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Abstract
Purpose This post-hoc analysis examined whether age modified the efficacy and safety of alirocumab, a PCSK9 inhibitor, in
patients with heterozygous familial hypercholesterolemia (HeFH), using pooled data from four 78-week placebo-controlled
phase 3 trials (ODYSSEY FH I, FH II, LONG TERM, and HIGH FH).
Methods Data from 1257 patients with HeFH on maximally tolerated statin ± other lipid-lowering therapies were analyzed
by an alirocumab dose regimen and by age subgroups (18 to < 45, 45 to < 55, 55 to < 65, and ≥ 65 years). In the FH I and II
trials, patients received 75 mg subcutaneously every 2 weeks (Q2W), with dose increase to 150 mg Q2W at week 12 if
week 8 low-density lipoprotein cholesterol (LDL-C) was ≥ 70 mg/dl. In HIGH FH and LONG TERM, patients received
150 mg alirocumab Q2W.
Results Baseline characteristics were similar between treatment groups across all age groups; the proportion of males
decreased whereas the proportion of patients with coronary heart disease, diabetes, hypertension, and declining renal
function increased with increasing age. Mean LDL-C reductions at week 24 were consistent across age groups
(50.6–61.0% and 51.1–65.8% vs. placebo for the 75/150 and 150 mg alirocumab dose regimens, respectively; both
non-significant interaction P-values). Treatment-emergent adverse events occurred in similar frequency in alirocumab-
and placebo-treated patients regardless of age, except for injection-site reactions, which were more common in alirocumab
than placebo but declined in frequency with age.
Conclusions Alirocumab treatment resulted in significant LDL-C reductions at weeks 12 and 24 and was generally well tolerated
in patients with HeFH across all age groups studied.
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Introduction

Patients with heterozygous familial hypercholesterolemia
(HeFH) are characterized by high levels of low-density lipo-
protein cholesterol (LDL-C) and elevated risk of atheroscle-
rotic cardiovascular disease (ASCVD), most commonly
resulting from autosomal dominant mutations in genes of the
LDL receptor pathway (e.g., the LDLR, APOB, and PCSK9
genes) [1, 2]. Early diagnosis and treatment are crucial to
reduce the risk of cardiovascular (CV) events; however, as
children and adolescents are asymptomatic (elevated LDL-
C may be the only clinical characteristic), diagnosis at a
young age may only occur if there is a strong family his-
tory or if the condition is severe and clinical signs such as
tendon xanthoma are evident [1]. Advancing age and/or
comorbidities (for example, hypertension, type 2 diabetes,
and renal dysfunction) further increase the risk for cardio-
vascular disease (CVD) and CV events [3, 4]. For patients
with HeFH, LDL-C goals of < 70 or < 100 mg/dl have been
recommended by the European Society of Cardiology
(ESC)/European Atherosclerosis Society (EAS), the
National Lipid Association, and most recently, the updated
guidelines from the American Heart Association and
American College of Cardiology, for those who are at very
high or high CV risk, respectively [3–5].

Statin therapy is generally recommended as first-line treat-
ment to reduce LDL-C levels [3–5]. However, individuals
with HeFH often require additional LDL-C-lowering beyond
that achieved with high-intensity statins, including addition of
ezetimibe, and/or bile acid sequestrants, to achieve LDL-C
goals. Proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors may be considered for individuals who require ad-
ditional LDL-C reduction [3–6].

The PCSK9 inhibitor alirocumab is a human monoclonal
antibody that blocks the extra-cellular activity of PCSK9.
Treatment with alirocumab results in significant LDL-C re-
ductions in adult patients with clinical ASCVD and HeFH
treated with maximally tolerated doses of statins ± other
lipid-lowering therapies [7–9]. It is unknown, however,
whether age modifies the LDL-C-lowering efficacy and safety
of alirocumab in adult patients with HeFH. Therefore, using
pooled data from four ODYSSEYphase 3 trials, this post-hoc
analysis investigated the impact of age on the efficacy and
safety of alirocumab in patients with HeFH.

Methods

Data from four double-blind, randomized, placebo-controlled,
78-week ODYSSEY phase 3 studies were pooled: FH I
(NCT01623115) [7], FH II (NCT01709500) [7], LONG
TERM (NCT01507831) [9], and HIGH FH (NCT01617655)
[8]. The methods and results of each trial have been published

previously [7–9]. The trials included patients with HeFH who
were onmaximally tolerated statin ± other lipid-lowering ther-
apies. Patients with HeFH and LDL-C ≥ 70 mg/dl (in those
with a history of CVD) or ≥ 100 mg/dl (without a history of
CVD) at screening were enrolled in the FH I and FH II studies.
Patients with HeFH and LDL-C levels ≥ 160 mg/dl at screen-
ing were included in the HIGH FH trial. The LONG TERM
trial included patients with HeFH or hypercholesterolemia
and established coronary heart disease (CHD), or patients
with LDL-C ≥ 70 mg/dl and a CHD risk equivalent at
screening. Only patients with HeFH from the LONG
TERM trial were included in this analysis. In FH I and
FH II, patients were randomized 2:1 to alirocumab 75 mg
every 2 weeks (Q2W) (with possible alirocumab dose in-
crease to 150 mg Q2W at week 12 if LDL-C ≥ 70 mg/dl
[1.8 mmol/l] at week 8), or placebo. In LONG TERM and
HIGH FH, patients were randomized 2:1 to receive
alirocumab 150 mg Q2W or placebo. Alirocumab 75 mg,
150 mg, and placebo were administered subcutaneously
using a 1-mL volume injection.

In this analysis, efficacy and safety were assessed in sub-
groups stratified by age (18 to < 45, ≥ 45 to < 55, ≥ 55 to < 65,
and ≥ 65 years). Intention-to-treat analysis (ITT) was used in
the evaluation of efficacy endpoints [7–9]. Data were pooled
by alirocumab dose regimen trials (75/150 mg Q2W vs. pla-
cebo in the FH I and FH II trials, and 150mgQ2W vs. placebo
in the LONG TERM and HIGH FH trials).

Efficacy endpoints included the percentage change in
LDL-C from baseline to week 12 and week 24 for each
pool stratified by age. LDL-C was calculated using the
Friedewald formula in these trials, except when triglycer-
ides (TGs) > 400 mg/dl when LDL-C was determined by
beta quantification; however, values determined by beta
quantification were excluded in the present analysis. For
each pool, additional efficacy endpoints included percent-
age change in LDL-C from baseline to week 24 stratified
by age and HeFH genetic status, as well as reductions in
other lipids and lipoproteins from baseline to week 24
stratified by age. In the four phase 3 trials, diagnosis of
HeFH was confirmed by either genotyping (44.6% of pa-
tients in the ITT population), or clinical criteria (55.4%), as
indicated in the patients’ medical records. However, infor-
mation on mutation types or methods (e.g., whole gene
sequencing or number of single nucleotide polymorphisms
used) were not detailed in the case report forms. For pa-
tients who had not been genotyped, clinical diagnosis was
based on either World Health Organization/Dutch Lipid
Clinical Network criteria with a score > 8 points, or meet-
ing Simon Broome criteria for definite FH [7].

Safety was analyzed assessing rates of treatment-emergent
adverse events (TEAEs), serious adverse events, TEAEs lead-
ing to death or treatment discontinuation, and TEAEs reported
in at least 5% of patients by age group.
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Statistical Analyses

Efficacy endpoints were evaluated using an ITT approach (in-
cluding all data regardless of adherence to treatment); missing
lipid data were accounted for using a mixed-effects model
with repeated measures approach, except for lipoprotein(a)
(Lp[a]) and TGs, which were analyzed using multiple impu-
tation followed by robust regression.

The statistical methods used to analyze other lipid param-
eters and the percentage change in LDL-C from baseline to
week 24 for each study pool, stratified by age and HeFH
genetic confirmation status, are described in more detail in
the supplementary materials.

Results

Baseline Patient Characteristics

In total, pooled data from 1257 randomized patients with
HeFH were analyzed (FH I (n = 486); FH II (n = 249);
HIGH FH (n = 107); and LONG TERM (n = 415)). Baseline
characteristics of the pooled study populations (patients re-
ceiving alirocumab 75/150 mg Q2W in the FH I and FH II
trials; patients receiving alirocumab 150 mg Q2W in the
LONG TERM and HIGH FH trials; and patients receiving
placebo in all four trials) according to age group are shown
in Table 1. All patients included in this analysis were receiving
statin treatment, with the majority across study and age groups
receiving high-intensity statin (63.2–87.8%). Baseline charac-
teristics were similar between treatment groups across all age
groups; the proportion of males decreased, whereas the pro-
portion with CHD, diabetes, hypertension, and declining renal
function increased with age.

Baseline LDL-C, apolipoprotein (apo) B, non-high-density
lipoprotein cholesterol (non-HDL-C), and total cholesterol de-
creased with age across study pools. Baseline high-density
lipoprotein cholesterol (HDL-C) and apoA1 increased with
age across all study pools. No age-related trends were ob-
served for baseline TGs or Lp(a) (Table 1).

Efficacy

Impact of Age on LDL-C Response

For all age groups, patients in the ITT population receiving
alirocumab showed significant reductions in LDL-C com-
pared with placebo from baseline to week 12 and week 24
(Fig. 1). At week 12 (Fig. 1a), before any potential dose in-
crease in the 75/150 mg Q2W dose group, LDL-C reductions
from baseline (least squares [LS] mean difference vs. placebo)
were − 45.9% to −52.5% (alirocumab 75/150 mg Q2W) and
− 49.5% to −65.6% (alirocumab 150 mg Q2W). At week 12,

41.8% of patients on alirocumab 75 mg Q2W had their dose
increased in a blinded manner to 150 mg Q2W [10]. At week
24 (Fig. 1b), LDL-C reductions from baseline (LS mean dif-
ference vs. placebo) were − 50.6% to −61.0% (alirocumab 75/
150 mg Q2W) and − 49.5% to −65.6% (alirocumab 150 mg
Q2W). LDL-C response to alirocumab was consistent be-
tween age groups at week 12 in the alirocumab 75/150 mg
Q2W pool (interaction P-value = 0.5611) or alirocumab
150 mg Q2W (interaction P-value = 0.1228) group, and week
24 in the alirocumab 75/150 mg Q2W pool (interaction
P-value = 0.3642) or alirocumab 150 mg Q2W group
(interaction P-value = 0.2430; Fig. 1).

Impact of Age and HeFH Genetic Confirmation Status
on LDL-C Response

Just under half of the patients (44.6%) had genetically con-
firmed HeFH. As shown in Supplementary Fig. S1, LDL-C
reductions were consistent whether diagnosis of HeFHwas by
genetic versus clinical criteria in the alirocumab 75/150 mg
versus placebo group (interaction P-value = 0.4959), and the
alirocumab 150 mg versus placebo group (interaction P-value =
0.2453) regardless of age.

Impact of Age on Other Lipid Parameters

Changes from baseline in other lipid parameters at week 24
by age subgroups are shown in Supplementary Table S1.
No differences in response to alirocumab according to age
were observed for other lipid parameters (total cholesterol,
apoB, non-HDL-C, HDL-C, TGs, and Lp(a)) assessed at
week 24 in either of the study pools (Supplementary
Table S1).

Safety by Age Group

The rates of reported TEAEs were comparable between
alirocumab and control across all age subgroups, except for
injection-site reactions which were more common in
alirocumab than placebo but declined in frequency with age
(8.1% of patients aged ≥ 65 years vs. 14.4% in patients aged
18 to < 45 years) (Supplementary Table S2).

LS mean glycated hemoglobin (HbA1c) levels at baseline
were 5.4–5.9% across all age groups and treatment groups,
while LS mean fasting plasma glucose (FPG) levels at base-
line were 92.5–105.9 mg/dl across all age and treatment
groups (Supplementary Table S3). Mean HbA1c and FPG
levels over the treatment period showed that alirocumab had
no clinically meaningful effect on these parameters compared
to placebo, regardless of age (Supplementary Figs. S2 and
S3). The proportions of patients without diabetes at baseline
who then developed diabetes were (for alirocumab vs. place-
bo): 1% versus 0%, 2.1% versus 3.7%, 4.6% versus 6.5%, and
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2.0% versus 5.8%, for those aged 18 to < 45, ≥ 45 to < 55,
≥ 55 to < 65, and ≥ 65 years, respectively.

Discussion

In this analysis, younger patients with HeFH (those aged
18 to < 45 years) had generally higher baseline LDL-C
than older patients (≥ 65 years), despite receiving maximal-
ly tolerated statin. While the reasons for this difference are
uncertain, there are several possibilities: older FH patients
with high LDL-C levels might be under-represented be-
cause they had died of CVD; younger patients might have
been enrolled by their physicians only if they had higher

LDL-C levels; and younger patients in this group could
have been less adherent to medication prior to involvement
in the trial. In a previous study, statin adherence was poor
in younger patients with HeFH (≤ 40 years) [11]. The pro-
portion of participants with genetic confirmation of HeFH
was 44.6% based on medical records. For the other 55.4%,
HeFH diagnosis was based on clinical classification. This
does not necessarily mean that the patients diagnosed by
clinical criteria did not have a detectable mutation; they
may not have been genotyped. Of note, a separate post-
hoc analysis, which included a subset of participants from
the ODYSSEY FH I, FH II, LONG TERM, and HIGH FH
trials who consented to sequencing, examined the influ-
ence of genotype on treatment responses with alirocumab

Fig. 1 Subgroup analysis of percentage change in LDL-C from baseline
to (A) week 12 and (B) week 24 for each study pool stratified by age (ITT
analysis). LS means, SEs, and P-values were taken from mixed-effects
model with repeated measures analysis. The model includes the fixed
categorical effects of treatment group, time point, age group,
randomization strata (as per IVRS), treatment-by-time point interaction,
age group-by-time point interaction, treatment-by-age group interaction,
and treatment-by-age group-by-time point interaction, as well as the

continuous fixed covariates of specified baseline lipids parameter value
and baseline value-by-time point interaction. Interaction P-value was
calculated from the contrasts of interaction test treatment-by-age group
at each visit. ALI, alirocumab; CI, confidence interval; ITT, intent-to-
treat; IVRS, interactive voice response system, LDL-C, low-density
lipoprotein cholesterol; LS, least squares; PBO, placebo; Q2W, every
2 weeks; SE, standard error
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using Sanger sequencing [12]. Despite this approach,
24.6% of patients had no detectable mutation.

Alirocumab significantly reduced LDL-C levels in patients
with HeFH compared with placebo, in agreement with the
previous results [10], and no significant age differences in
response to alirocumab were observed at weeks 12 and 24
across the age subgroups studied for LDL-C or other lipid
parameters. Method of HeFH diagnosis (genetic or clinical)
also did not modify LDL-C reductions. Similarly, age did not
have an impact on frequency of TEAEs across the age groups
studied, and alirocumabwas generally well tolerated across all
groups.

LDL-C reductions and safety results with alirocumab in
HeFH patients were consistent with those observed with
another PCSK9 inhibitor, evolocumab; a pooled analysis
of the 48-week RUTHERFORD (n = 147, NCT01375751)
and RUTHERFORD-2 (n = 293, NCT01763918) trials has
established the long-term safety and efficacy of
evolocumab in patients with HeFH [13]. For older patients,
guidelines suggest that lipid-lowering therapies should be
continued in those with dyslipidemia to reduce the risk of
CVD. The ESC/EAS 2016 guidelines recommend treat-
ment with statins in older adults with established CVD,
and that statin therapy should also be considered in older
adults free from CVD (especially patients with hyperten-
sion, diabetes, or dyslipidemia, or those who smoke) [4].
The 2016 American College of Cardiology Expert
Consensus Decision Pathway also states that although few-
er patients aged > 75 years were included in clinical trials
compared with other groups, available evidence supports
continuation of treatment with statins in patients aged
> 75 years who are already receiving and tolerating statins
[6]. The FOURIER trial showed that evolocumab reduced
the risk of CV events in patients with CVD; the mean age
of patients was 62.5 years, and in addition more than
12,000 individuals in this study were ≥ 65 years old [14].

Alirocumab treatment did not modify glycemic parameters
(i.e., HbA1c and FPG), with similar results observed for all age
groups. In addition, very low numbers of patients with new-
onset diabetes were observed, although there were insufficient
patient numbers for formal statistical analyses. A recent pre-
specified analysis of the ODYSSEY OUTCOMES trial found
no evidence of new-onset diabetes in patients without diabetes
treated with alirocumab [15].

A limitation of this analysis was the limited sample sizes
per age group, specifically in older patients (e.g. patients
> 75 years of age). Also, no patients were recruited aged
< 18 years, hence no conclusions can be made about such
younger patients. Of note, a trial of alirocumab in children
and adolescents with HeFH is underway (clinicaltrials.gov:
NCT02890992).

In conclusion, treatment with alirocumab (75 mg and
150 mg Q2W) led to significant LDL-C reductions, which

is consistent with the previous findings [10]. Age did not
significantly modify LDL-C response to alirocumab, or
other lipid parameters, and alirocumab was generally well
tolerated in patients with HeFH across all age groups stud-
ied, including older patients. These findings support the
use of alirocumab across all age groups in patients aged
≥ 18 years with HeFH.
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