-cause mortality
(definitions in Table S2). Outcomes were adjudicated by 3 independent physicians from the

endpoint committee.

Statistical analysis

Baseline characteristics were displayed stratified by CRP quintiles, and CVD location.
Associations between clinical variables and CRP were assessed using linear regression
models. Kaplan-Meier curves were plotted for CRP quintiles and the subgroup with CRP
>10 mg/L.

Cox proportional hazards models were derived to determine the association between
CRP and primary and secondary outcomes, adjusted for potential confounders. First,
models were adjusted for age and sex. Then, models were additionally adjusted for CVD
location, smoking, diabetes mellitus (DM), body-mass index (BMI), systolic blood pressure
(SBP), non-high density lipoprotein cholesterol (non-HDL-c), and estimated glomerular
filtration rate (eGFR). In exploratory analyses, models were additionally adjusted for alcohol
consumption, HDL-c, triglycerides, statin and antiplatelet use, and year of inclusion. Visual
inspection of restricted cubic splines revealed no violations of the linearity assumption.
The proportional hazards assumption, assessed visually on plotted Schoenfeld residuals,
was not violated. The association between CRP and outcomes was assessed continuously,

and categorically with CRP divided in quintiles and CRP >10 mg/L as a separate group.
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Reverse causality was assessed by repeating the analyses after excluding patients with events
within 1, 2, and 5 years after inclusion. Consistency of the effects over time was determined
in 5-year intervals. Effect modification by age, sex, smoking, DM, BMI, non-HDL-c, and
statin and antiplatelet use was evaluated by testing interaction terms and performing
stratified analyses. Potential differences in the association between CRP and outcomes
between patients with different CVD locations were assessed by testing an interaction
term of CVD location with CRP, and performing analyses stratified by CVD location. To
quantify the proportion of events attributable to low-grade inflammation as measured by
elevated levels of CRP, the population attributable fraction (PAF) was estimated for various
CRP thresholds.

As some patients, beside their main CVD location at baseline, also had a history of another
vascular disease type, first, a sensitivity analysis was performed in which patients with
multiple CVD locations were included in all applicable subgroups. In a second sensitivity
analysis a separate subgroup for patients with multiple CVD locations (i.e. polyvascular
disease) was created. Finally, subgroups of CVD location were further divided into subtypes
based on the severity of the CVD event.

In subgroup analyses, the significance level was corrected for multiple testing using a

Bonferroni correction.?

All analyses were conducted with R statistical software V.4.0.3 (www.r-project.org).

Results
Baseline characteristics

Baseline characteristics of all patients (n = 9,005) are shown stratified by CRP quintiles in
Table 1, and stratified by CVD location (CAD, n = 4,517; CeVD, n = 2,154; PAD, n = 1,154;
AAA, n =424) in Table S3. Median CRP was 1.8 mg/L (interquartile range [IQR] 0.9-3.6;
distribution in Figure S1). CRP concentrations (median; IQR) were higher in patients with
PAD (2.6;1.3-4.7 mg/L) and AAA (2.8; 1.8-5.0 mg/L), compared to CAD (1.6; 0.8-3.1 mg/L)
and CeVD (1.8; 0.8-3.6 mg/L) (Figure SIC-E).
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Table 1. Baseline characteristics stratified by quintiles of C-reactive protein

1st 2nd 3rd 4th 5th CRP >10
Characteristic Quintile Quintile Quintile Quintile Quintile mg/L
(n=1,604) (n=1,621) (n=1,725) (n=1,649) (n=1650) (n=756)
CRP (mg/L), 0.50 1.00 1.80 3.10 5.91 17.0
median (range) (0.10-0.79)  (0.80-1.39)  (1.40-2.39)  (2.40-4.14)  (4.15-10.0) (10.1-
247.4)
Age 58.8+10.3 60.0£10.3 61.1+10.1 61.4%£9.9 61.0£10.3 61.9+£10.9
Sex (male) 1,232 (77%) 1,233 (76%) 1,277 (74%) 1,214 (74%) 1,149 (70%) 521 (69%)
Smoking status
Former 796 (50%) 817 (50%) 855 (50%) 781 (47%) 697 (42%) 338 (45%)
Current 328 (20%) 366 (23%) 475 (28%) 572 (35%) 672 (41%) 291 (39%)
Alcohol (units/week)
Never drinker 240 (15%) 248 (15%) 319 (19%) 286 (17%) 333 (20%) 169 (22%)
<1 150 (9%) 182 (11%) 196 (11%) 160 (10%) 168 (10%) 74 (10%)
1-10 779 (49%) 771 (48%) 709 (41%) 708 (43%) 676 (41%) 290 (38%)
10-20 300 (19%)  275(17%)  315(18%) 329 (20%) 281 (17%) 143 (19%)
>20 135 (8%) 145 (9%) 186 (11%) 166 (10%) 192 (12%) 80 (11%)
CVD location

Coronary artery disease 958 (60%) 992 (61%) 980 (57%) 860 (52%) 727 (44%) 309 (41%)
Cerebrovascular disease 461 (29%) 416 (26%) 431 (25%) 418 (25%) 428 (26%) 183 (24%)
Peripheral artery disease 146 (9%) 161 (10%) 219 (13%) 282 (17%) 346 (21%) 183 (24%)

Abdominal aortic 39 (2%) 52 (3%) 95 (6%) 89 (5%) 149 (9%) 81 (11%)
aneurysm
Diabetes mellitus 221 (14%)  252(16%) 296 (17%) 272 (17%) 341 (21%) 157 (21%)
Body mass index (kg/m2) 25.6+3.4 26.4+3.4 27.1+4.2 27.3+4.1 27.7+4.5 27.6+4.9
Systolic blood pressure 136+20 137+20 139420 140+21 142422 141+21
(mmHg)
Laboratory values
LDL-cholesterol (mg/dL) 100+37 102437 108+39 111441 118+42 116+45
HDL-cholesterol (mg/ 51+15 49+14 48+14 47+14 45+13 45+13
dr)
Non-HDL-cholesterol 124+43 128+43 137+45 142+48 151+49 147+51
(mg/dL)
Triglycerides (mg/dL) 123+87 137484 150+98 159+130 166+154 160+119
eGFR (mL/min/1.73m2) 80£16 79£16 78+17 76+18 76+19 73+21

Medication use

Statin 1,223 (76%) 1,228 (76%) 1,217 (71%) 1,105 (67%) 992 (60%) 415 (55%)
Antiplatelet therapy 1,311 (82%) 1,332 (82%) 1,366 (79%) 1,261 (77%) 1,178 (71%) 522 (69%)
Antihypertensive agent 1,170 (73%) 1,245 (77%) 1,327 (77%) 1,233 (75%) 1,234 (75%) 555 (73%)

All data in n (%) or mean+SD, unless otherwise specified.
Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular disease,

CRP = C-reactive protein, CVD = cardiovascular disease, eGFR = estimated glomerular filtration rate, HDL =
high-density lipoprotein, LDL = low-density lipoprotein, PAD = peripheral artery disease, SD = standard deviation.
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Determinants of CRP concentration

Factors independently associated with higher concentrations of CRP included higher BMI,
current smoking, lower HDL-c, higher non-HDL-c, female sex, and older age, as well as
having PAD or AAA instead of CAD (Figure S2).

Outcomes

During a median follow-up of 9.5 years (IQR 5.1-13.9) 1,631 recurrent CVD events, 1,998
all-cause deaths, and 774 MALE were observed in patients with CRP <10 mg/L (and 246
recurrent CVD events, 343 all-cause deaths, and 113 MALE in patients with CRP >10
mg/L). The unadjusted incidence of recurrent CVD and all-cause mortality increased with
each quintile of CRP, and was highest in the subgroup with CRP >10 mg/L (Figure 1; other
outcomes in Figure S3). With respect to CVD location, incidence rates were highest for
patients with AAA, followed by patients with PAD, CeVD, and CAD (Figure S4).

Figure 1. Kaplan-Meier curves stratified by CRP quintiles
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Unadjusted CVD-free (A) and overall survival (B) in quintiles of CRP, and the subgroup with CRP >10 mg/L.

Association between CRP and outcomes in the total population

CRP was independently associated with recurrent CVD (hazard ratio [HR] per 1 mg/L CRP
1.08; 95% confidence interval [95% CI] 1.05-1.10), and all secondary outcomes (Table 2).
Additional adjustment for alcohol consumption, HDL-c, triglycerides, statin and antiplatelet
use, and year of inclusion hardly altered the results. A dose-response relationship was
observed between CRP in quintiles and all outcomes (Figure 2). HRs for the last (CRP 4.15-
10.0 mg/L) compared to the first quintile (CRP <0.80 mg/L) were 1.60 (95% CI 1.35-1.89) for
recurrent CVD, 1.52 (95% CI 1.16-1.98) for non-fatal myocardial infarction, 1.48 (95% CI
1.07-2.06) for non-fatal ischemic stroke, 1.69 (95% CI 1.34-2.13) for cardiovascular death,
1.84 (95% CI 1.57-2.16) for all-cause mortality, and 1.48 (95% CI 1.16-1.88) for MALE. A
CRP >10 mg/L was associated with the highest risk of recurrent CVD (HR vs. first quintile

All-cause mortality
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1650 (0) 1197 (171) 703 (383) 323 (513)
756 (0) 526 (124) 304 (241) 122 (309)
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1.90; 95% CI 1.58-2.29), and all-cause mortality (HR 2.39; 95% CI 2.02-2.83).

32



CRP and risk of CVD events and mortality

‘a1mssaid pooyq o1j01ss = Jg§ ‘s1eaf uosiad = x J ‘onjex prezey = Y[ Jo1aisapoyd urajoadodi Aysuap-ySiy

= o-T(H ‘@Bl UOeI)[IJ JB[NIWO[S PAJRUWIISI = Y,JD? OSLISIP IL[NISLAOIPIED = (TAD UI101d 2AT)ORII-D) = JYD) [LAIDIUT DUIPYUOD = [7) ‘XIPUT SSLW-LPOq = [JA :SUOIIRIAIQQY
"JI0702 3]} UT UOISN[OUT JO Teaf pue 9sn ja[are[dnue asn une)s ‘sapriadA[3Ln O-TqH ‘(oam/s1un) uondwnsuod [OY0[e + JUaUNSN(pe Urely 4

~qID2 pue O-TAH-UOU ‘JgS TING ‘SNII[[2U $332qeIp ‘snjejs Jurjows ‘woryeso] (JAD Iorid xas oge 10§ paysn(py .

(6F7°8 = u) T/Sw 0TS gD Yam syuaned ur gD ur asearout T/3w | 1od soner prezey

(Cr1-901) 60°1 (Zr'1-50°1) 80°1 (0T T-%1°T) LT'T OTT-¥I'T) LT'T 01 VLL JUIAD QUIT| 3SIIAPE J0[RIN
(CT'1-80'T) OT'T (CT'1-80'T) OT'T Or1-211) P11 OrT-TrT) P11 ST 866°T Ayireyzouwr asned-ry
(ET'T-20'T) OT'T FT1-80'D) 1T'T (0TT-#1°D) LT'T (0TT-#1°T) LT'T I'1 006 {3edp IB[NISBAOIPIED
(60'T-00'T) ¥0'T (60°'T-00'T) #0'T (ETT-70°T) 80T (ETT-70'T) 80T S0 80% 930138 DIWAYDST [Be)-UON
(60°T-10'T) SO'T (0T'T-20'T) 90°T (T1'1-50'1) 80°1 (IT'T-%0'T) 80T 80 809 UONDIRJUT [BIPIBI0AW [€)ej-UON
(60°'T-50'T) £O'T (0T'T-50'T) 80°T FTT-0TT) TT'T Fr1-or1) CrT 7T 1€9°7T AAD JUALINORY

1/8w 1 xad 1/8w 1 x2d 1/8w 1 xad 1/8w 1 x2d (Xd 001/51U343) SJUIAD N awonnQ

(ID %S6) YH (ID %S6) YH (ID %S6) ¥H (ID %S6) YH ajea JudAg

‘Juaunsnfpe ‘Juaunsnipe xas pue oe ‘pasnfpeun

[euonIppy urepy 1oy paysnipy

SUI0DINO [BITUT]D pUE UT0Id 9AT)ILII-D) UIIM]IQ UOTIRIDOSSY T d[qe],

33



Chapter 2.

Figure 2. Association between CRP quintiles and cardiovascular outcomes
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Hazard ratios for the association between CRP and outcomes in quintiles of CRP, and the subgroup with CRP >10
mg/L, as compared to the first CRP quintile (i.e. the reference). Hazard ratios are adjusted for age, sex, prior CVD
location, smoking status, diabetes mellitus, BMI, SBP, non-HDL-c, and eGFR.
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Reverse causality, consistency over time, and effect modification

Excluding patients with events within the first 1, 2, and 5 years after inclusion hardly altered
the results (Table S4). Baseline CRP remained significantly associated with cardiovascular
events and mortality beyond 15 years after the initial measurement (Figure 3). The
association between CRP and recurrent CVD was not significantly modified by any of the

pre-specified clinical variables (Figure S5).

Figure 3. Association between CRP and cardiovascular outcomes over time

Outcome Events/Patients Event rate Hazard Ratio
(events/100 PY) (95% CI)
Recurrent CVD
Total follow-up duration 1631/8249 22 @ 1.08 (1.05-1.10)
Years 0-5 649/8249 1.8 —@— 1.05 (1.02-1.09)
Years 5-10 518/5957 2.2 —— 1.08 (1.04-1.12)
Years 10-15 299/3503 25 ——t 1.12(1.07-1.18)
Years 15+ 165/1447 3.9 e 1.08 (1.01-1.16)
Non-fatal myocardial infarction
Total follow-up duration 608/8249 0.8 —@— 1.06 (1.02-1.10)
Years 0-5 263/8249 0.7 —— 1.05 (1.00-1.11)
Years 5-10 185/6040 0.8 i 1.05 (0.98-1.12)
Years 10+ 160/3596 0.9 e 1.10 (1.02-1.18)
Non-fatal ischemic stroke
Total follow-up duration 408/8249 0.5 —e—i 1.04 (1.00-1.09)
Years 0-5 193/8249 0.5 e 1.03 (0.97-1.09)
Years 5-10 128/6150 0.5 e 1.08 (1.00-1.16)
Years 10+ 87/3729 0.5 S S — 1.04 (0.94-1.15)
Cardiovascular death
Total follow-up duration 900/8249 14 @ 1.11 (1.08-1.14)
Years 0-5 281/8249 0.8 —e—i 1.08 (1.03-1.14)
Years 5-10 305/6274 1.2 —e— 1.11 (1.06-1.16)
Years 10-15 199/3868 1.5 —e——i 1.12 (1.05-1.19)
Years 15+ 115/1670 23 e 1.14 (1.05-1.23)
All-cause mortality
Total follow-up duration 1998/8249 25 ' 1.10 (1.08-1.12)
Years 0-5 540/8249 1.5 —@— 1.10 (1.06-1.14)
Years 5-10 704/6274 2.8 —@— 1.11 (1.07-1.14)
Years 10-15 478/3868 3.5 —o— 1.09 (1.05-1.14)
Years 15+ 276/1670 5.4 —— 1.07 (1.01-1.13)
Major adverse limb event
Total follow-up duration 77418249 1.0 —@— 1.08 (1.05-1.12)
Years 0-5 485/8249 1.4 —@— 1.09 (1.05-1.13)
Years 5-10 178/5875 0.8 H———— 1.06 (0.99-1.13)
Years 10+ 111/3522 0.7 ‘ : %‘—< : ‘ 1.08 (1.00-1.17)
0.80 0.90 1.0 1.1 1.2 1.3

Hazard Ratio (95% Cl) per 1 mg/L CRP

Hazard ratios (per 1 mg/L CRP) for the association between CRP and outcomes over time, i.e. within the first 5
years, between 5 and 10 years, between 10 and 15 years, and beyond 15 years after the baseline CRP measurement.
For non-fatal M1, non-fatal ischemic stroke, and MALE, years 10+ (instead of years 15+) was chosen as the last time
interval as numbers of events after 15 years were too low for reliable analysis. Hazard ratios are adjusted for age, sex,
CVD location, smoking status, diabetes mellitus, BMI, SBP, non-HDL-c, and eGFR.
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Association between CRP and outcomes stratified by CVD location

CRP was independently associated with recurrent CVD, cardiovascular death and MALE
irrespective of prior CVD location (Figure 4). The association between CRP and all-cause
mortality was significant in all subgroups, but strongest for patients with CAD (p for
interaction = 0.002). When assessed in CVD location-specific quartiles, the higher levels
of CRP in the third and fourth quartiles in patients with PAD and AAA were accompanied
by a stronger increase in the risk of recurrent CVD (Figure 5A). Despite smaller increases
in CRP, the increase in the risk of all-cause mortality across quartiles was strongest for
patients with CAD (Figure 5B).

Figure 4. Association between CRP and cardiovascular outcomes stratified by CVD location

Outcome Events/Patients Event rate Hazard Ratio p for interaction
(events/100 PY) (95% Cl)
Recurrent CVD 0.815
CAD 761/4,517 1.8 @ 1.08 (1.04-1.11)
CeVD 433/2,154 22 —@— 1.05 (1.01-1.10)
PAD 294/1,154 26 —@— 1.08 (1.03-1.13)
AAA 143/424 4.1 —— 1.08 (1.01-1.15)
Non-fatal myocardial infarction 0.996
CAD 391/4,517 0.9 —@— 1.06 (1.01-1.11)
CeVD 89/2,154 0.4 ——————— 1.05 (0.96-1.15)
PAD 90/1,154 0.8 —— 1.03 (0.95-1.13)
AAA 38/424 1.1 —_—— 1.10 (0.98-1.25)
Non-fatal ischemic stroke 0.130
CAD 155/4,517 0.4 —e— 1.10 (1.02-1.18)
CeVD 17212,154 0.9 —te—— 1.01(0.94-1.08)
PAD 61/1,154 0.5 ———— 1.00 (0.90-1.12)
AAA 20/424 0.5 B — 112 (0.95-1.32)
Cardiovascular death 0.202
CAD 315/4,517 0.7 —@— 1.12 (1.07-1.18)
CeVD 262/2,154 12 —— 1.08 (1.03-1.14)
PAD 217/1,154 18 —— 1.09 (1.03-1.15)
AAA 106/424 238 H—— 1.07 (0.99-1.15)
All-cause mortality 0.002
CAD 776/4,517 18 = = 1.13 (1.09-1.16)
CeVD 565/2,154 2.7 —@— 1.07 (1.03-1.11)
PAD 450/1,154 3.8 —@— 1.08 (1.04-1.12)
AAA 2071424 55 —— 1.06 (1.01-1.12)
Major adverse limb event 0.142
CAD 205/4,517 0.5 —— 1.10 (1.03-1.17)
CeVD 103/2,154 0.5 e 1.09 (1.00-1.18)
PAD 414/1,154 4.7 —@— 1.06 (1.02-1.10)
AAA 52/424 15 >ﬁ—‘< : 1.11(1.00-1.24)

T T
0.80 0.90 1.0 11 12 13
Hazard Ratio (95% Cl) per 1 mg/L CRP

Hazard ratios (per 1 mg/L CRP) for the association between CRP and outcomes in subgroups of prior CVD location.
Hazard ratios are adjusted for age, sex, history of other CVD locations, smoking status, diabetes mellitus, BMI, SBP,
non-HDL-c, and eGFR. P-values for the interaction between CRP and CVD location are provided for each outcome.
Following a Bonferroni correction for multiple testing, only p-values <0.008 should be regarded significant.
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Figure 5. Association between CVD location-specific CRP quartiles and outcomes

A Recurrent CVD

Prior CVD location CRP (mg/L),
median (range)

CAD (n =4,517)

CRP quartile 1 0.59 (0.10-0.82)
CRP quartile 2 1.20 (0.83-1.60)
CRP quartile 3 2.26 (1.61-3.10)
CRP quartile 4 4.74 (3.12-10.0)

CeVD (n =2,154)

CRP quartile 1 0.50 (0.10-0.80)
CRP quartile 2 1.30 (0.81-1.80)
CRP quartile 3 2.52 (1.82-3.57)
CRP quartile 4 5.44 (3.59-10.0)

PAD (n = 1,154)

CRP quartile 1 0.80 (0.16-1.30)
CRP quartile 2 1.90 (1.34-2.60)
CRP quartile 3 3.56 (2.62-4.73)
CRP quartile 4 6.60 (4.74-10.0)
AAA (n = 424)
CRP quartile 1 0.94 (0.18-1.50)
CRP quartile 2 2.07 (1.58-2.80)
CRP quartile 3 3.98 (2.81-5.00)
CRP quartile 4 7.25 (5.08-10.0)

B All-cause mortality

Prior CVD location CRP (mg/L),
median (range)

CAD (n =4,517)

CRP quartile 1 059 (0.10-0.82)
CRP quartile 2 1.20 (0.83-1.60)
CRP quartile 3 2.26 (1.61-3.10)
CRP quartile 4 4.74 (3.12-10.0)

CeVD (n = 2,154)

CRP quartile 1 0.50 (0.10-0.80)
CRP quartile 2 1.30 (0.81-1.80)
CRP quartile 3 2.52 (1.82-3.57)
CRP quartile 4 5.44 (3.59-10.0)

PAD (n = 1,154)

CRP quartile 1 0.80 (0.16-1.30)
CRP quartile 2 1.90 (1.34-2.60)
CRP quartile 3 3.56 (2.62-4.73)
CRP quartile 4 6.60 (4.74-10.0)
AAA (n = 424)
CRP quartile 1 0.94 (0.18-1.50)
CRP quartile 2 2.07 (1.58-2.80)
CRP quartile 3 3.98 (2.81-5.00)
CRP quartile 4 7.25 (5.08-10.0)

Events/Patients

144/1,130
179/11,172
210/1,109
228/1,106

73/543
108/574
107/499
145/538

56/305
66/282
80/279
92/288

24/116
32/97
42/107
45/104

Events/Patients

117/1,130
167/1,172
212/1,109
280/1,106

88/543

135/574
152/499
190/538

85/305

114/282
122/279
129/288

42/116
43/97
58/107
64/104

Event rate
(events/100 PY)

13
16
21
25

14
21
23
3.1

1.8
24
3.0
3.2

24
3.9
4.8
5.3

Event rate
(events/100 PY)

1.0
14
20
28

16
25
3.1
3.7

26
4.0
4.3
4.2

4.0
4.8
6.2
6.9

Hazard Ratio
(95% Cl)
- Reference
—H—— 1.16 (0.93-1.45)
—— 1.37 (1.10-1.70)
—— 1.55 (1.24-1.94)
[ ] Reference
H—— 1.27 (0.94-1.72)
—— 1.16 (0.85-1.58)
— . 1.45 (1.08-1.96)
| Reference
1 1.12 (0.78-1.62)
—— 1.56 (1.10-2.21)
—_— 159 (1.13-2.25)
| ] Reference
— 1.43 (0.83-2.47)
_—a— 1.58 (0.92-2.70)
@ 1.80(1.06-3.05)
T T T T T 1
050 070 10 12 15 20 3.0
Hazard Ratio (95% Cl)
Hazard Ratio
(95% CI)
i Reference
—— 1.23 (0.97-1.56)
—— 1.53 (1.21-1.93)
—— 2.19 (1.75-2.76)
| ] Reference
——— 1.17 (0.89-1.53)
H—— 1.28 (0.97-1.68)
—— 1.49 (1.14-1.94)
| ] Reference
—_— 1.44 (1.08-1.92)
—— 1.70 (1.28-2.26)
—— 1.70 (1.28-2.25)
Reference
% 1.06 (0.68-1.64)
— . 1.20 (0.79-1.84)
H—— 1.42 (0.94-2.16)
T T T T T 1
050  0.70 10 12 15 20 3.0

Hazard Ratio (95% Cl)

Association between CRP and recurrent CVD (A) and all-cause mortality (B) in CVD location-specific quartiles
of CRP. Hazard ratios are adjusted for age, sex, history of other CVD locations, smoking status, diabetes mellitus,

BMI, SBP, non-HDL-¢, and eGFR.
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Population attributable fraction

For recurrent CVD, the PAF of CRP at a threshold of >2.0 mg/L was 15.2% (95% CI 10.7%-
19.6%), indicating that approximately 15% of recurrent CVD events in this population might
be attributable to low-grade inflammation (Figure S6A). The PAF of CRP >2.0 mg/L exceeded
those of higher thresholds, and was similar to the PAF of CRP >1.5 mg/L (16.2%; 95% CI 10.4%-
22.0%). PAF ranged from 7.0% (95% CI 0.0%-16.9%) for non-fatal ischemic stroke to 22.5%
(95% CI 16.0%-28.9%) for cardiovascular death (Figure S6B). For recurrent CVD, PAF was
largest in patients with PAD, followed by patients with AAA, CAD, and CeVD (Figure S6C).

Sensitivity analyses

Including patients with multiple CVD locations in all applicable subgroups only minimally
changed the results (Figure S7A). Analyzing patients with multiple CVD locations (i.e.
polyvascular disease; n = 1,178) in a separate subgroup, showed a non-significant trend
towards an association between CRP and cardiovascular outcomes in these patients
(Figure S7B). CRP appeared to be more strongly associated with cardiovascular outcomes
in subgroups of patients with only 1 CVD location, while the association with all-cause
mortality was similar. Within patients with polyvascular disease, the results were not
significantly different between various combinations of CVD locations (Figure S8). There

were no signs of effect modification by the severity of the qualifying CVD event (Figure S9).

Discussion

In this study of 9,005 patients with various CVD locations, higher CRP was shown to
be associated with an increased risk of recurrent cardiovascular events and all-cause
mortality, independent of traditional CVD risk factors and the use of preventive medication.
Associations remained consistent even beyond 15 years after the initial CRP measurement.
CRP concentrations were higher in patients with PAD and AAA as compared to CAD and
CeVD, but the magnitude of the association between CRP and cardiovascular outcomes was
similar across subgroups of CVD location. Patients with CRP concentrations exceeding the
defined limits of low-grade inflammation (>10 mg/L), had an even higher adjusted risk of
recurrent CVD and all-cause mortality than patients in the highest CRP quintile <10 mg/L.

The results of this study extend prior work in people without a history of CVD and patients
with one specific CVD location.’"* A meta-analysis in people without CVD has reported risk
ratios per three-fold higher CRP of 1.37 for coronary heart disease, 1.27 for ischemic stroke,
and 1.55 for vascular mortality.” In patients with CAD, studies have reported HRs for CRP >3
mg/L compared to <1 mg/L of 1.37-1.62 for recurrent CVD, and 1.57-3.45 for all-cause mor-
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tality.®”!" Meta-analyses have reported HRs per 1-SD increase in log CRP of 1.14 for recurrent
stroke and 1.21 for recurrent CVD in patients with CeVD, and an HR per 1-unit increase in
log CRP of 1.38 for recurrent CVD in patients with PAD."*"* The estimates of previous studies
are roughly comparable to the HRs for the fourth and fifth quintiles (compared to the first
quintile) of CRP found in this study. However, previous studies in patients with established
CVD were limited by either a relatively small sample size, short follow-up duration, strict
eligibility criteria, and/or a categorical analysis of CRP based on pre-specified cut-off points,
and all studies only included patients with one specific CVD location.®** To our knowledge,
no previous studies simultaneously assessed the association between CRP and recurrent CVD
in a mixed population of patients with various CVD locations.

Randomized clinical trials have recently demonstrated the efficacy of anti-inflammatory
drugs in reducing the risk of cardiovascular events in patients with CAD. In the CANTOS
trial, canakinumab reduced the risk of recurrent CVD by 15% in patients with a previous
MI." In the COLCOT and LoDoCo?2 trials, low-dose colchicine reduced the risk of recurrent
CVD (including coronary revascularization) by 23% in patients with a recent M1, and 31%
in patients with chronic CAD respectively.'>'* As our study shows that inflammation is
strongly related to recurrent CVD and mortality irrespective of CVD location, it implicates
that anti-inflammatory drugs might be effective, and trials of these drugs might be
warranted in patients with various types of CVD. Ongoing and planned trials studying low-
dose colchicine in patients with CAD, CeVD, and PAD, i.e. the CLEAR-SYNERGY (acute
coronary syndrome), CONVINCE (non-cardioembolic stroke or TIA), and LEADER-PAD
(symptomatic PAD) trials, as well as the ZEUS trial studying ziltivekimab (a monoclonal
antibody targeting the IL-6 ligand) in patients with CVD and chronic kidney disease, will
help cement the potential of anti-inflammatory drugs in atherosclerotic CVD.?-**

CRP is a well-established and stable marker of chronic low-grade inflammation, but is not
thought to be part of the causal pathway between inflammation and CVD itself.* Therefore,
a reduction in CRP would not necessarily be matched by an equivalent reduction in CVD
risk. However, a secondary analysis of the CANTOS trial showed that in participants
who achieved on-treatment CRP concentrations <2 mg/L, both cardiovascular and all-
cause mortality were reduced by 31%, while no significant reductions were observed
among participants who did not achieve this concentration.”” In both the JUPITER and
the CANTOS trial, achieving CRP <2 mg/L was related to greater reductions in the risk
of recurrent CVD.?>* These results suggest that reductions in CRP driven by upstream
effects either in lipid metabolism (with statins) or in the canonical NLRP3 to IL-1 to IL-6
signaling system (with canakinumab or colchicine) are associated with reductions in CVD
risk. The current data emphasize the potential benefit of anti-inflammatory therapy in

patients with PAD and AAA, as this study showed that CRP concentrations are usually
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higher in these patients and more often exceed 2 mg/L. Even though definitive conclusions
on causality cannot be made, this study at least shows that CRP is strongly associated with
CVD risk, and is therefore rightfully included in cardiovascular risk scores.” In practice,
clinicians should pay attention to CRP levels and residual inflammatory risk, and consider
intensification of preventive therapy in patients with high CRP concentrations (e.g. >2

mg/L), while taking other risk factors and predicted CVD risk into account."**

CRP concentrations >10 mg/L are often assumed to be associated with an acute inflammatory
response caused by infection, or inflammation of another non-cardiovascular source, and
are therefore often disregarded.’ However, as shown in this study, patients with CRP >10
mg/L are at especially high risk of CVD and mortality, even up to 15 years after the initial
measurement. A CRP concentration >10 mg/L was independently associated with recurrent
CVD and all-cause mortality, with relative risks exceeding those of the highest quintile
<10 mg/L. Previous studies had similar findings.®” These results indicate that, regardless
of the underlying source of the elevated CRP level, concentrations >10 mg/L are a clinically
relevant indicator of risk that should be fully appreciated. Trials of anti-inflammatory
drugs (or other preventive therapies) in patients with very high concentrations of CRP
might be warranted. Based on current knowledge, intensification of preventive therapy in
these patients might already be justified, especially if another cause of the elevated CRP

concentration cannot be established.

Strengths of this study are the use of a practice-based cohort with a prospective design,
long follow-up, low proportions of missing data, and the inclusion of patients with various
CVD locations. Some limitations should be considered. This was an observational study,
so subject to potential residual confounding. CRP was based on a single measurement.
However, previous research has shown that repeated CRP measurements are stable both in
our and other cohorts, and we showed that the association with clinical outcomes remained
consistent over time, even beyond 15 years after the initial measurement.*>* Data on
infections and auto-immune disease, and upstream inflammatory markers, such as IL-1
and IL-6, were not available. Numbers of non-fatal myocardial infarctions and non-fatal

ischemic strokes were insufficient for reliable subgroup analyses.

In conclusion, in patients with established CVD, higher CRP as a measure of chronic low-
grade inflammation is independently associated with an increased risk of recurrent CVD
and mortality, irrespective of prior CVD location. Taking into account the positive results
of anti-inflammatory therapy in patients with CAD, this study’s findings support ongoing
and future trial efforts to evaluate the efficacy of anti-inflammatory drugs in patients with
CeVD, PAD, and/or AAA.
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Supplementary material

Table S1. Definitions of qualifying cardiovascular disease events

CVD location

Definition

Coronary artery disease

Cerebrovascular disease

Peripheral artery disease

Abdominal aortic aneurysm

A history of a myocardial infarction, cardiac arrest, or coronary
revascularization (i.e. PCI or CABG).

A history of a transient ischemic attack (TIA), or ischemic or hemorrhagic
stroke.

A symptomatic obstruction of distal arteries of the leg with an ankle-brachial
index (ABI) <0.90, or a history of a percutaneous transluminal angioplasty or
bypass surgery of the leg, or amputation.

A history of abdominal aortic surgery, or an abdominal aortic
anteroposterior diameter of >3 cm.

Abbreviations: CABG = coronary artery bypass grafting, PCI = percutaneous coronary intervention.

Table S2. Outcome definitions

Outcome

Definition

Non-fatal myocardial
infarction

Non-fatal ischemic stroke

Cardiovascular death

Major adverse limb event
(MALE)

All-cause mortality

Non-fatal myocardial infarction, characterized by at least two of the
following criteria: 1) Chest pain for at least 20 minutes not disappearing after
administration of nitrates. 2) ST-elevation >1 mm in two following leads or a
left bundle branch block on the ECG. 3) CK elevation of at least two times the
normal value of CK and an MB-fraction >5% of the total CK.

Relevant clinical features which have caused an increase in handicap of at least
one grade on the modified Rankin scale, accompanied by a fresh infarct on a
repeat CT scan.

Sudden death (i.e. unexpected cardiac death occurring within 1 hour after
onset of symptoms or within 24 hours given convincing circumstantial
evidence), death from ischemic stroke, death from heart failure, death from
myocardial infarction, death from rupture of abdominal aortic aneurysm,
or cardiovascular death from another cause (deemed to be cardiovascular by
three independent physicians from the endpoint committee).

Lower limb revascularization (vascular intervention or thrombolysis), or
major amputation (at the level of the ankle or more proximal). Interventions
already planned at time of inclusion in the cohort, and minor amputations
were not regarded MALE endpoints.

Death from any cause, reported by relatives of the patient, the general
practitioner or the treating specialist.

Abbreviations: CK = creatine kinase, CT = computed tomography, ECG = electrocardiogram, MALE = major
adverse limb event, MB = myocardial band.
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Table S3. Baseline characteristics stratified by cardiovascular disease location

CAD CeVD PAD AAA
Characteristic (n =4,517) (n=2,154) (n=1,154) (n=424)
Age (years) 60.9+9.4 59.2+11.3 59.3+10.6 65.0£10.0
Sex (male) 3,677 (81%) 1,324 (62%) 740 (64%) 364 (86%)
Smoking status
Former 2,364 (52%) 935 (43%) 423 (37%) 224 (53%)
Current 980 (22%) 664 (31%) 621 (54%) 148 (35%)
Alcohol (units/week)
Never drinker 738 (16%) 412 (19%) 214 (19%) 62 (15%)
<1 465 (10%) 246 (11%) 100 (9%) 45 (11%)
1-10 2,142 (47%) 889 (41%) 442 (38%) 170 (40%)
10-20 780 (17%) 379 (18%) 242 (21%) 99 (23%)
>20 392 (9%) 228 (11%) 156 (14%) 48 (11%)
History of other CVD locations
CAD - 259 (12%) 226 (20%) 135 (32%)
CeVD 165 (4%) - 97 (8%) 32 (8%)
PAD 114 (3%) 79 (4%) - 37 (9%)
AAA 102 (2%) 44 2%) 54 (5%) -
Diabetes mellitus 814 (18%) 293 (14%) 221 (19%) 54 (13%)
Body mass index (kg/m?) 27.3£3.9 26.4+4.1 26.0+4.2 26.2+3.6
Systolic blood pressure (mmHg) 136+19 141+21 145+22 144+20
Laboratory values
CRP (mg/L), median (IQR) 1.6 (0.8-3.1) 1.8 (0.8-3.6) 2.6 (1.3-4.7) 2.8 (1.8-5.0)
LDL-cholesterol (mg/dL) 99+35 113+41 125443 125+41
HDL-cholesterol (mg/dL) 46+12 51+16 49+15 47+15
Non-HDL-cholesterol (mg/dL) 128+42 139+46 157+47 157+49
Triglycerides (mg/dL) 147+119 134+99 170+124 161+106
eGFR (mL/min/1.73 m?) 78+16 78+18 78+20 71£20
Medication use
Statin 3,782 (84%) 1,234 (57%) 557 (48%) 192 (45%)
Antiplatelet therapy 4,039 (89%) 1,553 (72%) 653 (57%) 203 (48%)
Antihypertensive agent 4,132 (92%) 1,223 (57%) 581 (50%) 273 (64%)

All data in n (%) or mean#SD. Patients with CRP >10 mg/L are not included in the table because they are not
included in the stratified analyses.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CRP = C-reactive protein, eGFR = estimated glomerular filtration rate, HDL = high-density lipoprotein,
IQR = interquartile range, LDL = low-density lipoprotein, PAD = peripheral artery disease, SD = standard deviation.
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Table S4. Reverse causality assessment

CRP and risk of CVD events and mortality

Total Exclude events Exclude events  Exclude events
population <1 year <2 years <5 years
(n=8,249) (n=7,866) (n=7,605) (n=6,961)
Recurrent CVD (events) 1,631 1,394 1,246 886
HR (95%CI) per 1 mg/L 1.08 (1.05-1.10)  1.08 (1.05-1.10)  1.08 (1.06-1.11)  1.09 (1.06-1.12)
Non-fatal MI (events) 608 504 435 320
HR (95%CI) per 1 mg/L 1.06 (1.02-1.10) 1.07 (1.03-1.11) 1.06 (1.02-1.11) 1.07 (1.02-1.13)
Non-fatal ischemic stroke (events) 408 335 292 188
HR (95%CI) per 1 mg/L 1.04 (1.00-1.09)  1.04 (0.99-1.10)  1.06 (1.01-1.12) 1.07 (1.00-1.14)
Cardiovascular death (events) 900 783 702 490
HR (95%CI) per 1 mg/L 111 (1.08-1.14)  1.11(1.08-1.14)  1.11(1.08-1.15)  1.12 (1.08-1.16)
All-cause mortality (events) 1,998 1,789 1,636 1,203
HR (95%CI) per 1 mg/L 1.10 (1.08-1.12)  1.10 (1.08-1.12)  1.10 (1.08-1.12)  1.10 (1.07-1.12)
Major adverse limb event (events) 774 583 471 269

HR (95%CI) per 1 mg/L

1.08 (1.05-1.12)

1.08 (1.05-1.12)

1.08 (1.04-1.12)

1.07 (1.01-1.12)

Hazard ratios per 1 mg/L CRP in the total population, and after excluding patients with a CVD event or death
within the first 1, 2, and 5 years after inclusion. Models were adjusted for age, sex, prior CVD location, smoking

status, diabetes mellitus, BMI, SBP, non-HDL-c, and eGFR.

Abbreviations: BMI = body-mass index, CI = confidence interval, CRP = C-reactive protein, CVD = cardiovascular
disease, eGFR = estimated glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol, HR = hazard

ratio, SBP = systolic blood pressure.
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Figure S1. Distribution of CRP in the study population

A Distribution of CRP <10 mg/L (n = 8,249) B Distribution of CRP >10 mg/L (n = 756)
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with three or four CVD locations were combined to have at least 100 patients per subgroup.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular disease,

CRP = C-reactive protein, CVD = cardiovascular disease, PAD = peripheral artery disease.
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Figure S3. Additional Kaplan-Meier curves stratified by quintiles of CRP
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Figure S4. Kaplan-Meier curves stratified by CVD location
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Figure S6. Population attributable fraction of CRP
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Population attributable fraction (PAF) of low-grade inflammation as measured by CRP concentration. PAF is the
proportion of events attributable to the presence of a certain risk factor in the population, i.e. the proportion of events
that might be prevented if a risk factor would be removed from the population completely (e.g. if none of the patients
would have a CRP >2 mg/L). The PAF of CRP for recurrent CVD in the total population (n = 8,249) is shown for
various CRP thresholds (A). Using a threshold of >2 mg/L, the PAF of CRP is shown for all primary and secondary
outcomes in the total population (B), and stratified by CVD location (C). PAF estimates for non-fatal myocardial
infarction and non-fatal stroke are not shown stratified by CVD location due to the low number of events in sub-
groups. PAF estimates were adjusted for age, sex, CVD location (only in A & B), smoking status, diabetes mellitus,
BMI, SBP, non-HDL-c, and eGFR. Error bars represent 95% confidence intervals.

Abbreviations: AAA = abdominal aortic aneurysm, BMI = body-mass index, CAD = coronary artery disease, CeVD =
cerebrovascular disease, CI = confidence interval, CRP = C-reactive protein, CVD = cardiovascular disease, eGFR =
estimated glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol, PAD = peripheral artery disease,
PAF = population attributable fraction, SBP = systolic blood pressure.
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Chapter 3.

C-reactive protein and risk of incident heart failure
in patients with cardiovascular disease

Pascal M. Burger, Stefan Koudstaal, Arend Mosterd, Aernoud T.L. Fiolet, Martin Teraa,
Manon G. van der Meer, Maarten J. Cramer, Frank L.J. Visseren, Paul M. Ridker, Jannick
A.N. Dorresteijn, on behalf of the UCC-SMART study group

J Am Coll Cardiol. 2023;82(5):414-426.



Chapter 3.
Abstract

Background
Patients with established cardiovascular disease (CVD) are at high risk of incident heart

failure (HF), which may in part reflect the impact of systemic inflammation.

Objective
To determine the association between C-reactive protein (CRP) and incident HF in patients
with established CVD.

Methods

Patients from the prospective UCC-SMART cohort with established CVD, but without
prevalent HF were included (n = 8,089). Incident HF was defined as a first hospitalization
for HF. The association between baseline CRP and incident HF was assessed using Cox
proportional hazards models adjusted for established risk factors, i.e. age, sex, myocardial
infarction, smoking, diabetes mellitus, body-mass index, blood pressure, cholesterol, and

kidney function.

Results

During a median follow-up of 9.7 years (interquartile range 5.4-14.1), 810 incident HF
cases were observed (incidence rate 1.01/100 person years). Higher CRP was independently
associated with an increased risk of incident HF: hazard ratio (HR) per 1 mg/L; 1.10 (95%
confidence interval [CI] 1.07-1.13), and for last vs first CRP quartile; 2.22 (95% CI 1.76-
2.79). The association was significant for both HF with reduced (HR 1.09; 95% CI 1.04-
1.14) and preserved ejection fraction (HR 1.12; 95% CI 1.07-1.18) (p for difference 0.137).
Additional adjustment for medication use and interim myocardial infarction did not
attenuate the association, and the association remained consistent beyond 15 years after
the CRP measurement.

Conclusions

In patients with established CVD, CRP is an independent risk marker of incident HF. These
data support ongoing trial efforts to assess whether anti-inflammatory agents can reduce
the burden of HF.
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Central illustration

CENTRAL ILLUSTRATION: C-Reactive Protein and Risk of Heart Failure in
Patients With Established Cardiovascular Disease
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Introduction

Heart failure (HF) is a major global health issue, with a worldwide prevalence estimated at
1-2%." Risk factors of HF commonly recognized and managed in clinical practice include
coronary artery disease (CAD), hypertension, diabetes mellitus (DM), and smoking.
Besides these traditional risk factors, systemic inflammation has emerged as an important
underlying pathophysiology of the HF syndrome.? Several population-based studies have
shown that high-sensitivity C-reactive protein (CRP) is independently associated with
incident HE.>-?

These studies were conducted in individuals without a history of cardiovascular disease
(CVD). Patients with established CVD have an increased risk of HF, and regularly use
drugs such as statins, antiplatelets, and antihypertensive agents, potentially affecting
the relation between inflammation and HF. In the Canakinumab Antiinflammatory
Thrombosis Outcomes Study (CANTOS) which enrolled patients with a prior myocardial
infarction (MI), baseline levels of CRP were strongly associated with hospitalization for
HFE.® In this trial, inhibition of interleukin (IL)-1b with canakinumab not only reduced
atherothrombotic events, but also reduced HF hospitalizations.”®" Further, recent data
indicate that sodium/glucose transporter 2 (SGLT2) inhibitors also lower CRP, and that
their positive effects on HF hospitalization and mortality may therefore in part be explained
by reductions in inflammation.” Thus, despite the neutral results of previous trials with
anti-inflammatory drugs in prevalent HF, there is still considerable interest in the use of
anti-inflammatory therapies to prevent and treat HF.? Establishing the relation between
low-grade inflammation (measured by CRP) and incident HF in patients with established
CVD may reveal the potential for anti-inflammatory therapy to reduce the incidence of
HF in this high-risk population.

This study aimed to determine the association between CRP and incident HF in patients
with established CVD from a prospective practice-based cohort with long-term follow-up.

Methods

Study population

Patients were from the Utrecht Cardiovascular Cohort-Second Manifestations of ARTerial
disease (UCC-SMART) study, an ongoing prospective cohort study of patients with
established CVD at the University Medical Center Utrecht, the Netherlands. Study details
have been described elsewhere.” The study was approved by the local Medical Ethics
Committee (reference number 22-088), and written informed consent was obtained from

all participants. For the current study, all patients with established CVD, i.e. CAD (prior
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MI, cardiac arrest, or coronary revascularization), cerebrovascular disease (CeVD; i.e.
prior transient ischemic attack, or ischemic or hemorrhagic stroke), peripheral artery
disease (PAD; i.e. symptomatic obstruction of distal arteries of the leg with ankle-brachial
index <0.90, prior percutaneous transluminal angioplasty or bypass surgery of the leg,
or amputation), and/or abdominal aortic aneurysm (AAA; i.e. prior abdominal aortic
surgery or an abdominal aortic anteroposterior diameter of 23 cm), and without a history of
hospitalization for HF at baseline, who were enrolled in the cohort between September 1996
and January 2019 were included (n = 8,089). A flowchart of the study enrollment process
is provided in Figure S1. Patients were enrolled at least two months after the qualifying
CVD event.

Data collection

Medical history, physical examination and laboratory measurements were obtained at
baseline based on a standardized screening protocol.” From 1996 to 2012, high-sensitivity
CRP was measured by immunonephelometry, and from 2013, it was determined in heparin
plasma using an AU5811 routine chemistry analyzer. These techniques provide comparable
results.” Systolic blood pressure (SBP) was measured twice in both arms, and the highest
mean of the measurements in one arm was used. Total cholesterol, high-density lipoprotein
cholesterol (HDL-c), triglycerides, and creatinine were measured in blood samples
collected after an overnight fast. Non-HDL-c was calculated as total cholesterol minus
HDL-c. Estimated glomerular filtration rate (¢GFR) was calculated based on the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation without
race."” Smoking status, alcohol consumption, DM, and medication use were self-reported.
Missing data (<2.0% for all variables), were imputed by single imputation using predictive
mean matching. White blood cell (WBC) counts were not collected as part of the baseline
screening, but could be retrieved for patients enrolled after January 2005 (n = 4,155), as
from this moment WBC counts were automatically measured in all blood samples analyzed
in the laboratory of the UMC Utrecht and stored in a database.

Outcomes

The outcome was incident HF, defined as a first hospitalization for HF. Outcomes
were collected through linkage to the national hospitalization registry from Statistics
Netherlands, a nationwide registry recording the cause of hospitalization for each
hospitalization in the Netherlands. Causes of hospitalization are coded using the
International Classification of Diseases (ICD), 9th and 10th revision. Hospitalization for
HF was defined as a hospitalization with ICD-9; 428.0-428.4 or 428.9, or ICD-10; I50.1-150.4
or 150.9. The HF diagnoses were established and the corresponding ICD codes were
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registered by clinicians in routine clinical care. In the Netherlands, it is common practice
to diagnose HF in accordance with the criteria from the European Society of Cardiology
(ESC) guidelines.’® Outcomes were divided in HF with reduced ejection fraction (HFrEF;
i.e. left ventricular ejection fraction [LVEF] <50%) and preserved ejection fraction (HFpEF;
i.e. LVEF >50%), using echocardiography reports retrieved from medical records. Interim
MI and death were collected within the UCC-SMART cohort itself, and were adjudicated
by an endpoint committee of three independent physicians. Patients were followed for all
outcomes from the time of cohort entry until the predetermined end-of-study date of 1
January 2019 (i.e. most recent date with complete collection and adjudication of outcomes).
Follow-up was complete in 94.6% of patients (Figure SI).

Data analyses

Baseline characteristics were described stratified by quartiles of CRP. Kaplan-Meier
curves of the cumulative incidence of HF were drawn stratified by quartiles of CRP, and
CVD location. Log-rank tests were used to assess differences in HF incidence between
subgroups. As CRP concentrations >20 mg/L are often assumed to be associated with an

acute inflammatory response, these patients (n = 236) were analyzed as a separate group."”

Cause-specific Cox proportional hazards models for the association between CRP and
incident HF were derived in all patients with CRP <20 mg/L (n = 7,853). Models were
progressively adjusted for potential confounders. First, the model was adjusted for age and
sex. Then, the model was additionally adjusted for CVD locations, i.e. CAD with prior
MI, CAD without prior MI, CeVD, PAD, and AAA, and established risk factors of HF, i.e.
smoking, DM, body-mass index (BMI), SBP, non-HDL-c, and eGFR (main adjustment). In
an exploratory model, additional adjustment for alcohol consumption, HDL-c, triglycerides,
the use of statins, antiplatelet therapy, and antihypertensive agents, and year of inclusion
in the cohort was performed. The association was also assessed stratified for HFrEF and
HFpEEF. In this time-to-first-subtype analysis only first HF hospitalizations were included,
thus not progression from one subtype to the other. Whether there was a differential
effect of CRP on the risk of HFrEF vs HFpEF was formally tested using the Lunn-McNeil
method." Restricted cubic splines revealed no violations of the linearity assumption (p
for non-linearity >0.05). The proportional hazards assumption, assessed using Schoenfeld
residuals, was not violated. The association between CRP and incident HF was described
using cause-specific hazard ratios (HRs) for every 1 mg/L, and 1 standard deviation (SD)
increase in CRP, and for CRP quartiles (with CRP >20 mg/L as a separate group).

Next, it was explored whether the association between CRP and incident HF was mediated

through the occurrence of an interim MI, by adjusting the model for interim MI as time-
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varying covariate. Influence of the competing risk of death (not preceded by HF) was
assessed by deriving subdistribution hazard ratios (SHRs) from Fine and Gray models.
To support interpretation of these SHRs, Kaplan-Meier curves of the cumulative rates of
death were derived, and the association between CRP and (various causes of) death was

established using cause-specific Cox proportional hazards models.

Reverse causality was assessed by repeating the analyses after excluding patients who had
incident HF within the first 1, 2, 5, 10, and 15 years after inclusion. Consistency of the
association between CRP and incident HF over time was assessed by determining the
effects of CRP on HF risk within subsequent 5-year time intervals. Effect modification by
age, sex, CVD location, smoking, DM, BMI, and use of statins, antiplatelet therapy, and
antihypertensive agents was assessed by testing interaction terms of these factors with CRP.
The combined effects of the presence of both an elevated CRP concentration and a history
of MI, DM, current smoking, or hypertension were assessed by determining the association

between combinations of these risk factors and incident HF.

Stability of CRP concentrations over time was assessed by calculating the difference between
baseline and follow-up CRP concentration in a subset of patients who revisited for second
measurements (n = 1,944). The standardized change (i.e. change divided by the SD of the
baseline measurement) in CRP was compared to that in low-density lipoprotein cholesterol
(LDL-C) and SBP.

To assess whether the association with incident HF was consistent for other markers of
inflammation, the primary analysis was repeated after replacing CRP by WBC counts,
and the neutrophil-lymphocyte ratio. Correlations between these measures and CRP were

determined using Spearman’s correlation tests.
P-values and 95% confidence intervals (CIs) presented in this report have not been
adjusted for multiplicity, and therefore inferences drawn from these statistics may not be

reproducible.

Further details of the statistical analysis are provided in the Supplemental Material. All

analyses were conducted with R statistical software V.4.0.3 (www.r-project.org).
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Results

Baseline characteristics

In patients with CRP <20 mg/L, median CRP concentration was 1.90 mg/L (interquartile

range [IQR] 0.90-4.00; distribution shown in Figure S2). The proportions of women,

current smokers, and patients with PAD, AAA, DM, and hypertension increased across
CRP quartiles, as did BMI, lipid concentrations, and WBC counts (Table 1). Patients in the
higher CRP quartiles also less often used a statin and antiplatelet therapy. Characteristics

of patients with CRP >20 mg/L were comparable to patients within the third and fourth
CRP quartiles below 20 mg/L.

Table 1. Baseline characteristics stratified by quartiles of CRP

1**Quartile 2" Quartile 3" Quartile 4" Quartile CRP >20
Characteristic (n=2,091) (n=1,919) (n=1,899) (n=1,944) mg/L
(n=236)
CRP (mg/L), median (range) 0.60 1.40 2.74 6.64 31.9
(0.10-0.90) (0.91-1.90) (1.91-4.00) (4.01-20.0) (20.1-247.4)
Age 59.1+10.2 60.3£10.3 61.4+9.9 60.9+10.5 63.9+£10.4
Sex (male) 1616 (77%) 1,447 (75%) 1,396 (74%) 1,334 (69%) 178 (75%)
Smoking status
Former 1,028 (49%) 957 (50%) 893 (47%) 828 (43%) 106 (45%)
Current 424 (20%) 507 (26%) 649 (34%) 809 (42%) 89 (38%)
Alcohol (units/week)
Never drinker 301 (14%) 341 (18%) 343 (18%) 412 (21%) 46 (20%)
<1 204 (10%) 215 (11%) 179 (9%) 196 (10%) 24 (10%)
1-10 1,000 (48%) 827 (43%) 804 (42%) 784 (40%) 88 (37%)
10-20 401 (19%) 326 (17%) 382 (20%) 334 (17%) 52 (22%)
>20 185 (9%) 210 (11%) 191 (10%) 218 (11%) 26 (11%)
CVD locations
Coronary artery disease 1,364 (65%) 1,262 (66%) 1,176 (62%) 1,026 (53%) 129 (55%)
Prior myocardial infarction 721 (35%) 652 (34%) 621 (33%) 563 (29%) 63 (27%)
Cerebrovascular disease 628 (30%) 533 (28%) 561 (30%) 598 (31%) 72 (31%)
Peripheral artery disease 224 (11%) 260 (14%) 370 (20%) 504 (26%) 68 (29%)
Abdominal aortic aneurysm 90 (4%) 124 (7%) 165 (9%) 258 (13%) 41 (17%)
Hypertension 1,069 (51%) 1,123 (59%) 1,158 (61%) 1,219 (63%) 142 (60%)
Diabetes mellitus 307 (15%) 320 (17%) 307 (16%) 387 (20%) 56 (24%)
Body mass index (kg/m?) 25.7+3.4 25.9+3.7 27.3+4.0 27.7+4.6 27.245.1
Systolic blood pressure (mmHg) 137420 139+20 140+21 142+22 142+23

68



CRP and risk of incident HF

1% Quartile 2" Quartile 3" Quartile 4" Quartile CRP >20

Characteristic (n=2,091) (n=1,919) (n=1,899) (n=1,944) mg/L
(n=236)

Laboratory values
LDL-cholesterol (mg/dL) 99+36 106+38 113+41 120+43 112441
HDL-cholesterol (mg/dL) 50+14 48+14 47+14 45+13 43+12
Non-HDL-cholesterol (mg/dL) 123+39 134+42 144+47 153+51 140146
Triglycerides (mg/dL) 124485 144+88 161+128 168+152 144+87
eGFR (mL/min/1.73 m?) 80+16 79+17 76+18 75420 72421
Total WBC count (x10°/L)* 6.2%1.7 6.6+1.7 7.1%£1.9 7.8%2.1 8.8+2.7
Neutrophil count (x10°/L)* 3.5+1.3 3.8+1.3 4.2+1.4 4.7£1.7 5.8+2.2
Lymphocyte count (x10%/L)* 1.9+0.6 2.0£0.7 2.0£0.7 2.1+0.8 1.9+0.7
Neutrophil-lymphocyte ratio® 2.0+0.8 2.1+0.9 2.2£1.0 2.4#1.1 3.1+1.4
Monocyte count (x10°/L)* 0.52+0.17 0.56+0.16 0.59£0.18 0.63+0.20 0.71+0.24

Medication use

Statin 1,611 (77%) 1,391 (73%) 1,258 (66%) 1,126 (58%) 118 (50%)
Antiplatelet therapy 1,722 (82%) 1,550 (81%) 1,454 (77%) 1,378 (71%) 156 (66%)
Antihypertensive therapy 1,545 (74%) 1,469 (77%) 1,435 (76%) 1,421 (73%) 173 (73%)

All data in n (%) or mean+SD, unless otherwise specified.

* WBC counts were not part of the standard baseline screening. Data presented are based on the 4,155 patients for
whom WBC counts were available.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular disease,
CRP = C-reactive protein, CVD = cardiovascular disease, eGFR = estimated glomerular filtration rate, HDL =
high-density lipoprotein, LDL = low-density lipoprotein, PAD = peripheral artery disease, SD = standard deviation,
WBC = white blood cell.

HF incidence rates

During a median follow-up of 9.7 years (IQR 5.4-14.1), 768 incident HF cases were observed
in patients with CRP <20 mg/L (9.8%; incidence rate: 0.98/100 person years [PY]), and 42
cases in patients with CRP >20 mg/L (17.8%; incidence rate: 2.08/100 PY). This included 295
(36.4%) cases of HFrEF, 281 (34.7%) cases of HFpEF, and 234 (28.9%) cases with unknown
LVEF. The unadjusted incidence of HF increased across CRP quartiles (p <0.001; Figure
1). The incidence in patients with CRP >20 mg/L exceeded that observed in patients within
the highest CRP quartile below 20 mg/L (p = 0.02). HF incidence was lowest in patients
with CeVD or CAD without prior MI (p for comparison with other CVD locations: <0.001)
(Figure S3). In patients with PAD or AAA, the incidence was comparable to patients with
a prior MI (p = 0.58 and p = 0.21 respectively).
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Figure 1. HF incidence stratified by CRP quartiles

HF Incidence Stratified by CRP Quartiles
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Cumulative incidence of HF hospitalization stratified by CRP quartiles, with CRP >20 mg/L added as a separate
group.

Association between CRP and incident HF

In patients with CRP <20 mg/L, higher CRP was significantly associated with an increased
risk of incident HF independent of established risk factors (per 1 mg/L increase in CRP: HR
1.10; 95% CI 1.07-1.13) (Table 2 & Central Illustration). A dose-response relationship was
observed between CRP in quartiles and incident HF, with an especially high risk for patients
in the fourth quartile of CRP (4.01-20.0 mg/L): versus first quartile (0.10-0.90 mg/L); HR
2.22(95% CI 1.76-2.79). A CRP >20 mg/L was associated with an even higher risk of incident
HF (versus first quartile: HR 2.49; 95% CI 1.74-3.56). Additional adjustment for alcohol
consumption, HDL-c, triglycerides, use of statins, antiplatelet therapy, and antihypertensive

agents, and year of inclusion in the cohort did not attenuate the association (Table 2).
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Association between CRP and HF subtypes

Higher CRP was significantly associated with an increased risk of both HFrEF (per 1 mg/L:
HR 1.09; 95% CI 1.04-1.14), and HFpEF (HR 1.12; 95% CI 1.07-1.18), with no significant
difference between the two subtypes (p = 0.137; Table 3). A similar association was found
between CRP and unclassified HF cases (HR 1.10; 95% CI 1.04-1.17).

Influence of interim MI

An interim MI was observed in 549 patients (7.0%), of whom 110 (20.0%) developed HF
later during follow-up. Higher CRP was independently associated with an increased risk
of interim MI (Table S1), but the magnitude of the relationship was smaller as compared
to the association between CRP and incident HF. Interim MI strongly increased the risk of
subsequent incident HF (HR 2.75; 95% CI 2.24-3.39) (Table S2). However, the association
between CRP and incident HF was not attenuated by additional adjustment for interim
MI (Table S3).

Influence of competing risk of death

A total of 1,991 deaths occurred (incidence rate: 2.60/100 PY), of which 1,584 deaths were
not preceded by HF (incidence rate: 1.97/100 PY) (Figure S4). The association between
CRP and incident HF was slightly attenuated but remained significant in a model adjusted
for competing risk of death (per 1 mg/L: SHR 1.08; 95% CI 1.05-1.11) (Table S4). This
attenuation could be explained by the fact that higher CRP was also associated with an

increased risk of death due to any cause, and various specific causes (Table S5).

Reverse causality and effect modification

Repeating the analyses after excluding patients who had incident HF within the first 1, 2, 5,
10, and 15 years after inclusion yielded almost identical results (Table S6). The association
between CRP and incident HF was consistent over time, and higher baseline CRP remained
significantly associated with an increased risk of incident HF even beyond 15 years after
the initial measurement (Figure 2). The association between CRP and incident HF was not

significantly modified by any of the pre-specified clinical variables (Table S7).
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Figure 2. Association between CRP and HF over time

Time Period Events/Patients Events/100 PY HR (95% CI)

Total follow-up  768/7,853 0.98 HOH 110 (1.07-113)
Years 0-5 214/7,853 0.60 I—.—| 1.10 (1.04-1.16)
Years 5-10 216/6,082 0.87 I—.-'—| 1.08 (1.02-1.14)
Years 10-15 210/3,780 1.58 I—H 1.09 (1.03-1.15)
Years 15+ 128/1,626 2.61 |—‘—.—| 1.14 (1.07-1.22)

090 100 110 120 130
HR (95% CI) per 1 mg/L CRP

Association between CRP and incident HF within subsequent time intervals. Hazard ratios were adjusted for estab-
lished risk factors (main adjustment in Table 2).

Combined effects of CRP and established risk factors

A CRP concentration above the median (>1.90 mg/L) increased the risk of incident HF on
top of established risk factors (Figure 3). Hazard ratios for the combined presence of CRP
above the median with MI (HR 3.69; 95% CI 2.94-4.63), DM (HR 2.99; 95% 2.36-3.78),
current smoking (HR 2.31; 95% CI 1.86-2.87), and hypertension (HR 2.06; 95% CI 1.62-
2.62), exceeded those of MI (HR 2.39; 95% CI 1.88-3.04), DM (HR 2.19; 95% CI 1.69-2.84),
current smoking (HR 1.33; 95% CI 0.99-1.79), and hypertension (HR 1.27; 95% CI 0.99-
1.63) alone.

Stability of CRP concentrations over time

A second measurement of CRP was available for 1,944 (24.0%) patients, with a median time
between baseline and second measurement of 10.0 years (IQR 8.6-10.8). Median change in
CRP was -0.10 mg/L (IQR -1.00-0.67) (Figure S5). In 76% of patients, CRP had changed
by <1 SD. In comparison, after the same time interval, LDL-C and SBP had changed by <1
SD in 67% and 68% of these patients respectively (Figure S6).

Association between WBC counts and incident HF
WBC counts were available for 4,155 (51.4%) patients. There was a significant but weak to

moderate correlation between CRP and total WBC count (Spearman’s correlation coefficient
[p] = 0.339), neutrophil-lymphocyte ratio (p = 0.203), and several differential WBC counts
(Figure S7). Total WBC count was not independently associated with incident HF (Table
S$8). However, there were significant associations with incident HF for neutrophil count
(HR per SD 1.13; 95% CI 1.01-1.27), lymphocyte count (HR per SD 0.88; 95% CI 0.77-0.99),
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neutrophil-lymphocyte ratio (HR per SD 1.18; 95% CI 1.08-1.30), and monocyte count
(HR per SD 1.16; 95% CI 1.04-1.29). Compared to these measures, CRP was more strongly
associated with incident HF in these patients (HR per SD 1.30; 95% CI 1.18-1.43). The
associations of WBC counts and the neutrophil-lymphocyte ratio with incident HF were
largely independent of CRP and vice versa (Table S9).

Figure 3. Combined effects of CRP and established risk factors on HF risk

Risk Factors Events/Patients Events/100 PY HR (95% CI)
CRP >Median + Myocardial infarction ~ 246/1,376 21 i 3.69 (2.94-4.63)
Myocardial infarction only 154/1,501 1.09 il 2.39 (1.88-3.04)
CRP >Median only 246/2,659 0.95 i 1.69 (1.35-2.11)
Neither 122/2,637 0.45 Reference

T T y T T T
050070 1.0 1.5 20 3.0 5.0

HR (95% CI)

Risk Factors Events/Patients Events/100 PY HR (95% CI)
CRP >Median + Diabetes mellitus 130/694 212 i 2.99 (2.36-3.78)
Diabetes mellitus only 87/627 147 i 219 (1.69-2.84)
CRP >Median only 362/3,149 115 i 1.76 (1.46-2.12)
Neither 189/3,383 0.54 Reference

T T T T T 1

T
050070 1.0 15 20 3.0 5.0

HR (95% CI)

Risk Factors Events/Patients Events/100 PY HR (95% CI)
CRP >Median + Current smoking 167/1,458 114 HilH 2.31(1.86-2.87)
CRP >Median only 325/2,385 1.42 HiH 1.60 (1.34-1.91)
Current smoking only 57/931 0.56 1.33 (0.99-1.79)
Neither 219/3,079 071 Reference

T T T T T T
050070 1.0 15 20 3.0 5.0

HR (95% CI)

Risk Factors Events/Patients Events/100 PY HR (95% CI)
CRP >Median + Hypertension 341/2,377 1.54 il 2.06 (1.62-2.62)
CRP >Median only 151/1,466 0.99 i 1.66 (1.27-2.16)
Hypertension only 182/2,192 0.82 1.27 (0.99-1.63)
Neither 94/1,818 0.50 Reference

050070 10 15 20 3.0 5.0
HR (95% CI)

Combined effects of a CRP concentration above the median (>1.90 mg/L), and myocardial infarction (A), diabetes
mellitus (B), current smoking (C), and hypertension (D) on the risk of incident HF. Hazard ratios were adjusted for
established risk factors (main adjustment in Table 2) where appropriate. Myocardial infarction was analyzed as a
time-varying covariate.
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Discussion

In this prospective observational cohort study of 8,089 patients with established CVD,
higher CRP was significantly associated with an increased risk of incident HF, independent
of established risk factors, medication use, and interim MI (Central Illustration). The
association was significant for both HFrEF and HFpEF, and remained consistent beyond

15 years after the initial CRP measurement.

Several mechanisms may explain the relation between inflammation and incident HF.
First, systemic inflammation leads to activation of the renin-angiotensin system and the
sympathetic nervous system, contributing to volume expansion, increased peripheral
vascular resistance, and myocyte hypertrophy and apoptosis.’* Pro-inflammatory
cytokines may also depress myocardial contractility, influence left ventricular remodeling,
and lead to pulmonary edema, and endothelial dysfunction.?"?? In addition, low-grade
inflammation may increase the risk of MI, and thereby increase the risk of subsequent
HF. But as shown in this study, CRP was associated with incident HF independent of the
occurrence of an interim MI. A previous review provided a detailed overview of the role of
CRP itself in promoting endothelial dysfunction and atherothrombosis that may contribute
to the development of HF.?* CRP binds to CD32 and CD64 receptors on endothelial cells,
triggering a series of proinflammatory pathways. First, CRP reduces endothelial nitric oxide
synthase (eNOS) activity, resulting in increased superoxide and decreased NO production,
which attenuates vasodilatation. Second, CRP decreases prostacyclin, while inducing
plasminogen activator inhibitor-1 (PAI-1), which promotes platelet aggregation. Third, CRP
triggers adhesion of monocytes to the endothelium, secretion of other proinflammatory
cytokines, and the uptake of oxidized LDL in monocytes leading to foam cell formation.
However, whether CRP itself is truly part of the causal pathway between inflammation and
incident HF remains uncertain. Elevated CRP may also reflect increased hepatic synthesis
under the influence of other, upstream inflammatory markers such as IL-6, and may only
be indicative of a generalized inflammatory state antedating HF. Hence, a mendelian
randomization study showed that genetic variants related to higher concentrations of CRP
are not related to an increased risk of HE.* Regardless of the role of CRP in the pathogenesis
of HF, this study shows that a single measurement of CRP is strongly associated with
incident HF, even beyond 15 years after the initial measurement. This includes CRP
concentrations >10 and >20 mg/L, which by clinicians are often assumed to be associated
with a temporary inflammatory condition, and therefore often disregarded.” The results
of this study indicate that all randomly measured CRP concentrations, including very high
concentrations (>10/>20 mg/L), are clinically relevant indicators of HF risk that should be

fully appreciated.
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This study expands on previous studies performed in people without a history of CVD.
These population-based studies from Europe and the US have also shown a significant
association between CRP and incident HF, but differences in reporting measures complicate
a direct comparison.’™ In studies that reported the effects of a 1 SD increase in CRP on HF
risk, hazard ratios ranged from 1.16 to 1.48, in line with the hazard ratio of 1.39 per 1 SD
increase in CRP found in this study.*”® Only two previous studies distinguished between
HFrEF and HFpEF, with contrasting results.>” One study showed that inflammatory
markers are more strongly associated with HFpEF.® This is in line with the current study,
although differences were small and non-significant in this study. In another study CRP
was independently associated with HFrEF but not HFpEF.” Future studies in which LVEF
is systematically assessed in all participants may be considered to evaluate differences
in the relation of inflammation with HFrEF vs HFpEF. To our knowledge, the current
study is the first to assess the association between CRP and incident HF in a population of
patients with various types of CVD, and to evaluate the HF risk associated with very high
concentrations of CRP (>20 mg/L).

Establishing the association between CRP and incident HF specifically in patients with
established CVD is clinically relevant for multiple reasons. First, low-grade inflammation
is very common in patients with CVD. In our study population, 49% had a CRP >2.0 mg/L
(a commonly used threshold for low-grade inflammation). In the first place, this is due to
the fact that low-grade inflammation is also an established risk factor of atherosclerotic
CVD.* Secondly, other conditions that may lead to CVD or often coexist together with
CVD, such as DM, obesity, and smoking, contribute to low-grade inflammation. Besides the
high prevalence of low-grade inflammation, the incidence of HF is also considerably higher
in patients with established CVD. The incidence rate observed in our cohort was 1.01/100
PY, as compared to approximately 0.12/100 PY in a Dutch population-based cohort.?® It is
not only patients with CAD who may develop HF, but as shown in this study, patients with
non-coronary manifestations of CVD are at high risk of incident HF as well. Moreover,
we showed that CRP was associated with incident HF independent of the occurrence of an
interim MI. This indicates that strategies focused on the prevention of MI do not necessarily
also prevent HF in this population, and that interventions targeted specifically at the
prevention of HF may be necessary. Our results indicate that in patients with established
CVD, low-grade inflammation (measured by CRP) is a strong and independent risk factor of
incident HF. This suggests that interventions targeting inflammation may have the potential

to reduce the high risk of HF in this population.
In recent years, clinical trials have demonstrated the efficacy of anti-inflammatory

drugs, i.e. canakinumab and low-dose colchicine, in reducing the risk of major adverse

cardiovascular events, including myocardial infarction, coronary revascularization, stroke,
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and cardiovascular death, in patients with CAD."#:% In contrast, in patients with prevalent
HF various anti-inflammatory agents, i.e. tumor necrosis factor-a inhibitors, IL-1 receptor
antagonists, methotrexate, and colchicine did not improve patient functional status nor
reduce HF hospitalization or mortality.? This may have casted doubts on the potential
for anti-inflammatory therapy in the treatment of HF, but these trials were not powered
to detect a significant difference in clinical outcomes. Also, anti-inflammatory therapy
might be useful in the prevention of HF, though data in this area are limited. Statins have
anti-inflammatory effects, and even though trials in prevalent HF yielded neutral results,
statins were proven to reduce the risk of a first hospitalization for HF in patients with
established CVD or CVD risk factors.” A secondary analysis of the CANTOS trial found
that treatment with canakinumab was associated with a trend towards a dose-dependent
reduction in HF hospitalization, with a non-significant relative risk reduction of 30% in
patients without a history of HF on the highest dose of canakinumab (300 mg once every
three months)."® More studies are needed to identify anti-inflammatory and other preventive
therapies capable of reducing the high risk of HF in patients with established CVD. For this
purpose, we suggest that incident HF could be included as a pre-specified endpoint in future
trials in this population. Trials of anti-inflammatory drugs in patients with established
CVD powered to detect a difference in HF incidence may be warranted. For example IL-6
inhibition (e.g. with ziltivekimab) may hold promise, and warrants testing in patients with
established CVD and/or prevalent HFE.>* Based on the current evidence, intensification
of preventive therapy may already be considered in CVD patients with an elevated CRP
concentration (e.g. >2.0 mg/L) to reduce the risk of incident HF and other CVD events.

Study strengths and limitations

Strengths of this study include the use of a practice-based cohort with a prospective design,
the long follow-up duration, and the low proportions of missing data. Study limitations
need to be considered. First of all, this is an observational study, so subject to potential
residual confounding. Definitive conclusions on causality cannot be made based on the
results of this study. A single measurement of CRP was used, while concentrations might
fluctuate during follow-up. However, as shown in the current and in previous studies,
CRP concentrations are relatively stable over time.?>*"* Also, this study showed that the
association between a single measurement of CRP and incident HF is consistent beyond 15
years after the measurement. WBC counts were missing for part of the cohort, and other
inflammatory markers such as IL-6 were not measured. Data on auto-inflammatory and
infectious diseases that may increase both CRP and HF risk were lacking. But as patients
with severe comorbidities were not enrolled in the cohort, and patients with CRP >20
mg/L were analyzed as a separate group, the influence of inflammatory conditions on the

results of this study is likely limited. HF outcomes were not adjudicated, but were based on
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ICD codes registered by clinicians in routine clinical care. Documentation of ICD codes
by clinicians might be imperfect, but a validation study in another Dutch cohort showed
that only 3.3% of patients with a presumed HF hospitalization based on ICD codes were
misclassified.® Also, 71% of HF cases in this study could be confirmed and classified as
either HFrEF or HFpEF based on information retrieved from medical records. For 29% of
cases, information on LVEF was not available, so these could not be classified. Only in-

hospital diagnoses were available, so out-patient diagnoses of HF were missed.

Conclusions

In patients with established CVD, higher CRP is independently associated with an increased
long-term risk of incident HF. Future trials may reveal the potential for anti-inflammatory

therapy to reduce the high risk of HF in this population.
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Supplementary material
Supplemental Methods

Primary analysis of the association between CRP and incident HF

The association between CRP and incident HF was analyzed using cause-specific Cox
proportional hazards models. This means censoring was applied at the time of unrelated
death (i.e. death not preceded by HF), or at the end of follow-up." The hazard ratios
(HRs) derived from these models and presented in the main analysis should therefore be
interpreted as cause-specific HRs, i.e. not adjusted for the competing risk of death. The
analysis was a time-to-first-event analysis, i.e. only the patients’ first HF hospitalization
was included, and recurrent events were disregarded. The models included baseline CRP
and an increasing number of potential confounders (also measured once at baseline). The
continuous analysis was limited to patients with CRP <20 mg/L, as CRP concentrations
>20 mg/L are often assumed to be associated with an acute inflammatory response.? As an
analysis of restricted cubic splines revealed no violations of the linearity assumption (p for
non-linearity >0.05), CRP was entered into the models as a linear term. The continuous
association between CRP and incident HF was described using cause-specific HRs for every
1 mg/L, and 1 standard deviation (SD) increase in CRP. In addition, a categorical analysis
was performed, in which patients with CRP <20 mg/L were divided in quartiles based on
their CRP concentration, and patients with CRP >20 mg/L were added to the model as a
fifth group. Cause-specific HRs for the CRP quartiles, and CRP >20 mg/L as compared to
the lowest quartile of CRP (i.e. the reference group) were derived. The proportional hazards
assumption, assessed based on scaled Schoenfeld residuals and plots of the HR for CRP over
time, was not violated for any of the models, so there was no need to include interactions
of CRP with time.

Analysis of the association between CRP and HF subtypes

Similar to the primary analysis, the association between CRP and HF subtypes (i.e. HFrEF
and HFpEF) was analyzed using cause-specific Cox proportional hazards models. The
analysis was a time-to-first-subtype analysis, meaning that only the first HF subtype was
analyzed, i.e. the subtype of HF present at time of the patients’ first HF hospitalization.
Progression from one subtype to the other (i.e. HFpEF to HFrEF, or the other way around)
was not counted as a new event, and not included in the analysis. This means that in
the analysis of a specific HF subtype (e.g. HFrEF), censoring was applied at the time of
development of a different HF subtype (HFpEF), at the time of unrelated death, or at the
end of follow-up. As in the primary analysis, the association between CRP and HF subtypes
was described using cause-specific HRs for every 1 mg/L, and 1 SD increase in CRP, and
for CRP quartiles (with CRP >20 mg/L added as a separate group). Whether there was a
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differential effect of CRP on the risk of HFrEF vs HFpEF was formally tested using the
Lunn-McNeil method. A detailed description of this method has been published elsewhere.?
In summary, the data was duplicated, and a ‘status’ and ‘failure type’ variable was created in
both duplications. In the first duplication of the data, the ‘status’ variable was set to 1 for all
patients who developed HF (and to 0 for patients who did not develop HF), and the ‘failure
type’ variable was set to 1 for patients who developed HFrEF (and to 0 for patients who
developed HFpEF or did not develop HF). In the second duplication of the data, the ‘status’
variable was set to 0 for all patients, and the ‘failure type’ variable was set to 1 for patients
who developed HFpEF or did not develop HF (and to 0 for patients who developed HFrEF).
Then, the two duplications of the data were combined into one dataset. This creates a dataset
in which patients who developed HFrEF are censored for HFpEF, patients who developed
HFpEF are censored for HFrEF, and patients who did not develop HF are censored for
both subtypes. Using this dataset, a Cox proportional hazards model for incident HF (i.e.
the ‘status’ variable) was derived, including an interaction term of CRP (in mg/L) with HF
subtype (i.e. the ‘failure type’ variable) and the main selection of potential confounders.
If the interaction term of CRP with HF subtype in this model was significant (p <0.05),
this would have indicated that the association between CRP and HFrEF was significantly
different from the association between CRP and HFpEF.

Competing risk analysis

To assess the influence of the competing risk of unrelated death (not preceded by HF), a
sensitivity analysis was performed in which the association between CRP and incident HF
was analyzed using Fine and Gray subdistribution hazard models.* In contrast with the
primary analysis, not a dichotomous outcome (i.e. HF vs no HF) was entered in the model,
but an outcome with three levels: (0) censored (i.e. alive and free of HF at the end of follow-
up), (1) HF, and (2) death not preceded by HF. This means patients were only censored if
they were alive and free of HF at the end of follow-up, and the competing risk of unrelated
death was accounted for. In line with the primary analysis, subdistribution hazard ratios
(SHRs) from Fine and Gray models (including the same sets of potential confounders)
were derived for every 1 mg/L, and 1 SD increase in CRP, and for CRP quartiles (with
CRP >20 mg/L added as a separate group). To support the interpretation and comparison
of the cause-specific HRs from the primary analysis and the SHRs from the competing
risk analysis, two additional analyses were performed. First, Kaplan-Meier curves were
derived showing the cumulative rate of all-cause mortality in the total study population,
and the cumulative rates of death preceded by HF (related death) vs death not preceded
by HF (unrelated death). In the latter curve all patients were considered at risk of related
and unrelated death at the start of follow-up. For death preceded by HF, patients were
censored at the time of unrelated death or the end of follow-up. For death not preceded

by HF, patients were censored at the time of first HF hospitalization (because after an HF
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hospitalization they are no longer at risk of death not preceded by HF) or the end of follow-
up. Second, the association between CRP, all-cause death, related vs unrelated death, and
various specific causes of death was analyzed using cause-specific Cox proportional hazards
models. In the analysis of related death, censoring was applied at the time of unrelated death
or the end of follow-up, while in the analysis of unrelated death, censoring was applied at
the time of first HF hospitalization or the end of follow-up. In the analyses of specific causes
of death, censoring was applied at the time of death due to a different cause or the end of
follow-up. All models were adjusted for the main selection of potential confounders, and
the association was described using cause-specific HRs for every 1 mg/L increase in CRP.
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Table S5. Association between CRP and death

Cause of death Events HR per 1 mg/L*
(95% CI)
All-cause mortality 1,874 1.10 (1.08-1.13)
Preceded by HF 377 1.17 (1.12-1.22)
Not preceded by HF 1,497 1.10 (1.07-1.12)
Cardiovascular mortality 863 1.11 (1.08-1.15)
Myocardial infarction 46 1.12 (0.98-1.27)
Stroke 116 1.03 (0.95-1.13)
Sudden cardiac death 270 1.12 (1.06-1.18)
Heart failure 124 1.14 (1.06-1.24)
AAA rupture 25 1.03 (0.85-1.25)
Other CVD death 282 1.14 (1.08-1.20)
Non-cardiovascular mortality 877 1.10 (1.07-1.13)
Cancer 564 1.08 (1.04-1.12)
Infection 116 1.15 (1.06-1.24)
Unnatural 34 1.10 (0.95-1.27)
Other non-CVD death 163 1.12 (1.04-1.20)
Unclassified 134 1.13 (1.04-1.21)

Cause-specific hazard ratios (95% CI) derived from cause-specific Cox
proportional hazards models for the association between CRP and various
causes of death in all patients with CRP <20 mg/L (n = 7,853). No corrections
for multiple testing were applied.

* Adjusted for age, sex, CAD with prior MI, CAD without prior MI, CeVD,
PAD, AAA, smoking, diabetes mellitus, BMI, SBP, non-HDL-c, and eGFR
(main adjustment).

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, CRP

= C-reactive protein, CVD = cardiovascular disease, eGFR = estimated
glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol,
HF = heart failure, HR = hazard ratio, MI = myocardial infarction, PAD =
peripheral artery disease, SBP = systolic blood pressure.

CRP and risk of incident HF
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Table S6. Reverse causality assessment

Total Exclude Exclude Exclude Exclude Exclude
. events <1 events <2 events <5 events <10 events <15
population
year years years years years
Events/Patients 768/7,853 715/7,800 673/7,758 554/7,639 338/7,423 128/7,213
HR (95% CI) 1.10 1.09 1.10 1.11 1.12 1.15
per 1 mg/L CRP (1.07-1.13)  (L.06-1.12)  (1.07-1.14)  (1.07-1.15)  (L07-1.17)  (1.07-1.24)
HR (95% CI
o éD (°_ ; ‘)19 1.39 1.36 139 1.43 148 1.63
fng/L) - (1.27-1.53)  (1.24-1.49)  (1.25-1.58)  (1.26-1.62)  (1.26-1.73)  (1.27-2.11)

Hazard ratios per 1 mg/L and per SD CRP in the total population (i.e. all patients with CRP <20 mg/L), and after
excluding patients who had incident HF within the first 1, 2, 5, 10, and 15 years after inclusion. Hazard ratios
were adjusted for age, sex, CAD with prior MI, CAD without prior MI, CeVD, PAD, AAA, smoking, diabetes
mellitus, BMI, SBP, non-HDL-c, and eGFR. No corrections for multiple testing were applied.
Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, CRP = C-reactive protein, eGFR = estimated glomerular filtration rate, HDL-c
= high-density lipoprotein cholesterol, HF = heart failure, HR = hazard ratio, MI = myocardial infarction, PAD

= peripheral artery disease.
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CRP and risk of incident HF

Table S7. Potential effect modifiers in the association between CRP and incident HF

Events/ Event rate HR per 1 mg/L CRP p-value for
Patients (events/ 100 PY) (95% CI) interaction
Age 0.411
<50 years 48/1,257 0.33 1.16 (1.08-1.26)
50-59 years 163/2,374 0.62 1.10 (1.04-1.17)
60-69 years 305/2,687 1.20 1.10 (1.05-1.16)
270 years 252/1,535 2.09 1.10 (1.05-1.16)
Sex 0.140
Male 598/5,793 1.04 1.10 (1.06-1.14)
Female 170/2,060 0.81 1.09 (1.03-1.16)
CVD location 0.451
CAD with MI 208/1,956 1.09 1.07 (1.02-1.12)
CAD without MI 160/1,953 0.78 1.12 (1.06-1.19)
CeVD 92/1,721 0.53 1.07 (1.00-1.15)
PAD or AAA 114/1,138 0.94 1.12 (1.05-1.20)
Polyvascular 194/1,085 2.10 1.10 (1.05-1.16)
Smoking 0.871
Never 148/1,758 0.87 1.11 (1.05-1.18)
Former 396/3,706 1.08 1.10 (1.05-1.15)
Current 224/2,389 0.90 1.10 (1.04-1.16)
Diabetes mellitus 0.217
No 551/6,532 0.83 1.11 (1.07-1.15)
Yes 217/1,321 1.80 1.07 (1.01-1.13)
Body-mass index 0.586
<25 kg/m? 213/2,615 0.82 1.08 (1.02-1.14)
25-30 kg/m? 375/3,761 0.98 1.10 (1.05-1.15)
230 kg/m? 180/1,477 1.28 1.12 (1.06-1.19)
Statin 0.256
No 262/2,467 0.97 1.11 (1.06-1.17)
Yes 506/5,386 0.98 1.09 (1.05-1.14)
Antiplatelet therapy 0.521
No 197/1,749 1.05 1.11 (1.05-1.17)
Yes 571/6,104 0.96 1.09 (1.05-1.13)
Antihypertensive therapy 0.439
No 152/1,983 0.71 1.10 (1.04-1.16)
Yes 616/5,870 1.08 1.10 (1.06-1.14)

Hazard ratios (95% CI) for the association between CRP and incident HF in subgroups of age, sex, and CVD
location. Hazard ratios were adjusted for age, sex, CAD with prior MI, CAD without prior MI, CeVD, PAD, AAA,
smoking, diabetes mellitus, BMI, SBP, non-HDL-c, and eGFR (where appropriate). P-values for the interaction
between CRP and the potential effect modifiers are provided. No corrections for multiple testing were applied.
Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, CVD = cardiovascular disease, eGFR =
estimated glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HOMA-
IR = homeostasis model of insulin resistance, HR = hazard ratio, MI = myocardial infarction, PAD = peripheral
artery disease, PY = person years, SD = standard deviation.
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Table S8. Association between white blood cell counts and incident HF

Events/  Eventrate Unadjusted, Adjusted for Main Additional
Patients (events/ HR (95% ageand sex, adjustment’, adjustment®,
100 PY) cI) HR (95% CI) HR (95% CI) HR (95% CI)
Total WBC count
Per SD (= 1.97x10°/L) ~ 330/4,152¢ 0.90 1.12 (1.01- 1.21 (1.09- 1.09 (0.97- 1.08 (0.96-
1.24) 1.35) 1.23) 1.22)
Quartile 1 70/1,039 0.73 Ref Ref Ref Ref
Quartile 2 74/1,044 0.80 1.11 (0.80- 1.04 (0.75- 0.90 (0.65- 0.89 (0.64-
1.54) 1.44) 1.25) 1.24)
Quartile 3 92/1,035 1.02 1.43 (1.05- 1.40 (1.02- 1.09 (0.79- 1.06 (0.77-
1.95) 1.90) 1.50) 1.46)
Quartile 4 95/1,037 1.08 1.54 (1.13- 1.74 (1.27- 1.28 (0.92- 1.25 (0.90-
2.10) 2.37) 1.77) 1.74)
Neutrophil count
Per SD (= 1.51x10°/L) ~ 330/4,152¢ 0.90 1.17 (1.06- 1.22 (1.10- 1.13 (1.01- 1.12 (1.00-
1.29) 1.35) 1.27) 1.26)
Quartile 1 65/1,048 0.67 Ref Ref Ref Ref
Quartile 2 71/1,033 0.77 1.15 (0.82- 1.09 (0.78- 0.99 (0.70- 0.99 (0.71-
1.61) 1.53) 1.39) 1.40)
Quartile 3 92/1,035 1.02 1.55 (1.13- 1.38 (1.01- 1.13 (0.82- 1.13 (0.81-
2.13) 1.90) 1.55) 1.56)
Quartile 4 103/1,038 1.17 1.79 (1.31- 1.80 (1.32- 1.36 (0.99- 1.37 (0.99-
2.44) 2.46) 1.88) 1.90)
Lymphocyte count
Per SD (= 0.69x10°/L)  330/4,147° 0.90 0.82 (0.72- 0.98 (0.86- 0.88 (0.77- 0.86 (0.76-
0.92) 1.10) 0.99) 0.98)
Quartile 1 103/1,039 1.14 Ref Ref Ref Ref
Quartile 2 77/1,055 0.82 0.72 (0.53- 0.86 (0.64- 0.81 (0.60- 0.80 (0.59-
0.96) 1.15) 1.10) 1.07)
Quartile 3 81/1,022 0.88 0.77 (0.57- 1.02 (0.76- 0.86 (0.64- 0.84 (0.62-
1.02) 1.37) 1.16) 1.13)
Quartile 4 70/1,035 0.77 0.68 (0.50- 1.08 (0.79- 0.88 (0.64- 0.84 (0.61-
0.92) 1.47) 1.21) 1.16)
Neutrophil-
lymphocyte ratio
Per SD (= 0.97) 330/4,136¢ 0.90 1.35 (1.23- 1.21 (1.10- 1.18 (1.08- 1.19 (1.09-
1.47) 1.32) 1.30) 1.31)
Quartile 1 55/1,038 0.58 Ref Ref Ref Ref
Quartile 2 71/1,038 0.76 1.32 (0.93- 1.22 (0.86- 1.11 (0.78- 1.13 (0.79-
1.87) 1.73) 1.58) 1.61)
Quartile 3 93/1,037 1.01 1.77 (1.27- 1.47 (1.05- 1.40 (1.00- 1.44 (1.03-
2.47) 2.06) 1.96) 2.01)
Quartile 4 112/1,037 1.28 2.26 (1.64- 1.66 (1.20- 1.52 (1.09- 1.56 (1.12-
3.12) 2.31) 2.12) 2.18)
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Events/  Eventrate Unadjusted, Adjusted for Main Additional
Patients (events/ HR (95% ageand sex, adjustment®, adjustment®,
100 PY) CI) HR (95% CI) HR (95% CI) HR (95% CI)
Monocyte count
Per SD (= 0.19x10°/L) ~ 331/4,152¢ 0.90 1.28 (1.16- 1.22 (1.10- 1.16 (1.04- 1.15 (1.03-
1.40) 1.35) 1.29) 1.28)
Quartile 1 61/1,075 0.61 Ref Ref Ref Ref
Quartile 2 81/1,010 0.89 1.50 (1.08- 1.32 (0.95- 1.26 (0.90- 1.25 (0.89-
2.09) 1.84) 1.77) 1.75)
Quartile 3 82/1,004 0.93 1.58 (1.14- 1.38 (0.99- 1.20 (0.86- 1.19 (0.85-
2.20) 1.93) 1.68) 1.67)
Quartile 4 107/1,065 1.20 2.09 (1.52- 1.75 (1.27- 1.46 (1.06- 1.43 (1.03-
2.86) 2.41) 2.03) 1.99)

Cause-specific hazard ratios (95% CI) for the association between white blood cell counts and incident HF derived
from cause-specific Cox proportional hazards models. White blood cell counts were not part of the standard
baseline screening. Data presented are based on the 4,155 patients for whom WBC counts were available. No
corrections for multiple testing were applied.

Quartiles, median (range): Total WBC count (x10°/L): Quartile 1, 4.9 (1.4-5.5); Quartile 2, 6.1 (5.5-6.6); Quartile
3,7.2 (6.6-7.9); Quartile 4, 9.0 (7.9-40.1); Neutrophil count (x10°/L): Quartile 1, 2.6 (0.8-3.0); Quartile 2, 3.4
(3.0-3.8); Quartile 3, 4.2 (3.8-4.7); Quartile 4, 5.6 (4.7-26.1); Lymphocyte count (x10°/L): Quartile 1, 1.3 (0.4-1.5);
Quartile 2, 1.7 (1.5-1.9); Quartile 3, 2.1 (1.9-2.4); Quartile 4, 2.8 (2.4-35.2); Neutrophil-lymphocyte ratio: Quartile
1, 1.2 (0.1-1.5); Quartile 2, 1.7 (1.5-2.0); Quartile 3, 2.3 (2.0-2.6); Quartile 4, 3.2 (2.6-16.0); Monocyte count
(x10°/L): Quartile 1, 0.38 (0.08-0.44); Quartile 2, 0.50 (0.45-0.54); Quartile 3, 0.60 (0.55-0.66); Quartile 4, 0.77
(0.67-2.73).

* Adjusted for age, sex, CAD with prior MI, CAD without prior MI, CeVD, PAD, AAA, smoking, diabetes
mellitus, BMI, SBP, non-HDL-c, and eGFR.

® Main adjustment + alcohol consumption (units/week), HDL-c, triglycerides, use of statins, antiplatelet therapy,
and antihypertensive agents, and year of inclusion in the cohort.

< Patients with missing values (for total WBC count, n = 0; neutrophil count, n = 1; lymphocyte count, n = 4; NLR,
n = 5; monocyte count, n = 1) were excluded. In the continuous analysis, additionally patients with very high
values (total WBC count >20x10°/L, n = 3; neutrophil count >15x10°/L, n = 2; lymphocyte count >8x10°/L, n = 4;
NLR >8, n = 14; monocyte count >2x10°/L, n = 2) were excluded to reduce the effects of outliers.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL-c = high-density lipoprotein
cholesterol, HF = heart failure, HR = hazard ratio, MI = myocardial infarction, NLR = neutrophil-lymphocyte
ratio, PAD = peripheral artery disease, PY = person years, Ref = reference, SD = standard deviation, WBC = white
blood cell.
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Table $9. Independent associations of CRP and white blood cell counts with incident HF

Events/ Main Main adjustment® Main adjustment®
Patients adjustment?, + CRP, + NLR,
HR (95% CI) HR (95% CI) HR (95% CI)

C-reactive protein 317/4,055° 1.30 (1.18-1.43) - 1.26 (1.14-1.39)

(per SD = 3.36 mg/L)

Total WBC count 330/4,152¢ 1.09 (0.97-1.23) 1.07 (0.95-1.20) -

(per SD = 1.97x10°/L)

Neutrophil count 330/4,152¢ 1.13 (1.01-1.27) 1.10 (0.98-1.24) -

(per SD = 1.51x10°/L)

Lymphocyte count 330/4,147¢ 0.88 (0.77-0.99) 0.88 (0.78-1.00) -

(per SD = 0.69x10°/L)

Neutrophil-lymphocyte ratio 330/4,136¢ 1.18 (1.08-1.30) 1.16 (1.05-1.28) -

(per SD =0.97)

Monocyte count 331/4,152¢ 1.16 (1.04-1.29) 1.13 (1.02-1.26) -

(per SD = 0.19x10°/L)

Cause-specific hazard ratios (95% CI) derived from cause-specific Cox proportional hazards models for

the association between CRP and incident HF adjusted for neutrophil-lymphocyte ratio (NLR), and for the
association between white blood cell counts and incident HF adjusted for CRP. White blood cell counts were not
part of the standard baseline screening. Data presented are based on the 4,155 patients for whom WBC counts
were available. No corrections for multiple testing were applied.

* Adjusted for age, sex, CAD with prior MI, CAD without prior MI, CeVD, PAD, AAA, smoking, diabetes
mellitus, BMI, SBP, non-HDL-c, and eGFR.

b The analysis was limited to patients with available WBC counts to allow adjustment for NLR. Patients with
CRP >20 mg/L (n = 100) were excluded.

¢ Patients with missing values (for total WBC count, n = 0; neutrophil count, n = 1; lymphocyte count, n =

4; NLR, n = 5; monocyte count, n = 1) were excluded. In addition, patients with very high values (total WBC
count >20x10%/L, n = 3; neutrophil count >15x10°/L, n = 2; lymphocyte count >8x10°/L, n = 4; NLR >8, n = 14;
monocyte count >2x10°/L, n = 2) were excluded to reduce the effects of outliers.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, CRP = C-reactive protein, eGFR = estimated glomerular filtration rate, HDL-c
= high-density lipoprotein cholesterol, HF = heart failure, HR = hazard ratio, MI = myocardial infarction,

NLR = neutrophil-lymphocyte ratio, PAD = peripheral artery disease, PY = person years, Ref = reference, SD =
standard deviation, WBC = white blood cell.
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Figure S1. Flowchart of study enrollment

Referred to UMC Utrecht, the
Netherlands for management of

CVD or CVD risk factors Inclusion criteria:
between September 1996 and - Established CVD (CAD, CeVD, PAD, or AAAY’, or;
ICEENE - CVD risk factor (hypertension, hyperlipidemia, DM,
or other®)
- 18-90 years of age
L 4| -Independent in most daily activities (Rankin scale <3)

Exclusion criteria:

A 4 - Pregnancy
15,416 patients included in the - Short life expectancy (judged by treating physician)
UCC-SMART cohort between - Insufficient understanding of Dutch language
September 1996 — March 2023° \ J

-

Current study, exclusion criteria:

- No established CVD (n = 5,477)

- History of HF (n =241)

- Enrollment after 1 January 2019, i.e. most recent date
with complete collection and adjudication of outcomes

= 1,609
, N y

8,089 patients included in the
current study

~

7,649 (94.6%) patients with
complete follow-up until
incident HF, death, or end-of-
study date (1 January 2019):

440 (5.4%) patients included
in the analysis but with
incomplete follow-up:

- Withdrawal of participation
in further follow-up (n = 349)
- Unreachable for further
questionnaires (n =91)

- Incident HF (n=810)

- Death (n=1,584)

- Alive and free of HF at end-
of-study date (n = 5,255)

Median follow-up = 7.8 years
(IQR 4.2-11.1)

Median follow-up = 9.9 years
(IQR 5.5-14.2)

Flowchart of enrollment in the UCC-SMART cohort, and the current study. A detailed description of the UCC-
SMART study and its protocol has been published elsewhere.®

* Established CVD was defined as a history of myocardial infarction, coronary revascularization (PCI or CABG),
cerebral infarction, transient ischemic attack, subarachnoid hemorrhage, peripheral artery disease of the lower limbs
(Fontaine II-IV), prior percutaneous transluminal angioplasty or bypass surgery of the leg, amputation, abdominal
aortic aneurysm (anterior-posterior diameter >3 cm), or abdominal aortic surgery.

® Other qualifying CVD risk factors are renal insufficiency, HIV infection, family history of CVD, and hypertensive
pregnancy complications.

¢ UCC-SMART is an ongoing cohort study, with continuous follow-up, and without a prespecified end date. The
number of patients included in the cohort between September 1996 (start of the study) and 1 March 2023 is presented.
Abbreviations: AAA = abdominal aortic aneurysm, CABG = coronary artery bypass grafting, CAD = coronary
artery disease, CeVD = cerebrovascular disease, CVD = cardiovascular disease, DM = diabetes mellitus, HF = heart
failure, HIV = human immunodeficiency virus, IQR = interquartile range, PAD = peripheral artery disease, PCI
= percutaneous coronary intervention, UCC-SMART = Utrecht Cardiovascular Cohort-Second Manifestations of
ARTerial disease.
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Figure S2. Distribution of CRP in the study population
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CRP and risk of incident HF

Figure S3. Kaplan-Meier curve of the incidence of HF stratified by CVD location

HF incidence stratified by CVD location

50%
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== AAA
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CAD with M7 2620 1923 1134 480
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Follow-up (years)

Cumulative incidence of HF hospitalization stratified by CVD location. The subgroups are non-exclusive, i.e. patients
with multiple CVD locations are included in all applicable subgroups.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular disease,
CVD = cardiovascular disease, HF = heart failure, MI = myocardial infarction, PAD = peripheral artery disease.
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Figure S5. Distribution of the change between baseline and second CRP measurement

Change between baseline and second CRP measurement (n = 1,944)
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Histogram showing the distribution of the change in CRP concentration between the baseline and second mea-
surement in the subset of patients (n = 1,944) who revisited for second measurements a median of 10.0 years (IQR

8.6-10.8) after the baseline screening.
Abbreviations: CRP = C-reactive protein, IQR = interquartile range.
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Figure S6. Standardized change over time in CRP vs LDL-c and SBP

C-reactive protein (n = 1,944)
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Histograms showing the distribution of the standardized change (i.e. change divided by the SD of the baseline
measurement) between the baseline and second measurement of CRP, LDL-c, and SBP, in the subset of patients (n
= 1,944) who revisited for second measurements a median of 10.0 years (IQR 8.6-10.8) after the baseline screening.
LDL-c, at baseline or second visit, was not available for 68 patients, so for LDL-c the analysis was limited to the 1,876
patients with available measurements at both time points.

Abbreviations: CRP = C-reactive protein, IQR = interquartile range, LDL-c = low-density lipoprotein cholesterol,
SBP = systolic blood pressure, SD = standard deviation.
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Figure S7. Association between CRP and white blood cell counts
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Scatterplots of the association between CRP and total WBC count, differential WBC counts, and neutrophil-lym-
phocyte ratio (NLR) in patients with available WBC counts (n = 4,155). The p represents the increase in WBC count/
NLR for every 1 mg/L increase in CRP, i.e. the beta coefficient derived from a linear model regressing WBC count/
NLR on CRP. The red line represents the regression line derived from this same model.

The p is the Spearman’s correlation coefficient for the correlation between WBC count/NLR and CRP. For viewing
purposes, all plots are also shown for CRP <5 mg/L.

Abbreviations: CRP = C-reactive protein, NLR = neutrophil-lymphocyte ratio, WBC = white blood cell.
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Chapter 3.1.

We appreciate the interest of Dr Morze and Dr Rynkiewicz in our paper, and read with great
interest their letter including the results of a replication analysis in the UK Biobank."* The
results of this analysis largely confirm our findings in the UCC-SMART cohort. Among
patients with a history of cardiovascular disease (CVD) in the UK Biobank, as in our study,
higher C-reactive protein (CRP) was independently associated with an increased risk of
incident heart failure (HF), and the analysis with CRP quartiles showed a clear dose-
response relationship. This means that now two independent studies, comprising of 35,233
participants and 4,941 HF cases, have shown that CRP is an independent risk marker of
incident HF in patients with established CVD. This supports the involvement of systemic
inflammation in HF pathogenesis, and the potential for anti-inflammatory therapies to
prevent HF in these patients.

The modest difference in effect sizes between the two cohorts may have several explanations.
As suggested, it may be related to differences in participant selection. The UK Biobank
is a community-based cohort in the UK in which CVD patients were selected based on
a prior hospitalization for CVD, whereas UCC-SMART is a referral-based cohort in the
Netherlands selecting patients based on a clinical diagnosis of CVD. This may have led
to differences in patient characteristics, such as type and severity of CVD, that could
modify the association between CRP and HF, although we found no evidence of effect
modification by these and other factors in our study.! Secondly, it may be attributed to the
assay used to measure CRP (analyzer type, high-sensitive vs standard assay), the timing
of the measurement (chronic phase and stable on medication, or more acute setting), or
the fact that the boundaries of the CRP quartiles were lower in the UK Biobank. Also,
there were some differences in the factors adjusted for in the analyses, e.g. CVD location
and ethnicity. Finally, there may be differences in the threshold for HF hospitalization, or
the registration of ICD codes between the Netherlands and the UK. Future studies could
replicate the analyses in other populations, and assess factors related to a stronger or weaker
association of CRP with incident HF.
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Chapter 4.
Abstract

Background

In patients with established cardiovascular disease (CVD), the relation between metabolic
syndrome (MetS) and incident heart failure (HF) in the absence of diabetes mellitus (DM) is
largely unknown. This study assessed this relation in non-diabetic patients with established
CVD.

Methods

Patients from the prospective UCC-SMART cohort with established CVD, but without
DM or HF at baseline were included (n = 4,653). MetS was defined according to the Adult
Treatment Panel III criteria. Insulin resistance was quantified using the homeostasis model
of insulin resistance (HOMA-IR). The outcome was a first hospitalization for HF. Relations
were assessed using Cox proportional hazards models adjusted for established risk factors:

age, sex, prior myocardial infarction (MI), smoking, cholesterol, and kidney function.

Results

During a median follow-up of 8.0 years, 290 cases of incident HF were observed (0.81/100
person years). MetS was significantly related to an increased risk of incident HF independent
of established risk factors (hazard ratio [HR] 1.32; 95% confidence interval [CI] 1.04-1.68,
HR per criterion 1.17; 95% CI 1.06-1.29), as was HOMA-IR (HR per standard deviation [SD]
1.15;95% CI 1.03-1.29). Of the individual MetS components, only higher waist circumference
independently increased the risk of HF (HR per SD 1.34; 95% CI 1.17-1.53). Relations were
independent of the occurrence of interim DM and MI, and were not significantly different
for HF with reduced vs preserved ejection fraction.

Conclusion

In CVD patients without a current diagnosis of DM, MetS and insulin resistance increase
the risk of incident HF independent of established risk factors.
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Introduction

Obesity is an increasing global health issue, with nearly a third of the world’s population
now classified as overweight or obese.! At the same time, there has been an emerging
heart failure (HF) epidemic. The current worldwide prevalence of HF in the general adult
population is estimated to be 1-2%.2 The rising number of patients with HF is thought to be
related to the growing burden of obesity-related diseases. Several factors have been identified
as potential links between obesity and HF. Diabetes mellitus (DM) is an established and
widely recognized risk factor of incident HF.? But in individuals without DM, other less
commonly appreciated metabolic risk factors such as abdominal obesity, hypertension,
lipid disturbances, and impaired glucose metabolism (clustered as part of the metabolic

syndrome [MetS]) might also contribute to an elevated risk of HE.*

MetS and insulin resistance increase the risk of incident HF in apparently healthy people
and individuals with DM.> In non-diabetic patients with established cardiovascular
disease (CVD), i.e. coronary artery disease (CAD), cerebrovascular disease (CeVD),
peripheral artery disease (PAD), or abdominal aortic aneurysm (AAA), metabolic risk
factors have been shown to be strongly related to atherosclerotic CVD events, but their
relation with incident HF is largely unknown."' This while the incidence of HF in these
patients is considerably higher than in the general population, and interventions targeting
(components of) the MetS may therefore be more (cost-)effective.'®'” Establishing the
relation between metabolic risk factors and incident HF in patients with established CVD
may reveal potential treatment targets to reduce the incidence of HF in this high-risk

population.

This study aimed to determine the relation between MetS (and its components), insulin
resistance, and the risk of incident HF in CVD patients without a current diagnosis of DM.

Methods

Study population

Patients were from the Utrecht Cardiovascular Cohort-Second Manifestations of ARTerial
disease (UCC-SMART) study, an ongoing prospective cohort study of patients with
established CVD at the University Medical Centre Utrecht, the Netherlands. A detailed
description of the study protocol has been published elsewhere.” The Medical Ethics
Committee approved the study, and all participants gave their written informed consent.
For the current study, all patients with established CVD, i.e. CAD (prior myocardial
infarction [MI], cardiac arrest, or coronary revascularization), CeVD (prior transient

ischemic attack, or ischemic or hemorrhagic stroke), PAD (symptomatic obstruction of
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distal arteries of the leg with ankle-brachial index <0.90, prior percutaneous transluminal
angioplasty or bypass surgery of the leg, or amputation), and/or AAA (prior abdominal
aortic surgery or an abdominal aortic anteroposterior diameter of >3 cm), without a history
of HF, and without DM at baseline (self-reported diagnosis, use of anti-diabetic medication,
or fasting glucose >126 mg/dL at screening), who were enrolled in the cohort between July
2003 and January 2019 were included (n = 4,653). Patients were enrolled in the cohort at
least two months after the qualifying CVD event.

Data collection

Information on medical history, and physical examination and laboratory measurements
were obtained at baseline based on a standardized screening protocol.” Waist circumference
was measured halfway between the lower rib and the iliac crest. Hip circumference was
measured at the largest circumference around the buttocks. Visceral and total abdominal
fat were measured by ultrasonography. Systolic blood pressure (SBP) was measured twice
in both arms, and the highest mean of the measurements in one arm was used. Total
cholesterol, high-density lipoprotein cholesterol (HDL-c), triglycerides, creatinine, plasma
glucose, and plasma insulin were measured in blood samples collected after an overnight
fast. Non-HDL-c was calculated as total cholesterol minus HDL-c. Estimated glomerular
filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation. Smoking and medication use were self-reported.
Missing data (<3.0% for all variables) were imputed by single imputation using predictive

mean matching.

MetS was defined according to the Adult Treatment Panel (ATP) III criteria.” MetS
was considered present in patients meeting at least three of the following criteria: waist
circumference 240 inches (2102 cm) in men and >35 inches (=88 cm) in women, SBP >130
mmHg or DBP 285 mmHyg, triglycerides 2150 mg/dL (=1.7 mmol/L), HDL-c <40 mg/dL
(<1.04 mmol/L) in men and <50 mg/dL (<1.29 mmol/L) in women, and fasting glucose
>100 mg/dL (5.6 mmol/L). Patients with a history of hypertension who were currently on
antihypertensive drug treatment were considered to meet the criterion for elevated blood

pressure.

Insulin resistance was quantified using the homeostasis model of insulin resistance
(HOMA-IR): HOMA-IR = fasting glucose (mmol/L) x fasting insulin (mIU/L) / 22.5.%°
HOMA-IR correlates well with more direct, but complicated and expensive measurements
of insulin resistance, i.e. the euglycemic clamp technique, and therefore provides a reliable
and feasible method for estimating insulin resistance in large epidemiological studies.”

In a sensitivity analysis, HOMA-IR was replaced by other measures of insulin resistance,
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i.e. the quantitative insulin sensitivity check index (QUICKI = 1/(log(insulin [mIU/L] x
glucose [mg/dL]))), and the triglyceride-glucose index (TyG = In(triglycerides [mg/dL] x
glucose [mg/dL] / 2)).22

Outcomes

The outcome of interest was incident HF, which was defined as a first hospitalization
for HE. Outcomes were retrieved through linkage of UCC-SMART data to the national
hospitalization registry from Statistics Netherlands. This registry continuously collects
causes of hospitalization for all hospitalizations in the Netherlands. Cause of hospitalization
is coded using the International Classification of Diseases (ICD), 9th (1995-2012) and
10th revision (2013-present). Hospitalization for HF was defined as any hospitalization
with ICD-9 codes 428.0-428.4 or 428.9, or ICD-10 codes 150.1-150.4 or 150.9. Outcomes
were divided in HF with reduced ejection fraction (HFrEF; i.e. left ventricular ejection
fraction [LVEF] <50%) and preserved ejection fraction (HFpEF; i.e. LVEF >50%), using
echocardiography reports retrieved from medical records. MI and DM were assessed as
interim outcomes (i.e. outcomes occurring during follow-up but before an HF event).
These outcomes were available in the UCC-SMART cohort, and were based on hospital

and general practitioner’s data, and adjudicated by three independent physicians.

Data analyses

Baseline characteristics were presented stratified by number of MetS criteria, and HOMA-IR
quartiles. Kaplan-Meier curves for incident HF were plotted stratified by number of MetS
criteria, HOMA-IR quartiles, and CVD location.

Cox proportional hazards models were derived to assess the relation of MetS and HOMA-
IR with incident HF. MetS was analyzed as a dichotomous variable (based on the ATP
III definition), and in terms of the number of MetS criteria (both categorically and
continuously). The relations of HOMA-IR and the individual MetS components with
incident HF were analyzed continuously (per SD increase) and in quartiles. HOMA-IR
was winsorized at the st and 99th percentile to limit the effect of outliers. The models were
progressively adjusted for potential confounders. First, models were adjusted for age and
sex. Then, models were additionally adjusted for established risk factors of HF, i.e. smoking,
non-HDL-c, and eGFR, including CVD locations, i.e. CAD with prior MI, CAD without
prior MI, CeVD, PAD, and AAA. Finally, to assess whether the effect of one metabolic risk
factor on the risk of incident HF was mediated by another, models were additionally adjusted
for all metabolic risk factors. The analyses were also performed stratified for HFrEF and
HFpEF. Whether there was a differential effect of metabolic risk factors on the risk of HFrEF
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vs HFpEF was formally tested using the Lunn-McNeil method.? The proportional hazards
assumption, assessed using Schoenfeld residuals, was not violated. Visual inspection of
restricted cubic splines revealed no violations of the linearity assumption, except for SBP. A
series of sensitivity analyses evaluating the influence of antihypertensive therapy, history of
hypertension, and blood pressure cut points was performed to further explore the relation

between hypertension and incident HF.

Influence of medication use was evaluated in an exploratory model adjusted for baseline
use of statins, antiplatelet therapy, and antihypertensive agents. Mediation through the
occurrence of DM or MI during follow-up was assessed by adjusting the model for interim
DM and MI as time-varying covariates. To assess the effects of metabolic risk factors in
complete absence of DM (both at baseline and during follow-up), a sensitivity analysis
was performed in which patients with interim DM were excluded. Reverse causality was
assessed by repeating the analyses after excluding patients who had incident HF within the
first 1, 2, and 5 years of follow-up. Effect modification by age, sex, and CVD location was
evaluated by testing interaction terms of these factors with metabolic risk factors, and by
performing stratified analyses. In a sensitivity analysis, the relation of QUICKI and TyG
with incident HF was assessed and compared to the main analysis with HOMA-IR. The
effects of waist circumference were compared to other measures of obesity by replacing it by
body-mass index (BMI), waist-to-hip ratio, visceral fat, and contribution of visceral fat to
total abdominal fat. The combined effects of the presence of both metabolic and established
risk factors were assessed by determining the effects of combinations of MetS with prior

MI and/or current smoking, on the risk of incident HF.

All analyses were conducted with R statistical software V.4.0.3 (www.r-project.org).

Results
Baseline characteristics

In the total study population, 1,979 patients (42.5%) had MetS, and median HOMA-IR was
2.4 (interquartile range [IQR] 1.6-3.6). Baseline characteristics are presented stratified by
number of MetS criteria in Table 1, and HOMA-IR quartiles in Table S1. Levels of HOMA-
IR and other measures of insulin resistance, the individual MetS components, and BMI
increased with an increasing number of MetS criteria, while age, sex, smoking status, and
statin and antiplatelet use remained relatively stable. Similar trends were observed across
HOMA-IR quartiles.
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Table 1. Baseline characteristics stratified by number of metabolic syndrome criteria

No metabolic syndrome,
n=2,674 (57%)

Metabolic syndrome,
n=1,979 (43%)

0-1 ATP III 2 ATP IIT 3 ATPIII 4-5 ATP III
criteria, criteria, criteria, criteria,

Characteristic n=1,283(28%) n=139130% n=1,106(24%) n =873 (19%)
Age (years) 58.2+11.0 60.7+£10.2 61.14£9.9 59.9+9.7
Sex (male) 885 (69%) 1,033 (74%) 795 (72%) 634 (73%)

Smoking status
Former
Current
CVD locations
Coronary artery disease
Prior myocardial infarction
Cerebrovascular disease
Peripheral artery disease
Abdominal aortic aneurysm
History of hypertension
Body-mass index (kg/mz)
Metabolic syndrome
Waist circumference (inch)
Systolic blood pressure (mmHg)

Diastolic blood pressure
(mmHg)

Triglycerides (mg/dL)

HDL-cholesterol (mg/dL)

Fasting glucose (mg/dL)
Insulin resistance

Fasting insulin (mU/L), median
(IQR)

HOMA-IR, median (IQR)
HOMA-IR >2.0, n (%)*
HOMA-IR >2.5, n (%)

QUICKI, median (IQR)

TyG, median (IQR)

Other laboratory values

CRP (mg/L), median (IQR)

LDL-cholesterol (mg/dL)

Non-HDL-cholesterol (mg/dL)

eGFR (mL/min/1.73m’)

580 (45%) 662 (48%)
354 (28%) 364 (26%)
734 (57%) 883 (64%)
407 (32%) 438 (32%)

452 (35%) 421 (30%)

152 (12%) 168 (12%)
73 (6%) 78 (6%)
420 (33%) 761 (55%)
244428 25.9+3.2
34.3+3.9 36.2+4.0
130£19 139+20
78+11 82+11
89+35 106+53
54115 50+14
95+7 105+11
7.0 (5.0-9.7) 8.6 (6.0-12.0)
1.6 (1.1-2.3) 2.2 (1.6-3.0)
414 (32%) 802 (58%)
247 (19%) 530 (38%)

0.36(0.34-0.38)  0.34(0.32-0.36)

8.3 (8.1-8.6) 8.5 (8.3-8.8)
1.2 (0.6-2.8) 1.6 (0.8-3.2)
101£35 102+36
116+35 120439
8116 78+17

532 (48%) 405 (46%)

310 (28%) 283 (32%)
729 (66%) 596 (68%)
375 (34%) 334 (38%)

325 (29%) 222 (25%)

141 (13%) 138 (16%)

86 (8%) 80 (9%)
710 (64%) 637 (73%)
28.1£3.9 29.9+4.0
39.0+4.3 41.324.0

13919 14219

82+11 84+11

151497 204+106

4612 3948

106+12 112413

11.0 (8.0-16.0)  14.0 (10.0-20.0)

2.9(2.0-4.2) 3.9 (2.7-5.8)

832 (75%) 787 (90%)
661 (60%) 697 (80%)

0.33(0.31-0.34)  0.31 (0.30-0.33)

8.8(8.5-9.1) 9.2 (9.0-9.5)

2.1(1.1-4.2) 2.6 (1.3-5.3)
104+39 106+40
131+42 143+44
78+17 77+18
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No metabolic syndrome, Metabolic syndrome,
n=2,674 (57%) n =1,979 (43%)
0-1 ATP III 2 ATPIII 3 ATPIII 4-5 ATP 111
criteria, criteria, criteria, criteria,
Characteristic n=1,283(28%) n=1,39130%) n=1,106(24%) n =873 (19%)
Medication use
Statin 943 (74%) 1,090 (78%) 881 (80%) 671 (77%)
Antiplatelet therapy 1,040 (81%) 1,164 (84%) 920 (83%) 718 (82%)
Antihypertensive agent 836 (65%) 1,065 (77%) 913 (83%) 741 (85%)

All data in n (%) or mean+SD, unless otherwise specified.
* Commonly used thresholds for insulin resistance.

Abbreviations: ATP = Adult Treatment Panel, CRP = C-reactive protein, CVD = cardiovascular disease, eGFR =
estimated glomerular filtration rate, HDL = high-density lipoprotein, HOMA-IR = homeostasis model of insulin
resistance, IQR = interquartile range, LDL = low-density lipoprotein, MetS = metabolic syndrome, QUICKI =
quantitative insulin sensitivity check index, SD = standard deviation, TyG = triglyceride-glucose index.

Incidence of HF

During a median follow-up of 8.0 years (IQR 4.3-11.4) incident HF was observed in 290
patients (6.2%; event rate: 0.81 / 100 person years). This included 114 (39.3%) cases of HFrEF,
102 (35.2%) cases of HFpEF, and 74 (25.5%) cases with unknown LVEF. The crude incidence
of HF was higher in patients with compared to without MetS (0.98 vs. 0.69 / 100 person
years), and increased with an increasing number of MetS criteria (Figure 1A). A similar
trend was observed across HOMA-IR quartiles, but the incidence in the second and third
quartiles was almost equal (Figure 1B). HF incidence was lowest in patients with CeVD,
followed by patients with CAD without prior MI (Figure 1C). The incidence in patients with
PAD and AAA was comparable to patients with a prior MI.

Relation of MetS and HOMA-IR with incident HF

MetS was significantly related to an increased risk of incident HF, independent of established
risk factors (hazard ratio [HR] 1.32; 95% confidence interval [CI] 1.04-1.68) (Table 2). There
was a significant continuous relation between the number of MetS criteria and incident
HF (HR per 1 criterion 1.17; 95% CI 1.06-1.29), with an especially high relative risk for
patients with 4-5 criteria (HR vs. 0-1 criteria 1.69; 95% CI 1.18-2.41). Higher HOMA-IR
was also significantly related to an increased risk of incident HF independent of established
risk factors (HR per SD [= 1.91] increase 1.15; 95% CI 1.03-1.29). Especially values within
the highest quartile of HOMA-IR (>3.6) were associated with a high relative risk (HR vs.
lowest quartile 1.55; 95% CI 1.11-2.17). Additional adjustment for medication use hardly
changed the results (Table S2).
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Figure 1. Kaplan-Meier curves for incident HF
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Unadjusted HF-free survival stratified by number of metabolic syndrome criteria (A), HOMA-IR quartiles (B), and
CVD location (C). Quartiles of HOMA-IR, median (range): Quartile 1, 1.18 (0.39-1.58); Quartile 2, 1.96 (1.59-2.36);
Quartile 3, 2.88 (2.37-3.64); Quartile 4, 4.95 (3.65-30.80).

The relation between MetS and incident HF was attenuated and no longer statistically
significant after additional adjustment for HOMA-IR, indicating that the effect of MetS on
the risk of HF is partially mediated by increases in insulin resistance (Table 2). However,
the relation of the number of MetS criteria and the presence of 4-5 criteria with incident HF
remained significant, implying that metabolic disturbances also contribute to an elevated
risk of HF through other pathways than insulin resistance. The relation between HOMA-IR
and incident HF was almost completely attenuated by adjustment for waist circumference,
SBP, triglycerides, and HDL-c, indicating that the effect of insulin resistance on HF risk is
largely mediated by changes in these components of the MetS.
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Table 2. Relation of metabolic syndrome and HOMA-IR with incident HF

Events/ Event Unadjusted, Adjusted forage Adjustedfor  Adjusted for
Patients rate HR (95% CI) and sex, established risk  metabolic

(events/ HR (95% CI) factors®, risk factors®,
100 PY) HR (95% CI) HR (95% CI)
Metabolic syndrome
ATP III definition 290/4,653 0.81 146 (1.16-1.83) 1.39(1.11-1.75) 1.32(1.04-1.68) 1.21(0.93-1.57)
No. of criteria
Continuous 290/4,653 0.81  1.22(L11-1.33) 1.20(1.09-1.32) 1.17(1.06-1.29) 1.3 (1.01-1.27)
(per 1 criterion)
Continuous 290/4,653 0.81  1.28(1.14-143) 1.26(1.12-142) 121 (1.07-1.37) 117 (1.02-1.34)
(per SD =1.25
criteria)
0-1 60/1,283 0.58 Ref Ref Ref Ref
2 85/1,391 0.79  1.40(1.00-1.94) 1.19(0.85-1.69) 1.14(0.82-1.59) 1.10(0.78-1.54)
3 74/1,106 0.88 1.57 (1.12-2.21) 1.30(0.92-1.83) 1.25(0.88-1.77) 1.16 (0.80-1.67)
4-5 71/873 1.10 1.97 (1.40-2.78) 1.89 (1.34-2.66) 1.69 (1.18-2.41) 1.51(1.02-2.26)
Insulin resistance
HOMA-IR
Continuous 290/4,653 0.81 1.10 (1.04-1.16) 1.10(1.04-1.16) 1.08 (1.02-1.14) 1.02 (0.96-1.10)
(per 1 unit)
Continuous 290/4,653 0.81  119(1.07-1.33) 1.20(1.07-1.33) 1.15(1.03-1.29) 1.05(0.92-1.19)
(per SD = 1.91 units)
Quartile 1 60/1,175 0.61 Ref Ref Ref Ref
Quartile 2 75/1,153 0.83  1.34(0.96-1.88) 1.27(0.91-1.79) 1.29 (0.92-1.81) 1.15(0.81-1.63)
Quartile 3 68/1,174 076  1.21(0.85-1.71) 1.20(0.85-1.69) 1.09(0.77-1.56) 0.91 (0.63-1.32)
Quartile 4 87/1,151 1.07  1.80(1.29-2.50) 1.68(1.21-2.34) 1.55(L.11-2.17) 1.15(0.78-1.69)

Hazard ratios (95% CI) for the relation of metabolic syndrome and HOMA-IR with incident HF.

Quartiles of HOMA-IR, median (range): Quartile 1, 1.18 (0.39-1.58); Quartile 2, 1.96 (1.59-2.36); Quartile 3, 2.88
(2.37-3.64); Quartile 4, 4.95 (3.65-30.80).

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA.

" Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus HOMA-IR (only in the analyses with metabolic syndrome and its criteria), or waist circumference,
systolic blood pressure, triglycerides, and HDL-c (only in the analyses with HOMA-IR). The analyses with
HOMA-IR were not adjusted for fasting glucose, as fasting glucose is in the HOMA-IR formula.

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, eGFR = estimated glomerular filtration rate,
HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin
resistance, HR = hazard ratio, MI = myocardial infarction, No. = number, PAD = peripheral artery disease, PY =
person years, Ref = reference, SD = standard deviation.
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Individual components of the MetS

The ATP III criteria for high waist circumference, high triglycerides, and low HDL-c were
significantly related to an increased risk of incident HF when adjusted for age and sex (Table
3). These components and fasting glucose also had a significant continuous relation with
HF adjusted for age and sex. Only waist circumference remained significantly related to
incident HF after adjustment for established risk factors (HR per SD [= 4.7 inches/12.0 cm]
increase 1.34; 95% CI 1.17-1.53). Especially a waist circumference in the highest quartile
(>40.9 inches [>104 cm] for men, and >37.4 inches [>95 cm] for women) was related to an
increased risk (HR vs. lowest quartile 2.10; 95% CI 1.49-2.97). After adjustment for the other
MetS components and HOMA-IR, the relation between waist circumference and incident
HF was only marginally attenuated, suggesting that waist circumference increases the risk
of HF independent of other metabolic risk factors. The full model containing all established

and metabolic risk factors is presented in Table S3.

Blood pressure was not related to incident HF based on the ATP III criterion, nor when
the relation between SBP and HF was assessed linearly (Table 3). However, restricted cubic
splines revealed a non-linear relation between SBP and incident HF, with both low (<130
mmHg) and high (>160 mmHg) levels of SBP related to an increased risk of HF (Figure
S1A). A similar shape was observed for other measures of blood pressure (Figure S1B-D).
Alternative indicators of hypertension were related to an increased risk of incident HF, i.e.
history of hypertension (HR 1.33; 95% CI 1.04-1.70), and number of antihypertensive drugs
used at baseline (HR per one drug 1.26; 95% CI 1.12-1.42), as was SBP dichotomized at a
threshold of 160 mmHg (HR 1.33; 95% CI 1.00-1.77) (Table S4). There was a trend towards an
increased risk of HF with higher levels of SBP and DBP in patients without antihypertensive
therapy at baseline, and patients with SBP 2120 mmHg, while opposite trends were observed
in patients with antihypertensive therapy or SBP <120 mmHg (Table S5).

Relation between metabolic risk factors and HF subtypes

There was a trend towards a relation between MetS, higher HOMA-IR, and an increased
risk of both HFrEF and HFpEF (Table 4; individual MetS components in Table S6). Every
additional MetS criterion significantly increased the risk of HFrEF (HR 1.16; 95% CI 1.00-
1.35), and HFpEF (HR 1.18; 95% CI 1.00-1.39). Overall, effect sizes were greater for HFpEF
as compared to HFrEF (except for triglycerides and HDL-c), but differences were not
significant (Lunn-McNeil tests: p > 0.05). Similar results were obtained for unclassified

HF cases.

120



Metabolic syndrome and risk of incident HF

(0%'1-29°0) €60 (99'1-6£°0) ST'T (68°1-86°0) 9¢'1 (TS°T-6£°0) 60°T 88°0 €91°T/08 ¥ o[maend

(TI'T-%5°0) 82°0 (8T°1-€9°0) 06°0 (T’ 1-2L°0) 10°T (T€°1-£9°0) €6°0 SL°0 FTIT/99 ¢ drend

(€€'1-89°0) S6°0 (I7'1-€£°0) 10°T (#S'1-08°0) IT'T (¥S°1-08°0) IT'T 98°0 FETT/SL zamrend

EEI o RSN »a €L°0 TET1/69 I 3[nrend

(Tp/3w £8 = @S 1od)

(9T°1-£8°0) 00°T (0T 1-%6'0) 90T (ZTT-00T) 11T (F1°1-26°0) €0'T 18°0 €59%/06C snonunuo)

Tp/3wW 0512

(9%°'1-08°0) 80°'T (19°'1-16'0) IT'T (CLT-%0°T) €€°T F¥1-£8°0) CT'T 18°0 €59%/06C UOLIANI [T LV
SapLIdIASLI],

(£8°0-5%°0) T9°0 (06°0-L¥°0) $9°0 (58°0-5%°0) 290 (E7'1-9L°0) #0°T €60 121°1/88 ¥ a[rend

(66°0-15°0) TL°0 (90°T-55°0) 9270 (00°T-25°0) TL°0 (6T°1-89°0) 760 €870 181°T/8L ¢amrend

(£6°0-8%°0) 89°0 (00°T-6%°0) 0£°0 (96'0-L%°0) £9°0 (£0'T-€5°0) SL£°0 79°0 €ST1/€S za[mIend

RN RN BEN| REX| 780 861°1/1L 1 9[1rend)

(BHww oz = @S 12d)

(90'1-%8°0) S6°0 (80°'1-98°0) 96°0 (£0'1-58°0) 96°0 (8TT-€0T) ST'T 18°0 £59%/06C dgs ‘snonunuo)

SHWW 682/0€1<

(91'1-29°0) S8°0 (LT'T1-69°0) ¥6°0 (61°'1-59°0) 88°0 (09'1-88°0) ST'T 18°0 €59%/06C ‘UOLIANLId 1] I LV
anssaxd poorg

(88'7-9¢°T) 86'T (L6'T-6¥'T) 0T'C (61°€-19°T) LT'T Fre-vL1) ST'T 9T'1 1L0°1/86 ¥ o[aend

(2L'1-08°0) 8T'T (9£°1-68°0) TT'T (£8°'1-06°0) 0€'T (IT'T-20'D) 9%'1 8L°0 SH11/69 € 9[nIend

F9T-6£70) ¥I'T (99°T-18°0) 9T'T (T£°T-€8°0) 61T (€6'1-76°0) SE'T €L°0 8YT1/€L zamrend

RN REN| BEN| REN| €5°0 681°1/0S [ d[nrend

(sayout £'F = s 12d)

(CST-€1D 1€°T (ES'T-LTD ¥€'T (LS°T-12T°D) 8¢'1 (8S°1-92°1D) I#'T 18°0 €59%/06¢C snonunuo))

(d/N) s2Y2ut G€Z/0F=

(S6'T-8T'T) TS'T (€0°T-LT1) 091 (ST'T-s€°1) 0L'1 (Cre-v€1) 891 18°0 €59%/06¢C UOLIAID [T d,LV
QOUIIJWINDIIL JSTBAN

(ID %S6) ¥H (ID %S6) YH (ID %S6) ¥H
€qS10300] SII £:$1030€] S1I ‘xas pue age (ID %S6) ¥H (Xd 001 /s1U243) syuaned
S1[0Qe}aW 0] PASN(PYy  PIYSI[qe)sa 10] pajsnipy 10§y paysnlpy ‘paysnlpeun djex judAyg /SIuaAg

JH JUSPIOUT PUE SWOIPULS JI[0QRIIW Y] JO sJuau0dWod [eNPIAIPUT UIIM]2q UOTIR[Y *€ qe],

121



Chapter 4.

"UOTJRIADD PIEPUL)S = (J§ 9IUIJAI = JOY ‘s1eak uosiod = X J ‘UOIOIRJUT [RIPILIOAW = A ‘O[BUI = JA] ‘OTjel pIezey = Y H
€90UB)SISAI UI[NSUT JO [9POUT SISBISOdWOY = JY[-VINOH ‘2In[Iej 1reay = JH oI13sajoyd urajoxdodr Aysuap-ySiy = o-TH ‘O[ewd) = ‘9Jel UONRII[[ Je[NISWO[S pajewn)sa = Y152
[BAI2UT 2OUIPYUOD = 1) ‘9SBASIP JBL[NISLAOIIIID = (JADD) DSBASIP AI19)T1e AIRU0I0D = (TV)) [URJ JUIUILII], J[NPY = J LV ‘WSAINUE O[}I0L [PUTWOPQE = YV Y :SUOIILIAIqQY

*2s0on[8 urysey sapnpour e[nuwIoy YI-VINOH 24} St Y[-VINOH 10 paisn(pe jou axam as0on[3 Sunjsey yyim sask[eue ay[, “YI-VINOH
pue swoIpu4s drjoqelaw ) Jo syusuodwod 1ayo Jre snid Yy pue ‘qvd ‘dA?D TN Totid ;noyitm qyD TN Totid Yitm qvD “gID2 O-TAH-Uou ‘Furyows xas 9fe 10] paisn(py 4
"'VVV PUB ‘AVd ‘AA2D TN Joud inoyim v o ‘TN 1oud qiim qvD YIH? - TAH-uou ‘Sunjows xas 2e 10§ paysn(py .

(STI-TID) LIT %

A[NIENY {(0TT-F0T) £OT ‘€ ANIEND (€01-96) 00T ‘T 2[IEND (S6-FS) T6 ‘T 2Iend :(Tp/Sw) as0on[3 Sunseq {(zS1-£9) SZ / (SE1-€S) 09 F ANIENY £(99-95) 09 / (TS-SF) 8F € AnIEND
(SS-8%) 1S / (PF-6€) TF ‘T 2(END (LF-61) TF / (8€-9) F€ ‘T AnIenQ (Tp/SW I/IN) 2-TAH (TTET-8ST) 70T F A[1IenD (£LST-£0T) 9TT ‘€ [IHEND (901-18) £6 T A[11enD (08-81)

69 ‘T dnaen :(Tp/Swr) sapLIdA[SILL, «(£2T-6¥1) 091 ¥ A[IenD (8FI-SET) OFI ‘€ A[NIenD (FEI-HTI) 0T T 2NN (£1-58) 911 ‘T d(naend :(SHww) 4ds (SS-8¢€) 0% / (€9-T¥) €F
FamaenD (££-6€) 9€ / (I7-6€) 0F °€ A[NIeND (F€-T¢€) €€ / (8€-9€) L€ T AMIRND (1€-€7) 6T / (S€-ST) ¥€ T A[NIBNY :(YdUT I /JA) OUIIJWNIILI ISR :(9URI) UBIPIW “SA[13IBNY

*(90UAIJWNOIID IsTeM 15aYSTY Y] IIM USTWOM JO 0467 ) PUE DUIJWNOILD ISTeM ISAYSTY U] YIIM U JO 9467 Y] SapN[oUT o[11enb aouarojurnolrd jstem 3saySIy oy
*3'9) oy1ads-xas axe sanrenb o- T H pPUE 20USIJWNII ISTeAN “JH JUIPIOUT YIIM SWOIPUAS dI[0qRIW ) JO SJUaU0dWOod [eNPIATPUT Y} JO UOTI[I 3} 10J (1D %S6) SOTIel pIeZer]

(FS°1-62°0) OT'T (8£'1-€6'0) 6T'T (68'1-66°0) LE'T (IL°TF71) L6'T oaI't 670°1/98 ¥ o[nrend
(LTT1-%9°0) 06°0 (6€°1-1£°0) 66°0 (LV'1-9L0) SO'T (86'T-10°T) T¥'T S8°0 170°1/99 ¢ d[mrend
(LT'1-09°0) ¥8°0 (ST'T1-%9°0) 68°0 (€T°1-€9°0) 88°0 (8%°1-9£0) 90'T 99°0 LEET/69 7o[mIend
RN EEX | EEX | REX| 99°0 97T1/69 [ d[1rend
(1p/8w g1 = gs 12d)
(LT'1-€6'0) 701 (2TT'1-86'0) OT'T (sTT-10D) TI'T (6€T-91°T) 9T'T 18°0 £€597/06¢ snonunuoD)
Tp/3w 001
(1€'1-08°0) 20'T (€7'1-88°0) TI'T (L¥'1-06°0) ST'T (88'T-LT'T) 8%'1 18°0 €59%/06T ‘UOLIILID [T 4LV
asoony3 Sumnseg
FF1-€£°0) €0°T (L1'1-29°0) S8°0 (86°0-€5°0) TL°0 (FT'1-£9°0) 16°0 G680 0ST‘1/8L ¥ o[nren
(0T°1-19°0) 98°0 (60°1-95°0) 82°0 (£6°0-05°0) 0£°0 (IT°1-85°0) 08°0 $L°0 8TI1/¥9 ¢ dIend
(TT'1-€9°0) 88°0 (TT'1-85°0) 18°0 (F0°1-¥5°0) SL°0 (IT'1-85°0) 18°0 L0 FLIT/F9 7omIend
RN REN | BEN| BEN| 060 861°1/%8 I o[nIend
(1p/8w §1 = s 12d)
(ET°'1-68°0) 86°0 (¥0°1-08°0) 160 (L6°0-%L°0) S8°0 (66°0-8£°0) 88°0 18°0 €59%/06¢C snonunuo)
(d/I) Tp/3w 05>/0%>
(LV'1-88°0) 11 (19°'1-66°0) 9T'T (LLT-60'T) 6€°T (€5°1-66°0) 0T'T 18°0 €59%/06¢C UOLIALID [T LY
[0121S3[0Y>-TAH
(ID %S6) ¥H (1D %S6) ¥H (1D %S6) ¥H
g$1035e] YSTI :$10)5eJ YSLI “xas pue afe (ID %S6) 4H (Xd 001 /S1U3A3) sjuaned
SI[0qe)aUr 10J PASN(PY  PIYSI[qe)sd 10 paisnipy 10§y paysnlpy ‘paysnlpeun djex judAg /syuaAg

122



Metabolic syndrome and risk of incident HF

"UOTJBIADD PIEPUE)S = (]S ‘@0UI2JaI = Jo ‘sieaf uosiad = x J ‘oseasip A1a)1e [eroydrrad

= Vd T2quInu = 0N ‘UODILJUT [BIPILIOAW = [JA] ‘O11BI PIRZEY = Y[ ‘9OUB)SISIT UI[NSUT JO [9POUI SISBISOIWOY = Y[-YINOH UOIIORIJ U0II3(o paaTasald yIim ainjrey 1Ieay =
JadIH ‘vonoery uorndals paonpar yirm aInyrey J1edY = JHLIH IN[rej 11eay = JH qoI2)s[oyd urajordodi Aysuap-ySy = o- T H @IeI UoneI[Ij T[NISWO[F PAJRWT)S = YD
‘[BAIIUT DUIPYUOD = ]7) DSLISIP TB[NISLAOIQIIID = (JAID @SLISIP 19118 ATBUO0I0D = (YD) oUBd JUIWILI], J[NPY = LV ‘WSAINIUE J1)I0L [BUTWOPQE = VYV :SUOIIRIAIQQY

*(50°0< d) seouaIayTp JURIYTUSIS OU PIMOYS SIYT, “POYIAW [IDNIN-UuNT oY) Sursn JgdJH sA JHLIH 10J paredurod soner piezey ,

‘e[nuLIo} Y-V INOH 243 ut st asoon(3 Sunysey se 9soon[S urisey 105 pajsnipe

Jou 219M Y[-VINOH YIM sask[eue o, “(YI-VINOH UM sasA[eue ay) ur A[uo) o-TH pue ‘saprraof[Siy ornssaid poo[q d1[0)s£s ‘@oUIdJundILd JSTeM 0 ‘(BLIILID S)T PUE WOIPULS
orjoqelaw Ym sask[eue ay} ur A[uo) YI-VINOH $n[d ‘VVV pPue ‘Qvd ‘AA?D TN To1id Inoyym qyD TN 1o1id iim Q0 Y492 O-TaH-uou ‘Suryows xas 28e 10§ paysnipy ,
"VVYV PUe ‘QVd ‘dA2D T Totid moyim qyD TN 1otid yiim qvD 4493 9O-TH-uou ‘unjows xas ‘9fe 10J parsn(py o

‘umouyun sem Jg AT YoIyMm I10J sase)) ,

'sadf1qns JH YIM Y[-VINOH PUE SWOIPULS ST[0qejaul Jo Uotje[a1 oy} 10 (1D %S6) SOTIel pIezer]

(swun 167 = 0§ 12d)

(6€1-8L0) 70T (8%'1-26°0) 8T'T (S€'1-£8°0) 80°T »(FFT1-00T) 0T'T (97'1-28°0) TO'T p(ECT-76°0) TT'T snonunuoy

(run 1 12d)

(61'1-88°0) T0'T (€2°1-96°0) 60°T (L1'T-€6'0) ¥0'T (IT'1-00°T) OT'T (ET'T-06'0) 10°'T (9T'1-26°0) 90'T snonupuo))

dI-VINOH

90UL)SISAI UT[NSUT

(S5'1-68°0) 8T'T
(Tr'1-16'0) ¥1°T

(S0°T-1£0) 1TT

(95°1-66'0) TT'T
(€7'1-96°0) LT'T

(STT-28°0) €€°1

(1S°1-16°0) 8T'T
(6£°1-€6'0) #1'1

(S6'T-6L0) ¥T'T

(1S°1-00°T) €T°T
»(6€°T-00°T) 8T'T

»(€0°T-06°0) SE°'T

(€7'1-€6°0) ST'T
(€€'1T-76°0) TT'T

(T81-8L0) 61T

(97'1-00'T) 0T'T
p(SE°T-00'T) 9T'T

p(68°T-£8°0) 8T'T

(11D 67'1 = (S 1od) snonunuo))
(uor12)11d 1 12d) snonunuo))
BLIILID JO "ON
uonruyep 11 4LV

SwoIpuAs d1[0qeIdN

(ID %S6) YH (ID %S6) ¥H (ID %S6) YH (ID %S6) YH (ID %S6) ¥H (ID %S6) ¥H
,$10)€J YSIX g81030e) ,$10)5eJ YSIX g81030e) ,$10)€J YSIX g81030%J
s1[0qeIdU YSLI PaysI[qe)sd s1[0qEIIUW NSLI PaysI[qe)sd s1[0qRIdUT NSLI PAYSI[qe)sd
10§ paysnlpy 10j paysnlpy 10§ paysnlpy 10§ paysnlpy 10§ paysnlpy 10j paisnipy
([%s°sT] v =) ([%T-s€] zo1 = W) (%€ 6€] ¥11 =)
«paYIsseUN JH 39d4H J91IH

sad£iqns JH YIM YI-VINOH pu® 2woIpu£s J1joqeiaw Jjo uoneRy ' Aqel,

123



Chapter 4.

Influence of interim MI and DM

Interim MI and DM were observed in 237 patients (event rate: 0.67 / 100 person years) and
316 patients (event rate: 0.92 / 100 person years) respectively, of whom 31 (13.1%) and 23
(7.3%) patients went on to have incident HF later during follow-up. Adjusted for established
risk factors, MetS and HOMA-IR were not significantly related to interim MI, but very
strongly related to interim DM (Table S7). Interim MI significantly increased the risk of
subsequent incident HF (HR 2.55; 95% CI 1.74-3.74), while interim DM did not (Table S8).
Adjustment for interim MI and DM hardly altered the relation of MetS and HOMA-IR with
incident HF (Table S9). Results also remained largely unchanged after excluding patients
with interim DM (Table S10).

Other measures of insulin resistance and obesity

Replacing HOMA-IR by QUICKI and TyG yielded largely comparable results, although
the relation between these other measures of insulin resistance and incident HF was no
longer significant after adjustment for established risk factors (Table S11). Waist-to-hip ratio,
visceral fat, and contribution of visceral to total abdominal fat all had similar relations
with incident HF as waist circumference (Table S12). Waist circumference and the other

measures of abdominal obesity were more strongly related to incident HF than BMI.

Reverse causality and effect modification

Repeating the analyses after excluding patients who had incident HF within the first 1, 2,
and 5 years of follow-up yielded largely consistent results (Table S13). The relation between
HOMA-IR and incident HF was slightly attenuated by excluding patients with an event
in the first year. The relation between metabolic risk factors and incident HF was not
significantly modified by age, sex, or CVD location (Table S14). There was a non-significant
trend towards a stronger effect of MetS and HOMA-IR in women as compared to men.

Combined effects of metabolic and established risk factors
MetS increased the risk of incident HF on top of established risk factors, i.e. prior MI and

current smoking (Figure 2). The combined presence of all three risk factors was associated
with the highest relative risk of incident HF (compared to none of the three risk factors: HR
5.42; 95% CI 3.35-8.78), exceeding relative risks associated with prior MI alone (HR 1.84;
95% CI 1.24-2.73), current smoking alone (HR 1.31; 95% CI 0.77-2.22), and the combination
of prior MI and current smoking (HR 3.10; 95% CI 1.82-5.28).
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Figure 2. Combined effects of MetS and established risk factors on HF risk

Risk factors Events/Patients Events/100 PY Hazard Ratio (95% CI)
MetS + MI + smoking 26/207 1.82 A 5.42 (3.35-8.77)
MI + smoking 19/223 1.06 A 3.10 (1.82-5.28)
MetS + Ml 49/502 1.38 —— 2.47 (1.67-3.65)
Ml 48/622 1.06 - 1.84 (1.24-2.73)
MetS + smoking 18/386 0.56 - 1.48 (0.86-2.55)
MetS 52/884 0.78 ——— 1.32(0.91-1.92)
Smoking 19/495 0.47 A 1.31(0.77-2.22)
None 59/1334 0.55 F Reference
T

T T T T T 1
05 07 10 15 20 3.0 5.0 9.0

Hazard Ratio (95% Cl)

Hazard ratios (95% CI) for the combined effects of metabolic syndrome, MI, and current smoking on the risk of
incident HF. Hazard ratios are adjusted for age, sex, non-HDL-c, eGFR, CAD without MI, CeVD, PAD, and AAA.
The reference group includes non-smoking patients without metabolic syndrome and without a prior MI. When a
risk factor is not included in the description of the subgroup, it means the risk factor is absent (e.g. ‘MetS + smoking’
indicates current smokers with the metabolic syndrome, but without a prior MI).

Discussion

In this study of 4,653 CVD patients without a current diagnosis of DM, MetS and insulin
resistance (measured by HOMA-IR) were related to an increased risk of incident HF
independent of established risk factors. Effects mostly appeared to be greater for HFpEF
as compared to HFrEF, but differences were not significant. The relation between insulin
resistance and incident HF was largely mediated through changes in the MetS components,
while the degree of metabolic disturbances in the context of the MetS also increased the
risk of HF independent of insulin resistance. Of the individual components, abdominal
obesity appeared to be the major driver of HF risk.

Several mechanisms may explain the relation between MetS, insulin resistance, and
incident HF. First of all, in the setting of insulin resistance, the myocardium uses more
free fatty acids instead of glucose, which increases vulnerability to pressure overload and
ischemia.? Second, insulin may act as a growth factor, leading to increased myocardial
mass and reduced cardiac output.?® Dysfunctional adipose tissue causes sodium retention,
activation of the sympathetic nervous system, and an increased response to angiotensin
II, which contribute to volume expansion, increased peripheral vascular resistance, and
myocardial hypertrophy and fibrosis.?*?” Independent of insulin resistance, MetS may
lead to incident HF through hypertension.®* However, in the current study there was no
significant continuous relation between SBP and incident HF. This is likely explained by

the study population consisting of patients with established CVD, in whom the relation
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between SBP and HF appears to be non-linear, with both low and high levels of SBP related
to an increased risk. A low SBP may be related to a higher risk of HF because it can be an
early sign of systolic dysfunction leading up to HF, which may be common in a population
in which 63% of patients had a history of CAD. Also, 54% had a history of hypertension,
and 76% used at least one antihypertensive drug. Therefore, a low SBP may also be indicative
of the use of (multiple) antihypertensive drugs, which may reflect a history of (severe)
hypertension and/or a high presumed risk of CVD events. As shown in this study, a history
of hypertension and a larger number of antihypertensive drugs at baseline were both related
to an increased risk of HE. Moreover, antihypertensive therapy and patients’ adherence to
this therapy may change during follow-up, potentially diluting the relation between baseline
SBP and outcomes. Finally, blood pressure was based on office measurements, which may
not represent the average blood pressure during the day. Another explanation of how MetS
may lead to incident HF independent of insulin resistance, is through its association with
inflammation. It has been shown that inflammatory markers such as CRP, IL-6, and TNF-a
are associated with progressive systolic dysfunction and cardiac remodelling.? Finally, MetS
and insulin resistance may lead to MI or DM, which then increase the risk of subsequent
HE. But as shown in this study, metabolic risk factors are related to incident HF independent
of interim MI and DM.

The results of this study extend prior work in people without a history of CVD. In line
with the current study, previous population-based studies in America and Europe have
shown that MetS is related to an increased risk of incident HF independent of established
risk factors, with hazard ratios ranging from 1.32 to 1.74.°'2 As in the current study,
abdominal obesity was strongly related to HF.>”'®""'® But in contrast with the current
findings in patients with CVD, hypertension, low HDL-cholesterol, and high triglycerides
were also identified as independent risk factors in some studies.”’"* This difference might
be explained by the fact that most patients with established CVD are treated with blood
pressure- and lipid-lowering medication, potentially distorting the relation between these
modifiable risk factors and incident HF. Previous studies have also demonstrated that
insulin resistance is independently related to incident HF in people without a history of
CVD.581 But differences in the measures used to quantify insulin resistance complicate
a direct comparison. One previous study assessed the relation between metabolic risk
factors and the risk of HFrEF vs HFpEE." In line with the current study, HOMA-IR and
waist circumference were more strongly related to HFpEF, and lipids to HFrEF, although
differences were larger and significant for HOMA-IR in the previous study. To our
knowledge, no previous studies assessed the relation between metabolic risk factors and
incident HF in patients with established CVD.

126



Metabolic syndrome and risk of incident HF

When evaluating metabolic risk factors and the risk of incident HF, a distinction between
individuals with and without a history of CVD might be important for several reasons.
First of all, many previous studies have demonstrated an obesity paradox in patients
with established CVD, with the overweight having a better prognosis than their leaner
counterparts.?® This has casted doubts over the potential benefits of weight loss in this
population. Second, the prevalence of MetS is considerably higher in patients with
established CVD (42.5% in our cohort) as compared to the general population (7.0-26.9%
in Western countries based on the ATP III definition).3° The median HOMA-IR of 2.4 in
our cohort, indicates that almost half/more than half of all patients with established CVD
meet commonly used thresholds for insulin resistance (HOMA-IR >2.0/>2.5).5% At the
same time, the incidence of HF is also considerably higher in patients with established CVD,
with an event rate of 0.81 per 100 person years in our cohort as compared to approximately
0.12 per 100 person years in a Dutch population-based cohort.’’ As shown in this study,
not only patients with a prior MI or other manifestations of CAD, but also patients with
non-coronary vascular disease are at high risk of HF. The prognosis associated with HF is
poor with 5-year mortality rates exceeding 50%, and it imposes a huge economic burden
estimated at a global expenditure of over $100 billion per year.?? Besides HF, previous
studies have shown that MetS and insulin resistance also increase the risk of other major
adverse cardiovascular events in patients with established CVD."*" This illustrates the
scale and importance of both metabolic disturbances and the risk of HF in patients with
a history of CVD, and highlights the need for interventions targeting these metabolic risk
factors to reduce HF risk, especially in these high-risk patients.

In contrast with the obesity paradox observed in previous studies in patients with
established CVD, abdominal obesity was the major driver of HF risk in the current study.
Waist circumference was strongly related to incident HF independent of established and
other metabolic risk factors. This suggests that weight loss might be an effective way to lower
the risk of HF in these patients. Weight loss naturally reduces abdominal obesity, and also
has positive effects on the other components of the MetS and insulin resistance. A meta-
analysis of four cohort studies of patients with CAD has shown that intentional weight loss
through lifestyle interventions reduced the risk of major adverse cardiovascular events by
33%.% Previous studies have also demonstrated that weight loss decreases left ventricular
mass and lowers arterial and cardiac filling pressures, and may therefore reduce the risk
of incident HF as well.3* Randomized clinical trials assessing the effects of weight loss
interventions (e.g. dietary interventions or exercise programs) on the risk of incident HF
(and other CVD events) in patients with established CVD may be warranted. In addition,
we propose that incident HF should be among the outcomes routinely presented in all

future trials in this population, in an attempt to identify new therapies that can reduce the
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high risk of HF in these patients. Based on current knowledge, intensification of preventive

therapy in CVD patients with MetS and/or insulin resistance may already be considered.

Strengths of this study are the practice-based cohort with prospective design, long follow-
up, and low proportions of missing data. Study limitations should be considered. This is an
observational study, thus subject to possible residual confounding. Insulin resistance was
quantified by HOMA-IR instead of the euglycemic clamp technique, usually considered
as the gold standard. However, HOMA-IR correlates well with clamp-measured insulin
resistance and is more suitable for large epidemiological studies.”’ Echocardiography was
not part of the baseline screening, so data on LVEF and other parameters of systolic and
diastolic function at study entry were not available. Therefore, the influence of baseline
cardiac function on the study results could not be assessed. HF outcomes were based on ICD
codes. Registration of ICD codes by clinicians in routine clinical care might be imperfect,
but a previous study in another Dutch cohort found that only 3.3% of patients with a
presumed HF hospitalization based on ICD codes were misclassified.®® Also, 74% of HF
cases in this study could be confirmed and classified as either HFrEF or HFpEF based on
echocardiography reports retrieved from medical records. For 26% of cases, information
on LVEF was not available, so these remained unclassified. As outcomes were based on
hospitalizations only, out-patient diagnoses of HF were missed. Specifically, the number

of HFpEF cases may be underestimated, as HFpEF less frequently leads to hospitalization.

In conclusion, this study showed that in CVD patients without a current diagnosis of
DM, MetS and insulin resistance are independent risk factors of incident HF. Abdominal
obesity was identified as a major driver of HF risk, supporting the importance of weight

loss in this population.
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Table S1. Baseline characteristics stratified by HOMA-IR quartiles

Quartile 1 Quartile 2 Quartile 3 Quartile 4

(n=1,175) (n=1,153) (n=1,174) (n=1,151)
HOMA-IR, median (range) 118 (0.39-1.58)  1.96 (1.59-2.36)  2.88 (2.37-3.64)  4.95 (3.65-30.80)
Age (years) 59.6+10.7 59.9+10.4 60.3£9.9 59.9+10.2
Sex (male) 803 (68%) 810 (70%) 840 (72%) 894 (78%)
Smoking status
Former 495 (42%) 538 (47%) 565 (48%) 581 (51%)
Current 371 (32%) 317 (28%) 306 (26%) 317 (28%)
CVD location
Coronary artery disease 671 (57%) 701 (61%) 765 (65%) 805 (70%)
Prior myocardial infarction 325 (28%) 355 (31%) 420 (36%) 454 (39%)
Cerebrovascular disease 387 (33%) 370 (32%) 466 (31%) 297 (26%)
Peripheral artery disease 170 (15%) 133 (12%) 146 (12%) 150 (13%)
Abdominal aortic aneurysm 79 (7%) 86 (8%) 64 (6%) 88 (8%)
History of hypertension 529 (45%) 611 (53%) 636 (54%) 752 (65%)
Body mass index (kg/m?) 24.5+3.1 25.8+3.2 27.243.4 29.5+4.3
Metabolic syndrome
MetS (ATP III definition) 187 (16%) 354 (31%) 579 (49%) 859 (75%)
No. of ATP III criteria 1.5%£1.0 2.0£1.1 2.5%1.1 3.3+1.1
Waist circumference (inch) 34.6+4.3 36.24+4.0 37.8+4.0 40.6+4.7
Systolic blood pressure (mmHg) 136+20 13619 137+20 139+19
Diastolic blood pressure (mmHg) 8011 8111 81+11 82+12
Triglycerides (mg/dL) 106+62 115+80 142489 168+97
HDL-cholesterol (mg/dL) 54+15 50+14 4612 43+11
Fasting glucose (mg/dL) 9749 101+9 105+11 112+14

Insulin resistance
Fasting insulin (mU/L), median (IQR) 5.0 (4.0-6.0) 8.0 (7.0-8.8) 11.0 (10.0-13.0) 18.0 (16.0-23.0)

QUICKI, median (IQR) 0.37(0.36-0.39)  0.34 (0.34-0.35)  0.33(0.32-0.33)  0.30 (0.29-0.31)
TyG index, median (IQR) 8.4 (8.1-8.7) 8.5 (8.3-8.8) 8.7 (8.4-9.1) 9.0 (8.6-9.3)
Other laboratory values

CRP (mg/L), median (IQR) 1.4 (0.7-3.1) 1.6 (0.8-3.7) 1.8 (0.9-3.8) 2.1 (1.1-4.4)
LDL-cholesterol (mg/dL) 100+35 103437 101+36 101+35
Non-HDL-cholesterol (mg/dL) 124+39 125+42 128+43 131+43
eGFR (mL/min/1.73 m?) 80+16 79£16 78+17 78+18
Medication use

Statin 832 (71%) 879 (76%) 929 (79%) 945 (82%)
Antiplatelet therapy 923 (79%) 945 (82%) 984 (84%) 990 (86%)
Antihypertensive agent 796 (68%) 851 (74%) 921 (78%) 987 (86%)

All data in n (%) or mean+SD, unless otherwise specified.

Abbreviations: ATP = Adult Treatment Panel, CRP = C-reactive protein, CVD = cardiovascular disease, eGFR =
estimated glomerular filtration rate, HDL = high-density lipoprotein, HOMA-IR = homeostasis model of insulin
resistance, IQR = interquartile range, LDL = low-density lipoprotein, MetS = metabolic syndrome, No. = number,
QUICKI = quantitative insulin sensitivity check index, SD = standard deviation, TyG = triglyceride-glucose index.
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Table S2. Relation between metabolic risk factors and incident HF adjusted for medication use

Events/ Event rate Adjusted for Adjusted for
Patients (events/ 100 established risk established risk
PY) factors?, factors + medication®,
HR (95% CI) HR (95% CI)
Metabolic syndrome
ATP III definition 290/4,653 0.81 1.32 (1.04-1.68) 1.32 (1.04-1.68)
Continuous 290/4,653 0.81 1.17 (1.06-1.29) 1.17 (1.06-1.29)
(per 1 criterion)
Individual components
Waist circumference 290/4,653 0.81 1.34 (1.17-1.53) 1.35(1.18-1.54)
(per SD = 4.7 inches)
Systolic blood pressure 290/4,653 0.81 0.96 (0.86-1.08) 0.96 (0.86-1.08)
(per SD =20 mmHg)
Triglycerides 290/4,653 0.81 1.06 (0.94-1.20) 1.06 (0.93-1.20)
(per SD = 87 mg/dL)
HDL-cholesterol 290/4,653 0.81 0.91 (0.80-1.04) 0.91 (0.80-1.04)
(per SD = 14 mg/dL)
Fasting glucose 290/4,653 0.81 1.10 (0.98-1.22) 1.10 (0.98-1.22)

(per SD = 12 mg/dL)
Insulin resistance

HOMA-IR 290/4,653 0.81 1.15 (1.03-1.29) 1.15 (1.03-1.29)
(per SD = 1.91 units)

Hazard ratios (95% CI) for the relation between metabolic risk factors and incident HF, adjusted for established
risk factors and additionally adjusted for baseline use of statins, antiplatelet therapy, and antihypertensive
agents.

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA.

® Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus baseline use of statins, antiplatelet therapy, and antihypertensive agents.

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, eGFR = estimated glomerular filtration rate,
HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin
resistance, HR = hazard ratio, MI = myocardial infarction, PAD = peripheral artery disease, PY = person years,
SD = standard deviation.
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Table S3. Full model for the relation of established and metabolic risk factors with incident HF

HR (95% CI) p value
CVD locations
Prior MI 2.60 (1.82-3.72) <0.001
Interim MI* 2.55 (1.74-3.74) <0.001
Coronary artery disease without MI 1.51 (1.02-2.25) 0.042
Cerebrovascular disease 1.42 (1.02-1.97) 0.036
Peripheral artery disease 2.39(1.72-3.33) <0.001
Abdominal aortic aneurysm 1.34 (0.91-1.96) 0.138
Established risk factors
Age (per SD = 10 years) 2.38(1.99-2.84) <0.001
Sex (male) 1.16 (0.84-1.62) 0.372
Former smoking 0.96 (0.70-1.31) 0.807
Current smoking 1.51 (1.05-2.15) 0.025
Non-HDL-cholesterol (per SD = 41 mg/dL) 0.96 (0.83-1.11) 0.590
eGFR (per SD = 17 mL/min/1.73 m?) 0.89 (0.77-1.03) 0.112
Metabolic risk factors
Waist circumference (per SD = 4.7 inches) 1.33 (1.15-1.54) <0.001
Systolic blood pressure (per SD = 20 mmHg) 0.94 (0.84-1.06) 0.309
Triglycerides (per SD = 87 mg/dL) 1.00 (0.87-1.16) 0.998
HDL-cholesterol (per SD = 14 mg/dL) 1.00 (0.87-1.15) 0.955
Fasting glucose (per SD = 12 mg/dL) 1.04 (0.93-1.17)° 0.495
HOMA-IR (per SD = 1.91 units) 1.04 (0.91-1.19) 0.575

Hazard ratios (95% CI) for the relation of established and metabolic risk factors with
incident HF from a model containing all factors.

¢ Interim MI was analyzed as a time-varying covariate, i.e. patients who had an interim
MI were analyzed as patients without an interim MI until they had the interim MI, after
which they were analyzed as patients with an interim MI for the remainder of follow-up.
®As the HOMA-IR formula includes fasting glucose, the HR for fasting glucose was
derived from a model containing all factors except HOMA-IR, and the HR for HOMA-
IR was derived from a model containing all factors except fasting glucose.
Abbreviations: CI = confidence interval, eGFR = estimated glomerular filtration rate,
HDL = high-density lipoprotein, HF = heart failure, HOMA-IR = homeostasis model

of insulin resistance, HR = hazard ratio, MI = myocardial infarction, SD = standard
deviation.
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Table S4. Relation between different measures of hypertension and incident HF

Events/ Event Adjusted for Adjusted for Adjusted for
Patients rate established established risk  metabolic risk
(events/ risk factors?, factors + other factors®,
100 PY) HR (95% CI) measures of HR (95% CI)
hypertension®,
HR (95% CI)

History of hypertension
No 103/2,125 0.61 Ref Ref Ref
Yes 187/2,528 0.98 1.33 (1.04-1.70)  1.24 (0.92-1.66)  1.25(0.97-1.60)
No. of antihypertensive drugs
Continuous (per 1 drug) 290/4,653 0.81 1.26 (1.12-1.42)  1.21(1.07-1.38) 1.21 (1.07-1.36)
None 48/1,101 0.53 Ref Ref Ref
1 71/1,450 0.59 0.74 (0.50-1.09)  0.68 (0.46-1.02)  0.68 (0.46-1.01)
2 99/1,338 1.00 1.17 (0.80-1.71) ~ 1.04 (0.69-1.55) 1.05 (0.72-1.55)
3 or more 72/764 1.41 1.61 (1.07-2.41)  1.37 (0.88-2.14) 1.40 (0.93-2.12)
Systolic blood pressure
Continuous (per 20 mmHg)  290/4,653 0.81 0.96 (0.86-1.08)  0.92(0.81-1.05)  0.95 (0.84-1.06)
>130 mmHg 185/2,754 0.83 0.75(0.58-0.96)  0.69 (0.53-0.89)  0.72 (0.56-0.92)
>140 mmHg 126/1,688 0.90 0.82(0.65-1.04)  0.76 (0.59-0.97)  0.80 (0.63-1.02)
>150 mmHg 82/1,007 0.97 0.86 (0.66-1.12)  0.76 (0.57-1.01) 0.86 (0.66-1.12)
>160 mmHg 64/533 1.42 1.33(1.00-1.77)  1.28 (0.94-1.74) 1.32 (0.99-1.76)
>170 mmHg 41/294 1.67 1.37(0.98-1.93)  1.32(0.93-1.88) 1.32 (0.93-1.85)
Diastolic blood pressure
Continuous (per 10 mmHg)  290/4,653 0.81 0.97 (0.88-1.08)  0.95 (0.85-1.06)  0.95 (0.86-1.06)
>85 mmHg 94/1,464 0.76 0.92 (0.72-1.18)  0.87(0.67-1.12) ~ 0.88 (0.69-1.13)
>90 mmHg 59/837 0.82 1.01 (0.76-1.35)  0.96 (0.71-1.31) ~ 0.97 (0.73-1.30)
>95 mmHg 39/492 0.91 1.17 (0.83-1.65)  1.12(0.78-1.60) 1.14 (0.81-1.61)
>100 mmHg 20/248 0.95 1.04 (0.65-1.64)  0.98 (0.61-1.57)  1.00 (0.63-1.58)

Hazard ratios (95% CI) for the relation between different measures of hypertension and incident HF. For the cut
points of systolic and diastolic blood pressure, events/patients and event rates are displayed for the subgroup

above the cut point, and hazard ratios are shown for above vs below the cut point.
* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,

and AAA.

b Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus history of hypertension, number of antihypertensive drugs, and systolic blood pressure where

appropriate.

¢ Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus waist circumference, triglycerides, HDL-c, and HOMA-IR.
Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL-c = high-density lipoprotein
cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin resistance, HR = hazard ratio, MI =

myocardial infarction, PAD = peripheral artery disease, PY = person years.
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Table S5. Relation between blood pressure and incident HF in subgroups of antihypertensive therapy and
SBP level

Systolic blood pressure Diastolic blood pressure
Event (per 20 mmHg) (per 10 mmHg)
rate Adjusted for Adjusted for Adjusted for Adjusted for
(events/ established metabolic risk established metabolic risk
Events/ 100 risk factors?®, factors®, risk factors®, factors®,

Subgroup Patients PY) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
Antihypertensive therapy
No 48/1,098  0.54  1.19(0.89-1.58) 1.24(0.92-1.67) 1.08(0.84-1.38)  1.05 (0.82-1.35)
Yes 242/3,555 090  0.91(0.80-1.04) 0.89(0.78-1.02)  0.95 (0.85-1.07)  0.93 (0.83-1.05)
Systolic blood pressure
<120 mmHg 52/920 0.80  0.48 (0.21-1.08)  0.43 (0.19-0.98)  1.01 (0.67-1.53)  0.99 (0.65-1.49)

>120mmHg  238/3,733  0.81  1.05(0.92-1.21)  1.05(0.92-1.21)  1.02(0.91-1.15)  1.01 (0.90-1.14)

Hazard ratios (95% CI) for the relation of systolic and diastolic blood pressure with incident HF, in patients with
and without antihypertensive therapy at baseline, and patients with a systolic blood pressure above and below
120 mmHg.

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA.

b Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus waist circumference, triglycerides, HDL-c, and HOMA-IR.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL-c = high-density lipoprotein
cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin resistance, HR = hazard ratio, MI =
myocardial infarction, PAD = peripheral artery disease, PY = person years.
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Table S6. Relation between individual components of the metabolic syndrome and HF subtypes

HFrEF HFpEF HF unclassified®
(n =114 [39.3%]) (n =102 [35.2%]) (n =74 [25.5%])

Adjusted for Adjusted for Adjusted for Adjusted for Adjusted for Adjusted for
established metabolic established metabolic established metabolic
risk factors®, risk factors®, risk factors®, risk factors®, risk factors®, risk factors®,

HR (95% HR (95% HR (95% HR (95% HR (95% CI) HR (95%
CI) CI) CI) CI) CI)

Waist circumference
ATP III criterion, 1.51 (1.03- 1.45 (0.96- 1.67 (1.12- 1.58 (1.03- 1.61 (1.00- 1.53(0.93-
>40/>35 inches (M/F) 2.22) 2.19) 2.49) 2.43) 2.59) 2.53)
Continuous 1.29 (1.06- 1.27 (1.02- 1.38 (1.11- 1.35 (1.05- 1.34 (1.03- 1.32 (0.98-
(per SD = 4.7 inches) 1.57)¢ 1.58) 1.71)¢ 1.73) 1.75) 1.78)
Blood pressure
ATP III criterion, 0.86 (0.55- 0.75 (0.48- 1.04 (0.60- 1.01 (0.58- 0.93 (0.47- 0.81 (0.41-
>130/>85 mmHg 1.34) 1.18) 1.79) 1.76) 1.83) 1.61)
Continuous, SBP 0.88 (0.73- 0.86 (0.71- 1.05 (0.87- 1.04 (0.86- 0.96 (0.77- 0.94 (0.75-
(per SD = 20 mmHg) 1.06)¢ 1.04) 1.26)¢ 1.26) 1.20) 1.17)
Triglycerides
ATP III criterion, 1.26 (0.80- 1.12 (0.69- 1.19 (0.74- 1.07 (0.64- 1.19 (0.68- 1.06 (0.58-
>150 mg/dL 1.99) 1.81) 1.91) 1.78) 2.09) 1.94)
Continuous 1.10 (0.91- 1.04 (0.84- 1.05 (0.85- 1.00 (0.75- 1.04 (0.77- 0.99 (0.71-
(per SD = 87 mg/dL) 1.32)¢ 1.28) 1.30)¢ 1.33) 1.40) 1.38)
HDL-cholesterol
ATP III criterion, 1.30 (0.88- 1.19 (0.79- 1.24 (0.81- 1.11 (0.71- 1.25(0.77- 1.12 (0.67-
<40/<50 mg/dL (M/F) 1.91) 1.79) 1.90) 1.74) 2.04) 1.86)
Continuous 0.88 (0.71- 0.94 (0.75-  0.93 (0.75- 0.99 (0.79- 0.92 (0.70- 0.99 (0.74-
(per SD = 14 mg/dL) 1.08)¢ 1.18) 1.15)4 1.25) 1.20) 1.32)
Fasting glucose
ATP III criterion, 1.10 (0.74- 1.01 (0.67- 1.15 (0.76- 1.04 (0.69- 1.12 (0.69- 1.03 (0.63-
>100 mg/dL 1.63) 1.51) 1.73) 1.58) 1.82) 1.69)
Continuous 1.09 (0.92- 1.03 (0.86- 1.12 (0.94- 1.05 (0.87- 1.11 (0.87- 1.04 (0.80-
(per SD = 12 mg/dL) 1.30)¢ 1.24) 1.33)¢ 1.26) 1.42) 1.35)

Hazard ratios (95% CI) for the relation between the individual components of the metabolic syndrome and HF
subtypes.

* Cases for which LVEF was unknown.

b Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA.

¢ Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus all other components of the metabolic syndrome and HOMA-IR. The analyses with fasting
glucose were not adjusted for HOMA-IR, as the HOMA-IR formula includes fasting glucose.

4 Hazard ratios compared for HFrEF vs HFpEF using the Lunn-McNeil method. This showed no significant
differences (p >0.05).

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, eGFR = estimated glomerular filtration rate,
HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HFrEF = heart failure with reduced ejection
fraction, HFpEF = heart failure with preserved ejection fraction, HOMA-IR = homeostasis model of insulin
resistance, HR = hazard ratio, MI = myocardial infarction, No. = number, PAD = peripheral artery disease, PY =
person years, Ref = reference, SD = standard deviation.
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Table S7A. Relation of metabolic syndrome and HOMA-IR with interim MI

Events/ Event Unadjusted, Adjusted for Adjusted for Adjusted for

Patients rate HR (95% CI) age and sex, established metabolic
(events/ HR (95% CI) risk factors®, risk factors®,
100 PY) HR (95% CI)  HR (95% CI)
Metabolic
syndrome
ATP 111 237/4,653  0.67 142 (1.10-1.83)  1.40(1.09-1.81)  1.21(0.93-1.57)  1.24 (0.93-1.65)
definition

No. of criteria

Continuous 237/4,653 0.67 1.15(1.04-1.28)  1.15(1.04-1.27)  1.06 (0.96-1.18)  1.08 (0.95-1.21)
(per 1 criterion)

Continuous  237/4,653  0.67 1.20 (1.05-1.36) 119 (1.05-1.35)  1.08(0.95-1.23)  1.10 (0.94-1.27)
(per SD =
1.25 criteria)

0-1 47/1,283 0.46 Ref Ref Ref Ref

2 72/1,391 0.68 1.47 (1.02-2.12)  1.41(0.97-2.04) 1.30(0.90-1.89)  1.32(0.91-1.92)
3 69/1,106 0.84 1.82 (1.26-2.64)  1.76 (1.21-2.56)  1.54 (1.06-2.25)  1.58 (1.07-2.35)
4-5 49/873 0.77 1.67 (1.12-2.49)  1.63(1.09-2.43)  1.24(0.82-1.88)  1.29 (0.82-2.04)

Insulin
resistance

HOMA-IR

Continuous 237/4,653 0.67 1.05(0.98-1.12)  1.04 (0.98-1.11)  1.01 (0.94-1.08)  1.02 (0.95-1.11)
(per 1 unit)

Continuous  237/4,653  0.67 1.09 (0.97-1.24)  1.08 (0.95-1.22)  1.01 (0.89-1.15)  1.05 (0.91-1.21)

(per SD =

1.91 units)

Quartile 1 53/1,175 0.55 Ref Ref Ref Ref
Quartile 2 56/1,153 0.63 1.14 (0.78-1.66)  1.13(0.77-1.64)  1.07 (0.73-1.56)  1.10 (0.75-1.62)
Quartile 3 68/1,174 0.78 1.40 (0.98-2.01)  1.38(0.97-1.98)  1.24(0.86-1.78)  1.30 (0.89-1.91)
Quartile 4 60/1,151 0.76 1.37(0.95-1.98)  1.31(0.91-1.90)  1.10(0.76-1.61)  1.23 (0.81-1.89)

Hazard ratios (95% CI) for the relation of metabolic syndrome and HOMA-IR with interim MI.

Quartiles of HOMA-IR, median (range): Quartile 1, 1.18 (0.39-1.58); Quartile 2, 1.96 (1.59-2.36); Quartile 3, 2.88
(2.37-3.64); Quartile 4, 4.95 (3.65-30.80).

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA.

b Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD,

PAD, and AAA, plus HOMA-IR (only in the analyses with metabolic syndrome and its criteria), or waist
circumference, systolic blood pressure, triglycerides, and HDL-c (only in the analyses with HOMA-IR). The
analyses with HOMA-IR were not adjusted for fasting glucose, as fasting glucose is in the HOMA-IR formula.
Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, eGFR = estimated glomerular filtration
rate, HDL-c = high-density lipoprotein cholesterol, HOMA-IR = homeostasis model of insulin resistance, HR
= hazard ratio, MI = myocardial infarction, No. = number, PAD = peripheral artery disease, PY = person years,
Ref = reference, SD = standard deviation.
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Metabolic syndrome and risk of incident HF

Table S7B. Relation of metabolic syndrome and HOMA-IR with interim DM

Events/ Event Unadjusted, Adjusted for Adjusted for Adjusted for
Patients rate HR (95% CI) age and sex, established metabolic
(events/ HR (95% CI) risk factors?, risk factors®,
100 PY) HR (95% CI) HR (95% CI)
Metabolic
syndrome
ATP III definition 316/4,653 0.92 4.46 (3.47-5.75) 4.46 (3.46-5.74)  4.23(3.27-5.48)  2.76 (2.09-3.64)
No. of criteria
Continuous 316/4,653  0.92 191 (1.74-2.09) 191 (1.74-2.09)  1.90 (1.72-2.09)  1.57 (1.41-1.75)
(per 1 criterion)
Continuous 316/4,653 0.92 2.25(2.01-2.52) 2.25(2.01-2.52)  2.23(1.98-2.51) 1.76 (1.54-2.02)
(per SD = 1.25
criteria)
0-1 25/1,283 0.24 Ref Ref Ref Ref
2 56/1,391 0.56 219 (1.36-3.50)  2.16 (1.35-3.46)  2.09 (1.30-3.35)  1.77 (1.10-2.84)
3 97/1,106 0.98 502 (3.23-7.79)  4.98(3.20-7.73)  4.78 (3.07-7.46)  3.29 (2.09-5.18)
4-5 138/873 2.02 10.18 (6.65-15.60) 10.11 (6.60-15.49) 9.57 (6.19-14.79) 5.24 (3.30-8.32)
Insulin resistance
HOMA-IR
Continuous 316/4,653  0.92 137 (1.31-142)  1.37(1.31-1.42)  1.36(1.30-1.41)  1.25(1.19-1.31)
(per 1 unit)
Continuous 316/4,653  0.92 1.81 (1.68-1.96)  1.81 (1.68-1.95)  1.79 (1.66-1.94)  1.53 (1.40-1.69)
(per SD =1.91
units)
Quartile 1 20/1,175 0.21 Ref Ref Ref Ref
Quartile 2 46/1,153 0.52 2.55(1.51-4.31)  2.54(1.50-4.30)  2.56 (1.51-4.32)  2.12 (1.25-3.60)
Quartile 3 88/1,174 1.03 5.06 (3.12-8.23) 5.05(3.11-8.20)  5.02 (3.08-8.16)  3.59 (2.18-5.90)
Quartile 4 162/1,151 2.22 11.07 (6.96-17.62)  10.98 (6.89-17.48) 10.71 (6.71-17.09) 6.20 (3.77-10.19)

Hazard ratios (95% CI) for the relation of metabolic syndrome and HOMA-IR with interim DM.

Quartiles of HOMA-IR, median (range): Quartile 1, 1.18 (0.39-1.58); Quartile 2, 1.96 (1.59-2.36); Quartile 3, 2.88 (2.37-
3.64); Quartile 4, 4.95 (3.65-30.80).

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA.
® Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and
AAA, plus HOMA-IR (only in the analyses with metabolic syndrome and its criteria), or waist circumference, systolic
blood pressure, triglycerides, and HDL-c (only in the analyses with HOMA-IR). The analyses with HOMA-IR were not
adjusted for fasting glucose, as fasting glucose is in the HOMA-IR formula.

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery disease,
CeVD = cerebrovascular disease, CI = confidence interval, DM = diabetes mellitus, eGFR = estimated glomerular
filtration rate, HDL-c = high-density lipoprotein cholesterol, HOMA-IR = homeostasis model of insulin resistance, HR
= hazard ratio, MI = myocardial infarction, No. = number, PAD = peripheral artery disease, PY = person years, Ref =
reference, SD = standard deviation.
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Table S8. Relation of interim MI and DM with incident HF

Events/ Event Unadjusted, Adjusted for Adjusted for Adjusted for
Patients rate HR (95% CI) age and sex, established metabolic
(events/ HR (95% CI) risk factors®, risk factors®,
100 PY) HR (95% CI) HR (95% CI)
Interim MI
No 259/4,653¢ 0.74 Ref Ref Ref Ref
Yes 31/237 293 2.89(1.98-4.22) 2.69 (1.84-3.94) 2.46 (1.68-3.60)  2.55 (1.74-3.74)
Interim DM
No 267/4,653¢ 0.78 Ref Ref Ref Ref
Yes 23/316 1.42 1.25(0.81-1.92)  1.24(0.81-1.92)  1.23 (0.79-1.90)  1.05 (0.67-1.65)

Hazard ratios (95% CI) for the relation of interim MI and DM with incident HF. Interim MI and DM were
analyzed as time-varying covariates, i.e. patients with an interim event were analyzed in the group without an
interim event until they had the interim event, after which they were moved to the group with an interim event
for the remainder of follow-up.

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA.

" Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,
and AAA, plus HOMA-IR, waist circumference, systolic blood pressure, triglycerides, and HDL-c. The analyses
were not adjusted for fasting glucose, as fasting glucose is in the HOMA-IR formula.

<This group includes all patients (n = 4,653) because interim MI and DM are analyzed as time-varying
covariates. At the start of follow-up no patient has an interim MI or DM, and therefore all patients are first
included in the group without an interim event. As soon as patients have an interim event, they are moved to the
group with an interim event and stay in this group for the remainder of follow-up.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, DM = diabetes mellitus, eGFR = estimated glomerular filtration rate, HDL-c =
high-density lipoprotein cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin resistance,
HR = hazard ratio, MI = myocardial infarction, PAD = peripheral artery disease, PY = person years, Ref =
reference.
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Metabolic syndrome and risk of incident HF

Table S9. Relation of metabolic syndrome and HOMA-IR with incident HF adjusted for interim MI and DM

Events/ Event Adjusted for Adjusted for Adjusted for
Patients rate established risk  established risk  established risk
(events/ factors?, factors® + factors® +
100 PY) HR (95% CI) interim MI, interim DM,
HR (95% CI) HR (95% CI)
Metabolic syndrome
ATP III definition 290/4,653 0.81 1.32(1.04-1.68) 1.31 (1.03-1.66) 1.30 (1.02-1.66)
Continuous 290/4,653 0.81 117 (1.06-1.29)  1.16 (1.05-1.28)  1.16 (1.05-1.29)
(per 1 criterion)
Individual components
Waist circumference 290/4,653 0.81 1.34 (1.17-1.53) 1.35 (1.19-1.54) 1.33 (1.17-1.52)
(per SD = 4.7 inches)
Systolic blood pressure 290/4,653 0.81 0.96 (0.86-1.08)  0.96 (0.85-1.07)  0.96 (0.86-1.08)
(per SD = 20 mmHg)
Triglycerides 290/4,653 0.81 1.06 (0.94-1.20)  1.06 (0.93-1.20)  1.05 (0.93-1.19)
(per SD = 87 mg/dL)
HDL-cholesterol 290/4,653 0.81 0.91 (0.80-1.04) 0.92 (0.81-1.05)  0.92 (0.80-1.04)
(per SD = 14 mg/dL)
Fasting glucose 290/4,653 0.81 1.10 (0.98-1.22) 1.10 (0.98-1.22) 1.09 (0.97-1.22)
(per SD = 12 mg/dL)
Insulin resistance
HOMA-IR 290/4,653 0.81 1.15(1.03-1.29)  1.15(1.03-1.28)  1.15 (1.02-1.28)

(per SD = 1.91 units)

Hazard ratios (95% CI) for the relation of the metabolic syndrome, the individual components of the metabolic
syndrome, and HOMA-IR with incident HF adjusted for interim MI and DM. Interim MI and DM were
analyzed as time-varying covariates, i.e. patients with an interim event were analyzed in the group without an
interim event until they had the interim event, after which they were moved to the group with an interim event
for the remainder of follow-up.
* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD,

and AAA.

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, DM = diabetes mellitus, eGFR = estimated
glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HOMA-IR =
homeostasis model of insulin resistance, HR = hazard ratio, MI = myocardial infarction, PAD = peripheral
artery disease, PY = person years, SD = standard deviation.
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Table S10. Relation of metabolic syndrome and HOMA-IR with incident HF in patients without interim DM

Total population Patients without interim DM

Events/ Adjusted for Adjusted for Events/ Adjusted for Adjusted for

Patients established metabolic Patients established metabolic
risk factors®, risk factors®, risk factors?, risk factors®,
HR (95% CI)  HR (95% CI) HR (95% CI)  HR (95% CI)
Metabolic syndrome
ATP III definition 290/4,653  1.32(1.04-1.68)  1.21(0.93-1.57) 267/4,337 1.32(1.03-1.69)  1.19 (0.90-1.55)
Continuous 290/4,653  1.17 (1.06-1.29)  1.13(1.01-1.27) 267/4,337 1.17 (1.06-1.30)  1.13 (1.00-1.27)

(per 1 criterion)
Individual components

Waist circumference 290/4,653  1.34 (1.17-1.53) 1.31 (1.13-1.52)  267/4,337 1.36 (1.18-1.56)  1.31(1.13-1.53)
(per SD = 4.7 inches)

Systolic blood pressure 290/4,653  0.96 (0.86-1.08) 0.95 (0.84-1.06) 267/4,337 0.94 (0.84-1.06) 0.92 (0.82-1.04)
(per SD =20 mmHg)

Triglycerides 290/4,653  1.06 (0.94-1.20)  1.00 (0.87-1.16)  267/4,337  1.04 (0.91-1.19)  0.97 (0.83-1.14)
(per SD = 87 mg/dL)
HDL-cholesterol 290/4,653  0.91 (0.80-1.04)  0.98 (0.85-1.13)  267/4,337  0.90 (0.79-1.03)  0.97 (0.84-1.12)

(per SD = 14 mg/dL)

Fasting glucose 290/4,653  1.10(0.98-1.22)  1.04 (0.93-1.17) 267/4,337 1.12(0.99-1.27) 1.07 (0.94-1.22)
(per SD =12 mg/dL)

Insulin resistance

HOMA-IR 290/4,653  1.15(1.03-1.29)  1.05(0.92-1.19)  267/4,337 1.19 (1.05-1.34)  1.09 (0.95-1.25)
(per SD = 1.91 units)

Hazard ratios (95% CI) for the relation of the metabolic syndrome, the individual components of the metabolic syndrome,
and HOMA-IR with incident HF in patients without interim DM as compared to the total population (including patients
with interim DM).

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA.
b Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA,
plus HOMA-IR, waist circumference, systolic blood pressure, triglycerides, and HDL-c where appropriate.

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery disease, CeVD
= cerebrovascular disease, CI = confidence interval, DM = diabetes mellitus, eGFR = estimated glomerular filtration rate,
HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin resistance,
HR = hazard ratio, MI = myocardial infarction, PAD = peripheral artery disease, SD = standard deviation.
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Table S11. Relation between various measures of insulin resistance and incident HF

Metabolic syndrome and risk of incident HF

Events/ Event Unadjusted, Adjusted for Adjusted for Adjusted for
Patients rate HR (95% CI) age and sex, established metabolic
(events/ HR (95% CI) risk factors®, risk factors®,
100 PY) HR (95% CI)  HR (95% CI)
HOMA-IR
Continuous 290/4,653 0.81 119 (1.07-1.33) 120 (1.07-1.33)  1.15(1.03-1.29)  1.05 (0.92-1.19)
(per SD = 1.91 units)
Quartile 1 60/1,175 0.61 Ref Ref Ref Ref
Quartile 2 75/1,153 0.83 1.34(0.96-1.88)  1.27(0.91-1.79)  1.29 (0.92-1.81)  1.15 (0.81-1.63)
Quartile 3 68/1,174 0.76 1.21 (0.85-1.71)  1.20 (0.85-1.69)  1.09 (0.77-1.56)  0.91 (0.63-1.32)
Quartile 4 87/1,151 1.07 1.80 (1.29-2.50)  1.68 (1.21-2.34)  1.55(1.11-2.17)  1.15 (0.78-1.69)
QUICKI
Continuous 290/4,653 0.81 117 (1.04-1.32) 116 (1.02-1.31)  1.11(0.98-1.26)  0.97 (0.84-1.12)
(per SD = 0.032 units)
Quartile 1 60/1,160 0.62 Ref Ref Ref Ref
Quartile 2 75/1,148 0.83 1.34 (0.95-1.88) 1.28 (0.91-1.80)  1.30(0.92-1.83)  1.16 (0.82-1.64)
Quartile 3 67/1,179 0.74 117 (0.83-1.66)  1.16 (0.82-1.64)  1.06 (0.74-1.51)  0.87 (0.60-1.26)
Quartile 4 88/1,166 1.07 1.78 (1.28-2.47)  1.66 (1.19-2.30)  1.53 (1.09-2.14)  1.12 (0.77-1.65)
TyG
Continuous 290/4,653 0.81 1.08 (0.97-1.22)  1.15(1.02-1.30)  1.08 (0.94-1.25)  0.99 (0.85-1.16)
(per SD = 0.54 units)
Quartile 1 65/1,170 0.71 Ref Ref Ref Ref
Quartile 2 74/1,158 0.81 110 (0.79-1.53)  1.09(0.78-1.52)  1.01 (0.72-1.42)  0.94 (0.66-1.32)
Quartile 3 65/1,162 0.73 0.98 (0.70-1.38)  0.99 (0.70-1.40)  0.89 (0.62-1.27)  0.76 (0.52-1.10)
Quartile 4 86/1,163 0.98 1.28 (0.92-1.76)  1.48(1.07-2.05)  1.27 (0.88-1.84)  1.02 (0.68-1.53)

Hazard ratios (95% CI) for the relation of HOMA-IR, QUICKI, and TyG with incident HF. An increase in HOMA-IR and
TyG represents an increase in insulin resistance, while an increase in QUICKI represents a decrease in insulin resistance.
To facilitate a comparison of the various measures, the results for QUICKI are shown per SD decrease and the ranking of
the quartiles is reversed (i.e. Quartile 1 includes patients with the highest QUICKI and Quartile 4 patients with the lowest
QUICKI).

Quartiles, median (range): HOMA-IR: Quartile 1, 1.18 (0.39-1.58); Quartile 2, 1.96 (1.59-2.36); Quartile 3, 2.88 (2.37-3.64);
Quartile 4, 4.95 (3.65-30.80); QUICKI: Quartile 1, 0.374 (0.357-0.455); Quartile 2, 0.345 (0.336-0.357); Quartile 3, 0.326
(0.316-0.336); Quartile 4, 0.303 (0.244-0.316); TyG: Quartile 1, 8.1 (6.9-8.3); Quartile 2, 8.5 (8.3-8.6); Quartile 3, 8.8 (8.6-
9.0); Quartile 4, 9.3 (9.0-11.3).

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA.

® Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA,
plus waist circumference, systolic blood pressure, triglycerides (not in the analyses with TyG), and HDL-c. The analyses
were not adjusted for fasting glucose, as fasting glucose is included in the HOMA-IR, QUICKI, and TyG formulas.
Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular disease, CI
= confidence interval, eGFR = estimated glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol, HF =
heart failure, HOMA-IR = homeostasis model of insulin resistance, HR = hazard ratio, MI = myocardial infarction, PAD =
peripheral artery disease, PY = person years, QUICKI = quantitative insulin sensitivity check index, Ref = reference, SD =
standard deviation, TyG = triglyceride-glucose index.
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Table S12. Relation between various measures of obesity and incident HF

Events/ Event Unadjusted, Adjusted for Adjusted for Adjusted for
Patients rate HR (95% CI) age and sex, established metabolic
(events/ HR (95% CI) risk factors®, risk factors®,
100 PY) HR (95% CI) HR (95% CI)
Waist circumference
Continuous 290/4,653 0.81 141 (1.26-1.58) 138 (1.21-1.57)  1.34 (1.17-1.53)  1.31 (1.13-1.52)
(per SD = 4.7 inches)
Body-mass index
Continuous 290/4,653 0.81 1.13 (1.01-1.26)  1.23(1.08-1.39)  1.22(1.08-1.38)  1.18 (1.03-1.36)
(per SD = 4.0 kg/m?)
Waist-to-hip ratio
Continuous 290/4,653 0.81 1.56 (1.39-1.76)  1.48 (1.29-1.71)  1.38 (1.19-1.59)  1.34 (1.15-1.57)
(per SD = 0.081 units)
Visceral fat
Continuous 290/4,653 0.81 139 (1.25-1.55)  1.33 (1.19-1.50)  1.28 (1.14-1.45)  1.26 (1.11-1.44)
(per SD = 0.96 inches)
Visceral/total fat %
Continuous 290/4,653 0.81 1.54 (1.35-1.75) 136 (1.17-1.56)  1.31 (1.13-1.52)  1.30 (1.12-1.51)

(per SD =9.2%)

Hazard ratios (95% CI) for the relation of waist circumference, BMI, waist-to-hip ratio, visceral fat, and contribution of

visceral to total abdominal fat (visceral/total fat %) with incident HF.

* Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA.
b Adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD, PAD, and AAA,
plus HOMA-IR, systolic blood pressure, triglycerides, and HDL-c. The analyses were not adjusted for fasting glucose, as
fasting glucose is included in the HOMA-IR formula.
Abbreviations: AAA = abdominal aortic aneurysm, BMI = body-mass index, CAD = coronary artery disease, CeVD =
cerebrovascular disease, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL-c = high-density
lipoprotein cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin resistance, HR = hazard ratio, MI
= myocardial infarction, PAD = peripheral artery disease, PY = person years, SD = standard deviation.
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Table S13. Reverse causality assessment

Metabolic syndrome and risk of incident HF

Total population, Exclude events <1 Exclude events <2 Exclude events <5
HR (95% CI) year, years, years,
HR (95% CI) HR (95% CI) HR (95% CI)
Events/Patients 290/4,653 260/4,623 244/4,607 189/4,552

Metabolic syndrome
ATP III definition

No. of criteria
(per 1 criterion)

Waist circumference
(per SD = 4.7 inches)

Systolic blood pressure
(per SD = 20 mmHg)

Triglycerides
(per SD = 87 mg/dL)

HDL-cholesterol
(per SD = 14 mg/dL)

Fasting glucose
(per SD = 12 mg/dL)

Insulin resistance

HOMA-IR
(per SD = 1.91 units)

1.32 (1.04-1.68)
1.17 (1.06-1.29)

1.34 (1.17-1.53)

0.96 (0.86-1.08)

1.06 (0.94-1.20)

0.91 (0.80-1.04)

1.10 (0.98-1.22)

1.15 (1.03-1.29)

1.30 (1.01-1.68)
1.17 (1.05-1.30)

1.35 (1.17-1.55)

1.02 (0.91-1.15)

1.03 (0.90-1.18)

0.92 (0.81-1.06)

1.06 (0.94-1.20)

1.10 (0.97-1.24)

1.29 (0.99-1.68)
1.17 (1.05-1.30)

1.34 (1.16-1.55)

1.00 (0.89-1.13)

1.04 (0.90-1.19)

0.90 (0.78-1.03)

1.05 (0.92-1.19)

1.08 (0.95-1.23)

1.35(1.00-1.82)
1.18 (1.04-1.33)

1.37 (1.16-1.61)

0.99 (0.86-1.14)

1.10 (0.96-1.27)

0.87 (0.74-1.02)

1.05 (0.91-1.21)

1.11 (0.95-1.29)

Hazard ratios (95% CI) for the relation between metabolic risk factors and incident HF in the total population,
and after excluding patients who had incident HF within the first 1, 2, and 5 years after inclusion. All estimates
were adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD without prior MI, CeVD,

PAD, and AAA.

Abbreviations: AAA = abdominal aortic aneurysm, CAD = coronary artery disease, CeVD = cerebrovascular
disease, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL-c = high-density lipoprotein
cholesterol, HF = heart failure, HOMA-IR = homeostasis model of insulin resistance, HR = hazard ratio, MI =
myocardial infarction, PAD = peripheral artery disease, SD = standard deviation.
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Table S14A. Potential effect modifiers in the relation of metabolic syndrome and HOMA-IR with incident HF

Events/ Event Metabolic Metabolic HOMA-IR
Patients rate syndrome syndrome (per SD = 1.91
(events/ (ATP III (per 1 criterion), units),
100 PY) definition), HR (95% CI) HR (95% CI)
HR (95% CI)

Age
p-value for interaction 0.204 0.114 0.322
<50 years 17/794 0.26 1.33 (0.47-3.76) 1.30 (0.90-1.89) 1.22(0.82-1.82)
50-59 years 46/1,412 0.39 1.37 (0.75-2.53) 1.22 (0.96-1.55) 1.19 (0.89-1.58)
60-69 years 123/1,602 1.03 1.65 (1.14-2.39) 1.22 (1.05-1.42) 1.13 (0.95-1.34)
=70 years 104/845 1.82 1.00 (0.67-1.51) 1.04 (0.86-1.24) 1.17 (0.96-1.43)
Sex
p-value for interaction 0.385 0.792 0.279
Male 231/3,347 0.90 1.22 (0.93-1.60) 1.15 (1.03-1.28) 1.11 (0.98-1.25)
Female 59/1,306 0.57 1.81 (1.04-3.15)  1.26 (1.00-1.58)  1.32(1.02-1.71)
CVD location
p-value for interaction 0.447 0.376 0.070
CAD with MI 95/1,268 1.02 1.76 (1.14-2.70) 1.24 (1.05-1.47) 1.32 (1.11-1.57)
CAD without MI 65/1,212 0.67 1.09 (0.66-1.78) 1.04 (0.84-1.30) 1.16 (0.93-1.45)
CeVD 28/1,118 0.31 1.34 (0.62-2.92) 1.32 (0.95-1.82) 1.44 (0.96-2.17)
PAD or AAA 32/527 0.75 0.80 (0.37-1.69) 0.97 (0.70-1.34) 0.64 (0.36-1.12)
Polyvascular 70/528 1.90 1.28 (0.78-2.09) 1.19 (0.97-1.47) 0.99 (0.78-1.26)

Hazard ratios (95% CI) for the relation of metabolic syndrome and HOMA-IR with incident HF in subgroups

of age, sex, and CVD location. Hazard ratios were adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with
prior MI, CAD without prior MI, CeVD, PAD, and AA A where appropriate. P-values for the interaction between
metabolic risk factors and the potential effect modifiers are provided. Following a Bonferroni correction for
multiple testing, only p-values <0.006 should be regarded significant.

Abbreviations: AAA = abdominal aortic aneurysm, ATP = Adult Treatment Panel, CAD = coronary artery
disease, CeVD = cerebrovascular disease, CI = confidence interval, CVD = cardiovascular disease, eGFR =
estimated glomerular filtration rate, HDL-c = high-density lipoprotein cholesterol, HF = heart failure, HOMA-
IR = homeostasis model of insulin resistance, HR = hazard ratio, MI = myocardial infarction, PAD = peripheral
artery disease, PY = person years, SD = standard deviation.
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Chapter 4.

Figure S1. Continuous relation between measures of blood pressure and incident HF
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Hazard ratios for the continuous relation between various measures of blood pressure and incident HF, based on
restricted cubic splines. Models were adjusted for age, sex, smoking, non-HDL-c, eGFR, CAD with prior MI, CAD
without prior MI, CeVD, PAD, and AAA. MAP was calculated using the formula: MAP = (2*DBP + SBP)/3. PP was
calculated as SBP — DBP. The vertical dashed lines represent the 25th percentile (Q1), median, and 75th percentile
(Q3) of the blood pressure measurement in the study population. Shaded areas represent 95% confidence intervals.
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Chapter 5.
Abstract

Aims

Although trials have proven the group-level effectiveness of various therapies for heart
failure with reduced ejection fraction (HFrEF), important differences in absolute
effectiveness exist between individuals. We developed and validated the LIFEtime-
perspective for Heart Failure (LIFE-HF) model for the prediction of individual (lifetime)
risk and treatment benefit in patients with HFrEF.

Methods and results

Cox proportional hazards functions with age as the time scale were developed in the
PARADIGM-HF and ATMOSPHERE trials (n = 15,415). Outcomes were cardiovascular
death, HF hospitalization or cardiovascular death, and non-cardiovascular mortality.
Predictors were age, sex, New York Heart Association class, prior HF hospitalization,
diabetes mellitus, extracardiac vascular disease, systolic blood pressure, left ventricular
ejection fraction, N-terminal pro-B-type natriuretic peptide, and glomerular filtration
rate. The functions were combined in life-tables to predict individual overall and HF
hospitalization-free survival. External validation was performed in the SwedeHF registry,
ASTAN-HF registry, and DAPA-HF trial (n = 51,286). Calibration of 2- to 10-year risk was
adequate, and c-statistics were 0.65-0.74. An interactive tool was developed combining the
model with hazard ratios from trials to allow estimation of an individual’s (lifetime) risk
and treatment benefit in clinical practice. Applying the tool to the development cohort,
combined treatment with a mineralocorticoid receptor antagonist (MRA), sodium/glucose
cotransporter 2 (SGLT2) inhibitor, and angiotensin receptor-neprilysin inhibitor (ARNI)
was estimated to afford a median of 2.5 (interquartile range [IQR] 1.7-3.7) and 3.7 (IQR
2.4-5.5) additional years of overall and HF hospitalization-free survival respectively.

Conclusion

The LIFE-HF model enables estimation of lifelong overall and HF hospitalization-free
survival, and (lifetime) treatment benefit for individual patients with HFrEF. It could serve
as a tool to improve the management of HFrEF by facilitating personalized medicine and

shared decision-making.
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Graphical abstract

Lifetime prediction in HFrEF: the LIFE-HF model
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Chapter 5.
Introduction

Patients with heart failure with reduced ejection fraction (HFrEF) are at high risk of
morbidity and mortality, with 5-year mortality rates as high as 43-75%." This is despite
considerable progress in the development of new treatments. Besides conventional therapy
consisting of an angiotensin-converting enzyme (ACE) inhibitor or an angiotensin receptor
blocker (ARB), and a beta-blocker, international guidelines identify three drug classes with
a class I recommendation: mineralocorticoid receptor antagonists (MRAs), angiotensin
receptor-neprilysin inhibitors (ARNIs), and sodium/glucose cotransporter 2 (SGLT2)
inhibitors.?? However, the use of these therapies in clinical practice remains suboptimal.*”

A recent analysis suggested that optimal guideline-recommended pharmacological
therapy could afford, on average, considerable gains in lifetime survival for patients with
HFrEF.2 However, the absolute effectiveness of therapy varies greatly between individuals,
depending on a patient’s baseline risk and remaining life expectancy.*'® Although
many prediction models exist for patients with HFrEF, estimating the 1- to 5-year risk
of hospitalization and mortality, no models are available to predict individual lifetime
risk and treatment benefit.""> As HFrEF is a chronic disease and therapies are usually
continued lifelong, lifetime estimates of an individual’s risk and anticipated benefit from
treatment are important. In other populations, i.e. primary and secondary prevention of
atherosclerotic CVD, models combining lifetime risk predictions with hazard ratios from
trials to estimate an individual’s risk, life expectancy, and absolute treatment benefit, are
one of the foundations of the 2021 European Society of Cardiology (ESC) CVD Prevention
Guidelines.’®™" A similar tool for patients with HFrEF could improve their management by

facilitating personalized medicine and shared decision-making.

The primary objective of this study was to develop and externally validate the LIFEtime-
perspective for Heart Failure (LIFE-HF) model for personalized lifetime prediction of
overall and HF hospitalization-free survival in patients with HFrEF. The secondary objective
was to illustrate how the LIFE-HF model can be combined with hazard ratios from trials to

predict benefit from guideline-recommended therapies for individual patients.

Methods
Study populations

The derivation cohort included all patients from the PARADIGM-HF (n = 8,399) and
ATMOSPHERE (n = 7,016) trials (combined n = 15,415). External validation was performed
in the SwedeHF registry (n = 42,063), ASTAN-HF registry (n = 4,479), and DAPA-HF trial (n

= 4,744). The choice of derivation cohort was based on the proportions of missing data in the

156



Lifetime prediction in HFrEF: the LIFE-HF model

studies (very low in PARADIGM-HF and ATMOSPHERE but higher in the registries; Table
S1). Study details have been described elsewhere and the eligibility criteria are summarised
in Table $2.2°72* All patients had a left ventricular ejection fraction (LVEF) <40% at study
entry, following the definition of HFrEF in international guidelines.?® Patients remained in
the study population regardless of subsequent changes in LVEF. All participants provided
informed consent and the studies were approved by local institutional review boards.
Missing data were handled by single imputation in the trials and multiple imputation in
the registries. If variables were missing for all patients in a validation cohort, population
medians (from the derivation cohort) were used (Methods S1).?

Outcomes

Outcomes of interest were: 1) overall survival, and 2) HF hospitalization-free survival. These
outcomes were predicted by respectively combining functions for cardiovascular (CV)
death, and first hospitalization for HF or CV death, with a function for non-CV mortality.

Outcome definitions are described in Table S3.

Predictors

Based on existing risk scores and availability in the derivation cohort, 24 candidate
predictors were selected (Table S4).""""> All candidate predictors were entered in a Cox
proportional hazards function for first hospitalization for HF or CV death (as this endpoint
represents both hospitalization and mortality), derived in the derivation cohort (Methods
S2). Backward selection was performed based on the Akaike Information Criterion (AIC).
All independent predictors were selected for the development of an extended model. To
facilitate uptake in clinical practice, the core model was reduced to the ten strongest
predictors (with the highest chi-square statistics). This selection of predictors was presented
to a panel of HF experts. The final selection of predictors for the core model was based on
their feedback. The same predictors were used for all outcomes. Randomized treatments
(i.e. sacubitril/valsartan, aliskiren, and aliskiren/enalapril combination therapy) were
forced into the model using offset terms and the hazard ratios from the original trial
reports.?*?' Non-randomized treatments were not considered as candidate predictors, as
their prognostic effect largely depends on their indication, which may vary over time and

across regions.
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Model development
Using data from the 15,415 patients in PARADIGM-HF and ATMOSPHERE, cause-

specific Cox proportional hazards functions including the previously selected predictors
were derived for: 1) CV death, 2) first hospitalization for HF or CV death, and 3) non-CV
mortality. These functions allow the use of age as time scale (i.e. left truncation), meaning
that participants contribute from their age at study entry to their age at end of follow-up.'
This enables estimation of age-specific baseline survivals used to make predictions beyond
the follow-up duration of the original cohorts (Methods S3). Continuous predictors were
winsorized at the 1** and 99" percentile, and quadratic or logarithmic transformations were
included if they substantially improved model fit. There was no evidence for interaction of
predictors with age based on visual inspection of plotted Schoenfeld residuals. To reduce
optimism, shrinkage was applied to model coeflicients using ridge regression (Methods S4).
The model was adjusted for geographical differences in baseline risk (Methods S5). Model

assumptions are described in Table S5.

Prediction of individual risk and life expectancy

Individual predictions were based on life-tables.’®7" Overall survival was predicted
by combining the function for CV death with the function for non-CV death. For each
patient, the risk of CV death (a)) and the risk of non-CV death (b) were estimated for
each 3-month age interval from the patient’s age at baseline up to the maximum age of 95
years. A survival probability (p ) was obtained for each interval (p, =1 - a - b ). Cumulative
survival probabilities (e) were calculated by multiplying the survival probabilities of
consecutive intervals (e.g. for a 60-year-old: e _,.= P_o* Prgons -+ * Prooss © Proosrs)-
Likewise, HF hospitalization-free survival was predicted by combining the function
for first hospitalization for HF or CV death with the function for non-CV death. These
predictions form an individual life-table for each patient, from which estimates can be
derived for the any-year risk of CV death, first hospitalization for HF or CV death, non-CV
mortality, all-cause mortality (i.e. 1 minus overall survival), and first hospitalization for
HF or all-cause mortality (i.e. 1 minus HF hospitalization-free survival). Overall and HF
hospitalization-free life expectancy were defined as the age where the cumulative overall/
HF hospitalization-free survival probability in the life-table equalled 0.50 (i.e. the median
life expectancy for a group of patients with identical characteristics). A detailed description
of the methodology is provided in Methods S6, with an example of a life-table presented
in Table S6.
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Model validation

Internal validity was assessed using Harrell’s c-statistic for discrimination, and calibration
plots of the predicted vs. observed 2-year risk for all outcomes. Additionally, validation
was performed in subgroups of MRA and digoxin users and non-users (i.e. therapies of
interest already prescribed in a considerable proportion of the derivation cohort at baseline),
patients with and without device therapies, patients with an LVEF of 36-40% (as eligibility
criteria largely precluded their inclusion in the derivation cohort), and stratified by sex and
race. External validation was performed in SwedeHF (5-year risks), ASTAN-HF (3-year
risks), and DAPA-HF (2-year risks). In SwedeHF, the model was additionally validated
over a 10-year period for all-cause mortality. In DAPA-HF, the model was also validated
separately in the intervention and control arm. Discrimination and goodness of fit were
assessed using c-statistics and calibration plots for all outcomes. If necessary, the model
was recalibrated for differences in baseline risk. C-statistics were compared to those of

existing models in SwedeHF.

Sensitivity analysis

Models were derived stratified by sex, and MRA use at baseline (as an MRA was one of the
main therapies of interest but was already prescribed in 47% of patients from the derivation
cohort at baseline). Stratified models were compared to the core model in the derivation

cohort.

Prediction of individual treatment benefit

First, the prognostic model is used to estimate a patient’s (lifetime) risk on current
treatment. Then, the model is combined with causal hazard ratios from trials (Table S7)
for the treatment(s) of interest, to estimate a patient’s (lifetime) risk on a new treatment
regimen (Methods S7).'%"7"® Individual absolute risk reduction (ARR) with a new treatment
is calculated as the difference between the predicted risk on the current and new treatment
regimen. Similarly, individual lifetime benefit is calculated as the difference between
the predicted life expectancy on current and new treatment. Use of an ACE inhibitor
(or equivalent, i.e. ARB), and a beta-blocker is already assumed by the model due to the
background and comparator treatment in the derivation cohort. In line with guideline
recommendations, treatment benefits can be estimated for MRAs, ARNI, and SGLT2
inhibitors in all patients, and ivabradine, vericiguat, and digoxin in selected patients.??
Therapies were assumed to have no effect on non-CV mortality, among other assumptions
(Table S5).

All statistical analyses were performed using R Statistics, version 4.0.3.
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Results
Study populations

Baseline characteristics are presented in Table 1, and Table S8 (PARADIGM-HF and
ATMOSPHERE separately). In total, 30,594 composite outcomes (of which 22,141
hospitalizations for HF, and 8,453 CV deaths), 18,283 CV deaths, and 8,746 non-CV
deaths were recorded during a median follow-up of 3.1 (interquartile range [IQR] 1.6-5.4)

years. Composite outcome rates were higher in SwedeHF and ASTAN-HF compared to the
trial cohorts (Table S9 & Figure S1). Non-CV mortality rates were highest in SwedeHF.
In SwedeHF (only cohort with follow-up beyond five years), median overall and HF

hospitalization-free survival were 6.1 and 2.9 years, and 10-year survival rates were 33%

(ranging from 73% in women <60 years to 5% in men >80 years) and 21% (ranging from

47% in women <60 years to 3% in men >80 years) respectively (Figure SI).

Table 1. Baseline characteristics

Derivation cohort SwedeHF ASIAN-HF DAPA-HF
(n =15,415) (n=42,063) (n =4,479) (n =4,744)
Demographics
Age 64 (56-72) 73 (64-81) 61 (52-69) 67 (60-74)
Sex (male) 12,058 (78%) 29,875 (71%) 3,508 (78%) 3,635 (77%)
Race
White 10,136 (66%) NA 3,333 (70%)
Black 537 (4%) NA 226 (5%)
Asian 3,273 (21%) NA 4,479 (100%) 1,116 (24%)
Other 1,415 (9%) NA 69 (1%)
Region
North America 779 (5%) 677 (14%)
Latin America 2,552 (17%) 817 (17%)
Western Europe 3,902 (25%) 42,063 (100%) 2,154 (45%)*
Central/Eastern Europe 4,770 (31%)
Asia-Pacific 3,412 (22%) 4,479 (100%) 1,096 (23%)
Clinical features of heart failure
Ischemic aetiology 8,122 (53%) 9,298 (45%) 2,627 (59%) 2,674 (56%)
Duration of heart failure
<1 year 4,884 (32%) 27,308 (65%) 2,060 (46%) 1,098 (23%)
1-5 years 5,825 (38%) 6,268 (15%) 1,433 (32%) 1,791 (38%)
>5 years 4,702 (30%) 8,487 (20%) 986 (22%) 1,855 (39%)
NYHA class
1 389 (3%) 2,875 (9%) 594 (15%)
11 10,355 (67%) 14,668 (47%) 2,263 (56%) 3,203 (68%)
111 4,459 (29%) 12,428 (40%) 1,037 (26%) 1,498 (32%)
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Derivation cohort SwedeHF ASIAN-HF DAPA-HF
(n=15,415) (n =42,063) (n = 4,479) (n = 4,744)

v 197 (1%) 1,137 (4%) 161 (4%) 43 (1%)
Left ventricular ejection fraction (%) 30 (25-34) NA 27 (22-33) 32 (26-37)

30-39
<30
Medical history

Prior hospitalization for heart
failure

Diabetes mellitus
Atrial fibrillation
Extracardiac vascular disease
Prior stroke
Peripheral artery disease
Left bundle branch block
Physical signs

Systolic blood pressure (mmHg)
Heart rate (bpm)

Body-mass index (kg/m?)
Laboratory tests

NT-proBNP (pg/mL)
Sinus rhythm

Atrial fibrillation

Estimated GFR (mL/min/1.73 m?)

Potassium (mmol/L)

Sodium (mmol/L)

Haemoglobin (g/dL)

Total bilirubin (umol/L)
Uric acid (umol/L)
Treatments

Diuretic

ACE inhibitor

ARB

ARNI

Aliskiren

Beta-blocker

9,462 (61%)

4,832 (31%)
5,481 (36%)
2,411 (16%)
1,217 (8%)
1,418 (9%)
3,970 (26%)

127 (115-140)
72 (64-80)

27.1 (24.0-30.8)

1418 (770-2774)

1244 (694-2521)

1702 (998-3102)

70 (57-83)
4.5(4.2-4.7)

141 (139-143)

14.0 (12.9-15.0)

11 (9-16)
419 (345-506)

12,336 (80%)
8,888 (58%)°

4,187 (27%)°
4,680 (30%)
14,243 (92%)

21,201 (50%)
20,862 (50%)

24,535 (58%)

11,019 (26%)
21,350 (51%)
8,352 (20%)
5,601 (13%)
3,477 (8%)
8,544 (24%)

120 (110-140)
72 (64-84)

26.0 (23.0-29.6)

2885 (1268-
6396)

2556 (1114-
5781)

3116 (1370-
6603)

64 (47-82)
4.2 (3.9-4.5)

140 (138-142)

13.5 (12.3-14.7)

NA
NA

32,046 (77%)

27,878 (67%)

10,173 (25%)
732 (2%)

38,357 (92%)

3,434 (78%)

1,909 (43%)
804 (18%)
445 (10%)
321 (7%)
147 (3%)
575 (13%)

116 (104-130)

78 (69-88)

24.3 (21.7-27.5)

3015 (1425-
6908)°

2831 (1333-
6698)°

3542 (1712-
7527)°

63 (44-82)
4.2 (3.9-4.6)

138 (136-141)

13.0 (11.6-14.5)

14 (10-21)
412 (327-506)

3,727 (84%)

2,261 (51%)
1,402 (32%)

3,551 (80%)

2,251 (47%)

2,139 (45%)
1,818 (38%)
739 (16%)
466 (10%)
324 (7%)
NA

121 (110-
132)

70 (63-78)

27.0 (24.0-
31.0)

1437 (857-
2649)

1242 (742-
2325)

1795 (1106-
3041)

64 (51-80)
4.5 (4.2-4.8)

140 (138-
142)

13.6 (12.5-
14.6)

10 (7-14)
NA

4,433 (93%)

2,661 (56%)

1,307 (28%)
508 (11%)

4,558 (96%)
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Derivation cohort SwedeHF ASIAN-HF DAPA-HF
(n = 15,415) (n =42,063) (n = 4,479) (n = 4,744)
Digoxin 4,781 (31%) 6,105 (15%) 1,190 (27%) 887 (19%)
MRA 7,273 (47%) 15,432 (37%) 2,619 (59%) 3,370 (71%)
SGLT2 inhibitor . 184 (0.4%) 3 2,373 (50%)¢
Implantabl di ter-
mprartable cardioverter 1,819 (12%) 2,614 (6%) 526 (12%) 1,242 (26%)
defibrillator
Cardiac resynchronization therapy 967 (6%) 1,906 (5%) 351 (8%) 354 (8%)

Baseline characteristics are based on non-imputed data. Continuous variables are presented as median (IQR).
Categorical variables are presented as n (%), with percentages referring to complete cases.

Abbreviations: ACE = angiotensin-converting enzyme, ARB = angiotensin receptor blocker, ARNI = angiotensin
receptor-neprilysin inhibitor, GFR = glomerular filtration rate, IQR = interquartile range, MRA = mineralocorticoid
receptor antagonist, NA = not available, NT-proBNP = N-terminal pro-B-type natriuretic peptide, NYHA = New
York Heart Association, SD = standard deviation, SGLT2 = sodium/glucose cotransporter 2.

*In DAPA-HF a distinction between Western and Central/Eastern Europe was not made. The number of patients
in the region ‘Europe’ is presented.

In ASIAN-HF, NT-proBNP was available for only 23.2% of patients and was likely selectively measured in
decompensated individuals. Actual values might be considerably lower.

< Therapies used as part of a trial intervention, or active control.

Predictor selection

Ordered from highest to lowest predictive value, the ten strongest predictors initially
selected in the core model were: N-terminal pro-B-type natriuretic peptide (NT-proBNP),
diabetes mellitus, New York Heart Association (NYHA) class III/1V, prior hospitalization
for HF, extracardiac vascular disease (i.e. prior stroke or peripheral artery disease), systolic
blood pressure (SBP), uric acid, total bilirubin, LVEF, and sex (Table S10). Additionally, the
following seven predictors were selected in the extended model: body-mass index (BMI),
estimated glomerular filtration rate (eGFR), sodium, potassium, left bundle branch block
(LBBB), heart rate, and haemoglobin. Based on the expert panel’s feedback, uric acid and
total bilirubin were removed from the final core model, and eGFR was added.

Model development
Hazard ratios in the functions for CV death, first hospitalization for HF or CV death,

and non-CV mortality are shown in Table 2 (core model), and Table S11 (model with ten
strongest predictors and extended model). Age-specific baseline survivals are presented
in Table S12, and Figure S2 shows how these were derived. Geographical differences
in baseline risk were small for hospitalization for HF or CV death (ratios for expected
divided by observed risk [E/O ratios] 0.93-1.12), but more substantial for CV death alone
(E/O ratios ranging from 0.80 in Latin America to 1.42 in Western Europe; Table S13).
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The complete risk algorithms are provided in Table S14. The core model was developed
into an interactive calculator to allow calculation of a patient’s risk in clinical practice

(Supplementary Material; Calculator).

Table 2. Hazard ratios in the core LIFE-HF model

First hospitalization
CV death, for HF or CV death, Non-CV mortality,
HR (95% CI) HR (95% CI) HR (95% CI)
Sex (male) 1.37 (1.24-1.51) 1.31 (1.21-1.41) 1.55 (1.23-1.94)
NYHA class (ITI/TV) 1.41 (1.31-1.52) 1.35 (1.27-1.44) 1.02 (0.85-1.21)
Prior hospitalization for HF 1.13 (1.05-1.22) 1.33 (1.24-1.41) 1.15 (0.96-1.36)
Diabetes mellitus 1.26 (1.16-1.37) 1.46 (1.37-1.56) 1.29 (1.08-1.55)
Extracardiac vascular disease® 1.29 (1.17-1.41) 1.30 (1.21-1.41) 1.30 (1.06-1.59)
Systolic blood pressure® 0.81 (0.76-0.86) 0.84 (0.80-0.88) 1.00 (0.88-1.14)
?rfcttvizziﬂcular ejection 0.89 (0.84-0.94) 0.86 (0.81-0.91) 0.97 (0.85-1.10)
NT-proBNP® 1.87 (1.78-1.98)¢ 1.79 (1.71-1.87)¢ 1.42 (1.26-1.60)¢
Estimated GFR® 0.94 (0.89-1.00) 0.91 (0.87-0.96)¢ 1.11 (0.98-1.26)

Hazard ratios in the Cox proportional hazards functions constituting the core LIFE-HF model. As all outcomes
in this study could be predicted by combining these three functions in life-tables, separate functions for first
hospitalization for HF, and all-cause mortality were not derived, and hazard ratios are not shown for these
outcomes.

Abbreviations: CI = confidence interval, GFR = glomerular filtration rate, NT-proBNP = N-terminal pro-B-type
natriuretic peptide, NYHA = New York Heart Association.

* Prior stroke or history of peripheral artery disease.

® For all continuous variables, HRs are shown for the 75% vs. 25" percentile (systolic blood pressure 140 vs. 115
mmHg; left ventricular ejection fraction 34 vs. 25%; NT-proBNP 2774 vs. 770 pg/mL; estimated GFR 83 vs. 57
mL/min/1.73 m?).

¢ Quadratically transformed variable.

4 Logarithmically transformed variable.

Internal validation in PARADIGM-HF and ATMOSPHERE

For the core model, c-statistics were 0.68 (95% confidence interval [CI] 0.67-0.69) for
overall survival , and 0.67 (95% CI 0.66-0.68) for HF hospitalization-free survival (Table
3). Calibration plots of predicted vs. observed 2-year risk of CV death, first hospitalization
for HF or CV death, non-CV mortality, and the combined outcomes (i.e. all-cause mortality,
and first hospitalization for HF or all-cause mortality) are provided in Figure S3. For the
combined outcomes, calibration plots are also shown per geographic region in Figure $4.
Validation in subgroups showed that calibration was adequate for both men and women
(E/O ratios 0.99-1.03), MRA users and non-users (E/O ratios 0.99-1.02), digoxin users and
non-users (E/O ratios 0.90-1.07), patients with and without device therapies (E/O ratios
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0.95-1.12), patients with an LVEF of 36-40% (E/O ratios 1.07-1.08), and white and Asian
participants (E/O ratios 0.99-1.02; Table S13 & Figure S5). Risks were underestimated in
the small group (n = 537) of black participants (E/O ratios 0.70-0.75). Performance of the
core model was similar to the model with uric acid and bilirubin, and the extended model
(Table S15 & Figure S3).

Table 3. Discrimination of the core LIFE-HF model

Individual outcomes, Combined outcomes,
c-statistic (95% CI) c-statistic (95% CI)
First
hospitalization HF
for HF or CV Non-CV Overall hospitalization-
CV death death mortality® survival free survival

Internal validation  0.69 (0.68-0.70)  0.68 (0.67-0.68)  0.67 (0.65-0.70)  0.68 (0.67-0.69)  0.67 (0.66-0.68)

SwedeHF 0.74 (0.73-0.74)  0.66 (0.66-0.67)  0.65 (0.64-0.65) 0.73 (0.72-0.73)  0.66 (0.66-0.67)
ASIAN-HF 0.65 (0.63-0.67)  0.67 (0.65-0.68)  0.66 (0.62-0.70)  0.65 (0.63-0.66)  0.67 (0.65-0.68)
DAPA-HF 0.71 (0.69-0.74)  0.71 (0.69-0.72)  0.66 (0.60-0.71)  0.70 (0.68-0.72)  0.70 (0.68-0.71)

Harrell’s c-statistics for discrimination of the core LIFE-HF model in the derivation and validation cohorts.
Abbreviations: CI = confidence interval.

*Discrimination of risk of non-CV mortality can slightly differ depending on which function the function for
non-CV mortality is combined with in the life-tables. The results shown in the table are based on analyses in
which the function for non-CV mortality was combined with the function for CV death.

Sensitivity analysis

Hazard ratios in the core model all fell within the 95% confidence interval of the hazard
ratios derived in strata of sex and MRA use (Table S16). Performance of the stratified models
was similar to the core model in all strata (Figure S6). Changes in individual predicted
risks were small (Table S17).

External validation in SwedeHF, ASIAN-HF, and DAPA-HF

For the core model, c-statistics for overall and HF hospitalization-free survival were 0.73
(95% CI 0.72-0.73) and 0.66 (95% CI 0.66-0.67) in SwedeHF, 0.65 (95% CI 0.63-0.66) and
0.67 (95% CI 0.65-0.68) in ASTAN-HF, and 0.70 (95% CI 0.68-0.72) and 0.70 (95% CI 0.68-
0.71) in DAPA-HF (Table 3). Calibration plots are shown for the combined outcomes in
Figure 1, and for the individual outcomes in Figure S7. In ASIAN-HF and DAPA-HF,
recalibration of baseline risks was not needed (E/O ratios 0.83-1.17; Table S18). The model
calibrated reasonably well in the intervention arm of DAPA-HF (Figure S8), although there
was a slight overestimation of risk in this group (E/O ratios 1.11-1.19). In SwedeHF, the
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model was recalibrated for differences in baseline risk of CV death (E/O ratio 1.28), and
non-CV mortality (E/O ratios 0.56-0.71). After recalibration, calibration was adequate for
patients included at the outpatient clinic (i.e. out-patients) and at the end of a hospitalization
(i.e. in-patients), MRA users and non-users, patients with and without device therapies,
and patients included after January 2010 (E/O ratios 0.90-1.12; Figure S9). For all-cause
mortality, the model also showed adequate calibration over a 10-year period, in the total
SwedeHF population (E/O ratios 0.97-1.01; Figure 2), and in out-/in-patients and individuals
with a life expectancy >5 years (E/O ratios 0.95-1.05; Figure S10). Performance of the core
model was similar to the model with uric acid and bilirubin, and the extended model in
all validation cohorts (Table S15 & Figure S11). C-statistics were similar to or higher than
those of existing models (Figure S12).

Estimation of individual treatment benefit
The LIFE-HF calculator (Supplementary Material; Calculator) also allows for the

estimation of individual treatment benefit. Figure 3 (overall survival) and Figure S13 (HF
hospitalization-free survival) illustrate how the model is used to estimate treatment benefit

for individual patients.

Applying the model to all individuals from the combined PARADIGM-HF and
ATMOSPHERE population, the median individual 5-year ARR achieved through treatment
optimization (i.e. adding an MRA if not already used, switching from ACE inhibitor to
ARNI, and adding an SGLT?2 inhibitor) was 7.6% (IQR 5.3-10.8%) for all-cause mortality,
and 17.1% (IQR 13.5-22.3%) for hospitalization for HF or all-cause mortality. The same
therapy was estimated to afford a median of 2.5 (IQR 1.7-3.7) additional overall, and 3.7
(IQR 2.4-5.5) additional HF hospitalization-free life-years. Five-year ARRs increased with
increasing baseline risk (Figure 4). Gains in overall survival decreased with increasing age,
and were largest for patients with a moderate 5-year risk of all-cause mortality. Gains in HF

hospitalization-free survival decreased with increasing age and baseline risk (Figure S14).
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Figure 1. External validation of the core LIFE-HF model
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Calibration plots are shown for the predicted risk (as calculated by the core LIFE-HF model) vs. observed risk of all-

cause mortality (i.e. 1 minus overall survival) and first hospitalization for HF or all-cause mortality (i.e. 1 minus HF
hospitalization-free survival) in SwedeHF (A & B), ASTAN-HF (C & D), and DAPA-HF (E & F). Error bars represent
95% confidence intervals.
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Figure 2. 10-year external validation in SwedeHF
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The calibration plot shows the predicted 10-year risk (as calculated by the core LIFE-HF model) vs. observed 10-year
risk of all-cause mortality in SwedeHF. Error bars represent 95% confidence intervals.
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Figure 3. Estimation of individual treatment benefit in exemplar patients
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80-year-old woman
NYHA class Ill - With prior HF hospitalization - With DM - With extracardiac vascular disease
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Benefit from switching from ACEi to ARNI, and adding an MRA and an SGLT2i for three exemplar patients cur-
rently treated with an ACEi and a beta-blocker. The benefit was estimated using the core LIFE-HF model combined
with hazard ratios from the PARADIGM-HEF trial, a pooled estimate of the RALES and EMPHASIS-HF trials, and
a meta-analysis of the DAPA-HF and EMPEROR-Reduced trials (Table S7), and is presented as absolute reductions
in the risk of all-cause mortality, and gain in overall survival. All exemplar patients were from Western Europe.
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Figure 4. Treatment benefit stratified by baseline risk and age
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Mean 5-year ARR for all-cause mortality (A), and additional years gained in overall survival (B) from switching
from ACEi to ARNI and adding an SGLT?2i for the 15,415 individuals in PARADIGM-HF and ATMOSPHERE,
stratified by baseline 5-year risk and age. Benefit from adding an MRA, switching to ARNI, and adding an SGLT2i
is displayed for the 8,142 individuals without an MRA at baseline in PARADIGM-HF and ATMOSPHERE (C & D).
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Discussion

Using data of 66,701 individuals, we developed and validated the LIFE-HF model for
personalized lifetime prediction of survival and treatment benefit in patients with HFrEF
(Graphical Abstract). Unlike previous models, the LIFE-HF model allows estimation
of both short-/mid-term risk of HF hospitalization and mortality, and overall and HF
hospitalization-free life expectancies for individual patients. Extensive validation
demonstrated the predictive reliability of the model in both trial and real-world populations.
The model can be combined with the best available evidence from clinical trials to predict
individual benefit from guideline-recommended therapies expressed as overall and HF
hospitalization-free life-years gained. An interactive calculator has been developed for use

in daily clinical practice.

With the LIFE-HF model we expand on previous risk models and a landmark study
estimating the lifetime benefits of optimal guideline-recommended therapy for HFrEF on
a group level.®"""> The LIFE-HF model can still be used to predict short-/mid-term risk,
but in addition enables the prediction of lifetime risk, and allows for the estimation of
treatment benefits on an individual level. Lifetime estimates are informative as HFrEF is a
chronic disease, and therapies are usually continued lifelong. Some patients may already
use one or more of the treatments included in the regimen evaluated by the aforementioned
study, or they might have contra-indications for or might not tolerate one of these therapies.
The LIFE-HF model predicts individual treatment benefits from switching from any
current treatment regimen to any future regimen of guideline-recommended therapies.
Individualized treatment benefits are relevant as the absolute effectiveness of therapy varies
greatly between individuals, based on baseline risk and remaining life expectancy.®'® For
younger patients with mild symptoms, short-term risk is generally low, and as a result
short-term ARRs achieved with treatment will be small. However, as they will age and
their disease may progress, they may have a substantial lifetime risk. As they have a
high remaining life expectancy and can therefore be treated over a long period of time,
their lifetime treatment benefits may be considerable (at the expense of longer treatment
duration and higher costs). On the other hand, older patients with more advanced disease
will generally have a high short-term risk and large short-term ARRs, but this does not
always translate to considerable lifetime benefit due to their limited life expectancy. This
is illustrated by the estimates of the LIFE-HF model for the 15,415 individuals in the
derivation cohort, showing that short-term treatment effects in terms of ARRs are indeed
larger in patients with a higher 5-year risk, but lifetime treatment effects are generally larger

in younger patients with a moderate or low short-term risk.
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The LIFE-HF model may help to improve the management of HFrEF patients in multiple
ways. First, by calling attention to the consistently high risk of hospitalization and
mortality in this population. Second, by emphasizing the absolute benefits of guideline-
recommended therapies for patients with HFrEF, including younger patients and patients
with mild symptoms. Third, in situations where limited resources affect treatment use, it
could help identify patients with both the greatest need for treatment (greatest modifiable
risk), and the greatest benefit from treatment (greatest ARR or lifetime gain). Fourth, it
could help physicians to communicate risks and treatment benefits to patients. Patients may
be reluctant to add another drug to several they might already be taking. Showing them
personalized estimates of risk and treatment benefits may increase their willingness to
take on and adhere to new treatments. Fifth, it could facilitate shared decision-making by
allowing patients to weigh their anticipated benefits against the burden of taking another

pill, potential side effects, and costs.

Some methodological aspects should be discussed. The discriminative ability of the LIFE-
HF model is moderate, as is the case with other risk scores in HF."""> The maximum
c-statistic that can be reached with a prognostic model depends on the distribution of risk
in the population.? Given the selective nature of the HFrEF population with high risks
of hospitalization and mortality in all patients, reaching c-statistics >0.70/>0.75 might
not be possible in most cohorts. A head-to-head comparison in SwedeHF showed that
the c-statistics of the LIFE-HF model are similar to or higher than those of well-known
other models (Figure S12). As discussions on a patient’s prognosis, as well as treatment
decisions, are usually based on predicted risk, the goodness of fit of these risk estimates (i.e.
calibration) is especially important in this setting, and moderate c-statistics are generally
accepted.?~?® Calibration of the LIFE-HF model was adequate in trial and real-world

populations, and various subgroups.

Because of the great variety in predictors included in existing models and contrasting
results regarding their prognostic value, we avoided an arbitrary selection of predictors
by using statistical methods instead.”'? To ensure the model would be feasible for use in
everyday clinical practice, the selection of predictors was presented to an expert panel.
This panel unanimously decided that uric acid and bilirubin should be removed from the
model, as these are not routinely measured in clinical practice. They also strongly supported
the addition of eGFR to the model. Replacing uric acid and bilirubin by eGFR did not
affect model performance, as the final core model was shown to perform similarly to the
initial model with uric acid and bilirubin, and the extended model including all seventeen

independent predictors.
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The model was developed in two clinical trials. Trial participants may not always be fully
representative of patients in real-world clinical practice. Especially, they may have a lower
absolute risk of events, as they are often younger, healthier, and more closely monitored
than real-world patients. Therefore, it was vital the model was also validated in two
registries. Prediction models can be updated to tailor predictions to new populations
through a recalibration of baseline risks.? In PARADIGM-HF and ATMOSPHERE, the
true incidence of non-CV mortality in HFrEF patients was likely underestimated due to
the exclusion of patients with non-CV life-limiting diseases. As SwedeHF does not have
such exclusion criteria (Table S2), we argued that SwedeHF provided more representative
estimates of the real-world incidence of CV and non-CV mortality. Therefore, baseline
risks for these outcomes were recalibrated in SwedeHF. The recalibrated model was used
for the development of the LIFE-HF calculator, made available for use in clinical practice.
This means the estimates provided by the LIFE-HF calculator are applicable to real-world
patients, i.e. are no longer affected by healthy participant bias in the trials. Geographical
differences in baseline risk were accounted for in the model based on data of regional
subgroups in the derivation cohort, but these might not be representative of an entire region.
If country-specific event rates and mean predictor levels become available in the future, the
model should ideally be recalibrated to individual countries (Methods S8).2° Even though
the model was derived in patients with chronic HFrEF, the validation in 19,332 in-patients
from SwedeHF showed that the model (without additional recalibration) also accurately
predicted 5-year and 10-year risk at discharge after an HF hospitalization. This suggests
that, in addition to the out-patient setting, the model may also be reliably used at the end
or shortly after an HF hospitalization. Risks were underestimated in the small group of
black patients available for analysis. If more data of black HF patients become available in
the future, the model should be recalibrated to this population.

The model was developed and validated in study populations with moderate uptake of
contemporary guideline-recommended therapies, and most data were from before the
introduction of SGLT2 inhibitors. Nevertheless, for the following reasons the model is still
applicable to current clinical practice. First, the use of guideline-recommended therapies
in the studies was comparable to the uptake of these medications in clinical practice.*”
Second, the model, without any adjustment or recalibration, performed equally well in
patients with and without an MRA at baseline. Third, the model performed adequately
in (the intervention arm) of DAPA-HF, a population with very high uptake of guideline-
recommended therapies including an SGLT2 inhibitor. If in the future the uptake of
guideline-recommended therapies significantly improves, recalibration of the model may
be required, and should be considered as soon as data with long-term follow-up of patients

on contemporary treatment including an SGLT2 inhibitor become available.

173



Chapter 5.

Study limitations need to be considered. Registries such as SwedeHF can be selective as well,
and have imperfect coverage. In 2019, approximately 30% of the prevalent HF population
in Sweden was registered in SwedeHF.* The model predicts lifetime risk but the validation
periods were limited by the follow-up duration in the study populations. However, as the
median HF hospitalization-free and overall survival in patients with HFrEF is limited,
e.g. 2.9 and 6.1 years respectively in SwedeHF, the 5- and 10-year validations performed
for these outcomes are already equivalent to a lifetime validation for the majority of
patients. Although for some younger lower-risk patients survival may exceed five or ten
years, we did not observe any substantial disagreements between predicted and observed
risk in these patients at two, three, five, and ten years follow-up. The fact that the model
accurately predicted both the 5- and 10-year risk of all-cause mortality (without additional
recalibration), suggests that short-/mid-term estimates can be reliably extrapolated into the
future. Additional long-term validations in other populations would still be desirable when
appropriate data become available. Extending finite follow-up data to lifetime predictions
of risk and treatment benefit is an established methodology that has been applied in many
different settings.®'%'7-1*32 Lifetime estimates have previously been validated for up to 17
years in apparently healthy people, and 12 years in patients with HFrEF.">32 Nevertheless,
we acknowledge that lifetime estimates remain a projection of the actual lifetime risk
and treatment benefit, and are based on several assumptions (Table S5). First, the model
assumes that predictors follow a natural course over time. If an unexpected permanent
change occurs in one or more predictors, predictions should be repeated. Second, baseline
risks are assumed to be stationary. If advances in health care lead to a reduced baseline risk
in the future, the model should be recalibrated. When estimating treatment benefits, it is
assumed that hazard ratios are equal for all patients, and benefits of multiple therapies are
additive. This is supported by subgroup analyses from trials, showing that relative treatment
effects are consistent across subgroups, including subgroups of background medication.****
Also, treatment effects are assumed to be constant, and patients are assumed to remain
adherent over lifetime treatment. In practice, greater non-adherence might be expected. The
estimates of a prediction model are never completely individualized, as not all of a patient’s
characteristics can be taken into account. Instead, the estimates reflect the average risk and
average treatment benefit for a group of patients with identical characteristics with respect
to the predictors in the model. In addition to pharmacological therapy, devices have an
important role in the management of patients with HFrEF. The effects of devices were not
included in the model, but could be added in the future.

In conclusion, the LIFE-HF model predicts both short-/mid-term and lifetime risk of HF
hospitalization and mortality, as well as absolute treatment benefits expressed as overall and
HF hospitalization-free life-years gained, for individual patients with HFrEF. The model
could serve as a tool to improve the management of patients with HFrEF by facilitating

personalized medicine and shared decision-making.
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Chapter 6.
Abstract

Background and aims

Low-dose colchicine reduces cardiovascular risk in patients with coronary artery disease
(CAD), but absolute benefits may vary between individuals. This study aimed to assess the
range of absolute benefit from low-dose colchicine according to individual patient risk

profile.

Methods

The ESC guideline-recommended SMART-REACH model was combined with the relative
treatment effect of low-dose colchicine, and applied to CAD patients from the LoDoCo2
trial and UCC-SMART cohort (n = 10,830). Individual treatment benefit was expressed as
10-year absolute risk reductions (ARRs) for myocardial infarction, stroke, or cardiovascular
death (MACE), and MACE-free life-years gained. Predictions were also performed for
MACE plus coronary revascularization (MACE+), using a new lifetime model derived
in the REACH registry. Colchicine was compared to other ESC guideline-recommended
intensified (step 2) prevention strategies, i.e. low density lipoprotein-cholesterol (LDL-
C) reduction to 1.4 mmol/L, and systolic blood pressure (SBP) reduction to 130 mmHg.
Generalizability to other populations was assessed in CAD patients from REACH North
America and Western Europe (n = 25,812).

Results

Median 10-year ARR from low-dose colchicine was 4.6% (interquartile range [IQR] 3.6-
6.0%) for MACE, and 8.6% (IQR 7.6-9.8%) for MACE+. Lifetime benefit was 2.0 (IQR
1.6-2.5) MACE-free years, and 3.4 (IQR 2.6-4.2) MACE+-free life-years gained. For LDL-C
and SBP reduction respectively, median 10-year ARR for MACE was 3.0% (IQR 1.5-5.1%)
and 1.7% (IQR 0.0-5.7%), and lifetime benefit was 1.2 (IQR 0.6-2.1) and 0.7 (IQR 0.0-2.3)
MACE-free life-years gained. Similar results were obtained for MACE+, and in American
and European patients from REACH.

Conclusions

The absolute benefits of low-dose colchicine vary between individual patients with chronic
CAD. They may be expected to be of at least similar magnitude to those of intensified
LDL-C and SBP reduction in a majority of patients already on conventional lipid-lowering

and blood pressure-lowering therapy.
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Chapter 6.
Introduction

Patients with coronary artery disease (CAD) remain at high risk of cardiovascular events,
despite the routine use of lipid-lowering, blood pressure-lowering, and antithrombotic
therapies."? In recent years, anti-inflammatory therapy has emerged as another effective
prevention strategy for patients with CAD.?>=® In the 2021 European Society of Cardiology
(ESC) Cardiovascular Disease (CVD) Prevention Guidelines, the anti-inflammatory drug
colchicine (in a low dose; 0.5 mg once daily) has a class IIb recommendation (level A
evidence).! Together with intensified lipid-lowering (i.e. low density lipoprotein-cholesterol
[LDL-C] <1.4 mmol/L) and blood pressure-lowering (i.e. systolic blood pressure [SBP] <130
mmHg) therapy, dual antiplatelet therapy, low-dose rivaroxaban, and eicosapentaenoic
acid (EPA), low-dose colchicine is among the intensified (step 2) prevention strategies that
may be considered in patients with established CVD in addition to conventional (step 1)
preventive therapy (i.e. smoking cessation, LDL-C <1.8 mmol/L, SBP <140 mmHg, and
antithrombotic therapy).

The absolute benefits of preventive therapies are expected to vary between patients,
depending on baseline CVD risk, remaining life expectancy, and current levels of treatment
targets.® Patients with a high CVD risk and long potential treatment duration will likely
gain the most from intensified treatment, whereas patients with a very low risk or limited
life expectancy will receive a smaller benefit that may not outweigh the costs and risk of
side effects. Moreover, patients with high levels of LDL-C and SBP may benefit most from
intensified lipid-lowering and blood pressure-lowering therapy, whereas patients already
on these therapies and with LDL-C and SBP levels close to treatment targets may benefit
more from other therapies to further reduce their residual risk of CVD. Therefore, the ESC
Guidelines recommend that decisions on intensification of preventive therapy are based on
a patient’s 10-year CVD risk, lifetime risk, and individual treatment benefit, as estimated
by the SMART-REACH model."” Applying this model to a group of patients with chronic
CAD and otherwise varying characteristics could provide insight into the distribution
of the individual absolute benefit from low-dose colchicine, and how this relates to other

prevention strategies in this population.

The primary objective of this study was to assess the range of individual absolute benefit
from low-dose colchicine in patients with chronic CAD according to patient risk profile.
The secondary objective was to compare low-dose colchicine to other ESC guideline-
recommended step 2 prevention strategies, i.e. LDL-C reduction to 1.4 mmol/L, and SBP

reduction to 130 mmHg, in addition to conventional therapy.
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Methods

Study populations

Data were used from all participants enrolled in the LoDoCo2 trial (n = 5,522), a
randomized, placebo-controlled clinical trial comparing low-dose colchicine (0.5 mg
once daily) to placebo for the prevention of major cardiovascular events in patients with
chronic CAD from the Netherlands and Australia.® In addition, data from the Utrecht
Cardiovascular Cohort-Second Manifestations of ARTerial disease (UCC-SMART)
study were used, an ongoing prospective cohort study of patients with established CVD
at the University Medical Centre Utrecht, the Netherlands.® Patients with chronic CAD
(defined as a history of myocardial infarction [MI], percutaneous coronary intervention
[PCI], or coronary artery bypass grafting [CABG]) included between September 1996 and
January 2019 were selected (n = 5,308). Finally, we used data from the REACH registry,
a prospective cohort study of patients with established CVD recruited from general
practitioners and medical specialist outpatient clinics worldwide.® Western European
patients with established CVD, i.e. CAD, cerebrovascular disease, or peripheral artery
disease (n = 14,522), and North American patients with chronic CAD (n = 15,764) were
selected. Detailed descriptions of the original studies have been published elsewhere.>8?
All studies were approved by an institutional review board, and written informed consent
was obtained from all participants. Eligibility criteria are described in Table S1. Missing
data (Table S2) were handled by multiple imputation (Methods S1).

Outcomes

Outcomes of interest were (i) M1, ischemic stroke, or cardiovascular death (MACE), and (ii)
coronary revascularization (i.e. PCI or CABG), M1, ischemic stroke, or cardiovascular death
(MACE+). The competing outcome was non-cardiovascular mortality. Detailed endpoint
definitions are provided in Table S3.

External validation of the SMART-REACH model

The SMART-REACH model is the ESC guideline-recommended tool for prediction of 10-
year risk of MACE, and MACE-free life expectancy in patients with established CVD."
In this study, the model was externally validated in LoDoCo2, and temporal validation
was performed in UCC-SMART (validation had previously been performed on a smaller
dataset).” If necessary, the model was recalibrated for differences in baseline risk. Model
performance was assessed using measures of discrimination and calibration, i.e. plots of

predicted vs. observed risk.
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Development and validation of a lifetime prediction model for MACE+

As the primary endpoint of the LoDoCo?2 trial included coronary revascularizations, we
developed a new model (i.e. the SMART-REACH+ model) based on the same methodology
used for the original SMART-REACH model.”"® Cox proportional hazards functions were
derived in REACH Western Europe (n = 14,522) for: (i) MACE+, and (ii) non-cardiovascular
mortality. Predictors, pre-specified based on the original SMART-REACH model, were: sex,
current smoking, diabetes mellitus, SBP, total cholesterol, creatinine, CAD, cerebrovascular
disease, peripheral artery disease, atrial fibrillation, and heart failure. Age was used as the
time scale of the model (i.e. left truncation), so that participants contributed data to the
model from their age at study entry to their age at time of an event or censoring. This allows
for the estimation of age-specific baseline survivals, used to make predictions beyond the
follow-up duration of the original cohort (Methods S2 & Figure S1). Model assumptions
are described in Table S4.

Consistent with the original SMART-REACH model, the SMART-REACH+ model was
externally validated in LoDoCo2 and UCC-SMART.

Estimating CVD risk and CVD-free life expectancy for individual
patients

For all patients in LoDoCo2 and UCC-SMART (n = 10,830), survival free of MACE,
and MACE+ (i.e. the CVD events of interest) were estimated using the SMART-REACH
and SMART-REACH+ models, by making use of life-tables.”® Starting from the age of
each patient at baseline, the risk of the CVD event of interest (a) and the risk of non-
cardiovascular mortality (b, were estimated for each consecutive life-year, up to the
maximum age of 100 years. A CVD-free survival probability (p) was obtained for each
life-year, by subtracting CVD risk and non-cardiovascular mortality risk from 1 (p, = 1
- a, - b). The probability of being alive and free of the CVD event of interest at the start
of each life-year (e ), was calculated by multiplying the CVD-free survival probabilities of

all the previous life-years (e.g. for a 60-year old: e _ ., = p_., * Pq, * Pre,)- Altogether, these

=63
predictions form an individual life-table for each patient. Predictions of 10-year risk of
MACE and MACE+ were derived from the life-tables by calculating the cumulative cause-
specific event risk truncated at 10 years after the starting age. MACE-free and MACE+-free
life expectancy were defined as the age where the cumulative MACE-free and MACE+-free

survival probabilities (e,) in the life-table equalled 0.50 (= 50%).
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Prediction of individual benefit from low-dose colchicine

The prognostic models were combined with hazard ratios (HRs) from the LoDoCo2
trial, in line with previously described methods.”’® HRs were 0.72 for MACE, and 0.69
for MACE+.> Subsequently, ten-year risks of MACE and MACE+, and MACE-free and
MACE+-free life expectancies on low-dose colchicine were estimated for each patient in
LoDoCo2 and UCC-SMART. Individual 10-year absolute risk reduction (ARR) was defined
as the difference between the predicted 10-year risk with and without low-dose colchicine.
Likewise, lifetime benefit was defined as the difference between on- and off-colchicine
life expectancies, expressed as MACE-free and MACE+-free life-years gained. Low-dose
colchicine was assumed to have no effect on non-cardiovascular mortality, among other
assumptions (Table S4). Additionally, analyses were performed stratified by smoking status,

baseline risk and age, cohort, and country.

Comparison with other step 2 prevention strategies

Low-dose colchicine was compared to the following ESC guideline-recommended
intensified (step 2) prevention goals: LDL-C reduction to 1.4 mmol/L, and SBP reduction
to 130 mmHg." Benefits from achieving these targets were estimated for all patients with
available baseline measurements of LDL-C and SBP by combining the models with an
HR of 0.78 for every 1 mmol/L reduction from baseline to target LDL-C (i.e. HR
= (.78"(baselineLDL-C-19) "9 nd a hazard ratio of 0.80 for every 10 mmHg reduction from

= (.80"(baseline SBP-130/10) /i1y ]ine with large-scale meta-

LDL-C

reduction

baseline to target SBP (i.e. HR

analyses.""? Estimates should be interpreted as the predicted benefits of achieving these

SBP reduction

targets, regardless of the lipid-lowering and blood pressure-lowering therapies currently
used by a patient and the therapies prescribed to reach the targets. As some patients meeting
treatment targets reflects clinical practice, patients with baseline LDL-C <1.4 mmol/L
or SBP <130 mmHg were not excluded from the analyses, but were considered to have
no benefit from reaching targets they already met at baseline. A sensitivity analysis was
performed in patients not meeting treatment targets at baseline.

Generalizability to other populations
As LoDoCo2 and UCC-SMART only include patients from the Netherlands and Australia,

a sensitivity analysis was performed in which the models were applied to patients with
chronic CAD from REACH North America (n = 15,764) and REACH Western Europe (n
=10,048).

All analyses were conducted with R statistical software V.4.0.3 (www.r-project.org).
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To facilitate use of the models in clinical practice, low-dose colchicine was added to the

existing online SMART-REACH calculator (available at www.U-Prevent.com), and a
new calculator was developed for the SMART-REACH+ model (Supplemental Material;

Calculator).

Results

Patient characteristics

Patients from UCC-SMART and REACH Western Europe more often had extracardiac
vascular disease, and had higher cholesterol and creatinine levels than patients from LoDoCo2

(Table 1). Despite differences in cardiovascular risk profiles, the distribution in medical
treatment strategies was similar between LoDoCo2 and UCC-SMART. In the combined
LoDoCo2 and UCC-SMART study population, mean baseline LDL-C was 2.4+0.9 mmol/L
(n =8,595) and SBP was 137+19 mmHg (n = 8,801). Respectively, 26.6% and 10.0% of patients
met the LDL-C step 1 (<1.8 mmol/L) and step 2 (<1.4 mmol/L) targets, and 63.5% and 41.7%
met the SBP step 1 (<140 mmHg) and step 2 (<130 mmHg) targets at baseline (Figure S2).

Table 1. Baseline characteristics

LoDoCo2 UCC-SMART REACH Western
Characteristic (n=5,522) (n=5,308) Europe (n = 14,522)
Age 65.8+8.6 60.9+9.6 68.419.6
Female sex 846 (15%) 1,007 (19%) 4,073 (28%)
Current smoker 651 (12%) 1,272 (24%) 2,300 (16%)
Systolic blood pressure (mmHg) 137+19 137+20 140+19

<140 mmHg
<130 mmHg
Total cholesterol (mmol/L)
LDL-cholesterol (mmol/L)
<1.8 mmol/L
<1.4 mmol/L
Creatinine (pmol/L)
Medical History
Prior acute coronary syndrome
Prior coronary revascularization®
Coronary artery disease
Cerebrovascular disease
Peripheral artery disease
Diabetes mellitus

Atrial fibrillation

2,299 (64%)
1,516 (42%)
4.1£1.0
2.1+0.8
1,360 (40%)
518 (15%)
84+14

4,658 (84%)
4,621 (84%)
5,522 (100%)
398 (11%)
72 (2%)
1,007 (18%)
649 (12%)

3,287 (62%)
2,151 (41%)
4.6+1.1
2.6+0.9
924 (17%)
338 (6%)
93431

2,919 (55%)
3,875 (73%)
5,308 (100%)
495 (9%)
414 (8%)
1,008 (19%)
275 (5%)"

8,827 (61%)
5,459 (38%)
51+1.2
3.2:41.0¢
669 (7%)
234 (2%)
96425

6,680 (46%)
6,390 (44%)
10,048 (69%)
4,551 (31%)
3,426 (24%)
4,893 (34%)
1,670 (12%)
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LoDoCo2 UCC-SMART REACH Western

Characteristic (n=5,522) (n=5,308) Europe (n = 14,522)

Heart failure NA NA 2,275 (16%)

Left ventricular ejection fraction <50% 1,805 (33%) NA NA
Medication

Antiplatelet therapy 5,031 (91%) 4,610 (87%) 9,674 (67%)

Anticoagulant 672 (12%) 665 (13%) 1,904 (13%)

Statin 5,188 (94%) 4,297 (81%) 10,340 (71%)

Antihypertensive medication 4,980 (90%) 4,782 (90%) 13,138 (90%)

Baseline characteristics are based on non-imputed data. Continuous variables are presented as mean=SD,
categorical variables as N (%). Percentages refer to complete cases.

Abbreviations: LDL = low density lipoprotein, NA = not available.

*Prior percutaneous coronary intervention (PCI), or coronary artery bypass grafting (CABG).

®Only atrial fibrillation at baseline (based on an electrocardiogram). History of atrial fibrillation was not
available.

¢Calculated using a modified Friedewald formula including total cholesterol and triglycerides, as LDL-cholesterol
(and HDL-cholesterol) measurements were not available in REACH.*

Outcomes

In LoDoCo2, 272 MACE, 451 MACE+, and 88 non-cardiovascular deaths occurred during
a median follow-up of 2.5 years (interquartile range [IQR] 1.8-4.0). In UCC-SMART, 1,026
MACE, 1,885 MACE+, and 616 non-cardiovascular deaths occurred during a median
follow-up of 9.0 years (IQR 4.7-13.0). Kaplan-Meier curves are presented in Figure S3.

Development of the SMART-REACH+ model

Multivariable hazard ratios are presented in Table S5. Age-specific baseline survivals and
the completed risk algorithms are provided in Table S6 & S7. The interactive calculator is

provided in the Supplemental Material.

External validation in LoDoCo2 and UCC-SMART

External validation of the SMART-REACH and SMART-REACH+ models showed good
agreement between the predicted and observed 3-year (LoDoCo2) and 10-year (UCC-
SMART) risk of MACE and MACE+ (Figure S4).

Absolute benefit from low-dose colchicine

The estimation of (lifetime) benefit from low-dose colchicine for an individual patient is
illustrated in Figure 1A (outcome is MACE), and Figure S5A (outcome is MACE+).
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Figure 1. Estimation of individual benefit from low-dose colchicine in exemplar patients
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Estimation of 10-year ARR for MACE and M ACE-free life-years gained from low-dose colchicine in an individual
patient (A), and a comparison of low-dose colchicine with LDL-C reduction to 1.4 mmol/L and SBP reduction to
130 mmHg in three individual patients (B). For viewing purposes, not all predictors were presented in the figure.
These were as follows: total cholesterol = 4.0 (1), 4.5 (2), and 6.0 (3) mmol/L; creatinine = 100 (1), 90 (2), and 80 (3)
umol/L; AF = No for all; HF = No for all. If a condition is not mentioned in the description of the patient, it means
the condition was absent (e.g. for patients 2 and 3 diabetes mellitus is not mentioned in the description, which
means these patients did not have diabetes mellitus). All patients were real-world patients (recalibration factors
from UCC-SMART were applied).

In the combined LoDoCo2 and UCC-SMART study population, median 10-year baseline
risk (without low-dose colchicine) of MACE was 17.8% (IQR 13.4-23.9%), MACE+ was
32.0% (IQR 27.6-37.7%), and non-cardiovascular mortality was 6.3% (IQR 3.2-11.1%)
(distributions in Figure S6 & S7). Median predicted baseline survival free of MACE was 18.0
years (IQR 13.7-23.0), and free of MACE+ was 13.6 years (IQR 10.9-16.8). The distribution
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of the estimated 10-year and lifetime benefit from low-dose colchicine is shown in Figure

2. The median 10-year benefit from low-dose colchicine, in terms of the estimated absolute
reduction in the 10-year risk of MACE, was 4.6% (IQR 3.6-6.0%) (Table 2). This translates
to an individual number needed to treat iNNT) of 21.6 (IQR 16.7-28.2) to avoid one MACE

event over 10 years of treatment (Figure S8). The median estimated lifetime benefit, in

terms of years gained in life expectancy free of MACE, was 2.0 years (IQR 1.6-2.5 years).
Median predicted 10-year ARR for MACE+ was 8.6% (IQR 7.6-9.8%), 10-year iNNT was
11.6 (IQR 10.2-13.2), and gain in MACE+-free life expectancy was 3.4 years (IQR 2.6-4.2

years) (Table 2).

Figure 2. Distribution of the individual benefit from low-dose colchicine
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Distribution of the individual absolute benefit from low-dose colchicine in the combined LoDoCo2 and UCC-SMART
study population (n = 10,830), expressed as 10-year ARR for MACE (A), MACE-free life-years gained (B), 10-year

ARR for MACE+ (C), and MACE+-free life-years gained (D).
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Stratified analyses

Estimated CVD risk reductions from low-dose colchicine were larger for current smokers
compared to non-smokers (median 10-year ARR: 5.2% vs. 4.5% for MACE, and 8.9% vs.
8.5% for MACE+), but as smoking increases the risk of non-cardiovascular mortality, gains
in CVD-free life expectancy were similar or smaller (median 2.1 vs. 2.0 MACE-free years
gained, and 3.1 vs. 3.4 MACE+-free years gained; Figure S9). Estimated 10-year CVD risk
reductions increased with increasing baseline risk, while gains in CVD-free life expectancy
decreased with increasing age and remained relatively stable over risk strata (Figure 3
& Figure S10). Due to the increased (i.e. real-world) incidence of non-cardiovascular
mortality in UCC-SMART, the estimated gain in MACE-free (median 1.7 vs. 2.3 years) and
MACE+-free life expectancy (median 3.1 vs. 3.6 years) was lower in this cohort compared
to the LoDoCo2 trial population, while 10-year risk reductions were similar (Figure S11).
Likewise, within LoDoCo2, the slightly higher risk of non-cardiovascular mortality in
participants from Australia led to slightly smaller estimated gains in MACE-free (median
2.2vs. 2.5 years) and MACE+-free life expectancy (median 3.5 vs. 3.8 years) as compared
to participants from the Netherlands (Figure S12).

Figure 3. Absolute benefit from low-dose colchicine stratified by baseline risk and age
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B Gain in MACE-free life-expectancy
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Mean 10-year ARR for MACE (A), and years gained in MACE-free life expectancy (B) from low-dose colchicine,
stratified by baseline 10-year risk and age. As there were no patients aged 66 years or older with a baseline risk <10%,
these cells were left blank.

Comparison with intensified LDL-C and SBP reduction

Comparison of low-dose colchicine with intensified LDL-C and SBP reduction is

demonstrated for three individual patients in Figure 1B and Figure S5B.

The median estimated 10-year CVD risk reductions and gains in CVD-free life expectancy
were smaller with intensified LDL-C and SBP reduction than with low-dose colchicine
(Table 2 & Figure S13). For each individual patient, differences in the estimated lifetime
benefits of low-dose colchicine as compared to intensified LDL-C and SBP reduction are
shown in Figure 4 (MACE) and Figure S14 (MACE+). These differences are also presented
in histograms in Figure S15. Based on the estimated gain in MACE-free life expectancy,
low-dose colchicine was expected to be the most, second most, and least effective strategy
in 48.7%, 40.9%, and 10.4% of patients respectively (Figure 5).
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Figure 4. Individual lifetime benefit from low-dose colchicine compared to intensified LDL-C and SBP reduction

A MACE-free life-years gained from colchicine vs. LDL-C reduction
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B MACE-free life-years gained from colchicine vs. SBP reduction

B Favours low-dose colchicine
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Difference in MACE—free life—years gained

Difference in MACE-free life-years gained from low-dose colchicine, as compared to intensified LDL-C (A) and
SBP (B) reduction for all individuals with available baseline LDL-C (n = 8,595) and SBP (n = 8,801). Differences are
calculated as individual MACE-free life-years gained from low-dose colchicine minus individual MACE-free life-
years gained from LDL-C reduction to 1.4 mmol/L, or SBP reduction to 130 mmHg. From left to right, individuals
are ranked from largest benefit in favour of colchicine to largest benefit in favour of LDL-C or SBP reduction.
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Figure 5. Prevention strategies ranked from most to least effective
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Low-dose colchicine, LDL-C reduction to 1.4 mmol/L, and SBP reduction to 130 mmHg ranked from most to least
effective based on the number of MACE-free life-years gained in patients with available baseline LDL-c and SBP (n
=8,576). If patients already met both LDL-C and SBP targets, this was reported under ‘Least effective’, and low-dose
colchicine was considered the most effective strategy. If one of LDL-C or SBP targets was already met, this was con-
sidered the least effective strategy, and the two remaining strategies were divided into most and second most effective.

In patients not meeting the LDL-C target at baseline (n = 7,729), median estimated CVD
risk reductions and gains in CVD-free life expectancy were still smaller with intensified
LDL-C reduction than with low-dose colchicine (Table 2). In patients not meeting the SBP
target at baseline (n = 5,055), the median estimated benefits of intensified SBP reduction and
low-dose colchicine were similar. For all patients individually, comparisons are presented
in Figure S16. Low-dose colchicine was expected to be the most, second most, and least
effective strategy in respectively 31.0%, 49.7%, and 19.3% of patients not meeting any of the
two targets at baseline (n = 4,567; Figure S16E).
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Benefits of combined therapy

Median estimated 10-year ARRs from combined therapy with low-dose colchicine, LDL-C
reduction to 1.4 mmol/L, and SBP reduction to 130 mmHg, were 8.7% (IQR 6.2-12.5%)
for MACE, and 15.9% (IQR 12.2-21.1%) for MACE+ (Table 2; distributions in Figure S17).
Median estimated gains in MACE- and MACE+-free life expectancy were 4.0 years (IQR
2.9-5.5 years), and 6.6 years (IQR 4.6-9.5 years) respectively.

Generalizability to North America and Western Europe

CAD patients from REACH North America and Western Europe were older and more often
had extracardiac vascular disease and diabetes mellitus than patients from LoDoCo2 and
UCC-SMART (Table S8). Patients from REACH Western Europe also had higher cholesterol
levels. Performance of the models was adequate in these populations as well (Figure S18).
Baseline CVD risk was higher in REACH North America (e.g. median predicted 10-year
risk of MACE; 29.1%) and Western Europe (29.8%), than in LoDoCo2 and UCC-SMART
(17.8%). As a result, estimated 10-year CVD risk reductions from low-dose colchicine and
other therapies were larger (Table S9 & Figure S19). But due to the older age and increased
risk of non-cardiovascular mortality (median 10-year risk; 9.8% and 8.4% vs. 6.3%),
estimated gains in CVD-free life expectancy were similar. In REACH North America,
like in LoDoCo2 and UCC-SMART, the estimated benefits of low-dose colchicine exceeded
those of intensified LDL-C and SBP reduction in the majority of patients (Figure $20). In
REACH Western Europe, the estimated benefits of low-dose colchicine exceeded those of
intensified SBP reduction, but due to the higher baseline cholesterol levels, were smaller

than those of intensified LDL-C reduction in the majority of patients.

Discussion

Using data of 36,642 patients with chronic CAD from various populations, we demonstrated
the range of individual absolute 10-year and lifetime benefit from anti-inflammatory
treatment with low-dose colchicine. When added to conventional lipid-lowering and blood
pressure-lowering therapy, the estimated absolute benefits of low-dose colchicine regularly
exceeded those of intensified LDL-C and SBP reduction. The SMART-REACH and SMART-
REACH+ models enable identification of patients with a relevant benefit from low-dose

colchicine in clinical practice.
An important challenge for physicians in everyday clinical practice is translating trial results

and guideline recommendations to individual patients. The lifetime models presented in

this study provide personalized estimates of the absolute 10-year and lifetime benefit from
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low-dose colchicine, and other preventive therapies, expressed as absolute risk reductions
and CVD-free life-years gained. A physician could use these estimates to discuss with a
patient whether the estimated benefit from low-dose colchicine is worthwhile by comparing
colchicine to other preventive therapies, and by weighing benefit against the potential
burden of taking an extra pill, costs, and risk of side effects. This could support clinical
and shared decision-making with respect to the initiation of ESC guideline-recommended

step 2 prevention strategies in clinical practice.

The 2021 ESC CVD Prevention Guidelines recommend that low-dose colchicine may be
considered as a step 2 secondary prevention strategy, particularly in high-risk patients with
other insufficiently controlled risk factors or recurrent CVD events under optimal therapy.’
This study showed that 10-year absolute risk reductions from low-dose colchicine are largest
for patients with a high baseline risk of CVD. However, as with other preventive therapies,
lifetime benefit in terms of CVD-free life-years gained was shown to be largest for younger
individuals, irrespective of baseline CVD risk. So, the benefits of low-dose colchicine exist
for low-risk individuals as well, and as also shown in this study, may be expected to be
of at least similar magnitude to those of intensified LDL-C and SBP reduction. This is
a supported by a recent analysis of three contemporary cardiovascular trials, showing
that among patients receiving contemporary statins, inflammation (assessed by C-reactive
protein [CRP]) is a stronger predictor of cardiovascular events and death than LDL-C.?
This suggests that lowering inflammation may be a more effective approach to reducing
the residual risk of CVD than intensification of lipid-lowering therapy. These findings may

support a broader use of low-dose colchicine in the secondary prevention of CVD.

In this study of patients with chronic CAD, the majority of whom were already using lipid-
lowering (88%) and blood pressure-lowering (90%) medication, the expected benefits of
low-dose colchicine regularly exceeded those of intensified LDL-C reduction to 1.4 mmol/L,
and SBP reduction to 130 mmHg. This observation can be partially attributed to the fact
that some patients already met the LDL-C and SBP targets at baseline. But a majority of
patients using lipid-lowering and blood pressure-lowering medication, and a proportion
of patients already (closely) meeting treatment targets reflects clinical practice.”®' Also,
low-dose colchicine was still estimated to be the most or second most effective preventive
therapy in large proportions of patients not meeting LDL-C and SBP targets. Patients with
high levels of LDL-C (>3.0 mmol/L) or SBP (>145 mmHg) were generally estimated to have
a larger benefit from LDL-C or SBP reduction. But this is assuming that treatment targets
are reached, and maintained for the patients’ remaining lifetimes. In practice, reaching
and maintaining LDL-C and SBP targets is not always possible due to side-effects of, and
non-adherence to lipid-lowering and blood pressure-lowering medication."' Low-dose

colchicine is relatively cheap, with low-priced generics available worldwide (though not

196



Lifetime benefit from low-dose colchicine

in the US), and may therefore be a reasonable alternative to expensive therapies such as
proprotein convertase subtilisin-kexin type 9 (PCSK9) inhibitors, especially in low- and
middle-income countries.'® Lastly, colchicine treatment does not preclude intensified lipid-
lowering or blood pressure-lowering therapy. In fact, all could be used simultaneously,

resulting in the combined benefits also presented in this study.

On the other hand, intensive lipid-lowering (e.g. PCSK9 inhibition) or blood pressure-
lowering therapy might lead to LDL-C or SBP reductions beyond treatment targets,
associated with greater benefits than presented in this study.” Also, the relative treatment
effects of LDL-C and SBP reduction are well established, while those of low-dose colchicine
were based on the results of a single trial. Ongoing trials should help to further establish
the efficacy of low-dose colchicine.’®" Side-effects and non-adherence might occur with
low-dose colchicine as well. In LoDoCo2, 15.4% of patients who entered the one-month
open-label colchicine run-in period did not undergo randomization (9.4% due to perceived
side effects, predominantly gastrointestinal upset).> Early intolerance due to gastrointestinal
effects has been estimated to affect ~10% of patients receiving low-dose colchicine.?® After
randomization, 10.5% of participants in the colchicine arm prematurely discontinued
study medication (3.4% due to perceived side effects). The discontinuation rate was exactly
the same (10.5%) in the placebo arm, with the same proportion of participants (3.4%)
discontinuing study treatment due to perceived side effects. The discontinuation rate
of low-dose colchicine in LoDoCo2 was lower than that observed with statins (average
13.9%) and PCSK9 inhibitors (average 13.0%) in previous trials.?’** By using hazard ratios
from the per-protocol analysis, the estimates presented in this study take into account
the discontinuation rate of colchicine observed during the trial. Myalgia was reported by
21.2% in the colchicine group vs 18.5% in the placebo group (cumulative incidence ratio,
1.15; 95% CI 1.01-1.31). But the rates of cancer, hospitalization for infection, pneumonia,
or a gastrointestinal reason, and all other adverse events were similar in the colchicine and
placebo groups.® This is in line with evidence collected over decades of use of low-dose
colchicine in a range of diseases (e.g. gout and Familial Mediterranean Fever), and several
meta-analyses including one of all trials in CAD (>11,000 patients), which together have
indicated that long-term tolerance is excellent, and low-dose colchicine is safe, i.e. does not
increase the risk of infection, cancer, cytopenia, or myotoxicity.?>?*?” As the analyses in
the current study rely on effect estimates derived from LoDoCo2 and other previous trials,
and these effect estimates were neutral with respect to infections and other adverse events,
new analyses of these outcomes using the methodology applied in this study would yield
neutral results as well, and would not provide new evidence. Therefore, calculations were

not performed for non-cardiovascular outcomes.
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An assumption made in this study is that the relative treatment effects of low-dose
colchicine, derived from the LoDoCo2 trial conducted in the Netherlands and Australia,
are generalizable to other countries. The COLCOT and CANTOS trials demonstrated the
efficacy of anti-inflammatory therapy in patients with CAD from various countries and
several continents, but region-specific results have not been reported.>* Although it is
possible that the relative treatment effects of low-dose colchicine differ between regions,
this is not expected based on the results of geographic subgroup analyses of other recent
cardiovascular trials.?*?%2?% Assuming consistent relative treatment effects, it was shown in
this study that the absolute long-term treatment benefits of low-dose colchicine, and how
these relate to benefits of intensified LDL-C and SBP reduction, are largely generalizable
to North America and Western Europe. This said, the estimated absolute risk reductions
were larger in REACH North America and Western Europe. This was due to the higher
baseline CVD risk in these cohorts, which might be explained by older age, increased
prevalence of comorbidities, and higher cholesterol levels that might be related to the study
period (2003-2009) and the inclusion of patients from primary care. The higher cholesterol
levels in REACH Western Europe led to increased predicted benefits for intensified LDL-C
reduction, which exceeded the benefits of low-dose colchicine in the majority of patients.
When determining whether the results from LoDoCo2/UCC-SMART, REACH North
America, or REACH Western Europe are most representative, one should therefore keep
the population of interest in mind. The model also assumes that low-dose colchicine has
no effect on non-cardiovascular mortality. In LoDoCo2, there were numerically more non-
cardiovascular deaths in the colchicine (53 [1.9%]) compared to the placebo group (35
[1.3%]), but this difference was not significant.” Colchicine was not associated with any
specific cause of death, in particular, deaths due to cancer and infection were equivalent.*
This is in line with previous trials. In COLCOT (low-dose colchicine after MI), the rates
of non-cardiovascular (23 [1.0%)] vs 20 [0.8%] deaths) and all-cause mortality (43 [1.8%]
vs 44 [1.8%] deaths) were similar between the colchicine and placebo groups.* In a meta-
analysis of all trials with colchicine in CAD, low-dose colchicine was not associated with an
increased risk of non-cardiovascular or all-cause mortality.** For all-cause mortality, this
is supported by meta-analyses of trials with colchicine for any cardiovascular indication,
and across a range of diseases (non-cardiovascular mortality was not reported in these
studies).?>3' So, as there is no evidence that low-dose colchicine affects the risk of non-
cardiovascular or all-cause mortality, separate calculations were not performed for
these outcomes. But by including functions that predict non-cardiovascular mortality in
the models, the calculations for MACE(+) presented in this study were adjusted for the

competing risk of non-cardiovascular death.
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Strengths of this study are the large sample size, inclusion of both trial and real-world
patients from various regions, and the translation of short-term relative treatment effects of
colchicine on a group-level to long-term absolute treatment benefits for individual patients.
Study limitations should be considered. The models predict lifetime risk but could only be
validated for a 3-year period in LoDoCo2 and REACH, due to the limited follow-up time
in these studies. The models assume that risk factors follow a natural course over age and
that the relative treatment effects of low-dose colchicine remain constant over time, so that
the CVD-free survival curve stays on the expected trajectory and the benefits of low-dose
colchicine continue to accrue over a patient’s remaining lifetime (which mostly goes far
beyond three years). This study therefore shows a projection of the lifetime benefits of low-
dose colchicine, which might deviate from the actual benefits. However, it is reassuring that
the models performed well over a 10-year period in UCC-SMART, one of the cohorts with
the longest follow-up of CAD patients worldwide, and that the validation in UCC-SMART
was consistent with the shorter-term validations in LoDoCo2 and REACH. In addition, in
a previous study, lifetime estimates based on the methodology applied in this study were
shown to be reliable for up to at least 17 years.'” Discriminative ability of the models was
moderate, which is in line with other commonly used risk scores in patients with established
CVD, e.g. the ESC guideline-recommended SMART and EUROASPIRE models."**33 As
treatment decisions are usually based on predicted risk, the goodness of fit of these risk
estimates, i.e. calibration, is especially important in this setting.?*¢ Calibration of the
models used in this study was adequate in both trial, and real-world data from various
regions. There were missing data for some of the model predictors. However, even the
predictor variable with the largest number of missing values, i.e. total cholesterol, was still
available for 32,999 (80%) patients across all populations. Multiple imputation was used
to minimize the effect of missing data on the study results. If all data had been available,
this likely would have yielded slightly different risk estimates for individual patients with
missing predictor information. But on a population-level it is unlikely that missing data
has substantially affected the results presented in this study, as validation of the models
showed that despite of predictor information being partially imputed for some patients,
CVD risks were still accurately predicted. As treatment benefits directly depend on the
predicted risk, the adequate calibration of the model across all populations indicates that
these were reliably predicted as well. Finally, the effects of low-dose colchicine may vary
according to baseline levels of, and on-treatment reductions in inflammatory markers. In
CANTOS, cardiovascular risk reduction with canakinumab was shown to be greater among
patients with a more pronounced on-treatment reduction in CRP, and patients reaching a
CRP level <2 mg/L.*” A similar effect is conceivable for patients on colchicine. As CRP and
other inflammatory markers were not routinely measured in LoDoCo2, this could not be

evaluated or included in the model.
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In conclusion, the absolute benefit from low-dose colchicine varies between individual
patients with chronic CAD. This study showed that in an era where lipid-lowering and
blood pressure-lowering therapies are already routinely used, the benefits of low-dose
colchicine may be expected to be of at least similar magnitude to those of intensified
LDL-C and SBP reduction in a majority of patients with chronic CAD. Using the ESC
guideline-recommended SMART-REACH model and newly developed SMART-REACH+
model, lifetime benefit from low-dose colchicine (and other therapies) can be estimated
for individual patients, supporting decision-making with respect to the initiation of ESC

guideline-recommended step 2 prevention strategies in clinical practice.
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Chapter 7.
Abstract

Background

Icosapent ethyl lowers triglycerides and significantly reduces major adverse cardiovascular
events (MACE), though treatment effects may vary between individuals. This study aimed
to determine the relative and absolute effects of icosapent ethyl on MACE according to

baseline CVD risk in patients with atherosclerotic cardiovascular disease (ASCVD).

Methods

Participants from REDUCE-IT with ASCVD were included (n = 5,785). The primary
outcome was 3-point MACE, i.e. non-fatal myocardial infarction, non-fatal stroke, or
cardiovascular death. Baseline 5-year risk of MACE was estimated using the SMART?2 risk
score. Modification of the relative treatment effects of icosapent ethyl by baseline risk was
assessed using Cox proportional hazards models including a treatment-by-risk interaction.

Next, treatment effects were assessed stratified by quartiles of baseline risk.

Results

During a median follow-up of 4.8 years (interquartile range 3.2-5.3), MACE occurred in
361 vs 489 patients in the icosapent ethyl vs placebo group (95% confidence interval [CI]);
hazard ratio (HR) 0.72 (0.63-0.82), absolute risk reduction (ARR) 4.4% (2.6-6.2%), number
needed to treat (NNT) 23 (16-38), 5-year Kaplan-Meier estimated cumulative incidence
reduction (CIR) 5.7% (3.5-7.9%). Icosapent ethyl significantly reduced MACE in all risk
quartiles, with an HR (95% CI) of 0.62 (0.43-0.88), 0.66 (0.48-0.92), 0.69 (0.53-0.90), and
0.78 (0.63-0.96) respectively (p for treatment-by-risk interaction = 0.106). The ARR (95%
CI) increased across risk quartiles, i.e. was 3.9% (1.0-6.8%), 4.3% (1.2-7.3%), 5.1% (1.4-8.7%),
and 5.6% (1.3-10.0%) respectively. This translates to NNTs (95% CI) of 26 (15-98), 24 (14-84),
20 (11-70), and 18 (10-77). The 5-year CIR (95% CI) was 4.8% (1.3-8.2%), 5.0% (1.3-8.7%),
6.1% (1.7-10.5%), and 7.7% (2.3-13.2%) respectively. Consistent results were obtained for

5-point MACE, additionally including coronary revascularization and unstable angina.

Conclusion

Among patients with ASCVD and elevated triglyceride levels, icosapent ethyl significantly
reduces the risk of MACE irrespective of baseline CVD risk, though absolute benefits are
largest for patients at the highest risk.
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Effects of icosapent ethyl according to residual CVD risk
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Introduction

Patients with atherosclerotic cardiovascular disease (ASCVD) remain at high risk of
recurrent cardiovascular events, despite the routine use of lipid-lowering, blood pressure-
lowering, and antithrombotic therapies."? This residual risk can be partially attributed to
elevated triglyceride levels.>* In the Reduction of Cardiovascular Events with Icosapent
Ethyl-Intervention Trial (REDUCE-IT) icosapent ethyl, a highly purified eicosapentaenoic
acid (EPA) ethyl ester that lowers triglycerides, reduced the risk of major adverse
cardiovascular events (MACE) by ~25%.° Clinical guidelines state that icosapent ethyl
may be considered to reduce residual CVD risk in high-risk patients with ASCVD and
triglycerides >1.5/>1.7 mmol/L (>135/>150 mg/dL) despite optimal statin treatment.®"

In clinical trials such as REDUCE-IT, the treatment effect is usually reported on a group
level in terms of an average hazard ratio (HR). However, considerable differences in
treatment efficacy may exist between individuals.''? For example, treatment effects may
differ between patients with and without a history of ASCVD. The absolute effects of
icosapent ethyl in patients with established ASCVD specifically, have not been assessed
yet. Also, within patients with ASCVD there may be heterogeneity of treatment effects.
First, the relative treatment effect (i.e. the HR) may be modified by a patient’s characteristics,
or baseline risk of CVD. Second, even in case of an equal relative treatment effect, the
absolute treatment effect (i.e. absolute risk reduction [ARR] or gain in CVD-free survival)
may still vary substantially between patients based on differences in baseline CVD risk,
and remaining life expectancy. Previous reports have proposed that this heterogeneity of
treatment effects should be assessed systematically in all trials by evaluating the interaction
between treatment effects and individual baseline risk as predicted by a multivariable
risk model.'"*** The SMART2 and SMART-REACH risk models are the ESC guideline-
recommended tools for prediction of 10-year and lifetime CVD risk in patients with
ASCVD.%™1 Applying these models to REDUCE-IT participants and evaluating the impact
of baseline CVD risk on the efficacy of icosapent ethyl, could help identify the optimal
target population for icosapent ethyl therapy, which could support individualized clinical

decision making, and future guideline recommendations.

This study aimed to assess the relative and absolute treatment effects of icosapent ethyl on
MACE according to individual baseline CVD risk in patients with ASCVD.
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Methods

Study population

REDUCE-IT was a randomized, double-blind, placebo-controlled trial (registration
number: NCT01492361) in which participants were randomly assigned to receive 2 g of
icosapent ethyl twice daily or placebo.® Patients were eligible if they had established ASCVD
or diabetes mellitus with at least one additional risk factor, had a fasting triglyceride level of
150 to 499 mg/dL (1.69 to 5.63 mmol/L) and a low-density lipoprotein cholesterol (LDL-c)
level of 41 to 100 mg/dL (1.06 to 2.59 mmol/L), and had been receiving a stable dose of a
statin for at least four weeks (complete eligibility criteria in Table S1). Detailed descriptions
of the trial have been published elsewhere.>" The trial was approved by the local health
authorities, institutional review boards, and ethics committees, and written informed
consent was obtained from all participants. For the current study, all participants with
established ASCVD (n = 5,785) were selected.

SMART?2 and SMART-REACH risk models

The SMART2 and SMART-REACH risk models are the ESC guideline-recommended tools
for prediction of 10-year (SMART?2) and lifetime (SMART-REACH) risk of CVD (i.e. non-
fatal myocardial infarction [MI], non-fatal stroke, or cardiovascular death) in patients with
ASCVD.51 For the current study, SMART2 was used to predict 5-year CVD risk, using
the 5-year baseline survival provided in the original report, to be able to directly validate
the predicted risks to the observed risks in REDUCE-IT (median follow-up ~5 years).”
Predictions are based on a selection of established CVD risk factors (Table S2). Descriptions
of the development and validation of the models have been published previously."'® Online

calculators are freely available on www.U-Prevent.com.

Outcomes

The primary outcome was 3-point MACE, i.e. a composite of non-fatal MI, non-fatal stroke,
or cardiovascular death (the outcome predicted by the models). The secondary outcome
was 5-point MACE, i.e. a composite of non-fatal M1, non-fatal stroke, cardiovascular death,
coronary revascularization, or unstable angina (the primary endpoint of REDUCE-IT).

Detailed outcome definitions are provided in Table S3.
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Statistical analysis
Efficacy of icosapent ethyl in patients with ASCVD

Hazard ratios for the relative treatment effect of icosapent ethyl on 3-point MACE, 5-point
MACE, and their components, were established using Cox proportional hazards models.
The ARR was calculated as the proportion of patients with an event in the placebo group
minus the proportion of patients with an event in the icosapent ethyl group at the end
of follow-up. The number needed to treat (NNT) was calculated as 1/ARR. In addition,
reductions in the cumulative incidence of MACE were calculated as the difference between
the Kaplan-Meier estimated cumulative incidence of MACE in the placebo vs icosapent
ethyl group at 5 years follow-up, i.e. the 5-year cumulative incidence reduction (CIR).
Advantages of this method over the conventional ARR calculation are that it takes the time
to event and censoring into account, and has a clear timespan (5 years in this case). The
conventional ARR was still reported as well to allow a comparison between this study and

the main trial report or previous REDUCE-IT subgroup analyses.>'82*

Validation of the SMART2 and SMART-REACH risk models in REDUCE-IT
The SMART2 and SMART-REACH risk models were externally validated in REDUCE-IT.

The models were recalibrated to match the underlying event rates in the study population
(Methods S1). Model performance was assessed using c-statistics for discrimination, and
plots of the predicted vs. observed 5-year risk for calibration. The SMART?2 risk score was
then used to estimate the baseline 5-year risk of 3-point MACE for all individuals in the
study population. Based on these estimates the population was divided into risk quartiles.

Baseline characteristics were presented stratified by these quartiles.

Interaction between baseline 5-year CVD risk and the treatment effects of icosapent ethyl

To assess whether the relative treatment effect of icosapent ethyl was modified by baseline
CVD risk, a Cox proportional hazards model was derived for 3-point MACE, with
allocation to icosapent ethyl, predicted baseline 5-year risk, and an interaction between
these two as predictors, in line with previously proposed methods.'"'*!* The treatment-by-
risk interaction was tested for statistical significance using a likelihood ratio test comparing
a model with to a model without the interaction term. Next, the relative treatment effect
of icosapent ethyl was determined within each risk quartile by deriving quartile-specific
models. Heterogeneity of absolute treatment effects was assessed by calculating the ARR,
NNT, and 5-year CIR in each quartile separately, using the same methods applied in the

overall study population.

Lifetime CVD risk and treatment benefits of icosapent ethyl

The SMART-REACH model was used to estimate the baseline lifetime risk of 3-point
MACE, and MACE-free survival for all individuals in the study population. The lifetime
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benefits of icosapent ethyl were estimated by combining the model with the average relative
treatment effect for patients with ASCVD presented in the original trial report, i.e. an HR of
0.72, according to previously described methods (explained in Methods S2)."'* MACE-free
survival with and without icosapent ethyl was presented for each risk quartile in survival
curves based on the average predicted survival in each quartile at 1-year time intervals.
Lifetime benefit was expressed in terms of MACE-free life-years gained, defined as the
difference between the median MACE-free survival (where the curve crosses 50%) with
and without icosapent ethyl (Methods S2).

Continuous relation between baseline CVD risk and the treatment effects of icosapent
ethyl

In addition to the analyses in risk quartiles, the relation between baseline 5-year risk and
the treatment effects of icosapent ethyl was also assessed continuously. For the relative
treatment effect this was done by deriving a Cox model including a restricted cubic splines
function for the treatment-by-risk interaction. As the ARR and 5-year CIR cannot be
directly derived from a statistical model, these were determined in increasingly small risk
groups, after which their continuous relation with baseline risk was estimated using a
restricted cubic splines function weighted for the accuracy of the estimate in each group.
Corresponding 95% confidence intervals (CIs) were derived from 10,000 bootstrap samples.

A detailed description of the methodology is provided in Methods S3.

The same analyses were performed for 5-point MACE. To be able to predict the risk of
5-point MACE, even though the models were originally developed for 3-point MACE,
the models’ baseline risks were recalibrated to the event rate of this new outcome while
using the original model coefficients (Methods S1). As this only changes the absolute risk
value, rather than the ranking of participants, the distribution of participants over the risk
quartiles was the same for 3-point and 5-point MACE.

Missing data (<0.3% for all predictor variables except years since first CVD event [9.9%];
Table S4) were imputed by single imputation using predictive mean matching. All analyses

were conducted with R statistical software V.4.0.3 (www.r-project.org).

Results

Baseline characteristics

Baseline characteristics are presented for the total ASCVD population, and stratified for
CVD risk quartiles in Table 1. Predicted baseline 5-year risk of 3-point MACE across
risk quartiles was (mean [range]): 9.0% (3.6-11.4%), 13.7% (11.5-16.0%), 19.3% (16.1-23.3%),
and 33.7% (23.4-83.0%), and risk of 5-point MACE was: 14.3% (5.8-18.0%), 21.5% (18.1-
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24.9%), 29.7% (25.0-35.3%), and 48.4% (35.4-94.6%). Levels of non-lipid CVD risk factors

increased across risk quartiles, while lipid concentrations and the use of lipid-lowering

therapy remained relatively stable (Table 1).

Table 1. Baseline characteristics

Total ASCVD
population
(n=5,785)

Risk
quartile 1
(n=1,452)

Risk
quartile 2
(n=1,442)

Risk
quartile 3
(n =1,445)

Risk
quartile 4
(n = 1,446)

SMART?2 predicted 5-year risk®

3-point MACE (%), mean

18.9 (3.6-83.0)
(range)

- i 0
5-point MACE (%), mean 28.4 (5.8-94.6)

(range)
Demographic
Age 63.2+8.7
Sex (male) 4,536 (78%)
Geographic region
United States and Canada 2,010 (35%)
The Netherlands 1,499 (26%)
Eastern Europe 1,667 (29%)
Australia and New Zealand 234 (4%)
Other® 375 (6%)
Current smoking 956 (17%)
History of ASCVD
Coronary artery disease 4,532 (78%)
Cerebrovascular disease 1,147 (20%)
Peripheral artery disease 688 (12%)
Abdominal aortic aneurysm 75 (1%)
Years since first x-nanifestation 5(2-11)
of ASCVD, median (IQR)
Comorbidities
Diabetes mellitus 2,404 (42%)
Atrial fibrillation 550 (10%)
Heart failure 1,216 (21%)
Physical examination
Body-mass index (kg/m?) 30.9+5.0
Z}rflsrt;)gcg;)lood pressure 133416
Laboratory measurements
n-HDL-cholesterol
E\rlr(l)mOl/L) cholestero! 31405
LDL-cholesterol (mmol/L) 2.0+0.5

9.0 (3.6-11.4) 13.7 (11.5-16.0) 19.3 (16.1-23.3) 33.7 (23.4-83.0)

14.3 (5.8-18.0) 21.5 (18.1-24.9) 29.7 (25.0-35.3) 48.4 (35.4-94.6)

56.1£6.5
1,109 (76%)

380 (26%)
338 (23%)
553 (38%)
71 (5%)
110 (8%)
101 (7%)

1,057 (73%)
98 (7%)
56 (4%)

0 (0%)

2(1-5)

236 (16%)
66 (5%)
305 (21%)

30.6+4.7

129+13

3.0+0.5

1.9+0.5

60.9+6.9
1,128 (78%)

443 (31%)
378 (26%)
455 (32%)
65 (5%)
101 (7%)
239 (17%)

1,128 (78%)
180 (13%)
109 (8%)

3(0%)

4(1-9)

517 (36%)
110 (8%)
278 (19%)

30.9+4.9

132+15

3.1+£0.5

2.0£0.5

65.2+6.7
1,120 (78%)

514 (36%)
397 (28%)
390 (27%)
52 (4%)
92 (6%)
281 (19%)

1,160 (80%)

309 (21%)

179 (12%)
13 (1%)

7 (3-12)

704 (49%)
140 (10%)
291 (20%)

31.2+4.9

134+15

3.1+£0.5

2.0£0.5

70.827.0
1,179 (82%)

673 (47%)
386 (27%)
269 (19%)
46 (3%)
72 (5%)
335 (23%)

1,187 (82%)

560 (39%)

344 (24%)
59 (4%)

10 (5-16)

947 (66%)
234 (16%)
342 (24%)

31.0+4.9

136+17

3.2+0.5

2.0£0.5
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Total ASCVD Risk Risk Risk Risk
population quartile 1 quartile 2 quartile 3 quartile 4
(n =5,785) (n=1,452) (n=1,442) (n=1,445) (n = 1,446)

HDL-cholesterol (mmol/L) 1.0+0.2 1.1+0.2 1.1+0.2 1.0£0.2 1.0£0.2
Triglycerides (mmol/L) 2.7£0.9 2.5+0.8 2.6+0.9 2.740.9 2.740.9
i‘szt)imated GFR (mL/min/1.73 74£18 84113 79415 72416 61£17
;jj?::?ggtem (mg/L), 20(1.0-42)  13(07-24) 21(1.0-37) 24(1.2-46)  3.1(1.5-6.2)
l;i:gis:r[:f;rltha;;loic acid (pug/mL), 271 (17.2-41.8) 27.52(.167).2- 27.‘_:>I(A13§.2- 27.;13(.177).6- 26.;0(})6),9-
Medication use
Allocation to icosapent ethyl 2,892 (50%) 757 (52%) 699 (48%) 694 (48%) 742 (51%)
Statin intensity

Low 223 (4%) 32 (2%) 49 (3%) 60 (4%) 82 (6%)

Moderate 3,520 (61%) 869 (60%) 861 (60%) 886 (61%) 904 (63%)

High 2,026 (35%) 549 (38%) 528 (37%) 495 (34%) 454 (31%)
Ezetimibe 431 (8%) 98 (7%) 106 (7%) 115 (8%) 112 (8%)
Antihypertensive agents

None 212 (4%) 68 (5%) 52 (4%) 57 (4%) 35 (2%)

One 1,065 (18%) 355 (24%) 286 (20%) 240 (17%) 184 (13%)

Two 2,176 (38%) 649 (45%) 583 (40%) 522 (36%) 442 (29%)

Three or more 2,332 (40%) 380 (26%) 521 (36%) 626 (43%) 805 (56%)
Antithrombotic therapy

None 296 (5%) 42 (3%) 62 (4%) 90 (6%) 102 (7%)

Antiplatelet monotherapy 3,566 (62%) 873 (60%) 934 (65%) 906 (63%) 853 (59%)

Dual antiplatelet therapy 1,574 (27%) 508 (35%) 384 (27%) 344 (24%) 338 (23%)

Vitamin K antagonist 505 (9%) 49 (3%) 88 (6%) 138 (10%) 230 (16%)

All data in n (%) or mean+SD, unless otherwise specified.

* Baseline 5-year risk of MACE as predicted by the SMART?2 risk score. For both 3-point and 5-point MACE the
risks have been recalibrated to match the event rates for these outcomes in the study population.
"This includes India and South Africa.

Abbreviations: ASCVD = atherosclerotic cardiovascular disease, GFR = glomerular filtration rate, HDL =
high-density lipoprotein, IQR = interquartile range, LDL = low-density lipoprotein, MACE = major adverse
cardiovascular events, SD = standard deviation.
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Efficacy of icosapent ethyl in patients with ASCVD

Three-point MACE occurred in 361 (12.5%) vs 489 (16.9%) patients (HR 0.72; 95% CI 0.63-
0.82), and 5-point MACE in 559 (19.3%) vs 738 (25.5%) patients (HR 0.73; 95% CI 0.65-0.81)
in the icosapent ethyl and placebo group respectively. Over a median follow-up of 4.8 years
(interquartile range [IQR] 3.2-5.3), the ARR and NNT (95% CI) were 4.4% (2.6-6.2%) and
23 (16-38) for 3-point MACE, and 6.2% (4.0-8.3%) and 16 (12-25) for 5-point MACE. The
reduction in the Kaplan-Meier estimated cumulative incidence at 5 years, i.e. 5-year CIR
(95% CI), was 5.7% (3.5-7.9%) for 3-point MACE, and 7.5% (5.0-10.0%) for 5-point MACE
(Figure S1). Icosapent ethyl significantly reduced the risk of all other outcomes, except for
fatal or non-fatal stroke (HR 0.78; 95% CI 0.58-1.05), and death from any cause (HR 0.86;
95% CI 0.72-1.04) (Figure S1).

Performance of the SMART2 and SMART-REACH risk models in
REDUCE-IT

The predicted 5-year risk of MACE and survival free of MACE showed good agreement
with the observed risk and survival in the CVD risk quartiles (3-point MACE in Figure
1; 5-point MACE in Figure S2). Consistent results were obtained when the models were

validated in octiles of risk (Figure S3).

Figure 1. Calibration of the SMART2 and SMART-REACH risk models in REDUCE-IT

A SMART?2 risk score B SMART-REACH model
50 100 4
B Predicted B Predicted
O Observed = O Observed
R
—~ 40— o 90
2 8}
W 2
< £
2 30 2 80
i< [l
£ &
I 5
el [
5 £
¥ 20 3 70
- :
2
©
© 10 2 60
&b
[ — 50—
J 2 3 4 1 2 3 4
CVD risk quartile CVD risk quartile

Calibration of the SMART2 and SMART-REACH risk models across CVD risk quartiles in the REDUCE-IT study
population. The bars show the mean predicted 5-year risk (by the SMART?2 risk score) vs observed 5-year risk of
3-point MACE (A), and mean predicted 5-year survival (by the SMART-REACH model) vs observed 5-year survival
free of 3-point MACE (B) across the CVD risk quartiles. Error bars represent 95% confidence intervals.
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Interaction between baseline CVD risk and the effects of icosapent
ethyl

There was no significant interaction between baseline risk and the relative treatment effects
of icosapent ethyl (p = 0.106 for 3-point MACE; p = 0.133 for 5-point MACE), although there
was a non-significant trend towards an attenuation of the relative effect with increasing
baseline risk (Figure 2). The HR (95% CI) ranged from 0.62 (0.43-0.88) in the lowest to 0.78
(0.63-0.96) in the highest risk quartile for 3-point MACE, and from 0.66 (0.51-0.86) to
0.79 (0.66-0.95) for 5-point MACE. Despite the slight attenuation of the relative treatment
effect, for 3-point MACE, the absolute treatment effects of icosapent ethyl increased with
increasing baseline risk (Figure 3). The ARR and NNT (95% CI) ranged from 3.9% (1.0-
6.8%) and 26 (15-98) in the lowest to 5.6% (1.3-10.0%) and 18 (10-77) in the highest risk
quartile, and the 5-year CIR ranged from 4.8% (1.3-8.2%) to 7.7% (2.3-13.2%). For 5-point
MACE, the favorable relative treatment effects in the lowest risk quartiles were accompanied
by relatively large ARRs (6.3% [2.6-10.0%] in quartile 1; 7.9% [4.0-11.8%] in quartile 2),
comparable to that observed in the highest risk quartile (6.5% [1.7-11.3%]) (Figure 4).

Figure 2. Relative treatment effects of icosapent ethyl across CVD risk quartiles

A
3-point MACE
5-yearrisk Events Events Hazard Ratio P for
(mean) (IPE) (placebo) (95% CI) interaction
0.106
Risk quartile 1 9.0 52 77 & 0.62 (0.43-0.88)
Risk quartile 2 13.7 58 92 f—®— 0.66 (0.48-0.92)
Risk quartile 3 19.3 90 135 —&— 0.69 (0.53-0.90)
Risk quartile 4 33.7 161 185 —&— 0.78 (0.63-0.96)
T T T T 1
0.40 0.60 0.80 1.0 15
Hazard Ratio (95% CI)
B
5-point MACE
5-yearrisk Events Events Hazard Ratio P for
(mean) (IPE) (placebo) (95% CI) interaction
0.133
Risk quartile 1 143 99 136 —&— 0.66 (0.51-0.86)
Risk quartile 2 215 98 166 —&— 0.60 (0.47-0.77)
Risk quartile 3 29.7 142 190 —®— 0.77 (0.62-0.96)
Risk quartile 4 48.4 220 246 —@— 0.79 (0.66-0.95)

[ T T I 1
0.40 0.60 0.80 1.0 1.5

Hazard Ratio (95% ClI)
Hazard ratios for the relative treatment effects of icosapent ethyl (IPE) on the risk of 3-point MACE (A) and 5-point
MACE (B) in the CVD risk quartiles. The 5-year risk depicts the baseline 5-year risk of 3-point and 5-point MACE
as predicted by the SMART?2 risk score. The p-value is for the interaction between baseline risk (as a continuous
measure) and the relative treatment effect of icosapent ethyl. The grey dotted line denotes the overall trial hazard ratio.
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Figure 3. Absolute effects of icosapent ethyl on 3-point MACE across CVD risk quartiles

Cumulative incidence of 3-point MACE (%)

Cumulative incidence of 3-point MACE (%)

Kaplan-Meier curves of the cumulative incidence of 3-point MACE in participants randomized to icosapent ethyl
and placebo within each CVD risk quartile. The ARR was calculated as the proportion of patients with an event in
the placebo group minus the proportion of patients with an event in the icosapent ethyl group at the end of follow-up.
The red and blue numbers indicate the cumulative incidence of 3-point MACE at 5 years follow-up in the placebo and
icosapent ethyl group respectively. The 5-year cumulative incidence reduction (CIR) was calculated as the difference
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between these two numbers (£0.1% due to rounding).
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Figure 4. Absolute effects of icosapent ethyl on 5-point MACE across CVD risk quartiles
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Kaplan-Meier curves of the cumulative incidence of 5-point MACE in participants randomized to icosapent ethyl
and placebo within each CVD risk quartile. The ARR was calculated as the proportion of patients with an event in
the placebo group minus the proportion of patients with an event in the icosapent ethyl group at the end of follow-up.
The red and blue numbers indicate the cumulative incidence of 5-point MACE at 5 years follow-up in the placebo and
icosapent ethyl group respectively. The 5-year cumulative incidence reduction (CIR) was calculated as the difference
between these two numbers (+0.1% due to rounding).

Lifetime benefit from icosapent ethyl

Predicted baseline survival free of 3-point MACE across risk quartiles was (median [IQR]):
20.0 (10.3-32.6), 15.4 (7.6-25.7), 11.9 (5.7-20.3), and 7.6 (3.5-14.1) years, and survival free of
5-point MACE was: 14.7 (6.9-24.4), 11.0 (5.1-19.0), 8.4 (3.9-14.9), and 5.3 (2.3-9.8) years. The
absolute lifetime benefit from icosapent ethyl, expressed as additional life-years without
MACE gained, decreased with increasing baseline risk. Gains in MACE-free survival
ranged from 3.9 years (IQR 3.4-4.4) in the lowest to 1.9 years (IQR 1.5-2.2) in the highest
risk quartile for 3-point MACE (Figure 5), and from 3.3 years (IQR 2.9-3.8) to 1.4 years
(IQR 1.1-1.8) for 5-point MACE (Figure S$4).
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Figure 5. Lifetime benefit from icosapent ethyl across CVD risk quartiles
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Average predicted survival free of 3-point MACE on placebo and on icosapent ethyl within each CVD risk quartile.
Survival on icosapent ethyl was predicted by combining the SMART-REACH model with the overall trial hazard
ratio. Median MACE-free survival was defined as the time at which the survival curve crossed 50% (depicted by the
dotted lines). Lifetime benefit was expressed in terms of life-years without 3-point MACE gained, and was calculated
as the difference between the median MACE-free survival on placebo and icosapent ethyl respectively.
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Continuous relation between baseline CVD risk and the effects of
icosapent ethyl

For 3-point MACE, the HR (i.e. relative treatment effect) of icosapent ethyl, was most
favorable (~0.60) in patients with the lowest baseline risk (5-year risk of 3-point MACE
<10%), then gradually increased to ~0.80 at a baseline risk of 20%, and remained largely
stable thereafter (Figure 6). Despite the numerical attenuation of the relative treatment
effect, the ARR and 5-year CIR gradually increased with increasing baseline risk. Absolute
gains in MACE-free survival decreased with increasing baseline risk. Similar trends were
observed for 5-point MACE (Figure S5).

Figure 6. Continuous relation between baseline risk and the effects of icosapent ethyl

Relative treatment effect Absolute risk reduction
1.4+ 20
15+
L
= L
9 = 10 -
® o -
8 2 ~. -7
[ s N -
2 e 4| R
g = °
K 4 P e -
8§ ) < od e S~
T ' 15 r15
2 2
F10 5§ 5 0§
5 & ls &
5 b}
0.1 to = -10| ro
T T T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Baseline 5-year risk of 3-point MACE (%) Baseline 5-year risk of 3-point MACE (%)
5-year ive inci ion Lifetime benefit
20 6
. o \
P ° B \
154 . . ) 5
Phe B
= - £ 47
) .- T
3 104 N ke o
o S - o 34
3 ~ao-- <
® =
» 5+ € 24
o« E
G pmemmm = e N g
5 L R S o1
2 0qes p Lo D 3
& k15 £
o I e R P
5 F10 5 4 F10 §
H g 3
ls & 3 ls &
5 = 5
-10 Fo = -2 4 Fo =
T T T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Baseline 5-year risk of 3-point MACE (%) Baseline 5-year risk of 3-point MACE (%)

The continuous relation between baseline 5-year risk of 3-point MACE and the relative and absolute treatment effects
of icosapent ethyl on the risk of 3-point MACE, derived from restricted cubic spline functions. The blue dotted lines
denote 95% confidence intervals calculated from 10,000 bootstrap samples. The histogram (with corresponding axis
at the right side of each plot) shows the distribution of baseline risk in the study population.
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Discussion

Using data of 5,785 participants from the REDUCE-IT trial, this study established
the efficacy of icosapent ethyl in patients with ASCVD, as well as demonstrated the
heterogeneity of its relative and absolute treatment effects according to baseline CVD risk
in this population. Icosapent ethyl led to significant relative reductions in the risk of MACE
across all CVD risk quartiles. There was no significant interaction between baseline risk
and the relative treatment effect of icosapent ethyl, although there was a non-significant
trend towards an attenuation of the relative effect with increasing baseline risk. Due to
the favorable relative treatment effect at the lower end of the risk spectrum (HR ~0.60),
absolute treatment effects were already substantial (ARR ~4%; 5-year CIR ~5%) for patients
in the lowest quartile of baseline CVD risk. Despite the slight numerical attenuation of
the relative treatment effect towards the upper end of the spectrum (HR ~0.80), absolute
treatment effects were still largest (ARR ~6%; 5-year CIR ~8%) for patients in the highest
CVD risk quartile.

In trials, relative treatment effect modification is commonly assessed using subgroup
analyses. Subgroup analyses in REDUCE-IT have previously shown that the relative
treatment effect of icosapent ethyl is consistent across subgroups stratified by renal function,
smoking status, and history of coronary revascularization, MI, heart failure, and atrial
fibrillation.'®2* This study, which is the first to assess the efficacy of icosapent ethyl in
patients with ASCVD, adds that the relative treatment of icosapent ethyl is also consistent
in patients with ASCVD, and that its absolute treatment effects in this group are comparable
to those in patients with renal dysfunction (eGFR <60 mL/min/1.73 m?), prior CABG, and
prior MI.'®2°22 However, conventional subgroup analyses have several limitations. 3142526
First, assessing effect modification in a large number of subgroups leads to a high risk of
chance findings."""*'#2>2¢ If there is no actual interaction effect, the probability of finding
a false-positive treatment interaction is still 5% per tested characteristic (if the most
common significance level of 0.05 is applied). Also, true interactions may not be discovered
(i.e. yielding false-negative findings) as most trials are not adequately powered to detect
subgroup differences.'*'#2>26 Furthermore, subgroup analyses induce a reference class
problem.'"** If for example the relative treatment effect varies across both subgroups
of age, and subgroups of sex, then it is unclear what the correct effect size is for a young
man, or a middle-aged woman. Selecting subgroups based on more than one characteristic
would lead to a lower number of participants and endpoints per subgroup, further reducing
statistical power. To overcome these limitations, in the present study, relative treatment
effect heterogeneity was assessed by evaluating the interaction between the treatment and
individual baseline risk as predicted by a multivariable risk model, in accordance with

previously proposed methods."'*!* This approach has several advantages over conventional
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subgroup analyses. First, as this method does not require stratification into large numbers
of subgroups, sufficient power may be maintained to detect heterogeneity of treatment
effects, while the risk of chance findings is reduced.'"'*!" Second, it takes into account
multiple characteristics at the same time.'"*>! It is likely that a combination of patient
characteristics rather than a single characteristic influences the treatment effect. Also,
patient characteristics that are not evaluated in subgroup analyses may contribute to
treatment effect heterogeneity as well. As many characteristics are included as, or correlated
with predictors in the risk model, heterogeneity based on predicted baseline risk accounts
for effect modification by all of these factors. By using a publicly available risk model, i.e.
the SMART2 and SMART-REACH risk models in this study, the results can be directly
applied and used for individualized clinical decision making in clinical practice.

Applying this method to REDUCE-IT revealed no significant interaction between baseline
risk and the relative treatment effect of icosapent ethyl. Numerically, the relative treatment
effect was larger in patients with a lower baseline risk, but as the treatment-by-risk
interaction was non-significant, this finding should be interpreted with caution. If one were
to speculate on possible reasons for the more favorable relative treatment effect observed at
the lower end of the risk spectrum, one could think of several explanations. First, icosapent
ethyl and other interventions targeting CVD risk factors may be more effective in the earlier
stages of atherosclerotic disease, as in this stage the development of clinically significant
plaques may still be avoided. While in patients with more advanced disease, lowering
triglycerides or levels of other risk factors may halt the progression of plaques, but may
not cause reversal to a state in which there is no or only minimal atherosclerosis. This is
supported by studies of the relation between LDL-c and CVD events, showing that the risk
of CVD largely depends on the cumulative exposure to LDL-c at a younger age, and that a
genetically determined lower LDL-c (from birth) has a greater influence on CVD risk than
the same magnitude of LDL-c reduction with a statin later in life.?"? Also, in trials, statins
have led to larger relative reductions in the risk of CVD per 1 mmol/L LDL-c reduction
in primary as compared to secondary prevention, and younger as compared to older
individuals.?*?' Second, in low-risk patients from REDUCE-IT, their elevated triglyceride
level may be (one of) the main driver(s) of their CVD risk, and lowering triglycerides may
therefore have a relatively large impact on their risk of future events. Whereas high-risk
patients mostly have multiple other and more dominant risk factors (e.g. hypertension,
diabetes mellitus, smoking) not modified by icosapent ethyl that, even if triglyceride levels
are reduced, may still trigger CVD events. In other words, it may be more difficult to prevent
events in high-risk patients with multiple risk factors, potentially explaining the smaller

relative risk reduction observed in these patients.
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Even if the relative treatment effect of icosapent ethyl is equal for all patients, there are still
substantial differences in the absolute treatment effect due to variation in absolute baseline
CVD risk. If the overall trial hazard ratio (0.72 for 3-point MACE) would apply to all
patients, the expected 5-year absolute reduction in 3-point MACE would range from 2.4%
in the lowest risk quartile (baseline 5-year risk 9.0%) to 8.1% in the highest risk quartile
(baseline 5-year risk 33.7%). The fact that, in case of an equal relative treatment effect, ARRs
are greater and so NNTs are smaller in higher-risk patients means that interventions are
usually more (cost-)effective in this group. This is one of the main reasons why in guidelines
treatments such as icosapent ethyl are often recommended specifically for patients with a
high residual risk. However, the current study showed that in REDUCE-IT, the absolute
treatment effects of icosapent ethyl in lower- vs higher-risk patients are in fact much closer
together, with an ARR and 5-year CIR that ranged from 3.9% and 4.8% in the lowest to 5.6%
and 7.7% in the highest CVD risk quartile. This indicates that icosapent ethyl also leads to
substantial absolute reductions in CVD risk in ASCVD patients with elevated triglycerides
and a relatively low residual risk. In addition, as lower-risk patients generally have a longer
remaining life expectancy, and can therefore be treated over a longer period of time, their
expected lifetime benefits often exceed those of high-risk patients, as was also shown in this
study. Had total events (i.e. also including second, third, and fourth or more events) been
considered, the benefits of icosapent ethyl may have been even larger for both low- and high-
risk patients.?? These results may support a broader use of icosapent ethyl than currently

recommended by the ESC and AHA/ACC guidelines, and expert consensus documents.*™'

Study limitations should be considered. The median follow-up duration in the trial was
4.8 years and the analyses of observed treatment effects were therefore limited to 5 years.
In practice, icosapent ethyl will mostly be continued lifelong. Predicted lifetime benefits
were presented in this study, but could only be validated up to 5 years. Like any trial,
REDUCE-IT had eligibility criteria, so the results may not be generalizable to all patients
in clinical practice. Also, in routine practice, greater non-adherence may be expected,
resulting in smaller treatment effects. Side-effects and potential heterogeneity of these
side-effects according to baseline risk were not evaluated. But in REDUCE-IT, the rates of
adverse events did not differ significantly between the icosapent ethyl and placebo group,
with the exception of atrial fibrillation (5.3% vs 3.9%) and peripheral edema (6.5% vs 5.0%).°
Treatment effect heterogeneity based on effect modifiers that do not influence CVD risk
and are not associated with factors that do, is not detected with the methods applied in
this study. In practice, greater heterogeneity may be present. The numbers of patients and
events in this study allowed for the assessment of treatment effects in quartiles of baseline
risk. In case of a larger sample size, treatment effects could have been assessed in a larger
number of risk groups, and the continuous relation between baseline risk and treatment

effects could have been more accurately estimated.
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In conclusion, among patients with ASCVD and elevated triglyceride levels, icosapent
ethyl significantly reduces the risk of MACE across all quartiles of baseline CVD risk.
The absolute treatment effects increase with increasing baseline CVD risk, but are already

substantial for patients in the lowest risk quartile.

225




Chapter 7.

References

1.

10.

11.

12.

13.

14.

15.

16.

226

Bhatt DL, Eagle KA, Ohman EM, et al. Comparative determinants of 4-year cardiovascular event rates
in stable outpatients at risk of or with atherothrombosis. JAMA. 2010;304(12):1350-1357. d0i:10.1001/
jama.2010.1322

Vaduganathan M, Venkataramani AS, Bhatt DL. Moving Toward Global Primordial Prevention in
Cardiovascular Disease the Heart of the Matter. ] Am Coll Cardiol. 2015;66(14):1535-1537. d0i:10.1016/j.
jacc.2015.08.027

Libby P. Triglycerides on the rise: should we swap seats on the seesaw? Eur Heart ]. 2015;36(13):774-
776. d0i:10.1093/eurheartj/ehu500

Toth PP, Granowitz C, Hull M, Liassou D, Anderson A, Philip S. High triglycerides are associated
with increased cardiovascular events, medical costs, and resource use: A real-world administrative
claims analysis of statin-treated patients with high residual cardiovascular risk. ] Am Heart Assoc.
2018;7(15). doi:10.1161/JAHA.118.008740

Bhatt DL, Steg PG, Miller M, et al. Cardiovascular Risk Reduction with Icosapent Ethyl for Hyper-
triglyceridemia. N Engl ] Med. 2019;380(1):11-22. doi:10.1056/nejmoal812792

Visseren FLJ, Mach F, Smulders YM, et al. 2021 ESC Guidelines on cardiovascular disease prevention
in clinical practice. Eur Heart J. 2021;42(34):3227-3337. do0i:10.1093/eurheartj/ehab484

Virani SS, Newby LK, Arnold SV, et al. 2023 AHA/ACC/ACCP/ASPC/NLA/PCNA Guideline for the
Management of Patients With Chronic Coronary Disease: A Report of the American Heart Associa-
tion/American College of Cardiology Joint Committee on Clinical Practice Guidelines. Circulation.
2023;148(9):€9-e119. doi:10.1161/CIR.0000000000001168

Virani SS, Morris PB, Agarwala A, et al. 2021 ACC Expert Consensus Decision Pathway on the
Management of ASCVD Risk Reduction in Patients With Persistent Hypertriglyceridemia. J Am Coll
Cardiol. 2021;78(9):960-993. doi:10.1016/j.jacc.2021.06.011

Orringer CE, Jacobson TA, Maki KC. National Lipid Association Scientific Statement on the use of
icosapent ethyl in statin-treated patients with elevated triglycerides and high or very-high ASCVD
risk. J Clin Lipidol. 2019;13(6):860-872. doi:10.1016/j.jacl.2019.10.014

ElSayed NA, Aleppo G, Aroda VR, etal. 10. Cardiovascular Disease and Risk Management: Standards
of Care in Diabetes—2023. Diabetes Care. 2023;46 (Supplement_1):5158-5190. doi:10.2337/dc23-S010

Kent DM, Steyerberg E, van Klaveren D. Personalized evidence based medicine: Predictive approaches
to heterogeneous treatment effects. BMJ. 2018;363:k4245. doi:10.1136/bmj.k4245

Dorresteijn JAN, Kaasenbrood L, Cook NR, et al. How to translate clinical trial results into gain in
healthy life expectancy for individual patients. BMJ. 2016;352:11548. doi:10.1136/bmj.i1548

Kent DM, Paulus JK, van Klaveren D, et al. The Predictive Approaches to Treatment effect Heteroge-
neity (PATH) statement. Ann Intern Med. 2020;172(1):35-45. doi:10.7326/M18-3667

de Vries TI, Stam-Slob MC, Peters RJG, van der Graaf Y, Westerink J, Visseren FL]. Impact of a
Patient’s Baseline Risk on the Relative Benefit and Harm of a Preventive Treatment Strategy: Apply-
ing Trial Results in Clinical Decision Making. ] Am Heart Assoc. 2022;11(1):e017605. doi:10.1161/
JAHA.120.017605

Hageman SHJ, McKay AJ, Ueda P, et al. Estimation of recurrent atherosclerotic cardiovascular event
risk in patients with established cardiovascular disease: the updated SMART?2 algorithm. Eur Heart
J. 2022;43(18):1715-1727. doi:10.1093/eurheartj/ehac056

Kaasenbrood L, Bhatt DL, Dorresteijn JAN, et al. Estimated life expectancy without recurrent car-
diovascular events in patients with vascular disease: The SMART-REACH model. ] Am Heart Assoc.
2018;7(16). doi:10.1161/JAHA.118.009217



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Effects of icosapent ethyl according to residual CVD risk

Bhatt DL, Steg PG, Brinton EA, et al. Rationale and design of REDUCE-IT: Reduction of Cardiovas-
cular Events with Icosapent Ethyl-Intervention Trial. Clin Cardiol. 2017;40(3):138-148. doi:10.1002/
clc.22692

Majithia A, Bhatt DL, Friedman AN, et al. Benefits of Icosapent Ethyl Across the Range of Kidney
Function in Patients With Established Cardiovascular Disease or Diabetes: REDUCE-IT RENAL.
Circulation. 2021;144(22):1750-1759. d0i:10.1161/CIRCULATIONAHA.121.055560

Miller M, Bhatt DL, Steg PG, et al. Potential effects of icosapent ethyl on cardiovascular outcomes in
cigarette smokers: REDUCE-IT smoking. Eur Heart ] Cardiovasc Pharmacother. 2023;9(2):129-137.
doi:10.1093/ehjcvp/pvac045

Verma S, Bhatt DL, Steg PG, et al. Icosapent Ethyl Reduces Ischemic Events in Patients With a History
of Previous Coronary Artery Bypass Grafting: REDUCE-IT CABG. Circulation. 2021;144(23):1845-
1855. doi:10.1161/CIRCULATIONAHA.121.056290

Peterson BE, Bhatt DL, Steg PG, et al. Treatment With Icosapent Ethyl to Reduce Ischemic Events
in Patients With Prior Percutaneous Coronary Intervention: Insights From REDUCE-IT PCI. J Am
Heart Assoc. 2022;11(6):¢022937. doi:10.1161/JAHA.121.022937

Gaba P, Bhatt DL, Steg PG, et al. Prevention of Cardiovascular Events and Mortality With Icos-
apent Ethyl in Patients With Prior Myocardial Infarction. J Am Coll Cardiol. 2022;79(17):1660-1671.
doi:10.1016/j.jacc.2022.02.035

Selvaraj S, Bhatt DL, Steg PG, et al. Impact of Icosapent Ethyl on Cardiovascular Risk Reduction
in Patients With Heart Failure in REDUCE-IT. ] Am Heart Assoc. 2022;11(7):€024999. doi:10.1161/
JAHA.121.024999

Olshansky B, Bhatt DL, Miller M, et al. Cardiovascular Benefits of Icosapent Ethyl in Patients With
and Without Atrial Fibrillation in REDUCE-IT. ] Am Heart Assoc. 2023;12(5):026756. doi:10.1161/
JAHA.121.026756

Rothwell PM. Subgroup analysis in randomised controlled trials: importance, indications, and inter-
pretation. Lancet. 2005;365(9454):176-186. doi:10.1016/S0140-6736(05)17709-5

Yusuf S, Wittes J, Probstfield J, Tyroler HA. Analysis and Interpretation of Treatment Effects in
Subgroups of Patients in Randomized Clinical Trials. JAMA. 1991;266(1):93-98. d0i:10.1001/
jama.1991.03470010097038

Domanski MJ, Tian X, Wu CO, et al. Time Course of LDL Cholesterol Exposure and Cardiovascular
Disease Event Risk. ] Am Coll Cardiol. 2020;76(13):1507-1516. doi:10.1016/j.jacc.2020.07.059

Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH. Sequence Variations in PCSK9, Low LDL, and
Protection against Coronary Heart Disease. N Engl ] Med. 2006;354(12):1264-1272. doi:10.1056/
nejmoa054013

Ference BA, Yoo W, Alesh I, et al. Effect of Long-Term Exposure to Lower Low-Density Lipopro-
tein Cholesterol Beginning Early in Life on the Risk of Coronary Heart Disease. ] Am Coll Cardiol.
2012;60(25):2631-2639. d0i:10.1016/j.jacc.2012.09.017

Silverman MG, Ference BA, Im K, et al. Association between lowering LDL-C and cardiovascular risk
reduction among different therapeutic interventions: A systematic review and meta-analysis. JAMA.
2016;316(12):1289-1297. doi:10.1001/jama.2016.13985

Armitage ], Baigent C, Barnes E, et al. Efficacy and safety of statin therapy in older people: a meta-anal-
ysis of individual participant data from 28 randomised controlled trials. Lancet. 2019;393(10170):407-
415. doi:10.1016/S0140-6736(18)31942-1

Bhatt DL, Steg PG, Miller M, et al. Effects of Icosapent Ethyl on Total Ischemic Events. ] Am Coll
Cardiol. 2019;73(22):2791-2802. doi:10.1016/j.jacc.2019.02.032

227



Chapter 7.
Supplementary material

Methods S1. Recalibration of the SMART?2 and SMART-REACH risk
models

First, the SMART?2 risk score was applied to all patients in the ASCVD study population,
predicting each patient’s 5-year risk of 3-point MACE, using the coefficients and 5-year
baseline hazard published in the original report.! To take into account the effect of icosapent
ethyl on the risk of 3-point MACE, allocation to icosapent ethyl was added to the model as
a dummy variable using the hazard ratio from the trial (HR = 0.72 for participants in the
secondary prevention cohort).? Next, the expected vs observed (E/O) ratio was calculated
by dividing the mean predicted 5-year risk of 3-point MACE (as predicted by the SMART2
risk score including allocation to icosapent ethyl) by the mean observed 5-year risk of
3-point MACE in the study population. To recalibrate the model to the underlying event
rate in the study population, the logarithm of the E/O ratio was subtracted from the linear
predictor of the model. In this way, the baseline hazard is recalibrated and tailored to the
study population, while keeping the original model coeflicients. When the recalibrated
model was then used to predict each patient’s baseline 5-year risk of 3-point MACE, i.e.
a patient’s predicted risk without icosapent ethyl, the dummy variable for icosapent ethyl

was removed from the model.

This methodology was also used to recalibrate the SMART-REACH model. Besides a
function for 3-point MACE, the SMART-REACH model also consists of a separate function
for non-cardiovascular mortality. Recalibration was also performed for this outcome, using
a separate E/O ratio. Like the E/O ratio for 3-point MACE was subtracted from the linear
predictor of the function for 3-point MACE, the E/O ratio for non-cardiovascular mortality

was subtracted from the linear predictor of the function for non-cardiovascular mortality.

The same methodology was used to make the models suitable for the prediction of 5-point
MACE, instead of 3-point MACE (the outcome for which the models were originally
developed). For this, the original model coefficients were used, i.e. the assumption was made
that the association between the predictors and 5-point MACE was equal to the association
between the predictors and 3-point MACE. For both models, the baseline hazard was
recalibrated to match the underlying event rate for 5-point MACE in the study population,
by calculating the E/O ratio for this outcome and subtracting the E/O ratio from the linear

predictor of the model.
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Methods S2. Estimation of the lifetime benefits of icosapent ethyl

Lifetime risk of MACE and the lifetime benefits of icosapent ethyl were predicted with the
SMART-REACH model, in accordance with previously developed methods.** First, the
SMART-REACH model (recalibrated to the study population; see Methods S1) was used to
predict the MACE-free survival without icosapent ethyl for all individuals in the ASCVD
study population. This was done by making use of life-tables. Starting from the age of each
patient at baseline, the risk of MACE (a ) and the risk of non-cardiovascular mortality (b))
were estimated for each consecutive life-year, up to the maximum age of 90 years. A MACE-
free survival probability (p,) was obtained for each life-year, by subtracting MACE risk and
non-cardiovascular mortality risk from 1 (p, = 1 - a, - b,). The probability of being alive and
free of MACE at the start of each life-year (e ), was calculated by multiplying the MACE-free
survival probabilities of all the previous life-years (e.g. for a 60-yearold: e _,, =p_.,* P._¢, *
Prgy  reeeees *Pgr ¥ Prgs © Pigo) Altogether, these predictions form an individual life-table
for each patient. For each risk quartile, the average MACE-free survival curve was drawn
by taking the mean of the MACE-free survival probabilities (derived from the individual
life-tables) of the patients within the risk quartile, at 1 to 30 years after the starting age. The
median MACE-free survival without icosapent ethyl in each risk quartile was calculated

as the time where the MACE-free survival curve crossed 50%.

Next, the SMART-REACH model was combined with the relative treatment effect of
icosapent ethyl for patients with ASCVD derived from the original trial report (HR =
0.72 for 3-point MACE, and HR = 0.73 for 5-point MACE).? The model combined with the
relative treatment effect was then used to predict the MACE-free survival with icosapent
ethyl for all patients. Again, the mean MACE-free survival probability for all patients
within a risk quartile at 1-year time intervals was used to draw the average MACE-free
survival curve for each risk quartile, and the median MACE-free survival was calculated
as the time where the curve crossed 50%. Within each risk quartile, the lifetime benefit
from icosapent ethyl was defined as the difference between the median MACE-free survival
with and without icosapent ethyl, and was expressed as life-years without MACE gained.
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Methods S3. Continuous analyses of the relation between baseline
risk and the treatment effects of icosapent ethyl

The continuous relation between the predicted baseline 5-year risk of MACE and the relative
treatment effect of icosapent ethyl was assessed by deriving a Cox proportional hazards
model including the following terms: allocation to icosapent ethyl, predicted baseline 5-year
risk, and the interaction between icosapent ethyl and baseline risk as a restricted cubic
spline (with four knots). This model was used to estimate the course of the relative treatment
effect across the spectrum of baseline risk. Corresponding 95% confidence intervals were
derived by repeating this process in 10,000 bootstrap samples. The 2.5" and 97.5" percentile
of the bootstrap samples were used as the lower and upper limit respectively.

Measures of absolute treatment effects such as the absolute risk reduction (ARR) and 5-year
cumulative incidence reduction (CIR) cannot be derived directly from a statistical model.
So, instead these were determined in increasingly small risk groups. The ARR was defined
as the proportion of patients with an event in the placebo group minus the proportion of
patients with an event in the icosapent ethyl group at the end of follow-up. The standard

error (SE) of the ARR was calculated using the following formula:

\/(E%Placebo * (1 - E%Placebo) /NPlacebo) + (E%Icosapem ethyl * (1 - E%Icosapem ethyl) /Nlcosapent ethyl),

with E% being the proportion of patients with an event in each group, and N being the total
number of patients in each group. First, the ARR and corresponding SE were determined
in the total population. Then, this was done in two risk groups, divided at the median of
the baseline 5-year risk of MACE. Subsequently, ARRs and corresponding SEs were also
determined in tertiles, quartiles, and quintiles of baseline risk. For each risk group, the
mean baseline 5-year risk of MACE was also calculated. This yielded fifteen ARR estimates,
associated with varying SEs (the smaller the risk group in which the ARR was determined,
the larger the SE), and varying levels of baseline risk (e.g. the ARR determined in the lowest
risk tertile belonged to a lower baseline risk than the ARR determined in the highest risk
quartile). The continuous relation between the ARR and baseline risk was assessed using
alinear model regressing the ARR on baseline risk, with baseline risk as a restricted cubic
spline. The model was weighted for the accuracy of each ARR estimate, i.e. the inverse of
its SE (1/SE). This model was used to estimate the course of the ARR across the spectrum
of baseline risk. This process was repeated in 10,000 bootstrap samples. The mean of the
bootstrap samples was used as the final estimate for the course of the ARR over baseline
risk. The 2.5™ and 97.5" percentiles were used as the lower and upper limits of the 95%

confidence intervals respectively.
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The 5-year CIR was calculated as the difference between the Kaplan-Meier estimate of the
cumulative incidence of MACE in the placebo as compared to the icosapent ethyl group at 5
years follow-up. The SE of the 5-year CIR was calculated using the SEs of the two individual
Kaplan-Meier estimates of the cumulative incidence of MACE at 5 years (one for the placebo

group and one for the icosapent ethyl group), based on the following formula:

\/ (SEPlaceb0)2 + (SEIcosapent ethyl)2 N

The course of the 5-year CIR across the spectrum of baseline risk was determined by
calculating the 5-year CIR in increasingly small risk groups and repeating this process in
10,000 bootstrap samples, using the same methods as for the ARR (see above).

For the continuous relation between baseline risk and the lifetime benefit of icosapent ethyl,
first, the lifetime benefit in terms of life-years without MACE gained was estimated for each
individual in the study population using the SMART-REACH model combined with the
overall relative treatment effect of icosapent ethyl (see Methods S2). Then, a linear model
was derived regressing lifetime benefit on baseline risk, with baseline risk as a restricted
cubic spline. This model was used to estimate the course of the lifetime benefit over baseline

risk. Again, 95% confidence intervals were derived from 10,000 bootstrap samples.
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Table S1. Eligibility criteria of REDUCE-IT

Inclusion criteria®®

Age 245 years (if secondary prevention; see below) or 250 years (if primary prevention; see below)

Secondary prevention (one of the following)*
o Documented CAD:
o Multi-vessel CAD (=50% stenosis in at least two major epicardial coronary arteries with or without
antecedent revascularization), or;
o Prior MI, or;
» Hospitalization for NSTE-ACS with ST-segment deviation or biomarker positivity.
o Documented cerebrovascular or carotid disease:
o Prior ischemic stroke, or;
o Symptomatic carotid arterial stenosis 250%, or;
» Asymptomatic carotid arterial stenosis >70%, or;
« History of carotid revascularization.
o Documented PAD:
o ABI <0.9 with intermittent claudication, or;
« History of aorto-iliac or peripheral arterial intervention.

Primary prevention®:
« Diabetes mellitus (type 1 or type 2) requiring treatment with medication, AND;
o >1 CVD risk factor(s):
« Age >55 years (men) or 265 years (women)
o Current smoking (or stopped smoking <3 months before first visit)
« Hypertension (=140/90 mmHg) or on antihypertensive medication
o HDL-c <40 mg/dL (<1.03 mmol/L) for men or <50 mg/dL (<1.29 mmol/L) for women
o Hs-CRP >3.0 mg/L
« Renal dysfunction (CrCL >30 and <60 mL/min)
o Retinopathy
o Micro- or macroalbuminuria
« ABI<0.9

Fasting triglyceride level 2135 mg/dL (>1.52 mmol/L) and <500 mg/dL (<5.65 mmol/L)
LDL-C >40 mg/dL (>1.03 mmol/L) and <100 mg/dL (<2.59 mmol/L)
On stable statin therapy (+ ezetimibe) for >4 weeks prior to randomization

Agree to follow a physician-recommended diet

Exclusion criteria®®

Severe heart failure (NYHA class IV)

Life-threatening disease with life expectancy <2 years

Severe liver disease

HbA1c >10.0% (>86 mmol/mol)

Poorly controlled hypertension (2200/100 mmHg)

Planned coronary intervention or non-cardiac major surgical procedure

Familial lipoprotein lipase deficiency, apolipoprotein C-II deficiency, or familial dysbetalipoproteinemia
Intolerance or hypersensitivity to statin therapy

Hypersensitivity to fish and/or shellfish, or ingredients of the study product or placebo

History of acute or chronic pancreatitis

Malabsorption syndrome or chronic diarrhea
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Use of non-study drug, non-statin lipid-altering medications, supplements, or foods including:
o Niacin >200 mg/d

« Fibrates

o OM-3 fatty acid medications

« Supplements containing OM-3 fatty acids

« Bile acid sequestrants

« PCSKOY inhibitors

Use of one of the following medications:
« Tamoxifen, estrogens, progestins, thyroid hormone therapy, systemic corticosteroids, cyclophosphamide, or
systemic retinoids

Known AIDS
Requirement for dialysis or CrCl <30 mL/min
CK concentration >5 x ULN or CK elevation due to muscle disease

Pregnant or breastfeeding women, or women of child-bearing potential not using an acceptable form of birth
control

* For the current study, only participants who met the criteria for the secondary prevention stratum in REDUCE-
IT were included.

Abbreviations: ABI = ankle-brachial index, AIDS = acquired immunodeficiency syndrome, CAD = coronary
artery disease, CK = creatine kinase, CrCl = creatinine clearance, CVD = cardiovascular disease, HbAlc =
hemoglobin Alc, HDL-c = high-density lipoprotein cholesterol, hs-CRP = high-sensitivity C-reactive protein,
LDL-C = low-density lipoprotein cholesterol, MI = myocardial infarction, NSTE-ACS = non-ST-segment
elevation acute coronary syndrome, NYHA = New York Heart Association, OM-3 = omega-3, PAD = peripheral
artery disease, PCSK9 = proprotein convertase subtilisin/kexin type 9, ULN = upper limit of normal.
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Table S2. Predictors in the SMART2 and SMART-REACH risk models

Model Predictors
SMART?2 risk score' Age
Sex

Current smoking

History of coronary artery disease
History of cerebrovascular disease
History of peripheral artery disease
History of abdominal aortic aneurysm
Years since first ASCVD diagnosis
Diabetes mellitus

Systolic blood pressure
Non-HDL-cholesterol

Estimated glomerular filtration rate

High-sensitivity CRP

SMART-REACH model* Age
Sex
Current smoking
Number of ASCVD locations®
Diabetes mellitus
History of atrial fibrillation
History of heart failure
Systolic blood pressure
Total cholesterol

Creatinine

* Number of ASCVD locations out of coronary artery disease, cerebrovascular disease, and peripheral artery
disease (one, two, or three).

Abbreviations: ASCVD = atherosclerotic cardiovascular disease, CRP = C-reactive protein, HDL = high-density
lipoprotein.

234



Table S3. Outcome definitions

Effects of icosapent ethyl according to residual CVD risk

Outcome

Definition?®

Myocardial infarction

Evidence of myocardial necrosis (=1 cardiac biomarker(s) >URL, or post-
mortem pathological evidence of acute MI), combined with a clinical
presentation consistent with myocardial ischemia, electrocardiographic
changes (ST elevation or depression, T-wave inversion, or pathological
Q-waves), or evidence from myocardial or coronary artery imaging (loss of
viable myocardium, regional wall motion abnormality, or thrombosis/occlusion
of coronary artery), including silent MI (new pathological Q-waves, imaging
evidence of loss of viable myocardium, or autopsy evidence of a healed or
healing MI, without evidence of acute MI).

Stroke

Acute episode of focal cerebral, spinal, or retinal dysfunction caused
by an infarction of central nervous system tissue, or a nontraumatic
intraparenchymal, intraventricular, or subarachnoid hemorrhage.

Cardiovascular death

Death resulting from myocardial infarction, heart failure, or stroke, sudden
cardiac death, or death due to other cardiovascular causes (e.g. pulmonary
embolism, aortic aneurysm rupture, peripheral artery disease, complications of
cardiac surgery or revascularization).

Coronary revascularization

A catheter-based or open surgical procedure designed to improve myocardial
blood flow, i.e. PCI or CABG.

Unstable angina

Ischemic discomfort (angina or equivalent symptoms) =10 minutes in duration
occurring at rest or in an accelerating pattern with frequent episodes associated
with progressively decreased exercise capacity, prompting an unscheduled
hospitalization within 24 hours of the most recent symptoms, combined with
electrocardiographic changes (ST elevation/depression, or T-wave inversion),

a positive exercise stress test, evidence from myocardial or coronary artery
imaging (wall motion abnormality, perfusion defect/deficit, or lesion/thrombus
in coronary artery), or the need for coronary revascularization, with negative
cardiac biomarkers and no evidence of acute MI.

Outcomes were defined in accordance with the Standardized Definitions for Cardiovascular and Stroke
Endpoint Events in Clinical Trials.® All events were adjudicated by an independent clinical endpoint committee
blinded for the trial-group assignment.?

Abbreviations: CABG = coronary artery bypass graft, MI = myocardial infarction, PCI = percutaneous coronary
intervention, URL = upper reference limit.
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Table S4. Missing data
Variable Missing values, n (%)
Age 0 (0.0%)
Sex 0 (0.0%)
Current smoking 2 (0.0%)
Number of ASCVD locations 0 (0.0%)
History of coronary artery disease 0(0.0%)
History of cerebrovascular disease 0(0.0%)
History of peripheral artery disease 0 (0.0%)
History of abdominal aortic aneurysm 0(0.0%)
Years since first ASCVD diagnosis 570 (9.9%)
Diabetes mellitus 3(0.1%)
History of atrial fibrillation 0 (0.0%)
History of heart failure 3(0.1%)
Systolic blood pressure 10 (0.2%)
Total cholesterol 5(0.1%)
Non-HDL-cholesterol 17 (0.3%)
Creatinine 6 (0.1%)
Estimated glomerular filtration rate 6 (0.1%)
High-sensitivity CRP 4(0.1%)

Overview of the missing data for predictor variables from the SMART2 and
SMART-REACH risk models in the study population (n = 5,785).
Abbreviations: ASCVD = atherosclerotic cardiovascular disease, CRP =

C-reactive protein, HDL = high-density lipoprotein.
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Figure Sl1. Efficacy of icosapent ethyl in patients with ASCVD
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(n =2,892) (n=2,893) (95% Cl)
3-point MACE 361(125%) 489 (16.9%) —— 072(0.63-0.82)  <0.001
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Kaplan-Meier curves of the cumulative incidence of 3-point MACE (A) and 5-point MACE (B), and hazard ratios
for all outcomes (C) in REDUCE-IT participants with ASCVD (n = 5,785). ARRs were calculated as the proportion
of patients with an event in the placebo group minus the proportion of patients with an event in the icosapent ethyl
group at the end of follow-up. The red and blue numbers indicate the cumulative incidence at 5 years follow-up
in the placebo and icosapent ethyl group respectively. The 5-year cumulative incidence reductions (CIRs) were
calculated as the difference between the red and blue numbers. Three-point MACE is a composite of non-fatal
myocardial infarction, non-fatal stroke, or cardiovascular death. Five-point MACE additionally includes coronary
revascularization, and unstable angina.

Abbreviations: ARR = absolute risk reduction, CI = confidence interval, CIR = cumulative incidence reduction,
CVD = cardiovascular disease, HR = hazard ratio, MACE = major adverse cardiovascular events, NNT = number
needed to treat.
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Figure S2. Calibration for 5-point MACE across CVD risk quartiles
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Mean predicted 5-year risk (by the recalibrated SMART?2 risk score) vs observed 5-year risk of 5-point MACE (A),
and mean predicted 5-year survival (by the recalibrated SMART-REACH model) vs observed 5-year survival free of
5-point MACE (B) across the CVD risk quartiles. Error bars represent 95% confidence intervals. Five-point MACE is
a composite of non-fatal myocardial infarction, non-fatal stroke, cardiovascular death, coronary revascularization,
or unstable angina.

Abbreviations: CVD = cardiovascular disease, MACE = major adverse cardiovascular events.
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Figure S3. Validation of the SMART2 and SMART-REACH models in octiles of risk
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Calibration in octiles of predicted risk and Harrel’s c-statistics for the SMART2 and SMART-REACH risk models.
Error bars represent 95% confidence intervals. Three-point MACE is a composite of non-fatal myocardial infarction,
non-fatal stroke, or cardiovascular death. Five-point MACE additionally includes coronary revascularization, and
unstable angina.

Abbreviations: MACE = major adverse cardiovascular events.
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Figure S4. Lifetime benefit for 5-point MACE across CVD risk quartiles
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Average predicted survival free of 5-point MACE on placebo and on icosapent ethyl within each CVD risk quartile.
Survival on icosapent ethyl was predicted by combining the recalibrated SMART-REACH model with the overall trial
hazard ratio. Median MACE-free survival was defined as the time at which the survival curve crossed 50% (depicted
by the dotted lines). Lifetime benefit was expressed in terms of life-years without 5-point MACE gained, and was
calculated as the difference between the median MACE-free survival on placebo and icosapent ethyl respectively.
Five-point MACE is a composite of non-fatal myocardial infarction, non-fatal stroke, cardiovascular death, coronary
revascularization, or unstable angina.

Abbreviations: CVD = cardiovascular disease, MACE = major adverse cardiovascular events.
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Figure S5. Continuous relation between baseline risk and the effects of icosapent ethyl on 5-point MACE
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The continuous relation between baseline 5-year risk of 5-point MACE and the relative and absolute treatment effects
of icosapent ethyl on the risk of 5-point MACE, derived from restricted cubic spline functions. The blue dotted lines
denote 95% confidence intervals calculated from 10,000 bootstrap samples. The histogram (with corresponding axis
at the right side of each plot) shows the distribution of baseline risk in the study population. Five-point MACE is a
composite of non-fatal myocardial infarction, non-fatal stroke, cardiovascular death, coronary revascularization,
or unstable angina.
Abbreviations: ARR = absolute risk reduction, CI = confidence interval, CIR = cumulative incidence reduction,

MACE = major adverse cardiovascular events.
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Chapter 8.
Abstract

Background

Individuals with or at high risk of cardiovascular disease (CVD) often receive long-term
treatment with low-density lipoprotein cholesterol (LDL-C) lowering therapies, but whether
the effects of LDL-C reduction remain stable over time is uncertain. This study aimed to

establish the course of the effects of LDL-C reduction on cardiovascular risk over time.

Methods

Randomized controlled trials (RCTs) of LDL-C lowering therapies were identified
through a search in MEDLINE and EMBASE (1966-January 2023). The primary analyses
were restricted to statins, ezetimibe, and proprotein convertase subtilisin-kexin type 9
(PCSK9) inhibitors, with other therapies included in sensitivity analyses. Random-effects
meta-analyses were performed to establish the relative risk (RR) for major vascular events
(cardiovascular death, myocardial infarction, unstable angina, coronary revascularization,
or stroke) per 1 mmol/L LDL-C reduction. Course of the effects over time was assessed using
random-effects meta-regression analyses for the association between follow-up duration,
age, and the RR for major vascular events per 1 mmol/L LDL-C reduction. Additionally,
treatment-by-time interactions were evaluated in an individual participant data meta-

analysis of six atorvastatin trials.

Results

A total of 60 RCTs were identified (408,959 participants, 51,425 major vascular events). The
RR for major vascular events per 1 mmol/L LDL-C reduction was 0.78 (95% confidence
interval [CI] 0.75-0.81). Follow-up duration was not associated with a change in the RR for
major vascular events (RR for change per year 0.994; 95% CI 0.970-1.020; p = 0.66). The RR
attenuated with increasing age in primary prevention (RR for change per 5 years 1.097; 95%
CI 1.031-1.168; p = 0.003), but not secondary prevention (RR for change per 5 years 0.987;
95% CI 0.936-1.040; p = 0.63). Consistent results were found for statin trials only, and all
trials combined. In the individual participant data meta-analysis (31,310 participants, 6,734
major vascular events), the HR for major vascular events did not significantly change over
follow-up time (HR for change per year 0.983; 95% CI 0.943-1.025; p = 0.42), or age (HR
for change per 5 years 1.022; 95% CI 0.990-1.055; p = 0.18).

Conclusion
Based on available RCT data with limited follow-up duration, the relative treatment effects
of LDL-C reduction appear stable over time in secondary prevention, but may attenuate

with higher age in primary prevention.
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Introduction

Low-density lipoprotein cholesterol (LDL-C) is a well-established risk factor of
cardiovascular disease (CVD). Numerous randomized controlled trials (RCTs) have
demonstrated that lowering LDL-C by treatment with a statin or other lipid-lowering
agents significantly reduces the risk of CVD in both primary and secondary prevention
populations.”? The reduction in CVD risk observed with lipid-lowering therapy has been
shown to be proportional to the absolute reduction in LDL-C."? All currently available
guidelines therefore recommend the use of lipid-lowering therapy to reduce LDL-C to

specific treatment goals in people with or at high risk of CVD.**

In current practice, lipid-lowering therapy is usually initiated following a first CVD event,
or when one or more risk factors (e.g. dyslipidaemia, hypertension, diabetes mellitus) are
discovered, and is then continued lifelong.>* However, atherosclerosis is a chronic and
progressive disease that starts early in life and slowly develops over decades before leading
to a major CVD event. Mendelian randomization studies have shown that genetic variants
associated with lifelong exposure to lower LDL-C are associated with considerably larger
reductions in the risk of CVD than the same magnitude of LDL-C reduction achieved
with lipid-lowering therapy in RCTs.>"® Following these results, it was hypothesized that
lowering LDL-C early in life might be more effective than the current practice of starting
lipid-lowering therapy later in life.>*' On an absolute scale this is likely true, as the effects
of a lower exposure to LDL-C have more time to accumulate when therapy is initiated
earlier in life. But it also raises the question as to whether the relative treatment effects
of LDL-C reduction change over time. Establishing the course of the relative treatment
effects of LDL-C reduction over time could help to identify the optimal timing for lipid-
lowering therapy, and support the incorporation of the effects of LDL-C reduction in

clinical prediction models.

In this meta-regression and individual participant data meta-analysis of RCTs of lipid-
lowering therapies, we aimed to establish the course of the relative treatment effects of
LDL-C reduction on cardiovascular risk over time, using two definitions of time: (1) follow-

up time, and (2) age.

Methods

Contributing studies and data

For the meta-regression analysis, potential trials were identified by updating a search
performed in a previous meta-analysis.? In this previous study, MEDLINE and EMBASE
were searched for trials of lipid-lowering therapies published between 1966 and July 2016,
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using the search terms ‘LDL lowering’ and ‘clinical outcomes’, limited to ‘randomized
controlled trials’ and ‘human’. Trials were included if they were randomized controlled
trials with a duration of at least 6 months, studying a lipid-lowering intervention (either
lipid-lowering therapy vs placebo or usual care, or more vs less intensive lipid-lowering
therapy), and reporting clinical cardiovascular outcomes (at least 50 events). Trials focused
on participants with heart failure or end-stage kidney disease were excluded, as lipid-
lowering therapy has been shown to be less effective in these populations due to competing
non-atherosclerotic risks.! For the current study, the search was updated for the time period
between July 2016 and January 2023 (full search strategy in Supplemental Methods). In
addition to the aforementioned eligibility criteria, trials in which the intervention showed
no effect on LDL-C level were excluded. Two authors (PMB and JH) independently screened
all records and, if a trial was eligible, collected the following information from each trial:
study population (primary or secondary prevention, or both), intervention and control
therapy, sample size, mean baseline age (median if mean was not available), mean follow-up
duration (median if mean was not available), number of major vascular events, between-
group difference in LDL-C, and the relative risk (RR, i.e. hazard ratio or risk ratio if hazard
ratio was not available) for major vascular events with 95% confidence intervals (Cls). If a
trial included both primary and secondary prevention, separate information was collected
for these two groups based on the results of subgroup analyses. If stratified information
was not reported, the trial was labelled according to the group the majority of participants

belonged to.

For the individual participant data meta-analysis, data were acquired from six trials:
the Collaborative Atorvastatin Diabetes Study (CARDS), the Aggressive Lipid-Lowering
Initiation Abates New Cardiac Events (ALLIANCE) study, the Treating to New Targets
(TNT) trial, the Incremental Decrease in Endpoints through Aggressive Lipid Lowering
(IDEAL) trial, the Atorvastatin Study for Prevention of Coronary Heart Disease Endpoints
in non-insulin-dependent diabetes mellitus (ASPEN), and the Stroke Prevention by
Aggressive Reduction in Cholesterol Levels (SPARCL) trial."-'® Individual participant data
on age, study medication, LDL-C, and (time to) cardiovascular outcomes were harmonized

into a pooled dataset.

Outcome

The outcome was the first occurrence of a major vascular event, i.e. cardiovascular death,
myocardial infarction, unstable angina, coronary revascularization, or stroke. If this
exact outcome was not available, the outcome from the trial that most closely matched the

outcome of interest was selected.
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Statistical analysis

Meta-analysis of the overall effects of 1 mmol/L LDL-C reduction

The effects of the intervention in each trial were standardized to reflect the effects of a 1
mmol/L reduction in LDL-C, using the RR for major vascular events and the between-group
difference in LDL-C: RR per 1 mmol/L LDL-C reduction = RR{/between-group difference in LDL-C)
Meta-analyses were performed using random-effects models, to estimate the RR for major
vascular events per 1 mmol/L LDL-C reduction. The primary analysis included all trials of
guideline-recommended drugs for LDL-C lowering (i.e. statins, ezetimibe, and proprotein
convertase subtilisin-kexin type 9 [PCSK9] inhibitors). Sensitivity analyses were performed
using trials of statins only and trials of all lipid-lowering therapies, and stratified for

primary and secondary prevention.

Meta-analysis of the effects of LDL-C reduction over follow-up time

In the meta-regression analysis, for all trials, the RR for major vascular events per 1
mmol/L LDL-C reduction was plotted against the average follow-up duration. To assess
the association between follow-up duration and the RR for major vascular events, random-
effects meta-regression analyses were performed. As the linearity assumption tested based
on restricted cubic splines was not violated (p for non-linearity >0.05), the meta-regression
analyses were based on linear regression models. The primary analyses included all trials
of guideline-recommended therapies, while sensitivity analyses included trials of statins
only, and trials of all therapies. All analyses were also performed stratified for primary and

secondary prevention.

In the individual participant data meta-analysis, Cox proportional hazards models for the
relation between LDL-C reduction and major vascular events were derived in the pooled
dataset of the six atorvastatin trials available for analysis. To maintain the randomization
within the trials and analyse the data in accordance with the intention-to-treat principle,
for participants in the intervention arm of each trial, LDL-C reduction was defined as
the average between-group difference in LDL-C in that trial, while it was set to zero for
participants in the control arm. The models were stratified by trial to account for between-
trial differences in baseline risk. To assess whether the HR for major vascular events per
1 mmol/L LDL-C reduction significantly changed over follow-up time, the proportional
hazards assumption was tested based on scaled Schoenfeld residuals. The average change
in the HR per year was assessed by adding an interaction term between LDL-C reduction
and follow-up time to the model. The course of the relative treatment effects over follow-up
time was visually presented in a plot of the HR against follow-up time. Besides in the pooled

dataset, the analyses were also performed in the six trials individually.
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Meta-analysis of the effects of LDL-C reduction over age

To assess the course of the effects of LDL-C reduction over age (as a second definition of
time), first, all meta-regression analyses were repeated after replacing the average follow-
up duration by the average age during each trial (i.e. average baseline age + 0.5*average
follow-up duration). For age, an additional sensitivity analysis was performed in which
the PROspective Study of Pravastatin in the Elderly at Risk (PROSPER) trial, a trial with a
substantially higher mean age compared to the other trials (i.e. an outlier), was excluded.”

Second, the individual participant data meta-analysis was repeated while using age (instead
of follow-up time) as the underlying time scale of the Cox proportional hazards models

(i.e. left truncation).'

All analyses were conducted with R statistical software V.4.0.3 (www.r-project.org).

Results
Study selection and characteristics

A total of 496 records (49 studies from previous meta-analysis, 447 new records) were
identified and reviewed for eligibility, of which 60 trials were selected (408,959 participants,
51,425 major vascular events) (Figure 1). This included 38 trials of guideline-recommended
lipid-lowering therapies: 26 statin trials, 2 trials of ezetimibe, 3 trials of statin/ezetimibe
combinations, and 7 trials of PCSK9 inhibitors (275,315 participants, 34,323 major vascular
events). In addition, there were 22 trials of other lipid-lowering therapies: 4 diet trials, 2
trials of bile acid sequestrants, 1 trial of ileal bypass surgery, 7 trials of fibrates, 3 trials of
niacin (one was a multigroup trial that also studied fibrates), 3 trials of cholesteryl ester
transfer protein (CETP) inhibitors, and 3 trials of bempedoic acid (133,644 participants,
17,102 major vascular events). Mean follow-up in the trials was 3.9 years (range 0.9-9.7),
and mean age during the trials was 63.9 years (range 48.0-77.0). Trial characteristics are
summarized per therapy in Table 1, with characteristics of and references to the individual
trials provided in Table S1.
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Effects of LDL-C reduction over time

Figure 1. Identification and selection of trials for the meta-regression analysis

[ Previous studies ] [ Identification of new studies via databases and registers ]
Records identified through
= updated search (search date:
2 | | Studies included in July 2016-January 2023):
_E previous meta-analysis MEDLINE (n = 325) Duplicate records removed
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5 2016) (n = 49)
= Records identified through other
sources (n = 5)
Records screened on »| Records excluded
title/abstract (n = 447) (n =386)
A i Reports excluded (n = 48):
-  No CV out =24
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PRISMA flowchart showing the identification and selection of trials for the meta-regression analyses.”® Previous
studies indicate trials already identified in a previous meta-analysis.?
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Effects of LDL-C reduction over time

Individual participant data was available for 6 atorvastatin trials (31,310 participants, 6,734
major vascular events). Median follow-up was 4.6 years (interquartile range [IQR] 3.7-5.0),

and mean age was 61.6+9.3 years. Patient characteristics are presented in Table 2.

Table 2. Patient characteristics in the trials with available individual participant data

Total CARDS ALLIANCE TNT IDEAL  ASPEN  SPARCL

Characteristic (n=31,310) (n=2,838) (n=2,442) (n=10,001)(n = 8,888) (n=2,410) (n=4,731)
Age 61.6+9.3  61.7#8.1  61.24#8.8 61.0£8.8 61.7#9.5 61.0+8.2 62.8+11.2
Sex (male) 23,645 1,929 2,008 8,099 7,187 1,599 2,823
(76%) (68%) (82%) (81%) (81%) (66%) (60%)
Current smoker 5,490 631 475 1,341 1,835 300 908
(18%) (22%) (19%) (13%) (21%) (12%) (19%)
CVD prevention population
Primary prevention 4,480 2,838 - - - 1,642 -
(14%) (100%) (68%)
Secondary prevention 26,830 - 2,442 10,001 8,888 768 4,731
(86%) (100%) (100%) (100%) (32%) (100%)
Diabetes mellitus 9,152 2,838 540 1,501 1,069 2,410 794
(29%) (100%) (22%) (15%) (12%) (100%) (17%)
History of hypertension 14,976 2,377 NA 5,413 2,930 1,328 2,928
(52%) (84%) (54%) (33%) (55%) (62%)
Body mass index (kg/m?) 28.0+4.1  28.8+3.6 NA 28.544.6 27.3¥3.9 289+3.8 27.5%+3.9
Systolic blood pressure 135+18 144+16 134+18 131+17 137420  133%17 139+17
(mmHg)

Total cholesterol (mmol/L) 5.0+0.8 5.4+0.8 5.8+0.8 4.5+0.6 5.1+0.7 5.0+0.8 5.5+0.8
LDL-cholesterol (mmol/L) 3.0£0.7 3.0+0.7 3.8+0.7 2.5+0.5 3.1+0.7 2.9+0.7 3.4+0.7
HDL-cholesterol (mmol/L) 1.2+0.3 1.4+0.3 1.0+0.2 1.2+0.3 1.2+0.3 1.2+0.3 1.3£0.3
Triglycerides (mmol/L) 1.8+0.9 1.9£1.1 2.2+1.2 1.7£0.8 1.7£0.9 1.9+1.0 1.6+0.8

Trial intervention

Atorvastatin 80 mg 7,360 - - 4,995 - - 2,365
(24%) (50%) (50%)

Atorvastatin 40-80 mg 4,439 - - - 4,439 - -
(14%) (50%)

Atorvastatin 10-80 mg 1,217 - 1,217 - - - -
(4%) (50%)

Atorvastatin 10 mg 2,639 1,428 - - - 1,211 -
(8%) (50%) (50%)

Trial control

Simvastatin 20-40 mg 4,449 - - - 4,449 - -
(14%) (50%)

Atorvastatin 10 mg 5,006 - - 5,006 - - -
(16%) (50%)

Placebo 4,975 1,410 - - - 1,199 2,366
(16%) (50%) (50%) (50%)
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Total CARDS ALLIANCE TNT IDEAL ASPEN  SPARCL

Characteristic (n=31,310) (n=2,838) (n=2,442) (n=10,001)(n = 8,888) (n =2,410) (n =4,731)
Usual care 1,225 - 1,225
(4%) (50%)
Between-group difference in 0.78 1.20 0.39 0.62 0.56 0.88 1.43

LDL-C (mmol/L)
Follow-up duration (years), 4.6 (3.7- 3.9(3.0- 4.1(2.4- 49(4.3- 4.74.1- 4.2(4.0- 4.7(4.2-

median (IQR) 5.0) 4.7) 5.0) 5.2) 5.0) 4.2) 5.3)
Major vascular events 6,734 204 (7%) 667 (27%) 2,566 2,186 346 765 (16%)
(22%) (26%) (25%) (14%)

All data in n (%) or mean+SD, unless otherwise specified. Proportions refer to complete cases.

Abbreviations: CVD = cardiovascular disease, HDL = high-density lipoprotein, IQR = interquartile range, LDL =
low-density lipoprotein, NA = not available, SD = standard deviation.

Overall effects of LDL-C reduction on major vascular events

Based on the 38 trials of guideline-recommended lipid-lowering therapies, the overall RR
for major vascular events per 1 mmol/L reduction in LDL-C was 0.78 (95% confidence
interval [CI] 0.75-0.81) (Figure 2). Similar results were found for statins only (RR 0.76; 95%
CI 0.73-0.79), and for all lipid-lowering therapies combined (RR 0.79; 95% CI 0.76-0.81)
(Figure S1). Relative risk reductions were slightly more favourable in primary prevention (for
guideline-recommended therapies: RR 0.74; 95% CI 0.68-0.81) as compared to secondary
prevention (RR 0.80; 95% CI 0.77-0.83) (Figure S2)

In the individual participant data of the six atorvastatin trials, the overall HR for major
vascular events per 1 mmol/L LDL-C reduction was 0.77 (95% CI 0.72-0.82).

Course of the effects of LDL-C reduction over follow-up time
Meta-regression analysis

For guideline-recommended therapies, the average follow-up duration in the trials was not
associated with the RR for major vascular events per 1 mmol/L LDL-C reduction (p = 0.66).
As indicated by the meta-regression line the pooled RR was stable over follow-up time (RR
for change per year 0.994; 95% CI 0.970-1.020) (Figure 3A). Stratification for primary and
secondary prevention showed consistent results (Figure 3B). There was also no significant
association between follow-up duration and the RR for major vascular events in trials of

statins only (Figure S3), and trials of all lipid-lowering therapies (Figure S4).
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Effects of LDL-C reduction over time

Figure 2. Meta-analysis of the effects of 1 mmol/L LDL-C reduction on major vascular events

Trial Follow-up Age Intervention Control  LDL~c reduction RR (95% Cl) per 1 mmol/L reduction in LDL-c
(mean) (mean) (events/patients) (events/patients) (mean, mmol/L)
Statin
1 48 54 61.3 431/2221 622/2223 175 [ | 0.79 (0.74-0.84)
2 WOSCOPS 4.9 57.7 174/3302 248/3293 0.98 —-— 0.68 (0.57-0.83)
3 CARE 5.0 61.5 212/2081 274/2078 0.98 —a— 0.76 (0.63-0.90)
4 Post-CABG 4.3 63.6 85/676 103/675 1.1 —— 0.84 (0.66-1.07)
5 AFCAPS/TexCAPS 52 60.6 116/3304 183/3301 1.08 —-— 0.65 (0.53-0.81)
6 LIPID 6.1 65.0 557/4512 715/4502 0.97 HilH 0.75 (0.67-0.85)
7 GIssI-P 20 60.0 120/2138 136/2133 0.35 — 0.74 (0.37-1.47)
8 LIPS 39 62.0 181/844 222/833 1.06 —— 0.79 (0.66-0.95)
9 HPS 5.0 66.4 2033/10269 2585/10267 1.00 [ ] 0.76 (0.72-0.81)
10 GREACE 3.0 60.0 41/800 89/800 1.86 —-— 0.66 (0.54-0.80)
1" PROSPER 32 77.0 408/2891 473/2913 1.03 - 0.85 (0.75-0.97)
12 ALLHAT-LLT 48 68.8 380/5170 421/5185 0.62 —a— 0.86 (0.69-1.07)
13 ASCOT-LLA 33 64.9 100/5168 154/5137 1.20 - 0.69 (0.56-0.85)
14 PROVE-IT 20 59.2 464/2099 537/2063 0.85 [l 0.81(0.70-0.94)
15 CARDS 3.9 63.7 83/1428 12711410 1.20 - 0.68 (0.54-0.85)
16 AtoZ 20 62.0 309/2265 343/2232 0.36 —_— 0.72 (0.47-1.12)
17 ALLIANCE 4.5 63.5 2891217 333/1225 0.39 —_— 0.62 (0.42-0.93)
18 TNT 49 63.6 434/4995 548/5006 0.62 —a— 0.67 (0.55-0.82)
19 IDEAL 4.8 64.1 533/4439 608/4449 0.56 - 0.78 (0.64-0.96)
20 ASPEN 4.0 63.1 166/1211 180/1199 0.88 —— 0.89 (0.70-1.13)
21 SPARCL 4.9 65.2 334/2365 407/2366 1.43 il 0.86 (0.77-0.95)
22 MEGA 53 60.9 98/3866 144/3966 0.59 0.55 (0.35-0.84)
23 JUPITER 1.9 67.0 142/8901 251/8901 1.42 i 0.66 (0.58-0.77)
24 SEARCH 6.7 67.6 1477/6031 1553/6033 0.35 —— 0.84 (0.69-1.02)
25 HOPE-3 56 68.6 235/6361 304/6344 0.89 —— 0.73 (0.60-0.90)
26 REAL-CAD 39 70.0 489/6199 600/6214 0.38 —— 0.61(0.45-0.84)
Subtotal (26 trials) 43 6441 9,891/94,753 12,160/94,748 0.92 <> 0.76 (0.73-0.79)
Ezetimibe
27 IMPROVE-IT 6.0 66.6 2572/9067 2742/9077 0.33 i 0.82 (0.70-0.96)
28 HIJ-PROPER 39 67.6 283/864 316/857 0.50 ——— 0.79 (0.58-1.08)
Statin + ezetimibe
29 SEAS 4.4 69.8 148/944 187/929 179 HilH 0.87 (0.77-0.98)
30 TST 35 68.4 12111430 156/1430 0.80 —— 0.73 (0.55-0.99)
31 RACING 3.0 65.5 172/1894 186/1886 0.21 L ES— 0.67 (0.25-1.78)
PCSK9 inhibitor
32 ODYSSEY Long Term 1.6 61.3 2711553 26/788 1.83 —— 0.70 (0.52-0.94)
33 OSLER 0.9 58.4 28/2976 30/1489 1.89 —— 0.67 (0.51-0.88)
34 GLAGOV 1.5 60.5 59/484 741484 1.46 —a— 0.86 (0.69-1.07)
35 FOURIER 22 63.6 1344/13784 1563/13780 145 | | 0.89 (0.85-0.94)
36 ODYSSEY Outcomes 238 60.0 903/9462 1052/9462 1.24 [ ] 0.88 (0.82-0.94)
37 ORION-10 1.5 66.8 58/781 791778 1.38 —a— 0.80 (0.63-1.01)
38 ORION-11 15 65.6 63/811 83/804 1.26 e 0.80 (0.62-1.02)
Total (38 trials) 38 642  15669/138,803  18,654/136,512 1.00 ’ 0.78 (0.75-0.81)
M T T T 1
0.25 0.50 0.75 1.0 20 3.0 40

RR (95% CI)

Random-effects meta-analysis of the effects of 1 mmol/L LDL-c reduction on major vascular events, with guide-
line-recommended lipid-lowering therapies (i.e. statins, ezetimibe, and PCSK9 inhibitors). Follow-up is either mean
or median depending on what was presented in each trial. Age indicates the mean age during each trial. The size of
the squares is proportional to the weight in the meta-analysis.

Individual participant data meta-analysis

In the pooled data of the six atorvastatin trials, the HR for major vascular events per 1
mmol/L LDL-C reduction did not significantly change over follow-up time (p = 0.42). The
HR decreased (i.e. relative risk reduction increased) during the first year of follow-up, but
remained largely stable thereafter (HR for average change per year 0.983; 95% CI 0.943-
1.025) (Figure 4). There was no significant change in the HR for major vascular events over

follow-up time in any of the individual trials (p = 0.13-0.96) (Figure S5).
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Figure 3. Meta-regression analysis of the effects of LDL-C reduction over follow-up time
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Random-effects meta-regression analysis of the RR for major vascular events per 1 mmol/L LDL-c reduction over
follow-up time, using data of the 38 trials of guideline-recommended therapies (i.e. statins, ezetimibe, and PCSK9
inhibitors) combined (A), and stratified for primary and secondary prevention (B). The shaded areas denote 95%

confidence intervals. The size of the squares (and circles) is proportional to the weight in the meta-regression analysis.
The numbers serve as identifiers for the individual trials and correspond to the number presented for each trial in
Figure 2 and Table S1.

Figure 4. Individual participant data meta-analysis of the effects of LDL-C reduction over follow-up time

1.4

1.2

HR per 1 mmol/L LDL~c reduction (95% CI)

0.4

HR for average change per year = 0.983 (95% Cl 0.943-1.025)
p for interaction with time = 0.416

T T T
0 1 2

T
3

T T 1
4 5 6

Follow-up time (years)

Individual participant data meta-analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over

follow-up time, using data of the six atorvastatin trials for which individual participant data were available. The
blue dotted lines denote 95% confidence intervals. The black dotted line denotes the overall HR for major vascular
events per 1 mmol/L LDL-c reduction (= 0.77).
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Effects of LDL-C reduction over time

Course of the effects of LDL-C reduction over age

Meta-regression analysis

In trials of guideline-recommended therapies, the average age during the trial was not
significantly associated with the RR for major vascular events per 1 mmol/L LDL-C
reduction (p = 0.30). The meta-regression line showed a non-significant trend towards an
attenuation of the RR with increasing age (RR for change per 5 years 1.025; 95% CI 0.978-
1.075) (Figure 5A). In primary prevention this trend was significant (RR for change per 5
years 1.097; 95% CI 1.031-1.168; p = 0.003), which translates to an RR of 0.67 (95% CI 0.58-
0.77) per 1 mmol/L LDL-C reduction at age 60 years as compared to 0.88 (95% CI 0.75-1.04)
at age 75 years (Figure 5B). In secondary prevention the RR did not significantly change
with age (RR for change per 5 years 0.987; 95% CI 0.936-1.040; p = 0.63). Similar results
were found for trials of statins only (Figure S6), and trials of all lipid-lowering therapies
(Figure S7). Excluding the PROSPER trial yielded largely consistent results, although the
trend towards an attenuation of the RR with increasing age in primary prevention was no
longer statistically significant (RR for change per 5 years 1.086; 95% CI 0.996-1.184; p =
0.06) (Figure S8).

Figure 5. Meta-regression analysis of the effects of LDL-C reduction over age
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Random-effects meta-regression analysis of the RR for major vascular events per 1 mmol/L LDL-c reduction over age,
using data of the 38 trials of guideline-recommended therapies (i.e. statins, ezetimibe, and PCSK9 inhibitors) com-
bined (A), and stratified for primary and secondary prevention (B). The shaded areas denote 95% confidence intervals.
The size of the squares (and circles) is proportional to the weight in the meta-regression analysis. The numbers serve
as identifiers for the individual trials and correspond to the number presented for each trial in Figure 2 and Table S1.

Individual participant data meta-analysis

In the pooled data of the six atorvastatin trials, the HR for major vascular events per
1 mmol/L LDL-C reduction did not significantly change over age (p = 0.18). Similar to

the meta-regression analysis, there was no trend towards an attenuation of the HR with
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increasing age in this largely secondary prevention population (Figure 6). The HR for major
vascular events did not significantly change over age in any of the individual trials (p =
0.13-0.84) (Figure S9).

Figure 6. Individual participant data meta-analysis of the effects of LDL-C reduction over age
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Individual participant data meta-analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over
age, using data of the six atorvastatin trials for which individual participant data were available. The blue dotted
lines denote 95% confidence intervals. The black dotted line denotes the overall HR for major vascular events per 1
mmol/L LDL-c reduction (= 0.77).

Discussion

In this meta-analysis of 60 trials of lipid-lowering therapies including 408,959 participants
and 51,425 major vascular events (individual participant data of 31,310 participants, and
6,734 major vascular events), every 1 mmol/L reduction in LDL-C was associated with an
RR of 0.78 for major vascular events. The RR was slightly more favourable in primary (0.74)
as compared to secondary prevention (0.80). Follow-up time was not associated with a
change in the relative treatment effects of LDL-C reduction, with the RR for major vascular
events remaining stable up to the maximum follow-up duration of 6.7 years (guideline-
recommended therapy), or 9.7 years (any therapy). In secondary prevention, the relative
treatment effects of LDL-C reduction also remained stable over age, whereas in primary

prevention, they significantly attenuated with increasing age.
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Effects of LDL-C reduction over time

Previous studies also assessed potential changes in the relative treatment effects of LDL-C
reduction over time.""” An individual participant data meta-analysis of 26 statin trials
evaluated the efficacy of LDL-C reduction with a statin in subsequent years of follow-up."’
This showed that the RR for major vascular events per 1 mmol/L LDL-C reduction was
approximately the same in each of the five years of follow-up, with exception of the first year
in which the effects were smaller. A limitation of this analysis is that by excluding patients with
an event in a previous year, in the next year the intervention and control groups are no longer
balanced, as the intervention group may then include relatively high-risk patients who would
have had an event in a previous year if they had not received a statin. This might have led to
an underestimation of the effects of LDL-C reduction in the years after the first year. Yet, the
results are in line with the current study (to which this limitation does not apply), with both
studies suggesting that the relative treatment effects of LDL-C reduction are stable over follow-
up time. In another meta-analysis of largely the same trials, the efficacy of LDL-C reduction
with a statin was evaluated in groups of age.” This showed a significant trend towards smaller
relative risk reductions in major vascular events with older age in primary prevention, while
relative risk reductions were similar irrespective of age in secondary prevention. A limitation
of this analysis is that age was divided into categories, instead of using it as a continuous
measure. Despite differences in the analytical approach, the results of this previous meta-
analysis are in line with the current study, with both indicating that the relative treatment

effects of LDL-C reduction decrease with age in primary but not secondary prevention.

A potential explanation for the finding that the relative treatment effects of LDL-C reduction
attenuate with increasing age in primary prevention, is that LDL-C reduction may be more
effective in the earlier stages of atherosclerosis. Lowering LDL-C in younger individuals,
in whom atherosclerosis is still absent or in an early stage, may prevent the development
of clinically significant atherosclerosis leading up to major vascular events. Whereas in
older individuals, in whom atherosclerosis is already advanced, LDL-C reduction may slow
its further development but may not cause reversal to a state in which there is no or only
minimal atherosclerosis, leaving them at considerable risk of major vascular events. This may
also explain the larger relative risk reduction per 1 mmol/L LDL-C reduction observed in
primary as compared to secondary prevention, as in secondary prevention patients already
have clinically significant atherosclerosis given the fact that they have all had an event. The
fact that in secondary prevention there may be less variety in the severity of atherosclerosis,
may explain the finding that the RR for major vascular events did not change with age in this
population. These findings and explanations are supported by previous studies.*®?° One study
showed that the risk of incident CVD depends on cumulative exposure to LDL-C, and that
the same amount of accumulated LDL-C at a younger age, compared to older age, resulted
in a greater increase in CVD risk.** Mendelian randomization studies have shown that a

genetically determined lower LDL-C is associated with greater relative reductions in the risk
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of major vascular events per 1 mmol/L lower LDL-C than the same magnitude of LDL-C
reduction achieved with statins in trials.® A genetically determined lower LDL-C is present
from birth and reduces the cumulative exposure to LDL-C early in life when atherosclerosis
is in the early stages, while statins in trials were evaluated in middle-aged individuals with a
history of CVD or CVD risk factors and more advanced atherosclerosis. These results support
the finding that the relative treatment effects of LDL-C reduction attenuate with increasing
age in primary prevention, and that this might be related to the stage of atherosclerosis at
the time of treatment. This emphasizes the importance of early identification of individuals
at high risk of CVD, followed by early initiation of LDL-C lowering therapy.

Given that participants naturally got older over follow-up time, one would have expected
the relative treatment effects of LDL-C reduction in primary prevention to decrease with
increasing follow-up duration as well. However, in this study the RR for major vascular
events remained stable over follow-up time in both primary and secondary prevention.
This may be explained by the fact that the variation of mean age in the trials was much
larger than the variation in duration of follow-up. Assuming the relative treatment effects
of LDL-C reduction are in fact stable over follow-up time (i.e. treatment duration), an
explanation for the seemingly contrasting results may be that the effects of LDL-C reduction
are not related to the current age of an individual, but rather to the age at time of initiation
of LDL-C lowering therapy. This would indicate that when therapy is initiated at a young age
the relative risk reduction per 1 mmol/L LDL-reduction will not only be larger during the

first few years, but will remain larger during the entire treatment period regardless of aging.

In a consensus statement from the European Atherosclerosis Society (EAS), a formula
is presented that integrates the evidence from Mendelian randomization studies and
clinical trials in order to calculate the expected relative risk reduction of major vascular
events per 1 mmol/L LDL-C reduction for any given treatment duration.?’ Based on this
formula the relative risk reduction per 1 mmol/L LDL-C reduction would be expected to
be 22% for a 5-year treatment, as compared to 54% for a 40-year treatment. On an absolute
scale, it is true that a longer treatment duration leads to larger risk reductions, as the risk
reductions that are achieved during each year of treatment have more time to accumulate
if the treatment is continued for a longer period of time. However, on a relative scale this
is questionable, as this would require relative risk reductions to increase over time, e.g.
the relative risk reduction per 1 mmol/L LDL-C reduction would need to be larger in the
thirtieth as compared to the tenth year of treatment. The increase in relative risk reduction
over time that is suggested by the formula is not supported by the results of the current and
previous studies."' In fact, in primary prevention, it was shown that the relative treatment
effects of LDL-C reduction may decrease as people get older. On the other hand, if a longer

treatment duration indicates that the treatment is initiated at a younger age, a larger relative
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risk reduction may be expected, but this would be a consequence of the more favourable

effects of LDL-C reduction at younger age rather than the treatment duration itself.

Prediction models can be used to estimate the effects of LDL-C reduction on 10-year CVD
risk, and CVD-free life expectancy in individual patients in clinical practice. The use
of prediction tools such as the SCORE2 (primary prevention) and SMART2 (secondary
prevention) risk algorithms, and their lifetime extensions, i.e. the LIFE-CVD and SMART-
REACH models, in clinical decision-making is recommended by the European Society
of Cardiology (ESC) CVD Prevention Guidelines.*?>>* In order to estimate the effects
of LDL-C reduction, these tools combine a prognostic risk algorithm with an HR for the
relative risk reduction per 1 mmol/L LDL-C lowering. It is assumed that this HR remains
constant over time, i.e. treatment duration and age. As shown in the current study, this
assumption likely holds in secondary prevention. In primary prevention, the use of an
age-dependent HR that increases with increasing age (i.e. relative risk reduction decreases
with increasing age) may be considered. To derive the most accurate estimate of the HR at
each age, an individual participant data meta-analysis as performed in this study, but with

more data from primary prevention trials would be desirable.

Study limitations should be considered. The analyses including follow-up time were limited
by the maximum follow-up duration in the trials. Therefore, the effects of LDL-C reduction
could not be assessed beyond 9.7 years (6.7 years for guideline-recommended therapies) in
the meta-regression analysis, and beyond six years in the individual participant data meta-
analysis. So, the results of this study may not be translatable to a longer-term or lifetime
treatment period. In the meta-regression analysis, there was a lack of trials with an average
age below 55 and above 70 years. The individual participant data meta-analysis improved
upon this by including considerable numbers of patients younger than 55 (n = 7,728 [25%)])
and older than 70 years (n = 6,078 [19%]). However, individual participant data was available
for a limited number of trials, and the number of primary prevention participants in the data
was too small for a stratified analysis. If more individual participant data had been available
this would have resulted in a more accurate estimation of the course of the effects of LDL-C
reduction over age, especially at the lower (<50) and upper end (>75) of the spectrum. Finally,
the composite outcome of major vascular events was not identical in each trial, and hazard

ratios were not always available (in which case risk ratios were used instead).

In this meta-analysis of 60 RCTs of lipid-lowering therapies, follow-up time was not
associated with a change in the RR for major vascular events per 1 mmol/L LDL-C
reduction, albeit over a limited follow-up duration that may not reflect long-term treatment.
The relative risk reduction per 1 mmol/L LDL-C lowering significantly decreased with

increasing age in primary prevention, but remained stable over age in secondary prevention.
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Supplementary material

Methods S1. Search strategy

Pubmed MEDLINE:

(LDL lowering) AND (clinical outcomes) AND ((randomizedcontrolledtrial[Filter]) AND
(humans[Filter]) AND (2016/7/1:2023/1/1[pdat]))

EMBASE:

('ld17exp OR 1dl) AND lowering AND ('clinical’/exp OR clinical) AND (‘outcomes/exp OR
outcomes) AND [randomized controlled trial]/lim AND [humans]/lim AND [01-07-2016]/
sd NOT [02-01-2023]/sd
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Effects of LDL-C reduction over time
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Chapter 8.

Figure S3. Meta-regression analysis of the effects of LDL-C reduction over follow-up time with trials of statins only
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RR for change per year = 1.012 (95% CI 0.981-1.044; p = 0.459)
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RR per 1 mmol/L LDL-c reduction

22
0.5
RR for change per year:
B Primary prevention:  0.988 (95% C10.909-1.074; p = 0.782)
-8~ Secondary prevention: 1.006 (95% Cl 0.974-1.040; p = 0.715)
0.4

0 1 2 3 4 5 6 7 8
Average follow-up (years)

Random-effects meta-regression analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over
follow-up time, using data of the 26 statin trials combined (A), and stratified for primary and secondary prevention
(B). The shaded areas denote 95% confidence intervals. The size of the squares (and circles) is proportional to the
weight in the meta-regression analysis. The numbers serve as identifiers for the individual trials and correspond to
the number presented for each trial in Figure 2, Figure S1 & S2, and Table S1.

Abbreviations: CI = confidence interval, HR = hazard ratio, LDL-c = low-density lipoprotein cholesterol.
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Effects of LDL-C reduction over time

Figure S4. Meta-regression analysis of the effects of LDL-C reduction over follow-up time with trials of all lipid-
lowering therapies
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Random-effects meta-regression analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over
follow-up time, using data of the 60 trials (61 comparisons) of all lipid-lowering therapies combined (A), and strat-
ified for primary and secondary prevention (B). The shaded areas denote 95% confidence intervals. The size of the
squares (and circles) is proportional to the weight in the meta-regression analysis. The numbers serve as identifiers
for the individual trials and correspond to the number presented for each trial in Figure S1 & S2, and Table S1.
Abbreviations: CI = confidence interval, HR = hazard ratio, LDL-c = low-density lipoprotein cholesterol.
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Chapter 8.

Figure S5. The effects of LDL-c reduction over follow-up time in the individual atorvastatin trials
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HR for intervention vs control (95% Cl)

HR per 1 mmol/L LDL-c reduction (95% Cl)
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284

HR for intervention vs control (95% CI)

HR per 1 mmol/L LDL-c reduction (95% ClI)
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ASPEN
2,410 participants — 346 major vascular events
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Effects of LDL-C reduction over time

SPARCL
4,731 participants — 765 major vascular events
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The HR for major vascular events for the intervention vs control (left side) and per 1 mmol/L LDL-c reduction (right
side) over follow-up time, in the 6 individual atorvastatin trials for which individual participant data were available.
The blue dotted lines denote 95% confidence intervals. The black dotted lines denote the overall trial hazard ratios.
Abbreviations: CI = confidence interval, LDL-c = low-density lipoprotein cholesterol, HR = hazard ratio.
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Chapter 8.

Figure S6. Meta-regression analysis of the effects of LDL-C reduction over age with trials of statins only
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RR for change per 5 years = 1.032 (95% CI1 0.986-1.081; p = 0.170)
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RR for change per 5 years:
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Average age during trial (years)

Random-effects meta-regression analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over
age, using data of the 26 statin trials combined (A), and stratified for primary and secondary prevention (B). The
shaded areas denote 95% confidence intervals. The size of the squares (and circles) is proportional to the weight in
the meta-regression analysis. The numbers serve as identifiers for the individual trials and correspond to the number
presented for each trial in Figure 2, Figure S1 & S2, and Table S1.

Abbreviations: CI = confidence interval, HR = hazard ratio, LDL-c = low-density lipoprotein cholesterol.
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Effects of LDL-C reduction over time

Figure S7. Meta-regression analysis of the effects of LDL-C reduction over age with trials of all lipid-lowering
therapies
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Random-effects meta-regression analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over
age, using data of trials of all lipid-lowering therapies combined (A), and stratified for primary and secondary pre-
vention (B). For some trials the average age was not available (Table S1), so these were not included in the analysis.
The shaded areas denote 95% confidence intervals. The size of the squares (and circles) is proportional to the weight
in the meta-regression analysis. The numbers serve as identifiers for the individual trials and correspond to the
number presented for each trial in Figure S1 & S2, and Table S1.

Abbreviations: CI = confidence interval, HR = hazard ratio, LDL-c = low-density lipoprotein cholesterol.
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Figure S8. Meta-regression analysis of the effects of LDL-C reduction over age excluding the PROSPER trial
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Random-effects meta-regression analysis of the HR for major vascular events per 1 mmol/L LDL-c reduction over
age, using data of the trials of guideline-recommended therapies (i.e. statins, ezetimibe, and PCSK9 inhibitors)
minus the PROSPER trial, for all trials combined (A), and stratified for primary and secondary prevention (B). The
shaded areas denote 95% confidence intervals. The size of the squares (and circles) is proportional to the weight in
the meta-regression analysis. The numbers serve as identifiers for the individual trials and correspond to the number
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presented for each trial in Figure 2, Figure S1 & S2, and Table S1.

Abbreviations: CI = confidence interval, HR = hazard ratio, LDL-c = low-density lipoprotein cholesterol, PCSK9 =

proprotein convertase subtilisin-kexin type 9.
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Effects of LDL-C reduction over time

Figure S9. The effects of LDL-c reduction over age in the individual atorvastatin trials
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dotted lines denote 95% confidence intervals. The black dotted lines denote the overall trial hazard ratios.
Abbreviations: CI = confidence interval, LDL-c = low-density lipoprotein cholesterol, HR = hazard ratio.
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Cardiovascular disease (CVD), including atherosclerotic cardiovascular disease (ASCVD)
and heart failure (HF), remains a leading cause of morbidity and mortality worldwide."?
Despite the routine use of lipid-lowering, blood pressure-lowering, and antithrombotic
therapies in patients with ASCVD, and diuretics, beta-blockers, and angiotensin-converting
enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) in patients with HF,
many of these patients still have a high residual risk of CVD events and mortality.*> CVD
events impose a large burden on patients, as well as a huge economic burden.?® Therefore,
there is a great need to reduce this residual CVD risk in patients with ASCVD and HF. In
this thesis, risk factors contributing to residual CVD risk were investigated (Chapters 2—4),
models were derived to predict residual CVD risk for individual patients (Chapters 5 & 6),
and individualized treatment effects of therapies reducing residual CVD risk were estimated
(Chapters 5-8). The findings may have important implications for the management of

patients with ASCVD and HF in clinical practice, and for future research.

Factors contributing to residual CVD risk

Before we can focus on reducing residual CVD risk in patients with ASCVD and HF, we
first need to know what causes this excess risk in these patients. Among patients with
established CVD, higher plasma concentrations of C-reactive protein (CRP), as a marker
of systemic inflammation, are associated with an increased risk of future CVD events
independent of conventional risk factors (Chapters 2 & 3). The association is consistent for
patients with different types of CVD, i.e. coronary artery disease (CAD), cerebrovascular
disease (CeVD), peripheral artery disease (PAD), and abdominal aortic aneurysm (AAA),
and for various cardiovascular outcomes, i.e. myocardial infarction, stroke, major adverse
limb events, incident HF, and cardiovascular and all-cause mortality. In addition, in
patients with established CVD, the metabolic syndrome and insulin resistance are also
associated with an increased risk of incident HF, independent of diabetes mellitus and
other conventional risk factors (Chapter 4). Previous studies have already shown that the
metabolic syndrome and insulin resistance are associated with an increased risk of ASCVD
events in this population.”® The findings from Chapters 2—4 are supported by previous
studies in people without a history of CVD.?"® But what distinguishes the studies in this
thesis from previous studies, is that they were performed in patients with established CVD
who mostly were already treated with conventional guideline-recommended lipid-lowering,
blood-pressure lowering, and antithrombotic therapy.'*™'° This allowed us to directly assess
the influence of CRP, the metabolic syndrome, and insulin resistance on the residual risk
of CVD. In this population, we showed that both an elevated CRP concentration (above the
median, i.e. >1.9 mg/L) and the presence of the metabolic syndrome considerably increased

the risk of CVD on top of conventional risk factors such as diabetes mellitus, smoking, and
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hypertension. These findings demonstrate that inflammatory and metabolic risk are two

important pillars that contribute to residual CVD risk.

Role for inflammatory and metabolic risk factors in clinical practice

This raises the question: what should be done with inflammatory and metabolic risk
factors in clinical practice? First of all, they should be measured. Guidelines recommend
the routine measurement of cholesterol and blood pressure in all patients with or at high
risk of CVD.!>!¢ I would propose that in addition to these measurements, physicians also
consider measuring CRP and the components of the metabolic syndrome in all patients
with or at high risk of ASCVD or HF. As the associations between baseline measurements
of these risk factors and cardiovascular outcomes were shown to be consistent over time,
sometimes even beyond 15 years after the measurement, it may not be needed to measure

these factors during each visit, but once every few years could suffice (Chapters 2—4).

Measuring CRP and the components of the metabolic syndrome could be important for
two reasons. First, they could support identification of patients with a high residual CVD
risk. Both an elevated CRP concentration (e.g. >2.0 mg/L) and presence of the metabolic
syndrome indicate that a patient is likely to have a high residual CVD risk. The presence of
either of these risk factors alone may already be a basis for starting intensified preventive
treatment. But ideally these factors should be incorporated in clinical risk scores that predict
an individual’s CVD risk based on several patient characteristics. CRP has already been
included in the European Society of Cardiology (ESC) guideline-recommended SMART2
risk score.™" Future studies may assess the incremental value of adding the metabolic

syndrome and its components to cardiovascular risk scores.

Second, measuring these factors may be important to identify potential treatment targets.
If patients have an elevated CRP concentration, indicating a residual inflammatory risk,
they may benefit from anti-inflammatory therapy to reduce their residual risk of CVD
(Chapter 6). In recent years, anti-inflammatory treatment with low-dose colchicine was
proven to effectively reduce CVD risk in patients with CAD.'®" Given that the association
between inflammation (measured by CRP) and cardiovascular outcomes was consistent
for patients with other types of CVD, i.e. CeVD, PAD, and AAA (Chapter 2), ongoing
and future studies may reveal the efficacy of anti-inflammatory therapy in these patients

as well.20-22

If patients meet the criteria for the metabolic syndrome, indicating a residual
metabolic risk, they may benefit from therapies targeted at components of the metabolic
syndrome or the metabolic syndrome as a whole to reduce their residual CVD risk. For
example, icosapent ethyl, a highly purified eicosapentaenoic acid (EPA) ethyl ester, has been

shown to reduce both triglyceride levels and CVD risk in patients with or at high risk of
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ASCVD (Chapter 7).% Sodium/glucose cotransporter 2 (SGLT2) inhibitors and glucagon-
like peptide-1 (GLP-1) receptor agonists could also reduce metabolic risk, and have already
been proven to effectively reduce CVD risk in individuals with diabetes mellitus, and for
SGLT?2 inhibitors, HF hospitalization and cardiovascular mortality risk in patients with
HE.?*- Future trials may evaluate the efficacy of these drugs in ASCVD patients without
diabetes mellitus and HF. Treatment modalities that improve insulin resistance or increase
high-density lipoprotein cholesterol (HDL-c) may also have the potential to reduce residual
CVD risk, although trials so far have shown contrasting results.?”’~** To target the metabolic
syndrome as a whole, therapies aimed at reducing obesity such as diet and physical activity
interventions, and bariatric surgery (if body-mass index is >35 kg/m?) may be effective.’'"*
Future research should focus on whether existing and newly developed therapies aimed
at inflammatory and metabolic risk factors can reduce residual CVD risk. It may also be

evaluated if these therapies are effective in the prevention and/or treatment of HF.

Other drivers of residual CVD risk

Inflammatory and metabolic risk are not the only drivers of residual CVD risk. Other
pathways that were largely not investigated in this thesis include residual cholesterol
risk, residual thrombotic risk, and residual lipoprotein(a) risk.** However, the expected
benefits of low-dose colchicine regularly exceed those of intensified low-density lipoprotein
cholesterol (LDL-C) reduction, indicating that residual inflammatory risk likely has a larger
contribution to the total residual CVD risk than residual cholesterol risk in patients already
treated with a statin (Chapter 6). This is supported by a recent analysis of randomized

controlled trials.®

Individualized prediction of residual CVD risk

Just measuring risk factors that contribute to residual CVD risk is not enough to determine
an individual’s risk or to guide treatment decisions. As residual CVD risk is determined
by a combination of several patient characteristics, it is difficult for clinicians to make an
assessment of an individual’s risk based on risk factor measurements alone. Therefore,
clinicians should make use of multivariable prediction models to estimate individual CVD
risk in their patients."” For this purpose, the ESC guidelines recommend the use of the
SMART? risk score (10-year CVD risk) and SMART-REACH model (lifetime CVD risk)
in all patients with ASCVD (Chapters 6 & 7).">'3¢ However, existing models for patients
with HF have several limitations.?~*° They often include a large number of (not routinely
available) predictors, lack external validation, are often not competing risk-adjusted, and

only provide predictions for a limited time span. This may be an explanation for the fact

306



General discussion

that, to date, there are no guideline-recommended risk scores for patients with HE.*' The
newly developed LIFE-HF model is a lifetime prediction model predicting the 2- and 5-year
risk of HF hospitalization and mortality, as well as the HF hospitalization-free and overall
life expectancy for individual patients with HF and reduced ejection fraction (HFrEF)
(Chapter 5). This model overcomes the limitations of previous models by including only
ten of the strongest routinely available predictors, being extensively validated in various
trial and registry populations, making use of a separate function for non-cardiovascular
mortality to adjust for competing risks, and by being the first model to predict lifetime
risk in patients with HF.

Clinical implications of cardiovascular risk scores
The use of the SMART2 and SMART-REACH models for patients with ASCVD, and the

LIFE-HF model for patients with HFrEF in clinical practice could have several important
implications. First, physicians could use these tools to communicate an individualized
prognosis to their patients. Patients often want to know what they can expect in the future,
in terms of their risk of CVD events, and their anticipated (event-free) life expectancy.
Especially for patients with HFrEF, who have a high mortality risk, it may be useful to
quantify their life expectancy.® Second, the models could help to increase awareness
among physicians and patients of the high residual risk that many of these patients with
ASCVD and HF have, even when adequately treated with conventional therapies.>**? This is
important as physicians may think that as long as patients with ASCVD reach their LDL-C
and blood pressure targets, and patients with HF have stable and/or mild symptoms, there
is no need to consider additional treatment options. That this may be the case is evident
from the underwhelming uptake of novel therapies in clinical practice.*** Also, patients
may not see the value of adding new medications to several they may already be taking. By
providing individualized predictions of residual CVD risk, the models could encourage
physicians to optimize preventive treatment in patients with a high residual risk, and could
promote a healthy lifestyle and treatment adherence in patients. Third, the risk predictions
provided by the models could be used to guide treatment decisions. Intensive therapies
could be prescribed to those patients with a high residual risk, i.e. the patients who need
it most. For the reasons outlined above, I would propose that clinicians consider using the
SMART2 and SMART-REACH model in patients with ASCVD, and the LIFE-HF model in

patients with HFrEF, regularly during clinic visits, and when making treatment decisions.
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Risk-based treatment in patients with ASCVD

When treatment decisions are based on risk predictions, with more intensified treatment
options recommended for individuals with a higher risk, this is called ‘risk-based
treatment’.*® The concept behind risk-based treatment is that individuals with a higher
risk, benefit more from preventive therapy than those with a relatively low risk. This can
be explained using a simple example: a treatment causing a 20% relative risk reduction
will afford an absolute risk reduction (ARR) of 6% in a patient with a risk of 30%, as
compared to an ARR of only 2% in a patient with a risk of 10%. This also means that
less high-risk patients need to be treated to avoid one event, i.e. the number needed to
treat (NNT) is lower in these patients (17 vs. 50 in the example). Risk-based treatment has
already been widely recommended for the primary prevention of CVD for several years.'>*’-
9 For this population, guidelines include specific recommendations for risk categories,
divided based on the 10-year risk of CVD as predicted by the SCORE2 algorithm.™*° They
follow the principle: the higher the risk category, the more intensive the recommended
preventive therapy. In contrast, for patients with ASCVD, guidelines have traditionally
used a ‘one size fits all” approach, with all patients classified as being at very high risk
of future CVD events.'®” However, there is a wide distribution of residual CVD risk in
patients with ASCVD, with some patients being at very high risk of future events, while
others have a relatively low residual risk under conventional therapy (Chapters 6 & 7).
These findings support that a risk-based treatment approach would be advisable for patients
with ASCVD as well. The latest ESC guidelines already recommend that estimates of an
individual’s residual CVD risk are taken into account in decisions on the initiation of
intensified preventive therapies.” But for a risk-based treatment approach to be effectively
implemented in clinical practice, it may be necessary to establish specific risk thresholds
with corresponding recommendations for preventive treatment, as has been done for
primary prevention. Future research may focus on determining the optimal combination
between risk thresholds and treatment recommendations, in terms of effectiveness and cost-
effectiveness, to support risk-based treatment for patients with ASCVD in clinical practice.

Risk-based treatment in patients with HF

Guidelines for patients with HFrEF also largely use a one size fits all approach.**' The
four pillars of HFrEF therapy, i.e. beta-blockers, ACE inhibitors/ARBs or angiotensin
receptor-neprilysin inhibition (ARNI), mineralocorticoid receptor antagonists (MRAs),
and SGLT2 inhibitors have class I reccommendations for all patients with HFrEF. This while
there are considerable differences in the risk of HF hospitalization and mortality between
individual patients with HFrEF (Chapter 5). However, given the overwhelming efficacy of
the abovementioned therapies demonstrated in clinical trials, and the fact that even the

HFrEF patients at the lowest risk still have a substantial risk of HF hospitalization and
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mortality, the class I guideline recommendations for all HFrEF patients should not be
disputed. Nevertheless, several studies have shown that the uptake of ARNI, MRAs, and
SGLT2 inhibitors in patients with HFrEF in clinical practice is lacking.*#*>? A risk-based
treatment approach using the risk predictions of the LIFE-HF model, with even more
stringent recommendations for patients in the higher risk categories could be useful to
make sure that at least the high-risk patients will be more likely to receive comprehensive
treatment with the four pillars of HFrEF therapy. Also, a risk-based approach could be
useful for making decisions on the initiation of additional therapies such as vericiguat,
digoxin, device therapies, or new therapies that may be developed in the future. Even if
the risk predictions provided by the LIFE-HF model are not needed to inform treatment
decisions, because therapies should be prescribed to all patients, they could still be useful
for increasing risk awareness, and encouraging physicians to prescribe and patients to

adhere to guideline-recommended therapies.

Future directions for risk prediction in ASCVD and HF
Even though the SMART2, SMART-REACH, and LIFE-HF models have been developed in

line with the most recent quality standards, they are not perfect and may be improved in
the future.>® First, geographical differences in baseline risk have only partially been taken
into account by these models. Ideally, the models should be recalibrated to individual risk
regions or countries, as was done for the SCORE2 algorithm.*** This requires risk-/country-
specific event rates and mean predictor levels, which are not yet available for patients with
ASCVD and HF, but may become available in the future. Second, the SMART-REACH
and LIFE-HF models predict lifetime risk, but validation has been performed for up to 10
years. Longer-term validation may be considered when data with longer follow-up duration
become available. Third, in the future, the performance of prediction models may be
improved through the use of artificial intelligence (AI) and machine learning techniques,
although the incremental value of these techniques on top of conventional methods in risk
prediction is yet to be demonstrated.>® Fourth, the implementation of prediction models
in clinical practice may be improved by integrating them in electronic health records.
Finally, the LIFE-HF model only applies to patients with HFrEF. A similar model should
be developed for patients with HF and mildly reduced ejection fraction (HFmrEF), and
preserved ejection fraction (HFpEF).
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Individualized prediction of treatment effects

As discussed, the identification of residual risk markers and the prediction of individual
CVD risk may have important clinical implications, but the ultimate goal is to reduce
the residual risk in patients with ASCVD and HF. This requires an intensification of
preventive therapy. It may not be feasible, nor (cost-)effective to prescribe intensified
preventive therapies to all patients with ASCVD and HF. Rather intensive therapies should
be prescribed to those patients who are most likely to benefit from such treatment, and
in whom they are most cost-effective. Previously, we discussed a risk-based treatment
approach, in which the most intensive therapies are prescribed to the patients with the
highest residual risk, i.e. the greatest need for treatment. As discussed, this may be an
effective way to increase the chances that intensified therapies are prescribed to patients
with the largest benefit from treatment. However, as demonstrated in Chapters 5-7, high

risk does not always equal high treatment benefit.

The risk and treatment benefit paradox

Previously, we discussed that a treatment causing a fixed relative risk reduction leads to
larger absolute risk reductions in patients with a high as compared to a low residual CVD
risk. However, treatment benefits are not only determined by an individual’s CVD risk,
but also by an individual’s competing risk of non-cardiovascular death, and remaining
life expectancy.’®*” Patients with a high 5-year or 10-year CVD risk may appear to have
a large potential treatment benefit. But as these patients are often older and have more
comorbidities, they often have an increased risk of non-cardiovascular death and a shorter
remaining life expectancy. A shorter remaining life expectancy leads to a shorter potential
treatment duration. This leaves less time for the benefits of treatment to accumulate, which
could lead to a smaller total treatment benefit over the patients’ remaining lifetime. In
contrast, patients with a low short-term CVD risk, who are often younger and in the earlier
stages of the disease, may appear to have a limited potential treatment benefit. But as they
will get older and the disease may progress over the years, they may have a high lifetime
CVD risk. Due to their longer life expectancy, these patients can be treated over a longer
period of time, potentially leading to larger lifetime treatment benefits. This paradox in
which patients with a low short-term risk and small expected short-term treatment benefit
regularly have a larger expected lifetime treatment benefit than patients with a high short-
term risk, is illustrated by several examples throughout this thesis. First, among patients
with HFrEF, the average expected lifetime benefit in terms of years gained in overall life
expectancy from comprehensive treatment with an MRA, ARNI, and SGLT2 inhibitor,
is largest for younger patients with a relatively low to moderate 5-year risk of mortality

(Chapter 5). Second, in patients with chronic CAD, the average expected number of years
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gained in CVD-free life expectancy from anti-inflammatory treatment with low-dose
colchicine, is largest for younger patients, mostly irrespective of 10-year CVD risk (Chapter
6). Third, among patients with ASCVD, the average expected number of CVD-free life-years
gained from icosapent ethyl is largest for patients within the lowest CVD risk quartile, and
smallest for patients within the highest CVD risk quartile (Chapter 7).

Lifetime versus shorter-term risk and treatment benefit

The paradox described above, also shows the importance of the prediction of lifetime
risk and lifetime treatment benefit in addition to conventional 10-year and other shorter-
term estimates.***’-° As in patients with ASCVD and HF, therapies are usually continued
lifelong, lifetime benefits are a more complete representation of the total treatment benefit
that can be expected in these patients. Relying solely on short-term estimates of CVD risk
and treatment benefit may lead to undertreatment in younger patients in the earlier stages of
the disease. Due to their relatively low short-term risk of CVD events, intensified treatment
may not seem beneficial. But as discussed, they may in fact have a high lifetime risk, and
as a result of the long potential treatment duration, may have a large lifetime treatment
benefit. Older patients with more advanced disease may be overtreated when relying on
short-term estimates. Intensified treatment may seem beneficial in these patients because
of their high short-term CVD risk, but treatment benefits may in fact be limited as these
patients may only be treated over a short period of time due to their relatively short life
expectancy. I would therefore propose the use of both short-term and lifetime estimates
of CVD risk and treatment benefit to guide treatment decisions in clinical practice, in line

with the recommendations in the ESC CVD Prevention Guidelines."”

Heterogeneity of relative treatment effects

Besides differences in absolute treatment effects between individual patients, there may
also be heterogeneity of relative treatment effects.’¢%¢! In trials, this is commonly assessed
using subgroup analyses. However, these analyses have several limitations.5>%® There is a
high risk of chance findings, most trials are not adequately powered to detect subgroup
differences, and only one characteristic is assessed at a time inducing a reference class
problem. A recommended method that overcomes these limitations is evaluating the
interaction between a treatment and individual baseline risk as predicted by a multivariable
risk model.****¢! Using this methodology, it was shown that the relative treatment effect
of icosapent ethyl is numerically more favourable in the lower as compared to the higher
CVD risk quartiles, but that the treatment-by-risk interaction is not significant (Chapter 7).
Previously, treatment-by-risk interactions have been assessed for intensive blood pressure

lowering and antithrombotic therapy in patients with ASCVD, and SGLT2 inhibitors in
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patients with HFrEF, but not for other therapies.®"*%* Similarly, relative treatment effects
may change over time. For example, the relative treatment effects of LDL-C reduction
remain stable over time in the secondary prevention of ASCVD, but attenuate with
increasing age in primary prevention (Chapter 8). To date, this has not been evaluated for
other therapies in patients with ASCVD and HF. As variation of relative treatment effects
due to differences in baseline CVD risk, and changes in these effects over time are important
for the selection of patients for intensified therapies, and determining the optimal timing for
the initiation of these therapies, I would propose that in the future heterogeneity of relative
treatment effects due to baseline risk and time is routinely assessed in all clinical trials.

Hypothesis on the favourable relative treatment effects in younger
lower-risk patients

A potential explanation for the finding that the relative treatment effects of icosapent
ethyl were largest for patients in the lowest CVD risk quartile (Chapter 7), and those of
LDL-C reduction attenuated with increasing age in primary prevention (Chapter 8), is that
lowering risk factors such as triglycerides and LDL-C may be more effective in the earlier
stages of atherosclerosis. In younger individuals with a relatively low CVD risk, in whom
atherosclerosis is still absent or in an early stage, lowering these risk factors may prevent
the development of clinically significant atherosclerosis leading up to major vascular events.
Whereas in older individuals with a high risk of CVD, in whom atherosclerosis is already
advanced, lowering triglyceride and LDL-C levels may halt its further development but may
not cause reversal to a state in which there is no or only minimal atherosclerosis, leaving
them at considerable risk of major vascular events. In addition, older individuals with a
higher CVD risk often have other risk factors that may still cause CVD events, even when
triglyceride and/or LDL-C levels are reduced. This hypothesis is supported by Mendelian
randomization studies which showed that a genetically determined lower LDL-C from
birth is associated with greater relative reductions in the risk of major vascular events per
1 mmol/L lower LDL-C than the same magnitude of LDL-C reduction achieved with statins
later in life.®5-% Future research should further explore this hypothesis, also for other risk

factors and preventive therapies in patients with or at high risk of ASCVD.

Benefit-based treatment

The observation that there are important differences in both absolute (Chapters 5-7) and
relative treatment effects (Chapters 7 & 8) between individual patients, and that these are
not solely related to differences in residual CVD risk (high risk does not always equal high
benefit), brings us back to the question: how do we select the right patients for intensified

therapy? The primary aim of selecting patients for treatment is to be able to prescribe the
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treatment to those patients with the largest treatment benefit. Therefore, instead of relying
on risk estimates as a proxy for potential treatment benefit, i.e. risk-based treatment, it
may be better to rely directly on estimates of an individual’s treatment benefit, i.e. benefit-
based treatment. The LIFE-HF model provides individualized estimates of short-term and
lifetime treatment benefits from guideline-recommended therapies in patients with HFrEF
(Chapter 5), while the SMART2 and SMART-REACH models provide such estimates for
patients with ASCVD (Chapter 6 & 7). The estimates provided by these models could be
used to guide treatment decisions, and as a basis for guideline recommendations. A previous
study already showed that in patients with ASCVD, a lifetime benefit-guided treatment
strategy resulted in more CVD-free life-years gained and more CVD events avoided than
the conventional risk factor-based strategy, although at a higher cost per quality-adjusted
life-year (QALY).® In this study, a treatment threshold of >1 year additional CVD-free
life per therapy was chosen. Future studies should further explore the (cost-)effectiveness
of benefit-based treatment strategies in patients with ASCVD and HF to determine the
optimal treatment thresholds, and to allow the incorporation of benefit-based treatment

in future guidelines.

Other clinical implications of individualized treatment effects

Even before a benefit-based treatment approach has been implemented, individualized
treatment effects may already have important clinical implications. First, they could
emphasize the sometimes substantial long-term benefits of intensified therapy in
younger patients with less advanced disease, in whom treatment benefits may often be
underestimated in current practice. Second, they could allow the weighing of treatment
benefits against potential treatment harms, and costs. Third, they could help physicians to
communicate treatment benefits to their patients, which could support shared decision-
making, and promote treatment adherence.”® In this way, individualized treatment effects
could help to improve the currently lacking implementation of guideline-recommended
therapies in patients with ASCVD and HF, leading to reductions in the residual risk of these
patients.”** I would therefore propose that clinicians consider predicting individualized
treatment benefits, using the LIFE-HF model for patients with HFrEF, and the SMART2
and SMART-REACH models for patients with ASCVD, when making treatment decisions

in clinical practice.
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Choosing the right therapy for residual risk reduction

After the identification of patients who are likely to benefit from intensified therapy to
reduce their residual CVD risk, another challenge arises: choosing the best therapy to
reduce their risk with. For patients with ASCVD, several intensified prevention strategies
are available and recommended by guidelines: LDL-C reduction to <1.4 mmol/L, systolic
blood pressure reduction to <130 mmHg, dual antiplatelet therapy, dual pathway inhibition
(aspirin + low-dose rivaroxaban), low-dose colchicine, and icosapent ethyl."”" Low-dose
colchicine may be expected to be more effective than intensified lipid- and blood pressure-
lowering therapy in the majority of patients with chronic CAD already on conventional
preventive treatment (Chapter 6). Icosapent ethyl leads to significant reductions in major
vascular events across all quartiles of baseline residual CVD risk (Chapter 7). This supports
a broader use of these therapies than currently reccommended by international guidelines.””’
For low-dose colchicine, this has recently been supported by other studies.?>’> However,
some patients, with higher LDL-C and blood pressure levels, may be expected to benefit
more from intensified lipid- and/or blood pressure-lowering therapy (Chapter 6). This
shows that the choice of therapy for residual risk reduction should always be made on an
individual level. As discussed previously, individuals with a high residual inflammatory
risk may benefit most from low-dose colchicine, patients with a high residual triglyceride
risk from icosapent ethyl, and patients with a high residual cholesterol risk from intensified
lipid-lowering therapy (e.g. with a PCSK9 inhibitor), and so on.3** To support the choice
of the therapy that is likely to be most beneficial for an individual patient, individualized
treatment benefits of all guideline-recommended treatment options can be predicted and
compared using the online tools of the SMART2 and SMART-REACH models on www.U-

Prevent.com.

For patients with HFrEF, MRAs, ARNI, and SGLT2 inhibitors are available to reduce their
residual risk of HF hospitalization and mortality.*"*' But as current guidelines include class
I recommendations for these therapies for all patients with HFrEF, individualized treatment
benefits predicted for these therapies by the LIFE-HF model (Chapter 5) may not be needed
to select patients for intensified treatment, or choose which of these therapies to prescribe
(all patients should be treated with all therapies). Nevertheless, the individualized treatment
benefits predicted by the LIFE-HF model could be used to make decisions on the initiation
of additional therapies such as vericiguat, digoxin, and if their effect estimates are added
to the model in the future, device therapies. Also, they could help to improve the lacking
uptake of the therapies with class I recommendations by emphasizing to physicians and
patients, the absolute benefits of these therapies for all patients with HFrEF, including

younger patients with stable and/or mild symptoms.*3442
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Future directions for individualized prediction of treatment effects

As discussed the estimates of individualized treatment effects presented in this thesis,
as well as the models that were used to derive these estimates, may already be useful
in the management of patients with ASCVD and HF in clinical practice. Nevertheless,
there is still room for improvement. The methodology applied in this thesis to predict
individualized treatment benefits, can also be used to derive individualized estimates of
treatment harms.®"®* Models simultaneously predicting both treatment benefits and harms
for individual patients with ASCVD and HF, would allow for the selection of patients with
the most favourable benefit-harm balance for intensified treatment. Also, the impact of
the use of clinical prediction tools such as the LIFE-HF model on guideline adherence,
patient satisfaction, and cardiovascular outcomes in clinical practice could be evaluated,

for example using a cluster-randomized trial design.

Concluding remarks

Despite the routine use of various preventive therapies, the residual risk of CVD events
and mortality remains an important problem in patients with ASCVD and HF. Several risk
factors, including inflammatory and metabolic factors, contribute to this risk. The major
driver of residual risk varies between individual patients, as do the magnitude of this risk,
and the benefit that may be expected from intensified therapies. Residual risk reduction
in patients with ASCVD and HF therefore requires an individualized approach. Clinical
prediction models, such as the ones developed and applied in this thesis, can provide
estimates of an individual’s short-term and lifetime CVD risk, as well as an individual’s
potential benefit from various preventive therapies. Many of these models are freely
available on www.U-Prevent.com. Their use in clinical practice could allow physicians to
select the patients with the largest expected benefit from intensified treatment, choose the
right therapy for the right patient, and could support doctor-patient communication and
shared decision-making. Altogether, this could help to improve the lacking implementation
of novel therapies such as low-dose colchicine, icosapent ethyl, and PCSK9 inhibitors in
ASCVD patients with a high residual risk and/or large predicted treatment benefit, and
MRAs, ARNI, and SGLT2 inhibitors in all patients with HFrEF. In this way, the residual
risk in patients with ASCVD and HF could be considerably reduced.
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Highlights of this thesis
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Higher plasma CRP, as a measure of chronic low-grade inflammation, is independently
associated with an increased risk of a variety of cardiovascular events, and mortality in
patients with CAD, as well as CeVD, PAD, and AAA (Chapter 2).

In patients with established CVD, higher plasma CRP is independently associated with
an increased risk of incident HF beyond 15 years after its measurement (Chapter 3).
Among non-diabetic patients with established CVD, the metabolic syndrome including
abdominal obesity and insulin resistance, are associated with an increased risk of
incident HF, independent of conventional risk factors and future development of
diabetes mellitus (Chapter 4).

The newly developed LIFEtime perspective for Heart Failure (LIFE-HF) model can
be used to reliably predict 2-/5-year risk of HF hospitalization and mortality, HF
hospitalization-free and overall life expectancies, and (lifetime) treatment benefits
from any combination of guideline-recommended therapies, for individual patients
with HFrEF (Chapter 5).

Based on individual treatment benefits estimated with the SMART-REACH model, the
10-year and lifetime benefits of anti-inflammatory treatment with low-dose colchicine
vary between individuals, but are expected to exceed those of intensified LDL-C and
SBP reduction in the majority of patients with chronic CAD treated with conventional
preventive medication (Chapter 6).

Among patients with ASCVD and elevated triglyceride levels, icosapent ethyl
significantly reduces the risk of major vascular events across all quartiles of baseline
residual CVD risk (Chapter 7).

Based on a meta-analysis of 60 RCTs of lipid-lowering therapies, the relative treatment
effects of LDL-C reduction remain stable over time in the secondary prevention of
CVD, but attenuate with increasing age in the primary prevention of CVD (Chapter 8).
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Appendix
Summary

Cardiovascular disease (CVD) is the most common non-communicable disease, and the
leading cause of mortality worldwide. Individuals who are at especially high risk of CVD
events and mortality are patients with established atherosclerotic cardiovascular disease
(ASCVD), and heart failure (HF). Over the years, several risk factors for future CVD events
in these patients, such as smoking, hypercholesterolemia, and hypertension, have been
identified. Therapies reducing these conventional risk factors, such as lipid- and blood
pressure-lowering drugs, as well as renin-angiotensin system (RAS) inhibitors and beta-
blockers to treat HF, are routinely used in all patients with ASCVD and HF in current
clinical practice. Despite the routine use of these preventive treatments, many of these
patients still experience recurrent CVD events. The CVD risk that remains after efforts have
been made to institute conventional preventive treatment options to a maximum extent, is
referred to as ‘residual risk’. To be able to improve the prognosis of patients with ASCVD
and HF, it is important to identify risk factors that contribute to this residual CVD risk,
and to predict CVD risk and the effects of preventive treatment for individual patients, so
that new treatment targets can be identified and additional therapies can be prescribed to

patients with the largest need for/benefit from intensified treatment.

This thesis consists of two parts: Part I focuses on inflammatory and metabolic risk factors
contributing to the residual risk of ASCVD and HF, while Part II focuses on the prediction
of residual CVD risk and treatment effects in individual patients with ASCVD and HF.

Part I. Inflammatory and metabolic risk

Several risk factors have been suggested to potentially contribute to the residual risk of
ASCVD and HE. Among these risk factors are obesity-related disturbances such as systemic
inflammation, and the metabolic syndrome. With the growing burden of obesity, these
factors may become increasingly important.

In Chapter 2, we showed that among patients with established CVD, a higher plasma
concentration of C-reactive protein (CRP), as a marker of systemic inflammation, is
independently associated with an increased risk of recurrent ASCVD events (hazard ratio
[HR] per 1 mg/L 1.08; 95% confidence interval [CI] 1.05-1.10), and all-cause mortality (HR
1.10; 95% CI 1.08-1.12). Chapter 3 added that in this same population, a higher CRP is also
independently associated with an increased risk of incident HF (HR 1.10; 95% CI 1.07-1.13);
both HF with reduced ejection (HFrEF: HR 1.09; 95% CI 1.04-1.14) and HF with preserved
ejection fraction (HFpEF: HR 1.12; 95% CI 1.07-1.18). Patients with a CRP concentration

exceeding the commonly used limits for low-grade inflammation (>10/>20 mg/L) are at
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especially high risk of ASCVD events (compared to lowest CRP quintile: HR 1.90; 95% CI
1.58-2.29 for CRP >10 mg/L vs HR 1.60; 95% CI 1.35-1.89 for the highest CRP quintile <10
mg/L), and incident HF (compared to lowest CRP quartile: HR 2.49; 95% CI 1.74-3.56 for
CRP >20 mg/L vs HR 2.22; 95% CI 1.76-2.79 for the highest CRP quartile <20 mg/L). In both
analyses, the associations were independent of established CVD risk factors and medication
use, were not modified by prior CVD location, and remained consistent beyond 15 years
after the CRP measurement. These results indicate that inflammation is an important driver
of residual CVD risk. Anti-inflammatory agents such as low-dose colchicine, which to
date have only been tested and shown to reduce ASCVD events in patients with coronary
artery disease (CAD), may also effectively reduce ASCVD risk in patients with other CVD
locations (i.e. cerebrovascular disease, peripheral artery disease, and abdominal aortic

aneurysm), and may have a role in the prevention of HF.

In Chapter 4, we demonstrated that among non-diabetic patients with established CVD,
presence of the metabolic syndrome (MetS) defined according to the Adult Treatment
Panel (ATP) III criteria was independently associated with an increased risk of incident
HF (HR 1.32; 95% CI 1.04-1.68, HR per criterion 1.17; 95% CI 1.06-1.29). Of the individual
MetS components, only higher waist circumference, as a measure of abdominal obesity,
was independently associated with an increased risk of HF (HR per standard deviation
[SD] 1.34; 95% CI 1.17-1.53). Insulin resistance quantified using the homeostasis model
of insulin resistance (HOMA-IR) was also associated with an increased HF risk (HR per
SD 1.15; 95% CI 1.03-1.29). All associations were independent of established risk factors,
medication use, and the development of diabetes mellitus (DM) during follow-up, and were
similar for HFrEF and HFpEF. These results, combined with previous literature showing
an association between MetS and recurrent ASCVD, show that metabolic disturbances
largely related to abdominal obesity are another important driver of residual CVD risk,
even in the absence of DM. This supports the potential benefits of weight loss in patients
with established CVD. In addition, it suggests that therapies targeted at (components of) the
MetS, such as icosapent ethyl, and drugs that to date have mainly been tested in individuals
with DM, such as sodium/glucose cotransporter 2 (SGLT2) inhibitors and glucagon-like
peptide-1 (GLP-1) receptor agonists, may also have the potential to reduce ASCVD and HF

events in these patients.

Part II. Individualized prediction of risk and treatment effects

Just knowing which factors contribute to residual CVD risk is not enough to find out the
risk of an individual patient, as this is usually determined by a combination of risk factors.
As risk factor levels vary considerably between patients, there is a wide distribution of

residual risk, with some patients being at very high risk of future CVD events, whereas

325



Appendix

others have a relatively low residual risk under conventional therapy. Differences in residual
risk as well as remaining life expectancy between individuals also lead to heterogeneity
of treatment effects. Patients with a high residual risk or a long remaining life expectancy
(who can be treated over a long period of time) may have a large benefit from intensified
treatment, whereas in patients with a low residual risk or a limited remaining life
expectancy, the benefits of adding more treatments may not outweigh the costs and risk
of adverse events. So, estimates of an individual’s residual CVD risk and expected benefit
from treatment are important as they form a fundamental basis for treatment decisions.
For patients with ASCVD, the guidelines of the European Society of Cardiology (ESC)
therefore recommend that decisions on the initiation of intensified preventive therapies
are based on an individual’s predicted (lifetime) CVD risk and expected treatment benefit,
as estimated by the SMART? risk score and SMART-REACH lifetime prediction model.

However, there are currently no guideline-recommended risk scores for patients with HF.
Existing scores are limited by the large number of (not routinely available) predictors,
the lack of external validation and competing risk adjustment, the short-term predictions
(mostly 2-year risks), and the fact that they do not allow the prediction of individual
treatment benefits. In Chapter 5, we developed and externally validated the LIFEtime
perspective for Heart Failure (LIFE-HF) model. The LIFE-HF model can be used to predict
the 2- and 5-year risk of all-cause mortality + HF hospitalization, as well as an overall and
HF hospitalization-free life expectancy for individual patients with HFrEF, based on ten
routinely available predictors. As demonstrated by the validation in multiple trials and
cohorts of HFrEF patients from various geographic regions, the model’s discriminative
ability is similar or better than that of existing models, with c-statistics of 0.65-0.74, and
the model’s calibration is excellent for up to at least a 10-year period. In addition, the model
was combined with HRs from trials to allow the prediction of individual treatment benefits
from any combination of guideline-recommended therapies for HFrEF. This showed the
heterogeneity of absolute treatment benefits in patients with HFrEF: combined treatment
with a mineralocorticoid receptor antagonist (MRA), SGLT2 inhibitor, and angiotensin
receptor-neprilysin inhibitor (ARNI) was estimated to afford a median of 2.5 additional
years of overall survival, with an interquartile range (IQR) of 1.7-3.7 years. Use of the
LIFE-HF interactive tool in clinical practice could help physicians to identify patients with
the greatest need for/benefit from intensified treatment, and to communicate risks and
treatment benefits to patients, supporting both personalized medicine and shared decision-
making. This could improve the lacking implementation of novel guideline-recommended
therapies, and reduce the high residual risk of hospitalization and mortality in patients
with HFrEF.
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For patients with ASCVD, the ESC Guidelines include a list of intensified (step 2)
prevention strategies that may be considered after conventional (step 1) preventive therapy
has been instituted, to reduce residual CVD risk. Among these intensified strategies is
anti-inflammatory therapy with low-dose colchicine, but the list also includes low density
lipoprotein-cholesterol (LDL-C) reduction to <1.4 mmol/L, and systolic blood pressure
(SBP) reduction to <130 mmHg. Estimating individual treatment benefits of these three
strategies could help to decide which therapy is the most effective approach to reduce
residual CVD risk in each patient. In Chapter 6, we used the SMART-REACH model to
predict the individual lifetime benefits of low-dose colchicine, and compare them to those
of LDL-C reduction to 1.4 mmol/L, and SBP reduction to 130 mmHg, in a large population
of patients with chronic CAD. This showed that low-dose colchicine affords a median of 2.0
(IQR 1.6-2.5) additional years of CVD-free survival, as compared to 1.2 (IQR 0.6-2.1) years
for intensified LDL-C reduction, and 0.7 (IQR 0.0-2.3) years for intensified SBP reduction.
It was estimated that the lifetime benefits of low-dose colchicine exceed those of intensified
LDL-C reduction in 70%, and those of intensified SBP reduction in 68% of patients. As
in Chapter 5, this analysis also shows that absolute treatment benefits vary considerable
between patients, and that treatment decisions including the choice of therapy should
therefore be tailored to the individual. In general, the findings of this chapter suggest that
anti-inflammatory therapy with low-dose colchicine is a more effective approach to reduce
residual CVD risk than intensified LDL-C or SBP reduction in the majority of patients
with chronic CAD.

Another intensified preventive treatment that can be used to reduce residual CVD risk
in patients with ASCVD is icosapent ethyl, a highly purified eicosapentaenoic acid (EPA)
ethyl ester that lowers triglycerides. The ESC Guidelines recommend that icosapent ethyl
may be considered in patients with ASCVD and triglycerides >1.5 mmol/L who have a high
residual risk. This raises the question as to how the effects of icosapent ethyl are influenced
by baseline residual risk. In Chapter 7, we showed that icosapent ethyl significantly reduces
major adverse cardiovascular events (MACE) across all quartiles of SMART2-estimated
baseline CVD risk, with an HR that ranged from 0.62 (95% CI 0.43-0.88) in the lowest to
0.78 (95% CI 0.63-0.96) in the highest risk quartile. Despite the numerical attenuation of
the relative treatment effect, the absolute risk reduction increased across risk quartiles, i.e.
ranged from 3.9% (95% CI 1.0-6.8%) in the lowest to 5.6% (95% CI 1.3-10.0%) in the highest
risk quartile. These results indicate that icosapent ethyl can be used to effectively reduce
residual CVD risk in all patients with ASCVD and elevated triglyceride levels irrespective
of the size of their residual risk. This may support a broader use of icosapent ethyl than

currently recommended in the ESC Guidelines.
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Besides that treatment effects can be influenced by an individual’s CVD risk and remaining
life expectancy, they may also change over time. For example, it is conceivable that a
preventive treatment is more effective in the first two years after the CVD event than in
the fifth or tenth year of treatment, or when patients are young as compared to when they
get older. This is important as cardiovascular preventive therapies are usually continued
lifelong. Knowing how treatment effects change over time may have important implications
for the timing of the initiation (or discontinuation) of preventive therapy, and the prediction
of individual long-term treatment effects like in Chapters 5-7. In Chapter 8, we performed
a meta-analysis of all relevant trials of LDL-C lowering therapies conducted to date, to
establish the course of the relative treatment effects of a 1 mmol/L LDL-C reduction on
CVD risk over time. This showed that in the secondary prevention of CVD, the effects of
LDL-C reduction are stable over time, i.e. both follow-up time (up to at least ~7 years) and
age. In primary prevention, the effects of LDL-C reduction were shown to significantly
attenuate with higher age. These findings may indicate that in the primary prevention
of CVD, physicians should strive towards early initiation of LDL-C lowering therapy in
younger individuals at high risk of CVD. In secondary prevention, the current practice of
starting LDL-C lowering therapy shortly after the first CVD event and then continue this
therapy lifelong remains desirable. When the long-term effects of LDL-C reduction are
predicted in individuals without a history of CVD, the use of an age-dependent treatment

effect should be considered.

Concluding remarks

Systemic inflammation and obesity-related metabolic disturbances are important drivers of
residual CVD risk. Existing and future therapies targeted at these risk factors may have an
important role in reducing this risk. When making decisions on the initiation of intensified
preventive treatment, the heterogeneity of treatment effects related to interindividual
differences in risk factor levels, residual CVD risk, remaining life expectancy, and changes
in treatment efficacy over time should be taken into account. Ideally, clinical prediction
models accounting for all of these factors to estimate an individual’s residual CVD risk and
expected benefit from a variety of treatment options should be used to support clinical and
shared decision-making. This has the potential to improve the implementation of intensified
preventive therapies in patients with the largest need for/benefit from treatment, which
could reduce the future burden of CVD in patients with ASCVD and HF.
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Samenvatting (voor niet-ingewijden)

Hart- en vaatziekten zijn de meest voorkomende niet-besmettelijke ziekten en de
belangrijkste doodsoorzaak wereldwijd. Mensen die een bijzonder hoog risico hebben op
hart- en vaatziekten en vroegtijdig overlijden zijn mensen die in het verleden al eens een
vorm van hart- en vaatziekten hebben doorgemaakt, zoals een hartinfarct, beroerte of
hartfalen. Door de jaren heen zijn er verschillende risicofactoren ontdekt die het risico
op hart- en vaatziekten verhogen, zoals roken, een hoog cholesterolgehalte in het bloed
en een hoge bloeddruk. Tegenwoordig krijgen daarom bijna alle patiénten met een
voorgeschiedenis van hart- en vaatziekten levenslang cholesterol- en bloeddrukverlagende
medicijnen en bloedverdunners voorgeschreven met als doel om toekomstige hart- en
vaatziekten te voorkomen. Bij patiénten met chronisch hartfalen worden hier vaak nog
een aantal medicijnen aan toegevoegd die ervoor zorgen dat de belasting op het hart wordt
verminderd, de pompfunctie verbetert, en het lichaam minder vocht vasthoudt. Ondanks
al deze medicijnen zijn er nog steeds veel patiénten met hart- en vaatziekten die een hoog
risico blijven houden op het krijgen van nieuwe hart- en vaatziekten en op vroegtijdig
overlijden. Het risico wat overblijft nadat de optimale reguliere behandeling (zoals hierboven
beschreven) is opgestart, wordt ‘residuaal risico’ genoemd. Om de prognose van patiénten
met hart- en vaatziekten te kunnen verbeteren, is het belangrijk dat er risicofactoren worden
geidentificeerd die bijdragen aan dit residuaal risico. Deze risicofactoren zouden namelijk
aangrijpingspunten kunnen vormen voor aanvullende en nieuwe behandelingen. Daarnaast
is het belangrijk om het residuaal risico en de effecten van aanvullende behandelingen te
kunnen voorspellen voor individuele patiénten, zodat een intensievere behandeling vooral
kan worden voorgeschreven aan patiénten die dit het hardste nodig hebben (patiénten met
het hoogste residuaal risico) en hier het meeste baat bij hebben (patiénten met het grootste
verwachte behandeleffect).

Dit proefschrift bestaat uit twee delen: Deel I richt zich op risicofactoren die bijdragen
aan het residuaal risico op hart- en vaatziekten, waar Deel II zich richt op het voorspellen
van het residuaal risico en de effecten van aanvullende behandelingen voor individuele

patiénten met hart- en vaatziekten.

Deel I. Risicofactoren die bijdragen aan het residuaal risico op hart-
en vaatziekten

Er zijn meerdere risicofactoren waarvan wordt gedacht dat ze mogelijk bijdragen aan
het residuaal risico op hart- en vaatziekten. Onder deze risicofactoren zijn factoren die
samenhangen met overgewicht, zoals laaggradige ontsteking en het metabool syndroom

(een verzamelnaam voor een aantal verstoringen in het bloed en vetweefsel die plaats
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kunnen vinden bij mensen met overgewicht). Met de wereldwijde toename van overgewicht

en obesitas zouden deze factoren wel eens steeds belangrijker kunnen gaan worden.

In Hoofdstuk 2, hebben we het verband tussen C-reactief proteine (CRP), een eiwit in
het bloed dat de mate van ontsteking in het lichaam aangeeft, en het optreden van nieuwe
hart- en vaatziekten onderzocht. Hieruit kwam naar voren dat het hebben van een hoge
CRP concentratie in het bloed, en dus een grotere mate van ontsteking in het lichaam, in
verband staat met een hoger risico op het krijgen van nieuwe hart- en vaatziekten zoals een
hartinfarct of beroerte, en op vroegtijdig overlijden. In Hoofdstuk 3, hebben we hieraan
toegevoegd dat een hoge CRP waarde ook in verband staat met een hoger risico op het
ontwikkelen van hartfalen. Het kwart van de patiénten met het hoogste CRP had een
anderhalf tot tweeénhalf keer zo hoog risico op toekomstige hart- en vaatziekten dan het
kwart van de patiénten met het laagste CRP. Het verband tussen CRP en hart- en vaatziekten
was onafhankelijk van reeds bekende risicofactoren (zoals cholesterol en bloeddruk),
medicatiegebruik en het type hart- en vaatziekten, en bleef constant tot meer dan 15 jaar
nadat het CRP was gemeten. Deze resultaten laten zien dat laaggradige ontsteking een
belangrijke drijvende factor is van het residuaal risico op hart- en vaatziekten. Dit zou
kunnen betekenen dat ontstekingsremmende medicijnen, zoals bijvoorbeeld colchicine, een
belangrijke rol zouden kunnen spelen in het voorkomen van nieuwe hart- en vaatziekten in

patiénten waarbij het risico niet genoeg wordt teruggebracht met de reguliere behandeling.

In Hoofdstuk 4, hebben we het verband tussen de aanwezigheid van het metabool syndroom
en het optreden van hartfalen onderzocht. Men spreekt van het metabool syndroom op
het moment dat een patiént voldoet aan minimaal drie van de volgende vijf criteria:
vergrote buikomtrek, verhoogde bloeddruk, verhoogde vetzuren in het bloed, verlaagd
HDL-cholesterol (het “goede” cholesterol) in het bloed, en een verhoogd suikergehalte in
het bloed. Ons onderzoek wees uit dat het hebben van het metabool syndroom in verband
staat met een 32% hoger risico op hartfalen. Van de individuele componenten van het
metabool syndroom bleek het met name de vergrote buikomtrek te zijn die bijdraagt aan
dit hogere risico. Ook dit verband was onathankelijk van reeds bekende risicofactoren
en medicatiegebruik. Daarnaast was het verband ook onafthankelijk van het ontwikkelen
diabetes (suikerziekte), hetgeen nog wel eens wordt gezien als de belangrijkste link tussen
overgewicht en hart- en vaatziekten. Dit hoofdstuk laat zien dat verstoringen in het
bloed en vetweefsel die samenhangen met overgewicht ook een belangrijke bijdragende
factor zijn aan het residuaal risico op hart- en vaatziekten. Dit ondersteunt het belang
van gewichtsverlies in patiénten met hart- en vaatziekten. Daarnaast suggereert het dat
behandelingen die aangrijpen op (componenten van) het metabool syndroom ook een rol
zouden kunnen spelen in het voorkomen van nieuwe hart- en vaatziekten in patiénten met

een hoog residuaal risico. Voorbeelden van dergelijke behandelingen zijn het bloedvet-
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verlagende medicijn icosapent ethyl en recent ontdekte medicijnen die onder andere het
suikergehalte in het bloed verlagen maar tot op heden met name worden gebruikt in mensen

met diabetes.

Deel II. Geindividualiseerde voorspellingen van residuaal risico en
behandeleffecten

Enkel weten welke factoren bijdragen aan het residuaal risico op hart- en vaatziekten is
niet voldoende om het exacte risico van een individuele patiént in te schatten, omdat dit
risico door een combinatie van veel verschillende risicofactoren wordt bepaald. Aangezien
er grote verschillen zitten in risicofactoren tussen patiénten, bestaat er ook een grote
spreiding in het residuaal risico, waarbij sommige patiénten een heel hoog risico lopen op
toekomstige hart- en vaatziekten, terwijl anderen slechts een heel laag risico hebben onder
reguliere behandeling. Door deze grote verschillen in risico, zijn er ook grote verschillen
in de effectiviteit van behandelingen tussen patiénten. Als voorbeeld: een medicijn dat het
risico op hart- en vaatziekten met 20% verlaagt, leidt in een patiént met een 10-jaarsrisico
van 15% tot een absolute risicodaling van 3% (van 15% naar 12%), terwijl ditzelfde medicijn
in een patiént met een 10-jaarsrisico van 50% leidt tot een absolute risicodaling van wel
10% (van 50% naar 40%). In het eerste geval zul je 33 van dergelijke patiénten gedurende
10 jaar moeten behandelen om bij een van hen hart- en vaatziekten te voorkomen, terwijl
dit in het tweede geval maar 10 patiénten zijn. Met andere woorden, de effecten van een
behandeling zijn in principe het grootst in patiénten met het hoogste risico. Tegelijkertijd
is de behandelduur ook van invloed op het totale behandeleffect. Een jonge patiént met
een lange resterende levensverwachting, kan over een lange periode behandeld worden en
dus ook lang profiteren van de positieve effecten van de behandeling. Hierdoor is het totale
behandeleffect vaak groter dan bij een oude patiént met een zeer korte levensverwachting.
Bij patiénten met een laag residuaal risico of een korte levensverwachting kan het dus
zijn dat de voordelen van een aanvullende behandeling niet opwegen tegen de nadelen,
zoals de bijwerkingen en kosten van de behandeling. Daarom is het dus belangrijk om
geindividualiseerde schattingen te hebben van het residuaal risico en het te verwachten
effect van behandelingen, zodat op basis hiervan behandelbeslissingen kunnen worden
gemaakt door de arts in samenspraak met de patiént. Dergelijke schattingen kunnen
worden gemaakt met behulp van een voorspelmodel, een soort formule die op basis van
patiéntkenmerken iemands risico op hart- en vaatziekten uitrekent. Voor patiénten met
hart- en vaatziekten als een hartinfarct of beroerte bestaan er reeds dit soort modellen,
zoals de SMART? risicoscore voor 10-jaarsvoorspellingen en het SMART-REACH model
voor levenslange voorspellingen. Het gebruik van deze modellen wordt aanbevolen door

de Europese richtlijnen voor cardiologen.
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Echter, voor patiénten met chronisch hartfalen bestonden er nog geen voorspelmodellen
die werden aanbevolen door de Europese richtlijnen. In Hoofdstuk 5, hebben wij daarom
het LIFE-HF model ontwikkeld. Dit model kan worden gebruikt om op basis van een aantal
patiéntkenmerken (leeftijd, geslacht, medische voorgeschiedenis, bloeddruk, hartfunctie
en nierfunctie) het risico op overlijden in de komende 2 jaar en 5 jaar te voorspellen voor
een individuele patiént. Daarnaast voorspelt het ook de levensverwachting van de patiént.
Tevens kan het model het risico op een ziekenhuisopname door toenemend hartfalen
voorspellen. Door het model te testen in grote aantallen patiénten hebben we laten zien
dat het model goed onderscheid kan maken tussen patiénten met een hoog en een laag
risico en dat het risico dat wordt voorspeld door het model meestal erg in de buurt komt
van het daadwerkelijke risico van een patiént. Naast risico’s, kan het LIFE-HF model ook
de effecten van verschillende behandelingen voor hartfalen voorspellen. Hiervoor hebben
we de behandeleffecten die zijn vastgesteld in grootschalige geneesmiddelenonderzoeken
toegevoegd aan het model. Op deze manier kan het model voorspellen met hoeveel procent
het risico zal dalen en met hoeveel jaar de levensverwachting zal stijgen indien een bepaalde
behandeling gestart wordt. Het LIFE-HF model zou hiermee als hulpmiddel kunnen dienen
voor artsen om patiénten te selecteren die het meeste baat hebben bij een aanvullende
behandeling. Ook zou het artsen kunnen helpen om de prognose van de ziekte en de effecten
van behandeling beter te communiceren naar hun patiénten, waardoor het mogelijk wordt
om samen met de patiént behandelbeslissingen te maken. Dit zou ertoe kunnen leiden dat
nieuwe bewezen effectieve behandelingen meer gaan worden toegepast en de prognose van

patiénten met hartfalen wordt verbeterd.

In de Europese cardiologie richtlijnen is een lijstje opgenomen met aanvullende
behandelingen die kunnen worden overwogen in patiénten met een hoog residuaal risico
op hart- en vaatziekten. Op dit lijstje staan onder andere het ontstekingsremmende medicijn
colchicine (in een lage dosis), maar ook het nog intensiever verlagen van het cholesterol en
de bloeddruk. De vraag is dan welke behandeling het meest effectief is voor de individuele
patiént. In Hoofdstuk 6, hebben we het SMART-REACH model gebruikt om in een grote
populatie van patiénten met een hartinfarct of hartoperatie (dotter of omleiding) in de
voorgeschiedenis voor iedere patiént het effect van lage-dosis colchicine, aanvullende
cholesterolverlaging en aanvullende bloeddrukverlaging te voorspellen en met elkaar
te vergelijken. Het effect van de behandelingen werd uitgedrukt in het aantal gewonnen
levensjaren zonder nieuwe hart- en vaatziekten. Hieruit kwam naar voren dat lage-dosis
colchicine naar schatting gemiddeld leidt tot 2.0 gewonnen vaatziektevrije levensjaren,
ten opzichte van 1.2 en 0.7 vaatziektevrije levensjaren met respectievelijk aanvullende
cholesterolverlaging en aanvullende bloeddrukverlaging. Het voorspelde behandeleffect
van lage-dosis colchicine was groter dan dat van aanvullende cholesterolverlaging in 70%

en aanvullende bloeddrukverlaging in 68% van de patiénten. Deze resultaten laten zien dat
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welke behandeling het meest effectief is in het verlagen van het residuaal risico op hart- en
vaatziekten verschilt per patiént en dat de keuze voor het type behandeling dus moet worden
afgestemd op het individu, bijvoorbeeld door gebruik te maken van het SMART-REACH
model. In het algemeen, wijst dit onderzoek uit dat in de meeste gevallen het toevoegen
van de ontstekingsremmer lage-dosis colchicine meer oplevert dan het intensiveren van de

cholesterol- en bloeddrukverlagende behandeling.

Een andere behandeling die ook in de Europese richtlijnen genoemd wordt als optie om te
overwegen als aanvulling op de reguliere behandeling van patiénten met hart- en vaatziekten
is icosapent ethyl. Dit medicijn bevat een hoge dosis omega-3 vetzuren, een gezond vetzuur
dat ook veel zit in vis en plantaardige olién, en wat het gehalte van “slechte” vetten in het
bloed verlaagd. De richtlijnen schrijven voor dat dit medicijn met name overwogen dient te
worden in patiénten met een zeer hoog residuaal risico. Dit roept de vraag op of het effect
van icosapent ethyl inderdaad athankelijk is van de hoogte van iemands risico, of dat het
wellicht ook effectief kan zijn in patiénten met een minder hoog risico. In Hoofdstuk 7,
hebben we aangetoond dat icosapent ethyl het risico op nieuwe hart- en vaatziekten met
38% verlaagd in patiénten met een laag uitgangsrisico, en met 22% in patiénten met een
hoog uitgangsrisico. De absolute risicodaling over een periode van ongeveer 5 jaar was
3.9% in laag-risico patiénten en 5.6% in hoog-risico patiénten. Met andere woorden, de
relatieve risicovermindering door behandeling met icosapent ethyl is groter in laag-risico
patiénten, waardoor de absolute risicovermindering in deze patiénten, ondanks hun lage
uitgangsrisico, toch substantieel is en in de buurt komt van die in hoog-risico patiénten.
Dit betekent dat icosapent ethyl ingezet kan worden voor het voorkomen van nieuwe hart-
en vaatziekten in zowel patiénten met een hoog residuaal risico, als patiénten met een wat
lager risico. Wellicht dus dat dit medicijn breder zou moeten worden ingezet dan op dit

moment wordt aanbevolen door de Europese richtlijnen.

Naast dat de effecten van een behandeling kunnen athangen van het risico en de resterende
levensverwachting van een patiént, kunnen ze ook veranderen over de tijd. Dit is relevant
voor behandelingen van hart- en vaatziekten aangezien deze vaak voor een lange periode
(meestal levenslang) moeten worden doorgebruikt. Weten of en hoe de effecten van een
behandeling veranderen over de tijd is belangrijk voor het bepalen van het juiste start- en
stopmoment en voor het voorspellen van de langetermijneffecten zoals in de Hoofdstukken
5-7. In Hoofdstuk 8, hebben we de resultaten van alle belangrijke onderzoeken die tot
op heden zijn verricht naar de effectiviteit van cholesterolverlagende behandelingen
gecombineerd, om het verloop van de effecten van cholesterolverlaging op het risico op hart-
en vaatziekten over de tijd te analyseren. Hieruit kwam naar voren dat in patiénten met een
voorgeschiedenis van hart- en vaatziekten, het effect van cholesterolverlaging niet verandert

over de tijd, in ieder geval niet gedurende de eerste zeven jaar van de behandeling. Echter,
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in mensen met risicofactoren voor hart- en vaatziekten (zoals diabetes of hoge bloeddruk)
maar die nog niet eerder een vorm van hart- en vaatziekten hebben doorgemaakt, nam het
effect van cholesterolverlaging af met het toenemen van de leeftijd. Dit betekent dat artsen
er naar zouden moeten streven om zo vroeg mogelijk te starten met cholesterolverlagende
behandeling in jonge mensen die een hoog risico lopen om later hart- en vaatziekten te
krijgen. Voor patiénten die al hart- en vaatziekten hebben doorgemaakt, suggereren deze
resultaten dat het voordelig is om de cholesterolverlagende behandeling levenslang voort
te zetten.

Conclusie

Laaggradige ontsteking en aan overgewicht gerelateerde verstoringen in het bloed en
vetweefsel zijn belangrijke drijvende factoren van het residuaal risico op hart- en vaatziekten.
Bestaande en toekomstige behandelingen gericht op deze risicofactoren zouden een
belangrijke rol kunnen spelen in het verlagen van dit risico. Bij het maken van beslissingen
over het starten van aanvullende behandelingen in patiénten met hart- en vaatziekten, moet
rekening worden gehouden met de risicofactoren, het residuaal risico en de levensverwachting
van de individuele patiént. Idealerwijs, zouden modellen die rekening houden met al deze
factoren om het residuaal risico en de te verwachten effecten van aanvullende behandelingen
te voorspellen voor individuele patiénten moeten worden gebruikt om behandelbeslissingen
en het gesprek hierover tussen arts en patiént te ondersteunen. Dit heeft de potentie om
ervoor te zorgen dat aanvullende bewezen effectieve behandelingen meer zullen worden
toegepast in die patiénten die daar het meeste baat bij hebben, wat de prognose van patiénten

met hart- en vaatziekten sterk zou kunnen verbeteren.
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Dit proefschrift was er natuurlijk nooit gekomen zonder de hulp en steun van velen. Ik wil

daarom graag een aantal mensen bedanken voor hun onmisbare bijdrage.

Ten eerste, wil ik graag mijn promotieteam bedanken: mijn promotor prof. dr. Frank L.].
Visseren, copromotoren dr. Jannick A.N. Dorresteijn en dr. Stefan Koudstaal, en dr. Arend
Mosterd, die door omstandigheden geen officiéle promotortitel kon krijgen maar wel als
dusdanig betrokken was bij mijn promotie.

Beste Frank, ik kan me mijn eerste sollicitatiegesprek met jou nog herinneren als de dag
van gisteren. Vooral de volgende uitspraak bleef hangen: “Als je bij ons komt werken, moet
je je wel realiseren dat we hier Champions League spelen”. Om twee redenen beviel me dit
wel: één, ik ben een voetbalfan dus kon de metafoor wel waarderen, en twee, ik wilde graag
leren om op hoog niveau onderzoek te doen en artikelen te schrijven die echt impact zouden
hebben op de klinische praktijk. Soms beweren mensen nog wel eens Champions League te
spelen, maar is het in werkelijkheid meer Europa League of zelfs Conference League (om
in voetbaltermen te blijven), maar in jouw geval was er geen woord aan gelogen. Wat mij
betreft heb je een geweldige onderzoeksgroep gecreéerd waarin zowel de kwaliteit van het
onderzoek, als ook een goede, gezellige sfeer hoog in het vaandel staan. Wat ik met name
heb gewaardeerd is dat we van begin af aan op gelijkwaardig niveau konden discussiéren.
Van hiérarchie (op een vervelende manier) heb ik nooit wat gemerkt. Bedankt voor je
betrokkenheid, laagdrempeligheid, en altijd positieve begeleiding. En tot slot, bedankt
dat je me de kans hebt gegund om een half jaar langer te blijven in een combifunctie als
onderzoeker en datamanager van UCC-SMART.

Beste Jannick, wat mij betreft ben jij het schoolvoorbeeld van een ideale copromotor. Je
hebt ongelooflijk veel kennis op zowel klinisch, als wetenschappelijk vlak en bent nooit te
beroerd om deze kennis over te dragen op andere mensen. Daarnaast kwam je vaak met
creatieve oplossingen voor problemen waar ik in mijn onderzoek tegenaan liep. Maar wat ik
misschien wel het meeste heb gewaardeerd is je bescheidenheid. Als er complimenten werden
uitgedeeld over een onderzoek was jij altijd de eerste die de credits aan de onderzoeker gaf.
Ik wil je bedanken voor al je hulp, tips en adviezen, maar ook voor de gezelligheid tijdens

bijvoorbeeld het beachvolleybalevenement en de ESC congressen.

Beste Stefan, met jou was mijn copromotor dreamteam compleet. Tijdens mijn
werkbesprekingen was jij altijd de rust zelve en had je alle geduld van de wereld. Zelfs als
ik was aangekomen bij slide 28 en op het punt stond de 41¢ calibratieplot van de dag door

te nemen, luisterde jij nog even aandachtig. Nadat ik al mijn informatie en problemen over
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jullie had uitgestort, kwam jij vaak met een aantal hele duidelijke en concrete suggesties waar
ik direct mee verder kon. Ook waardeer ik jouw toewijding om altijd bij de werkbespreking
aanwezig te zijn. Even een korte opsomming van plekken waarvandaan jij hebt ingebeld:
de auto, het zwembad tijdens de zwemles van je kinderen, een picknicktafel op een terras
waar je was neergestreken nadat je een eind had gefietst, en de speeltuin (terwijl je met één
hand je zoontje duwde op de schommel). Jij joinde zelfs een keer de meeting toen ik zelf
op vakantie was. Dit symboliseert hoe betrokken jij was bij mijn promotietraject, ondanks
het feit dat we elkaar door covid en het werken in verschillende ziekenhuizen nauwelijks
in het echt hebben gezien. Bedankt dat je ondanks de afstand zo’n goede copromotor voor
me bent geweest. Tot slot wil ik je bedanken voor je onmisbare bijdrage aan het LIFE-HF

project, met als hoogtepunt natuurlijk jouw presentatie op het ESC congres in Barcelona.

Beste Arend, zoals al even benoemd was jij uiteindelijk niet officieel een van mijn (co)
promotoren. Maar dat deze officiéle erkenning ontbrak, leek jou geen moment iets uit te
maken. Je bent gedurende mijn hele promotietraject erg nauw betrokken geweest bij mij
en mijn projecten. Zo heb jij ervoor gezorgd dat ik tot twee keer toe de kans kreeg om
een van mijn onderzoeken te presenteren op een nationaal cardiologie congres (WCN
en NVVC). Het LIFE-HF project en het project met de LoDoCo data waren zonder jou
nooit mogelijk geweest. Ook jij deed er ondanks de afstand en je hele drukke schema
alles aan om bij mijn werkbesprekingen aanwezig te zijn. Dit terwijl je regelmatig midden
in een overvolle poli zat of het spoedsein bij je droeg. Ik was altijd blij om te zien dat je
nadat je de meeting had verlaten om belangrijke (misschien wel levensreddende) zorg te
verlenen aan patiénten, je daarna ook weer bereid was om je te concentreren op mijn iets
minder vitale onderzoeksproblematiek. En als ik je een mail stuurde waarin ik je bestookte
met vragen over LIFE-HF of het LoDoCo project reageerde je steevast met: “morgen even
bellen? gr arend”. Dan nam je uitgebreid de tijd om alles met me door te spreken zodat ik
er weer mee verder kon. Ik wil je bedanken voor de goede begeleiding en de kansen die je
me hebt geboden om te spreken op congressen en te werken met toonaangevende data en

wetenschappers.

Dan wil ik graag alle andere collega’s van de vasculaire geneeskunde, Wilko, Stan, Melanie,
Thomas, Jorn, Jean-Paul, Manon, Margreet, Corien, Irene en Margie bedanken voor de fijne

sfeer en prettige samenwerking.

Beste dr. Westerink, beste Jan, allereerst bedankt dat je me “gescout” hebt, zoals jij dat zou
zeggen. Ook wil ik je bedanken voor de goede en nooit saai wordende begeleiding tijdens
mijn onderzoeksstages waarmee je mij enthousiast hebt gemaakt om te starten met dit

promotietraject.
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Beste Corina en Sara, bij jullie op de kamer op de trial unit kom je terecht in een warm
bad. De sfeer is er altijd goed en als je mazzel hebt kun je een bonbon of een stuk taart
meepikken, gekregen van een van jullie vele tevreden patiénten. En als het even wat minder
gezellig is, is dat omdat er even gezamenlijk wordt geklaagd over de frustraties des levens.

Ook wel eens prettig. Bedankt voor dit alles.

Beste UCC-SMART medewerkers, Ank, Lies, Hetty, Pauline, Rosanne, Mandy, Rutger,
Esther en Angela, veel dank voor de fijne samenwerking. Zonder jullie dagelijkse inzet voor
de UCC-SMART studie waren vele onderzoeken uit dit proefschrift niet mogelijk geweest.

Prof. dr. Michiel Bots en dr. Maarten van Smeden wil ik graag bedanken voor het begeleiden

en beoordelen van mijn researchproject tijdens de master epidemiologie.

Beste leden van de beoordelingscommissie, prof. dr. ir. Yvonne T. van der Schouw, prof.
dr. Frans H. Rutten, prof. dr. ir. Hester M. den Ruijter, prof. dr. Pim van der Harst en prof.
dr. Rudolf A. de Boer, bedankt voor jullie bereidheid om dit proefschrift te beoordelen. Ik

kijk er naar uit om met jullie van gedachten te wisselen over mijn proefschrift.

Then, I would like to thank all co-authors and collaborators for their invaluable

contributions to the papers included in this thesis.

Beste mede-onderzoekers, bedankt voor al jullie dagelijkse gezelligheid in het van Geuns.
Vaak werd er hard gewerkt, maar nog vaker werd er hard gelachen. Bedankt voor de hulp
wanneer er iets niet lukte in R (Steven), en bedankt voor de mentale support wanneer het
desondanks nog steeds niet lukte (iedereen behalve Steven). Ik vond het geweldig om
onderdeel te mogen zijn van zo’n fijne groep, met zoveel leuke, unieke karakters. Een
persoonlijk woordje voor jullie allemaal. Steven, voor mijn komst was jij de enige mannelijke
onderzoeker bij de vascu, wat sommige mannen misschien lastig hadden gevonden. Maar
al direct werd duidelijk dat ik met jou geen medelijden hoefde te hebben. Iedereen liep met
jou weg, van mede-onderzoekers tot bazen. En terecht, want je bent niet alleen super goed
in onderzoek doen, maar ook gewoon een hele gezellige en grappige vent. Jij was zo goed
met R dat ik in het begin even heb gedacht dat jij R zelf had ontwikkeld. Bij een potje 30
seconds werd wel pijnlijk duidelijk dat jij meer R packages kent dan bekende Nederlanders.
Wat ik ook heb gewaardeerd is jouw ontzettend uitgesproken mening over de meest
onbenullige onderwerpen. Zo weigerde jij bijvoorbeeld principieel om voor mij een “bruine
substantie” te halen uit de koffieautomaat in het van Geuns. Britt, ik ken niemand die in
zo'n totaal ander persoon verandert na het nuttigen van 1 drankje en het horen van het
liedje ‘Lean on’. Van die rustige, nuchtere meid uit het oosten die otto zegt in plaats van

kliko, transformeerde jij dan in een echte Amsterdamse party girl. Bij onze borrels en
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feestjes tijdens vascuweekenden was jij dan ook altijd de laatste die naar huis wilde, mits
je geen trein hoefde te halen natuurlijk. Ook het atten van de 0,5 liter slagroom was een
van de hoogtepunten uit het van Geuns. Eline, wat was ik blij dat er een mede-Houtenaar
in de groep zat. Beetje jammer dat je Houten eigenlijk helemaal niet leuk vond...
Desondanks bracht je heel veel sfeer in de groep, en liet je niet alleen ons, maar ook de rest
van de mensen in het van Geuns meegenieten van je harde, zeer aanstekelijke lach. Wat ik
ook heb gewaardeerd is dat wij af en toe samen lekker konden zeuren op alles en iedereen,
en de hele wereld. Dit luchtte vaak enorm op. Ik hoop dat je ooit bij zinnen komt, ontdekt
dat Houten toch best leuk is, en dat we elkaar daar dan weer tegenkomen. Maria, jij was
zo'n belangrijk onderdeel van de groep dat het bij mij weken heeft geduurd voordat ik door
had dat jij helemaal niet bij de vascu promoveerde. Je was altijd vrolijk en positief en zorgde
vaak voor een gezonde dosis meligheid met je oneindige stroom aan slechte woordgrappen.
Wist je even geen woordgrap meer te bedenken, dan zette je gewoon het liedje Tk wil ook
zo’n broek met van die zakken aan de zijkant’ op, en dan was de sfeer ook weer helemaal
goed. Ook fijn dat we elkaar konden helpen met, c.q. konden huilen over, onze eeuwig
durende predictieprojecten. Helena, ik bewonder jouw empathie, en hoe jij altijd interesse
toont in andere mensen. Je zegt wel eens dat je nog moet wennen aan de Hollandse
directheid, maar misschien moeten wij Hollanders gewoon wat overnemen van jouw Deense
vriendelijkheid. Fijn dat we elkaar konden helpen bij ingewikkelde lifetime predictie zaken.
Het naleven van jouw motto ‘stop whining, start shining’ lukte hierbij alleen niet altijd...
Tot slot denk ik dat er weinig moeders zijn die zo’n coole party trick in huis hebben. Marga,
als jij in het van Geuns was, werd er een tikkeltje minder gewerkt, maar een heleboel meer
gelachen. Vooral als je in de andere kamer ging zitten om je te “concentreren” om vervolgens
wel om de haverklap koffie te komen halen in onze kamer en gezellig te kletsen. Jij was onze
onbetwiste chef snacks. Ik hoefde nooit bang te zijn, want wij hadden een vrijwel identieke
smaak in snacks, dus als ik jou liet kiezen, wist ik zeker dat ik kreeg wat ik lekker vond.
Bedankt voor alle oreo’s die je voor me hebt gekocht. Zonder deze beloningen na iedere
afgeronde analyse of paragraaf van een manuscript, was dit proefschrift er waarschijnlijk
nooit gekomen. Ook fijn dat toen een docent tijdens een saai epi college vroeg of ze de boel
dan maar snel moest afronden, jij gewoon zonder gemute microfoon keihard “Ja, graag!”
zei. Nadia, jij liet promoveren eruit zien alsof het je totaal geen moeite kostte, jij had altijd
alles onder controle. En als dat even minder dreigde te worden, dan maakte je gewoon snel
een mega overzichtelijk to-do lijstje en een perfect doordachte mappenstructuur voor je
project, en dan was alles weer goed. Hier heb ik heel veel bewondering voor. Wat wel
relatable was voor mij en ook fijn, was dat wij allebei figuren maakten in PDF en daar dan
dingen in gingen aanpassen, ondanks protesten van collega’s (amateurs). Jij bent altijd super
aardig tegen iedereen, volgens mij komen woorden als conflict en ruzie niet eens in jouw
woordenboek voor. Dat siert jou enorm. Alhoewel ik één keer een lichtelijk gefrusteerde,

strenge versie van Nadia naar boven heb zien komen. Dit was voldoende om te weten dat
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ik die nooit tegen me wil hebben. Iris, wat ik bijzonder vind aan jou is hoe ongekend
makkelijk jij contact legt met mensen. Er is denk ik niemand op deze wereld waarmee jij
niet even een gezellig small talk gesprekje of serieuze discussie over politiek of klimaat zou
kunnen hebben. Daarnaast viel je organisatietalent op, ook al mocht je dit van sommige
mensen op een gegeven moment niet meer doen... Multitasken kon je ook als de beste: jij
bent de enige onderzoeker die ik ken die op het ene scherm een analyse in R kon draaien,
terwijl je op het andere scherm keek naar schattige kattenfilmpjes, een goed restaurant voor
die avond, of een nieuwe plek om met de paarden naartoe te gaan. De kattenfilmpjes kon
ik ook wel waarderen, en leuk dat we af en toe over onze eigen katten konden praten. Nog
sorry voor onze gebrekkige orthopedische kennis waardoor we je een weekend lang op een
gebroken voet door Lissabon hebben laten lopen. Katrien, nog zo'n unieke persoonlijkheid,
en eentje die echte Brabantse gezelligheid bracht in de groep. Wat ik het grappigste vind
aan jou is jouw taalgebruik. Het lijkt wel alsof jij een soort eigen taal hebt ontwikkeld die
een mengeling is van Brabants, Engels, straattaal, oud-Hollandse spreekwoorden en Spaans.
Ik bewonder jouw perfectionisme en super uitgebreide medische kennis. Je vroeg nog wel
eens of je mijn brein mocht lenen. Nou, ik zou je adviseren het jouwe te houden. Lukas, wat
kwam er met jou een bom aan energie het van Geuns binnen. Ik dacht dat ik jong was, maar
naast jou in Lissabon voelde ik me haast bejaard. Hier maakten we ook kennis met een
andere eigenschap van jou: jij raakt altijd kwijt. Deels komt dit doordat jij, waar je ook bent,
altijd bekenden tegenkomt. Waarschijnlijk ben je tijdens het lezen van dit stukje alweer 3
keer gestopt om iemand gedag te zeggen. Hoe kan het dat de enige persoon uit onze groep
die in Groningen heeft gestudeerd, zoveel mensen kent in Utrecht?! Dit laat zien hoe sociaal
jij bent. Wat ik ook mooi vond is dat als wij aan het klagen waren over iets, of iets totaal
atbrandden, jij steevast zei: “oh dat valt toch wel mee, ik vind het wel leuk”. Dit kenmerkt
jouw enthousiasme en positiviteit. Joris, alsof Lukas het energieniveau in het van Geuns
nog niet genoeg had opgekrikt, was jij daar ineens. Maar wat een aanwinst ben jij gebleken
voor onze groep. Je brengt enorm veel sfeer in de groep met je goeie grappen en gekke
stemmetjes/typetjes. Ik ken niemand die zo gezellig is op feestjes op alleen maar ginger
ales en ice teas. Daarnaast vond ik de R skills en kennis van statistiek die jij van begin af
aan liet zien, bizar. Al maakte je hierbij wel graag gebruik van ChatGPT, als het op medische
kennis aankwam leek je zelf af en toe wel een wandelende AI-bot. Wel vind ik het bijzonder
dat jij iedere dag een kaassouftlé eet bij de lunch terwijl je dit thuis nooit eet (gratis tip:
koop een airfryer), en dat iemand met zo veel kwaliteiten woont in een huis zonder ramen.
Als ik voor wat voor rede dan ook een vraag niet kan beantwoorden tijdens mijn verdediging,
is er niemand aan wie ik dit meer zou toevertrouwen dan aan jou. Bedankt dus dat je mijn

paranimf wil zijn.

Dan wil ik ook nog oud-collega’s Cilie en Tamar bedanken voor de gezelligheid en de

warme ontvangst bij de vascu. Pauline en Iris, bedankt voor de gezelligheid tijdens het ESC
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in Amsterdam. Ik weet zeker dat jullie een geweldige aanwinst zijn voor de groep en hoop
dat jullie een mooie promotietijd tegemoet gaan. Milena en Julia, wat leuk dat jullie je ook
regelmatig bij onze groep wilde aansluiten, het zij in het van Geuns, tijdens pubquizzen (go
team ‘Cholesterol never sleeps’!), of het ESC. Bedankt voor jullie gezelligheid en dat jullie
ons er af en toe aan wilde herinneren dat de pancreas en de nieren ook best belangrijke
organen zijn. Tot slot, collega’s van de infectieziekten, Patrick en Jesper, bedankt voor de

gezelligheid in het van Geuns, tijdens lunches en bij opdrachten voor de epi master.

Naast mijn collega’s wil ik natuurlijk ook graag mijn vrienden bedanken. Sommigen van
hen zouden nog niet eens een vage omschrijving kunnen geven van wat ik in dit proefschrift
heb onderzocht (jullie weten wie jullie zijn), maar dat maakt niet uit. De afleiding en
gezelligheid tijdens borrels, spelletjesavonden en vakanties hebben ervoor gezorgd dat ik de

energie bleef houden om door te gaan en mijn promotietijd tot een goed einde te brengen.

Ten eerste de leden van D4E. Wat ben ik blij dat wij meer dan 10 jaar na de middelbare school
nog steeds zo'n hechte vriendengroep zijn. Eigenlijk zijn we meer dan een vriendengroep,
een soort community, met onze eigen tradities, spelletjes en humor. Ik hoop dat we onze
maandelijkse activiteiten en jaarlijkse vakantie nooit zullen opgeven! Even een persoonlijke
noot voor jullie allemaal. Tim, wij kennen elkaar al 22 jaar, hebben van groep 3 tot en met
6 VWO bjj elkaar in de klas gezeten en zijn altijd goeie vrienden geweest en gebleven. Ik
hou van je soms goeie, en soms ook gewoon hele rare humor. Ook vind ik het mooi hoe
jij je volledig op iets kunt storten om daar de beste in te worden, wat tot zowel frustratie
als trots van mij dan ook eigenlijk altijd lukt. Luuk, ook we go way back, weet je nog toen
we de jongensdubbel tot en met 10 jaar wonnen op de clubkampioenschappen? Als jij om
iets lacht, wordt het automatisch twee keer zo grappig (vooral als je een van ons uitlacht).
Ook bewonder ik hoe jij doelen voor jezelf stelt en er vervolgens alles aan doet om die
te bereiken, of het nou is in de sport of in studie/werk. Léon, als ik aan jou denk, denk
ik als eerste aan je woordgrappen (van wisselende kwaliteit) en onze legendarische FIFA
carriéres (Crouch en kast Jones in de spits bij Stoke City met Kuyt op rechts, en natuurlijk
het eeuwige talent Embolo bij iedere club waarmee we speelden). Ik vind het mooi om te
zien hoe jij bent uitgegroeid van een jongen op de middelbare school die eigenlijk geen vak
echt leuk vond en nergens echt voor ging, tot iemand die zich volledig geeft voor zijn eigen
onderneming(en) en daarmee ook nog iets goeds doet voor andere mensen en de wereld.
Erik, wat ik het mooiste vind aan jou is hoe oneindig fanatiek jij bent, tot op het roekeloze
af (ik zie je nog door de lucht vliegen op die kartbaan in Duitsland). Met dit fanatisme weet
jij altijd het beste uit jezelf te halen, zowel bij dingen waar je overduidelijk talent voor hebt,
als ook bij dingen waar je ogenschijnlijk totaal niet voor gemaakt bent. Je bent altijd de
eerste aanwezige bij onze activiteiten en altijd enthousiast om nieuwe ideeén te bedenken

voor onze vriendengroep. Dan de Peters, van groot (2 meter) naar klein (1,94 meter). Peter
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G, de manier waarop jij als de meest relaxte man op aarde door het leven lijkt te surfen vind
ik bizar. Dit was al zo op de middelbare school: jij maakte je niet druk, leek ook niet echt je
best te doen en van het woord plannen had je sowieso nog nooit gehoord, maar uiteindelijk
lukte alles altijd alsnog. Nu twee studies en een toonaangevende baan verder en dit is nog
steeds zo. Bovendien zorg je met jouw bulderende lach en geweldige kookkunsten voor heel
veel sfeer in onze groep. Peter V, er is niemand op deze wereld die zo ontzettend lekker
kan balen als jij: het zij om een blikje knakworsten wat niet open gaat, een gemiste put bij
minigolf of een ballon die je maar niet opgeblazen krijgt. Maar wat jou zo'n sterk persoon
maakt is dat jij nooit opgeeft. Ongeacht de tegenslagen die jij te verwerken krijgt, jij staat
altijd weer klaar voor de volgende (spreekwoordelijke) bal. Dit heeft jou veel succes gebracht

en gaat jou ook nog veel succes brengen in de sport (triatlon en dergelijke) en je werk.

Dan de mannen van het padelteam bij de DD. Inmiddels zijn we veel meer dan alleen een
padelteam. Credits aan Mathijs dat hij onze vriendengroep heeft opgericht, zoals hij dat
zelf altijd zo bescheiden claimt. Ik wil jullie bedanken voor alle gezellige competitiedagen,
borrels en uitjes naar bierbrouwerijen, barbecues (bedankt Arné dat we onszelf altijd bij
jou mochten uitnodigen) en de ontelbare potjes dobre. Een woordje voor jullie allemaal.
Thom, ik bewonder hoe ‘laid-back’ jij in het leven staat. In plaats van je te richten op carriére
maken, zorg jij ervoor dat je zoveel mogelijk tijd vrij maakt voor dingen die je leuk vindt.
Door je leven goed in te richten, lukt het jou ieder jaar om meerdere maanden in Spanje
door te brengen. Dit vind ik knap. Wel wil ik je vragen om niet te veel naar Spanje te gaan,
want je wordt langzamerhand iets te goed in padel. Ook wachten we nog steeds op die
uitnodiging... Daarnaast wil ik je bedanken dat je me hebt geleerd dat ‘wat je zegt ben je
zelf” ook gewoon een geaccepteerde discussietechniek is voor volwassenen. Arné, van jou
leer ik dat je nooit te oud bent om je jong te gedragen. Ik zal je leeftijd hier niet noemen,
maar laten we zeggen dat je al heel lang geleden je rijbewijs hebt gehaald. Jij houdt altijd
het hoofd koel en in de paar jaar dat ik jou ken, heb ik jou volgens mij nog nooit horen
klagen, ook dat bewonder ik aan jou. Ik hoop nog vaak te mogen genieten van je smashes
uit de kooi en je schwalbes bij dobre, altijd gevolgd door datzelfde geniepige lachje. Bas,
tegen jou wil ik eerst sorry zeggen voor alle keren dat ik/we je belachelijk hebben gemaakt
en uitgelachen om je typische Bas trekjes: tosti bestellen 1 min. voor de wedstrijd, bandje
van je padelracket losmaken om hem op de grond te kunnen smijten, je eigen website
(www.basderooij.com voor de liethebbers), zeggen dat het niet meer fout gaat en dan toch
het potje dobre verliezen enzovoort, enzovoort. Als je maar weet dat ik dit doe omdat
ik je gewoon een mooie vent vind. Gelukkig heb je genoeg zelfspot om hier altijd over
mee te lachen, dat siert je. Daarnaast sta jij altijd klaar voor een goed gesprek, over leuke
dingen, maar ook over minder leuke dingen. Tot slot wil ik je bedanken voor de leuke dagen
samen met Esther en Suzanne. Mathijs, wat hebben wij al ontzettend veel meegemaakt

samen. Van samen fietsen naar tennistrainingen (met als hoogtepunt de stukjes ‘off road’
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naar Atalanta), de tennisleraaropleiding, en alle dubbeltoernooien en competitiedagen, tot
uitjes naar vele bierbrouwerijen, de vakantie naar Malaga, en de werkelijk ontelbare game-
avonden. Op deze avonden doen we al jaren exact hetzelfde (FIFA spelen en bier drinken
in willekeurige volgorde en het liefst tegelijk), maar toch gaat het nooit vervelen. Je kunt
ons op een willekeurige plek op aarde droppen, wij hebben altijd lol en zullen altijd blijven
lachen om elkaars slechte grappen. Ik wil je bedanken voor onze vriendschap en voor dat

je mijn paranimf wil zijn tijdens mijn verdediging.

Sean, wat fijn om toch ook nog een vriend te hebben die wel begrijpt waar dit boekje
over gaat, en waarmee ik kan sparren over een carriere binnen de geneeskunde. Mooi
meegenomen dat je ook nog een vergelijkbaar (licht verknipt) gevoel voor humor hebt,
waardoor we al vele cabaretvoorstellingen samen hebben bezocht, en stedentrips hebben
gemaakt in Portugal en Polen. Ook fijn dat Brakscal af en toe bij jou mocht blijven logeren.
Bedankt voor die fleece deken waardoor ik toen net niet ben doodgevroren bij jou op de

bank. Jammer dat je niet kon voorkomen dat ik mijn labjacka liet liggen in de metro.

Dan wil ik natuurlijk ook graag mijn familie bedanken. Ten eerste mijn neven, Frank
en Roel. Frank, tijdens onze basis- en middelbare schooltijd waren de logeerpartijen met
jou voor mij het hoogtepunt van iedere vakantie. Inmiddels vele jaren later, en als we
samen zijn doen we eigenlijk nog steeds precies dezelfde dingen als toen: sport kijken, FIFA
spelen, minigolfen, darten en toetjes maken (met wisselend succes). Maar ik geniet hier nog
steeds even veel van. Ik heb enorm veel bewondering voor hoe jij ondanks tegenslagen in je
studietijd altijd hebt doorgezet en nu een hele mooie baan hebt bemachtigd. Roel, ik wil jou
bedanken voor alle goeie gesprekken. Je kunt met enorm veel enthousiasme vertellen over
jouw werk en interesses, maar bent minstens zo geinteresseerd in wat andere mensen bezig
houdt en luistert hier altijd aandachtig naar. Ook bedankt voor alle mooie wandelingen die
je voor ons hebt uitgestippeld in de Ardennen en je leuke weetjes over bomen en zwammen.
En nog sorry voor al die jaren dat je Franks en mijn gebrekkige game skills hebt moeten

compenseren (Frascal heeft het nooit ver geschopt).

Dan alle ooms, tantes en nichtjes, bedankt voor de gezelligheid en goeie gesprekken tijdens

verjaardagen, Sinterklaas en vakanties in de Ardennen.

Lieve schoonouders, Brigitta en Pieter, en Arnold, ik wil jullie bedanken voor hoe jullie mij
hebben ontvangen in jullie gezin. Van begin af aan heb ik mij meteen thuis gevoeld bij jullie.
Daarnaast wil ik enorm veel bewondering uitspreken voor hoe jullie zijn omgegaan met
de ziekte van Martijn. Tot op het laatste moment aan toe hebben jullie er alles aan gedaan
om zo veel mogelijk leuke dingen te doen met hem en zo veel mogelijk van zijn wensen te

laten uitkomen. Hierdoor hebben we enorm veel mooie herinneringen gemaakt met elkaar.
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Ik ben jullie zeer dankbaar dat ik hier getuige van mocht zijn. Ik hoop dat we hier in de

toekomst nog vele mooie momenten aan toe mogen voegen (met Martijn in onze gedachte).

Martijn, jij bent misschien wel de laatste persoon aan wie ik had moeten vragen om dit
boekje te lezen. Toch heb jij ook een belangrijke bijdrage geleverd aan mijn promotie. Je
humor en gekkigheid tijdens etentjes, avondjes op de bank en dagjes weg haalden mijn
gedachten even helemaal weg bij mijn onderzoek. Van jou heb ik geleerd dat gelukkig zijn
heel simpel is: je moet gewoon zoveel mogelijk dingen doen die je leuk vindt, en vooral zo
min mogelijk dingen waar je geen zin in hebt. Ik heb enorm veel bewondering voor hoe
jij tegen je ziekte hebt gevochten zonder ooit te klagen, en hoe je alles uit het leven hebt
gehaald wat erin zat. Bedankt dat je voor mij die broer was die ik als kind altijd al had

willen hebben. We missen je.

Saskia, ook tegen jou wil ik zeggen dat ik enorm veel waardering heb voor hoe jij Martijn
altijd door dik en dun bent blijven steunen, ondanks alle tegenslagen en ondanks hoe jong
jullie allebei nog waren toen het allemaal begon. Dit laat zien hoe een sterk persoon jij bent
en wat voor geweldig duo jullie waren. Ook wil ik je bedanken voor je gezelligheid tijdens
alle avonden in Lopik, etentjes bij 't Centrum en vakanties/weekendjes weg. Ik hoop dat we

het goeie contact tussen jou en Suzanne en mij nog lang mogen behouden.

Lieve pap en mam, waar moet ik beginnen, ik wil jullie bedanken voor de afgelopen 28
jaar. Ik wil jullie bedanken voor de geweldige en compleet zorgeloze jeugd die ik heb gehad.
Ik denk terug aan alle gezellige avonden op de bank voor de TV, eten van de bakplaat in
de tuin (ook al moest ik altijd op die rotplek zitten waar de tafelpoten elkaar kruisen),
de ontelbare keren dat we hebben getennist bij Atalanta, en natuurlijk de vakanties naar
Kroatié, Frankrijk, Oostenrijk en Costa Rica. Nog iedere vakantie denk ik terug aan hoe
wij altijd de eerste vakantiedag naar de supermarkt gingen om ‘stokbrood met lekkere
dingen’ te kopen, om dit vervolgens op ons terras in de zon op te eten, zonder al te veel
te zeggen. Dit blijft voor mij het ultieme vakantiegevoel. Ik heb weliswaar geen broers of
zussen, maar ik heb het altijd (en nog steeds) heel leuk gevonden om met mijn ouders op
pad te zijn. De laatste jaren vroegen jullie mij wel eens of ik nog wat gemist heb in mijn
opvoeding. Jullie reageerden dan heel verbaasd als ik eigenlijk niks kon bedenken. Tijdens
het schrijven van dit dankwoord heb ik er nog eens over nagedacht en heb nog steeds niks
kunnen bedenken. Laat dit nu dus maar rusten! Pap, bedankt dat je me hebt geleerd om
kritisch te zijn, altijd zelf te blijven nadenken en te vertrouwen op mijn eigen ideeén en
kwaliteiten. Mam, bedankt dat je me hebt geleerd om bescheiden te zijn, te relativeren en
rekening te houden met anderen. Ik wil jullie beide bedanken dat jullie me van jongs af aan
vrij hebben gelaten om alles zelf te doen, op mijn manier. Nooit hebben jullie gevraagd of

ik niet nog huiswerk moest maken, wel kon gaan tennissen als ik de week erna toetsweek
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had, of al wel was begonnen met studeren voor dat tentamen. Jullie vertrouwde erop dat
ik het zelf goed zou doen, en dat gaf mij vertrouwen. Hierdoor heb ik niet alleen een hele
fijne jeugd gehad, maar ook een zekere zelfstandigheid ontwikkeld waar ik tot op de dag
van vandaag nog steeds profijt van heb. Dan wil ik afsluiten met te zeggen dat ik jullie wil
bedanken voor jullie onvoorwaardelijke steun en de hoop uitspreken dat we nog heel veel

mooie momenten gaan beleven samen.

Lieve Suzanne, ik had nooit durven dromen dat die ene klik op mijn telefoon 6 jaar geleden
mijn leven zo ten goede zou veranderen. Nu een eigen huis en 2 katten (shout out naar Joep
en Yara) verder, en wat ik schreef op mijn allereerste kaart voor jou is nog steeds waar: ik
heb nog geen seconde spijt gehad van die klik. Dat komt door de geweldige persoon die jij
bent voor mij. Alles wat ik doe met jou vind ik leuk. Zelfs slechte TV programma’s kijken
(waarvan ik voorheen had gezworen ze nooit van mijn leven te gaan bekijken), shoppen (dit
deed ik voorheen liever een keer per 2 jaar), schaatsen (dit kan ik helemaal niet), skién (dit
kan ik nog slechter), skeeleren (“doe die jongen een helm op!”), het maakt niet uit, zolang
ik het maar met jou doe, vind ik het leuk. Ik wil je bedanken voor alle mooie momenten
die we met elkaar hebben beleefd en nog steeds dagelijks beleven. Daarnaast sta je altijd
voor mij klaar, leef jij je in in mij en ben je geinteresseerd in wat er in mij omgaat, ook op
de minder leuke momenten. Ik ben ontzettend trots op hoe jij jarenlang steun en toeverlaat
bent geweest van Martijn en er altijd voor hem bent geweest, terwijl je daarnaast ook nog
full-time werkte, verschillende opleidingen deed, en in je vrije tijd met mij moest dealen. Hij
had zich geen betere zus kunnen wensen, en ik geen betere vriendin. Ik wil je bedanken voor

alles wat is geweest, en alles wat nog komen gaat. Ik zal er altijd voor je zijn. Ik hou van jou.
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