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ABSTRACT

Lipoprotein (a) (Lp(a)) represents a class of lipoproteins with structural similarity to low-density lipoprotein (LDL).  Lp(a) consists of a cholesterol-laden LDL–like particle bound to a plasminogen-like glycoprotein, apolipoprotein(a), making it capable of contributing to both atherosclerosis and thrombosis.  Indeed Lp (a) has been shown to be an independent risk factor in the development of atherosclerotic cardiovascular diseases (ASCVD) and causative of ASCVD-related events.  Nonetheless, questions remain about screening and treatment of individuals with elevated levels, especially youth (< 18 yearrs of age).   This is due, in part, to Lp(a)’s structural variability, racial/ethnic variations, difficulty defining normal levels, lack of consensus regarding method used for measurement, limited availability of interventions, and lack of long term studies demonstrating safety and efficacy of Lp(a) lowering.  

INTRODUCTION
Just over a decade ago, there was little consensus about whether or not Lp(a) was an independent (ASCVD risk factor. Much of the discordance was attributable to both biologic and analytical problems, including the unparalleled structural variability, racial/ethnic variations, difficulty defining ‘normal’ levels, and lack of consensus with respect to measurement methodology among others. The wider availability of consistent methods for measuring Lp(a) coupled with data from larger, more diverse populations, including genetic studies, now leaves little doubt that this lipoprotein is an independent risk factor for ASCVD including coronary heart disease (CHD) , stroke, and peripheral arterial disease, as well as aortic valve stenosis in the adult population (
,
,
,
,
,
,
). In the pediatric population, this lipoprotein is also a predominant risk factor for arterial ischemic stroke (AIS) and possibly venous thromboembolic events (VTE) (
,
). 
The metabolism and function of Lp(a) is still not completely understood. When it was first discovered the structural similarity of apolipoprotein(a) (apo(a)), the unique signature protein of Lp(a), to plasminogen a key protein in the cascade of reactions leading to clot lysis, led to early speculation that it was the ‘missing link’ between atherosclerosis and thrombosis, leading to plaque rupture and myocardial infarction; however, proving this theory has been elusive. Because Lp(a) is only expressed in primates, such as Old World monkeys, knowledge of the metabolic  pathways is limited and greatly hindered by the absence of a suitable murine model, although transgenic animal models (mice and rabbits) have provided important information (
). Lp(a) is synthesized in the liver, but unlike LDL where the function of the LDL receptor (LDLR) is well-characterized, much is still unknown with respect to how Lp(a) is internalized and/or catabolized. Despite the similarity of Lp(a) to LDL, the LDLR does not seem to play a significant role in clearing Lp(a) particles from circulation unless there are many LDLRs and few LDL particles competing for the receptor (
). Part of the “mysterious” and “enigmatic” characteristics ascribed to this lipoprotein appears to be the persistent inability to fully understand the metabolism, thereby limiting the development of therapies to treat elevated levels; although, new approaches including antisense oligonucleotides to apo(a) mRNA are being developed. Despite more than a half-century of research and a vast number of clinical studies that have unraveled the complex structure, function, and metabolism of Lp(a), and the impact of elevated levels on the development of ASCVD, controversies remain about who should be screened, how the results should be interpreted, and how this risk factor should be treated in adults and children.
NOMENCLATURE AND STRUCTURE OF Lp(a)
Lp(a) is a highly unique lipoprotein, even the name differs from the usual convention whereby lipoproteins are characterized by their relative density (i.e., high-density lipoprotein (HDL), LDL, and very low-density lipoprotein (VLDL)), the cholesterol carried by each lipoprotein (i.e., HDL-cholesterol or HDL-C, LDL-cholesterol (LDL-C) and VLDL-cholesterol (VLDL-C) and the associated apolipoprotein components are designated by Roman letters and numerals (e.g., apolipoprotein A-I (apoA-I) on HDL particles, apoB100 on LDL particles). Lp(a) or “Lp little a” referred to an antigen in human sera, ‘a’, that reacted with a lipoprotein rather than a lipoprotein particle (
).Apo(a)  is distinctly different from apoA-I (“apo big A”, the signature apolipoprotein of HDL.  Lp(a) closely resembles a LDL particle with the addition of the very large apo(a) protein linked to apoB100 by a disulfide bond and noncovalent forces as shown in Figure 1 (
,
). 
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	Fig. 1: Structure of Lp(a) depicting the apo(a) protein with repeating kringle domains linked through a S-S bond to apoB100, the signature apolipoprotein associated with LDL particles. P=protease domain, TG=triglycerides, CE=cholesterol ester, FC=free cholesterol, PL=phospholipid (reprinted with permission from Brown et al (
).




Typically levels of Lp(a) refer to the mass of the lipoprotein particle (protein, lipid, and carbohydrate) in mg/dL and there is no equivalent metric for the other lipoproteins. The apo(a) mass is rarely referred to or measured compared with levels of apoA-I or apoB100. Nor, is the cholesterol carried by Lp(a), Lp(a)-C usually measured but assays are available. In a standard lipid profile, the cholesterol carried by Lp(a) is indistinguishable from and is included in the estimated LDL-C measurement (described below). Thus, a Lp(a) level of 100 mg/dL is not comparable with a Lp(a)-C level of 100 mg/dL and certainly not comparable with an LDL-C level of 100 mg/dL.

EPIDEMIOLOGY AND GENETICS
The distribution and prevalence of elevated Lp(a) levels in the population are based on data from well-known epidemiologic studies, including the Copenhagen General Population Study (CGPS) (
), Epic-Norfolk (
), the Multi-Ethnic Study of Atherosclerosis (
) and in children, the 3rd National Health Nutrition, and Examination Survey, which characterized Lp(a) levels in 4-19 year-old youth (
). Like LDL-C levels, threshold values in the population are based on the distribution of values; for Lp(a) these distributions are highly skewed toward low levels (16) and have significant variability between different races and ethnicities (16, 19, 1, 
, 
, 
). The distribution of Lp(a) in a largely Caucasian Danish population from the Copenhagen study is shown in Fig. 2. 
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	Fig. 2: Distribution of Lp(a) levels in the Danish population (reprinted with permission from Reference 16). 




Cut points to define an elevated Lp(a) level can be based on population percentiles and/or on the association with ASCVD outcomes; although with respect to the latter, there is no threshold level – as Lp(a) levels increase there is a gradual increase in the risk of myocardial infarction. Approximately 33% of predominately white individuals in the CGPS had a value > 30 mg/dL, a threshold value that is commonly used to define elevated levels in clinical studies and in practice. An alternate threshold value of 50 mg/dL corresponding to values > 80 percentile in the Danish population have been proposed by Nordestgaard et al (16), but no consensus has been reached and in most clinical settings across the U.S., values > 30 mg/dL are most often reported as abnormal. As noted above, the distribution of values in a population is highly dependently on race/ethnicity. For example the median values and inter-quartile ranges (in parens) for whites in the CGPS were 12 mg/dL (5–32 mg/dL), while in Hispanics the mean was 19 mg/dL (8–43 mg/dL), and in Blacks 39 mg/dL (19–69 mg/dL) (16). The concentration of Lp(a) can vary up to a 1000-fold among individuals and up to ∼3-fold higher levels between black populations compared with white populations (4,
,
). This can be compared with the extremes of LDL-C where there is only about a 5-fold difference between individual with normal versus familial hypercholesterolemia (FH). 
The gene encoding apo(a) is inherited as an autosomal codominant trait and there is extensive polymorphism that gives rise to the vast diversity among individuals and ethnicities. The polymorphism is the result of a varying number of repeats (up to 40 in some cases) of one of the kringle (tri-looped structures depicted in Figure 1) domains giving rise to ~55 different isoforms of apo(a) ranging from 300 – 800 kDa (4, 11, 13, 14, 16) . There is an inverse relationship between the apo(a) molecular weight and the serum level such that individuals with the highest Lp(a) levels have the smallest apo(a) isoforms. Lp(a) is inherited with a high fidelity in all populations studied. Estimates from family studies indicate that there is a 70% to ≥ 90% chance of passing on the trait from parent to child (
). As a result, most individuals produce two distinct Lp(a) isoforms differing with respect to both structure and concentration. By some estimates, up to 90% of the variation in the Lp(a) level is attributed to genetic expression (
), leading to the conclusion that changes in lifestyle habits should have negligible effects (
,28). The Lipoprotein(a) Foundation (www.lipoproteinafoundation.org) provides a number of resources for patients and clinicians including a family tree worksheet to facilitate a better identification of affected family members. It is vitally important when seeing a child or an adult with elevated levels to emphasize the strong genetic inheritance pattern and facilitate screening in family members.
SCREENING FOR ELEVATED Lp(a)
Despite being an independent risk factor for ASCVD in adults, most professional societies do not advocate screening all adults, only those with a known family history of elevated Lp(a), FH, individuals with strong family history of CHD, premature disease in the absence of other risk factors, those whose LDL-C levels do not drop as predicted with statin therapy, individuals with a history of restenosis or recurrent disease not explained by other risk factors, and individuals with an intermediate to high risk of ASCVD based on their predicted risk score (
,
,8). Similarly, the Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children and Adolescents suggested Lp(a) levels are only warranted in youth with an ischemic or hemorrhagic stroke and in youth with a parental history of ASCVD not explained by classical risk factors (
). The main argument against Lp(a) testing is based on the fact that, to date, no clinical trials have been able to show a benefit of treatment aimed at lowering Lp(a) (
). In 2009, the United States Preventive Services Task Force also concluded that there was insufficient evidence to recommend measuring Lp(a) as part of a routine (adult) ASCVD risk assessment, also citing the paucity of data to show that identification impacts risk factor treatment (
). By contrast, knowledge of the Lp(a) level has been shown to improve the predictive accuracy of the Framingham Risk Score and the Reynolds Risk Score (
). 

DEVELOPMENTAL AND DYNAMIC CHANGES IN Lp(a)
Lp(a) is detectable in the serum of newborn infants; gestational age but not birth weight seem to affect newborn levels (19, 
, 
). Levels in most infants double over the 1st year of life and the apo(a) gene product is fully expressed by the first (
) or second (
) year of life, a pattern strikingly different from other lipoproteins. There is near perfect concordance between apo(a) levels in 5- to 13-month old infants with the closest parental level (36). In fact, no other lipoprotein level seems to track as perfectly to adulthood as Lp(a). The highly hereditable trait is reflected by a close correlation with the Lp(a) level and the number of grandparents the child has with a history of CHD (22). Gidding et al studied the combined biologic and analytic variation in Lp(a) and other lipid levels measured 4 times over a one year period when children were healthy, as well as within a week after acute infections in 63 adolescents (
). The mean Lp(a) value was 12.6 mg/dL; 50% of the adolescents had a level that varied by 19.3% from the mean, while a 40% variation was observed the upper 5% of individuals. By comparison, variations in LDL-C were 12.1 and 25% for the 50% and 95%, respectively. No significant differences were observed for lipids after acute infections except for a statistically significant drop in HDL-C and apo A-I. Lp(a) levels are increased with chronic inflammatory diseases including systemic lupus erythematosus, rheumatoid arthritis, and psoriasis (
). A small but dramatic study of 9 adult patients reported that sepsis and burns reduced Lp(a) by 5- to 15-fold(
). It is therefore suggested to avoid measuring Lp(a) during acute or semi-chronic conditions (
).
RISK OF ASCVD ATTRIBUTABLE TO Lp(a)
In individuals with definite or probable FH compared with non-FH subjects, the adjusted odds ratio for coronary artery disease in untreated individuals in the CGPS was 13.2 (10.0–17.4). By comparison, odds rations (ORs) in the CGPS were 1.3 (95% CI, 1.1-1.5), 1.1 (95% CI, 0.9-1.3), and 0.9 (95% CI, 0.8-1.1), for individuals in the first, second, and third quartiles, respectively, as compared with individuals in the fourth quartile, corresponding to mean Lp(a) levels of 56, 31, 20, and 15 mg/dL (16). As noted above, the atherogenic properties of Lp(a) were originally thought to be associated with the structural similarity of apo(a) to plasminogen, a key protein in the cascade of reactions leading to clot lysis, leading to early speculation that apo(a) competed with plasminogen/plasmin in the clotting cascade. This causes fibrin accumulation and more dense fibrin clots (
) that perpetuate further clot formation and/or retards clot lysis, thus conferring the thrombogenic properties associated with Lp(a) (
). Although these vitro studies support this hypothesis, in vivo evidence is sorely lacking. Another consideration was that the atherogenicity mirrored the LDL component in the Lp(a) particle. The most exciting recent evidence indicates that part of the Lp(a) cargo includes a significant amount proinflammtory oxidized phospholipids and indeed it is this property that is also speculated to give rise to the association with calcific aortic valve stenosis (12,7).
RELATIONSHIP WITH STROKE AND VTE IN YOUTH

The most extensive data on the impact of Lp(a) in youth come from pediatric stroke studies. Although the evidence for Lp(a) as a stroke risk factor is not as robust as the relationship with CHD in part, likely due to the more heterogeneous etiology for stroke, i.e., both ischemic and hemorrhagic, several meta-analyses concluded that an elevated Lp(a) level is a risk factor for incident stroke in adults (2,
). The recommendation of the 2011 Expert Panel (30) to include Lp(a) in lipid screening focused on youth with an ischemic or hemorrhagic stroke is well-founded given the uncharacteristically extensive meta-analyses of pediatric studies examining the relationship of Lp(a) with AIS. Although not specifically addressed as a risk factor warranting screening, Lp(a) was listed as one of the hypercoagulable abnormalities that may cause stroke in the 2008 pediatric stroke guidelines (
). One meta-analysis by Sultan et al included observational studies of imaging-confirmed AIS where lipid levels including Lp(a) were available (9). Race/ethnicity was not specified; the majority of studies were from Germany and the United Kingdom. There was a strong, positive association of AIS with Lp(a) (Mantel-Haenszel OR 4.24 (2.94 – 6.11)). A meta-analysis by Kenet el al, which included many of the same case-controlled studies of AIS, reported race as predominately white and with a broader emphasis on genetic and acquired thrombophilic risk factors reported a pooled OR 6.53 (4.46 – 9.55) for Lp(a) which was comparable with that associated with antiphospholipid antibodies and only exceeded by protein C deficiency (
). A third case-control study at one center in predominately white U.S. children only found a positive association of a Lp(a) >90th percentile using race-specific cut points with recurrent AIS, but the effect was large, OR 14.0, but with a substantially larger CI 1.0 – 184 but P=0.05. This effect was correlated with a small apo(a) isoform size below 10th percentile (OR 12.8 (1.61 – 101), P=0.02) (
). An important factor in these studies is that Lp(a) levels were measured in many cases after the initiation of anticoagulation therapy which likely included aspirin which has been reported to reduce Lp(a). While VTE is rare in children and the majority of events are due to central venous line-related thrombotic events or underlying medical condition (i.e., congenital heart disease, infection, cancer, prematurity), several studies have reported an increased risk of VTE with an elevated Lp(a) level (
, 
). Boffa and Kschinsky note that associations of genetic risk factors for thrombosis in children are less contaminated by acquired risk factors such as smoking as in the adult population and may therefore more accurately represent the thrombotic risk of Lp(a) (8). 

LIFESTYLE CHANGES TO LOWER Lp(a)
Because the level of Lp(a) in blood is dominated by genetic influence, it has generally been thought that diet has little impact (
), but paradoxically multiple studies in adults reported that a low fat diet and low fat high carbohydrate diets significantly increase Lp(a) (
, 
, 
). Brandstatter et al measured Lp(a) mass and the apo(a) isoform size before and after a 3-week hypocaloric diet and exercise in obese children (
). With a 6.6% decrease in body weight, they observed a ~20% decrease in Lp(a) levels which was comparable wtih the decline seen for LDL-C and triglyceride. The decline in Lp(a) was greater in youth with higher baseline levels of Lp(a), which also correlated with a lower molecular weight apo(a) isoform. Studies of a diet enriched in plant sterols (
) and a low glycemic index diet (
) failed to observe any significant changes suggesting that weight loss rather than diet composition may be the more important factor. 

PHARMACEUTICAL INTERVENTIONS TO LOWER Lp(a)
As noted above, one of the main arguments against measuring Lp(a) is that there is no evidence to show that lowering Lp(a) reduces ASCVD risk. This is not to imply that pharmaceutical approaches do not reduce Lp(a) but that any reduction occurs in parallel with a reduction in LDL-C so that the independent contributions to risk reduction due to a lower Lp(a) concentration cannot be assessed. Therapies shown to lower Lp(a) have been described in several recent and comprehensive reviews (4, 29, 
, 
). In the past, the main drug shown to lower Lp(a) was niacin, but in the pediatric population, this drug has not seen widespread use because of prevalent side effects (flushing) which are mitigated by aspirin which is generally contraindicated in children because of the association between aspirin use and Reye syndrome. Two clinical outcome trials in adults, Atherothrombosis Intervention in Metabolic Syndrome With Low HDL/High Triglycerides and Impact on Global Health Outcomes (AIM-HIGH) (
) failed to find a benefit for niacin with respect to event reduction despite lowering Lp(a) by ~ 20%. Statin therapy has been the foundation treatment to reduce LDL-C and to lower the risk of ASCVD events but it does not seem to reduce Lp(a) mass appreciably. Despite this, there is clearly a need to reduce any and all risk factors, including LDL-C, in individuals with an elevated Lp(a) level—especially adults with or at a high risk for developing ASCVD and statins, the mainstay of that approach. Although statin therapy is not recommended to treat youth with an elevated Lp(a) level, as in adults, it is the first-line therapy to reduce LDL-C in youth with a high risk of developing premature ASCVD as adults (30) and should be considered if the child has significant  risk factors and/or there is a family history of very premature disease that can be attributed to Lp(a). 
Aspirin was among the earliest therapies shown to reduce Lp(a) by as much 80% in a small trial of 70 Japanese individuals – an effect that is comparable or even greater than that achieved by apheresis (
). Data from the Women's Health Study also reported a substantial effect of the apo(a) isoform on ASCVD risk, favoring the use of aspirin. Among carriers of one particular apo(a) allele, low-dose aspirin (81 mg) reduced the risk of ASCVD events by more than twofold (
). Another small study using 150 mg of aspirin also reported close to a 50% reduction of Lp(a) (
). As noted above, the use of aspirin in youth has always been cautioned because of the association with Reye syndrome (
). Data from case-control and historic cohort studies have found that the risk of Reye syndrome decreases with age and is very rare in late adolescence (
). 

Newer drugs including proprotein convertase subtilisin/kexin type 9 (PCSK9) show that it can markedly lower LDL-C but only modestly lower Lp(a) (
). In addition to PCSK9 inhibitors, other promising drugs that could be considered in the pediatric population include mipomersen, eprotirome, and cholesterol-ester-transfer protein inhibitors which have also been shown to decrease Lp(a) concentrations (
,
). Thyromimetic hormones have also shown promise (58). Antisense oligonucleotides to apo(a) mRNA58 and interleukin-6 inhibitors are promising candidates in the early stages of development (
). Finally, lipoprotein apheresis which removes all apoB-containing lipoproteins including LDL and Lp(a) can be used, but is generally reserved for youth with a high short-term risk of ASCVD events such as those with FH (
).
MEASURING AND INTERPRETING Lp(a) LEVELS
Lp(a) assays and thresholds (in parens) that define an elevated level include those that measure the cholesterol carried by the Lp(a) particle, analogous to LDL-C (> 10 mg/dL), the Lp(a) particle mass (> 30 mg/dL), or the Lp(a) particle concentration (> 75 nmol/L) (8,
). A summary of the commercially available and research laboratory-developed tests has been published (
). Many clinicians and clinical trials have used NMR LipoProfile® (LipoScience)to measure the number of LDL particles but it should be emphasized that because Lp(a) isoforms can be found across the range of lipoproteins (LDL, VLDL, intermediate-density liporprotein, remnants) this metric cannot be used to characterize the Lp(a)-P concentration. A new assay has also been recently developed and marketed by Health Diagnostics Laboratory for Lp(a)-P based on lipoprotein immunofixation electrophoresis which correlates well with the Lp(a) mass but like the Marcovina assay is not affected by the apo(a) isoform size (
). Fasting status does not seem to affect the Lp(a) concentration which is an important practical consideration when measuring levels in youth (15). Lp(a)-P can be estimated from the Lp(a) mass. While an average conversion factor of ~3 nmol/L per 1 mg/dL Lp(a) has been used (70), the actual number depends on the apo(a) isoform mass, as well as the fact that each individual will likely express two apo(a) isoforms. Marcovina suggests a conversion factor of 2.85 for small isoforms and 1.85 for large isoforms with a mean of 2.4 nmol/L per 1 mg/dL (
). 

Lp(a)-C is included in the estimated LDL-C (
) and non-HDL-C but specialized testing can be used to directly measure Lp(a)-C (in mg/dL) including the Vertical Auto Profile –II method (Atherotech) and the SPIFE Cholesterol-Vis System (Helena Laboratories) although in the former, Lp(a)-C is an estimate given the overlap with HDL-C. Lp(a)-C increases with increasing Lp(a) mass and therefore constitutes a larger proportion of the estimated LDL-C. Because statins do not generally affect Lp(a), the Lp(a)-C comprises a larger proportion of the estimated LDL-C value with aggressive LDL-C reduction (74). Recall that LDL-C is not directly measured in a standard lipid profile but estimated from the Friedewald formula (whereby the contribution to VLDL-C is estimated by diving the total triglyceride (TG) level by 5, i.e. LDL-C = Total cholesterol – HDL-C – TG/5). The contribution of Lp(a)-C to the calculated LDL-C can be estimated by LDL-C = TC - HDL-C – TG/5 - 0.3Lp(a) using Lp(a) mass in mg/dL (
). This formula has been validated in multiple studies (
, 
, 
), all of which concluded that this correction factor for LDL-C is significant when the Lp(a) mass is modestly elevated at > 30 mg/dL and assumes increasing importance with more severe Lp(a) elevations. These measurement concepts are sometimes difficult to explain to our patients and a simplistic way that I use is to describe lipoproteins as "buckets" that carry cholesterol and triglyceride. The Lp(a) measurement itself is the number of "buckets," whereas the cholesterol carried by this "bucket” is included in the LDL-C measurement. 
CONCLUSIONS
Based on the current clinical data, it is evident that future investigations of the relationship of Lp(a) with ASCVD risk require large and ethnically diverse populations, as well as uniformity and standardization of the measurement. As is the case in most pediatric outcomes studies, sample size is problematic especially for rare events and/or heterogeneous diseases. However, the usual pitfalls of extrapolating from adult data may be less problematic for Lp(a) given that the gene is fully expressed at a young age. Clearly in the case of AIS and where there is a strong family history of ASCVD, measurement of Lp(a) mass or Lp(a)-P is warranted. Whether or not youth with markedly elevated Lp(a) levels should be treated with lipid-lowering medications (i.e., statins) is an unexplored and unanswered question. Minimally preventing the acquisition of additional risk factors is an important component of the health care we can provide for children and their parents. Emphasis should be placed on teaching youth about the importance of lifelong tobacco avoidance, given that it is an additional thrombotic risk factor. The importance of maintaining (or aiming for) a normal body weight and physical activity becomes more urgent in order to reduce the additional inflammatory risk attributable to obesity and insulin resistance, problems which would also be compounded by the development of added risk factors including a low HDL-C, type 2 diabetes, and hypertension. In young women with an elevated Lp(a) level, issues surrounding the potential thrombotic risk of oral contraceptives should also be addressed and attention given to choosing a formulation with the lowest risk (
). Given that important components of their own pediatric history are often forgotten with time, it is essential they can appreciate and articulate the importance of Lp(a) as a risk factor to their future health care providers and be aware that their children will acquire this risk factor. While the relative merits of screening and treating Lp(a) in the pediatric population may be debatable, what is irrefutable is that a youth who enters adulthood with the lowest possible burden of ASCVD risk will have a much lower risk of developing atherosclerotic disease than the youth with multiple risk factors in addition to an elevated Lp(a). 
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