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Abstract
Background and aims  Randomized trials showed efficacious lipid-lowering with PCSK9 inhibitors (PCSK9i), but real-
world treatment is often limited by statin-associated side effects (SASE). We quantified the effectiveness, safety and 
cardiovascular outcomes of alirocumab, evolocumab and inclisiran in a national prospective registry.

Methods  This was a prospective registry-based study of patients initiating a PCSK9i. Lipid trajectories were assessed 
at 0, 3, 9, 21, and 33 months. The average treatment effect of PCSK9i on lipid trajectories and cardiovascular outcomes 
was estimated by inverse probability of treatment weighting (IPTW) using covariate balancing propensity scores.

Results  One thousand three hundred eighty five patients (median age 64 years; 52% women; median baseline 
low-density lipoprotein cholesterol [LDL-C] 4 mmol/L, 57% SASE) were included and followed for 2459 patient-years. 
In patients on alirocumab (N = 598), evolocumab (N = 693), or inclisiran (N = 94), mean unadjusted LDL-C reductions 
were − 58.2% (–1.98 mmol/L), − 58.9% (–2.09 mmol/L), and − 33.2% (–1.17 mmol/L), respectively (p < 0.001). IPTW-
adjusted LDL-C reductions remained numerically greater for monoclonal antibodies but were no longer significantly 
different long-term. Predictors of greater LDL-C reduction were longer treatment duration, male sex, higher age, statin 
co-therapy and first-line use (p < 0.001). Adverse events occurred in 31% of patients. Major adverse cardiovascular 
events were infrequent (2.6 per 100 person-years) with no significant between-drug differences after IPTW.

Conclusions  PCSK9i are safe in real-world practice. Alirocumab and evolocumab achieve trial-like LDL-C reductions, 
while inclisiran shows attenuated effectiveness without statins. Meaningful residual risk persists despite therapy.

Keywords  PCSK9 inhibitors, Monoclonal antibodies, siRNA, Real-world study, Inclisiran, Evolocumab, Alirocumab, 
LDL-C, Statin intolerance, Cardiovascular outcomes
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Introduction
Despite therapeutic progress, coronary artery dis-
ease remains a major cause of death globally [1]. Ele-
vated low-density lipoprotein cholesterol (LDL-C) is a 
well-established, causal risk factor for atherosclerosis, 
contributing directly to the development of major car-
diovascular events and associated mortality [2]. Robust 
evidence from both randomized trials and genetic stud-
ies has consistently demonstrated that lowering LDL-C 
reduces the risk of cardiovascular events and improves 
survival [3, 4].

The introduction of statins represented the first major 
breakthrough in lipid-lowering therapy, enabling sub-
stantial reductions in LDL-C levels and significantly 
improving clinical outcomes [5, 6]. The addition of ezeti-
mibe provided a further incremental LDL-C reduction. 
However, even with the combination of high-intensity 
statin and ezetimibe therapy, the maximal achievable 
LDL-C reduction is typically up to 65%, which is fre-
quently insufficient for high-risk patients [7, 8]. Accord-
ing to current European Society of Cardiology (ESC) 
and European Atherosclerosis Society (EAS) guidelines, 
LDL-C levels below 1.4 mmol/L are recommended for 
patients at very high cardiovascular risk [9]. Achieving 
these targets remains challenging in many patients, par-
ticularly in real-world settings [10].

An additional challenge in clinical practice is statin-
associated side effects (SASE). Albeit relatively uncom-
mon in randomized controlled trials, SASE occur more 
frequently in routine care and may significantly limit 
effective lipid-lowering therapy [11, 12]. The develop-
ment of proprotein convertase subtilisin/kexin type 9 
(PCSK9) inhibitors marked a second major advance in 
lipid-lowering management, offering potent additional 
LDL-C reductions of approximately 50–60% beyond 
statin therapy. The first approved agents, the monoclo-
nal antibodies alirocumab and evolocumab, were sub-
sequently joined by inclisiran, a small interfering RNA 
(siRNA) therapeutic targeting hepatic PCSK9 synthesis. 
All three agents have demonstrated robust LDL-C lower-
ing and excellent tolerability, while the monoclonal anti-
bodies have additionally shown significant reduction of 
cardiovascular events [13–15].

However, it is important to recognize that > 90% of 
patients enrolled in pivotal PCSK9 inhibitor trials were 
also receiving background statin therapy [13–15]. This 
differs substantially from real-world clinical practice, 
where a significant proportion of patients receiving 
PCSK9 inhibitors are unable to tolerate statins or receive 
them only intermittently. Real-world data indicate that 
treatment patterns, adherence, and response profiles 
in clinical practice may differ considerably from those 
observed in randomized trials [16–18].

In the present study, we aimed to assess the real-world 
effectiveness of PCSK9 inhibitors in clinical practice, 
evaluating LDL-C response, tolerability, adverse effects, 
and long-term cardiovascular outcomes. In addition, we 
sought to explore potential differences between the avail-
able PCSK9 inhibitors—alirocumab, evolocumab, and 
inclisiran—within the limitations of observational regis-
try data, as direct comparative data remain limited.

Methods
This prospective registry-based study was approved by 
the National Ethics Committee and conducted at the 
University Medical Centre Ljubljana (UMCLJ) in accor-
dance with the Declaration of Helsinki. Written informed 
consent was obtained from all participants prior to inclu-
sion, including consent for genetic analyses and publica-
tion of anonymized data. Study reporting adheres to the 
STROBE guidelines.

PCSK9 inhibitor registry and study population
A prospective PCSK9 inhibitor registry has been main-
tained at UMCLJ since May 2016 in accordance with 
national requirements. By February 20, 2025, 1,556 
patients were screened, of whom 1,385 met inclusion cri-
teria, contributing 2,459.2 patient-years of follow-up and 
receiving alirocumab, evolocumab, or inclisiran. Patient 
selection is shown in Fig. 1, annual inclusions in Supple-
mental Fig. 1, and detailed registry methodology and eli-
gibility criteria in the Supplemental Materials.

Initial assessment and therapy initiation protocol
Patients with uncontrolled LDL-C despite maximally tol-
erated statins and ezetimibe or documented SASE are 
referred to the Centre for Preventive Cardiology, UMCLJ. 
At baseline, clinical and family history, cardiovascular 
risk factors, and standard laboratory and anthropometric 
measurements are obtained. Eligibility for PCSK9 inhibi-
tor therapy is confirmed by a multidisciplinary lipid team, 
after which patients are entered into the national regis-
try, receive structured education, and initiate treatment 
(alirocumab/evolocumab self-administered; inclisiran 
administered in healthcare settings). All patients provide 
informed consent and continue background lipid-low-
ering therapy and lifestyle measures. The full protocol is 
provided in the Supplemental Materials.

Follow-up protocol
Follow-up visits were scheduled at 3 months, 6–8 
months, and annually thereafter for ≥ 2 years. At each 
visit, lipid response, tolerability, adherence, co-therapy, 
and cardiovascular risk factors were assessed. Ther-
apy continuation or switching was guided by LDL-C 
response and adverse effects, with a two-dose wash-
out for suspected intolerance. Cardiovascular events 
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were ascertained through structured interviews, medi-
cal record review, and linkage to the Central Registry of 
Patient Data, enabling comprehensive outcome capture. 
The full follow-up protocol is provided in the Supple-
mental Materials.

Laboratory measurements and familial 
hypercholesterolemia assessment
All laboratory and genetic analyses were performed at 
the accredited laboratory of the UMCLJ following stan-
dardized protocols. Venous blood samples were collected 
after an overnight fast.

To assess the clinical probability of familial hyper-
cholesterolemia (FH), the Dutch Lipid Clinic Network 
(DLCN) score was calculated for all patients and used to 
categorize individuals as having unlikely, possible, prob-
able, or definite FH [19]. To help guide FH diagnosis in 
childhood and adolescence, the recently developed FH 
Pediatric Diagnostic Score (FH-PeDS) is used in our 
center to supplement genetic testing and clinical assess-
ment [20]. Genetic testing was performed in a subset of 
patients, with detailed methodology described elsewhere 
[21, 22]. FH was considered genetically confirmed if a 
pathogenic or likely pathogenic variant was identified in 
one of the three major FH-related genes: LDLR, APOB, or 
PCSK9, with interpretation based on American College 
of Medical Genetics and Genomics guidelines [9, 23, 24].

Statistical analysis
Continuous variables are reported as medians (IQR) and 
categorical variables as counts (%). Group comparisons 
used Kruskal–Wallis and χ² tests, with two-sided p < 0.05 
considered statistically significant. Longitudinal lipid 

trajectories (primary: LDL-C) were analysed at prespeci-
fied visits using log-transformed data and summarized as 
geometric means with 95% confidence intervals. LDL-C 
changes over time were assessed using mixed-effects 
models with random patient intercepts, modelling ther-
apy as a time-varying exposure and adjusting for baseline 
covariates.

Comparative treatment effects were estimated using 
inverse probability of treatment weighting (IPTW) based 
on covariate-balancing propensity scores. Exploratory 
time-to-event analyses for major adverse cardiovascular 
events were performed using Kaplan–Meier methods 
and Cox proportional-hazards models in both intention-
to-treat and IPTW-adjusted populations. All analyses 
were performed in R (version 4.4.1). Detailed methods 
are provided in the Supplemental Materials.

Results
Baseline characteristics
Baseline characteristics are summarized in Table  1. We 
included 1,385 patients: the median age was 64 years, 
and 52% were women. The most common inclusion diag-
noses were preclinical atherosclerotic cardiovascular 
disease (ASCVD) (32%), defined as the presence of ath-
erosclerotic plaques on carotid or femoral ultrasonogra-
phy or asymptomatic coronary artery disease identified 
by coronary artery calcium scoring or computed tomog-
raphy angiography, and myocardial infarction (31%). The 
median LDL-C at inclusion was 4.0 mmol/L.

At baseline, 43% of patients were receiving statin ther-
apy (65% on high-intensity regimens), while 64% had 
documented SASE, and 46% were treated with ezeti-
mibe (23% as monotherapy). Significant differences in 

Fig. 1  Flowchart of patient selection for inclusion in the PCSK9 inhibitor registry study
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Characteristic Overall, (N = 1,385) Alirocumab, (N = 598) Evolocumab, (N = 693) Inclisiran, (N = 94) p-value
Age at inclusion 64 (56, 70) 64 (56, 70) 65 (56, 70) 65 (57, 73) 0.382

Sex (Female) 714 (51.6%) 289 (48.3%) 374 (53.9%) 51 (54.2%) 0.112

Index diagnosis

  FH 33 (2.4%) 16 (2.7%) 12 (1.7%) 5 (5.3%) *

  Myocardial infarction 427 (30.8%) 204 (34.1%) 198 (28.6%) 25 (26.6%)

  Peripheral Artery Disease 29 (2.1%) 11 (1.8%) 16 (2.3%) 2 (2.1%)

  Subclinical ASCVD 441 (31.8%) 172 (28.7%) 234 (33.8%) 35 (37.2%)

  Revascularization (PCI/CABG) 172 (12.4%) 78 (13.0%) 87 (12.6%) 7 (7.4%)

  Stroke 45 (3.2%) 16 (2.7%) 25 (3.6%) 4 (4.3%)

  Hypercholesterolemia 238 (17.2%) 101 (16.9%) 121 (17.5%) 16 (17.0%)

Risk Factors

  Arterial hypertension 753 (54.4%) 325 (54.3%) 373 (53.8%) 55 (58.5%) 0.693

  Diabetes mellitus 130 (13.7%) 80 (13.3%) 101 (14.6%) 9 (9.6%) 0.396

  Smoking 0.265

    Current 178 (12.9%) 89 (14.9%) 80 (11.5%) 9 (9.6%)

    Never 861 (62.2%) 362 (60.5%) 432 (62.3%) 67 (71.3%)

    Quit ≥ 2 years before event 210 (15.2%) 88 (14.7%) 109 (15.7%) 13 (13.8%)

    Quit at event 136 (9.8%) 59 (9.9%) 72 (10.4%) 5 (5.3%)

  Body mass index [kg/m2] 27.4 (24.7, 30.4) 27.1 (24.5, 30.4) 27.6 (25.0, 30.3) 26.6 (24.2, 30.8) 0.318

Lipid profile

  Total cholesterol [mmol/L] 5.90 (4.58, 7.30) 5.84 (4.35, 7.38) 6.10 (4.70, 7.32) 5.80 (4.74, 6.88) 0.142

  HDL-C [mmol/L] 1.31 (1.10, 1.60) 1.30 (1.09, 1.60) 1.34 (1.12, 1.60) 1.40 (1.10, 1.60) 0.531

  LDL-C [mmol/L] 4.00 (2.60, 5.03) 3.90 (2.40, 5.00) 4.10 (2.72, 5.14) 4.00 (2.83, 4.90) 0.172

  Triglycerides [mmol/L] 1.56 (1.11, 2.20) 1.51 (1.10, 2.20) 1.59 (1.17, 2.23) 1.61 (1.10, 2.13) 0.657

  Apolipoprotein A1 [g/L] 1.48 (1.31, 1.64) 1.49 (1.32, 1.68) 1.46 (1.30, 1.63) 1.46 (1.27, 1.63) 0.594

  Apolipoprotein B [g/L] 1.28 (1.02, 1.55) 1.27 (1.00, 1.55) 1.29 (1.03, 1.57) 1.23 (0.99, 1.46) 0.386

DLCN Score Category

  Definite FH 200 (14.4%) 96 (16.1%) 94 (13.6%) 10 (10.6%) 0.547

  Probable FH 207 (14.9%) 93 (15.6%) 97 (14.0%) 17 (18.1%)

  Possible FH 520 (37.5%) 213 (35.6%) 273 (39.4%) 34 (36.2%)

  Unlikely FH 458 (33.1%) 196 (32.8%) 229 (33.0%) 33 (35.1%)

Genetically confirmed FH

  APOB 11 (0.8%) 3 (0.5%) 6 (0.9%) 2 (2.1%) 0.108

  LDLR 31 (2.2%) 14 (2.3%) 14 (2.0%) 3 (3.2%)

  Negative 44 (3.2%) 25 (4.2%) 19 (2.7%) 0 (0.0%)

  Other 2 (0.1%) 1 (0.2%) 1 (0.1%) 0 (0.0%)

  No genetic testing 1297 (93.6%) 555 (92.8%) 653 (94.2%) 89 (94.7%)

Statin

  Atorvastatin 63 (4.5%) 25 (4.2%) 35 (5.1%) 3 (3.2%) 0.010

  Fluvastatin 5 (0.4%) 4 (0.7%) 1 (0.1%) 0 (0%)

  Pravastatin 28 (2.0%) 14 (2.3%) 13 (1.9%) 1 (1.1%)

  Rosuvastatin 478 (34.5%) 228 (38.1%) 220 (31.7%) 30 (31.9%)

  Simvastatin 19 (1.4%) 9 (1.5%) 5 (0.7%) 5 (5.3%)

  None 792 (57.2%) 318 (53.2%) 419 (60.5%) 55 (58.5%)

Statin therapy intensitya

  High 385 (27.8%) 186 (31.1%) 177 (25.5%) 22 (23.4%) 0.010

  Intermediate 198 (14.2%) 89 (14.9%) 95 (13.7%) 14 (14.9%)

  Low 10 (0.7%) 5 (0.8%) 2 (0.3%) 3 (3.2%)

  None 792 (57.2%) 318 (53.2%) 419 (60.5%) 55 (58.5%)

SASEb 880 (63.5%) 361 (60.4%) 454 (65.5%) 65 (69.1%) 0.078

Table 1  Baseline demographic, clinical, and biochemical characteristics of patients by PCSK9 inhibitor therapy (alirocumab, 
evolocumab, inclisiran)
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background statin therapy were observed across PCSK9 
inhibitor groups, both for statin type and statin inten-
sity (overall p = 0.010 for both). Rosuvastatin was the 
most frequently prescribed statin, followed by atorv-
astatin (Table  1), and was predominantly used at high 
doses; approximately 74% of rosuvastatin users received 
40 mg, and ~ 72% of atorvastatin users received ≥ 40 mg. 
High-intensity statin therapy was most common among 
alirocumab-treated patients (31.1%), compared with 
evolocumab- (25.5%) and inclisiran-treated patients 
(23.4%), while evolocumab-treated patients were more 
frequently statin-free at baseline (60.5% vs. 53.2% for ali-
rocumab and 58.5% for inclisiran). Pairwise comparisons 
showed significant differences in statin use and intensity 
between alirocumab and evolocumab (p = 0.035 for both) 
and between evolocumab and inclisiran (p = 0.018 and 
p = 0.019, respectively), whereas differences between ali-
rocumab and inclisiran were not significant. Over follow-
up, baseline differences in statin exposure attenuated: 
although statin use differed at inclusion (46.8%, 39.5%, 
and 41.5% for alirocumab, evolocumab, and inclisiran, 
respectively; p = 0.030), no significant differences were 
observed at 3, 9, or 21 months (all p ≥ 0.18), indicating 
convergence of background lipid-lowering therapy across 
treatment groups.

Initial PCSK9 inhibitor therapy and switching patterns 
during follow-up
Of the 1,385 patients included in the study, 598 (43%) 
were initially treated with alirocumab, 693 (50%) with 
evolocumab, and 94 (7%) with inclisiran. Overall, 90% 
of patients remained on their first-line PCSK9 inhibitor 
throughout the study. The proportions of patients receiv-
ing alirocumab and evolocumab declined slightly over 
time (to 42% and 47%, respectively), whereas inclisiran 
use increased to 10.5%—as illustrated in Supplemental 
Fig. 2.

Adverse effects and therapy discontinuation
Adverse effects were reported in 31% of patients. Local 
injection-site reactions were uncommon (4%) but led to 

therapy discontinuation in 46% of those affected. Sys-
temic adverse effects were more frequent (30%) and 
prompted discontinuation in 33%. Musculoskeletal 
symptoms (12%) and flu-like symptoms (7%) were the 
most commonly reported adverse effects (Supplemen-
tal Table 1). Adverse-effect incidence was assessed at 
each follow-up visit, separately for first- and second-
line therapy. Overall, incidence declined over time, with 
first-line inclisiran recipients reporting the lowest rate 
(12% at 3 months) and virtually no reports beyond the 
first year (Fig. 2). First-line alirocumab and evolocumab 
users reported adverse-effect rates of 19% and 20%, 
respectively, persisting at just above 10% after one year. 
As expected, patients switched to second-line PCSK9 
inhibitors exhibited higher adverse-event rates (52% 
with alirocumab, 32% with evolocumab, 28% with incli-
siran), depicted in Supplemental Fig.  3. Discontinuation 
patterns (Supplemental Fig.  4) mirrored these trends, 
peaking at 3 months and stabilizing thereafter, with less 
than 3% discontinuing beyond the first year. Early discon-
tinuation was slightly more frequent with first-line incli-
siran (13% at 3 months) compared to alirocumab (8.2%) 
and evolocumab (7.6%), driven primarily by suboptimal 
LDL-C reduction or failure to achieve treatment goals 
rather than adverse effects.

Effectiveness
Unadjusted LDL-C reductions
Figure 3 illustrates the unadjusted geometric mean 
LDL-C levels over time for each therapy. Both ali-
rocumab and evolocumab achieved substantial LDL-C 
reductions at 3 months: − 58.2% (1.98 mmol/L; 95% CI: 
1.88–2.07) and − 58.9% (2.09 mmol/L; 95% CI: 2.00–
2.18), respectively—and maintained similar reductions 
at 9 months: − 58.9% (2.00 mmol/L; 95% CI: 1.90–2.10) 
and − 56.9% (2.02 mmol/L; 95% CI: 1.91–2.13), respec-
tively. The response rate, defined as a ≥ 25% LDL-C 
reduction, remained approximately 85% for both mono-
clonal antibodies at these timepoints, with no statisti-
cally significant difference between them (p > 0.050). In 
contrast, inclisiran showed a more modest and variable 

Characteristic Overall, (N = 1,385) Alirocumab, (N = 598) Evolocumab, (N = 693) Inclisiran, (N = 94) p-value
Ezetimibe 641 (46.2%) 286 (47.8%) 303 (43.7%) 52 (55.3%) 0.053

Fibrate 67 (4.8%) 22 (3.7%) 40 (5.8%) 5 (5.3%) 0.207
Categorical data are n (%); continuous data are median (Q1–Q3). Group comparisons used Kruskal–Wallis (continuous) and χ² or Fisher’s exact tests (categorical). 
p < 0.050

N Number of patients, FH Familial hypercholesterolemia, ASCVD Atherosclerotic cardiovascular disease, PCI Percutaneous coronary intervention, CABG Coronary 
artery bypass grafting, HDL-C High-density lipoprotein cholesterol, LDL-C  Low-density lipoprotein cholesterol, DLCN Dutch Lipid Clinic Network, APOB Apolipoprotein 
B gene, LDLR  Low-density lipoprotein receptor gene, SASE Statin-associated side effects, NA Data not available

Missing values: Body mass index 73, Total cholesterol 2, HDL-C 3, LDL-C 5, Triglycerides 5, Apolipoprotein A1 797, Apolipoprotein B 451, SASE 3, Ezetimibe 9
aStatin intensity per ESC/EAS guidelines [9]
bSASE: adverse effects with ≥ 2 statins
*No p-value for sparse multi-category variables

Table 1  (continued) 
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LDL-C–lowering effect, with reductions of − 33.2% 
(1.17 mmol/L; 95% CI: 0.93–1.39) at 3 months and 
− 24.7% (0.87 mmol/L; 95% CI: 0.51–1.19) at 9 months. 
Response rates for inclisiran were 64.3% and 52.8% at 3 
and 9 months, respectively. Compared with both mono-
clonal antibodies, these reductions were significantly 
smaller at both timepoints (p < 0.001), highlighting lower 
efficacy and greater inter-individual variability. Supple-
mental Fig. 5 further illustrates that second-line therapy 
was associated with higher baseline LDL-C and wider 
confidence intervals, suggesting more complex clinical 
backgrounds. Nonetheless, LDL-C reductions remained 
evident across therapies, though attenuated for inclisiran 
in this context.

At baseline, only a minority of patients met the ESC/
EAS LDL-C target of ≤ 1.4 mmol/L.9 The highest goal 
attainment was observed among statin-treated ali-
rocumab users (12.2%), followed by those on inclisiran 
(10.3%) and evolocumab (9.6%). Among non-statin users, 
target attainment was < 2% across all therapies. No sig-
nificant baseline differences were observed between 
treatment groups. Following initiation of PCSK9 inhibi-
tors, LDL-C goal attainment improved substantially. 
Among statin-treated patients, 78.5% of alirocumab users 
achieved target at 3 months and 76.8% at 9 months, while 

77.7% and 67.9% of evolocumab users did so at the same 
timepoints. In contrast, non-statin users had consider-
ably lower goal attainment with monoclonal antibod-
ies—generally ≤ 21.5%, except at the first follow-up in the 
evolocumab group (27.1%). Inclisiran was associated with 
the lowest overall goal attainment:<3% during the first 
two years and 5.1% at 33 months in the absence of statins. 
When combined with statin therapy, inclisiran users 
achieved target levels in 52.6% at 3 months and 53.6% 
at the last available follow-up. Importantly, similar pat-
terns were observed for the less stringent LDL-C thresh-
olds of ≤ 1.8 mmol/L and ≤ 2.6 mmol/L, with consistently 
higher target attainment among statin-treated patients 
across all therapies and follow-up visits. These patterns 
are illustrated in Fig. 4. LDL-C goal attainment should be 
interpreted in the context of Slovenian eligibility crite-
ria for PCSK9 inhibitor therapy, which typically require 
failure to reach target levels despite maximally tolerated 
lipid-lowering treatment—reflected by a median baseline 
LDL-C of 4 mmol/L.

Predictors of LDL-C response
Statin therapy was the strongest predictor of LDL-C 
response. Compared with high-intensity statin ther-
apy, no statin therapy, low-intensity therapy, and 

Fig. 2  Incidence of any reported adverse effect over time by PCSK9 inhibitor for first line therapy. The figure shows the proportion of patients reporting 
any adverse effect over time for alirocumab, evolocumab, and inclisiran
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intermediate-intensity therapy were associated with 0.73, 
0.38, and 0.16 mmol/L smaller LDL-C reductions, respec-
tively (Supplemental Table 2). Additionally, male sex 
and older age were linked to greater LDL-C reductions, 
whereas second-line therapy predicted lower effective-
ness. Compared with alirocumab, inclisiran was associ-
ated with 0.12 mmol/L less LDL-C lowering (p < 0.001); 
there was no significant difference between evolocumab 
and alirocumab (mean difference 0.01 mmol/L; p = 0.588).

Adjusted LDL-C reductions
After IPTW weighting, adjusted LDL-C reductions 
were maintained across all therapies (Fig.  5). Initial dif-
ferences in LDL-C reduction (-42% for inclisiran, -60% 
for alirocumab, and − 59% for evolocumab, respectively) 
diminished over time (-42%, -50%, and 51% reduction, 
respectively, by the last LDL-C measurement) and were 
no longer significant by the last timepoint (p > 0.050).

Effect on other lipid parameters
Supplemental Fig.  6 shows unadjusted geometric mean 
trajectories of additional lipid markers by therapy. Ali-
rocumab and evolocumab consistently lowered TC 
(− 32% to − 36%) and apolipoprotein B (− 40% to − 45%), 
reflecting their potent effect on atherogenic particles. 
Inclisiran produced milder but directionally similar 
reductions (TC − 11% to − 20%, apolipoprotein B − 13.6% 
to − 23.9%). Triglycerides declined modestly across 
all therapies, with early reductions most pronounced 
for alirocumab (− 20.2%) and evolocumab (− 18.5%), 
though these effects waned over time. Inclisiran showed 
smaller, more variable triglyceride reductions (− 5.3% to 
− 7.8%). HDL-C and apolipoprotein A1 remained largely 
unchanged.

Survival analysis
During a median follow-up of 912 days (IQR: 476–1,630), 
we observed 108 events—an incidence rate of 2.6 per 
100 patient-years. Of these events, 25 patients died; 12 
experienced myocardial infarction; 9 suffered a transient 

Fig. 3  Unadjusted Geometric Mean LDL-C Over Time by PCSK9 Inhibitor Therapy. Geometric mean LDL-C levels over time for alirocumab, evolocumab, 
and inclisiran, with percent change from baseline and proportion of responders (defined as ≥ 25% LDL-C reduction) shown at each timepoint (0, 3, 9, 21, 
33 months). Error bars represent 95% confidence intervals. Note: Baseline: Evolocumab vs. Alirocumab: p = 0.240, Inclisiran vs. Alirocumab: p = 0.681, Incli-
siran vs. Evolocumab: p = 0.989; Control 1: Evolocumab vs. Alirocumab: p = 0.813, Inclisiran vs. Alirocumab: p < 0.001, Inclisiran vs. Evolocumab: p < 0.001; 
Control 2: Evolocumab vs. Alirocumab: p = 0.166, Inclisiran vs. Alirocumab: p < 0.001, Inclisiran vs. Evolocumab: p < 0.001; Control 3: Evolocumab vs. Ali-
rocumab: p = 0.888, Inclisiran vs. Alirocumab: p < 0.001, Inclisiran vs. Evolocumab: p < 0.001; Control 4: Evolocumab vs. Alirocumab: p = 0.973, Inclisiran vs. 
Alirocumab: p = 0.009, Inclisiran vs. Evolocumab: p = 0.005
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ischemic attack or stroke; 43 underwent unplanned cor-
onary revascularization; and 19 underwent unplanned 
peripheral or carotid revascularization.

Intention-to-treat survival analysis
No significant differences in event rates were observed 
among patients treated with alirocumab, evolocumab, 
or inclisiran (Fig. 6). Using alirocumab as the reference, 
the hazard ratios for evolocumab and inclisiran were 0.78 
(95% CI, 0.42–1.45; p = 0.426) and 0.98 (95% CI, 0.13–
7.55; p = 0.987), respectively. Age and diabetes emerged 
as significant predictors of major adverse cardiovascular 
event (Supplemental Table 3).

Propensity score–weighted analysis
In the IPTW-weighted pseudocohort (Supplemental 
Fig.  7), estimated event rates did not differ significantly 
among alirocumab, evolocumab, and inclisiran (Fig.  7). 
Compared with alirocumab, the hazard ratio was 0.64 
(95% CI, 0.44–0.92; p = 0.104) for evolocumab and 0.66 
(95% CI, 0.40–1.09; p = 0.681) for inclisiran.

Discussion
Our prospective registry is the first to compare the real-
world effectiveness of alirocumab, evolocumab, and 
inclisiran. All three agents achieved clinically mean-
ingful LDL-C reductions: alirocumab and evolocumab 
lowered LDL-C by 58% and 59%, respectively, while 
inclisiran produced a 33% reduction. After propensity-
score adjustment, estimated reductions were the same 
or greater—59% for alirocumab, 60% for evolocumab, 
and 42% for inclisiran. Background statin therapy sub-
stantially modified treatment response, with greater 
LDL-C lowering and higher response rates among statin-
treated patients; over half of these individuals achieved 
LDL-C < 1.4 mmol/L on combination therapy. All inhibi-
tors were well tolerated, with low discontinuation rates, 
and cardiovascular event rates remained low and did not 
differ significantly between therapies.

Our real-world cohort differed substantially from 
patients enrolled in PCSK9 inhibitor trials. Whereas trial 
populations were predominantly male (70–75%), our 
registry was balanced by sex (52% women, 48% men). 
Background lipid-lowering therapy and baseline LDL-C 
levels also diverged markedly: nearly two-thirds of our 

Fig. 4  LDL-C Target Attainment Over Time According to Therapy and Statin Use. Percentage of patients achieving LDL-C target (≤ 1.4 mmol/L, ≤ 1.8 
mmol/L and ≤ 2.6 mmol/L) over time for Alirocumab, Evolocumab, and Inclisiran, stratified by concomitant statin use. Time is expressed as mean days 
from first visit (Visit 0: initial visit; Visit 1: 3 months; Visit 2: 9 months; Visit 3: 21 months; Visit 4: 33 months). Statin co-medication consistently resulted in 
higher target attainment across therapies and visits, with the highest proportion observed for Alirocumab and Evolocumab in combination with statins. 
Inclisiran showed lower target attainment overall, particularly in the no-statin subgroup
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patients had SASE, and only 43% received concomitant 
statins, compared with 90% of trial participants on high-
intensity statin regimens per protocol. These factors—
together with stricter reimbursement criteria (including 
prior treatment failures)—likely drove higher baseline 
LDL-C in our cohort (4.0 mmol/L) versus pivotal trials: 
ODYSSEY OUTCOMES (alirocumab) and FOURIER 
(evolocumab) both enrolled patients with LDL-C ≈ 2.4 
mmol/L, and ORION-10/11 (inclisiran) enrolled patients 
with LDL-C ≈ 2.7 mmol/L [13–15]. Although a substan-
tial proportion of our patients fulfilled clinical criteria 
for FH, genetic testing was only performed in a limited 
subset, making direct comparison with trial cohorts less 
meaningful. Collectively, these differences highlight that 
real-world cohorts often include a more heterogeneous 
and complex patient population than those enrolled in 
highly selected randomized controlled trials.

Reductions in LDL-C were clinically meaningful with 
all three PCSK9 inhibitors. The effect of both monoclonal 
antibodies on LDL-C reduction was large and compara-
ble to that seen in clinical trials and observational stud-
ies. Alirocumab and evolocumab each reduced LDL-C 
by almost 60%, aligning with the 50–60% reductions 
reported in ODYSSEY OUTCOMES and FOURIER, as 

well as in several real-world observational cohorts [13, 
15, 17, 25–27]. Recent large real-world registry stud-
ies have further confirmed the effectiveness, safety, and 
long-term persistence of monoclonal PCSK9 inhibitors 
in routine clinical practice, extending randomized trial 
findings to broader and more heterogeneous patient 
populations [28, 29]. Conversely, LDL-C reductions with 
inclisiran were less pronounced, particularly when com-
pared with trial results. While the ORION-10/11 trial 
reported a 50% LDL-C reduction with inclisiran, our 
findings indicate a smaller, albeit still meaningful, 33% 
reduction [14]. This difference likely reflects our patient 
population’s more complex lipid-lowering histories and 
lower rates of statin tolerance. Inclisiran lowers LDL-C 
by up-regulating LDL receptor expression via hepatic 
PCSK9 inhibition; its efficacy therefore appears highly 
dependent on background statin therapy, which increases 
LDL receptor availability [30]. In this respect, our results 
align with other observational data. The German Incli-
siran Network study reported median LDL-C reductions 
of 41% and 28% at 3 and 9 months, respectively, despite 
only one-third of patients receiving statins [31]. Data 
from the Erasmus University Medical Center lipid regis-
try showed 38% and 34% reductions at 3 and 9 months, 

Fig. 5  Adjusted LDL-C Over Time by Therapy. Adjusted geometric mean LDL-C levels (with 95% confidence intervals) over time for inclisiran, alirocumab, 
and evolocumab, weighted using inverse probability of treatment based on covariate balancing propensity scores. Adjustments were made for age, sex, 
BMI, hypertension, diabetes, smoking status, statin intensity, and index cardiovascular diagnosis
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respectively, with greater declines among statin-treated 
patients [18]. Likewise, the largest healthcare organi-
zation in Israel reported a 42% LDL-C reduction over-
all—46% with statin co-therapy and 40% without [16]. 
Finally, the Italian CHOLINET registry observed a 51% 
reduction overall—58% with statin and 42% without—
although its baseline LDL-C was lower (2.7 mmol/L) and 
over 70% of patients were on statins [32]. Overall, real-
world data—including ours—suggest variable effective-
ness of inclisiran depending on patient characteristics 
and, especially, background statin therapy. These findings 
should not be interpreted as evidence of intrinsic infe-
riority of inclisiran, but rather as reflecting real-world 
differences in treatment context, background statin use, 
and timing of LDL-C assessment. Notably, ours is the 
first study to compare all three PCSK9 inhibitors head-
to-head. Although baseline characteristics did not differ 
significantly among patients receiving alirocumab, evo-
locumab, or inclisiran, the magnitude of LDL-C lowering 
remained greater with the monoclonal antibodies.

LDL-C target attainment reflects both drug efficacy 
and our cohort’s characteristics, which included many 
patients who failed to achieve target levels despite adher-
ence to maximally tolerated statin and ezetimibe therapy. 

At baseline, only about 10% of statin-treated patients 
reached the ESC/EAS goal of ≤ 1.4 mmol/L [9]. After 
PCSK9 inhibitor initiation,>75% of those on alirocumab 
or evolocumab with statins hit the ≤ 1.4 mmol/L tar-
get at 3 months—on par with ODYSSEY OUTCOMES 
and FOURIER—while inclisiran plus statin exceeded 
50% attainment. In statin-free patients, attainment was 
low across all agents, especially with inclisiran [13, 15]. 
These findings mirror other real-world studies showing 
attenuated inclisiran responses without statins and con-
sistent monoclonal antibody performance regardless of 
statin use [16–18, 25, 26, 32]. Nevertheless, over 25% of 
patients on combined PCSK9 inhibitor and statin therapy 
still missed LDL-C goals, highlighting persistent residual 
risk and the need for additional strategies. Importantly, 
the persistence of LDL-C levels above guideline-recom-
mended targets should not be interpreted as treatment 
failure, but rather as a reflection of real-world implemen-
tation gaps. Delayed treatment escalation, limitations in 
long-term adherence, and the reliance of current lipid-
lowering strategies on statin-based combinations sub-
stantially restrict achievable LDL-C reduction in patients 
with SASE. These findings highlight the need for earlier 
intervention, improved adherence-support strategies, 

Fig. 6  Kaplan-Meier survival curves for time to first major adverse cardiovascular event (MACE) by baseline PCSK9 inhibitor therapy (intention-to-treat 
analysis [ITT]). Survival probability is shown over time for patients initiated on alirocumab, evolocumab, or inclisiran. The ITT approach retains baseline 
therapy assignment throughout follow-up. Shaded areas represent 95% confidence intervals. The number at risk and cumulative events per group are 
displayed below the x-axis
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and the development of additional non-statin lipid-low-
ering therapies to enable more effective combination reg-
imens and reduce residual cardiovascular risk.

Statin therapy—especially high-intensity regimens—
was the most important predictor of LDL-C reduction 
trajectories after multivariate adjustment, underscoring 
the additive, pivotal role of combination lipid-lowering 
therapy. Patients receiving PCSK9 inhibitors following 
myocardial infarction or revascularization experienced 
larger adjusted LDL-C reductions than those with other 
index diagnoses, likely reflecting a stronger commitment 
by both patients and providers to LDL-C lowering after 
a major cardiac event. Male sex and increasing age also 
predicted greater LDL-C reduction, further highlighting 
the need for outcomes research in diverse, real-world 
populations. As expected, second-line therapy yielded 
smaller LDL-C reductions, since first-line non-respond-
ers are more prone to treatment failure with a subsequent 
PCSK9 inhibitor. Importantly, after propensity-score 
adjustment, LDL-C levels declined significantly over time 
with all three agents, and inter-therapy differences were 
no longer statistically significant at later follow-up points. 
This may reflect treatment-effect stabilization over time 
and potentially better long-term adherence with incli-
siran [33]. However, there are conflicting reports on 

long-term monoclonal antibody adherence: the European 
HEYMANS registry reported only an 8% discontinuation 
rate for evolocumab at 30 months [27].

Adverse effects and therapy-discontinuation rates dem-
onstrate favorable real-world safety profiles for all three 
PCSK9 inhibitors. Adverse events were reported by 31% 
of patients across all time points, with the highest inci-
dence immediately after therapy initiation and declining 
thereafter. This compares favorably with registration tri-
als, in which 70–80% of participants experienced adverse 
events—most of which were mild and comparable to 
placebo. The incidence of adverse effects was slightly 
higher among second-line therapy recipients, reflecting 
cross-therapy intolerance. Inclisiran exhibited the low-
est overall adverse-event burden in our cohort. Although 
early discontinuation rates exceeded 10% in some sub-
groups—particularly during the initial months—dropout 
on first-line therapy remained low (< 3%). This pattern 
mirrors discontinuation rates observed in major PCSK9 
trials, including FOURIER (12–13%) and ODYSSEY 
OUTCOMES (14–16%), highlighting the challenges of 
long-term adherence in both trial and real-world settings 
and underscoring the need for sustained follow-up and 
support strategies [13–15].

Fig. 7  Kaplan–Meier curves for inverse probability of treatment weighting (IPTW) survival analysis by therapy. Weighted Kaplan–Meier estimates of time 
to first major adverse cardiovascular event (MACE) across PCSK9 inhibitor therapies using IPTW derived from covariate balancing propensity scores. The 
curves represent marginal survival probabilities for inclisiran, alirocumab, and evolocumab. Shaded areas indicate 95% confidence intervals
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No differences were observed in event-free survival 
among patients treated with alirocumab, evolocumab, or 
inclisiran. However, these survival analyses were explor-
atory and underpowered to detect modest between-
group differences, particularly for inclisiran due to its 
later introduction and smaller sample size. Accordingly, 
the present findings should be considered hypothesis-
generating with respect to comparative cardiovascular 
outcomes rather than definitive evidence of equivalence 
across PCSK9 inhibitor therapies. Notably, event rates in 
our cohort (2.6 per 100 patient-years) were lower than 
those reported in trial populations (4.5 per 100 patient-
years in FOURIER and 3.4 per 100 patient-years in the 
ODYSSEY OUTCOMES intervention arms) [13, 15]. 
Despite higher baseline LDL-C levels, our cohort reflects 
a lower-risk case mix, including patients without prior 
events or clinically detectable ASCVD. Although our 
survival analysis was exploratory and underpowered to 
detect small intergroup differences, it provides valuable 
real-world insights into PCSK9-inhibitor effectiveness 
in the absence of randomized head-to-head trials. Most 
notably, substantial residual cardiovascular risk persisted 
despite optimal lipid-lowering management.

Several limitations of our study should be acknowl-
edged, although important contextual strengths also 
apply. First, this observational registry–based study pro-
vides measures of association—not causation—between 
PCSK9-inhibitor therapies and long-term lipid trajecto-
ries; nevertheless, our participants reflect real-world clin-
ical populations often underrepresented in randomized 
trials. Second, the study was conducted at a single centre, 
which serves as the national referral centre for lipid dis-
orders and had exclusive access to PCSK9 inhibitors dur-
ing the first two years after their introduction. Third, the 
inclisiran subgroup was smaller due to its later market 
availability, and lipid measurements in inclisiran-treated 
patients were obtained at scheduled follow-up visits cor-
responding to planned drug administration, without sys-
tematic interim assessments. Consequently, LDL-C levels 
could not be evaluated at fixed intervals after the last 
injection or as time-averaged reductions, which may have 
attenuated observed LDL-C lowering and should be con-
sidered when comparing inclisiran with monoclonal anti-
bodies. Finally, the survival analysis was underpowered, 
underscoring the need for future outcomes research in 
larger, multinational real-world cohorts.

Conclusions
In this real-world registry, alirocumab, evolocumab, and 
inclisiran all achieved meaningful LDL-C reductions with 
good tolerability. Monoclonal antibodies yielded almost 
60% unadjusted reductions, whereas reductions with 
inclisiran were less pronounced yet still clinically sig-
nificant. Background statin therapy was the single most 

important independent predictor of LDL-C trajectories, 
underscoring the role of combination lipid-lowering 
therapy in achieving LDL-C targets. Despite combination 
therapy, many patients—especially those with SASE—
remained above target, reflecting residual risk. After 
adjustment for baseline characteristics, long-term LDL-C 
reductions and cardiovascular event rates were compa-
rable across all three therapies, suggesting similar real-
world effectiveness for alirocumab, evolocumab, and 
inclisiran.
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