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A B S T R A C T   

Background and aims: The effects of protein convertase subtilisin/kexin type 9 (PCSK9) inhibitors on endothelial 
function as assessed by flow-mediated dilation (FMD) in patients with acute myocardial infarction (AMI) are 
unknown. Therefore, we aimed to investigate the effects of the PCSK9 inhibitor alirocumab added to high- 
intensity statin on FMD, and its association with coronary atherosclerosis in non-infarct related arteries using 
intracoronary intravascular ultrasound (IVUS), near-infrared spectroscopy (NIRS), and optical coherence to-
mography (OCT). 
Methods: This was a pre-specified substudy among patients recruited at Bern University Hospital, Switzerland, for 
the randomized-controlled, double-blind, PACMAN-AMI trial, which compared the effects of biweekly alir-
ocumab 150 mg vs. placebo added to rosuvastatin. Brachial artery FMD was measured at 4 and 52 weeks, and 
intracoronary imaging at baseline and 52 weeks. 
Results: 139/173 patients completed the substudy. There was no difference in FMD at 52 weeks in the alirocumab 
(n = 68, 5.44 ± 2.24%) versus placebo (n = 71, 5.45 ± 2.19%) group (difference = − 0.21%, 95% CI − 0.77 to 
0.35, p = 0.47). FMD improved throughout 52 weeks in both groups similarly (p < 0.001). There was a sig-
nificant association between 4 weeks FMD and baseline plaque burden (IVUS) (n = 139, slope = − 1.00, p =
0.006), but not with lipid pool (NIRS) (n = 139, slope = − 7.36, p = 0.32), or fibrous cap thickness (OCT) (n = 81, 
slope = − 1.57, p = 0.62). 
Conclusions: Among patients with AMI, the addition of alirocumab did not result in further improvement of FMD 
as compared to 52 weeks secondary preventative medical therapy including high-intensity statin therapy. FMD 
was significantly associated with coronary plaque burden at baseline, but not with lipid pool or fibrous cap 
thickness.   
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1. Introduction 

The vascular endothelium plays a key role in the pathogenesis of 
atherosclerosis and its impairment precedes the development of struc-
tural atherosclerotic alterations and later manifest cardiovascular dis-
ease [1,2]. Flow-mediated dilation (FMD) allows to evaluate the 
systemic vascular endothelial-dependent function [2–4] and is consid-
ered the “gold standard” for non-invasive evaluation of endothelial 
function [3,4]. The prognostic value of FMD for cardiovascular out-
comes has been shown in several meta-analyses with a pooled relative 
cardiovascular risk reduction by 8–13% per 1% increase in FMD [5–9]. 

Statins, besides low-density lipoprotein cholesterol (LDL-C) 
lowering, have pleiotropic effects [10], which include 
anti-inflammatory properties and positive effects on endothelial func-
tion. As such, FMD has been shown to improve under statin therapy in 
several studies on subjects at increased risk for [11,12], and manifest 
atherosclerotic disease [13,14], related to higher bioavailability of 
nitric-oxide [15]. 

PCSK9 inhibitors lower LDL-C by upregulation of hepatic LDL-C re-
ceptors and do improve cardiovascular outcomes [16,17]. The body of 
evidence on potential pleiotropic effects of PCSK9, especially involve-
ment in inflammatory and oxidative processes, is increasing [18,19]. 
Some small studies observed an improvement of FMD after short-term 
treatment with PCSK9 inhibitors in patients with chronic coronary 
syndromes (CCS) [20–22], diabetes mellitus [23], and familial hyper-
cholesterolemia [24]. However, the effect of PCSK9 inhibition on FMD 
among acute myocardial infarction (AMI) patients has never been 
investigated. Further, the association between brachial artery FMD and 
the extent of coronary atherosclerosis according to intracoronary im-
aging and regression/progression of atherosclerosis is unknown. 
Therefore, as a pre-specified substudy of the randomized-controlled 
PACMAN-AMI (PCSK9 antibody AliroCuMab on coronary Atheroscle-
rosis in patieNts with Acute Myocardial Infarction) trial [25], we aimed 
to assess the effect of the PCSK9 inhibitor alirocumab added to 
high-intensity statin therapy with rosuvastatin on FMD, as well as the 
association between FMD and the extent and stability of coronary 
atherosclerosis in multimodality intracoronary imaging and regres-
sion/progression of atherosclerosis in AMI patients throughout 1 year. 

2. Patients and methods 

2.1. Study design PACMAN-AMI main trial 

The design and primary results of the PACMAN-AMI trial have been 
published previously [25,26]. Briefly, PACMAN-AMI was an 
investigator-initiated, randomized, double-blind, placebo-controlled, 
European multi-center study to evaluate the effect of intensive lipid 
lowering therapy with alirocumab added to high-intensity statin therapy 
with rosuvastatin on coronary atherosclerosis by multi-modality intra-
coronary IVUS, NIRS, and OCT in patients with AMI undergoing 
percutaneous coronary intervention (PCI). Detailed inclusion and 
exclusion criteria have been reported elsewhere [25]. In brief, patients 
were eligible if 1) they had two non-infarct related arteries (non-IRA) 
suitable for intracoronary imaging with non-obstructive atherosclerotic 
disease (visual estimate >20 to <50% angiographic diameter stenosis), 
2) LDL-C level ≥125 mg/dL if patients were stain-naïve or had not been 
on a stable (≥4 weeks) statin regimen at the time of screening; or LCL-C 
≥70 mg/dL if patients were on an unchanged statin treatment for ≥4 
weeks prior to study enrolment. The study was conducted at 9 academic 

centres in: Switzerland (5), Austria (1), Denmark (1) and the 
Netherlands (2). A total of 300 patients were randomized in a 1:1 ratio to 
either alirocumab subcutaneous 150 mg biweekly or matching placebo 
between May 09, 2017 and October 07, 2020. Web-based randomization 
was performed using randomly varying block sizes of 2, 4, or 6 patients, 
stratified by study site, use of stable (≥4 weeks) statin treatment at 
presentation, and type of AMI (ST-elevation myocardial infarction 
(STEMI) vs. non-ST-elevation myocardial infarction). Analysis was per 
intention-to-treat. All patients underwent serial coronary angiography 
and intracoronary imaging at baseline and 52 weeks follow-up. Written 
informed consent was obtained from each patient, the study protocol 
conforms to the ethical guidelines of the 1975 Declaration of Helsinki 
and has been approved by the local ethics committee on research on 
humans. 

2.2. PACMAN-AMI pre-specified FMD substudy 

This was a pre-specified substudy of the PACMAN-AMI trial [26] 
among patients enrolled at Bern University Hospital (n = 173). FMD was 
measured at 4 and 52 weeks after AMI. The 4 weeks timepoint for FMD 
baseline measurement was chosen, since in the setting of AMI (especially 
STEMI), postponing angiography and PCI for FMD measurement would 
not have been feasible, and an FMD measurement directly after PCI 
could have been affected by the acute (inflammatory) effects of MI [27, 
28], reperfusion, PCI [29], and initiated medication (e.g. antihyper-
tensive therapy, betablockers) [3,4] and would not have represented a 
valid baseline measurement. At 4 weeks, the acute phase of myocardial 
infarction was passed and co-medication administered in steady-state 
doses, therefore representing an appropriate setting for baseline 
assessment of FMD. Follow-up FMD measurement was performed at 52 
weeks before repeating coronary angiography and intracoronary 
imaging. 

2.3. FMD measurement 

FMD is defined as the 1-min hyperemia-induced brachial artery 
percentage change of maximum diameter from baseline diameter (i.e. 
FMD (%) = (Maximum Diameter− Baseline Diameter)

Baseline Diameter *100) (Supplemental Fig. 1) [3, 
4]. FMD is the most common non-invasive method used to assess sys-
temic endothelial-dependent vascular function. Although the technique 
is not easy to be performed, it is well standardized, and since many years 
an established procedure at our institution [30,31]. FMD is affected by 
the classical cardiovascular risk factors [32], correlates with coronary 
artery endothelial function [33–35], and is an independent predictor of 
cardiovascular outcomes [36], also in patients with already established 
coronary heart disease [37]. Moreover, its easy use in different clinical 
trials that assessed the effect of treatment or life style modification on 
endothelial function [38] makes it the gold method adapted to the 
present study. 

FMD was assessed in all patients by a highly experienced analyst (ER) 
blinded to treatment allocation and according to current recommenda-
tions [3,4]. The increase of the brachial artery diameter evoked by 
reactive hyperemia was determined using high-resolution ultrasound 
(Esaote MyLab30 Gold, Esaote SpA, Italy) and automatic wall tracking 
software (Cardiovascular Suite, Quipu, Pisa, Italy). The brachial artery 
was identified above the antecubital fossa with a high-resolution ultra-
sound device and a high frequency (7–10 MHz) linear array probe. The 
ultrasound probe was fixed in a stereotactic clamp with micrometer 
movement capabilities and Doppler flow was recorded continuously 
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throughout the assessment. After 1 min of baseline measurements, a 
pressure cuff placed around the forearm was inflated to 250 mmHg for 5 
min. After deflation of the cuff, the hyperemia-induced changes of 
brachial artery diameter and flow were continuously measured. 
Endothelium-independent dilation of the brachial artery was assessed by 
measuring the increase of the brachial artery diameter evoked by 50 μg 
oral glyceryl-trinitrate. 

2.4. Endpoints 

The pre-specified primary endpoint was the absolute difference in 
FMD between the placebo and alirocumab group at 52 weeks. Secondary 
endpoints were the absolute difference in FMD between groups at 4 
weeks and the difference of absolute change in FMD from week 4 to 
week 52 between groups. Pre-specified intracoronary imaging endpoints 
were the association between FMD at 4 weeks and IVUS-derived percent 
atheroma volume (PAV) (%), NIRS-derived maximum lipid core burden 
index 4 mm (maxLCBI4mm), and OCT-derived minimum fibrous cap 
thickness (minFCT) (μm) at baseline and the association between FMD at 
52 weeks and change in PAV, maxLCBI4mm, and minFCT. As explor-
atory endpoints, we assessed the association between FMD at 4 weeks 
and baseline LDL-C as well as during the study period. 

2.5. Statistical analysis 

Continuous variables are presented as mean ± standard deviation 
(SD) or median [interquartile range (IQR)] and categorical variables are 
presented as counts with percentages. We hypothesized a clinically 
relevant absolute difference in FMD between the placebo and alir-
ocumab group at 52 weeks of 1.5% and a standard deviation of 1.5. For a 
power of 90% at a two-sided alpha of 0.05, the required sample size was 
62 (i.e. 31 patients per arm). Considering a drop-out rate of 25%, we 
aimed to enroll at least 78 patients. Patient characteristics, medication, 
and laboratory values were compared using Student t-tests, Fisher’s 
exact tests or Wilcoxon-Mann-Withney tests, as appropriate. Changes in 
FMD over time were compared between groups using repeated linear 
models. The association FMD and between intracoronary imaging 
findings (i.e. PAV, maxLCBI4mm, minFCT) as well as LDL-C were 
assessed using linear regressions including FMD, trial arm and the 
interaction between FMD and trial arm as explanatory variables. All 
analyses were conducted in R version 4.2.0. Significance tests were two- 
tailed with a significance level set to 0.05. 

3. Results 

3.1. Patient population 

Of 173 enrolled patients at Bern University Hospital, 139 (80%) (n =
68 alirocumab, n = 71 placebo) underwent serial FMD measurement. 
Reasons for exclusion of patients were enrollment before ethical 
approval of the FMD substudy, withdrawn consent for FMD measure-
ment, logistical problems with FMD measurement, or study restrictions 
due to the COVID-19 pandemic (Fig. 1). Mean age was 58.1 years, 16% 
were female, 10% had diabetes mellitus, 42% were active smokers, and 
baseline LDL-C level was 155.9 mg/dl (Table 1). Characteristics of pa-
tients included in vs. excluded from the PACMAN-AMI FMD substudy at 
Bern University Hospital were similar (Supplemental Table 1). Medi-
cation at FMD baseline (i.e. 4 weeks) is shown in Table 1, and medica-
tion at trial enrollment (timepoint 0) and 52 weeks is shown in 
Supplemental Table 2. LDL-C at FMD baseline (i.e. 4 weeks) was 24.5 ±
15.9 in the alirocumab and 77.7 ± 26.1 mg/dl in the placebo group (p <

0.001), and at 52 weeks it was 25.1 ± 27.5 mg/dl and 76.3 ± 27.3 mg/ 
dl, respectively (p < 0.001). Complete lipid profiles at trial enrollment 
(timepoint 0), 4 weeks, and 52 weeks are provided in Supplemental 
Table 3. Blood pressure and heart rate were similar between groups at 
the time point of FMD measurement at 4 and 52 weeks (Table 2). 

3.2. Primary and secondary FMD endpoints 

At 52 weeks, FMD was 5.44 ± 2.24% in the alirocumab and 5.45 ±
2.19% in the placebo group (between-group difference of − 0.21%, 95% 
CI − 0.77 to 0.35, p = 0.47) (Fig. 3, Table 2). FMD at 4 weeks was 4.52 ±
1.87% in the alirocumab group and 4.32 ± 1.62% in the placebo group 
(between-group difference = 0.20%, 95% CI -0.47 to 0.87, p = 0.56). 
Compared to 4 weeks, 52 weeks FMD was significantly improved in both 
groups (alirocumab: from 4.52 ± 1.87% to 5.44 ± 2.24%, p < 0.001; 
placebo: from 4.32 ± 1.62% to 5.45 ± 2.19%, p < 0.001) (Supplemental 
Fig. 2, Table 2). Endothelium-independent vasodilation was similar in 
both groups (alirocumab: 11.66 ± 3.77% vs. placebo: 12.21 ± 3.18%, p 
= 0.36). Baseline brachial artery diameter and ischemia-induced in-
crease in blood flow were similar in both groups (Table 2). 

3.3. FMD vs. intracoronary imaging endpoints at baseline 

PAV as assessed by IVUS at baseline (timepoint 0) showed a signif-
icant association with FMD at 4 weeks (slope = − 1.00, 95% CI -1.70 to 
− 0.30), p = 0.006), There was trend towards a significant association 
between changes in PAV and FMD throughout 52 weeks (slope = − 0.19, 
95% CI -0.40 to 0.02, p = 0.08) (Fig. 2A–B, Fig. 3, Supplemental Table 
4). Also, if assessed categorically, using 3 concepts of comparison 
groups, i.e. 1) PAV regressors vs. non-regressors, 2) PAV change above 
vs. below the median of the population, or 3) triple regressors vs. non- 
triple regressors (i.e. concomitant regression in PAV and maxLC-
BI4mm and increase in minFCT [39]), there were no significant differ-
ences in the change in FMD (Supplemental Table 5). For maxLCBI4mm 
in NIRS (Fig. 2C–D) and minFCT in OCT (Fig. 2E–F) with FMD, no sig-
nificant associations between baseline values or changes over time were 
observed (Supplemental Table 4). 

3.4. FMD vs. LDL-C 

There were no signifcant associations between baseline LDL-C and 
FMD at 4 weeks (slope = − 0.65, 95% CI-3.83 to 2.53, p = 0.69), or 
changes in LDL-C and FMD throughout 52 weeks (slope = 1.23, 95% CI 
-2.55 to 5.01, p = 0.52) (Supplemental Fig. 3, Supplemental Table 4). 

4. Discussion 

PACMAN-AMI FMD represents the largest pre-specified study to 
assess the effects of intensive lipid-lowering therapy with the PCSK9 
inhibitor alirocumab added to high-intensity statin therapy with rosu-
vastatin on FMD. To our knowledge, it is the first trial conducted in an 
AMI population and the first study to investigate the association be-
tween FMD and the extent and stability of coronary atherosclerosis as 
assessed with multi-modality intracoronary imaging in two non-infarct 
related coronary arteries. The salient findings of our study can be 
summarized as follows: 1) In an AMI population, 52 weeks of secondary 
preventative medical therapy led to a significant improvement in 
endothelial function as assessed by FMD. However, the addition of a 
PCSK9 inhibitor to high-intensity statin therapy did not result in further 
beneficial effects on FMD. 2) There was a significant association be-
tween coronary plaque burden as assessed by intracoronary IVUS and 
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brachial artery FMD at baseline, and a trend towards an association 
between changes in plaque burden and FMD throughout 52 weeks 
(Fig. 3). 3) No significant associations between FMD and coronary lipid 
pool as assessed by NIRS or fibrous cap thickness as assessed by OCT at 
baseline and the respective changes over 52 weeks were observed. 

4.1. Potential pleiotropic effects of PCSK9 

Inflammation is a major driver of atherosclerotic plaque formation, 
progression, vulnerability and its associated cardiovascular events [40]. 
Reducing inflammation by the interleukin 1 inhibitor canakinumab was 
shown to successfully reduce cardiovascular events post myocardial 
infarction, however at the cost of increased incidence of fatal infection 
or sepsis [41]. Therefore, agents mitigating inflammatory processes at 
the arterial wall are an interesting and promising treatment target in 
cardiovascular diseases. Chronic vascular inflammation induces endo-
thelial dysfunction [42], and, since evidence from in-vitro, murine and 
limited human studies on potential LDL-C-independent, pleiotropic ef-
fects of PCSK9 in inflammatory and oxidative processes is increasing 
[18,19], we investigated the effects of PCSK9 inhibitors on endothelial 
function as assessed by FMD. We did not observe any improvement of 
FMD in the alirocumab as compared to the placebo treatment arm. 
However, opposite to statins, the clinical role of PCSK9 inhibitors in the 
pathogenesis of atherosclerosis, beyond its key role lipid-metabolism, 

still remains to be determined. For example, PCSK9 inhibitors have no 
effect on the inflammatory marker high-sensitivity C-reactive protein 
(hs-CRP) [43]. Consistent with this previous observation, hs-CRP values 
were similar in both groups at 52 weeks in the present study. 

4.2. Prior evidence on the effects of PCSK9 inhibition on FMD 

In line with previous observational evidence on patients with CCS 
[21,22] and familial hypercholesterolemia [24], we observed an 
improvement in FMD throughout 52 weeks of secondary prevention 
medical therapy including high-intensity rosuvastatin in all patients. 
However, the beneficial effect was not related to PCSK9 inhibitor 
treatment, since rosuvastatin alone showed similar improvement of 
FMD in the control group. Consistent with our findings, other small 
observational studies showed that alirocumab treatment, added to 
maximal tolerated lipid-lowering therapy, did not improve FMD in pa-
tients with established atherosclerotic cardiovascular disease and 
elevated LDL-cholesterol [44,45]. This contrasts the findings of a small 
RCT conducted by Sposito et al. [23], where greater improvement in 
FMD after 4 months treatment with the PCSK9 inhibitor evolocumab 
added to background sodium-glucose transporter-2 therapy with 
empagliflozin (n = 55) as compared to empagliflozin alone (n = 55) 
among patients with diabetes mellitus type 2 was observed [23]. In 
another RCT by Rehberger et al. [20], patients at least 6 months after a 

Fig. 1. CONSORT flow diagram. 
FMD = flow-mediated dilation. aSpecific reasons for other exclusions were not documented. See eTable in Supplement 4 in the main publication [26] for additional 
inclusion and exclusion criteria. 
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Table 1 
Patient baseline characteristics.  

Clinical characteristics N Alircoumab (N = 68) N Placebo (N = 71) p-value 

Age (years) 68 57.5 ± 10.1 71 58.7 ± 8.4 0.45 
Sex (female) 68 8 (12%) 71 14 (20%) 0.25 
Type of AMI, n (%) 

NSTEMI 68 36 (53%) 71 32 (45%) 0.40 
STEMI 32 (47%) 39 (55%) 

Statin/LDL-C status at baseline, n (%) 
On statin for at least 4 weeks prior to PCI and LDL-C ≥70 mg/dl  9 (13%)  9 (13%)  
No statin and LDL-C ≥125 mg/dl 68 59 (87%) 71 62 (87%) 1.00 
BMI (kg/m2) 68 27.4 ± 4.2 71 27.9 ± 4.2 0.49 
Systolic blood pressure (mmHg) 68 123.2 ± 21.8 71 126.5 ± 21.4 0.36 
Diastolic blood pressure (mmHg) 68 73.9 ± 13.0 71 73.1 ± 14.2 0.71 
Heart rate (/min) 68 81.9 ± 14.8 71 78.8 ± 12.6 0.19 
Family history of CAD or CVD, n (%) 68 18 (27%) 71 23 (32%) 0.46 
Peripheral arterial disease, n (%) 68 1 (2%) 71 0 (0.0%) 0.49 
Diabetes mellitus, n (%) 6 6 (9%) 8 8 (11%) 0.78 
Diabetes type, n (%) 

Type 1 6 1 (2%) 8 0 (0%) 0.43 
Type 2 5 (7%) 8 (11%) 

Arterial hypertension, n (%) 68 29 (43%) 71 32 (45%) 0.86 
Hypercholesterolemia, n (%) 68 62 (91%) 71 65 (92%) 1.00 
Active smoker, n (%) 68 34 (50%) 71 25 (35%) 0.09 
History of smoking, n (%) 68 44 (65%) 71 44 (62%) 0.86 
Previous myocardial infarction, n (%) 68 0 (0.0%) 71 0 (0.0%) – 
Previous PCI, n (%) 68 0 (0.0%) 71 0 (0.0%) – 
Prematurea CAD, cerebral or peripheral vascular disease, n (%) 68 20 (29%) 71 16 (23%) 0.44 
History of stroke, n (%) 68 0 (0%) 71 1 (1%) 1.00 
History of TIA, n (%) 68 1 (2%) 71 1 (1%) 1.00 
Laboratory values at trial enrollment (Time point 0) 
Total cholesterol (mg/dl) 68 207.4 ± 30.1 71 208.0 ± 32.7 0.92 
LDL-C (mg/dl) 68 156.2 ± 28.4 71 155.5 ± 36.0 0.89 
HDL-C (mg/dl) 68 41.1 ± 9.9 71 42.4 ± 9.6 0.42 
Lipoprotein (a) (mg/dl) 68 9.1 [38.3] 71 10.9 [45.4] 0.40 
hs-CRP (mg/l) 68 2.1 [3.2] 71 2.7 [5.6] 0.78 
Peak CK (U/L) 67 831.0 ± 1283.7 71 618.4 ± 855.8 0.25 
Peak hs-Troponine ng/ml 68 1.94 ± 4.36 71 1.15 ± 2.25 0.18 
Hematocrit (L/L) 68 0.4 ± 0.0 70 0.4 ± 0.1 0.18 
Hemoglobin (g/dl) 68 14.5 ± 1.3 71 14.1 ± 1.3 0.13 
White blood cell count (/μl) 68 10′300 ± 3′900 71 10′500 ± 3′200 0.72 
HbA1c (%) 68 5.8 ± 1.0 71 5.7 ± 0.8 0.48 
Creatinine (mg/dl) 68 0.86 ± 0.17 71 0.87 ± 0.17 0.58  

Medication at 4 weeks N Alirocumab (N = 94) N Placebo (N = 99) p-value 

Statin, n (%) 68 68 (100%) 71 71 (100%) – 
Ezetimibe, n (%) 68 0 (0%) 71 0 (0%) – 
Aspirin, n (%) 68 67 (99%) 71 71 (100%) 0.49 
Clopidogrel, n (%) 68 5 (7%) 71 1 (1%) 0.11 
Ticagrelor, n (%) 68 55 (81%) 71 66 (93%) 0.044 
Prasugrel, n (%) 68 8 (12%) 71 4 (6%) 0.24 
Novel oral anticoagulant, n (%) 68 4 (6%) 71 1 (1%) 0.20 
ACE inhibitor, n (%) 68 55 (81%) 71 53 (75%) 0.42 
ATII antagonist, n (%) 68 8 (12%) 71 14 (20%) 0.25 
Betablocker, n (%) 68 65 (96%) 71 63 (89%) 0.21 
Calcium antagonist, n (%) 68 3 (4%) 71 7 (10%) 0.33 
Oral antidiabetics, n (%) 68 3 (4%) 71 7 (10%) 0.33 
Insulin, n (%) 68 2 (3%) 71 1 (1%) 0.61 
Lipid profile at 4 weeks 
Total cholesterol (mg/dl) 68 85.8 ± 20.6 71 144.0 ± 28.6 <0.001 
LDL-C (mg/dL) 68 24.5 ± 15.9 71 77.7 ± 26.1 <0.001 
HDL-C (mg/dl) 68 49.1 ± 10.8 71 47.7 ± 10.6 0.44 
non-HDL-C (mg/dl) 68 37.2 ± 17.4 71 96.6 ± 27.6 <0.001 
Lipoprotein (a) (mg/dl) 68 5.4 [32.8] 71 13.2 [80.3] 0.006 
hs-CRP (mg/l) 68 1.5 [2.2] 71 1.3 [2.0] 0.82 
Apolipoprotein A1 (mg/dl) 68 134.9 ± 20.0 71 133.8 ± 20.7 0.74 
Apolipoprotein B (mg/dl) 68 34.0 ± 13.1 71 75.2 ± 18.5 <0.001 

Values are mean ± standard deviation (SD), number (%) or median [interquartile range]. p-values are from Student t-tests, Fisher’s exact tests, or Wilcoxon-Mann- 
Withney tests. a<55 years in males and <60 years in females (first degree relatives). ACE = angiotensin converting enzyme, AMI = acute myocardial infarction, 
ATII = angiotensin II receptor antagonist, BMI = body mass index, CAD = coronary artery disease, CK = creatine kinase, CRP = C-reactive protein, CVD = cardio-
vascular disease, HDL-C = high-density lipoprotein cholesterol, hs = high sensitivity, LDL-C = low-density lipoprotein cholesterol, NSTEMI = non-ST-elevation 
myocardial infarction, PCI = percutaneous coronary intervention, STEMI = ST-elevation myocardial infarction, TIA = transitory ischemic attack. 
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myocardial infarction, <55 years old with high Lp(a) levels were ran-
domized to receive placebo (n = 31), evolocumab (n = 34), or alir-
ocumab (n = 35) for 6 months. Significant improvement in FMD was 
observed at 6 months for evolocumab, but not for alirocumab or placebo 
treated patients. 

These differences to our study finding may be explained by several 
factors. Firstly, there was large variation in baseline FMD (Sposito et al., 
2.6% [23], Rehberger et al., 11.0% [20], PACMAN-AMI, 4.4%) possibly 
representing patient populations with various degrees of baseline 
endothelial dysfunction. Secondly, in the other studies, 100% of patients 
underwent a 2 [20] or 4 months [23] run-in phase with uptitration of 
statins, after which patients remained on a stable statin regimen 
throughout the study period. Importantly, more than half of patients 
received low or moderate intensity statin therapy including simvastatin 
or smaller doses of rosuvastatin [23]. Conversely, in PACMAN-AMI, only 
high-intensity rosuvastatin 20 mg was used and 87% of the patients 
were statin-naïve prior to study enrollment, i.e. a high-intensity statin 
was initiated at the same time as the PCSK9 inhibitor and the combined 
effect of initiated high-intensity rosuvastatin and alirocumab vs. rosu-
vastatin was assessed at 52 weeks, whereas the others measured the 
effects of PCSK9 inhibitors added to an established, mostly 
non-high-intensity statin regimen. Thus, it appears possible, that in 
PACMAN-AMI, rosuvastatin initiation at trial enrollment induced its 
established effects on FMD [14], and may have attenuated a potential 
added benefit of alirocumab on FMD. 

Interestingly, in the study by Rehberger et al. [44] and our trial, 
there was no significant improvement in FMD related to alirocumab, 
opposite to the studies on evolocumab [21–24], which consistently re-
ported improvement in FMD. However, since alirocumab and evolocu-
mab are both fully human monoclonal antibodies that share the same 
mechanism of action and a similar pharmacodynamic/kinetic properties 
[46,47], and demonstrated consistent effects on clinical outcomes [16, 
17] and coronary atherosclerosis as assessed with intracoronary imaging 
[26,48,49], it seems rather unlikely that the discrepancies in the effects 
on FMD are related to the type of PCSK9 inhibitor. They may rather be 
explained by differences in patient population, study design, timepoint 
of FMD assessment, co-medication, and treatment duration. 

Further research by adequately designed and powered studies on the 
effects of PCSK9 inhibitors on endothelial function in different patient 
populations is warranted. The INTENSITY-HIGH (NCT03355027) study 
[50] is currently investigating the effects of PCSK9 inhibition on 
vascular inflammation and FMD in stable cardiovascular disease. 

4.3. Association between FMD and coronary atherosclerosis 

PACMAN-AMI FMD represents the first pre-specified, prospective 
study to investigate the association between FMD and the extent and 
stability of coronary atherosclerosis with the use of multi-modality 
intracoronary imaging using IVUS, OCT and NIRS in an AMI popula-
tion. Our findings indicate an association between 4 weeks brachial 
artery FMD and non-IRA coronary plaque burden before treatment 
initiation, but not between FMD and the extent of lipid pools or minimal 
fibrous cap thickness. Throughout 52 weeks of secondary preventative 
medical therapy, FMD similarly improved in both the alirocumab and 
placebo group, whereas more pronounced coronary plaque regression 
and stabilization had been observed with alirocumab added to rosu-
vastatin as compared to placebo [26]. Accordingly, changes in FMD and 
intracoronary imaging parameters from baseline to 52 weeks were not 
significantly associated – but a trend towards an association between 
changes in PAV and FMD was observed. These findings are novel and 
lack comparable prior evidence [51,52]. 

4.4. Association between FMD and LDL-C 

There have been inconclusive results with respect to the association 
between LDL-C and endothelial function in patients on PCSK9 inhibitors Ta
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Fig. 2. Association between FMD and intracoronary imaging endpoints. 
(A) Percent atheroma volume (PAV) at baseline vs. flow-mediated dilation (FMD) at 4 weeks. (B) Change in PAV from baseline to 52 weeks vs. change in FMD from 4 
to 52 weeks. (C) Maximum lipid core burden index 4 mm (maxLCBI4mm) at baseline vs. FMD at 4 weeks. (D) Change in maxLCBI4mm from baseline to 52 weeks vs. 
change in FMD from 4 to 52 weeks. (E) Minimum fibrous cap thickness (minFCT) at baseline vs. FMD at 4 weeks. (F) Change in minFCT from baseline to 52 weeks vs. 
change in FMD from 4 to 52 weeks. For A, C, E: Lines depict the slope across both arms (solid) and associated 95% confidence intervals (dashed). For B, D, F: Lines 
depict the slope per arm (solid) and associated 95% confidence intervals (dashed). p-values are from the main slope. Red: alirocumab, Blue: placebo. PAV, 
maxLCBI4mm, and minFCT were averaged across vessels for each patient. 
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[21,22,24] and statins alone [13,15]. While some studies reported sig-
nificant linear association between LDL-C reduction and FMD 
improvement on PCSK9 inhibitor treatment (r = 0.39–0.69) [21,24], 
others found no association between absolute values or changes in FMD 
and LDL-C [22]. In our study, we did not find a significant association 
between baseline LDL-C and FMD (slope = − 0.41, p = 0.80), or changes 
in LDL-C and FMD throughout 52 weeks (slope = − 0.70, p = 0.50). 

4.5. Potential clinical implications of the PACMAN-AMI FMD substudy 

The results of our trial suggest that improvement in endothelial 
function can be achieved throughout 1 year after AMI by guideline- 
based secondary preventative medical therapy including a high- 
intensity statin. However, we did not observe a direct additional 
benefit on FMD by adding the PCSK9 inhibitor alirocumab to rosuvas-
tatin. In line with these findings, no overall improvement in coronary 
hemodynamics with alirocumab vs. placebo in non-obstructive non-IRA 
as assessed by Quantitative Flow Ratio has been observed in another 
substudy of the PACMAN-AMI trial [53]. On the contrary, with respect 
to morphological changes on the coronary artery level, PCSK9 inhibition 
on top of statin therapy induces a more pronounced regression in plaque 
burden [26,48,49] and angiographic stenosis [53], along with plaque 
stabilization as compared to placebo [26,49]. Further functional and 
morphological effects of PCSK9 inhibitors in the evolution of athero-
sclerosis should be subject to future studies. 

4.6. Limitations 

The results of this study must be discussed in the light of several 
limitations. 1) The study population for this substudy was monocentric 
and consists of 80% of totally enrolled patients at Bern University 
Hospital Inselspital. However, characteristics of in- vs. excluded patients 
enrolled at Bern University Hospital were similar. 2) FMD was not 
measured before initiation of the study drugs, as FMD measurement 
before primary PCI would not have been feasible and potentially 
confounded by the acute effects of MI [27], reperfusion, PCI [29], and 
initiated medication [3,4] and therefore, was not a valid baseline mea-
surement. At 4 weeks, the acute phase of AMI was passed and 
co-medication administered in steady-state doses, therefore represent-
ing an appropriate setting for the baseline assessment of FMD. However, 
this timepoint already represents the between-group effects of two doses 
of alirocumab. The primary endpoint, however, was independent of the 
4 weeks timepoint. 3) We did not obtain biomarkers of endothelial 
function such as nitric-oxide. 

4.7. Conclusions 

In patients with AMI, improvement in endothelial function as 
assessed by brachial artery FMD was achieved throughout 1 year with 
guideline-based secondary preventative medical therapy including a 
high-intensity statin. However, the addition of the PCSK9 inhibitor 
alirocumab, did not result in further improvement of endothelial func-
tion. FMD was significantly inversely related to non-IRA intracoronary 
plaque burden before treatment initiation, but not to lipid pool or 
fibrous cap thickness. 

Trial registration 

ClinicalTrials.gov:NCT03067844. 
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