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Background: Proprotein convertase subtilisin kexin type 9 (PCSK9) inhibitors have been
documented with significantly reduction in LDL cholesterol levels and cardiovascular
events. However, evidence regarding the impact of PCSK9 inhibitors on coronary
calcification is limited.

Methods: Eligible patients with intermediate coronary lesions and elevated LDL
cholesterol values were randomized to either alirocumab 75mg Q2W plus statin
(atorvastatin 20 mg/day or rosuvastatin 10 mg/day) therapy or standard statin therapy.
Calcium score based on coronary computed tomographic angiography at baseline and
follow up were compared.

Results: Compared with baseline levels, LDL cholesterol were significantly decreased
in both groups, while the absolute reduction of LDL cholesterol levels were higher in
patients treated with alirocumab (1.69 + 0.52 vs. 0.92 4+ 0.60, P < 0.0001). Additionally,
patients in alirocumab group demonstrated a significant reduction of Lp(a) levels, whereas
it was not observed in the standard statin group. Notably, greater increases in the
percentage changes of CAC score (10.6% [6.3-23.3] vs. 2.9% [—6.7-8.3]; P < 0.0001)
were observed in the statin group compared to the alirocumab group. Consistently, CAC
progression was significantly lower in the alirocumab group than in the standard statin
group (0.6 +2.2% vs. 2.7 4+ 2.3%; P = 0.002).

Conclusions: Study indicated that administration of the PCSK9 inhibitors to statins
produced significantly lower rate of CAC progression in patients with coronary artery
disease. Further studies with CAC progression and their clinical outcomes are needed.

Trial Registration: ClinicalTrials.gov, Identifier: NCT04851769.

Keywords: coronary artery disease, coronary calcification, PCSK9 inhibition therapy, alirocumab, statin

INTRODUCTION

Despite rapid advances in the treatment of coronary artery disease (CAD), coronary artery
calcification (CAC) remains a challenging clinical problem, and it is directly correlated with future
cardiovascular events and confers an increased risk of procedural complications (1, 2). To date there
are no pharmacotherapeutics that can be proved to prevent or inhibit CAC progression. Statins,
while being the cornerstone for effective treatment of CAD, have failed to demonstrate a positive
effect on CAC progression (3, 4).

Emerging evidence indicates that proprotein convertase subtilisin kexin type 9
(PCSK9) may contribute to the cardiovascular calcification process (5). Patients with the
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highest PCSK9 concentrations have the highest CAC score (6, 7)
and a PCSKO9 loss-of-function variant is protective for aortic valve
calcification (8). Additionally, translational studies reveal that
plasma lipoproteins, particularly Low-density lipoprotein (LDL)
cholesterol and lipoprotein(a), are involved in the pathogenesis
of CAC (7, 9). As a novel lipid lowering agent, PCSK9
inhibitors have been demonstrated with significantly reduction
in LDL cholesterol, lipoprotein(a) [Lp(a)] and cardiovascular
events (10, 11). This has led to an interesting notion that
whether PCSK9 inhibitors have a potential role in inhibiting
cardiovascular calcification.

Serial intravascular imaging studies demonstrated that PCSK9
inhibitors exerted favorable effects against the progression of
coronary atherosclerosis (12, 13), whereas CAC progression was
not evaluated in these studies. Computed tomography calcium
scoring system enables whole-heart quantification of coronary
calcification, and current consensus recommend the use of
Agatston scoring as the preferred measurement of assessing CAC
progression (14). Therefore, to investigate the effects of PCSK9
inhibitors on CAC progression, we performed a calcium score
analysis of the randomized control study comparing PCSK9
inhibitors vs. standard statin therapy in patients with coronary
artery disease.

METHODS
Study Participants

The study is a secondary analysis of the randomized controlled
study involving patients with intermediate coronary lesions (50—
70% diameter stenosis) and elevated LDL cholesterol values
despite taking standard statin therapy. The detailed study design
was published before (15). In brief, a total of 61 patients
were randomized to either the alirocumab arm (30 patients) or
the standard care arm (31 patients). Eligible patients included
those who were (I) diagnosed with acute coronary syndrome
(ACS) or stable coronary artery disease, (II) identified with at
least one intermediate lesion (50-70% diameter stenosis) on
de novo coronary arteries, (III) unable to achieve the target
LDL cholesterol levels (LDL cholesterol > 1.81 mmol/L [>70
mg/dL] for patients with ACS, or >2.59 mmol/L [>100 mg/dL]
for non-ACS patients) despite taking statins (rosuvastatin 10
mg/day or atorvastatin 20 mg/day) or with maximally tolerated
statin therapy. Among the overall cohort, patients with coronary
computed tomographic angiography (CTA) at baseline were
involved in this analysis. Patients with prior usage of PCSK9
inhibitors or received balloon angioplasty or stent implantation
were excluded. Patients in the alirocumab arm received
alirocumab 75mg every two weeks on top of standard statin
therapy (atorvastatin 20 mg/day or rosuvastatin 10 mg/day) for
at least 36 weeks. Patients in the standard care arm continued to
receive atorvastatin 20 mg/day or rosuvastatin 10 mg/day. Statin

Abbreviations: LDL, Low-density lipoprotein; PCSK9, proprotein convertase
subtilisin  kexin type 9; CAD, coronary artery disease; CAC, coronary
artery calcification; CRP, C-reactive protein; Lp(a), lipoprotein(a); ACEI/ARB,
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; CTA,
computed tomographic angiography.

dose escalation or the addition of other non-statin lipid-lowering
therapies could be considered by their responsible physicians
to achieve the target LDL cholesterol levels. All patients were
monitored and evaluated for medical adherence to lipid lowering
therapy during the study period. Follow-up coronary computed
tomographic angiography was carried out at 15 & 1 months
after the initiation of treatment in both arms. LDL cholesterol,
HDL cholesterol, and triglycerides were measured by the central
laboratory. LDL cholesterol was calculated according to the
Friedewald formula (16). Lp(a) was quantified using a particle-
enhanced immunonephelometric method (Siemens Healthcare,
Germany). All participants provided informed consent, and the
study was approved by the local medical ethics committee.

CAC Score Measurement

All coronary CTAs were performed in accordance with Society
of Cardiovascular Computed Tomography guidelines (17). CAC
was scored using the Agatston method (18), which was calculated
for each calcified lesion. The total CAC score was calculated as
the sum of all arteries including the left main artery (LM), the
left circumflex artery (LCX), the left anterior descending artery
(LAD), and the right coronary artery (RCA). The CAC score were
evaluated by a single radiologist who was unaware of the purpose
of the study.

Study Outcomes Ascertainment

The primary outcome of this study was CAC progression
over the study period. Secondary outcome was the percentage
change between the baseline and follow-up CAC scores. CAC
progression is the development of CAC during baseline and
follow-up CT scans. To adjust for the skewed distribution, CAC
progression was calculated as [log(CAC + 1) at the follow up]-
[log(CAC + 1) at the baseline], and was then retransformed to
depict the percentage change in CAC.

Statistical Analysis

Continuous variables are reported as the means + standard
deviations or median (interquartile ranges), whereas categorical
variables are presented as counts and percentages. Comparisons
of categorical variables were performed by the Fisher’s exact
test. Continuous variables of the baseline and follow-up were
compared with the Wilcoxon signed-rank test. Continuous
variables between the statin group and the PCSK9 inhibitor
group were compared with the Mann-Whitney U test. The total
CAC burden before the study treatment was stratified into the
following score categories: <400 (mild to moderate) and >400
(severe) (18). Linear regression analysis was used to evaluate the
association of CAC progression with plasma lipoproteins. Age,
sex as well as cardiovascular risk factors (hypertension, diabetes,
smoking) were included in multivariate analysis. Due to the
non-normal positively skewed distribution of the CAC score, we
lg-transformed it for multiple linear regression [CAC — g
(CACH1)]. A two-tailed test P value < 0.05 was considered as
statistically significant. The SPSS Statistics 25.0 package was used.
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TABLE 1 | Baseline characteristics.

TABLE 2 | Biochemical parameters.

Standard statin Alirocumab P value Standard statin Alirocumab P Value
(N =28) (N =23) (N =28) (N=23)
Age, years 60.4 £ 9.5 62.9 + 8.6 0.32 LDL cholesterol, mmol/L
Male, % (N) 75.0 (21) 65.2 (15) 0.45 Baseline 3.10 4+ 0.96 2.994+0.78 0.81
Diabetes, % (N) 25.0 (7) 21.7 (5) 0.78 At follow-up 219+ 0.71* 1.28 + 0.40* <0.0001
Current smoker, % (N) 21.4 (6) 30.4 (7) 0.46 Changes from —0.92 £ 0.60 —1.69 £ 0.52 <0.0001
Hypertension, % (N) 64.3 (18) 60.9 (14) 0.80 baseline
Prior M, % (N) 10.7 (3) 13.03) 0.80 HDL cholesterol, mmol/L
Prior stroke, % (N) 3.6 (1) 13.0 (3) 0.21 Baseline 1.29 £ 042 1.42 £0.32 0.16
ACS, % (N) 42.9(12) 34.8 (8) 0.56 At follow-up 1.37 £ 0.35 151 £0.37 0.35
Antiplatelet, % (N) 100 (28) 100 (23) _ Changes from 0.09 £ 0.16 0.09 +0.12 0.74
Beta-blocker, % (N) 91.3 (26) 92.9 (21) 0.84 baseline
ACEI/ARB, % (N) 67.9 (19) 56.5 (13) 0.41 Triglycerides, mmol/L
Chronic statin before 286 (@) 2176 0.58 Baseline 1.50 (1.17t0 2.19) 1.63 (1.09 to 2.31) 0.70
enroliment, % (N) At follow-up 1.48 (1.15t0 1.96) 1.40 (0.98 to 1.91)* 0.40
Changes from —0.03 (—0.30t0 0.28) —0.24 (—0.81 to 0.20) 0.04
ACS, acute coronary syndrome; MI, myocardial infarction; ACEI/ARB, angiotensin- baseline
converting enzyme inhibitors/angiotensin receptor blockers. CRP, mg/L
Baseline 1.71(0.90 to 3.42) 1.62 (0.57 t0 3.73) 0.68
At follow-up 1.40 (0.89 t0 2.88)* 1.49 (0.72 to 2.91)** 0.66

RESULTS

A total of 51 eligible patients (28 patients in the standard
arm and 23 patients in the alirocumab arm) with complete
baseline and follow-up coronary CTA were analyzed. Over two
thirds of patients (19/28) in the standard treatment arm had
statin dose adjustments and nearly half of the patients (13/28)
received ezetimibe and statin combination therapy. The baseline
characteristics were listed in Table 1. Although the proportion
of current smoker, female and patients with prior stroke in the
alirocumab is numerically higher than the standard group, there
was no statistically significant difference between the two groups
(Table 1). Of note, the study subjects had a high prevalence
of guideline recommended medical therapies in both groups.
Particularly, antiplatelet therapy was prescribed 100% to the
participants, and over 90% of them received beta blockers.

Changes in Biochemical Parameters

Biochemical parameters during the study period are summarized
in Table 2. At baseline, no significant differences were observed
between the standard care arm and the alirocumab arm. After
treatment, LDL cholesterol levels were significantly decreased
in both groups compared with baseline, whereas the absolute
reduction of LDL cholesterol levels were significantly higher
in patients treated with alirocumab (1.69 4 0.52 vs. 0.92
£+ 0.60, P < 0.0001). Additionally, patients in alirocumab
group demonstrated a statistically significant reduction of Lp(a)
and triglyceride levels. However, the reduction of Lp(a) and
triglyceride levels was not observed in the standard care group.
The value of C-reactive protein (CRP) decreased in both
alirocumab and standard care groups, and the absolute changes
were not statistically different between the two groups.

Changes in the CAC Score

The baseline (before the initiation of study treatment) and the
follow-up CAC score between the alirocumab and statin groups

Changes from
baseline

0.30 (~0.66 10 1.43)  0.14(~0.51100.89)  0.08

Lp(a), nmol/L
Baseline 28.2 (11.6 t0 69.4)
26.0 (11.3t0 69.0)

~0.6 (~2.3100.6)

23 (11.0 to 65.0) 0.53
20.3 (8.8 to 55.2)" 0.38
~3.1(-18.0t0 -1.9)  0.001

At follow-up

Changes from
baseline

CRPR, C-reactive protein; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
Lp(a), lipoprotein.

*P < 0.0001 compared to the baseline levels.

**P < 0.01 compared to the baseline levels.

was shown in Figures 1, 2, respectively. In the statin group,
the follow-up CAC score was significantly increased compared
to the baseline values (267 [122-550] vs. 255 [100-512]; P <
0.0001), whereas in the alirocumab group the CAC score did not
differ between the baseline and follow-up (210 [132-660] vs. 230
[120-690]; P = 0.79). Importantly, significantly greater increases
in the percentage changes of CAC score (10.6% [6.3-23.3] vs.
2.9% [—6.7-8.3]; P < 0.0001) were observed in the statin group
compared to the alirocumab group (Figure 3). Consistently, the
log-transformed CAC progression was significantly lower in the
alirocumab group than in the standard statin group (0.6 & 2.2%
vs. 2.7 & 2.3%; P = 0.002).

Impact of Baseline CAC Score on CAC

Progression

To assess whether CAC progression was influenced by the
severity of coronary calcification at baseline, the study subjects
were then stratified by their baseline CAC (> 400 vs. <400).
The association of alirocumab prescription and lower CAC
progression was consistent for subjects with either baseline CAC
scores <400 or >400, whereas for subjects with CAC score >400
the rate of CAC progression was considerably lower for both
statin and alirocumab group (Table 3).
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FIGURE 1 | Comparison of coronary artery calcium (CAC) score between the baseline and follow-up in the alirocumab (N = 23). CAC scores between baseline and
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FIGURE 2 | Comparison of coronary artery calcium (CAC) score between the baseline and follow-up in the statin (N = 28) group. CAC scores between baseline and

=) (=

Relation of Plasma Lipoproteins and CAC

Progression

To evaluate the association between the changes of plasma
lipoproteins and the CAC progression, we performed an
unadjusted linear analysis for Lp(a), triglyceride, LDL
cholesterol, high-density lipoprotein cholesterol and CRP

levels in the whole cohort. The study demonstrated that CAC
progression was only significantly associated with the changes
of Lp(a) levels (0.09 [0.03; 0.16], p = 0.007), whereas the
association was not found with other parameters (Table 4).
After multivariate adjustments with age, sex and cardiovascular
risk factors, the association between the changes of Lp(a)
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FIGURE 3 | Comparison of percentage change in coronary artery calcium (CAC) score between the alirocumab (N = 23) and the statin (N = 28) group. Percentage
changes of CAC score between the statin group and the PCSK9 inhibitor group were compared with the Mann-Whitney U test.

TABLE 3 | Stratified comparison of CAC progression with baseline CAC score.

Standard statin Alirocumab P Value
(N =28) (N =23)
CAC progression (%)
All (N = 51) 27+283 06+22 0.002
CAC < 400 (N = 31) 35+27 12+26 0.024
CAC > 400 (N = 20) 1.5+09 -03+14 0.001

CAC, coronary artery calcium.

TABLE 4 | Association between the changes of plasma lipoproteins and CAC
progression.

R2 =0.18 Beta [95% CI] P Value
Lp(a) 0.09[0.08, 0.16] 0.007
LDL cholesterol 0.74 [-0.36, 1.87] 0.18
HDL cholesterol, —0.99 [-6.11, 4.13] 0.69
Triglycerides —0.38 [-1.67, 0.90] 0.55
CRP 0.41[-0.61, 1.68] 0.23

Lp(a), lipoprotein(a); CRR, C-reactive protein; LDL, low-density lipoprotein; HDL, high-
density lipoprotein; Lp(a), lipoprotein.

and CAC progression remained significant (0.10 [0.03 0.16],
p=0.009).

DISCUSSION

The results of our study indicated that the use of alirocumab
was associated with a significantly lower progression of coronary

artery calcification compared with standard lipid lowering
therapy. The study also demonstrated a significant Lp(a) lowering
effect with alirocumab, and the extent of CAC progression was
correlated with the Lp(a) changes.

Coronary atherosclerosis plaque progression is associated
with intimal calcification (19), and the calcifications become
larger as plaques progress (20). Lipid lowering therapy with
statins have been documented to improve plaques stability by
decreasing plaque burden, but increasing plaque calcification
(3, 4). Previous studies indicated that elevated PCSK9 levels
correlated with increased risk of coronary artery calcification
in patients with familial hypercholesterolemia under statin
treatment (7, 21). Subgroup analysis of the FOURIER study
revealed that the PCSK9 inhibitors could decrease the incidence
of calcific aortic valve disease (5). To date, there is a gap of
evidence regarding the impact of PCSK9 inhibition on coronary
artery calcification. To the best of our knowledge, this was the
first study to investigate the effects of PCSK9 inhibitors on
CAC progression in a randomized controlled study comparing
PCSK9 inhibitors vs. standard statins therapy in patients
with coronary artery disease. Previous intravascular ultrasound
studies demonstrated that the use of PCSK9 inhibitors resulted
in a greater reduction in total atheroma volume compared to
statin monotherapy (12, 13), and the primary results of our
study with optical coherence tomography analysis showed that
the addition of PCSK9 inhibitors to statins were associated
with greater increases in fibrous cap thickness and reduced
lipid arc (15, 22). The GLAGOV trial showed that the use of
evolocumab vs. statins did not produce differential changes in
the percentage of plaque occupied by dense calcium assessed
by virtual histology ultrasound (12). However, intravascular
ultrasound tends to overestimate calcification due to echo
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shadow and it can only identify the distribution of calcium
present in a plaque (23). CAC measured by Agatston score
enables the whole-heart quantification of coronary calcification,
and it is considered as the preferred measurement of assessing
CAC progression (14, 23). Ikegami et al. reported the only
existing data as to the impact of PCSK9 inhibitors on coronary
calcification measured by Agatston calcium score (24). The
study retrospectively evaluated 16 patients with PCSK9 inhibitors
and 15 patients with statin monotherapy. The study showed
that the annual CAC progression with the addition of the
PCSK9 inhibitor to statin therapy (14.3%) is significantly lower
than that with statin monotherapy (29.7%). The study is the
first indicating CAC could be prevented by PCSK9 Inhibitors.
However, the selection bias might present and the medical
adherence cannot be assured in this study due to its retrospective
non-randomized nature. Our study, on the other hand, overcame
these limitations by conducting the calcium score analysis of
a randomized controlled study. The results of our study also
confirmed the potential role of PCSK9 inhibitor in inhibiting
coronary calcification. However, the previous retrospective study
showed greater extent of CAC progression than this study
(24). Of note, compared with previous study, patients in
our study had more advanced atherosclerosis and coronary
calcification. Nearly 40% of patients in our study had baseline
CAC score > 400. In subgroups analysis with baseline CAC
score >400 or < 400, the effect of alirocumab on preventing
CAC progression remained consistent, while the numerical rate
of CAC progression was considerably lower for subjects with
advanced CAC score.

Another interesting issue is the changes of plasma lipoproteins
and CAC progression. The role of Lp(a) is well-established
for the risk of coronary artery disease (25, 26), and several
observational cohort studies demonstrated a positive association
between Lp(a) levels and CAC (7, 9). Although statins have
been documented with a beneficial effect on lipids, it has
little impact on the Lp(a) levels. Contrary to the statins,
PCSK9 inhibitors were reported to reduce plasma Lp(a) levels
(26, 27). The results of current study also confirmed that
the use of PCSK9 inhibitors was associated with significantly
reduced Lp(a) levels, and the extent of CAC progression was
correlated with the level of Lp(a) changes. Therefore, it seems
reasonable to deduce that the effects of PCSK9 inhibitors on
coronary calcification might be partially mediated by Lp(a)
lowering effect. However, the exact mechanism of alirocumab
on coronary calcification remains unknown. Whether is a
direct effect of PCSK9 inhibition or a consequence mediated
by Lp(a) reduction is still uncertain, and it warrants further
randomized studies.

There are several potential limitations to this study. First,
the progression of CAC could be influenced by some potential
confounding factors, such as age, gender and traditional
cardiovascular risk factors. However, due to limited sample

size, stratified analyses with cardiovascular risk factors
and biochemical parameters could not be carried out in
this study. Subgroup analyses on the effects of statin dose
adjustments and combined lipid lowering therapy cannot be
performed as well. Second, the current study was a secondary
analysis of a randomized study (15), in which CTA was
not mandatary to all patients at baseline, and therefore it
might introduce some potential bias into the study. Third,
the relatively small number of patients in each group also
limited the power of the study. Information concerning
cardiovascular outcomes and its relation on CAC progression
cannot be assessed in this study, because of the relatively
short follow up period and the limited number of events.
Further studies with lesion specific information and the
clinical outcomes over time on larger numbers of subjects are
urgently needed.

CONCLUSIONS

The study showed administration of the PCSK9 inhibitors to
statin-treated patients with coronary artery disease produced
significantly lower rate of CAC progression, and the results
might be partially related to the Lp(a) lowering effects with
PCSKO9 inhibitors.
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