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Introduction Inclisiran, an siRNA targeting hepatic PCSK9 mRNA, administered twice-yearly (after initial and 3-month doses), substan-
tially and sustainably reduced LDL-cholesterol (LDL-C) in Phase Ill trials. Whether lowering LDL-C with inclisiran translates
into a reduced risk of major adverse cardiovascular events (MACE) is not yet established. In-silico trials applying a disease
computational model to virtual patients receiving new treatments allow to emulate large scale long-term clinical trials. The
SIRIUS in-silico trial programme aims to predict the efficacy of inclisiran on CV events in individuals with established athero-
sclerotic cardiovascular disease (ASCVD).

Methods A knowledge-based mechanistic model of ASCVD was built, calibrated, and validated to conduct the SIRIUS programme
and results (NCT05974345) aiming to predict the effect of inclisiran on CV outcomes. The SIRIUS Virtual Population included patients
with established ASCVD (previous myocardial infarction (Ml), previous ischemic stroke (IS), previous symptomatic lower
limb peripheral arterial disease (PAD) defined as either intermittent claudication with ankle-brachial index <0.85, prior
peripheral arterial revascularization procedure, or vascular amputation) and fasting LDL-C > 70 mg/dL, despite stable
(>4 weeks) well-tolerated lipid-lowering therapies.
SIRIUS is an in-silico multi-arm trial programme. It follows an idealized crossover design where each virtual patient is its
own control, comparing inclisiran to (i) placebo as adjunct to high-intensity statin therapy with or without ezetimibe,
(if) ezetimibe as adjunct to high-intensity statin therapy, (iii) evolocumab as adjunct to high-intensity statin therapy and
ezetimibe.
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The co-primary efficacy outcomes are based on the time to the first occurrence of any component of 3P-MACE
(composite of CV death, nonfatal Ml, or nonfatal IS) and time to occurrence of CV death over 5 years.

Perspectives/  The SIRIUS in-silico trial programme will provide early insights regarding potential effect of inclisiran on MACE in
conclusion ASCVD patients, several years before the availability of the results from ongoing CV outcomes trials (ORION-4 and
VICTORION-2-P).

Clinical trial Clinicaltrials.gov identifier: NCT05974345
registration

Lay summary  The SIRIUS in-silico trial programme is a knowledge-based computer model built to simulate the biological and clinical long-
term effects of inclisiran, an siRNA targeting hepatic PCSK9 mRNA, on virtual patients with cardiovascular disease.

Key findings e The model accurately replicates the biological processes of cardiovascular disease and the impact of lipid-lowering
therapies, allowing for the prediction of randomized clinical trials.
e Simulating clinical trials with virtual patients can provide insights into the efficacy and safety of new treatments before the
results of randomized clinical trials, potentially speeding up the drug development process.
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In-silico modelling applying a disease knowledge-based mechanistic computational model to virtual patients receiving various treatments allow to
emulate large-scale long-term in-silico clinical trials. The ASCVD and therapeutics knowledge-based mechanistic model captures, by using math-
ematical equations, the functional relationships between the biological entities involved in pathophysiology of ASCVD and the mechanisms of action
of lipid lowering therapies. A knowledge model corresponds to an extensive bibliographical review to collect and organize knowledge on bio-
chemical and cellular processes of interest, pathophysiological mechanisms involved in the development and progression of ASCVD and mechan-
isms of action of the drugs of interest. The knowledge model is then translated into mathematical equations to obtain a computational model.
The ASCVD knowledge-based mechanistic model is applied to an ASCVD virtual population which corresponds to a collection of virtual patients
generated in-silico to capture realistic inter-patient variability. Each virtual patient corresponds to a set of values for each model parameter. The
ASCVD model is applied to the ASCVD virtual population (in which each patient is his own control) allowing to emulate multi-arm, large scale
and long-term in-silico trials.

Keywords Atherosclerotic cardiovascular disease ® Knowledge-based mechanistic model e Lipid loweringtherapy ® Insilico trial
Inclisiran ® PCSK9 SiRNA
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Introduction

Lipid-lowering therapies (LLTs) are a cornerstone of the prevention of
atherosclerotic cardiovascular disease (ASCVD).! Recent data from
randomized clinical trials (RCT) evaluating drugs as an add-on to base-
line statin therapies have led to guidelines changes, now recommending
to lower patients’ low-density lipoprotein cholesterol (LDL-C) below
55 mg/dL in patients in secondary ASCVD prevention.> To achieve
such target levels of LDL-C, addition of ezetimibe and/or proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitors to high-intensity
statin therapy is often necessary. Following the discovery of PCSK9
gene and function in the early 2000s, a first generation of PCSK9 inhi-
bitors, monoclonal antibodies (mAbs) that target the protein in the
plasma, have been successfully developed and are now available in rou-
tine clinical practice.>* PCSK9 mAbs (alirocumab and evolocumab) re-
quire a subcutaneous injection every 2 or 4 weeks depending on dosing.
More recently, inclisiran has emerged as an alternative approach to an-
tagonize PCSK9 using small interfering ribonucleic acid (siRNA)-based
technology which degrades PCSK9 messenger RNA (mRNA) in the li-
ver, inhibiting PCSK9 synthesis in the hepatocytes.” This novel mechan-
ism allowing twice-yearly dosing (after initial and 3-month doses) has
been shown to substantially, sustainability and safely reduce LDL-C in
phase 3 trials.>’ It has the appeal of reduced injection burden and po-
tentially improved adherence compared with monoclonal antibodies.

Despite consistent evidence of inclisiran-induced reduction in LDL-C
across a broad range of populations and a well-documented correlation
between LDL-C levels and CV risk, large CV outcomes phase Il trials are
needed to document the long-term efficacy and safety of inclisiran.® Two
phase Il trials, ORION-4 (NCT03705234) and VICTORION-2-Prevent
(NCT05030428) are ongoing to assess the impact of inclisiran on major
adverse cardiovascular (CV) events (MACE) in patients with established
ASCVD, and results are expected in 2026 and 2027, respectively.

In-silico trials apply computational disease and treatment models
to virtual patients. It is an emerging approach to complement RCT and
rapidly generate missing comparative efficacy data.”'° In the last years,
both the European Medicines Agency (EMA) and the Federal Drug
Administration (FDA) started receiving and accepting evidence gener-
ated in-silico, i.e. through modelling and simulation.'"* Modelling growth
and rupture of atherosclerotic plaques along with LLT mechanisms of ac-
tion enables us to explore the effect of these therapies on ASCVD
events. It is a valuable tool to predict the clinical benefit of new therapeut-
ic strategies and analyze their effects on subgroups of patients.13

Based on this approach, we designed the SIRIUS in-silico trial pro-
gramme to predict the efficacy of inclisiran on MACE in participants
with ASCVD using a multi-scale mechanistic computational model.

Trial design and method

Design of an ASCVD knowledge-based
mechanistic model

Quantitative systematic pharmacology-based model includes data-based
model (e.g. pharmacokinetic model) and knowledge-based model.™
According to our definition, data refers to any numerical value
(non-clinical and clinical), whereas knowledge refers to a qualitative in-
formation extracted from the scientific literature describing a functional
relationship between biological entities (e.g. cholesterol can be either
synthesized de novo within cells or brought by ingestion of certain foods,
the latter being the main source in human). In our approach, we used
knowledge-based model to describe the mechanisms underlying the

dynamic of the disease, the occurrence of an event, and thus allows
mechanistic and quantitative causality to be determined in relation to
simulation results and outcome prediction.

The first step consisted in designing a knowledge model describing
functional relationships between biological entities involved in the
pathophysiology of ASCVD and the mechanisms of action of LLTs. A
multidisciplinary team of biomodelers (EP, EB, JPB, EC, AD, SG-N,
RK, SP, YW) and scientific experts in the field of ASCVD (see list in
supplemental data section) made an extensive bibliographical review
to collect and organize knowledge on biochemical and cellular pro-
cesses of interest, pathophysiological mechanisms involved in the devel-
opment and progression of the disease, and mechanisms of action of
the drugs of interest. Knowledge gaps and resulting modelling hypoth-
eses were resolved by the experts to ensure model biological and
clinical coherence. A proprietary dedicated knowledge management
platform provided by Novadiscovery was used to ensure traceability
between all the elements extracted from the scientific literature and
their source articles (details regarding the references used to establish
the model can be obtained upon reasonable request).

Following the validation of the knowledge model, the second step
was the translation of the knowledge model into mathematical equa-
tions to obtain a mechanistic computational model (Graphical abstract).

The ASCVD model is a combination of several interdependent
pathophysiological submodels (Figure 1):

(@) the lipoprotein submodel, which focuses on lipoprotein
metabolism and homeostasis with the impact of lipid-modifying
traditional risk factors such as diabetes, body mass index (BMI),
and sex (see Supplementary material online, Figure ST7). Plasma
biological entities explicitly modelled are free PCSK9, LDL-C,
high-density lipoprotein cholesterol (HDL-C), very low-density
lipoprotein cholesterol (VLDL-C), and lipoprotein (a) [Lp(a)]
particles. Additional biological entities [total cholesterol,
apolipoprotein B (ApoB), and triglycerides] are derived from
these variables using published formulae.

(b) the atherosclerotic plaque growth and rupture submodel. The
model simulates the evolution of 1 to 3 atheromatous plaques
in the coronary, carotid, and peripheral vascular beds for each
virtual patient (at most one per vascular bed). The number
and type of vascular beds affected are determined by medical
history (type of pre-existing ASCVD). Plaque location (coron-
ary, carotid, or peripheral arteries) and evolution over
simulation time determine whether plaque rupture occurs,
and therefore the time and type of clinical event (myocardial in-
farction (Ml), ischemic stroke (IS) or major adverse limb event
(MALE) respectively). Due to modelling constraints, all simulated
IS and MALE are linked to a carotid or peripheral artery ather-
oma plaque rupture, respectively. In this submodel, infiltration
of plasma lipid and lipoproteins into the intima is enhanced by
(i) systemic inflammation, (ii) diabetes, (iii) smoking status, (iv) in-
creasing age, and (v) elevated blood pressure to account for dis-
ruption of the endothelium barrier aggravated by these risk
factors (see Supplementary material online, Figure S2).

The occurrence of death following IS and Ml is determined on the
basis of an exponential law inspired by the Cox model published by
Wilson et al, 2012"> and built with data from the REduction of
Atherothrombosis for Continued Health (REACH) registry taking
into account the impact of numerous risk factors [sex, smoking, dia-
betes, BMI, aspirin, heart failure, medical history, atrial fibrillation,
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Figure 1 Schematic representation of the overall atherosclerosis model architecture. Submodels are represented by light blue boxes
and variables connecting submodels together are represented by dark blue boxes. This graph shows only the lipoproteins modelled mechanistically
[HDL-C, LDL-C, VLDL-C and Lp(a)], while other entities (ApoB, TG and non-HDL-C) derived from them are not represented. Among risk factors,
dark blue boxes represent risk factors with direct impacts on the pathophysiology, gray boxes represent risk factors that are implicitly accounted for via
correlations with other risk factors and the light grey box gathers risk factors that are implicitly accounted for via unknown patient-dependent param-
eter variability. Note that the model accounts for correlations between risk factors included in the dotted rectangle even if those links are not depicted
on this schematic figure. Further, the CV death model inspired by a published Cox model [Wilson et al. (2012)] depends on multiple risk factors; in-
cluding sex, smoking status, diabetes, BMI (<20 kg/m2), ASCVD medical history, heart failure, atrial fibrillation, recent event (<1 year), age at trial start,
eGFR (<30 mL/min/1.73 m2) and current treatments including antiplatelet and statin use; which is not depicted on the Figure. Abbreviations are as
follows; AF, atrial fibrillation; BMI, body mass index; CHF, congestive heart failure; CV, cardiovascular; DBP, diastolic blood pressure; HMG-COA,
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; HDL, high density lipoprotein; hsCRP, high-sensitivity C-reactive protein; LDL-C, low density lipo-
protein cholesterol; LDLR, LDL-receptor; Lp(a), lipoprotein a; MALE, major acute lower limb events; Ml, myocardial infarction; NPC1L1, Niemann-Pick
C1-Like 1; IS, ischemic stroke; SBP, systolic blood pressure; PAD, peripheral arterial disease; PCSK9, Proprotein convertase subtilisin/kexin type 9,

VLDL-C, very low density lipoprotein.

clinical event in the previous year, age, and estimated glomerular filtra-
tion rate (eGFR)] already included in the mechanistic model. CV death
from other causes than fatal Ml and IS are not mechanistically modelled
and are predicted through the adapted previous Cox model.” This
model of plaque growth and rupture is directly impacted by plasma
lipoprotein levels, the output variable of the lipoprotein submodel.

(c) treatment submodels, i.e. atorvastatin and rosuvastatin, ezetimibe,
evolocumab, and inclisiran, describe pharmacokinetic properties
of corresponding drugs and their mechanism(s) of action, includ-
ing interactions with the various pharmacological targets impact-
ing lipoprotein metabolism.

The impact of ASCVD risk factors on disease progression, as well as
prevalence and correlations between risk factors in the ASCVD sec-
ondary prevention population, are integrated in lipoprotein, plaque
growth, and rupture submodels. The selection of risk factors ac-
counted for explicitly in the model was restricted based on available
literature and calibration data. Their mechanistic impacts were limited
to a few key phenomena clearly established in the literature, with
associated modelling hypotheses thoroughly discussed with the
Scientific Committee. A subset of risk factors was also accounted

for, implicitly via their correlations with other risk factors or variability
of model parameters within the virtual population (Figure 7). All mod-
elling hypothesis of model structure will be displayed in a technical
publication (Wang et al., manuscript in progress).

Calibration of the model

The model needs to be calibrated and its credibility assessed (essentially
a validation process) before simulations can be run to answer the ques-
tions identified in the SIRIUS study.

Calibration is the iterative process of adjusting model parameter va-
lues to ensure that the model reproduces realistic behaviors over
time."® In the computational model, there are parameters whose values
are known and measurable, but there are also parameters whose values
have never been published (e.g. LDL-C infiltration rate constant in the
intima of blood vessels). Values for these parameters were determined
by calibration, iteratively adapting their values until the model correctly
reproduced several selected behaviors.

The model was calibrated to ensure that it could reproduce the
pharmacokinetics of atorvastatin,'”® rosuvastatin,'” ezetimibe,? lipids
and lipoproteins changes under combinations of LLT including inclisir-
an® (Figure 2A) and evolocumab?®' (Figure 2B), and occurrence of clinical
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events at the population- and subgroup-level observed in the FOURIER
RCT?" (Figure 2C).

Calibration goodness of fit was assessed using visual predictive
checks and pre-defined acceptability error margins around observed
data. Acceptability thresholds were set-up as 5% points of biological
outcome relative changes and 1% point of clinical outcome incidence
rates. Those thresholds were fixed and discussed with the scientific
committee that judged that it was an acceptable difference, from a clin-
ical perspective. All calibration results will be displayed in the technical
publication (Wang et al., manuscript in progress).

Credibility assessment of the model
Following model calibration, additional steps of credibility assessment
were performed. Credibility assessment refers to the evaluation of
trust in the predictive capability of a computational model. It is estab-
lished through collection of evidence including model verification, evalu-
ation of the goodness-of-fit of calibration results, qualitative and
quantitative validation, and robustness analysis. Validation assesses
the degree to which a model accurately represents the real world with-
in its context of use (secondary ASCVD prevention).'® Evaluation of
robustness allows an assessment of the ability of a model to accurately
predict beyond the context of use for which it has been calibrated and
validated for. Validation and robustness analysis were performed by
comparing simulated results to real observed data, while parameter va-
lues of the model were fixed (unlike during calibration, where they
were modified iteratively).

Data used for validation and robustness assessment must differ from
data used for calibration, to avoid any risk of tautology.

In the validation step, we verified that the model was able to
reproduce the results of the ORION-11,> FOURIER-OLE,* and
ODYSSEY-OUTCOMES?* studies. For robustness assessment of
the model, studies with inclusion criteria differing slightly from the
context of use in SIRIUS were used: IMPROVE-IT?®* which differs
from SIRIUS in terms of the temporality of the qualifying event, and
CANTOS?® which explored the importance of residual inflammatory
risk in the post-MI population.

Validation of a hazard ratio (HR) prediction was assessed based on
three criteria: (i) inclusion of the observed HR in the simulated 95%
prediction percentile interval (PPI, please refer to the uncertainty man-
agement section below), (i) inclusion of the predicted HR in the 95%
confidence interval (Cl) and (i) HR precision corresponding to propor-
tion of the predicted 95% PPI included in the observed 95% Cl above
30% (threshold chosen empirically). For the results deviating from
the validation acceptability criteria, an adjudication was carried out
with the scientific committee to understand the mechanistic rationale
explaining this result, the impact on the credibility of the model, and
the interpretation of SIRIUS simulations.

Given the results obtained during validation and robustness assess-
ment [available in Wang et al. (2024) manuscript in progress], the
ASCVD model was deemed successfully validated for its use to answer
the SIRIUS research questions with confidence.

Virtual population

A Virtual Population (VPop) refers to a collection of virtual patients
generated in-silico to capture realistic inter-patient variability. Each vir-
tual patient corresponds to a set of model-dependent patient descrip-
tors. A virtual patient is not an independent model entity, but rather a
set of parameter values required to run the model. Each virtual patient
has different parameter values for the set of ‘patient-dependent’

parameters (e.g. age, sex, lipoprotein infiltration rate). The generation
of a VPop requires a predefined list containing the disease model para-
meters that vary within a population, as well as a thorough
characterization of these parameters (mean values, type of distribution,
parameters of distribution, multivariate distribution also called joint dis-
tribution). The SIRIUS VPop is computer-generated, according to pre-
defined parameter distributions, as to present baseline characteristics
representative of a contemporary ASCVD population, mainly based
on the FOURIER and ORION 11 RCTs, and recent European observa-
tional studies as well as data from the French health data system
(SNDS) on LLT prescription.”"**?’ Inclusion criteria combine: virtual
patients with ASCVD (defined as any of the following: previous Ml, pre-
vious IS, previous symptomatic peripheral arterial disease (PAD) de-
fined as either intermittent claudication with ankle-brachial index
(ABI) < 0.85, prior peripheral arterial revascularization procedure, or
amputation due to atherosclerotic disease) and fasting LDL-C >
70 mg/dL under stable (> 4 weeks) well-tolerated lipid-lowering ther-
apy corresponding to the background LLT to be administered during
the future trial [i.e. high intensity (HI) statin with or without ezetimibe].
Virtual patients with acute coronary syndrome, IS, peripheral arterial
revascularization procedure, or amputation due to atherosclerotic dis-
ease <4 weeks prior to the first study visit are excluded.

From the entire SIRIUS VPop, two subpopulations are extracted ac-
cording to the background therapy: (1) patients receiving HI statin alone
and (2) patients receiving HI statin with ezetimibe, to evaluate the efficacy
of inclisiran vs. ezetimibe and evolocumab, respectively. The efficacy of
inclisiran vs. placebo is also evaluated in these two subpopulations.

Study protocol
The in-silico study protocol for the SIRIUS programme was published
on clinical trial (NCT05974345) on 26 July 2023.

The main objective of the in-silico study SIRIUS is to predict the
efficacy of inclisiran 300 mg subcutaneous (s.c.), administered on day
1, month 3 (day 90), and every 6 months thereafter in combination
with currently available LLT, on 3-point major adverse cardiovascular
events (3P-MACE) defined as the composite of CV death, nonfatal
Ml or nonfatal IS, and on CV death in a secondary prevention
ASCVD population with elevated LDL-C. Three trials are performed
in the SIRIUS programme comparing Inclisiran to 1) placebo as adjunct
to Hl statin therapy (corresponding to atorvastatin > 40 mg/day or ro-
suvastatin > 20 mg/day) with or without ezetimibe 10 mg/day, 2) ezeti-
mibe 10 mg/day as adjunct to HI statin therapy (corresponding to
atorvastatin > 40 mg/day or rosuvastatin > 20 mg/day), 3) evolocumab
140 mg s.c. every 2 weeks as adjunct to HI statin therapy and ezetimibe
10 mg/day (Figure 3). The duration of the follow-up is 5 years.

Secondary objectives include predicting the efficacy of inclisiran ther-
apy in combination with currently available LLTs on fatal and nonfatal M,
fatal and nonfatal IS and MALE in a secondary prevention ASCVD popu-
lation with elevated LDL-C as well as quantifying the link between reduc-
tion in LDL-C levels and reduction in the incidence of clinical events.

As exploratory objectives, the relative contribution of the decrease
in LDL-C and Lp(a) on the efficacy of inclisiran therapy in combination
with currently available LLTs on 3P-MACE reduction in a secondary
prevention ASCVD population with elevated LDL-C is investigated.
In addition, efficacy of inclisiran therapy in combination with currently
available LLT on 3P-MACE, CV death, fatal and nonfatal M, fatal and
nonfatal IS and MALE are investigated for several subgroups of interest
stratified by age, sex, baseline eGFR, medical history (prior M, prior
stroke or prior PAD), number of vascular beds affected, diabetes
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Figure 2 Goodness of fit of calibration results obtained with the ASCVD model and VPop. Comparison between simulated and ob-
served data of (A) mean LDL-C relative change from baseline over time for LDL-C under placebo or inclisiran treatment, () median LDL-C level over
time under placebo or evolocumab treatment, (C) cumulative incidence of MACE over time under placebo or evolocumab treatment. Simulated data
were obtained by applying the placebo scenario and (A) inclisiran scenario or (B—C) evolocumab scenario to the calibrated ASCVD model and VPop and
are shown in solid lines. Observed data are extracted from ORION-10 RCT® for (A) and from FOURIER RCT?" for (B—C) and are shown in dashed lines.
Placebo arms are shown in blue and treatment arms in orange, shading area represents the 95%Cl for observed data and the 95%PPI for simulated data.
Abbreviations: MACE, major adverse cardiovascular event; CV death, cardiovascular death; MI, myocardial infarction; IS, ischemic stroke; MALE,
major adverse limb event, RCT: Randomized controlled trial.
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VIRTUAL POPULATION zcﬁszgfs Trial start End of follow-up
Da‘y 1 Mon‘m 3 5 ylavs
PRIMARY ENDPOINTS

 Time to the first occurrence of
3P-MACE (composite of CV death,
non-fatal Ml or non-fatal IS)
 Time to CV death

SECONDARY ENDPOINTS

* Time to the first occurrence
of non-fatal or fatal MI
 Time to the first occurrence
of non-fatal or fatal IS
 Time to the first occurrence of MALE
® Change in LDL-C from baseline
to specified time points

Inclusion Criteria s.¢ injections every 6 months
T

1. Patients with atherosclerotic CV disease, defined as any of the 5 &
following E; g g
* Previous MI
* Previous IS Trial 1 HI Statin
o Previous symptomatic peripheral arterial disease as +/- Ezetimibe
evidenced by either intermittent claudication with ABI <0.85,
prior peripheral arterial revascularization procedure, or
amputation due to atherosclerotic disease

2, Fasting LDL-C > 70 mg/dL Trial 2 HI Statin

3. Under stable (= 4 weeks) well-tolerated high-intensity statin
with or without ezetimibe.

Inclisiran 300mg

Placebo . injections (day 1, month 3 and every 6 months)

Inclisiran 300mg

Ezetimibe 10 mg p.o QD

HI Statin Inclisiran 300mg

Exclusion Criteria Trial 3 Ezetimibe

Evolocumab 140 mg s.c every 2 weeks

Patients with acute coronary syndrome, ischemic stroke,
peripheral arterial revascularization procedure or amputation due
to atherosclerotic disease <4 weeks prior to the first study visit.

(N

G

A J

Figure 3 Graphical overview of SIRIUS study protocol. Trial start is preceded by a screening period of at least 4 weeks during which inclusion
criteria on virtual patients’ LDL-C level under stable lipid lowering therapy is checked. Background lipid lowering therapy prior trial start differs for the 3
trials/subpopulations and includes (1) the combination of high intensity statin with or without ezetimibe (proportions of patients receiving ezetimibe can
be adapted to reflect lipid lowering therapies observed in recent observational studies in ASCVD population), (2) high intensity statin only and (3) high
intensity statin and ezetimibe combination. At the end of the screening period, patients satisfying inclusion criteria are included in inclisiran and com-
parator arms. In total, 4 treatment arms are simulated for 5 years to perform 3 different in-silico trials. Inclisiran sodium is administered as 300 mgs.c. on
day 1, month 3 (day 90), and every 6 months thereafter, represented by small syringes. Evolocumab (trial 3) is administered as 140 mg s.c. every 2 weeks
and ezetimibe as 10 mg/day per os (trial 2 or as background therapy). High intensity statin therapy corresponds to atorvastatin > 40 mg/day p.o. or
rosuvastatin > 20 mg/day p.o. For Trial 1, sub-trials evaluating the predicted efficacy of Inclisiran vs. placebo in virtual patients receiving as background
therapy 1/high intensity statin only or 2/in virtual patients receiving both high intensity statin and ezetimibe, were performed. Abbreviations: Hl: high
intensity; IS: ischemic stroke; QD: once a day, MALE: major adverse limb event including acute lower limb ischemia, lower limb amputation due to is-
chemia, or urgent lower limb revascularization for ischemia; MI: myocardial infarction; p.o: per os; s.c: subcutaneous. ASCVD: atherosclerotic cardio-

vascular disease.

mellitus status, smoker status, uncontrolled high blood pressure (as a
proxy for hypertension status), number of risk factors, or baseline
Lp(a) levels. The efficacy of inclisiran on the various subgroups of inter-
est are explored via forest plot analyses for 3P-MACE, CV death, fatal
and nonfatal Ml, fatal and nonfatal IS, and MALE.

Outcomes

The co-primary outcomes are based on time to the first occurrence be-
tween trial start and end of 5 years of follow-up of any component of
the 3P-MACE and time to CV death. Secondary and exploratory out-
comes comprise clinical and biological outcomes: based on time to the
first occurrence between trial start and end of follow-up of Ml (fatal or
nonfatal), IS (fatal or nonfatal), MALE (including acute lower limb ische-
mia, lower limb amputation due to ischemia, or urgent lower limb re-
vascularization for ischemia), lipid and lipoprotein change in LDL-C,
HDL-C, non-HDL-C, Lp(a), ApoB, and triglycerides concentrations
from baseline to specified time points (baseline, 30, 90, and every
6 months afterward) and time adjusted percentage changes in LDL-C
from baseline between day 90 and the end of the follow-up period.

Virtual population size

Theoretically, there is no limitation in the generation of Virtual Patients.
However, in practice, computational time and costs to run the model
and analyze the results impose limitations. For the in-silico paradigm ap-
proach, population size will be chosen large enough to ensure the sta-
bility of model predictions in terms of CV event occurrence at the

population level. Further, although it will not be a direct criterion to de-
termine the VPop size, population size would also ideally be chosen
large enough to make predictions at the subgroup level for subgroups
of interest.

Study management and scientific
committee

Novartis was the SIRIUS programme sponsor. The SIRIUS in-silico trial
is conducted by Novartis Pharma SAS in collaboration with the biomo-
delling centre Novadiscovery and under the guidance and leadership of
the Scientific Committee.

Model design, calibration, and credibility assessment, virtual popula-
tion design, and model simulations are performed by Novadiscovery
using its modelling and trial simulation platform. Simulated data analyses
are performed by Novadiscovery using R scripts, JinkoStats, and R stu-
dio software.

The scientific committee composed of external medical experts
listed in the supplemental data was set up to advise on the in-silico study
protocol and analysis plan. Their tasks were to review and formulate
recommendations on the knowledge models, answer questions on
knowledge gaps, and validate biological hypotheses and modelling
choices. They also provided advice on the model calibration and valid-
ation strategy and results (i.e. assess adequation between simulation
outputs and clinical observations), adjudicated validation results and
identified implications for model and prediction credibility, and pro-
vided clinical advice on the analysis of simulation results.
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Protection of human subjects and
management and reporting of adverse
events/adverse reactions

As part of this in-silico clinical trial, RCT data used to calibrate, validate
the ASCVD and VPop were perfectly anonymized. Principles related to
data protection are not applicable in this case. No safety data are gen-
erated as adverse events and reactions are not accounted for by the
model.

Statistical considerations

In the in-silico paradigm interpretation, we assume that since we are
not working in a sample of the population of interest but in a represen-
tation of the whole ASCVD population itself, the sampling theory-
based statistical tests cannot apply. Thus, efficacy results are expressed
as HR or incidence curves over time without 95% Cl and P-value.
Moreover, an in-silico trial allows evaluation of treatment efficacy
that is not biased by inter-patient variability and the potential unbalance
of the randomization process since each virtual patient is under its own
control. In the in-silico paradigm, the distinction between superiority
and non-inferiority trials, accounting for multiplicity, endpoint hierarch-
ization are not applicable, as the efficacy value calculated by the in-silico
trial, i.e. the mean absolute benefit value, directly illustrates the differ-
ence in efficacy of the treatments compared. For the same reasons,
constraints on the number of subgroup analyses to be carried out,
and on their possible post-hoc nature, are no longer relevant in this ap-
proach. The classic verbatim of primary or secondary criteria are used
in this protocol for convenience, but they are not associated with stat-
istical constraints of prioritization or alpha risk allocation (Figure 4).

The model allows for computing and comparing the absolute risk re-
duction between two treatments and so for deriving the number
needed to treat (NNT) value. In addition, the in-silico approach with
all virtual patients being their own control, allows to precisely deter-
mine the number of events prevented by inclisiran (simply computed
by the difference between the number of events occurring in the con-
trol arm minus the number of events in the inclisiran arm).

Uncertainty management

A certain number of contingencies and inaccuracies may arise from
the model predictions. These uncertainties may be due to the knowl-
edge model structure (knowledge hypothesis, mathematical solutions)
and model parameters. Model uncertainties were assessed and quanti-
fied all along the model development process (see supplemental data
for details and Wang et al, manuscript in progress).

The uncertainty of the model’s prediction for a given measurement
such as HR is approximated by calculating the 95% PPI generated using
bootstrapping. Bootstrapping is an approach that calculates the distri-
bution of a statistical metric by drawing (with replacement) a certain
number of samples of a pre-determined size from a population
(Figure 4).

In the case of the SIRIUS study, the 95% PPl associated with the
metric of interest (e.g. HR) was obtained by deriving/calculating this
measure for 100 (n) populations of 13 780 patients (n chosen to reflect
the order of magnitude of the populations usually included in RCTs ex-
ploring the effect of LLT on cardiovascular events; 13 780 being chosen
according to FOURIER RCT where 13 780 and 13 784 patients were
enrolled in the placebo and evolocumab arms respectively) randomly
subsampled from the total population with replacement. This 95%
PPI derived by bootstrapping should not be confused with a 95% Cl,

the former measuring the degree of uncertainty in the model’s predic-
tions, the latter measuring, in a real-life context, the uncertainty linked
to sampling. By construction, 95% PPl includes both uncertainties on
the model itself and uncertainties on parameter values as well as inter-
patient variability as reflected in the virtual population.

To avoid any confusion, PPl numerical intervals will be translated
qualitatively into degrees of uncertainty, ranging from low to high based
on interval widths (Figure 4).

Discussion

SIRIUS is the first in-silico trial programme deemed to predict the ef-
fect of inclisiran on top of standard-of-care LLT on clinical outcomes
in an ASCVD virtual population. The ORION-9, —10 and —11,
18-months phase Ill RCT compared inclisiran to placebo as adjunct
to maximally tolerated statin therapy in 3660 participants with
ASCVD, ASCVD risk equivalent, and/or heterozygous familial hyper-
cholesterolemia (HeFH). In the phase lll studies, treatment with incli-
siran sodium 300 mg administered by s.c. injection on day 1, month 3
(day 90) and every 6 months thereafter resulted in placebo-adjusted
percentage reductions in LDL-C from baseline at Day 510 of 48% to
529%, with time-adjusted average reductions of 44% to 54% sustained
over 18 months.>* The efficacy of inclisiran was consistent across
phase Il and phase lll studies, and across a broad range of subpopula-
tions. The doses and administration schedule of inclisiran in our
model strictly follow those of the previously published RCT as well
as those used in the ongoing CV outcome trials.>

The correlation between LDL-C levels and CV risk has been robustly
documented with evidence from >200 studies involving >2 million par-
ticipants that have shown a dose-dependent log-linear association be-
tween the magnitude of exposure to LDL-C and risk of ASCVD.*’
Moreover, evidence has consistently linked therapeutic reductions in
LDL-C with reduced risk of CV events, regardless of the therapeutic class
(statins, ezetimibe, PCSK9 blocking mAbs)*? with the only exception of
fibrates. Since the results of ORION-4 and VICTORION-2-Prevent,
phase Ill studies assessing the impact of inclisiran on major adverse CV
events in participants with established CV disease will not be available be-
fore 2026, the results of this in-silico study prediction can contribute to
consolidate the knowledge regarding inclisiran’s clinical benefit in ASCVD
patients.

We chose to generate a VPop matching patient’s characteristics of the
FOURIER study because it was a study investigating the efficacy of a
PCSK9 inhibitor in secondary prevention encompassing the broad range
of ASCVD phenotypes (prior M, IS, and PAD). We also chose to adjust
the number of virtual patients receiving atorvastatin vs. rosuvastatin or
ezetimibe based on several recent observational studies to better match
current practice on LLT following recent guidelines advocating for more
intense LLT use in high-risk |:>atients.2'27

Clinical and biological criteria of the SIRIUS in-silico trials are similar
to the ones explored in recent major LLT RCT.2"** In the SIRIUS in-
silico study, safety criteria were not included, considering that inclisiran
safety is already well documented through ORION and VICTORION
research programmes and post-market surveillance for drug safety.”

In-silico trials present several advantages compared to traditional
RCT that we leveraged to design the SIRIUS programme.

The use of an in-silico clinical trial allows to investigate 5 years treat-
ment and follow-up for all patients which is barely achievable in RCT.
For example, in FOURIER, the median follow-up duration was 2.2 years,
and in ODYSSEY OUTCOMES it was 2.8 years. Despite a significant
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IN SILICO PARADIGM ANALYSIS APPROACH

e Each patient is his own control.

Study design e | arge virtual population (no sample drawn from a large population as in a real experimental context).
Virtual population size is defined to ensure convergence of predictions and to be representative of the targeted ASCVD population.
Efficacy is considered as:
Efficacy measurement e Patient-based and unbiased by inter-patient variability since each patient is his own control.

e Free from sampling fluctuation, since it is determined on a representation of the whole ASCVD targeted population itself.

Interpretation of results

e Efficacy associated with an uncertainty degree of the prediction (predicted percentile intervals 95% PPI) associated to
a particular context (size of the population).

o Efficacy is not associated with a 95% confidence interval and p-value from statistical tests as there is no sampling
fluctuation and no uncertainty related to size effect.

¢ No constraints on the number of subgroup analyses to be carried out, and on their possible post-hoc nature.

* To be noted that the classic verbatim of primary or secondary criterion has been used in this protocol for convenience but is not
associated with statistical constraints of prioritization or alpha risk allocation.

in the virtual population.
Uncertainty degree

of prediction (35% PPI) experimental context)

e Uncertainty grid definition.

¢ 95% PPI: measure of the uncertainty of the prediction as if the value of interest would be obtained in real life. By construction,
It includes both uncertainties on the model itself and uncertainties on parameter values as well as inter-patient variability as reflected

* 95% PPl is derived using a bootstrap approach, Sample size for the bootstrap (eg. ~ randomized controlled trial sample size in real

Uncertainty Width of the 95% PPI for HR (%)
Low <0.2
Medium 0.2-0.5
High >0.5

Figure 4 In-silico paradigm analysis approach. Abbreviations: 95% PPI: 95% predicted percentile intervals, ASCVD: atherosclerotic car-

diovascular disease, HR: Hazard ratio

reduction of MACE in the PCSK9 inhibitors arms, both trials failed
to show significant CV death reduction, and this was partly attributed
to a short follow-up in very well treated patients. Of note a longer
treatment duration and follow-up in the FOURIER-OLE study showed
significant CV death reduction in the subgroup of patients that received
evolocumab for 7 years vs. those who received it for 5 years after
2 years of placebo.”

In-silico trials are not limited in the number of comparator arms, al-
lowing comparisons to several active comparators such as ezetimibe or
evolocumab as proposed in the SIRIUS trial. These comparisons would
be difficult to achieve using the classic sampling approach with RCTs,
due to the large sample size required or the length of follow-up neces-
sary to demonstrate a hypothesis of superiority or non-inferiority of
inclisiran vs. these active comparators. For example, sample sizes
required to investigate inclisiran superiority over ezetimibe and
non-inferiority vs. evolocumab with a 20% non-inferiority margin
were estimated to be 54 724 and 36, 932 patients respectively for a
5-year trial duration with a 1:1 allocation ratio, alpha of 0.025 and
beta of 90% and based on 3P-MACE and CV death hazard rate and
treatment efficacy hypotheses derived based on available published
RCTs data. These comparisons are made possible using the large
SIRIUS VPop. In-silico trials can also be used to explore specific popula-
tions for which few data are available such as ASCVD patients with low
LDL-C baseline, or statin-intolerant patients. These patients are rarely
included in real morbi-mortality studies, as long follow-up period or
large sample sizes are needed to demonstrate the superiority of the
LLT of interest vs. the comparator. These populations might be studied

in the SIRIUS trial, after specific calibration and validation of the model
and the virtual population.

In-silico trials allow us to obtain results more rapidly and at lower
cost. In addition, it removes randomization bias as each patient is its
own control. Moreover, potential confounding variables are controlled
as environment in simulations is perfectly defined (compliance, adher-
ence, diet). The limited number of patients in subgroups of RCTs great-
ly limits the ability to analyze fine-grained patient subgroups differences
whereas in an in-silico trial, the large size of the VPop allows a higher
number of patients in each subgroup of interest for which stability of
predictions is reached.*®

In-silico clinical trials differ from RCTs conducted in real life mainly in
that they do not rely on the sampling theory and therefore do not re-
quire usual statistical tests. Under the in-silico paradigm, the efficacy of
treatments can be computed, and underlying mechanisms and causality
explaining the impact of treatments can be explored. Confidence in in-
silico paradigm outputs relies on the proper evaluation of the overall
credibility of the model through the assessment of the methodological
framework and the estimate of model’s associated uncertainty along
with the representativity of its associated VPop and the use of each vir-
tual subject as its own control.®

In-silico trials of the SIRIUS programme are conducted using a vali-
dated knowledge-based mechanistic computational model of ASCVD
applied to a VPop. The development of this in-silico mechanistic model
was performed according to a high-level framework inspired by FDA
guidance.>* During the model construction, simplifying knowledge as-
sumptions or modelling hypothesis must sometimes be made due to a
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gap of knowledge or the complexity of involved pathophysiological
mechanisms. The multidisciplinary scientific committee discussed and
validated these hypotheses ensuring the pathophysiological credibility
of the model built to answer the questions raised in the SIRIUS proto-
col. As an illustration, a modelling hypothesis was made considering
that all IS occurring in the model are linked to a carotid plaque rupture
event. The alternative would have been to mechanistically simulate
non-atherosclerotic sub-etiologies of IS, with the need to develop,
calibrate, and validate several other submodels (cardio-embolic, lacu-
nar IS). All modelling and knowledge hypothesis of the model will be
described in detail in a dedicated publication (Wang et al., 2024 manu-
script in progress) and results of SIRIUS trials will be considered and
discussed in the light of model structure and credibility assessment
results.

Model calibration and validation are key steps performed according
to a pre-defined protocol with acceptability criteria to ensure the cred-
ibility of predictions generated by the model. The fact that the literature
is very dense and rich in the cardiovascular field was a strength for the
calibration and validation process of the in-silico model. It reinforces the
credibility of predictions on each endpoint of the SIRIUS programme.
However, published randomized controlled trials generally focus on
time to first event, and only provide details on event recurrences in
post hoc analysis.***® Due to this unavailability of relevant published
data for calibration/validation about recurrent events, the model does
not simulate recurrent events in the same vascular bed and only one
atheromatous plaque per vascular bed was modelled. This modelling
choice has no impact on the relevance of the analysis as the SIRIUS in-
silico trials only assess time to first event occurrence, but it could be a
limitation for the exploration of CV death outcomes as recurrent CV
events could contribute to it.

The aim of the SIRIUS protocol was to enable predictions at the
population or at the subgroup level and not at the individual patient le-
vel. The model calibration and validation strategy were built around this
purpose and hence the model can only generate predictions at those
levels with good reliability. To be able to generate reliable personalized
predictions or risk scoring at an individual level, the current model
would need to be modified and another set of calibration and validation
would be required.

This model and VPop have been specifically developed for the
SIRIUS programme. Currently, the model is specifically designed to
studying the impact of LLT by including treatment mechanistic
submodels for HI statins, ezetimibe, evolocumab, alirocumab, and in-
clisiran. However, thanks to the calibration using data from patients
receiving other drugs (e.g. antihypertensive drugs, treatments for dia-
betes), the model can indirectly account for the effects of these add-
itional drugs, despite not explicitly modelling them mechanistically.
The impacts of those treatments cannot be specifically studied, but
their effects are implicitly integrated into the simulation results.

This knowledge-based model can be evolutive and adapted to allow
explicit modelling of other drugs by adding corresponding submodels
or other populations of patients such as statin intolerant or primary
prevention patients.

Conclusion

SIRIUS trials applying validated knowledge-based computational model
of ASCVD and treatments to virtual patients is an innovative approach
to complement RCTs. SIRIUS programme will provide insights regard-
ing the potential effect of inclisiran on MACE in ASCVD patients,

several years before the availability of the results from ongoing out-
comes trials (ORION-4 and VICTORION-2-P).

Authorship

DA, PA, AB, FB, BC, GM, LP, PGS: contributed to the conception and
design of the study and critically analyzed the calibration and validation
data. EP, EB, JPB, EC, AD, SG-N, RK, SP, YWV built up the in-silico model
and performed the calibration and validation processes. DA, LP and EB
drafted the manuscript. PA, FB, BC, GM, PGS, JPB, AB, AF critically re-
vised the manuscript. All gave final approval and agreed to be account-
able for all aspects of work ensuring integrity and accuracy

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology.

Funding

SIRIUS is funded by Novartis Pharma SAS.

Novartis as sponsor of SIRIUS programme was in charge of designing, re-
viewing and approving the study protocol and its amendments, designing
and approving Statistical Analysis Plan, the study registration and results
publication in public registries (https:/clinicaltrials.gov/), reviewing and ap-
proving the knowledge models used to build the in-silico ASCVD model, ap-
proving the calibration and validation strategy of the model, transferring
anonymized individual data from Novartis clinical studies used for the
ASCVD model calibration and validation, reviewing and approving calibra-
tion/validation results of the in-silico ASCVD model, reviewing and approv-
ing study report regarding model development and SIRIUS in-silico results,
participating in article writing and reviewing.

Conflict of interest: Denis Angoulvant reports having received payment
or honoraria for lectures, presentations, speakers bureaus or educational
events from Amgen, Alnylam, Amarin, Astra Zeneca, Boehringer, BMS,
Bouchara Recordati, Pfizer, Novartis, Novo Nordisk, Organon, Sanofi,
Servier, Vifor.

Gabriel Steg reports the following: research grants from
Amarin and Sanofi. Consulting or speaking for Amarin, Amgen, BMS and
Novo-Nordisk. Clinical Trials (Steering committee, CEC, DSMB) for
Amarin, Amgen, AstraZeneca, Bayer, Bristol-Myers Squibb, Idorsia,
Janssen, Novartis, Novo-Nordisk, Pfizer, Sanofi. Senior Associate Editor
at Circulation and Chief Scientific Officer of Bioquantis

Guillaume Mahé reports having received payments for consulting, speak-
ing, or educational events from Amgen, Amarin, Bayer Healthcare, BMS,
Leo Pharma, Novartis, Novo Nordisk, Pfizer and Sanofi.

Bertrand Cariou reports having received payments for consulting, speak-
ing, or educational events from Amgen, Astra Zeneca, BMS, Eli Lilly,
Novartis, Novo Nordisk, Sanofi, Ultragenyx.

Franck Boccara reports having received payments for consulting, speak-
ing, or educational events from Amgen, Amarin, Novartis, Novo Nordisk,
Boehringer, Servier, ViiV healthcare, Gilead and Sanofi.

Pierre  Amarenco reports the following: grants from the French
government (PHRC: RIISC-THETIS, TST-40, SPICAF trials), Pfizer and
AstraZeneca (TST trial). Speaker fee from Novartis, Viatris and Sanofi.
Advisory board for Novartis and Neuraltide. Steering committee for Bayer.

Data availability

Calibration and validation data used to generate the figures presented in the
manuscript will be made available in the technical publication by Wang et al
(in progress) and upon reasonable request to the corresponding author.

¥20z Jaquiardes €0 uo 1senb Aq |0t 22/ 2/ySzeemz/odlina/g601 01 /10p/aoe-aoueApe/odling/woo dno-olwapeoe//:sdiy Wwolj papeojumo(


http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwae254#supplementary-data

In-silico trial emulation to predict the cardiovascular protection of new lipid-lowering drugs: an illustration through the design of the SIRIUS programme11

References

1.

g

w

Bl

(%)

o

~

oo

el

Borén J, Chapman M|, Krauss RM, Packard CJ, Bentzon JF, Binder CJ, et al. Low-density
lipoproteins cause atherosclerotic cardiovascular disease: pathophysiological, genetic,
and therapeutic insights: a consensus statement from the European atherosclerosis so-
ciety consensus panel. Eur Heart | 2020;41:2313-2330.

Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bick M, et al. 2021 ESC
guidelines on cardiovascular disease prevention in clinical practice. Eur Heart | 2021;42:
3227-3337.

. Abifadel M, Varret M, Rabés J-P, Allard D, Ouguerram K, Devillers M, et al. Mutations in

PCSK9 cause autosomal dominant hypercholesterolemia. Nat Genet 2003;34:154-156.
Cariou B, Le May C, Costet P. Clinical aspects of PCSK9. Atherosclerosis 2011;216:
258-265.

. Henney NC, Banach M, Penson PE. RNA silencing in the management of dyslipidemias.

Curr Atheroscler Rep 2021;23:69.

Ray KK, Wright RS, Kallend D, Koenig W, Leiter LA, Raal FJ, et al. Two phase 3 trials of
inclisiran in patients with elevated LDL cholesterol. N Engl | Med 2020;382:1507-1519.
Ray KK, Troquay RPT, Visseren FLJ, Leiter LA, Scott Wright R, Vikarunnessa S, et al.
Long-term efficacy and safety of inclisiran in patients with high cardiovascular risk and
elevated LDL cholesterol (ORION-3): results from the 4-year open-label extension
of the ORION-1 trial. Lancet Diabetes Endocrinol 2023;11:109—-119.

. Sabatine MS, Wiviott SD, Im K, Murphy SA, Giugliano RP. Efficacy and safety of further

lowering of low-density lipoprotein cholesterol in patients starting with very low levels:
a meta-analysis. JAMA Cardiol 2018;3:823-828.

. Arséne S, Parés Y, Tixier E, Granjeon-Noriot S, Martin B, Brueziére L, et al. In silico clin-

ical trials: is it possible? Methods Mol Biol 2024;2716:51-99.

. Cheng Y, Straube R, Alnaif AE, Huang L, Leil TA, Schmidt BJ. Virtual populations for

quantitative systems pharmacology models. Methods Mol Biol 2022;2486:129-179.

. Viceconti M, Pappalardo F, Rodriguez B, Horner M, Bischoff ], Musuamba Tshinanu F. In

silico trials: verification, validation and uncertainty quantification of predictive models
used in the regulatory evaluation of biomedical products. Methods 2021;185:120-127.

. Madabushi R, Seo P, Zhao L, Tegenge M, Zhu H. Review: role of model-informed drug

development approaches in the lifecycle of drug development and regulatory decision-
making. Pharm Res 2022;39:1669-1680.

. Musuamba FT, Skottheim Rusten |, Lesage R, Russo G, Bursi R, Emili L, et al. Scientific

and regulatory evaluation of mechanistic in silico drug and disease models in drug devel-
opment: building model credibility. CPT Pharmacometrics Syst Pharmacol 2021;10:
804-825.

. Dronne M-A, Boissel J-P, Grenier E. A mathematical model of ion movements in grey

matter during a stroke. | Theor Biol 2006;240:599-615.

. Wilson PWF, D’Agostino R, Bhatt DL, Eagle K, Pencina M), Smith SC, et al. An inter-

national model to predict recurrent cardiovascular disease. Am | Med 2012;125:
695-703.e1.

. Pappalardo F, Russo G, Tshinanu FM, Viceconti M. In silico clinical trials: concepts and

early adoptions. Brief Bioinform 2019;20:1699-1708.

. Vaidyanathan S, Camenisch G, Schuetz H, Reynolds C, Yeh C-M, Bizot M-N, et al.

Pharmacokinetics of the oral direct renin inhibitor aliskiren in combination with digoxin,
atorvastatin, and ketoconazole in healthy subjects: the role of P-glycoprotein in the dis-
position of aliskiren. | Clin Pharmacol 2008;48:1323-1338.

. Bullman J, Nicholls A, Van Landingham K, Fleck R, Vuong A, Miller , et al. Effects of la-

motrigine and phenytoin on the pharmacokinetics of atorvastatin in healthy volunteers.
Epilepsia 2011;52:1351-1358.

. Martin PD, Warwick MJ, Dane AL, Hill S}, Giles PB, Phillips P}, et al. Metabolism, excre-

tion, and pharmacokinetics of rosuvastatin in healthy adult male volunteers. Clin Ther
2003;25:2822-2835.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

Kosoglou T, Statkevich P, Meyer |, Cutler DL, Musiol B, Yang B, et al. Effects of ezetimibe
on the pharmacodynamics and pharmacokinetics of lovastatin. Curr Med Res Opin 2004;
20:955-965.

Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, et al.
Evolocumab and clinical outcomes in patients with cardiovascular disease. N Engl |
Med 2017;376:1713-1722.

Ray KK, Kallend D, Leiter LA, Raal FJ, Koenig W, Jaros M}, et al. Effect of inclisiran on
lipids in primary prevention: the ORION-11 trial. Eur Heart | 2022;43:5047-5057.
O’Donoghue ML, Giugliano RP, Wiviott SD, Atar D, Keech A, Kuder JF, et al.
Long-Term evolocumab in patients with established atherosclerotic cardiovascular dis-
ease. Circulation 2022;146:1109-1119.

Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, et al. Alirocumab and
cardiovascular outcomes after acute coronary syndrome. N Engl | Med 2018;379:
2097-2107.

Cannon CP, Blazing MA, Giugliano RP, McCagg A, White JA, Theroux P, et al. Ezetimibe
added to statin therapy after acute coronary syndromes. N Engl | Med 2015;372:
2387-2397.

Ridker PM, Everett BM, Thuren T, MacFadyen ]G, Chang WH, Ballantyne C, et al.
Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl | Med
2017;377:1119-1131.

Ray KK, Haq |, Bilitou A, Manu MC, Burden A, Aguiar C, et al. Treatment gaps in the
implementation of LDL cholesterol control among high- and very high-risk patients in
Europe between 2020 and 2021: the multinational observational SANTORINI study.
Lancet Reg Health Eur 2023;29:100624.

Raal F}, Kallend D, Ray KK, Turner T, Koenig W, Wright RS, et al. Inclisiran for the treat-
ment of heterozygous familial hypercholesterolemia. N Engl | Med 2020;382:
1520-1530.

Wright RS, Ray KK, Raal FJ, Kallend DG, Jaros M, Koenig W, et al. Pooled patient-level
analysis of inclisiran trials in patients with familial hypercholesterolemia or atheroscler-
osis. | Am Coll Cardiol 2021;77:1182-1193.

Wright RS, Koenig W, Landmesser U, Leiter LA, Raal FJ, Schwartz GG, et al. Safety and
tolerability of inclisiran for treatment of hypercholesterolemia in 7 clinical trials. | Am Coll
Cardiol 2023;82:2251-2261.

Ference BA, Ginsberg HN, Graham |, Ray KK, Packard CJ, Bruckert E, et al. Low-density
lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epi-
demiologic, and clinical studies. A consensus statement from the European atheroscler-
osis society consensus panel. Eur Heart | 2017;38:2459-2472.

Silverman MG, Ference BA, Im K, Wiviott SD, Giugliano RP, Grundy SM, et al.
Association between lowering LDL-C and cardiovascular risk reduction among differ-
ent therapeutic interventions: a systematic review and meta-analysis. JAMA 2016;316:
1289-1297.

An G, Bartels ], Vodovotz Y. In silico augmentation of the drug development pipeline:
examples from the study of acute inflammation. Drug Dev Res 2011;72:187-200.

U.S. Food & Drug Administration. Assessing the Credibility of Computational Modeling
and Simulation in Medical Device Submissions. 2023; published online Nov 17. https:/
www.fda.gov/regulatory-information/search-fda-guidance-documents/assessing-credibility-
computational-modeling-and-simulation-medical-device-submissions (accessed June 24,
2024).

Murphy SA, Pedersen TR, Gaciong ZA, Ceska R, Ezhov MV, Connolly DL, et al. Effect of
the PCSK?9 inhibitor evolocumab on total cardiovascular events in patients with cardio-
vascular disease: a prespecified analysis from the FOURIER trial. JAMA Cardiol 2019;4:
613-619.

Szarek M, White HD, Schwartz GG, Alings M, Bhatt DL, Bittner VA, et al. Alirocumab
reduces total nonfatal cardiovascular and fatal events: the ODYSSEY OUTCOMES trial.
J Am Coll Cardiol 2019;73:387-396.

20z Jaquiaydag g0 uo 1sanb Aq Loy 22/ 2/vSzaemz/odlina/ge0 L 0L /10p/a1oue-aoueApe/odlina/woo dno ojwapeoe//:sdyy wouy papeojumoq


https://www.fda.gov/regulatory-information/search-fda-guidance-documents/assessing-credibility-computational-modeling-and-simulation-medical-device-submissions
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/assessing-credibility-computational-modeling-and-simulation-medical-device-submissions
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/assessing-credibility-computational-modeling-and-simulation-medical-device-submissions

	In-silico trial emulation to predict the cardiovascular protection of new lipid-lowering drugs: an illustration through the design of the SIRIUS programme
	Introduction
	Trial design and method
	Design of an ASCVD knowledge-based mechanistic model
	Calibration of the model
	Credibility assessment of the model
	Virtual population
	Study protocol
	Outcomes
	Virtual population size
	Study management and scientific committee
	Protection of human subjects and management and reporting of adverse events/adverse reactions
	Statistical considerations
	Uncertainty management

	Discussion
	Conclusion
	Authorship
	Supplementary material
	Funding
	Data availability
	References


