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ABSTRACT

For more than half a century, low-den-
sity lipoprotein cholesterol (LDL-C) has been
recognized as a major risk factor for incident
atherosclerotic cardiovascular disease. The dis-
covery of proprotein convertase subtilisin-kexin
type 9 (PCSK9) in 2003, which prevents LDL-C
receptor recycling, identified a new target for
drug intervention. Recently, two large-scale
randomized clinical outcomes trials involving
fully human anti-PCSK9 monoclonal antibodies
tested the hypothesis that targeting this path-
way would reduce cardiovascular events. Both
the FOURIER (Further cardiovascular OUtcomes
Research with PCSK9 Inhibition in subjects with

Elevated Risk) and ODYSSEY OUTCOMES trials
met their primary efficacy endpoints, confirm-
ing findings reported earlier that major adverse
cardiovascular events can be reduced by a fur-
ther lowering of LDL-C beyond that achieved
with statin therapy. In both trials, there were
incremental reductions in LDL-C of[50% from
baseline, with no major safety concerns, over
the trials’ median follow-up time (2.2 and
2.8 years, respectively). While there were dif-
ferences in design, lipid management and
overall results, key messages from both studies
were similar. However, post-publication, addi-
tional questions have arisen, especially regard-
ing drug effects over the long-term, including a
potential mortality benefit.
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Key Summary Points

LDL-cholesterol (LDL-C) is causally
associated with incident atherosclerotic
cardiovascular (CV) disease.

While statins have been demonstrated to
significantly reduce CV events, residual
risk remains, especially among patients
with prior atherosclerotic CV disease or
ischemic events.

Proprotein convertase subtilisin-kexin
type 9 (PCSK9) inhibitors provide a new
option for patients who do not achieve
optimal levels of LDL-C with statins.

Two pivotal CV outcomes trials, the
FOURIER and ODYSSEY OUTCOMES
studies, have demonstrated that two
monoclonal antibodies against PCSK9
reduced major adverse CV events in high-
risk patients.

However, some questions remain to be
answered, such as the long-term safety,
cost-effectiveness, reduction in mortality
and whether patients with lower risk
profiles may also benefit from this intense
LDL-C lowering therapy on top of statins.

INTRODUCTION

It is well-known that low-density lipoprotein
cholesterol (LDL-C) is a major modifiable risk
factor involved in atherosclerotic heart disease.
The Cholesterol Treatment Trialists (CTT) meta-
analysis demonstrated that risk reductions for
major adverse cardiovascular events (MACE)
with statin therapy have a consistent relation-
ship with the absolute reduction in LDL-C [1].
Subsequently, proprotein convertase subtil-
isin–kexin type 9 (PCSK9) inhibitors were
developed as a novel treatment option in mod-
ern lipidology [2, 3]. Since the discovery that
loss-of-function mutations of this protein are
associated with a lower incidence of coronary

heart disease (CHD) [4], new drugs targeting
PCSK9 have been sought. The recent publica-
tion of two large-scale randomized cardiovas-
cular (CV) outcomes trials with anti-PCSK9
monoclonal antibodies brought the use of these
drugs in LDL-C-lowering therapy a step further
[5, 6]. While there were some differences in
terms of study design between these two large
trials, the clinical implications are consistent:
inhibition of PCSK9 decreases MACE over a
medium-term follow-up (\ 3 years), with no
major safety issues, including in patients who
have already achieved very low LDL-C levels. In
addition, in both trials the relative risk reduc-
tion in CV events per milimole/liter LDL-C
lowering is consistent with that achieved with
other lipid-lowering therapies, including statins
[1] and ezetimibe [7].

The main aim of this review was to compare
study designs and key findings; critically ana-
lyze clinical implications; and discuss gaps in
knowledge that remain to be addressed in future
studies with PCSK9 inhibitors.

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

DESIGNS AND BASELINE
CHARACTERISTICS OF THE FOURIER
AND ODYSSEY OUTCOMES TRIALS

The FOURIER (Further cardiovascular OUt-
comes Research with PCSK9 Inhibition in sub-
jects with Elevated Risk) trial tested the fully
human monoclonal antibody evolocumab at
either 140 mg every 2 weeks (Q2W) or 420 mg
every 4 weeks (Q4W) given by subcutaneous
(SC) injection (these are considered to be
equipotent regimens) [8]. The ODYSSEY OUT-
COMES trial tested another fully human mon-
oclonal antibody, alirocumab, at an initial dose
of 75 mg Q2W (with a protocol-driven up-ti-
tration to 150 mg when LDL-C was[ 50 mg/
dL), also by SC injection. From a pharmacolog-
ical point of view, both drugs were well toler-
ated in phase 2 studies and led to a consistent
decrease in LDL-C as well as a decrease in
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apolipoprotein B (ApoB) and lipoprotein
(a) [9, 10].

The design [11] and results [5] of the FOUR-
IER trial have been published. The main inclu-
sion criteria were age between 40 and 85 years
plus prior established CV disease, which inclu-
ded either previous non-hemorrhagic stroke,
myocardial infarction (MI) or symptomatic
peripheral artery disease (PAD). Patients were
required to have a baseline LDL-C C 70 mg/dL
or non-high-density cholesterol (HDL-
C) C 100 mg/dL on stable treatment with at
least moderate-intensity (preferentially high-

intensity) statin, with or without ezetimibe. In
addition, the patients were required to have at
least one additional risk criterion, such as dia-
betes mellitus (DM), age C 65 years or more
than one prior MI/stroke or qualifying MI/
stroke having occurred B 6 months before ran-
domization (see Table 1 for further details).

In the ODYSSEY OUTCOMES trial, qualify-
ing patients were at least 40 years of age, hos-
pitalized with an acute coronary syndrome
(ACS) between 4 and 52 weeks before random-
ization and had a baseline LDL-C C 70 mg/dL or
non-HDL-c C 100 mg/dL or ApoB C 80 mg/dL.

Table 1 FOURIER versus ODYSSEY trials—study design

Trial details FOURIER trial ODYSSEY OUTCOMES trial

Enrolled population (N) 27,564 18,924

Age entry criteria C 40 years and B 85 years C 40 years

Inclusion criteria Prior MI, stroke or symptomatic PAD plus

additional high-risk featuresa
Prior acute coronary syndrome (between 1 and

12 months)

Lipid entry criteria LDL-C C 70 mg/dL or non-HDL-

C C 100 mg/dL

LDL-C C 70 mg/dL or non-HDL-C

C 100 mg/dL or ApoB C 80 mg/dL

Allowed baseline lipid-

lowering therapy

Moderate or high-intensity statin High-intensity statinc

Primary endpoint CV death, MI, stroke, unstable angina or

coronary revascularization

CHD death, MI, unstable angina or stroke

Dedicated study for

neurocognitive evaluation

Within the main trial (EBBINGHAUS

study)b
Ongoing in a separate studyd

Therapy down-titration

when LDL low

No Yes

For the FOURIER trial, MI includes fatal and non-fatal events; for the ODYSSEY trial, only non-fatal. Stroke in
FOURIER considers all strokes, whereas only ischemic strokes were taken into account in ODYSSEY OUTCOMES.
Coronary revascularization endpoint definition in FOURIER comprised any revascularization procedure, whereas only
ischemia driven revascularization was included in ODYSSEY OUTCOMES
Differences between the two trials are underlined
ApoB Apolipoprotein B, CHD coronary heart disease, CV cardiovascular,HDL-C high-density lipoprotein-cholesterol,
LDL-C low-density lipoprotein-cholesterol, MI myocardial infarction, PAD peripheral artery disease
a At least one of the following: diabetes; age C 65 years, MI or stroke within 6 months, additional MI or stroke besides the
qualifying event, current smoking, symptomatic PAD if MI or stroke as qualifying event; OR two or more of the following:
history of non-MI-related coronary revascularization, residual coronary artery disease with stenosis of 40% in C 2 vessels,
HDL-C\ 40 mg/dL for men or\ 50 mg/dL for women, high-sensitivity CR-reactive protein[ 2 mg/L, LDL-
C C 130 mg/dL or non-HDL-C C 160 mg/dL, metabolic syndrome
b Giugliano et al. [39]
c Unless contra-indicated or not tolerated
d NCT02957682
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Unlike the FOURIER trial, there was no need for
an incremental risk factor besides the index
ACS. In addition, a high-intensity statin regi-
men with the maximum tolerated dose was
required as background therapy [6, 12]
(Table 1).

Comparison of Trial Designs

Lipid enrollment criteria were similar in the
FOURIER and ODYSSEY OUTCOMES trials, with
both studies requiring eligible subjects to have
LDL-C C 70 mg/dL or non-HDL-C C 100 mg/dL
while on baseline statin therapy (or other
allowed lipid-lowering drugs, if statins were not
tolerated; see below for further details). In the
ODYSSEY OUTCOMES trial, only 132 patients
(0.7%) qualified based solely on the
ApoB C 80 mg/dL criterion. Recent ACS was an
exclusion criterion in the FOURIER trial,
whereas it was a major inclusion criterion in the

ODYSSEY OUTCOMES trial. Regarding other
exclusion criteria, both trials were very similar,
with no major differences (Table 2).

In the FOURIER trial, more than three-quar-
ters of enrolled patients had a history of prior
MI (median time from index-event 3.4 years),
19% had a prior non-hemorrhagic stroke and
13% had PAD. PAD, similar to prior MI and
stroke, is also well recognized as a major incre-
mental risk factor as it is a marker of more
widespread atherosclerosis [13–15]. The ODYS-
SEY OUTCOMES trial, on the other hand, tar-
geted a more acute population—patients with
recent ACS. This same group has been previ-
ously addressed in other lipid-lowering trials
[7, 16–18]. One remarkable overlap between
both trials was the number of patients with
prior MI (83% in ODYSSEY OUTCOMES vs. 81%
in FOURIER), thus highlighting the fact that
both trials indeed enrolled high-risk groups
with established CAD (Table 3).

Table 2 FOURIER versus ODYSSEY—key exclusion criteria

FOURIER trial ODYSSEY OUTCOMES trial

MI or stroke within the last 4 weeks Qualifying index ACS\ 4 weeks or[ 52 weeks before

randomization

HF with NYHA functional class III or IV, or LVEF\ 30% HF with NYHA functional class III or IV, or LVEF\ 25%

Prior hemorrhagic stroke Prior hemorrhagic stroke

Triglycerides[ 400 mg/dL Triglycerides[ 400 mg/dL

Planned revascularization within 3 months after

randomization

Coronary revascularization within 2 weeks before or

planned after randomization

SBP[ 180 mmHg or DBP[ 110 mmHg SBP[ 180 mmHg or DBP[ 110 mmHg

eGFR\ 20 mL/min/1.73 m2 eGFR\ 30 mL/min/1.73 m2

AST or ALT[ 3 9 ULN AST or ALT[ 3 9 ULN

CK[ 5 9 ULN CK[ 5 9 ULN

Use of CETP inhibitor, mipomersen, lomitapide or fibrates

other than fenofibrate

Use of fibrates other than fenofibrate or fenofibric acid

Differences between the trials are underlined
ACS Acute coronary syndromes, ALT alanine aminotransferase, AST aspartate aminotransferase, CETP cholesteryl esther
transfer protein, CK creatin phosphokinase, DBP diastolic blood pressure, eGFR estimated glomerular filtration rate,
HF heart failure, LVEF left ventricle ejection fraction, NYHA New York Heart Association, SBP systolic blood pressure,
ULN upper limit of normal
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FOURIER VERSUS ODYSSEY
OUTCOMES TRIALS: BASELINE
LIPID-LOWERING THERAPY
AND MANAGEMENT OF LDL-C
LEVELS

Considering the accumulated evidence from
studies on statins, especially those with high-in-
tensity regimens [1, 16, 17, 19], achieving further
clinical benefit on top of this standard of care
might appear challenging. Both study protocols
strived to identify patients who were optimally
treated before enrollment. The FOURIER trial
required patients to be on moderate or high-in-
tensity statin therapy, such as, for example, at
least atorvastatin 20 mg daily or its equivalent,

while the ODYSSEY OUTCOMES trial required
patients to be on atorvastatin 40–80 mg or rosu-
vastatin 20–40 mg daily, or the maximum toler-
ated dose of one of these two agents. Therefore,
the vast majority of patients were treated at
baseline with high-intensity statins (70% in
FOURIER and 92% in ODYSSEY OUTCOMES).
Ezetimibe was used infrequently at baseline
(3–5% of patients in both trials). Nonetheless, the
median baseline LDL-C levels in both trials were
similar (92 mg/dL in FOURIER and 87 mg/dL in
ODYSSEY OUTCOMES; see Table 3).

In both trials, special care was undertaken
regarding background lipid-lowering therapy
and how lipid levels were monitored during the
studies. Lipid levels were not disclosed to either
the investigators or patients in order to avoid

Table 3 FOURIER versus ODYSSEY trials—baseline characteristics and main results

Trial details FOURIER trial ODYSSEY OUTCOMES trial

Median follow-up in years (IQR) 2.2 (1.8–2.5) 2.8 (2.3–3.4)

Mean age, years (± SD) 63 ± 9 59 ± 9

Female, % 24.5 25.2

Diabetes mellitus, % 36.6 28.8

Hypertension, % 80.1 64.8

Current smoker, % 28.3 24.1

Prior MI, % 81.1 83.1

Prior stroke, % 19.4 3.2

Median time from most recent index

event, months (IQR)a
41 (12–90) 2.6 (1.7–4.4)

Baseline statin therapy, % High-intensity (70%) or moderate-

intensity (30%) statin

High-intensity (92%) or moderate-

intensity (8%) statin

Baseline ezetimibe, % 5.2 2.9

Median baseline LDL-C, mg/dL (IQR) 92 (80–109) 87 (73–104)

Mean achieved LDL-C reduction, %b 59.0 54.7

Median achieved LDL-C at 12 months,

mg/dL (IQR)b
30 (19–46) 42c

IQR Interquartile range, MI myocardial infarction, SD standard deviation, UA unstable angina
a In FOURIER, ACS was not a mandatory enrollment criterion, although the majority of patients had prior MI
b In FOURIER, this reduction comes from the intention-to-treat analysis. In ODYSSEY OUTCOMES, on-treatment
analysis was considered
c 95% confidence interval was not provided in the main publication

Cardiol Ther (2020) 9:59–73 63



unblinding and minimize the introduction of
bias and confounding. In both trials, changes in
background lipid-lowering therapies were dis-
couraged after randomization. Moreover, in the
FOURIER trial there was an independent lipid
monitoring committee whose role was to
monitor the LDL-C separation between treat-
ment groups (but not clinical events) over the
course of the study. Their charge was to peri-
odically review unblinded LDL-C data and to
advise the Executive Committee and sponsor if
trial assumptions were not being met globally or
in certain subgroups. In the ODYSSEY OUT-
COMES trial there was an independent and
unblinded committee dedicated to monitor
safety in patients with low LDL-C values
(\25 mg/dL) whose members reported indi-
vidual and aggregate findings to the Data Safety
Monitoring Board (DSMB). Due to previous
concerns of a possible association of lipid low-
ering with hemorrhagic stroke [20] and given
that the majority of patients would be expected
to be on dual antiplatelet therapy in the
ODYSSEY OUTCOMES trial (enrolling 1 year
post-ACS population), LDL-C levels of\15 mg/
dL were considered to be undesirable due to a
potential increased risk of intracranial hemor-
rhage. Thus, the protocol mandated permanent
study drug discontinuation when LDL-C
levels\ 15 mg/dL were sustained while on the
lower dose (see below).

The major difference in lipid management
between the studies was the titration of PCSK9
inhibitor therapy in the ODYSSEY OUTCOMES
trial design. All patients assigned to the active
alirocumab arm were started on alirocumab
75 mg Q2W, which is half of the maximally
approved dose. If LDL-C levels at 1 month after
randomization were[ 50 mg/dL, study drug
dose was increased to 150 mg Q2W in a blinded
fashion. On the other hand, if LDL-C levels
dropped to\25 mg/dL, patients on the 150 mg
dose had their dose blindly halved, while
patients on 75 mg were maintained at this dose.
However, if levels of\ 15 mg/dL were deter-
mined in two consecutive measurements while
on the 75 mg dose, then the patient was blindly
switched to placebo. If patients had LDL-C val-
ues of between 15 and 25 mg/dL and had an
adverse event that was considered to be causally

related to the treatment by the study safety
physician, then they were also blindly switched
to placebo. During the trial, 2615 of the patients
in the alirocumab arm (27.6%) had their ther-
apies up-titrated to the 150 mg dose after initial
assessment of LDL-C levels, whereas 730 (7.7%)
patients were switched in a blinded fashion to
placebo due to consecutive measured LDL-C
levels of\15 mg/day on the 75 mg dose.

Both trials achieved a [ 50% reduction in
LDL levels (see Table 3). Accordingly, achieved
LDL-C levels were lower in the FOURIER trial
than in the ODYSSEY OUTCOMES trial despite
the baseline mean LDL-C levels being similar in
both trials. In the FOURIER trial, mean differ-
ences in LDL-C levels between treatment arms
at 12 and 24 months were 56 and 54 mg/dL,
respectively; in the ODYSSEY OUTCOMES trial,
mean differences at 12 and 24 months were 48
and 44 mg/dL, respectively. In addition to study
drug discontinuation and blindly switching to
placebo, down-titration of background statin
therapy may have contributed to the increase in
LDL-C over time and, even if more common in
the alirocumab arm, may have contributed to a
blunting of the difference between the two
randomized groups in the ODYSSEY OUT-
COMES trial (Fig. 1).

Despite prior concerns regarding a possible
association between high-intensity statin ther-
apy, low achieved LDL-C, and hemorrhagic
stroke [20], further data on this topic has been
reassuring. In a pre-specified secondary analysis
from the FOURIER trial, the 2669 patients who
achieved LDL-C\ 20 mg/dL had no major
safety concerns (including no increase in risk of
hemorrhagic stroke) [21]. In a similar analysis
from the IMPROVE-IT (testing ezetimibe vs.
placebo in addition to simvastatin) study, the
971 patients with achieved LDL-C of\ 30 mg/
dL at 1 month had no excess safety concerns,
including hemorrhagic stroke, over a median
follow-up of 6 years [22].

STUDY DESIGNS: EFFICACY
ENDPOINTS

In the FOURIER trial, the primary efficacy end-
point (PEP) was the composite of CV death, MI,
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any stroke, hospitalization for unstable angina
or unplanned coronary revascularization, and
the key secondary endpoint was the composite
of CV death, MI or any stroke. In the ODYSSEY
OUTCOMES trial, the primary endpoint was the
composite of CHD death, MI, ischemic stroke or
hospitalization for UA, and the secondary end-
point was the composite of all-cause death, MI
or ischemic stroke.

Some differences in the aforementioned pri-
mary endpoints for each trial should be
emphasized (see Table 1). CV death in the
FOURIER trial was defined as death resulting
from an acute MI, sudden cardiac death, heart
failure (HF), stroke, CV procedures, CV hemor-
rhage and other CV causes. CHD death in the
ODYSSEY OUTCOMES trial was defined as any
death with a clear relationship to underlying
CHD, including death secondary to acute MI,
sudden death, HF or complications arising from
a coronary revascularization procedure where
the cause of death was clearly related to the
procedure. Therefore, CV death comprises a
broader endpoint that also includes deaths due
to non-coronary CV disease (e.g., arrhythmia,
pulmonary embolism, hemorrhagic stroke),
whereas CHD death includes only those deaths
directly or presumably attributable to CAD and

its complications. In the FOURIER trial the pri-
mary endpoint included all types of stroke,
whereas the primary endpoint in the ODYSSEY
OUTCOMES trial included only ischemic
strokes; thus, hemorrhagic strokes and those of
uncertain origin were part of the PEP only in the
FOURIER trial. In the FOURIER trial the revas-
cularization endpoint was defined as any
unplanned revascularization, and in the
ODYSSEY OUTCOMES trial only ischemia-dri-
ven revascularization (prompted by ischemic
symptoms or abnormal findings in functional
tests) was included. Of note, coronary stent re-
stenosis was excluded from the outcome defi-
nitions in the ODYSSEY OUTCOMES trial since
it was considered less amenable to modification
by therapy aimed at lowering LDL-C [23], while
those events were counted in the PEP of the
FOURIER trial.

FOURIER VERSUS ODYSSEY
OUTCOMES: OVERALL RESULTS

Both trials met their respective PEP, with sig-
nificant reductions favoring the PCSK9 inhi-
bitor compared to placebo. The point estimates
of the hazard ratios (HRs) for the PEPs were

Fig. 1 Comparison of the ODYSSEY and FOURIER trials in terms of lipid lowering. Mean low-density lipoprotein
cholesterol (LDL-C) levels over time are presented for both trials (intention-to-treat analysis) according to treatment arms
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similar in the FOURIER and ODYSSEY OUT-
COMES trials (HR 0.85, 95% confidence interval
[CI] 0.79–0.92 and HR 0.85, 95% CI 0.78–0.93,
respectively) (Fig. 2). There was also a consistent
benefit from both active drugs regarding
reductions in MI (FOURIER: HR 0.73, 95% CI
0.65–0.82; ODYSSEY OUTCOMES: HR 0.86,
95% CI 0.77–0.96) and stroke (FOURIER: HR
0.79, 95% CI 0.66–0.95; ODYSSEY OUTCOMES:
HR 0.73, 95% CI 0.57–0.93). The revasculariza-
tion endpoints from the FOURIER and ODYS-
SEY OUTCOMES trials were both significantly
reduced, but with numerically different point

estimates, possibly related to differences in
patient characteristics in each trial (post-ACS vs.
stable CAD) and/or different definitions used
for the revascularization endpoint. Regarding
CV death, neither trial demonstrated a statisti-
cally significant benefit of the PCSK9 inhibitor
over placebo, although in the ODYSSEY OUT-
COMES trial there was a lower rate of all-cause
death favoring alirocumab that did not meet
the rigorous statistical criteria for significance
specified in the protocol to correct for multi-
plicity. This issue is explored further in a sub-
sequent section.

Fig. 2 Comparison of the ODYSSEY and FOURIER
trials in terms of clinical efficacy based on the hazard ratios
(HR) for the primary and secondary endpoints. HR is
presented with the 95% confidence interval (CI). For the
FOURIER trial, myocardial infarction (MI) included both
fatal and non-fatal events; for the ODYSSEY trial, MI
included only non-fatal events. Stroke in the FOURIER
trial considered all strokes, whereas in the ODYSSEY
OUTCOMES trials only ischemic strokes were taken into
account. The definition of coronary revascularization
endpoint in the FOURIER trial comprised any revascu-
larization procedure, whereas only ischemia-driven revas-
cularization was included in this endpoint in the
ODYSSEY OUTCOMES trial. Superscript 1 indicates

coronary death, MI, ischemic stroke or unstable angina in
the ODYSSEY Outcomes trial and cardiovascular death,
MI, stroke, unstable angina or coronary revascularization
in the FOURIER trial. Superscript 2 indicates all-cause
death, MI or ischemic stroke in the ODYSSEY Outcomes
trial and cardiovascular death, MI or stroke in the
FOURIER trial. Superscript (3) indicates that MI includes
fatal and non-fatal events in the FOURIER trial and only
non-fatal eventsin the ODYSSEY trial . Stroke in the
FOURIER trial explicitly refers to all strokes, whereas in
the ODYSSEY OUTCOMES trials it refers to only
ischemic strokes. Superscript 4 refers to all types of stroke
in the FOURIER study and only ischemic stroke in the
ODYSSEY Outcomes trial
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DOES BASELINE LDL-C MATTER?

A meta-analysis carried out by the CTT Collab-
oration showed that irrespective of the baseline
LDL-C level, clinical benefit was most
strongly related to the absolute reduction in
LDL-C [1]. The 2018 Multisociety Guideline on
cholesterol treatment continues to recommend
an initial percentage LDL-C lowering (at least
50% from baseline), but it has also introduced a
threshold of 70 mg/dL in high-risk patients
before considering the addition of other lipid-
lowering drugs to the statin therapeutic regi-
men [24].

In the FOURIER trial, there was no signifi-
cant heterogeneity of treatment effect accord-
ing to quartiles of baseline LDL-C level (\80, 80
to\92, 92–109 and[109 mg/dL), such that
the benefit was consistent across those sub-
groups. A dedicated secondary analysis of the
FOURIER trial data showed similar clinical
benefits with the addition of evolocumab to the
treatment regimen among patients on maxi-
mum intensity statin therapy (atorvastatin
80 mg or rosuvastatin 40 mg) versus those on
submaximal statin therapy, and in patients with
baseline LDL-C levels\70 mg/dL versus those
with baseline LDL-C levels C 70 mg/dL (and
considered to be below the treatment threshold)
[25]. Moreover, a secondary analysis of FOUR-
IER trial data demonstrated a persistence of
benefit even at achieved levels as low as \
20 mg/dL [21].

In comparison, in the ODYSSEY trial, a trend
for interaction between treatment and baseline
LDL-C was demonstrated, favoring a greater
relative risk reduction in patients with baseline
LDL-C[100 mg/dL. This result is in accor-
dance with findings reported earlier from a
meta-analysis showing a reduction in events
proportional to the absolute change in LDL-C
with different pharmacological therapies [26]. If
patients are started on therapy at a higher
baseline LDL-C, then a greater absolute reduc-
tion in LDL-C level is expected, translating into
larger reductions in clinical events. However,
data from both trials support the notion that
patients with lower levels of LDL-C still have
benefit from therapy with PCSK9 inhibitors

(with relative risk reductions in PEP of 14 and
20% for patients with baseline LDL-C\ 80 mg/
dL in the ODYSSEY OUTCOMES and FOURIER
trials, respectively). Also, it is important to note
that in the ODYSSEY OUTCOMES trial, patients
with baseline LDL-C levels[ 100 mg/dL would
be more likely to have the dose of alirocumab
up-titrated to 150 mg, whereas patients with
lower baseline LDL would be more likely to be
maintained on alirocumab 75 mg, thereby
leading to even greater absolute LDL-C lowering
and potentially a larger reduction in clinical
events in the subgroup with higher baseline
LDL-C levels. In addition, patients with lower
baseline LDL-C levels were more likely to have
been switched to placebo in the active arm due
to consecutive on-treatment LDL-C levels
of\ 15 mg/dL, thus driving the benefit of the
alirocumab arm towards the null in that
subgroup.

DO PCSK9 INHIBITORS PROVIDE
MORTALITY REDUCTION?

Taking into account that atherosclerosis is a
long-standing disease whose consequences take
years to ensue, the aim of lipid-lowering ther-
apy is to postpone or halt the progression of this
disease. As such, mortality benefits might be
anticipated only after several years have
elapsed. Not surprisingly, CV death has not
been consistently reduced in modern lipid-
lowering trials comparing high-intensity with
lower-intensity lipid-lowering therapies
[7, 16, 18–20, 27, 28]. Moreover, although trials
comparing statin therapy with placebo reported
a significant 12% reduction in all-cause mor-
tality at 5 years in the pooled trials result, there
was a significant time-dependent effect, with no
benefit demonstrated before the first 1–2 years
[29]. If one assumes no benefit in CV mortality
during the first 1.5 years of treatment with
PCSK9 inhibitor and considers the rela-
tively short follow-up in FOURIER and ODYS-
SEY OUTCOMES trials, then the expected
relative risk reduction in CV death for both
trials would be approximately 6% [30]. This
estimate is similar to that reported in a recent
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meta-analysis of 39 randomized trials with
PCSK9 inhibitors [31].

CAN IT BE DEMONSTRATED
THAT PCSK9 INHIBITORS PROVIDE
MORTALITY REDUCTION?

In the FOURIER trial, there was no sign of a
reduction in CV or all-cause death in the evo-
locumab arm. The same was true for the SPIRE-1
and SPIRE-2 (Studies of PCSK9 Inhibition and
the Reduction of Vascular Events) trials with
bococizumab, although these two trials were
discontinued prematurely (after a median fol-
low-up of 7 and 12 months, respectively) due to
the appearance of neutralizing antidrug anti-
bodies [32]. In the ODYSSEY OUTCOMES trial,
all-cause death was lower in the alirocumab
arm, with a HR of 0.85 (95% CI 0.73–0.98),
albeit the difference between treatment arms
was not considered to be statistically signifi-
cant after adjustment for multiple comparisons.
The neutral effect of alirocumab on CHD deaths
(HR 0.92, 95% CI 0.76–1.11) weakens the bio-
logical plausibility of this finding. Furthermore,
a secondary analysis of causes of death in the
ODYSSEY OUTCOMES trial revealed a numeri-
cally greater risk reduction in non-CV deaths
(HR 0.77, 95% CI 0.59–1.01) than in CV deaths
(HR 0.88, 95% CI 0.74–1.05) with alirocumab.
Among the 27 fewer non-CV deaths prevented
by alirocumab, the largest difference was for
deaths due to pulmonary causes [33]. The only
reasonable explanations for the larger reduction
in non-CV deaths with alirocumab would
appear to be: (1) misclassification of the causes
of death; (2) another unknown pleiotropic
effect of this drug on non-CV deaths that
remains to be demonstrated; (3) chance. The
first explanation alone seems implausible as one
would have to assume that the treatment effect
of the ‘‘misclassified’’ deaths in the non-CV
death group was substantially greater than the
treatment effect in the group with adjudicated
CV causes of death.

Nevertheless, when considering that PCSK9
inhibitors reduced MACE with no major safety
concern within the time limits of both trials, it
seems reasonable to expect a significant

reduction in fatal events also with longer fol-
low-up. Two ongoing studies with PCSK9 inhi-
bitors, ORION-4 (NCT03705234), with
inclisiran (a small interfering RNA administered
every 6 months), and VESALIUS-CV
(NCT03872401), with evolocumab, in patients
at high-risk of CV event without prior MI or
stroke followed for 4–5 years should help to
clarify these issues.

SAFETY ISSUES

Overall, both drugs were well tolerated, with no
major safety concerns in either trial (Fig. 3). In
the FOURIER trial, 1.6% of patients in the evo-
locumab group versus 1.5% in the placebo
group had an adverse event thought to be rela-
ted to the study drug and leading to drug dis-
continuation. In the ODYSSEY OUTCOMES
trial, 3.6% of patients in the alirocumab group
versus 3.4% in the placebo group had an
adverse event leading to drug discontinuation.
The only adverse event in both trials that was
significantly higher in patients receiving active
therapy than in those on placebo was local (and
mostly minor) injection site reaction (2.1 vs.
1.6% in FOURIER and 3.8 vs. 2.1% in ODYSSEY
OUTCOMES; see Fig. 3 for further details). One
reassuring finding was that new-onset DM was
not significantly increased with either of the
PCSK9 inhibitors. This contrasts with results
from prior Mendelian randomization studies
and pre-clinical data suggesting that inhibition
of the PCSK9 pathway could be associated with
a modestly higher risk of new-onset DM
[34–36]. In a pre-specified sub-analysis of data
from the FOURIER trial, no differences in terms
of adverse events (including new onset diabetes,
cancer, intracranial bleeding and cognitive
impairment) were demonstrated across five
groups stratified according to achieved LDL-C at
4 weeks (\ 20, 20–49, 50–69, 70–99
and C 100 mg/dL) [21].

In prior randomized trials designed for LDL-
C lowering, both evolocumab and alirocumab
demonstrated a possible signal for higher rates
of adverse events related to cognitive impair-
ment [37, 38]. However, these prior findings
were not confirmed in the ODYSSEY
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OUTCOMES and FOURIER trials. Adverse events
related to cognition were similar between the
active drug and placebo arms in both studies
(1.6 vs. 1.5% in FOURIER and 1.5 vs. 1.8% in
ODYSSEY OUTCOMES, respectively). Further-
more, within the FOURIER trial, a dedicated
study known as EBBINGHAUS, with a shorter
follow-up than that of the main trial (median
19 months), demonstrated no signal of harm on
cognitive function based on evaluation by a
structured standard battery of cognitive tests or
in the pre-specified patient self-survey of
everyday cognition [39]. An assessment is
ongoing in a separate trial of alirocumab in
patients with established CV disease or familial
hypercholesterolemia using formal cognitive
testing; these results are expected in 2020
(NCT02957682). While these data are reassur-
ing, more information is still needed regarding
long-term effects, since both trials had a median
follow-up of \ 3 years. To help further clarify
this issue, there is an ongoing dedicated cogni-
tive evaluation in approximately 500 patients
from open-label studies with evolocumab (NCT
02867813); results are anticipated in 2021.

FINAL CONSIDERATIONS
AND FUTURE PERSPECTIVES

The concept that lowering LDL-C reduces CV
events, already well-established with statins and
more recently established with other LDL-C
lowering drugs [1, 7], has now been confirmed
to extend to PCSK9 inhibitors, a new class of
drugs that can reduce LDL-C to unprecedently
low levels. Furthermore, the lack of major safety
concerns with PCSK9 inhibitors found in both
the FOURIER and ODYSSEY OUTCOMES trials is
encouraging. However, several important ques-
tions remain to be answered.

First, the relatively high cost of these drugs
compared to other lipid-lowering therapies
remains an issue. Of note, the 2018 ACC/AHA
Multisociety Guideline includes a cost-effec-
tiveness evaluation in the shared decision-
making algorithm for clinicians who are con-
sidering prescribing one of those drugs, thus
placing PCSK9 inhibitors as the third choice
after statins and ezetimibe [24]. This balance
may change in the near future, given the recent
cost reductions in alirocumab and evolocumab
[40] and ongoing development of other, less
expensive PCSK9 inhibitors [41].

Fig. 3 Comparison of the ODYSSEY and FOURIER
trials in terms of safety. Main adverse events (AEs) are
reported for each trial (percentage of patients with events).
ALT Alanine aminotransferase, DM diabetes mellitus, pts

patients, ULN upper limit of normal. For all AEs except
injection site reactions, p[ 0.05 for the comparison
between the active drug arm versus placebo within each
study
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A second consideration is the relative short-
term follow-up in both trials. Since atheroscle-
rosis is a degenerative progressive disease, data
from life-long treatments aimed at halting its
progression are needed. The GLAGOV random-
ized trial with evolocumab demonstrated
atheroma plaque regression, as evaluated by
intra-coronary ultrasound, in the relatively
short term (76 weeks) [42]. Whether this will
translate into the regression of angiographic
stenosis with longer term therapy remains to be
determined. From the safety perspective,
absence of worrisome adverse reactions in
short-term clinical trials does not rule out all
possible safety issues. More data on the long-
term effects associated with very low LDL-C
levels over many years are needed, although
neither genetic studies [4] nor evidence with
evolocumab at 5 years [43] and ezetimibe at
6 years have shown harm [22]. In this context,
post-market surveillance data and registries
could provide additional relevant long-term
safety data. Finally, open-label extension stud-
ies from previously published trials on PCSK9
inhibitors are underway and can also address
potentially long-term benefits and at the same
time rule out possible long-term harms (NCT
02867813, NCT03080935, NCT 01439880,
NCT01954394, NCT01854918).

Finally, it remains to be established if and
when mortality reduction can be achieved with
PCSK9 inhibitors. This question is the most
challenging one, since it would be more easily
answered in a study enrolling very high-risk
patients followed for [ 4 years. However,
because of the results just presented and the
changes in guidelines, in order to keep equi-
poise, other populations or study designs are
needed. Furthermore, given the declining mor-
tality from MI in the developed world and the
change in the pathophysiology of ACS in the
statin era (with plaque erosions being more
frequent than plaque rupture) [44], such studies
would need to be larger and longer than previ-
ous studies in the field.

Altogether, the results from the FOURIER
and ODYSSEY OUTCOMES trials underscore
even more the notion that the PCSK9 protein is
an important target to reduce LDL-C and CV
events. More than ever, both trials have

reinforced the understanding that, in terms of
LDL-C, the lower the better.
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