




ABSTRACT
Background: NT-proBNP is a biomarker of cardiovascular diseases (CVD), especially heart failure. Only one study has estimated the heritability of NT-proBNP, and found it to be significantly heritable. However, multiple studies have tested single nucleotide polymorphism (SNP) associations with NT-proBNP and risk of CVD. Gaining a better understanding of the genetic regulation of NT-proBNP and CVD risk could lead to improved treatment and prevention of CVD, which is of great public health significance.

Objective: Estimate the heritability of NT-proBNP, test the genetic association of SNPs in the BNP gene region with NT-proBNP levels and CVD outcomes, and test the association of NT-proBNP with CVD outcomes in the Long Life Family Study (LLFS).
Methods: Our study included 4618 participants from the LLFS (mean age 70.5 years, 55.1% female). Genotypes were ascertained by the Human Omni Chip 2.5 v1 (Illumina, CA) and SNPs for this study (N=15) were pulled from the NPPB and NPPA gene regions, which neighbor each other on chromosome 1 and encode for BNP and A-type natriuretic peptide, respectively. We performed all analyses in the Sequential Oligogenic Linkage Analysis (SOLAR) program to account for family relatedness, and adjusted for age, sex, and field center. Full models also included adjustment for BMI, blood pressures, antihypertensive therapy, diabetes, myocardial infarction (MI), atrial fibrillation (AF), and creatinine. 
Results: Residual heritability of NT-proBNP was 0.22 (p=6 × 10-13) in the full model. In this model, the minor alleles of rs198389 and rs5063 were independently associated with greater NT-proBNP level. NT-proBNP was negatively associated with BMI, blood pressure, AF, and MI. The minor alleles of rs198358, rs198388, and rs632793 were inversely associated with a history of AF, but were not independent of NT-proBNP. However, the minor allele of rs632793 was inversely associated with systolic blood pressure independent of NT-proBNP.

Conclusion: In these long-lived families, NT-proBNP is significantly heritable, and rs198389, rs5063, rs198358, rs198388, and rs632793 were found to be associated with either NT-proBNP level or presence of CVD outcomes. This study replicates previous findings that variants in this region (rs198358, rs198388, rs632793) are associated with higher NT-proBNP and are protective against CVD outcomes.
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1.0  Introduction

Cardiovascular disease (CVD) is a classic chronic disease and is the leading cause of death globally. Roth and colleagues (2017) estimated that 422.7 million cases of CVD and 17.9 million CVD deaths occurred globally in 2015 
 ADDIN EN.CITE 

(Roth et al., 2017)
. Chronic diseases do not have clear etiology, but many circulating markers of CVD risk, including B-type natriuretic peptide (BNP), may help estimate an individual’s risk of specific CVD. BNP has been established as a diagnostic biomarker for heart failure (HF) 
 ADDIN EN.CITE 

(Writing Committee et al., 2013)
 and coronary artery disease (Kragelund, Grønning, Køber, Hildebrandt, & Steffensen, 2005) and has been associated with hypertension 
 ADDIN EN.CITE 

(Bower et al., 2015)
, obesity 
 ADDIN EN.CITE 

(Khan et al., 2011)
 and diabetes 
 ADDIN EN.CITE 

(Sanchez et al., 2015)
 in recent studies. However, not much is known about the genetic determination of BNP with only a handful of studies looking into the genetic regulation of BNP 
 ADDIN EN.CITE 

(Lanfear, Stolker, Marsh, Rich, & McLeod, 2007)
 and only a single study of its heritability (Wang et al., 2003). Gaining additional knowledge of genetic variants that may influence individual levels of BNP and CVD risk is of considerable public health significance.
1.1 THE BURDEN OF CVD

Cardiovascular disease is a constellation of diseases that impact the heart and vessels, e.g., hypertension, atrial fibrillation (AF), myocardial infarction (MI), heart failure, and others. Cardiovascular diseases took the lives of 17.7 million people in 2015, and accounted for 31% of all global deaths (WHO fact sheet on CVDs 2017). Based on all death certificates filed in the US in 2016, heart disease was the first cause of death in the US (n= 635,260 deaths), while stroke was the fifth cause of death in the US (n= 142,142 deaths). Heart disease and stroke accounted for 28.3% of all deaths in 2016, which, for stroke, was a significant increase of 1.3% compared to 2015 (Heron, 2018).
1.1.1 Hypertension

Hypertension (high or raised blood pressure) is a CVD and also a risk factor for other forms of CVD (WHO, 2013). Systolic blood pressure represents the systemic blood pressure during ventricular contraction (systole), when the left ventricle contracts and ejects blood into the aorta. Diastolic blood pressure refers to the systemic blood pressure during ventricular relaxation, when the blood from the atrium fills the ventricle (Hurst's The Heart, 14e Eds. Valentin Fuster, et al.). Hypertension represents dysfunction of both the endothelium and vascular smooth muscle cells (VSMCs). Thickening of the vessel wall’s medial and adventitial layers, in response to acute hypertension, leads to both VSMC hyperplasia and hypertrophy, and increased expression of contractile proteins (Hurst's The Heart, 14e Eds. Valentin Fuster, et al.).

Hypertension is associated with early vascular aging: an evolving concept that refers to accelerated vascular stiffness. Their relationship forms a cycle: hypertension accelerates arterial stiffness, which, in turn, leads to increased blood pressure 
 ADDIN EN.CITE 

(Cunha, Boutouyrie, Nilsson, & Laurent, 2017)
. Hypertension is sometimes called the “silent killer” because it often has no warning signs or symptoms; thus many people do not know they have it. Indeed, about 1 in 3 U.S. adults have hypertension (Fang, Gillespie, Ayala, & Loustalot, 2018). Risk factors for hypertension include age, sex, body mass index (BMI), poor diet, physical inactivity, alcohol, smoking and family history of hypertension (Forman, Stampfer, & Curhan, 2009).

1.1.2 Atrial Fibrillation

Atrial fibrillation (AF), a superaventricular tachyarrhythmia, is characterized by uncoordinated atrial electrical activation and disorganized atrial contraction 
 ADDIN EN.CITE 

(Fuster et al., 2006)
, and is the most clinical common arrhythmia in clinics 
 ADDIN EN.CITE 

(Morillo, Banerjee, Perel, Wood, & Jouven, 2017)
. Patients with AF are characterized by electrical disturbances in the heart, such as drastically decreased effective refractory period and conduction delay (Hurst's The Heart, 14e Eds. Valentin Fuster, et al.). AF also contributes to atrial remodeling, which perpetuates fibrillation and forms a negative cycle feedback loop. From a hemodynamic perspective, AF causes the loss of atrial contraction and accelerates ventricular rates, and both of these may result in the insufficient ventricular filling and decreased cardiac output (Clark, Plumb, Epstein, & Kay, 1997).

Many studies show that AF is associated with a higher risk of stroke, and 15% of all strokes nationally are attributed to AF (Go, Hylek, & Phillips, 2001). AF is also an independent predictor of increased mortality risk by 1.5-1.9-fold after adjustment for preexisting CVD (Emelia J. Benjamin et al., 1998). Many different risk factors and conditions, such as hypertension, diabetes, congestive heart failure, valve disease and myocardial infarction predisposes individuals to AF (Emelia J. Benjamin, Levy, & Vaziri, 1994). The prevalence of AF in the U.S. is projected to be 12.1 million by 2050 under the condition of no further increase in age-adjusted incidence of AF, but 15.9 million if the increasing trend continues (Miyasaka et al., 2006), as such, it poses a significant burden to the health of U.S. adults.

1.1.3 Myocardial Infarction

Myocardial infarction (MI), also known as heart attack, is defined in pathology as myocardial cell death due to prolonged ischemia 
 ADDIN EN.CITE 

(Thygesen et al., 2012)
. The heart needs oxygen and nutrients supplied from coronary blood flow to function, and this can be decreased or eliminated by atherosclerotic blockages in these arteries. An imbalance between demand and supply happens when the heart needs more oxygen and nutrients than the coronary arteries can provide; as such, the atherosclerotic blockage leads to myocardial ischemia. The complications of MI include atrial fibrillation, ventricular arrhythmias, heart block, cardiogenic shock, stroke, papillary muscle rupture, rupture of the ventricular dividing wall, LV free wall rupture, Dressler’s Syndrome (Hutchcroft, 1972), heart failure, and death (Reed, Rossi, & Cannon, 2017). Every 40 seconds, an American will have an MI, and it is estimated that about 805,000 Americans have a heart attack annually, of which 170,000 cases are silent 
 ADDIN EN.CITE 

(E. J. Benjamin et al., 2018)
.
1.1.4 Risk Prediction for Cardiovascular Disease

Traditional risk factors for CVD include age, sex, BMI, hypertension, dyslipidemia, and lifestyle behaviors. With such a high public health burden of cardiovascular diseases, risk prediction models for CVD have included biomarkers of CVD in order to improve predictions. Biomarkers are desirable risk factors for clinical use since they are objectively measurable and may be direct indicators of biological processes (Strimbu & Tavel, 2010). Common biomarkers for CVD include cholesterol (D’Agostino, Grundy, Sullivan, & Wilson, 2001); lipoprotein 
 ADDIN EN.CITE 

(Nordestgaard et al., 2010)
; inflammatory factors such as C-reactive protein (Peters, Visseren, & Grobbee, 2013); and glycated hemoglobin (Selvin et al., 2010). Most of these biomarkers have been widely studied for decades to understand their determinants and how they can predict risk. One newer clinical biomarker of CVD is BNP (May & Wang, 2007). While research into BNP’s clinical utility for prediction of risk has occurred for over a decade, there has been little research concerning its determination in population studies.

1.2 Function of BNP
The natriuretic peptide family consists of three peptides: atrial natriuretic peptide, brain natriuretic peptide, and C-type natriuretic peptide. BNP is released as a pro-hormone (proBNP), and proBNP comprises 108 amino acids, which can be cleaved into two parts: N-terminal fragment proBNP (aa residues 1-76), and C-terminal BNP (aa residues77-108). The C-terminal BNP also was known as BNP-32 or BNP, and the N-terminal fragment proBNP often abbreviated to NT-proBNP. 

The prime stimulus for BNP expression is the cardiomyocyte stretch that is induced by abnormal intracardiac pressure (Richards, 2018). So, BNP acts as a compensatory mechanism to offset the excessive vascular vasoconstriction when there is decreased pumping capacity of the heart (Harrison’s Principles of Internal Medicine, 2015 edition). In a healthy heart, BNP expression is mainly in the atria. However, ventricular BNP expression increases drastically in cardiac diseases that affect the ventricles, suggesting it may be related to CVD. For example, in an experiment done in dogs, BNP was of atrial origin under normal conditions, and after inducing early left ventricular (LV) dysfunction, BNP expression was markedly increased in the left atrium, yet was below the limit of detection in the LV. However, when congestive heart failure (CHF) was induced, BNP expression further increased in the left atrium and also was expressed in the LV (Luchner et al., 1998). 

The function of BNP is to induce natriuresis, diuresis, vasodilatation, and increased vascular permeability which is signaled through binding to the natriuretic peptide receptors (NPR)-A, NPR-B, and NPR-C. The NPR-A preferentially binds ANP and BNP, the NPR-B binds CNP, and all natriuretic peptides bind to the NPR-C (Zois et al., 2014). The binding of BNP to NPR-A converts intracellular guanosine triphosphate to cyclic guanosine monophosphate (cGMP), which acts as a second messenger to signal the release of cascade-cGMP dependent protein kinase (PKG) (Levin, Gardner, & Samson, 1998). Smooth muscle relaxation is mainly mediated by cGMP when relaxation is triggered by nitric oxide and natriuretic peptides, whereas cyclic adenosine monophosphate (cAMP) is a dominant mediator when 𝛽-adrenergic drugs stimulate relaxation. PKG reduces the intracellular concentration of free calcium and leads to smooth muscle relaxation (Carvajal, Germain, Huidibro-Toro, & Weiner1, 2000). In addition to PKG effects, cGMP can indirectly result in smooth muscle relaxation by increasing cAMP 
 ADDIN EN.CITE 

(Krawutschke, Koesling, & Russwurm, 2015)
. Whereas, the binding of BNP to NPR-C results in the clearance of the BNP peptides via internalization and enzymatic degradation (Levin et al., 1998).

The vasodilation, natriuresis, and diuresis induced by cGMP would theoretically lead to a reduction in blood pressure. Indeed, a lack of activation of the BNP system has been reported in patients with stage 1 hypertension compared with controls who have normal blood pressure 
 ADDIN EN.CITE 

(Belluardo et al., 2006)
. Additionally, population-based studies have shown that genetically caused increased circulating natriuretic peptide concentrations have been associated with lower systolic blood pressure, as well as, reduced odds of hypertension 
 ADDIN EN.CITE 

(Newton-Cheh et al., 2009)
. In animal studies mice lacking the NPR-A gene had elevated blood pressure and hypertrophic cardiac muscles, which also indicates that the BNP pathway plays a protective role against excessive cardiac remodeling (Oliver et al., 1997). However, as will be discussed in Section 1.3, these relationships are not straightforward and higher circulating BNP is a biomarker for higher risk of CVD in healthy populations.
1.3 NT-proBNP AS A BIOMARKER FOR CVD
1.3.1 NT-proBNP Assays

NT-proBNP, which is the N-terminal fragment of pro-BNP, persists longer, has a higher concentration in plasma, and is more stable in vitro compared to the full BNP, which makes NT-proBNP a better biomarker for CVD (Clerico, Vittorini, & Passino, 2011). Nearly all of the commercial NT-proBNP assays apply the same standard materials and antibodies, which results in significant comparability among NT-proBNP studies (FCC. Analytical characteristics of commercial MR-proANP, BNP and NT-proBNP assays as per the manufacturer 2014). The most common assay for NT-proBNP is from Roche diagnosis, which accounts for 76% of utilization among NT-proBNP methods (Clerico et al., 2012). In a study that compared the analysis of multiple methods for measuring NT-proBNP, within-method and between-method CVs were 6.5% and 5.8% respectively (Clerico et al., 2012). The mild heterogeneity in NT-proBNP immunoassay results is partly due to the cross-reactions against the proBNP, which is higher with the nonglycosylated HyTest proBNP peptide compared with the glycosylated Scios proBNP peptide (Vasile, Babuin, Giannitsis, Katus, & Jaffe, 2008). The NT-proBNP assay from Roche is a sandwich immunoassay, with 2-step incubation of NT-proBNP-specific antibodies. The resulting reaction emits a chemiluminescent variance based on the concentration of NT-proBNP in the assays and can be measured by a photomultiplier (Data established with the Elecsys proBNP assay, reference: 04842464119).
1.3.2 Clinical Utility of NT-proBNP
Recently, the STOP-HF (Screening TO Prevent Heart Failure) randomized trial suggested that early targeted prevention may be warranted based on an NT-proBNP value (≥ 50pg/ml) in order to reduce the risk of heart failure and left ventricular dysfunction among > 40-year-old asymptomatic individuals (Ledwidge et al., 2013). In addition to prevention thresholds researcher also suggesting using NT-proBNP to diagnose early heart failure, including heart failure with preserved ejection fraction and heart failure with mild-range ejection fraction. For diagnosis the ruling-out threshold of NT-proBNP for HF is (125 pg/ml in the non-acute setting and is (300 pg/ml in the acute setting, as established by the 2016 European Society of Cardiology guidelines 
 ADDIN EN.CITE 

(Ponikowski et al., 2016)
. Because of the low specificity (60%), though high sensitivity (99%), of the (300 pg/ml threshold, NT-proBNP is recommended only to be used to exclude HF rather than to positively diagnose HF 
 ADDIN EN.CITE 

(Januzzi et al., 2006)
.

Indeed, the inclusion of BNP measures significantly improves HF risk prediction models by 18% in a recalibrated Framingham risk score 
 ADDIN EN.CITE 

(Agarwal et al., 2012)
. One study showed that using age-related cut-points of (450, (900, and (1800 pg/ml for ages <50, 50-75, and >75 to rule-out the acute HF improved the specificity from 60% to 84%, but decreased the negative predictive value from 98% to 66% compared with the single threshold of (300 pg/ml 
 ADDIN EN.CITE 

(Januzzi et al., 2006)
. NT-proBNP is also a useful prognosis biomarker in chronic HF and acutely decompensated HF as recommended by the 2017-updated American guidelines 
 ADDIN EN.CITE 

(Yancy et al., 2017)
. In a meta-analysis of 11 clinical trials, BNP-guided therapy reduced all-cause mortality by 38% and reduced hospitalization due to HF by 20% (Troughton et al., 2014).

Though the application in HF is the most investigated, studies showed that NT-proBNP has prognostic value in patients with non-ST elevation acute coronary syndromes (Jernberg, Stridsberg, Venge, & Lindahl, 2002); has been associated with the extent of coronary artery disease and inducible MI 
 ADDIN EN.CITE 

(Weber et al., 2004)
; has been associated with severity and prognosis of aortic stenosis 
 ADDIN EN.CITE 

(Bergler-Klein et al., 2004; Gerber et al., 2003)
. And these applications need more academic evidence to support.
1.3.3 Known Determinants of NT-proBNP
Plasma BNP level is positively associated with age and is higher in females, and together they accounted for 30% of the variation of BNP (McLean, Huang, Nalos, Tang, & Stewart, 2003). Regarding hypertension, as was mentioned in Section 1.2, NT-proBNP is initially reduced in grade 1 hypertension patients, but then increases as hypertension severity increases from grade 1 to 3, independent of the left ventricular hypertrophy 
 ADDIN EN.CITE 

(Belluardo et al., 2006)
. Also, higher NT-proBNP level predicts higher mortality in hypertensive patients 
 ADDIN EN.CITE 

(Paget et al., 2011)
. Elevated NT-proBNP is also found in MI patients (Durak-Nalbantic et al., 2012), in AF patients 
 ADDIN EN.CITE 

(Jug, Sebestjen, Sabovic, Pohar, & Keber, 2009)
 and in patients with severe kidney disease on hemodialysis 
 ADDIN EN.CITE 

(Takase & Dohi, 2014)
. 

The direction of the association, however, is not consistent. For example, while the studies discussed previously 
 ADDIN EN.CITE 

(Januzzi et al., 2006; Ponikowski et al., 2016)
 suggested that high NT-proBNP was associated with increased risk of disease, NT-proBNP was inversely associated with BMI (Park et al., 2009), incidence of diabetes 
 ADDIN EN.CITE 

(Pfister et al., 2011)
, and insulin resistance 
 ADDIN EN.CITE 

(Khan et al., 2011)
. Although, in a cross-sectional study of 483 individuals in European population, diabetes patients had higher NT-proBNP compared with matched controls (Magnusson et al., 2004). Thus, in order to deal with these potential confounding factors, a study of NT-proBNP heritability (Wang et al., 2003) included the adjustment for age, gender BMI, hypertension, diabetes, myocardial infarction, atrial fibrillation, and kidney function markers, such as creatinine (Perrone, Madias, & Levey, 1992). 

As more researchers study NT-proBNP and its ability to discriminate risk, its clinical utility has become clear. With greater research interest, some studies have an added focus on the associations between natriuretic peptide genes and NT-proBNP level, or natriuretic peptide genes and CVD risk, which will be discussed in section 1.5. However, the heritability of NT-proBNP remains to be established, as well as tests of the extent to which natriuretic peptide gene variants determine NT-proBNP level and how that may contribute to CVD risk.
1.4 Genetic heritability of NT-proBNP

Only a single study has estimated the heritability of BNP or NT-proBNP. The study included 1914 Framingham Study participants whose mean age was 57 years and included 53% women. After adjustment for age and sex, they estimated the heritability of NT-proBNP to be 0.34 (0.23-0.45). After further adjustment for clinical and echocardiographic variables, the estimated heritability of NT-proBNP was 0.35 (0.23-0.47) (Wang et al., 2003). While this study indicates that NT-proBNP is heritable, additional studies are needed in different population samples to determine if this estimate is similar in all adults. 

The genes that encode ANP and BNP are NPPA and NPPB, respectively. NPPA and NPPB are physically close to each other on chromosome 1 (within several kilobase pairs) and have both been characterized in different species showing a well-conserved organization of three exons and two introns with most of the coding sequence sitting on the second exon (Arden, Viars, Weiss, Argentin, & Nemer, 1995). Evidence shows these paralogous genes have similar expression patterns in the developing atrial and ventricular chambers of the human myocardium (Man, Barnett, & Christoffels, 2018). Also, both NPPA and NPPB are up-regulated in the development of the heart, which suggests that these two genes share some regulatory sequences (Man et al., 2018). As such, many studies of BNP genetics include studying the entire NPPA and NPPB region.

1.5 Review of the genetic association literature

As BNP was found to be a promising biomarker for cardiovascular diagnosis and treatment, approximately 20 studies have tested the genetic association between SNPs and BNP or NT-proBNP, as well as, the genetic association between these SNPs and CVD.

1.5.1 Association of SNPs In the BNP Gene Region with BNP Levels

Thirteen articles reported on the possible associations between SNPs from the NPPA/NPPB region and plasma BNP or NT-proBNP level 


 ADDIN EN.CITE.DATA 
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(Costello-Boerrigter et al., 2011; Del Greco et al., 2011; Ellis et al., 2011; Jin et al., 2018; Johansson et al., 2016; Lajer, Tarnow, Jorsal, & Parving, 2007; Lanfear et al., 2007; Meirhaeghe et al., 2007; Musani et al., 2015; Newton-Cheh et al., 2009; Pfister et al., 2011; Seidelmann et al., 2017; Takeishi et al., 2007)
.

The first study was by Takeishi et al. 
 ADDIN EN.CITE 

(Takeishi et al., 2007)
, who utilized data from the 21st Century Centers of Excellence (CEO) program in Japan. This study included 2970 subjects (mean age 63.0 ± 10.2 years, 45% males) from the city of Takshata. They found the minor allele of 8 SNPs [rs6676300 (T/C), rs198389 (T/C), rs198388 (G/A), rs6668352 (C/T), rs198375 (A/G), rs632793 (T/C), rs5063 (C/T), and rs198358 (T/C)] were significantly associated with increased plasma BNP levels when adjusting for age. Although there were 8 SNPs associated with plasma BNP levels, most of them were highly correlated with each other, especially among the SNPs rs667630, rs198389, rs198388, rs6668352, rs198375, rs632793, suggesting they may not represent independent associations.

One of the most rigorous studies, which included a replication cohort, was performed by Newton-Cheh et al. 
 ADDIN EN.CITE 

(Newton-Cheh et al., 2009)
 who initially examined the associations between 13 SNPs at the NPPA/NPPB locus and plasma BNP levels in 1,750 unrelated participants from the Framingham Heart Study. They found rs632793 had the strongest association with plasma BNP levels out of several significant SNPs. Since many of the SNPs they tested were correlated with each other, they made another model adjusting not only for age, sex, BMI, diabetes, SBP, DBP, antihypertensive therapy, MI, AF and serum creatinine, but also for the most significant SNP (rs632793). Based on the results of this analysis and linkage disequilibrium patterns, they chose 4 SNPs to move into their replication stage, which included a total of 14,743 subjects from the Framingham Family Study, the Malmö Diet and Cancer study, and the Finrisk97 cohort. In this meta-analysis replication study, they found the minor alleles of rs5068 (A/G), rs198358 (T/C), and rs632793 (A/G) were associated with higher plasma BNP levels.

In 2011, Pfister et al. 
 ADDIN EN.CITE 

(Pfister et al., 2011)
 added additional studies to the analysis by Newton-Cheh and focused on the association between rs198389 and plasma NT-proBNP levels. To our knowledge, this is the largest published study of this type and included 15,123 subjects (aged 31-98 years) from 5 studies (a sub-cohort of the EPIC Norfolk, Framingham Heart Study, Framingham Family Study, the Malmö Diet and Cancer study, and the Finrisk 97 cohort). They used random effects meta-analysis to account for the significant heterogeneity across studies. They found that each additional minor allele of rs198389 (T/C) was associated with a 0.22 SD (p<0.001) greater NT-proBNP level after adjusting for age, BMI, and hypertension.

In a similar study, Sara B. Seidelmann et al. 
 ADDIN EN.CITE 

(Seidelmann et al., 2017)
 focused on the association of rs198389 (A/G) with NT-proBNP in a longitudinal cohort. This study was conducted in 11,361 subjects aged 45-64 years that were 45% male and 83% white individuals from the Atherosclerosis Risk in Communities (ARIC) study. There was no difference in age, sex, BMI, smoking, diabetes, HF, or MI between genotype groups. However, after stratifying by race, they found the G allele was associated with a higher prospective NT-proBNP level in multiple visits (visit 2, 4, 5) in both blacks and whites. They also assessed whether this association differed by age, but did not find any significant differences. In fact, they found that rs198389 contributed more to the determination of NT-proBNP than SBP and BMI at the last visit.

All of these articles reported a significant relationship between the rs198389, also known as T-381C in the early reports, and plasma BNP or NT-proBNP levels. The large study by Newton-Cheh et al. found that the strongest signal was from rs632793, but also reported that this SNP was highly correlated with rs198389 in European ancestry populations. In fact, in other studies, rs632793 and rs198389 were used as proxies for each other when one or the other was not genotyped 
 ADDIN EN.CITE 

(Pfister, Luben, Khaw, & Wareham, 2013; Pfister et al., 2011)
. In addition to these SNPs, other significant and replicated SNPs associated with BNP or NT-proBNBP levels include: rs5068, rs198358, rs198388, rs667630, rs198375, rs668352. As mentioned before, many of the tested SNPs are correlated with each other in different populations, although the SNPs around different genes (NPPB versus NPPA) are less likely to be correlated to each other and may represent independent associations (e.g., rs198389 and rs5063; Figure 1).
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Figure 1. Common SNPs around NPPA and NPPB 
1.5.2 Association of SNPs in the BNP Region With CVD
There have been seventeen articles published on the association between SNPs located at the NPPA/NPPB region and cardiovascular diseases 


 ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(Cannone et al., 2017; Choquet et al., 2009; Conen, Glynn, Buring, Ridker, & Zee, 2007; Ellis et al., 2011; Fox et al., 2009; Gruchala et al., 2003; Jin et al., 2018; Kajita et al., 2003; Meirhaeghe et al., 2007; Min, Xiaoping, Yijie, Ruizheng, & Guogang, 2010; Musani et al., 2015; Newton-Cheh et al., 2009; Pfister et al., 2011; Poręba et al., 2009; Rubattu et al., 1999; Rubattu et al., 2004; Seidelmann et al., 2017)
.

In the Newton-Cheh et al. article from Section 2.1, they also used meta-analysis to test the relationships between the 3 SNPs identified as associated with ANP or BNP levels (rs5068, rs198358, rs632793) and hypertension among 29,717 subjects from 5 cohorts (Framingham Heart Study, Framingham Family Study, Malmö Diet and Cancer Study, Finrisk97 cohort, and the Malmö Preventive Project). They found that the minor alleles of the rs5068 (A/G) and rs198358 (T/C) were associated with 0.9-1.5 mmHg lower SBP, 0.3-0.8 mmHg lower DBP, and decreased odds of hypertension (OR=0.85 for rs5068, OR=0.90 for rs198358). However, the effects that these two SNPs have on blood pressure are similar to their effects on plasma ANP levels, thus the authors concluded that ANP has a stronger influence on blood pressure than BNP. 

Another study by Ellis et al. 
 ADDIN EN.CITE 

(Ellis et al., 2011)
 tested the association between SNPs around the NPPA, NPPB, NPPC, NPR1 and NPR2 genes and multiple echocardiographic and clinical outcomes in 1,810 coronary disease patients (age 66.5(12.3 years, 70.8% male, 83.0% European) from two hospital populations in New Zealand (Christchurch Hospital or Auckland City Hospital). All the models were adjusted for age, gender, and ethnicity. Regarding SNPs in NPPA and NPPB, they found the minor allele of the rs5068 (T/C), rs5065 (A/G), and rs198358 (A/G) were associated with a lower odds of history of hypertension (ORs= 0.92, 0.93, 0.96 respectively). They also found that the minor allele of rs632793 (A/G) was associated with a reduced left ventricular and diastolic volume index, and left ventricular end systolic volume index. Whereas, rs198388 (C/T) and rs198389 (A/G) were associated with a lower E/E1, an index of LV function and filling pressure. 

Musani et al. 
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(Musani et al., 2015)
 also studied the relationship between the 12 SNPs significantly associated with BNP levels around NPPB or KLKB1 genes and aldosterone/renin ratio, hypertension, and echocardiographic measures. They performed meta-analysis of 2 GWAS in 2,790 blacks and separate meta-analysis of 4 GWAS in 3,757 whites. Regarding the SNPs around NPPB, after adjusting for age, sex, BMI, SBP, DBP, antihypertensive therapy, MI, diabetes, AF, creatinine, and 10 principal components to account for population stratification, they found the minor allele of rs198389(A/G) was associated with reduced SBP in blacks (COGENT consortium, n=7,473), but was associated with decreased left ventricular mass (LVM) in whites (EchoGEN consortium, n=12,612). They also performed the linkage disequilibrium (LD) analysis and found a 9-kb region around rs198389 had high LD in Europeans, but only rs6668659 was in LD with rs198389 in blacks. The differences in LD patterns may contribute to the difference in the results of the two populations.

In the Seidelmann et al. study referenced in Section 2.1, they also studied the associations of rs198389 (A/G) with blood pressure and cardiovascular mortality in the same 11,361 subjects from the ARIC study. They found that the minor (G) allele was associated with decreased SBP and hypertension after adjusting for age, sex, race, and the first 10 principal components of population substructure. They also found that after 23 years follow-up, the GG genotype was associated with decreased cardiovascular mortality risk (HR 95% CI=0.63-0.94) compared to the GA and AA genotypes after adjusting for age, sex, race, DM, BMI, total cholesterol, HDL, tobacco use, prior HF, and principal components of population substructure.

The only study conducted entirely in non-European participants was done by Cannone et al. 
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(Cannone et al., 2017)
 who tested the genetic association between rs5068 (A/G) and cardiometabolic profile in 1613 African Americans from the Multi-Ethnic Study of Atherosclerosis (MESA, mean age 62 ( 10 years, 54% female). In this analysis, they found that having at least one copy of the minor allele of rs5068 was associated with lower prevalence of metabolic syndrome (23% vs 38%, age-sex-adjusted), plasma triglycerides (76 vs 90 mg/dl, age-sex-BMI-adjusted), type 2 diabetes (8% vs 18%, age-sex-BMI-adjusted), and plasma insulin levels (4.8 vs 5.7 (U/ml, age-sex-BMI-adjusted).

The largest genetic association study of the NPPA/NPPB region was conducted by Pfister et al. 
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(Pfister et al., 2011)
 to study the association of this region with type 2 diabetes (T2D). This study found a significant association between the minor allele of rs198389 (T/C) and the risk of T2D in 81,280 subjects from 11 studies (the DIAGRAM+ consortium). Because no heterogeneity across the studies was observed, they applied a fixed-effects meta-analysis model. The OR for prevalent T2D per minor allele of rs198389 was 0.94 (95% CI=0.91-0.97). This result is similar to the estimated OR (0.96, 95%CI=0.93-0.98) computed based on the observed association effects between NT-proBNP levels and T2D and between rs198389 and NT-proBNP levels. The authors suggest that this may indicate a causal role of BNP in T2D. Similarly, the protective role of the minor allele of rs198389 on T2D was also reported by Choquet et al. 
 ADDIN EN.CITE 

(Choquet et al., 2009)
 in a meta-analysis of 49,279 European participants. They observed a modest protective effect of the minor homozygote genotype group compared to combined heterozygote + major homozygote group (OR=0.86, 95%CI=0.80-0.92).  

The only significant study of MI was conducted by Gruchała et al. (Gruchala et al., 2003) and tested the association between rs5065 and MI in 847 white participants (age 57 ( 11 years, 85% male) with significant coronary artery stenosis. They found the major homozygote genotype (TT) was associated with higher odds of a history of nonfatal MI (OR=1.85, 95% CI=1.33-2.58).

This review includes many studies that showed the significant genetic associations of rs198389 with hypertension, diabetes, and ventricular dysfunction. In addition, studies showed significant genetic association between rs5065 or rs5063 and stroke, and between rs5065 and MI. although other studies did not see a significant association with MI or stroke, they may have been under powered with a low number of events in younger cohorts. In general, the minor alleles of significant SNPs in the NPPA/NPPB region were associated with greater NT-proBNP and a lower risk of cardiovascular disease outcomes.

1.6 gaps in knowledge

As mentioned in Section 1.4, only one study has estimated the heritability of NT-proBNP (Wang et al., 2003), which warrants further research in different population samples to determine if this estimate is similar in all adults. In addition, there are no studies of the genetic association of variants in the NPPA/NPPB region with NT-proBNP or CVD in individuals that live to be the oldest old, who may harbor variants with different effect directions or sizes than the general adult population.

1.7 public health significance

The knowledge of genetic determinants of NT-proBNP could help to provide accurate CVD risk estimates for public health. In addition, these genetic findings also improve our understanding of the foundation of NT-proBNP regulation and may help to define the clinical use of NT-proBNP measurements or to find new therapeutics.
2.0  objectives
The purpose of this MPH Essay is to replicate and extend the results from Seidelmann and colleagues in 2017 
 ADDIN EN.CITE 

(Seidelmann et al., 2017)
. This previous study found that the G allele of rs198389 in the NPPB promoter was associated with elevated levels of NT-proBNP throughout adult life, as well as, reduced blood pressure, hypertension risk, cardiovascular mortality and increased lifespan. In addition to rs198389, we will test the association of other SNPs in the NPPA/NPPB region with NT-proBNP and CVD in the Long Life Family Study (LLFS).
2.1 research question
This essay was conducted using data from the LLFS and is focused on four questions: (1) what is the genetic heritability of NT-proBNP? (2) what is the association of NPPB and NPPA SNPs with plasma NT-proBNP levels? (3) what is the association between NT-proBNP levels and CVD? and (4) what is the association of these same SNPs with CVD?
2.2 hypothesis
The hypotheses of this essay are that: (1) the heritability of NT-proBNP among LLFS participants is significant; (2) minor alleles of common SNPs around the NPPA/NPPB region are associated with NT-proBNP level in the LLFS; (3) NT-proBNP levels are inversely associated with CVD in the LLFS; (4) minor alleles of the common SNPs around the NPPA/NPPB region that are associated with NT-proBNP levels are also associated with decreased CVD in the LLFS.

3.0  methodology

3.1 llfs study description

The Long Life Family Study (LLFS) is a family-based multi-center cohort study that enrolled 4953 participants between 2006 and 2009 from 539 families with exceptional survival. Exceptional survival, a consequence of  “healthy aging,” refers to survival without disease or disability (A. B. Newman & Murabito, 2013).  Participants were recruited at four study centers: Boston, MA (Boston University), New York, NY (Columbia University), Pittsburgh, PA (University of Pittsburgh), and Denmark (University of Southern Denmark). Potential probands who were at least 79 years old on January 1, 2005, and had no end-stage renal disease or residence in hospice programs, were pre-screened for eligibility by telephone (Anne B. Newman et al., 2011). Eligibility was assessed by calculating a Family Longevity Selection Score (FLoSS), which was built from birth date, gender, nation-specific cohort survival probabilities and the number of older living siblings (Sebastiani et al., 2009). A FloSS score of 7 or higher was required for a family to be eligible as long as they also met the following criteria: the proband and at least one living sibling and one of their living offspring were willing to participate in the LLFS interview and provide a blood sample (Anne B. Newman et al., 2011).  

All baseline LLFS interviews and examinations were conducted in person with portable equipment. All research assistants conducting the exams were centrally trained and certified and used a standard protocol. The current analysis was done on the subset of the LLFS with data on serum NT-proBNP and genetic variation (N=4,618). The 335 participants with missing data were due to the absence of the NT-proBNP values. Written informed consent was obtained from each LLFS participant, and all study forms and protocols were approved by each participating institution’s Institutional Review Board.
3.2 measurement of NT-proBNP

Blood samples were collected after a (6 hour fast and were shipped to the LLFS central laboratory at the University of Minnesota. Serum NT-proBNP was measured by a Roche e411 Analyzer (Roche Diagnostics Corporation), which applies the sandwich immunoassay method to quantify NT-proBNP as discussed in Section 1.3.1 (Roche Diagnostics, Indianapolis, IN). The LLFS laboratory’s NT-proBNP inter-assay coefficient of variation (CV), which is a measure of variability between different samples, was 2.7% at a mean concentration of 139.9 pg/mL and 5.1% at a mean concentration of 4707.3 pg/mL. These inter-assay CVs, which are less than the 15% cut-off (Salimetrics: calculating inter- and intra- assay coefficients of variability), suggest that the LLFS NT-proBNP data were reliably measured.

3.3 hypertension and CVD assessment

Blood pressure was measured using an automated blood pressure machine (BP-tru BPM 300, VMS Medtech, Coquitlam, Canada). Hypertension was defined as SBP ≥ 140 mmHg or DBP ≥ 90 mmHg during the LLFS examination or use of anti-hypertension medication (Anne B. Newman et al., 2011). History of AF or MI was assessed by self-report of a physician’s diagnosis of these conditions and were confirmed by medication use from a medication inventory of the last two weeks. Diabetes was defined as fasting glucose ≥ 126 mg/dL or hemoglobin A1c (HbA1c) ≥ 6.5. Fasting glucose was assessed after at least 6 hours fast in serum by the Roche hexokinase reagent (Roche Diagnostics, Indianapolis, IN 46250) and calibrated against Standard Reference Material 965a from the National Institute of Standards and Technology (NIST), which is traceable to the NIST definitive method for glucose (Isotope Dilution Mass Spectroscopy, IDMS). The laboratory CV for glucose was 1.6%. HbA1c was measured from EDTA whole blood samples by identical ion exchange-based high performance liquid chromatography with the Tosoh 2.2 Plus or the Tosch G7 Glycohemoglobin Analyzer (Tosoh Medics, San Francisco, CA 94080) and calibrated to match the NGSP’s BioRex 70 reference method. The laboratory CV for HbA1c ranged from 1.4%-1.9% 
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(An et al., 2014)
. Creatinine was measured by the Roche enzymatic assay (Roche Diagnostics, Indianapolis, IN46250) and calibrated using a National Institute of Standards and Technology standard traceable to reference material SRM 909b (Isotope Dilution Mass Spectroscopy). The CV for creatinine was 2.3%.

3.4 genotyping method and selection of SNPs

The Human Omni Chip 2.5 v1 (Illumina, CA) genotyping chip was used on genomic DNA extracted from peripheral blood samples. Genotypes for this analysis include all polymorphic single nucleotide polymorphisms (SNPs) annotated as being in the NPPB or NPPA gene regions, which encode for BNP and ANP, respectively. Both NPPB and NPPA genotypes were used since some studies suggest these two genes may share common regulatory sequences (Man et al., 2018). In total, 20 SNPs were pulled from these gene regions. We excluded SNPs whose total number of heterozygotes + minor homozygotes were <10 (N=5). We coded the remaining SNPs (N=15) as 0, 1, 2 based on the number of minor alleles. If the number of minor homozygous genotypes was <10, then we combined the minor homozygote genotype (coded as 2) with the heterozygote genotype (coded as 1) in order to increase power (N=4 SNPs).

3.5 statistical analysis
3.5.1 Heritability of the plasma NT-proBNP

To estimate the heritability of NT-proBNP in the LLFS sample, we used the Sequential Oligogenic Linkage Analysis (SOLAR) program, which applies a variance-covariance method to adjust for family structure (Almasy & Blangero, 1998). In order to meet the normality requirement of the outcome, we excluded one outlier (value=27950 pg/ml) and log-transformed the NT-proBNP values to approximate normality. For all analysis, the base model included adjustment for age, sex, and field center, while the full model further adjusted for BMI, SBP, DBP, antihypertensive therapy, diabetes, MI, AF, and creatinine. Residual genetic heritability of NT-proBNP was calculated using the base and full model adjustments.

3.5.2 Genetic association with NT-proBNP

We used multiple linear regressions to test the association of our selected SNPs (predictors) and logNT-proBNP (outcome) using SOLAR. First, we tested each SNP separately in the fully adjusted model. Then we combined the significant SNPs from step one together into a single model to identify SNPs with independent effects on NT-proBNP. These models were adjusted for the full model.

3.5.3 NT-proBNP associated with CVD

We tested the association of NT-proBNP level (predictor) with CVD outcomes, including SBP, DBP, prevalent hypertension, history of AF, and history of MI using SOLAR to account for family structure. These models were adjusted for the base model.

3.5.4 Genetic association with CVD

Lastly, we tested the association of each SNP that was individually associated with NT-proBNP as a predictor for cardiovascular outcomes (Section 3.5.3) in the base model. We further adjusted any significant finding for NT-proBNP level in order to determine whether or not the association of a SNP with CVD was mediated entirely or partially through NT-proBNP level.

4.0  results

4.1 characteristics of the llfs participants

The 4618 participants from the LLFS in this analysis consisted of 55.1% females and were aged 70.5 years, on average (Table 1). Approximately 7% of participants had a history of AF and 6% had a history of MI. The average SBP and DBP were 131.6 mmHg and 77.1 mmHg, respectively. 50.8% percent of participants had hypertension and 94.9% of them were on anti-hypertensive therapy. The average level of NT-proBNP was 353 pg/ml.

Table 1. Basic Characteristics of LLFS
	Total Participants
	4618

	Age (mean ± SD)
	70.5 ± 15.8

	Female n (%)
	2545 (55.1)

	Proband n (%)
	1574 (34.1)

	Field Center (%)
	Denmark (27.1)

	 
	Boston (26.7)

	 
	New York (20.2)

	 
	Pittsburgh (26.0)

	Hypertension n (%)
	2346 (50.8)

	Anti-hypertension Medication n (%)
	1998 (48.2)

	Diabetes n (%)
	331 (7.2)

	Atrial Fibrillation n (%)
	321 (7.0)

	Myocardial Infarction n (%)
	282 (6.1)

	BMI (kg/m2) mean ± SD
	27.1 ± 4.8

	Creatinine (mg/dl) mean ± SD
	1.1 ± 0.33

	Table 1 Continued

	SBP (mmHg) mean ± SD
	131.6 ± 22.3

	DBP (mmHg) mean ± SD
	77.1 ± 11.5

	NT-proBNP (pg/ml) mean ± SD
	353.5 ± 886.3


BMI: Body Mass Index, NT-proBNP: N-Terminal pro-BNP, SBP: Systolic Blood Pressure, DBP: Diastolic Blood Pressure
4.2 heritability of nt-probnp in the llfs
After adjusting for the base model, the residual heritability of NT-proBNP was 0.21 (Table 2; p=4.83 × 10-13). When further adjusting for the full model, residual heritability of NT-proBNP was 0.22 (Table 2; p=4.83 × 10-13).

Table 2. Heritability of NT-proBNP
	Model
	Base
	Base+8SNPs
	Full
	Full+8SNPs

	N
	4546
	4451
	3870
	3785

	Heritability
	0.208
	0.198
	0.223
	0.206

	H p-value
	4.83 × 10-13
	2.96 × 10-13
	6.16 × 10-13
	8.88 × 10-13

	% explained by covariates
	0.514
	0.524
	0.579
	0.587

	% explained by NPPA/NPPB SNPs
	 
	0.96%
	 
	0.85%


8SNPs: rs17376426  rs1800773  rs198358  rs198372  rs198388  rs198389  rs2077386  rs41300100  rs5063  rs5065  rs5068  rs5229  rs61764044  rs632793  rs6541007 
% explained by SNPs= % explained by covariance (Base+SNPs Model) - % explained by covariates (Base Model)

4.3 snps in the NPPA/NPPb region

In total, 15 SNPs in the NPPA/NPPB region were available in the LLFS and their genotype frequencies are listed in Table 3. Minor allele frequencies ranged from 0.9-44.64% and we used the dominant model for SNPs whose minor homozygote was <10, resulting in 5 SNPs tested in a dominant model and 10 SNPs tested in an additive model. The rs198389, one of the most common SNPs tested in previous studies, had a minor allele frequency of 42.97% in our sample. Whereas, the other commonly tested SNP, rs5063, had a minor allele frequency of 5.49%.

Table 3. SNP Description and Frequencies
	SNPs
	Major/minor allele
	Major homozygote n (%)
	Heterozygote n (%) 
	Minor homozygote n (%)
	Minor allele frequency
	Model 

	rs17376426
	C/T
	4191 (93.0)
	315 (6.99)
	3 (0.07)
	3.56%
	Dominant

	rs1800773
	G/A
	4296 (95.7)
	191 (4.25)
	2 (0.04)
	2.17%
	Dominant

	rs198358
	A/G
	2677 (59.5)
	1562 (34.7)
	260 (5.8)
	23.14%
	Additive

	rs198372
	G/A
	3321 (73.6)
	1079 (23.9)
	111 (2.5)
	14.42%
	Additive

	rs198388
	C/T
	1368 (30.4)
	2255 (50.0)
	885 (19.6)
	44.64%
	Additive

	rs198389
	A/G
	1464 (32.5)
	2216 (49.1)
	830 (18.4)
	42.97%
	Additive

	rs2077386
	G/C
	3464 (76.8)
	980 (21.7)
	68 (1.5)
	12.37%
	Additive

	rs41300100
	C/G
	4423 (98.2)
	79 (1.75)
	1 (0.02)
	0.90%
	Dominant

	rs5063
	G/A
	4104 (91.0)
	395 (8.7)
	12 (0.3)
	4.64%
	Additive

	rs5065
	A/G
	3339 (74.0)
	1049 (23.3)
	123 (2.7)
	14.35%
	Additive

	rs5068
	T/C
	4030 (89.4)
	463 (10.2)
	16 (0.4)
	5.49%
	Additive

	rs5229
	G/A
	4385 (98.1)
	83 (1.9)
	0 (0.0)
	0.93%
	Dominant

	rs61764044
	A/G
	4010 (89.4)
	460 (10.2)
	17 (0.4)
	5.50%
	Additive

	rs632793
	A/G
	1573 (34.9)
	2181 (48.4)
	755 (16.7)
	40.93%
	Additive

	rs6541007
	G/A
	4318 (95.7)
	192 (4.26)
	2 (0.04)
	2.17%
	Dominant


4.4 nppa/nppb snp association with nt-probnp
First, we individually tested each SNP for association with NT-proBNP in the full model and 8 SNPs showed significant associations (Table 4). Entered together, these 8 SNPs accounted for 0.85% of the variance in NT-proBNP in the full model (Table 3). Then we combined all significant SNPs into a single model with full adjustment to identify independent associations and, after a number of iterations, only 2 SNPs were found to be independent predictors of NT-proBNP: rs198389 (p=9 × 10-11) and rs5063 (p=0.02; Table 4). On average, for each copy of the G allele of rs198389, individuals had 3.4% greater NT-proBNP than individuals with the AA genotype. On average, for each copy of the rs5063 A allele, individuals had 2.77% greater NT-proBNP than individuals with the GG genotype.
Table 4. Association Between SNPs and NT-proBNP in Full Models
	 SNPs
	Univariate
	Univariate
	8 SNPs in model
	8 SNPs in model 
	3 SNPs in model  
	3 SNPs in model 
	2 SNPs in model  
	2 SNPs in model 

	
	𝛽
	P-value
	𝛽
	P-value
	𝛽
	P-value
	𝛽
	P-value

	rs17376426
	-0.08
	0.22
	 
	 
	 
	 
	 
	 

	rs1800773
	-0.07
	0.35
	 
	 
	 
	 
	 
	 

	rs198358
	0.09
	0.0004
	-0.07
	0.047
	-0.04
	0.21
	 
	 

	rs198372
	0.05
	0.11
	 
	 
	 
	 
	 
	 

	rs198388
	0.16
	1×10-12
	0.04
	0.61
	 
	 
	 
	 

	rs198389
	0.17
	5×10-14
	0.22
	0.008
	0.17
	4×10-11
	0.16
	1×10-11

	rs2077386
	-0.001
	0.97
	 
	 
	 
	 
	 
	 

	rs41300100
	0.42
	0.001
	0.19
	0.18
	 
	 
	 
	 

	rs5063
	0.21
	0.00007
	0.15
	0.02
	0.16
	0.006
	0.13
	0.02

	rs5065
	0.02
	0.54
	 
	 
	 
	 
	 
	 

	rs5068
	0.12
	0.012
	-0.5
	0.36
	 
	 
	 
	 

	rs5229
	-0.09
	0.45
	 
	 
	 
	 
	 
	 

	rs61764044
	0.13
	0.01
	0.61
	0.27
	 
	 
	 
	 

	rs632793
	0.15
	1×10-10
	-0.09
	0.12
	 
	 
	 
	 

	rs6541007
	-0.07
	0.36
	 
	 
	 
	 
	 
	 


NT-proBNP was modeled as the outcome and the SNPs were the predictors, adjusting for the base model

4.5 nt-probnp association with cvd

Next, we tested the association between NT-proBNP level as a predictor of LLFS characteristics and CVD outcomes in the base model (age, sex, field center; Table 5). NT-proBNP level was most strongly associated with age in the positive direction (p= 1 × 10-307). On average, 1 unit greater logNT-proBNP was associated with ~7.76 years greater age after adjusting for sex and study center. After adjusting for age, sex, and study center, NT-proBNP levels were also positively associated with male sex and creatinine (both P<1×10-17), but were inversely associated with blood pressure, BMI, AF, and MI (all P<0.0001). However, NT-proBNP was not associated with hypertension or T2D in the LLFS.
Table 5. Associations Between NT-proBNP and CVD
	Outcome
	𝛽
	P-value

	Age*
	7.76
	1 × 10-307

	Female**
	-0.16
	3.66 × 10-18

	Hypertension 
	-0.01
	0.55

	SBP
	-0.52
	0.0015

	DBP
	-0.67
	0.00003

	Diabetes
	0.03
	0.29

	Atrial Fibrillation
	-0.46
	2.79 × 10-53

	Myocardial Infarction
	-0.27
	1.95 × 10-20

	BMI
	-0.11
	1.61 × 10-13

	Creatinine
	0.13
	7.42 × 10-27


logNT-proBNP was modeled as the predictor per 1 log(pg/ml) in the base model adjusted for age, sex, and study center. 

*Results for age were adjusted for sex and study center

**Results for sex were adjusted for age and study center

4.6 genetic association with cvd

We then tested the associations between the 8 SNPs associated with NT-proBNP levels and CVD outcomes, including SBP, DBP, hypertension, AF, and MI, adjusting for the base model (Table 6). Three SNPs were significantly associated with AF (rs198358, rs198388, and rs632793; all P( 0.05), wherein the presence of the minor allele was associated with lower odds of a history of AF. Also, the minor allele of rs632793 was associated with lower SBP (P=0.01). After further adjustment for NT-proBNP level (Table 7), the associations between SNPs and AF were attenuated and not significant; but, the association of rs632793 with SBP was significant independent of NT-proBNP level. 
Table 6. Associations Between SNPs and CVD in Base Models
	SNP
	SBP
	DBP
	Hypertension
	AF
	MI

	
	𝛽
	P
	𝛽
	P
	𝛽
	P
	𝛽
	P
	𝛽
	P

	rs198358
	-0
	0.91
	-0.08
	0.79
	0.05
	0.15
	-0.12
	0.025
	0.02
	0.68

	rs198388
	-0.03
	0.16
	-0.3
	0.22
	0.02
	0.45
	-0.09
	0.05
	0.05
	0.28

	rs198389
	-0.04
	0.08
	-0.36
	0.15
	0.03
	0.29
	-0.08
	0.1
	0.006
	0.9

	rs41300100
	-0.09
	0.41
	-0.92
	0.48
	0.05
	0.74
	-0.08
	0.74
	0.3
	0.26

	rs5063
	0.03
	0.53
	-0.83
	0.15
	0.02
	0.79
	0.06
	0.61
	-0.03
	0.75

	rs5068
	-0.07
	0.15
	-0.03
	0.96
	0.04
	0.49
	-0.16
	0.09
	0.07
	0.51

	rs6174044
	-0.07
	0.11
	-0.14
	0.8
	0.06
	0.38
	-0.16
	0.09
	0.05
	0.59

	rs632793
	-0.05
	0.01
	-0.56
	0.02
	0.05
	0.07
	-0.09
	0.05
	0.05
	0.32


Table 7. Associations Between SNPs and CVD Adjusting for NT-proBNP Levels

	SNP
	AF without NT-proBNP
	AF with NT-proBNP
	SBP without NT-proBNP
	SBP with NT-proBNP

	
	𝛽
	P-value
	𝛽
	P-value
	𝛽
	P-value
	𝛽
	P-value

	rs198358
	-0.12
	0.025
	-0.1
	0.06
	 
	 
	 
	 

	rs198388
	-0.09
	0.05
	-0.05
	0.26
	 
	 
	 
	 

	rs632793
	-0.09
	0.05
	-0.07
	0.18
	-0.05
	0.01
	-0.05
	0.03


5.0  disscussion

5.1 summary of the results

We found that NT-proBNP is significantly heritable (H2r=0.22) and that there were 8 SNPs in the NPPA/NPPB region that were associated with NT-proBNP, accounting for ~1% of the variance in NT-proBNP. The minor alleles of rs198389 and rs5063 were independently associated with greater NT-proBNP level adjusting for the full model. Additionally, NT-proBNP was positively associated with age, female sex, and creatinine, but negatively associated with BMI, blood pressure, AF, and MI. Along those lines, the minor alleles of rs198358, rs198388, and rs632793 were inversely related to risk of a history of AF, but were not independent of NT-proBNP level. However, the minor allele of rs632793 was inversely associated with SBP and this association was independent of NT-proBNP level, suggesting that the effect of SBP from rs632793 was not mediated entirely by NT-proBNP levels.

5.2 comparision with the previous literature

The results were consistent with the previous findings that NT-proBNP was heritable (H2r=0.21 in our sample and H2r=0.34 in the previous literature) (Wang et al., 2003) and that the minor alleles of the common SNPs around NPPA/NPPB genes were associated with the higher NT-proBNP level 
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(Costello-Boerrigter et al., 2011; Ellis et al., 2011; Lajer et al., 2007; Seidelmann et al., 2017)
. The results were similar with previous studies that NT-proBNP was positively associated with age (Redfield et al., 2002) and kidney disease 
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(Takase & Dohi, 2014)
, and was inversely associated with BMI (Park et al., 2009), and that the minor alleles of SNPs were associated with lower risk of CVD 
 ADDIN EN.CITE 

(Ellis et al., 2011)
.

Although the SNPs independently associated with a higher NT-proBNP level (rs198389, rs6063) were not found to be associated with lower risk of CVD, the SNPs that were associated with lower CVD risk (rs198358, rs198388, rs632793) did show individual association with NT-proBNP. The SNPs associated with lower risk of CVD were also associated with increased NT-proBNP levels, even though the effect that SNPs had on NT-proBNP was not the largest. Other studies have shown that there is significant correlation with the NPPA/NPPB region, such that the SNPs within NPPB like rs198389, rs632793 and rs198388 are highly correlated, and SNPs within NPPA like rs5063 and rs198358 are highly correlated 
 ADDIN EN.CITE 

(Newton-Cheh et al., 2009)
. This suggests that it is unlikely for any single SNP to be consistently related to both NT-proBNP levels and CVD risk across studies and, generally, our findings are in line with previous reports.

The seemingly counterintuitive association between SNPs associated with higher NT-proBNP level and lower risk of CVD outcomes may be easier to understand if we separate those findings based on the relationship between greater NT-proBNP due to genetic determinants versus disease (Figure 2). The paper from Seidelmann et al., which studied the change of NT-proBNP and disease development concluded that the rs198389 G allele was associated with elevated NT-proBNP level throughout adult life and NT-proBNP levels had a U shaped association with systolic blood pressure, which supports this explanation 
 ADDIN EN.CITE 

(Seidelmann et al., 2017)
. Both CVD conditions and genetic factors can regulate or be regulated by NT-proBNP level. Initially, BNP is protective from CVD, such that a lower value is beneficial, but when CVD is present and/or progresses, the body will up-regulate the expression of BNP in order to relieve the symptoms of CVDs 
 ADDIN EN.CITE 

(Seidelmann et al., 2017)
. Therefore, in patients with CVD, greater BNP is indicative of disease and fits with our results. In our cohort sample of generally healthy, older adults with low burden of CVD, we found that SNPs associated with a greater NT-proBNP level were associated with lower presence of CVD conditions.
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Figure 2. Association of NT-proBNP with CVD from genetics and clinics perspective
5.3 strengths
This study has several strengths. First, the family study design of LLFS allows us to calculate the heritability of NT-proBNP and is only the second study to do so. Also, we accounted for family structure using the SOLAR program. There was also a large sample size (N=4618) and high participation rate 4618 out of 4953 subjects in LLFS for this analysis. We also used the best, most reliable assay for NT-proBNP measurement and showed high reliability in our laboratory measures. Lastly, we looked at multiple SNPs (N=15) across the NPPA/NPPB region instead of only a single candidate SNP. This allowed for the identification of a number of SNPs with significant association with either NT-proBNP or CVD conditions which would have otherwise been missed.

5.4 limitations

However, this study is not without limitations. First, we did not include formal adjustment for multiple comparisons. However, the 2 SNPs that showed independent associations with NT-proBNP level both had a p-value < 0.025, which is the Bonferroni adjusted p-value for those tests. Second, we did not include a meta-analysis or replication cohort to verify our findings, although our results were in line with those of previous studies. Third, LLFS lacks longitudinal data for NT-proBNP level; thus, we cannot analyze the association of change in NT-proBNP with future disease risk. Fourth, as age is the most potent determinant of NT-proBNP level, our samples included two generations and a wide range of ages. The inclusion off the older ages, who would be more likely to have CVD, may have attenuated the genetic association with NT-proBNP level. Lastly, we limited our study to the SNPs around the NPPA/NPPB region on chromosome 1. However, SNPs in other regions, such as rs11105306 located on chromosome 12 and rs13107352 located on chromosome 4 have also been shown to be associated with the plasma NT-proBNP levels 
 ADDIN EN.CITE 

(Johansson et al., 2016)
.

5.5 conclusion

We found that NT-proBNP is significantly heritable in the LLFS. We also identified rs198389 and rs5063 to be independently associated with NT-proBNP, whereas rs198358, rs198388, and rs632793 were associated with CVD conditions and NT-proBNP levels. We showed that while high BNP is used clinically to indicate cardiovascular disease, SNPs associated with greater NT-proBNP were associated with a lower presence of CVD conditions. However, this seemingly counterintuitive result is consistent with previous reports and highlights the complex relationship and likely feedback loop of BNP and cardiovascular disease.
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