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Abstract: (1) Background and purpose: circulating proprotein convertase subtilisin/kexin type 9
(PCSK9) is one of the key regulators of cholesterol metabolism. Despite this, its role as a player in
atherosclerosis development is still matter of debate. Here, we investigated the relationships between
this protein and several markers of subclinical atherosclerosis. (2) Methods: the IMPROVE study
enrolled 3703 European subjects (54–79 years; 48% men; with ≥3 vascular risk factors), asymptomatic
for cardiovascular diseases. PCSK9 levels were measured by ELISA. B-mode ultrasound was used
to measure markers of carotid subclinical atherosclerosis. (3) Results: in the crude analysis, PCSK9
levels were associated with several baseline measures of carotid intima-media thickness (cIMT) (all
p < 0.0001); with cIMT change over time (Fastest-IMTmax-progr) (p = 0.01); with inter-adventitia
common carotid artery diameter (ICCAD) (p < 0.0001); and with the echolucency (Grey Scale Median;
GSM) of both carotid plaque and plaque-free common carotid IMT (both p < 0.0001). However, after
adjustment for age, sex, latitude, and pharmacological treatment, all the afore-mentioned correlations
were no longer statistically significant. The lack of correlation was also observed after stratification
for sex, latitude, and pharmacological treatments. (4) Conclusions: in subjects who are asymptomatic
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for cardiovascular diseases, PCSK9 plasma levels do not correlate with vascular damage and/or
subclinical atherosclerosis of extracranial carotid arteries.

Keywords: PCSK9; subclinical atherosclerosis; carotid artery; intima-media thickness; echolucency

1. Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a circulating enzyme in-
volved in cholesterol homeostasis. By modulating the expression of low-density lipoprotein
receptor (LDL-R), PCSK9 is a key regulator of cholesterol metabolism [1,2] and a potential
player in atherosclerosis [3,4] and cardiovascular diseases [5]. The use of transgenic animal
models has provided evidence that, in addition to the LDL-R, PCSK9 may also degrade
other receptors potentially involved in pro-atherosclerotic processes, including endothelial
dysfunction, hemostasis and inflammation [6]. This, combined with the fact that (a) carriers
of loss of function variants for PCSK9 show low levels of LDL-cholesterol with a reduction
in the risk of coronary events [7], and (b) PCSK9 is expressed in endothelial cells, vascular
smooth muscle cells and macrophages [6] suggests that PCSK9 may play a role also in
plaque development. However, despite this evidence, conflicting results emerge when
the association is investigated on the basis of relationships between circulating levels of
this proprotein and the incidence of cardiovascular events. In the literature, indeed, there
are studies both supporting [5] and rejecting [8–10] the existence of such a role. Besides
these relationships, other studies have also highlighted significant associations between
PCSK9 and markers of vascular damage, including a positive association with 10-year
atherosclerosis progression [11], pulse wave velocity [12], extent of coronary artery cal-
cification [13], and volume of coronary plaques necrotic core [14]. Regarding traditional
indices of subclinical atherosclerosis, such as carotid intima-media thickness (cIMT) and
plaque-size, both positive [15–19] and null associations [9,20–22] were observed.

To add further insights on this issue, in this study we have investigated the relationship
between circulating levels of PCSK9 and a series of ultrasonographic indices of vascular
damage and subclinical atherosclerosis in a large sample of European subjects.

2. Materials and Methods

This work was performed taking advantage of databases, biobanks and an imaging-
bank of the IMPROVE study, a European, multicenter, longitudinal, and observational
study specifically designed to identify novel biomarkers of subclinical and clinical atheroscle-
rosis [23]. The study included 3703 subjects [54–79 years, 48% men, with ≥3 vascular risk
factors (VRFs)], asymptomatic for cardio- and cerebrovascular diseases at the time of re-
cruitment. Participants were enrolled in seven centers of five European countries: Finland
(two centers), Sweden, the Netherlands, France, and Italy (two centers) and followed-up
for 36 months. Variables collected included clinical, biochemical, genetic, socioeconomic,
psychological, nutritional, and educational data, personal and family history of diseases,
drug intake, and physical activity. Eligibility criteria for enrollment, objectives, methods,
and participants’ baseline characteristics have been previously described [23].

The study complies with the rules of Good Clinical Practice and with the ethical princi-
ples established in the Helsinki Declaration and was approved by local Ethics Committees
in each study center. All subjects gave written informed consent.

2.1. Blood Sampling and PCSK9 ELISA

Blood samples were collected after an overnight fast upon enrolment in the study.
Plasma PCSK9 levels were measured in blood aliquots using a commercial ELISA kit
(R&D Systems, Minneapolis, MN, USA) able to identify both free and LDL-R-bound
PCSK9. Samples were diluted 1:20 in accordance with the manufacturer’s instructions, and
incubated onto a microplate, which was pre-coated with a specific monoclonal antibody
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for the human PCSK9. A four-parameter logistic curve-fit was used to obtain sample
concentrations (minimum detectable concentration: 0.219 ng/mL). The intra- and inter-
assay coefficients of variability (CVs) were 5.4 ± 1.2% and 4.8 ± 1.0%, respectively.

2.2. Measurement of Ultrasonographic Variables
2.2.1. Carotid Intima-Media Thickness (cIMT), Carotid Plaques and Their Changes
over Time

The IMPROVE study ultrasonographic protocol has been previously described [23].
Briefly, the far walls of left and right common carotids (CCs), bifurcations (Bifs), and
internal carotid arteries (ICAs) were visualized in three different angles (lateral, anterior
and posterior). Images were recorded and measurements were made off-line using a
specific software (M’Ath, Metris SRL, Paris, France) [24]. Areas with plaques (defined as a
maximum cIMT > 1.5 mm) were not excluded from the cIMT measurements.

The changes over time of cIMT and plaque-size were measured as previously de-
scribed [25]. Briefly, ultrasonographic measurements were repeated after 15 months with
the same ultrasonographic protocol used at baseline. The cIMT and plaque-size changes, ex-
pressed in mm/year, were calculated as the difference between the 15-month measurement
and the corresponding value measured at baseline, divided by the length of the interven-
ing time period. Of course, when 15-months progression variables were considered, the
post-progression median follow-up was of about 21 months.

The variables used for the statistical analyses were: IMTmean (i.e., average of IMT-
mean measured in 1st cm of CC, CC, Bif, and ICA of left and right carotid arteries), IMTmax
(i.e., the highest value of IMTmax out of 1st cm of CC, CC, Bif, and ICA of left and right
carotid arteries), IMTmean-max [i.e., the average of maximal IMT measured in eight carotid
segments (1st cm of CC, CC, Bif, and ICA) in left and right carotid arteries], plaque-free
(PF) CC-IMTmean (i.e., IMTmean of the 2nd cm of CCs measured in plaque-free areas),
Fastest-IMTmax-progr (i.e., the greatest value chosen among the 15-month progressions of
IMTmax detected in the whole carotid tree irrespective of location) and inter-adventitia
common carotid artery diameter (ICCAD) (i.e., the average of the inter-adventitia diameter
measurements carried out in plaque-free areas of the 2nd cm of left and right common
carotid arteries). Results of intra- and inter-assay variability tests were previously de-
scribed [23,25,26].

2.2.2. Echolucency of cIMT and Echolucency of Carotid Plaques

The quantitative evaluation of echolucency is based on the analysis of the grey scale
median (GSM) [27–30] of pixel distribution, normalized for the echolucency of blood (e.g.,
zero for maximum black) and for the echolucency of adventitia (e.g., 255 for maximum
white). Once defined, such parameters were applied to the entire sequence of frames.
To measure carotid echolucency, a series of 120–200 frames of the recorded scans were
imported into a dedicated software (MIA Carotid Analyzer, Coralville, IA, USA), able
to provide a densitometric analysis of images. A region of interest was manually placed
around the segment to be analyzed (i.e., the cIMT or the plaque) and the software automat-
ically calculated the GSM in all the selected frames (three frames for each measurement).

Low GSM values represent an echolucent (dark) cIMT or plaque (Figure 1A,B),
whereas high GSM values represent an echo-rich (bright) cIMT or plaque (Figure 1C,D).
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Figure 1. Examples of lesions with echolucent (A,B) and echo-rich (C,D) features of two types of 
carotid ultrasonographic images. Panels on the left show the echolucency features detected on the 
common carotid IMT, measured in plaque free areas (echolucency of PF CC-IMTmean). Panels on 
the right show the same features detected on a carotid plaque (echolucency of plaque). 

For each ultrasonographic scan, the GSM of PF CC-IMTmean was detected in lateral 
projection, and the GSM of the biggest plaque was detected in the whole carotid tree con-
sidering the three scan angles. Both were measured on the far walls of both left and right 
carotid arteries. 

The variables used for the statistical analyses were: the average GSM of left and right 
PF CC-IMTmean, and the average GSM of the blackest plaque between left and right big-
gest carotid plaques. 

The reproducibility of echolucency measurements was determined in 158 subjects 
who underwent a first scan at the baseline visit and a second scan two weeks apart. The 
analysis was performed considering left and right carotid arteries separately. For PF CC-
IMTmean, a significant correlation was observed between GSM values of basal and repli-
cate scans (left carotid: CV = 4.95, r = 0.98; right carotid: CV = 5.09, r = 0.95). Bland-Altman 
plots (data not shown) revealed that the bias between the two measurements was not sig-
nificant (left carotid: absolute difference = 2.88 ± 2.34; right carotid: absolute difference = 
2.81 ± 2.22). Similar results were obtained for carotid plaque echolucency (left carotid: CV 
= 6.10, r = 0.96, absolute difference = 3.04 ± 2.29; right carotid: CV = 5.98, r = 0.96, absolute 
difference = 2.84 ± 2.4). 

2.3. Statistical Analysis 
All quantitative variables were reported as mean ± SD. Variables with a skewed dis-

tribution were presented as median and interquartile range, and log-transformed before 
analyses. Categorical variables were reported as frequency and percentage. Trends across 
PCSK9 quintiles for continuous and categorical variables were assessed by ANCOVA and 
by Mantel–Haenszel χ2-test, respectively. 

Multiple linear regression analysis was used to assess the independent relationship 
between PCSK9 levels and each ultrasonographic variable. Model 0 was unadjusted; 
Model 1 was adjusted for age, sex, latitude, and pharmacological treatment (i.e., therapy 
with statins, or fibrates, or with both statins and fibrates). The repeatability of GSM meas-
urements was assessed by using the Bland–Altman approach [31]. All the analyses were 
carried out with SAS statistical package v. 9.4 (SAS Institute Inc., Cary, NC, USA). 

Figure 1. Examples of lesions with echolucent (A,B) and echo-rich (C,D) features of two types of
carotid ultrasonographic images. Panels on the left show the echolucency features detected on the
common carotid IMT, measured in plaque free areas (echolucency of PF CC-IMTmean). Panels on
the right show the same features detected on a carotid plaque (echolucency of plaque).

For each ultrasonographic scan, the GSM of PF CC-IMTmean was detected in lateral
projection, and the GSM of the biggest plaque was detected in the whole carotid tree
considering the three scan angles. Both were measured on the far walls of both left and
right carotid arteries.

The variables used for the statistical analyses were: the average GSM of left and right
PF CC-IMTmean, and the average GSM of the blackest plaque between left and right
biggest carotid plaques.

The reproducibility of echolucency measurements was determined in 158 subjects who
underwent a first scan at the baseline visit and a second scan two weeks apart. The analysis
was performed considering left and right carotid arteries separately. For PF CC-IMTmean,
a significant correlation was observed between GSM values of basal and replicate scans
(left carotid: CV = 4.95, r = 0.98; right carotid: CV = 5.09, r = 0.95). Bland-Altman plots (data
not shown) revealed that the bias between the two measurements was not significant (left
carotid: absolute difference = 2.88 ± 2.34; right carotid: absolute difference = 2.81 ± 2.22).
Similar results were obtained for carotid plaque echolucency (left carotid: CV = 6.10,
r = 0.96, absolute difference = 3.04 ± 2.29; right carotid: CV = 5.98, r = 0.96, absolute
difference = 2.84 ± 2.4).

2.3. Statistical Analysis

All quantitative variables were reported as mean ± SD. Variables with a skewed
distribution were presented as median and interquartile range, and log-transformed before
analyses. Categorical variables were reported as frequency and percentage. Trends across
PCSK9 quintiles for continuous and categorical variables were assessed by ANCOVA and
by Mantel–Haenszel χ2-test, respectively.

Multiple linear regression analysis was used to assess the independent relationship
between PCSK9 levels and each ultrasonographic variable. Model 0 was unadjusted;
Model 1 was adjusted for age, sex, latitude, and pharmacological treatment (i.e., therapy
with statins, or fibrates, or with both statins and fibrates). The repeatability of GSM
measurements was assessed by using the Bland–Altman approach [31]. All the analyses
were carried out with SAS statistical package v. 9.4 (SAS Institute Inc., Cary, NC, USA).



Biomedicines 2021, 9, 841 5 of 11

3. Results

Plasma PCSK9 levels were successfully measured in 3673 (52.1% women and 47.9%
men) out of the 3703 participants included in the IMPROVE study [32]. The baseline
characteristics of the study population are reported according to PCSK9 quintiles (Table 1).

Table 1. Baseline characteristics of the IMPROVE study cohort stratified by quintiles of plasma PCSK9 levels (ng/mL).

PCSK9 (ng/mL)
1st Quintile

(n = 734)
183 (155; 203)

2nd Quintile
(n = 735)

251 (238; 264)

3rd Quintile
(n = 735)

300 (287; 312)

4th Quintile
(n = 735)

356 (340; 373)

5th Quintile
(n = 734)

449 (416; 503)
p Value

Male, n (%) 482 (65.7) 381 (51.8) 347 (47.2) 277 (37.7) 271 (36.9) <0.0001
Age (years) 64.7 ± 5.3 64.4 ± 5.1 64.4 ± 5.5 63.7 ± 5.4 63.7 ± 5.8 <0.0001
Diastolic blood pressure (mmHg) 84.1 ± 10.0 82.6 ± 9.9 81.5 ± 9.6 81.1 ± 9.8 80.7 ± 9.2 <0.0001
Systolic blood pressure (mmHg) 146.2 ± 19.1 142.6 ± 18.9 141.7 ± 17.8 140.8 ± 18.2 138.4 ± 17.7 <0.0001
Body mass index (Kg/m2) 27.6 ± 4.2 27.4 ± 4.4 27.3 ± 4.3 27.2 ± 4.4 26.9 ± 4.0 0.0004
Waist/hip ratio 0.94 ± 0.10 0.92 ± 0.10 0.92 ± 0.10 0.91 ± 0.10 0.91 ± 0.10 <0.0001
PH of hypercholesterolemia, n (%) 398 (54.2) 491 (67.0) 513 (69.9) 577 (78.6) 656 (89.4) <0.0001
PH of hypertriglyceridemia, n (%) 125 (17.0) 149 (20.3) 200 (27.2) 196 (26.7) 279 (38.0) <0.0001
PH of low HDL-cholesterol, n (%) 144 (19.6) 102 (13.9) 93 (12.7) 62 (8.4) 84 (11.4) <0.0001
PH of hypertension, n (%) 577 (78.6) 497 (67.8) 514 (69.9) 484 (65.9) 464 (63.2) <0.0001
PH of diabetes, n (%) 227 (30.9) 174 (23.7) 200 (27.2) 156 (21.2) 146 (19.9) <0.0001
Educational level (study years) 10.8 ± 3.8 10.5 ± 3.9 10.3 ± 3.8 10.4 ± 3.9 10.3 ± 4.1 0.03
Total cholesterol (mg/dL) 203.9 ± 40.8 211.9 ± 43.5 213.7 ± 44.0 214.7 ± 44.8 215.5 ± 44.1 <0.0001
LDL-cholesterol (mg/dL) 132.4 ± 36.0 137.6 ± 38.2 138.0 ± 39.2 137.3 ± 41.0 137.3 ± 39.6 0.04
HDL-cholesterol (mg/dL) 47.0 ± 14.1 48.5 ± 14.2 48.6 ± 13.5 49.9 ± 13.5 50.1 ± 14.4 <0.0001
Triglycerides (mg/dL) 104 (77; 156) 110 (78; 159) 120 (84; 168) 117 (84; 168) 122 (86; 177) 0.0003
Uric acid (mg/dL) 5.5 (4.7; 6.3) 5.3 (4.5; 6.1) 5.2 (4.4; 6.0) 5.1 (4.3; 5.9) 5.0 (4.2; 5.8) <0.0001
Blood glucose (mmol/L) 6.23 ± 1.6 5.97 ± 1.6 5.93 ± 1.8 5.69 ± 1.4 5.76 ± 1.7 <0.0001
Creatinine (µmol/L) 84.1 (73.8; 96.4) 79.4 (68.8; 90.4) 78.0 (68.4; 89.4) 76.5 (65.6; 87.2) 76.8 (66.9; 88.9) <0.0001
Estimated GFR (mL/min) 84.3 ± 22.8 86.0 ± 23.3 83.9 ± 22.4 83.9 ± 22.5 80.2 ± 21.7 <0.0001

PCSK9, proprotein convertase subtilisin/kexin type 9; PH, personal history; LDL, low-density lipoproteins; HDL, high-density lipoproteins;
GFR, glomerular filtration rate. Data are n (percentage) or mean ± SD, except for PCSK9, triglycerides, uric acid, and creatinine, which are
summarized as median (1st and 3rd quartiles). Group differences were assessed by Student’s t-test for the numerical variables, by χ2-test
for the categorical ones, and by Kruskal-Wallis for triglycerides, uric acid, and creatinine. The p values refer to the trends across PCSK9
quintiles. p values < 0.05 were considered statistically significant.

A negative trend across PCSK9 quintiles was observed for some continuous variables
(i.e., age, diastolic blood pressure, systolic blood pressure, body mass index, waist/hip ratio,
educational level, uric acid, blood glucose, creatinine, and estimated glomerular filtration
rate) and some categorical variables (i.e., male sex, personal histories of low high-density
lipoproteins (HDL)-cholesterol, of hypertension and of diabetes) (Table 1). Conversely,
positive trends were found among PCSK9 quintiles and total, LDL-, HDL-cholesterol, and
triglycerides (among the continuous variables), as well as personal histories of hypercholes-
terolemia and hypertriglyceridemia (among the categorical variables) (Table 1). Additional
unadjusted relationships among PCSK9 and a series of variables (anthropometric, biochem-
ical, nutritional etc.) are reported in Supplementary Table S1.

The ultrasonographic variables, stratified by quintiles of PCSK9, are shown in Table 2.
The trend of association with PCSK9 quintiles was negative with cIMT variables and
ICCAD and positive with the GSM of PF CC-IMTmean and GSM of carotid plaque.

Table 3 shows the unadjusted (Model 0) and adjusted (Model 1) relationships between
PCSK9 and each ultrasonographic variable considered. In Model 0, PCSK9 was associated
with almost all of the variables. All of these associations, however, were no longer signifi-
cant in Model 1 (after adjustment for age, sex, latitude, and therapies with statins, with
fibrates or both statins and fibrates). Almost identical results were observed when Model 1
was stratified by sex (Supplementary Figure S1), by latitude (Supplementary Figure S2), or
by pharmacological treatment (Supplementary Figure S3).
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Table 2. Ultrasonographic variables of the IMPROVE study cohort stratified by quintiles of plasma PCSK9 levels (ng/mL).

PCSK9 (ng/mL)
1st Quintile

(n = 734)
183 (155; 203)

2nd Quintile
(n = 735)

251 (238; 264)

3rd Quintile
(n = 735)

300 (287; 312)

4th Quintile
(n = 735)

356 (340; 373)

5th Quintile
(n = 734)

449 (416; 503)
p Value

IMTmean (mm) 0.89 (0.78; 1.02) 0.85 (0.75; 1.01) 0.86 (0.74; 0.99) 0.82 (0.73; 0.97) 0.81 (0.72; 0.96) <0.0001
IMTmax (mm) 2.03 (1.55; 2.68) 1.85 (1.45; 2.50) 1.85 (1.45; 2.50) 1.76 (1.35; 2.48) 1.76 (1.30; 2.41) <0.0001
IMTmean-max (mm) 1.43 (1.19; 1.69) 1.35 (1.14; 1.67) 1.36 (1.13; 1.63) 1.3 (1.09; 1.60) 1.27 (1.07; 1.60) <0.0001
PF CC-IMTmean (mm) 0.72 (0.66; 0.78) 0.71 (0.65; 0.77) 0.7 (0.65; 0.76) 0.69 (0.64; 0.75) 0.69 (0.63; 0.74) <0.0001
Fastest-IMTmax-progr (mm/y) 0.22 (0.11; 0.37) 0.22 (0.11; 0.34) 0.18 (0.11; 0.32) 0.17 (0.10; 0.31) 0.18 (0.09; 0.36) 0.01
ICCAD (mm) 8.04 (7.48; 8.60) 7.81 (7.21; 8.36) 7.76 (7.27; 8.33) 7.59 (7.11; 8.18) 7.50 (7.12; 8.03) <0.0001
GSM of PF CC-IMTmean 41.2 (35.1; 50.4) 43.0 (36.0; 51.6) 44.3 (36.8; 54.0) 44.0 (36.4; 53.1) 46.1 (38.1; 54.6) <0.0001
GSM of carotid plaque 29.8 (24.3; 36.6) 30.6 (24.9; 37.6) 31.7 (25.3; 39.6) 31.4 (25.1; 40.0) 32.6 (26.3; 39.7) <0.0001

PCSK9, proprotein convertase subtilisin/kexin type 9; IMTmean, average of mean of intima-media thickness in left and right carotid
arteries; IMTmax, highest value of maximum of intima-media thickness in left and right carotid arteries; IMTmean-max, mean of maximum
intima-media thickness in left and right carotid arteries; PF CC-IMTmean, IMTmean measured in the 2nd cm of common carotids in
plaque-free areas; Fastest-IMTmax-progr, the 15th month progression of IMTmax detected in the whole carotid tree regardless of location;
ICCAD, average of the inter-adventitia diameter measurements carried out in plaque-free areas of the 2nd cm of left and right common
carotid arteries; GSM, grey scale median of pixel distribution of the region of interest (cIMT or plaque). Data are expressed as median
(1st and 3rd quartiles). Group differences were assessed by Kruskal-Wallis. The p values refer to the trend across PCSK9 quintiles.
p values < 0.05 were considered statistically significant.

Table 3. Multivariable relationships between plasma PCSK9 levels and carotid IMT phenotypes,
ICCAD and echolucency (Grey Scale Median; GSM).

Model 0 Model 1

Standardized Beta (95% CI);
p Value

Standardized Beta (95% CI);
p Value

IMTmean (mm) −0.022 (−0.029, −0.016); <0.0001 0.029 (−0.005, 0.064); 0.09
IMTmax (mm) −0.091 (−0.124, −0.059); <0.0001 0.015 (−0.020, 0.051); 0.38
IMTmean-max (mm) −0.111 (−0.144, −0.078); <0.0001 0.022 (−0.013, 0.057); 0.21
PF CC-IMTmean (mm) −0.135 (−0.168, −0.102); <0.0001 0.016 (−0.019, 0.051); 0.36
Fastest-IMTmax-progr (mm/y) −0.025 (−0.059, 0.009); 0.14 0.007 (−0.002, 0.017); 0.13
ICCAD (mm) −0.184 (−0.217, −0.152); <0.0001 −0.022 (−0.054, 0.011); 0.19
GSM of PF CC-IMTmean 0.094 (0.061, 0.127); <0.0001 0.032 (−0.005, 0.069); 0.08
GSM of carotid plaque 0.078 (0.045, 0.110); <0.0001 0.016 (−0.021, 0.053); 0.40

Acronyms as in the legend of Table 2. Standardized Beta values indicate change in the specific carotid phenotype
associated with a standard deviation increment of plasma PCSK9 levels. Model 0: unadjusted; Model 1: adjusted
for age, sex, latitude, and pharmacological treatment (i.e., therapy with statins, or fibrates, or with both statins
and fibrates). p values < 0.05 were considered statistically significant.

4. Discussion

The present study shows that, in the IMPROVE cohort, plasma levels of PCSK9 were
not associated with any of the carotid ultrasonographic variables considered. Indeed,
although in the crude analyses all the ultrasonographic variables appeared to be associated
with PCSK9 (Tables 2 and 3, Model 0), the same associations lost their statistical significance
when the analyses were adjusted for confounders, such as age, sex, latitude, and therapies
with statins, fibrates, or both (Table 3, Model 1). The relationship between PCSK9 and cIMT
has been one of the most investigated [9,15–22]. PSCK9 has been positively associated with
cIMT, independently of traditional VRFs, in relatively small studies carried out in specific
cohorts, including healthy individuals (n = 120) [15], newly diagnosed type 2 diabetes melli-
tus participants (n = 100) [16], systemic sclerosis patients (n = 73) [17], hypertensive subjects
(n = 126) [18], and first-degree relatives of patients with familial hypercholesterolemia
who were negative for the familial LDL-R or APOB mutation (n = 112) [19]. Conversely,
no associations were found in similar analyses carried out in asymptomatic individuals
(n = 295) [20], in patients with systemic lupus erythematosus (n = 109) [21] or with axial
spondylarthritis (n = 299) [22]. To the best of our knowledge, the only study that has
evaluated the association between PCSK9 and cIMT in a relatively large sample was the
FATE (Firefighters and Their Endothelium) [9], carried out in 1527 middle-aged men in
primary prevention. In line with our findings, FATE also found a correlation between
PCSK9 and VRFs, but failed to confirm any correlation with subclinical atherosclerosis
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observed in the small studies quoted above. It is worth mentioning that the ultrasono-
graphic variables used in the afore-mentioned studies [9,15–22] were the average value
of common carotid artery IMT (CC-IMTmean), and/or the maximal IMT value detected
in the whole carotid tree. In our study, we measured the IMT in all the segments of the
whole left and right carotid trees, thus producing IMT results not only for common carotids,
but also for bifurcations and internal carotid arteries, i.e., for those segments where the
atherosclerotic process is usually much more prevalent. In addition, by incorporating the
plaque in the IMT measurements we have produced variables that are much more strongly
related to the atherosclerotic processes than IMT of common carotid arteries measured only
in plaque-free areas.

Regarding the cIMT change over time, our results showed that the correlation with
PCSK9 observed in the crude analysis is also likely spurious; indeed, it disappears in
multivariable analysis. To the best of our knowledge, only one study carried out in
643 subjects in primary prevention has evaluated the relationship between PCSK9 and the
change over time of subclinical atherosclerosis [11]. In that study, the indices of subclinical
atherosclerosis progression used were the 10-year carotid plaque formation and the 10-year
change in Total Plaque Area (TPA). That study highlighted a significant positive association
between PCSK9 and the 10-year carotid plaque formation, with a Relative Risk of 1.09 (95%
CI: 1.03, 1.15; p = 0.003) per increase of one PCSK9 quartile, after adjustment for several
confounders. The same authors also investigated, with multivariate analysis, the increase
in TPA according to levels of baseline LDL-cholesterol and PCSK9. In such analysis TPA
increased with the rising of the baseline levels of LDL-cholesterol (p < 0.001) and PCSK9
(p = 0.008). It is worth noting that in that study atherosclerosis progression was indexed
by the formation of new carotid plaques or by the change in TPA, and not with change
in cIMT. This, combined with their much longer (10 years) follow-up, compared to the
post-progression one used in our study (21 months), might explain the difference observed
with respect to our results. However, in our experience, the use of plaque prevalence
instead of change in mean or maximal cIMT does not result in higher predictive power of
vascular events [26]; moreover, considering the difference in sample size, even with longer
follow-up they accounted for approximately 6800 person-years vs. 6336 in our study.

ICCAD enlargement is a compensatory arterial response occurring in presence of
atherosclerotic stimuli including the simple presence of atherosclerosis risk factors [33].
Moreover, the ICCAD enlargement associates with subclinical atherosclerosis [34,35] and,
like cIMT, improves risk stratification in asymptomatic individuals [26]. Thus, combined
with the positive associations between PCSK9 and atherosclerosis [3,4] or cardiovascular
diseases [5], a positive relationship between PCSK9 and ICCAD was expected. By contrast,
in our study we found a negative correlation in the crude analysis (Tables 2 and 3, Model 0)
that disappeared after adjustment for possible confounders (Table 3, Model 1). These results
suggest a lack of any role for circulating PCSK9 in the compensatory arterial response to
VRFs (i.e., ICCAD enlargement). Whether these are reliable or not is difficult to discuss, as
to date, there are no published studies on this phenotype that may allow even the simplest
comparison. However, the fact that the association disappeared after adjustment for few
covariates suggests that the correlation observed in the unadjusted analysis is actually a
spurious relationship.

Regarding echolucency, to the best of our knowledge, this is the first study that has
investigated the relationship of PCSK9 with echolucency (GSM) of both cIMT and carotid
plaque. As most of the studies published so far have shown that GSM is negatively associ-
ated with VRFs [36–38], and since it is well known that echolucent plaques are those most
vulnerable to rupture [30,39–42], a negative relationship was expected. However, as for
cIMT, IMT change over time and ICCAD, we found no association between echolucency
and circulating PCSK9 in the multivariable analysis (Table 3, Model 1). This suggests that
the weak correlation observed in the unadjusted analyses was likely spurious. The associ-
ation between PCSK9 and arterial lesion echolucency has been investigated in only one
other study [21]. In line with our results, that study did not find any significant association.
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However, it is worth mentioning that, in that study, the authors focused on plaque echolu-
cency. As we have investigated not only plaque echolucency but also the echolucency of
cIMT, our study adds another piece of information to this rarely investigated issue.

Strengths and Limitations of the Study

The present study has several strengths: first, it analyzes the largest sample so far
available investigating the association of PCSK9 with markers of subclinical atherosclerosis;
second, it has been carried out in five European countries, thus increasing the results’
generalizability. Furthermore, the acquisition method of carotid images, with: (a) an
ultrasonographic scan protocol fully standardized across the seven involved centers, (b) all
the operators similarly trained and certified, (c) all scans blindly analyzed in a single
reading center and (d) a large number of cIMT variables examined, has provided to the
study the potential to identify the most informative carotid segment and/or the best cIMT
summary variable to be used. The present study also includes three limitations. First, the
use of a simple commercial ELISA method for the assessment of PCSK9 levels, instead of
the mass spectrometry that is much more precise but also much more complex. However,
the relationships found with VRFs, which are in line with those reported by other authors,
testify that our data are reliable. Second, the commercial ELISA assay used does not allow
to discriminate between the free form of circulating PCSK9 and the one bound to LDL [43]
or to Lp(a) [44] and HDL [45]. Third, the determination of PCSK9 levels was performed
only at the beginning of the study without a second assessment at follow-up.

5. Conclusions

IMPROVE, which is the largest study evaluating the role of PCSK9 in subclinical
atherosclerosis conducted to date, failed to demonstrate any association between circulating
levels of PCSK9 and various markers of vascular damage or subclinical atherosclerosis.

Our results do not support the hypothesis that circulating PCSK9 is a biomarker of
subclinical atherosclerotic disease.
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Supplementary Table S1. Baseline characteristics of the IMPROVE study cohort stratified by quintiles of plasma PCSK9 levels (ng/mL). 

 1st quintile 2nd quintile 3rd quintile 4th quintile 5th quintile 

Pvalue 
 (n=734) (n=735) (n=735) (n=735) (n=734) 
PCSK9 (ng/mL) 183 (155; 203) 251 (238; 264) 300 (287; 312) 356 (340; 373) 449 (416; 503) 
       

Latitude       

Perugia, n (%) 25 (3.4) 70 (9.5) 114 (15.5) 159 (21.6) 173 (23.6)  

Milan, n (%) 82 (11.2) 85 (11.6) 91 (12.4) 89 (12.1) 205 (27.9)  

Paris, n (%) 35 (4.8) 91 (12.4) 109 (14.8) 136 (18.5) 125 (17.0) <0.0001 

Groningen, n (%)  51 (6.9) 133 (18.1) 147 (20.0) 109 (14.8) 75 (10.2)  

Stockholm, n (%) 107 (14.6) 134 (18.2) 119 (16.2) 111 (15.1) 60 (8.2)  

Kuopio, n (%) 434 (59.1) 222 (30.2) 155 (21.1) 131 (17.8) 96 (13.1)  

Other anthropometric variables       

Height (m) 1.70 ± 0.10 1.69 ± 0.10 1.67 ± 0.10 1.66 ± 0.10 1.65 ± 0.10 <0.0001 

Weight (Kg) 80.2 ± 14.6 78.5 ± 15.6 76.5 ± 15.0 74.9 ± 15.4 73.3 ± 14.4 <0.0001 

Waist (mm) 96.1 ± 12.5 94.7 ± 12.7 94.4 ± 12.5 92.9 ± 12.7 92.1 ± 12.0 <0.0001 

Hip (mm) 102.4 ± 8.4 103.0 ± 9.7 102.7 ± 10.2 102.4 ± 10.0 101.2 ± 9.4 0.01 

Smoking habits       

Current smokers, n (%) 117 (15.9) 110 (15.0) 95 (12.9) 108 (14.7) 114 (15.5)  

Former smokers, n (%) 272 (37.1) 290 (39.5) 274 (37.3) 261 (35.5) 263 (35.8) 0.57 

Never smokers, n (%) 345 (47.0) 335 (45.6) 366 (49.8) 366 (49.8) 357 (48.6)  



Pack-years 0.7 (0.0; 18.0) 1.5 (0.0; 18.5) 0.0 (0.0; 19.0) 0.0 (0.0; 18.0) 0.6 (0.0; 17.3) 0.57 

Physical activity       

Low, n (%)  91 (12.4) 119 (16.2) 154 (21.1) 159 (21.6) 205 (28.0)  

Medium, n (%)  276 (37.6) 352 (48.0) 345 (47.3) 335 (45.6) 320 (43.7) <0.0001 

High, n (%)  367 (50.0) 262 (35.7) 231 (31.6) 241 (32.8) 207 (28.3)  

Family history of       

Coronary Heart Disease, n (%) 501 (71.1) 469 (67.5) 456 (64.0) 448 (62.4) 418 (58.6) <0.0001 

CerebroVascular Disease, n (%) 277 (37.7) 263 (35.8) 263 (35.8) 250 (34.0) 262 (35.7) 0.69 

Peripheral Vascular Disease, n (%) 99 (13.5) 91 (12.4) 64 (8.7) 91 (12.4) 94 (12.8) 0.045 

Hyperlipidemia, n (%)  237 (32.3) 279 (38.0) 311 (42.3) 335 (45.6) 401 (54.6) <0.0001 

Hypertension, n (%)  459 (62.5) 405 (55.1) 420 (57.1) 426 (58.0) 449 (61.2) 0.03 

Diabetes, n (%) 301 (41.0) 260 (35.4) 253 (34.4) 270 (36.7) 221 (30.1) 0.001 

Other biochemical variables       

Leucocytes (WBC) (x 109/L) 6.02 ± 1.6 6.16 ± 1.7 6.12 ± 1.6 6.19 ± 1.6 6.21 ± 2.3 0.053 

Neutrophils (%) 56.85 ± 9.7 58.02 ± 9.1 57.21 ± 8.9 57.75 ± 9.0 55.98 ± 8.8 0.058 

Lymphocytes (%) 33.57 ± 8.6 32.28 ± 8.1 33.00 ± 8.2 32.67 ± 8.2 33.95 ± 8.4 0.24 

Monocytes (%) 6.82 ± 2.2 6.74 ± 2.2 6.67 ± 2.1 6.49 ± 2.1 7.00 ± 2.2 0.50 

Eosinophils (%) 3.16 ± 2.2 3.03 ± 2.0 3.06 ± 2.1 2.94 ± 1.9 2.96 ± 1.9 0.13 

Basophils (%) 0.4 (0.0; 0.7) 0.4 (0.0; 0.7) 0.5 (0.2; 0.8) 0.5 (0.2; 0.7) 0.5 (0.3; 0.8) 0.02 



Erythrocytes (RBC) (x 1012/L) 4.69 ± 0.4 4.66 ± 0.4 4.65 ± 0.4 4.65 ± 0.4 4.63 ± 0.4 0.01 

Haemoglobin (g/dL)  14.45 ± 1.2 14.26 ± 1.2 14.14 ± 1.1 14.11 ± 1.1 13.99 ± 1.1 <0.0001 

Haematocrit (%) 42.58 ± 3.4 42.19 ± 3.7 42.18 ± 4.4 42.12 ± 3.6 41.95 ± 3.2 0.002 

MCV (fl) 90.98 ± 4.5 90.44 ± 4.5 90.51 ± 5.2 90.75 ± 5.1 90.73 ± 4.4 0.74 

MCH (pg) 30.92 ± 1.8 30.64 ± 1.7 30.54 ± 1.7 30.48 ± 1.7 30.28 ± 1.7 <0.0001 

MCHC (g/dL) 33.98 ± 0.9 33.88 ± 1.1 33.69 ± 1.1 33.54 ± 1.1 33.36 ± 1.0 <0.0001 

Platelets (x 109/L) 225.5 ± 56.0 236.4 ± 56.9 237.6 ± 57.2 241.1 ± 58.1 246.5 ± 55.0 <0.0001 

hs-CRP (mg/L) 1.7 (0.7; 3.4) 2.1 (0.8; 3.7) 1.9 (0.7; 3.8) 2.0 (0.8; 3.8) 1.8 (0.8; 3.3) 0.60 

Food items       

Wine, n (%) 278 (7.59) 273 (7.45) 295 (8.05) 287 (7.83) 363 (9.91) <0.0001 

Beer, n (%) 177 (4.83) 140 (3.82) 124 (3.38) 110 (3) 93 (2.54) <0.0001 

Spirits, n (%) 158 (4.31) 124 (3.38) 96 (2.62) 90 (2.46) 72 (1.96) <0.0001 

Fruit, n (%) 679 (18.51) 679 (18.51) 699 (19.06) 695 (18.95) 698 (19.03) 0.06 

Milk, n (%) 590 (16.12) 566 (15.46) 580 (15.84) 553 (15.11) 550 (15.02) 0.06 

Coffee, n (%) 663 (18.1) 664 (18.13) 658 (17.96) 661 (18.05) 656 (17.91) 0.98 

Tea, n (%) 326 (8.9) 345 (9.42) 271 (7.4) 267 (7.29) 236 (6.44) <0.0001 

Meat, n (%) 719 (19.65) 716 (19.57) 722 (19.73) 721 (19.7) 720 (19.68) 0.50 

Fish, n (%) 669 (18.28) 655 (17.9) 658 (17.98) 674 (18.42) 674 (18.42) 0.19 

Eggs, n (%) 619 (16.92) 577 (15.77) 553 (15.11) 571 (15.61) 515 (14.07) <0.0001 



Pharmacological therapies       

Statins, n (%) 169 (23) 234 (32) 279 (38) 369 (50) 423 (58) <0.0001 

Fibrates, n (%) 19 (2.6) 25 (3.4) 50 (6.8) 53 (7.2) 136 (19) <0.0001 

Fish oil, n (%) 24 (3.3) 20 (2.7) 20 (2.7) 21 (2.9) 40 (5.4) 0.02 

Other lipid-lowering drug, n (%) 3 (0.4) 9 (1.2) 2 (0.3) 4 (0.5) 5 (0.7) 0.23 

Beta-blockers, n (%) 194 (26) 165 (22) 183 (25) 168 (23) 162 (22) 0.23 

Calcium antagonists, n (%) 122 (17) 111 (15) 136 (19) 109 (15) 119 (16) 0.33 

ACE inhibitors, n (%) 160 (22) 128 (17) 131 (18) 154 (21) 145 (20) 0.15 

ARB, n (%) 134 (18) 98 (13) 110 (15) 110 (15) 108 (15) 0.11 

Diuretics, n (%) 160 (22) 159 (22) 168 (23) 181 (25) 184 (25) 0.39 

Anti-platelet agents, n (%) 150 (20) 106 (14) 114 (16) 110 (15) 134 (18) 0.01 

Insulin, n (%) 40 (5.4) 33 (4.5) 26 (3.5) 17 (2.3) 24 (3.3) 0.02 

Estrogen supplement, n (%) 52 (7.1) 47 (6.4) 46 (6.3) 52 (7.1) 29 (4.0) 0.08 

       

PCSK9, proprotein convertase subtilisin/kexin type 9; WBC, white blood cells; RBC, red blood cells; MCV, mean corpuscular volume; MCH, mean 
corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; hs-CRP, high-sensitivity C-reactive protein; ACE, angiotensin-
converting enzyme; ARB, angiotensin-2 receptor blockers. Data are n (percentage) or mean ± SD, except for PCSK9, pack-years, basophils, and 
hs-CRP, which are summarized as median (1st and 3rd quartiles). Group differences were assessed by Student’s t-test for the numerical variables, 
by χ2-test or Fisher for the categorical ones, and by Kruskal-Wallis for pack-years, basophils, and hs-CRP. Estrogen supplementation was 
calculated only in women. The Pvalues refer to the trends across PCSK9 quintiles. Pvalues <0.05 were considered statistically significant. 
 



 
 
Supplementary Figure S1 Multivariable relationships between plasma PCSK9 levels and carotid 
IMT phenotypes, ICCAD and echolucency (Grey Scale Median; GSM) after stratification by sex.  
PCSK9, proprotein convertase subtilisin/kexin type 9; IMTmean, average of mean of intima-media 
thickness in left and right carotid arteries; IMTmax, highest value of maximum of intima-media 
thickness in left and right carotid arteries; IMTmean-max, mean of maximum intima-media thickness 
in left and right carotid arteries; PF CC-IMTmean, IMTmean measured in the 2nd cm of common 
carotids in plaque-free areas; Fastest-IMTmax-progr, the 15-month progression of IMTmax detected in 
the whole carotid tree regardless of location; ICCAD, average of the inter-adventitia diameter 
measurements carried out in plaque-free areas of the 2nd cm of left and right common carotid 
arteries; GSM, grey scale median of pixels distribution of the region of interest (cIMT or plaque).  
 

   



 
Supplementary Figure S2 Multivariable relationships between plasma PCSK9 levels and carotid 
IMT phenotypes, ICCAD and echolucency (Grey Scale Median; GSM) after stratification by 
latitude.  
PCSK9, proprotein convertase subtilisin/kexin type 9; IMTmean, average of mean of intima-media 
thickness in left and right carotid arteries; IMTmax, highest value of maximum of intima-media 
thickness in left and right carotid arteries; IMTmean-max, mean of maximum intima-media thickness 
in left and right carotid arteries; PF CC-IMTmean, IMTmean measured in the 2nd cm of common 
carotids in plaque-free areas; Fastest-IMTmax-progr, the 15-month progression of IMTmax detected in 
the whole carotid tree regardless of location; ICCAD, average of the inter-adventitia diameter 
measurements carried out in plaque-free areas of the 2nd cm of left and right common carotid 
arteries; GSM, grey scale median of pixels distribution of the region of interest (cIMT or plaque).  
 



 
Supplementary Figure S3 Multivariable relationships between plasma PCSK9 levels and carotid 
IMT phenotypes, ICCAD and echolucency (Grey Scale Median; GSM) after stratification by 
pharmacological treatment. 
PCSK9, proprotein convertase subtilisin/kexin type 9; IMTmean, average of mean of intima-media 
thickness in left and right carotid arteries; IMTmax, highest value of maximum of intima-media 
thickness in left and right carotid arteries; IMTmean-max, mean of maximum intima-media thickness 
in left and right carotid arteries; PF CC-IMTmean, IMTmean measured in the 2nd cm of common 
carotids in plaque-free areas; Fastest-IMTmax-progr, the 15-month progression of IMTmax detected in 
the whole carotid tree regardless of location; ICCAD, average of the inter-adventitia diameter 
measurements carried out in plaque-free areas of the 2nd cm of left and right common carotid 
arteries; GSM, grey scale median of pixels distribution of the region of interest (cIMT or plaque).  
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