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Abstract: In the last decades, high serum levels of lipoprotein(a) (Lp(a)) have been associated
with increased cardiovascular disease (CVD) risk, in particular among individuals with smaller
apolipoprotein(a) (apo(a)) isoforms than those with larger sizes. The aim of our analysis was to
evaluate whether Lp(a) levels could predict early vascular aging, and whether smaller apo(a) isoforms
had a predictive value for vascular aging different than larger apo(a) isoforms in a cohort of subjects
free from CVD. We considered the data of a subset of Brisighella Heart Study (BHS) participants free
from CVD (462 men and 516 women) who were clinically evaluated during the 2012 BHS population
survey. Predictors of arterial stiffness, measured as carotid-femoral pulse wave velocity (cfPWV)
were estimated by the application of a step-wise linear regression model. In our cohort, there were
511 subjects with small apo(a) size and 467 subjects with large apo(a) isoforms. Subjects with larger
apo(a) isoform sizes had significantly lower serum levels of Lp(a). In the BHS subpopulation sample,
cfPWV was predicted by age, systolic blood pressure (SBP), serum levels of high-density lipoprotein
cholesterol (HDL-C), triglycerides (TG) and sex, higher HDL-C serum levels and female sex associated
with lower values of cfPWV. In subjects with smaller apo(a) isoform sizes, predictors of cfPWV were
age, SBP, sex and serum levels of HDL-C, being higher HDL-C serum levels and female sex associated
to lower values of cfPWV. In subjects with larger apo(a) isoform sizes, cfPWV was predicted by age,
SBP, serum levels of Lp(a) and sex, with female sex associated with lower values of cfPWV. In our
subpopulation sample, Lp(a) did not predict cfPWV. However, in subjects with large apo(a) isoform
sizes, Lp(a) was a significant predictor of arterial stiffness.

Keywords: lipoprotein(a); Lp(a); apolipoprotein(a); apo(a); kringles; pulse wave velocity; arterial
stiffness

1. Introduction

Lipoprotein(a) (Lp(a)) consists of an atherogenic prothrombotic lipoprotein, resulting
from the disulfide bond between the Cys4326 in apolipoprotein B100 and the only unpaired
cysteine (Cys1568) of plasminogen-like glycoprotein apolipoproteina(a) (apo(a)), in a 1:1
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molar ratio [1]. The primary structure of apo(a) has a strictly conserved 80-amino acids
sequence—known as ‘kringle’—that is also present in several human proteins involved
in a number of vascular functions. In particular, apo(a) consists of multiple copies of
plasminogen-like kringle IV (KIV) domains and a single kringle V domain followed by
an inactive serine protease domain [2]. Based on the amino acid sequence, the apo(a)
KIV domain is subdivided and numbered from type 1–10. KIV type 1 (KIV1) and types
3–10 (KIV3–10) are always present as a single copy, whereas KIV2 occurs in a variable
number of identical repeats. Known alleles encode as few as 1 and as many as 34 KIV2
repeats, giving rise to apo(a) isoforms containing from 10 to 43 KIV-like domains [3].

Despite this, there is a relatively large number of studies showing the relationship be-
tween Lp(a) serum levels and the risk of non-fatal and fatal cardiovascular (CV) events [4,5],
less data are available on the relationship between Lp(a) concentrations and preclinical
signs of vascular damage. To date, evidence showing that Lp(a) serum levels are directly
related to markers of vascular stiffening refers to small and highly selective groups of pa-
tients (e.g., patients with hypertension) [6,7]. However, data referring to population-based
cohorts are missing.

In this context, the aim of our study was to evaluate whether serum levels of Lp(a)
could predict early vascular aging, measured as carotid-femoral pulse wave velocity (cf-
PWV). Our analysis also set out to evaluate whether smaller apo(a) isoforms had a predic-
tive value for vascular aging different than larger apo(a) isoforms in a cohort of subjects
free from cardiovascular disease (CVD).

2. Materials and Methods
2.1. Study Design

For this analysis, we used the data of a subset of the Brisighella Heart Study (BHS)
participants who were evaluated during the 2012 population survey.

The BHS is a longitudinal epidemiological study started in 1972. At the baseline,
the BHS involved a randomized sample of 2939 Caucasian subjects (1448 women and
1491 men), aged 14–84 and free from CVD, that was representative of the entire population
of Brisighella, a rural North-Italian village. The study protocol was previously described in
detail [8]. Briefly, participants were clinically evaluated in 1972 and every four years from
then until now, by performing full clinical examinations and collecting laboratory samples.
Specific substudies have been carried out during the period of observation [9].

The study was performed in accordance with the ethical standards promoted by the
1964 Declaration of Helsinki and its later amendments, and its protocol was approved by the
Institutional Ethical Board of the University Hospital of Bologna (AVEC; Code: BrixFollow-
up_1972-2024). All involved volunteers signed a study-specific informed consent form to
participate in to the study.

For the purpose of the current analysis, from the entire 2012 BHS sample dataset, we
excluded subjects suffering from CVD (i.e., subjects who had previously experienced CHD,
minor or major stroke, peripheral obstructive artery disease), subjects at high risk for CVD
(i.e., patients affected by heterozygous familial hypercholesterolemia (HeFH), patients
with uncontrolled severe hypertension, pharmacologically treated type 2 diabetes mellitus
(T2DM), severe chronic kidney disease, severe obesity) and subjects with no detectable
levels of Lp(a) or apo(a) in the plasma. The remaining participants (462 men and 516
women) were divided into two groups depending on whether they had either small apo(a)
isoform sizes or large apo(a) isoform sizes (Figure 1).
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Figure 1. Flow-chart resuming the selection criteria applied to the full BHS cohort to select the
sub-cohort.

In accordance with the BHS protocol, each individual was evaluated with a thorough
assessment of personal and family history (paying particular attention to lifestyle, smoking
status, dietary habits and pharmacological treatments), a physical examination (including
anthropometric data), resting blood pressure (BP) and heart rate. Fasting blood samples and
12-lead electrocardiograms (Minnesota-coded) were also collected [10]. Waist circumference
(WC) was measured as the narrowest body diameter between the arcus costarum and the
crista iliaca. Systolic (SBP) and diastolic (DBP) BP were measured three times at 1-min
intervals with a standard sphygmomanometer (Omron M3 Intellisence), while the patient
was seated and after a 5-min quiet rest. Three BP measurements were averaged and used
as study variables [11].

2.2. Laboratory Analyses

Laboratory analyses were performed on venous blood sampled from the basilic
vein after a 12-h overnight fasting. The following laboratory parameters were deter-
mined by trained personnel with standardized methods [12]: total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), triglycerides (TG), LDL-C, fasting plasma glu-
cose (FPG), gamma-glutamyl-transferase (gGT), alanine aminotransferase (AST), aspartate
aminotransferase (ALT), and creatinine and serum uric acid (SUA). Glomerular filtration
rate (eGFR) was estimated by the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula [13]. Serum levels of Lp(a) were determined by a sandwich enzyme-
linked immunosorbent assay method (Macra-Lp(a); SDI, Newark, DE), that is an isoform-
independent immunological assay considered the gold standard by the International Fed-
eration of Clinical Chemistry and Laboratory Medicine (IFCC) and approved by the World
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Health Organization (WHO) to measure Lp(a) [14]. Apolipoprotein isoform analyses
were performed by electrophoresis in 1.5% SDS-agarose gels followed by immunoblotting
and revealed by chemiluminescence according to the method of Langer et al. [15], being
a reproducible analytical method that allows determining apo(a) phenotype with good
specificity and sensibility. Because of the high degree of apo(a) polymorphism, apo(a)
isoforms were classified into two subgroups on the basis of a previously identified cut-
off [16]. The low-MW group comprised all isoforms with 14–25 Kringle-IV repeats, whereas
the high-MW group included isoforms with a number of Kringle-IV repeats ≥26. This
cut-off seems to distinguish the apo(a) isoforms associated with a higher atherothrombotic
predisposition [17].

2.3. Arterial Stiffness Evaluation

Arterial stiffness was noninvasively evaluated by the use of the Vicorder® instrument
(Skidmore Medical Ltd., Bristol, UK) that is a commercially available validated, operator-
independent device, previously used in other epidemiological studies [18,19].

CfPWV was measured by placing a neck cuff over the right carotid artery and a second
cuff around the right thigh. As per the manufacturer’s recommendations, path length
was obtained by recording the distance between the cuffs with the use of a tape measure.
The cuffs were simultaneously inflated to 65 mmHg and the transit time (TT) was derived
from the simultaneous acquisition of the carotid and femoral waveforms. Waveforms were
visually inspected and a minimum of three good quality waveforms were captured. Two
recordings with a difference in cfPWV of ≤0.5 m/s were accepted and averaged [20].

Pulse Wave Analysis (PWA) was measured by Vicorder® with a specific algorithm
deriving the central blood pressure curve from the radial pressure waveform [21].

2.4. Ankle Brachial Index

The measurements protocol and ankle-brachial index (ABI) calculation followed the
American Heart Association (AHA) guidelines and the guidelines of the European Society
of Cardiology (ESC) and the European Society of Hypertension (ESH) [22,23]. ABI was
assessed by the use of Vicorder® on the right and left sides, by placing pneumatic cuffs on
the upper arms and lower legs (above the ankles). The cuffs were inflated to 200 mmHg
simultaneously to occlude the brachial and tibial arteries. BP were taken at the point of
the pulse returning at both sites as the cuffs slowly deflated and two measurements were
recorded and averaged for each side. Three measures were taken for each side and a mean
was taken only if the difference in sequential brachial and ankle recordings was >5 mmHg.
All measures were made by two vascular technicians, with an intra-class correlation of
0.65 [24].

In agreement with the international recommendations, the ABI in each leg was cal-
culated by dividing the highest pressure between the posterior tibial and dorsalis pedis
arteries by the highest arm pressure. The lowest ABI amongst the two legs was considered
as a study variable [25].

2.5. Statistical Analysis

All data were collected in a specific database. Categorical data were expressed as
absolute number and percentage. A Kolmogorov-Smirnov normality test was performed
to determine whether continuous data were normally distributed or not. A Levene test
was performed to check the homogeneity of variances between the pre-specified groups.
Normally distributed variables were compared by the Student’s t-test, while the non-
normally distributed variables were compared by the Mann-Whitney-U test. Categorical
variables were compared using the chi-square test. A multiple linear stepwise regression
was carried out in order to detect the significant predictor of cfPWV in the entire population
cohort and in the pre-specified subgroups. All statistical tests were two-sided and done
at <0.05 significance level. Statistical analyses were done using the Statistical Package for
Social Sciences (SPSS) version 25.0 for Windows (IBM Inc., Chicago, IL, USA).
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The current analysis complied with the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines, and with the broader Enhancing the QUAl-
ity and Transparency Of health Research (EQUATOR) guidelines [26].

3. Results

The main characteristics of the subjects included in the analysis were resumed in
Table 1.

Table 1. Main characteristics of the study population in the entire cohort and by apo(a) isoform sizes.

Smaller Apo(a) Isoform Size
(N. 511)

Larger Apo(a) Isoform Size
(N. 467)

Sex
Men Women Men Women

247 (53.5%) 215 (46.5%) 264 (51.2%) 252 (48.8%)

Smoking habit
No-Smokers Current

smokers Ex-smokers No-Smokers Current
smokers Ex-smokers

278 (54.8%) 131 (25.8%) 98 (19.3%) 269 (57.8%) 119 (25.6%) 77 (16.6%)

Family history of
early CVD

No Yes No Yes

480 (93.9%) 31 (6.1%) 432 (93.5%) 35 (7.5%)

CVD = Cardiovascular disease; N = Number of subjects.

The pre-specified groups were balanced for sex, smoking habit and family history of
early CVD (p > 0.05).

The main clinical and haemodynamic characteristics of the population sample were
reported by apo(a) isoform size in Table 2.

Table 2. Clinical and haemodynamic characteristics of the population sample, reported by apo(a)
isoform size.

Parameters
Smaller Apo(a) Isoform Size

(N. 511)
Larger Apo(a) Isoform Size

(N. 467)

Mean Standard
Deviation Mean Standard

Deviation

Age (years) 56.9 10.9 60.1 10.1
Waist circumference (cm) 91.8 14.0 92.8 12.9

Body mass index (Kg/m2) 26.6 4.5 26.9 4.6
Systolic blood pressure (mmHg) 137.4 11.3 142.8 * 9.6
Diastolic blood pressure (mmHg) 73.1 5.2 73.8 4.8

Heart Rate (bpm) 63.3 12.1 63.7 11.0
Aortic blood pressure (mmHg) 134.4 10.6 139.8 * 9.7
Aortic pulse pressure (mmHg) 60.20 8.7 63.7 10.2

Augmentation Index 24.3 9.8 26.0 8.1
Cardiac output (L/min) 6.6 2.3 7.2 2.3

Stroke volume (mL) 106.8 13.0 110.8 18.1
Anke brachial index 1.13 0.16 1.13 0.15

Carotid femoral pulse wave velocity (m/s) 9.39 1.68 8.49 * 2.41

* p < 0.05 versus smaller apo(a) isoform sizes. N = Number of subjects.

The pre-defined groups were overall well balanced with respect to most of the clinically
relevant characteristics. However, subjects with larger apo(a) isoform sizes had significantly
lower cfPWV and higher values of SBP and aortic BP compared to the other group (p < 0.05).
The most relevant laboratory characteristics of the population sample were reported by
apo(a) isoform size in Table 3. The pre-defined groups were overall well balanced with
respect to most of the clinically relevant characteristics. However, subjects with larger
apo(a) isoform sizes had significantly higher levels of Lp(a) compared to the other group
(p < 0.05).
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Table 3. Most clinically relevant laboratory characteristics of the population sample, reported by
apo(a) isoform size.

Parameters
Smaller Apo(a) Isoform Size

(N. 511)
Larger Apo(a) Isoform Size

(N. 467)

Mean Standard
Deviation Mean Standard

Deviation

Fasting plasma glucose (mg/dL) 94.6 15.0 96.6 15.1
Total cholesterol (mg/dL) 213.5 21.8 221.1 17.4

Triglycerides (mg/dL) 118.3 70.8 122.5 77.2
HDL-cholesterol (mg/dL) 52.9 5.3 52.2 5.6
LDL-cholesterol (mg/dL) 137.5 17.1 145.1 15.6

Apolipoprotein B (mg/dL) 89.6 20.6 92.7 19.5
Apolipoprotein AI (mg/dL) 155.5 28.4 155.7 26.9

Lipoprotein (a) (mg/dL) 34.4 6.4 29.5 * 6.5
Serum uric acid (mg/dL) 5.2 1.3 5.2 1.2

eGFR (mL/min) 84.2 5.2 81.9 4.9

eGFR = Estimated glomerular filtration rate; HDL = High-density lipoprotein; LDL = Low-density lipoprotein; N
= Number of subjects. * p < 0.05 versus smaller apo(a) isoform sizes.

In the entire population cohort, cfPWV was predicted by systolic blood pressure (SBP),
serum levels of HDL-C, TG and sex, higher HDL-C serum levels and female sex being
associated to lower values of cfPWV (Table 4).

In subjects with smaller apo(a) isoform sizes, predictors of cfPWV were age, SBP, sex
and serum levels of HDL-C, higher HDL-C serum levels and female sex being associated
with lower values of cfPWV (Table 4). In subjects with larger apo(a) isoform sizes, cfPWV
was predicted by age, SBP, serum levels of Lp(a) and sex, female sex being associated to
lower values of cfPWV (Table 4).

Table 4. Multiple linear regression models predicting cfPWV in the entire population cohort and in
the pre-defined subpopulation groups.

Variables Beta RR
95% Confidence Intervals

p
Lower Limit Upper Limit

Entire cohort (N. 978)

Model 1 (R = 0.397) Age 0.397 0.254 0.146 0.362 <0.001

Model 2 (R = 0.423) Age
SBP

0.312
0.170

0.242
0.118

0.133
0.111

0.352
0.125

<0.001
<0.001

Model 3 (R = 0.432)
Age
SBP

HDL-C

0.338
0.182
−0.92

0.246
0.119
−0.114

0.137
0.112
−0.205

0.355
0.126
−0.024

<0.001
<0.001
0.004

Model 4 (R = 0.437)

Age
SBP

HDL-C
TG

0.337
0.178
−0.116
0.070

0.246
0.119
−0.118
0.103

0.136
0.112
−0.108
0.001

0.355
0.126
−0.029
0.005

<0.001
<0.001
<0.001
0.027

Model 5 (R = 441)

Age
SBP

HDL-C
TG

Sex (W versus M)

0.347
0.180
−0.143
0.073
−0.64

0.247
0.119
−0.123
0.103
−0.027

0.138
0.112
−0.034
0.001
−0.054

0.057
0.026
−0.012
0.005
−0.010

<0.001
<0.001
<0.001
0.022
0.042
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Table 4. Cont.

Variables Beta RR
95% Confidence Intervals

p
Lower Limit Upper Limit

Smaller apo(a) isoform size (N. 511)

Model 1 (R = 0.404) Age 0.404 0.243 0.134 0.351 <0.001

Model 2 (R = 0.423) Age
SBP

0.336
0.144

0.235
0.112

0.126
0.014

0.345
0.169

0.005
0.013

Model 3 (R = 0.434)
Age
SBP

Sex (W versus M)

0.342
0.135
−0.098

0.236
0.111
−0.331

0.127
0.004
−0.602

0.346
0.159
−0.060

0.004
0.017

<0.001

Model 4 (R = 0.444)

Age
SBP

Sex (W versus M)
HDL-C

0.377
0.142
−0.135
−0.107

0.240
0.112
−0.457
−0.113

0.130
0.004
−0.748
−0.202

0.350
0.119
−0.167
−0.024

<0.001
0.011

<0.001
0.002

Larger apo(a) isoform size (N. 467)

Model 1 (R = 0.363) Age 0.363 0.207 0.144 0.372 <0.001

Model 2 (R = 0.397) Age
SBP

0.271
0.185

0.208
0.106

0.128
0.011

0.359
0.235

<0.001
<0.001

Model 3 (R = 0.414)
Age
SBP

Sex (W versus M)

0.302
0.205
−0.126

0.208
0.106
0.109

0.132
0.013
−0.241

0.364
0.168
−0.017

<0.001
<0.001
0.004

Model 4 (R = 0.423)

Age
SBP

Lp(a)
Sex (W versus M)

0.305
0.216
0.189
−0.134

0.208
0.106
0.103
0.109

0.133
0.015
0.012
−0.242

0.365
0.139
0.218
−0.011

<0.001
<0.001
0.004
0.009

HDL-C = High-density lipoprotein cholesterol; Lp(a) = Lipoprotein(a); M = Men; N = Number of subjects; SBP =
Systolic blood pressure; W = Women.

4. Discussion

In past decades, high serum levels of Lp(a) were considered a mainly genetically
determined risk factor for the development of CVD, being only marginally influenced by
some poorly tolerated lipid-lowering drugs [27,28]. For this reason, little attention was p
aid to this lipid fraction for a long time, until the development of innovative drugs able
to dramatically reduce the synthesis of Lp(a) in humans has recently drawn attention
again [29,30].

Serum levels of Lp(a) are linearly associated to the risk of developing CVD, as has
been recently shown by an individual-patient data meta-analysis including 29.069 pa-
tients [31]. At the same time, a large meta-analysis of 40 studies involving 11,396 patients
and 46,938 controls concluded that individuals with smaller apo(a) isoforms have a higher
relative risk (RR) of developing coronary heart disease (CHD) (RR = 2.08, 95% CI: 1.67 to
2.58) compared to individuals with larger apo(a) isoforms (intending 22 or fewer KIV type
2 repeats versus >22 repeats, or analogously an apo(a) molecular weight of <640 kDa versus
≥640 kDa) [32]. In effect, according to our observations, the inverse relationship between
apo(a) size and serum concentrations of Lp(a) (i.e., low KIV copy number associates to high
Lp(a) concentrations and vice versa) [33] was robust in the BHS, subjects with lower Lp(a)
levels being more likely to have higher apo(a) sizes.

Even though Lp(a) levels have already been demonstrated to be independent predic-
tors of CV mortality in the long term in the BHS population cohort [34], the aim of the
present analysis was to investigate whether Lp(a) serum concentrations could also predict
early vascular aging as measured by cfPWV, which is a non-expensive, non-invasive and
reliable predictor of CV events. It should be acknowledged that different predictors for
arterial stiffness were found in the historical cohort of the BHS by considering inclusion
and exclusion criteria other than those used for the present analysis [35,36]. However, Lp(a)
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has never been included in those predictive models, so it remains uncertain whether or not
it would have affected the results.

According to our findings, the serum concentration of Lp(a) significantly predicts
vascular aging only in individuals with large apo(a) isoform sizes, while its predictive
value is lost in individuals with smaller apo(a) isoform sizes and in general population.
The clinical relevance of these observations is critical and has to be interpreted in light of
the results from an earlier updated meta-analysis of 19 studies, concluding that participants
with high cfPWV by 1 standard deviation (SD), 1 m/s, and cutoff points have a high pooled
relative risk for CVD events (1 m/s: 1.12, 95% CI 1.07–1.18) and CVD mortality (1 m/s:
1.09, 95% CI 1.04–1.14) [37].

Clearly, the present analysis has several strengths, which provide adequate external
validity for the obtained results, and also some limitations that should be acknowledged
while suggesting further research directions. First, the BHS population is ethnically ho-
mogenous, which essentially rules out population stratification bias, even though it implies
that the results may not be necessarily generalized to individuals of any ancestry other
than European. The application of strict inclusion and exclusion criteria on the one hand
minimized the risk of potential biases, but on the other leaded to relatively small subgroups
(even though they were still representative of the whole population of Brisighella). It must
also be emphasized that our results refer to a well-characterized cohort of individuals
free from CVD and that, as per the study’s design, individuals with mild-to-moderate
estimated CV risk and in pharmacological treatment with drugs potentially affecting cf-
PWV (e.g., antihypertensive and/or lipid-lowering drugs) were not excluded. From a
laboratory point of view, the use of electrophoresis followed by immunoblotting might not
be the gold standard for apo(a) analysis. However, this method has also been used in the
large landmark Heart Protection Study 2-Treatment of HDL to Reduce the Incidence of
Vascular Events (HPS2-TRHIEVE) Trial [38], and our results are in agreement with previous
literature associating smaller apo(a) isoforms with worse cardiovascular health [32,33].

We are confident that these results will be useful to plan further research investigating
the effects of emerging drugs affecting Lp(a) serum levels in individuals with smaller or
larger apo(a) isoform sizes. Of course, additional data from different and larger population
cohorts are needed to confirm our preliminary observations.

5. Conclusions

In our subpopulation sample, Lp(a) did not predict cfPWV. However, in subjects with
large apo(a) isoform sizes, Lp(a) was a significant predictor of arterial stiffness.
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