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Calcification of large arteries is a high-risk factor in the development of cardiovascular diseases, however, due to the lack of routine monitoring, the pathology remains severely under-diagnosed and prevalence in the general population is not known. We have developed a set of machine learning methods to quantitate levels of abdominal aortic calcification (AAC) in the UK Biobank imaging cohort and carried out the largest to-date analysis of genetic, biochemical, and epidemiological risk factors associated with the pathology. In a genetic association study, we identified three novel loci associated with AAC (FGF9, NAV9, and APOE), and replicated a previously reported association at the TWIST1/HDAC9 locus. We find that AAC is a highly prevalent pathology, with ~ 1 in 10 adults above the age of 40 showing significant levels of hydroxyapatite build-up (Kauppila score > 3). Presentation of AAC was strongly predictive of future cardiovascular events including stenosis of precerebral arteries (HR~1.5), myocardial infarction (HR~1.3), ischemic heart disease (HR~1.3), as well as other diseases such as chronic obstructive pulmonary disease (HR~1.3). Significantly, we find that the risk for myocardial infarction from elevated AAC (HR ~1.4) was comparable to the risk of hypercholesterolemia (HR~1.4), yet most people who develop AAC are not hypercholesterolemic. Furthermore, the overwhelming majority (98%) of individuals who develop pathology do so in the absence of known pre-existing risk conditions such as chronic kidney disease and diabetes (0.6% and 2.7% respectively). Our findings indicate that despite the high cardiovascular risk, calcification of large arteries remains a largely under-diagnosed lethal condition, and there is a clear need for increased awareness and monitoring of the pathology in the general population.
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Introduction

Vascular calcification—pathological deposition of hydroxyapatite crystals can occur throughout the vascular system, including large arteries such as the aorta, carotids, and tibial arteries, as well as in smaller vessels such as coronary arteries and skin capillaries. It commonly occurs in the elderly and in individuals with pre-existing conditions such as end-stage renal disease (ESRD) and diabetes (1). The etiology of vascular calcification is not well understood, but at least two distinct forms are known to exist—intimal layer calcification associated with atherosclerotic plaque and medial layer calcification internal to the tunica media layer of blood vessels. Intimal layer calcification is attributed to inflammatory hypercholesterolemia and calcification of plaque deposits, while medial layer calcification is attributed to the growth of hydroxyapatite crystals within the blood vessel walls as a consequence of hyperphosphatemia and/or hypercalcemia (2, 3).

Although calcification can be found in all major arterial vessels, it has been most extensively measured in high CVD risk subpopulations in the coronary arteries via computed tomography measurement and in the carotid artery via ultrasound measurement. At these sites, the severity of pathology was found to be a prognostic indicator of poor cardiovascular outcomes (4–6). However, largely due to the lack of routine monitoring, little is known about the prevalence of pathology at other sites. For example, abdominal artery calcification (AAC) is typically only detected as an incidental finding in the spine computed tomography (CT) or Dual-Energy X-ray Absorptiometry (DEXA) scans aimed at the measurement of spine bone mineral density (BMD) and fractures.

In this study, we present the largest epidemiological and genetic analysis of abdominal artery calcification (AAC) to date. Our analysis is based on imaging data from UK Biobank (UKBB). Unlike disease-enriched cohorts, the UKBB cohort is largely representative of the middle-older aged (40–70 yr) UK population, although with a bias toward healthier volunteers (7). To date, more than 40,000 DEXA scans have been collected and up to 100,000 will be collected in the next 5 years. Although these scans were not originally designed to look for pathological calcification, using machine learning (ML), we developed a fully automated methodology for detection and quantification of AAC in lateral DEXA scans. The baseline and imaging visits in UKBB are on average 8 years apart, thus the dataset provides a unique opportunity to investigate factors that contribute to the development of AAC pathology, as well as the possibility to look at outcomes that are associated with the presence of pathology.

Our analysis shows that AAC (i) is a highly prevalent pathology, (ii) occurs in the absence of traditional risk factors such as hyperphosphatemia and CKD, (iii) is a strong predictor of multiple cardiovascular and respiratory diseases, (iv) contributes to MI events independently of LDL and statin usage. In addition, we also perform a genome-wide genetic association study (GWAS) of AAC in the UKBB and meta-analysis with data from the CHARGE consortium, identifying three novel genetic risk factors linked to AAC pathology.



Materials and methods


Study population: DEXA imaging subcohort of UK Biobank

The UKBB imaging study aims to generate detailed images on 100,000 of the ~500,000 total UKBB participants by 2023 (8). These images span a variety of modalities including lateral spine DEXA scans. From 2014 to February 2020, 48,705 participants participated in the imaging cohort (Figure 1). The current analysis includes a subset of 38,264 participants for whom lateral spine DEXA imaging scans were available at the first imaging visit (Lunar iDXA densitometer; GE Healthcare, Chicago, Illinois)—subsequently referred to as the calcification subcohort. We characterized the entire UKBB cohort and calcification subcohort across a variety of biochemical and physiological measures ascertained at the baseline visit (2006–2010) and at the imaging visit (2014+).


[image: Figure 1]
FIGURE 1
 Overview of analysis and study population. This study focuses on the subset of ~40K individuals with lateral spine DEXA scans collected during the first imaging visit to UK Biobank. Machine learning algorithms enabled automatic quantification of aortic calcification across the majority of participants (~38K). We characterized genetics (GWAS, RVAS, fine mapping, colocalization, genetic correlations), epidemiological, and prospective disease outcomes post-imaging visit. Using statin prescription data and LDL measurements, we further investigate the contribution of AAC as an independent predictor of Myocardial infarction.


We calculated the percentage of participants with comorbidities based on inpatient hospital records (ICD10 only; main or secondary diagnoses; Field 41270) at any time prior to the baseline visit, and also at any time prior to the imaging visit for the calcification subcohort. Compared to the entire UKBB cohort, the calcification subcohort exhibited slightly fewer comorbidities (Table 1). Within the calcification subcohort, comorbidities increased in the ~8 years that spanned between recruitment and imaging recall. Overall, the calcification subcohort was mostly free of inpatient diagnosis with only 2.7% of participants diagnosed with diabetes and 0.6% with CKD (Table 1).


TABLE 1 Baseline characteristics of the UK Biobank (UKBB) cohort and the calcification subcohort.
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Manual annotation of abdominal aortic calcification in DEXA

To quantitate the extent of calcification in the abdominal aorta we adopted a scoring system developed by Kauppila and coworkers (9). Briefly, the calcification score is computed in the lumbar spine area (L1 to L4 vertebra), by manually scoring the visible amount of calcification in the anterior and posterior wall of the abdominal aorta (Figure 2A). The calcification score of each vertebral section ranges from 0 to 3. Score 0 represents without any calcification; score 1 represents calcification length <1/3 of the vertebra; score 2 represents the calcification length spanned from 1/3 to 2/3 of the vertebra; score 3 represents calcification length greater than 2/3 of the vertebra. The scores from L1 to L4 are summed to calculate the total AAC score with a maximum of 24. In practice, the level of calcification in the L1-L2 region can be hard to ascertain/distinguish from the background, and scores are driven by calcification in the L3-L4 region.


[image: Figure 2]
FIGURE 2
 Schematic of the machine learning pipeline to quantify AAC. Overview of the two independent machine learning pipelines used to quantify AAC. Lumbar vertebra detection (blue). And extracted aortic regions are highlighted in orange. An ensemble AAC score, combining predictions from both pipelines, performed the best on the validation dataset. (A) Representative DEXA scan (manual annotation score = 15). (B) Pipeline 1: Segmentation of the lower spine using U-Net architecture (blue). (C) Pipeline 2: Object detection–box segmentation of individual lumbar vertebrae (blue). (D) AAC scores are quantified using a neural network (NN) based regression against human-derived aortic calcification scores.


Four annotators independently scored 1,300 random images using the 24-point scheme as described above. Quantitation of AAC in noisy DEXA imaging is a challenging task and there was significant variability between annotators (mean absolute error ranging from 0.66 to 1.49, Supplementary Figure S1). However, intra-annotator variability did not have a large effect on the median annotation scores (Pearsons' correlation 0.93, Supplementary Figure S2). Subsequently, the median annotation values for 1,000 images were used for training and testing machine learning models, and the remaining 300 images were used for validation (see Supplementary material).



Scoring AAC using machine learning models

For the ML models, we first considered a single-step regression model to directly predict AAC scores from the images; however, such an approach performed poorly due to substantial background noise within the DEXA images (Supplementary Figure S3). To address the noisy image issue, we developed a step-wise approach to score aortic calcification levels only in the lumbar spine region. The steps in the pipeline were as follows:

1. Segmentation of the lower spine region—pelvis and lumbar vertebrae.

2. Localization of the aortic region using a spine-curve fitting method.

3. Regression on the localized region to predict the calcification levels from the aortic region.

We evaluated two independent machine learning approaches for each step, the first was based on an image segmentation model and the second was based on an object detection model (Figure 2). The overall performance of each pipeline was dependent on the accuracy of each step in the pipeline (Supplementary Figures S4–S9), but both approaches achieved similar accuracy on the test dataset (Pearson's correlation ~ 0.6). The ensemble score, generated by averaging the score of each pipeline, exhibited the best performance on the test dataset (Pearson's correlation ~ 0.67 and mean absolute error ~1.27; Figure 3, Supplementary Table S3). We therefore used the ensemble method to predict AAC scores in the whole imaging dataset.


[image: Figure 3]
FIGURE 3
 Comparison of machine learning based AAC scores to manually annotated AAC scores. (A) Correlation of manually annotated calcification scores with ensemble machine learning (ML) scores on the 300 images in the validation set. (B–D) Comparison of ML and manual scores for participants with low, medium and high levels of calcification within the test dataset.


Full details of the machine learning methodology can be found in the supplement. Open source code is freely available in the GitHub repository https://github.com/calico/AAC_scoring.




Results


Calcification of abdominal aorta is a highly prevalent pathology

The distribution of the calcification score across 38,264 participants is shown in Figure 4A—the distribution is skewed toward low values (mean ~1.47, std.dev ~1.49), with the majority of participants (~88%) having no detectable or mild calcification (score <3). We find that ~11.6% of the population falls into a long tail above 1 standard deviation (score > 3). To make sure that ML derived prevalence distribution was not biased, we compared it to the distribution of manually annotated calcification levels from 1,300 randomly chosen scans. Similar to ML, in manually annotated scans a similar fraction (~10.4%) had moderate to high calcification (AAC score > 3).
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FIGURE 4
 AAC Prevalence. (A) Distribution of predicted AAC scores across 38,264 participants. The red line shows calcification score at mean plus one standard deviation (score ~ 2.93). (B) Relationship between predicted AAC scores and age of the participants. There is a clear age-dependent increase in calcification in each age strata, with the median value, variance, and the number of extreme cases increasing across both sexes.


Both the severity of calcification and the number of extreme cases increase sharply as a function of age. The trend is similar for both men and women across age groups (Figure 4B). While it is known that the prevalence of medial layer calcification in patients with end-stage renal disease (ESRD) and diabetes can be as high as 41% (2), we were surprised to observe such high prevalence in the general population given that only 3.3% of the UKBB cohort has kidney disease and diabetes at baseline.



AAC is a prognostic risk factor of future cardiovascular events

We further investigated the effect of AAC as a prognostic factor for the development of a broad spectrum of diseases in EHR records. In the UKBB, EHR records are encoded using ICD10 diagnostic codes and extend to approximately 2.9 years post imaging visit (median follow-up time). To get a more functional categorization of diseases we converted ICD10 to Phecode disease codes (10). We estimated the hazard of AAC using a Cox proportional hazard (CoxPH) model (11) using multivariate models. In total 174 disease classes were evaluated (Supplementary Table S14).

We calculated time-to-event as the time between the time of imaging visit and the first occurrence of disease (for participants without prior history of disease), thus allowing us to establish a predictive value of AAC for time to disease occurrence. We considered two models: (i) adjusted for age and sex (Model 1) and (ii) adjusted for age, sex, BMI, socioeconomic status, race, and smoking (Model 2). Among environmental factors, both former and current smoking was the strongest predictor of AAC with an effect size comparable to age (beta ~ 0.12, Supplementary Figure S14). As smoking is also a well-known risk factor in multiple diseases, it was important that we include this adjustment in assessing the independence of AAC signal in disease outcomes. All p-values were calculated using the two-tailed t-statistic and corrected for multiple testing using Bonferroni correction. Significantly associated diseases (pBf < 0.05) are shown in Figure 5, and representative survival curves in Figure 6.


[image: Figure 5]
FIGURE 5
 CoxPH association of AAC with prognosis outcomes. Forrest plot shows hazard ratios for statistically significant disease associations after multiple hypothesis testing. The blue dots represent the mean hazard ratio, the error bars represent 95% confidence intervals. We tested 174 diseases with more than 25 events post-baseline for association with AAC using the Cox PH model. Only 10 associations that passed multiple hypothesis tests in model 1 were reported here. The number of events post-baseline for all tested diseases can be found in Table S14. (Methods Section “Prognostic analyses of aortic calcification”).



[image: Figure 6]
FIGURE 6
 AAC is a prognostic risk factor for a large class of cardiovascular and respiratory outcomes. Cumulative density plots for statistically significant (pBf < 0.05) AAC disease associations—post imaging visit follow-up time. Population stratified into risk groups based on AAC levels—green (highest 10%, AAC score > 3), red (lowest 10%, AAC score ~0), blue (10–90% AAC). The shaded regions represent the 95% confidence interval for each subset of participants.


We find that calcification is a significant risk factor for 10 disease conditions, including multiple cardiovascular diseases such as occlusion of precerebral arteries (HR~1.5), nonrheumatic aortic valve disorders (HR~1.35), myocardial infarction (HR~1.36), chronic ischemic heart disease (HR~1.3), heart failure (HR~1.25), angina pectoris (HR~1.2), hypertension (HR~1.15), emphysema (HR~1.45), COPD (HR~1.3), and emphysema (HR~1.5). While some conditions such as stroke, aortic valve disorders, and MI have been linked to AAC before (12–16), to our knowledge this is the first time AAC has been implicated as a prognostic predictor of respiratory disorders. The mechanism by which lung associations are arising is not clear, while it is possible that calcification of arteries might be affecting lung function, it is also possible that a shared environmental risk factor such as smoking is independently contributing to both development of AAC, CVD, and lung function decline.



Physiological and biochemical predictors of AAC levels

To get further insight into physiology that might be contributing to the development of AAC, we evaluate all blood biochemistry, CBC, and physiological measures collected at the UKBB baseline for an association with AAC at the imaging visit (~ 8 year follow up). All statistically significant associations (pBf < 0.05), adjusted for age and sex, are shown in Figure 7 and Supplementary Figures S6, S12.
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FIGURE 7
 Association of AAC with (A) molecular biomarkers, and (B) physiological parameters. Briefly, AAC is modeled as a linear function of each covariate adjusted for age + sex (model1) and age+sex+confounders (model2). The blue dot represents the mean effect size per standard deviation of different covariates while error bars represent the 95% confidence interval. With the exception of LDL and cystatin C, only covariates that passed multiple hypothesis testing in model 1 are shown (Bonferroni corrected p <1.2e-4; see Methods Section Results). We include LDL and cystatin C as they are discussed in the text. Age during imaging visits was used to adjust for calcification levels. All other covariates and measurements were taken during the baseline visit.


Increased intima medial thickness (IMT) of the carotid artery was the strongest risk factor linked to AAC. It is possible that increases in IMT is due to a combination of plaque buildup and/or buildup of calcium deposits within this artery, but at this point, it is hard to know which component is the causal factor. We also observed a strong association between increased Systolic BP and AAC. The combination of higher IMT and Systolic BP provides a plausible mechanism by which AAC might be contributing to increasing cardiovascular events.

Among biochemical factors, increased levels of Hemoglobin A1C, glucose, phosphate, and triglycerides were the strongest predictors of AAC (Figure 7, Supplementary Figures S12, S13). While we cannot rule out reverse causation, this finding suggests that diabetes is a significant contributor to the development of AAC (Supplementary Table S5). In contrast to other studies that looked at calcification in the CKD context, we find that the majority of participants (~96.8%) with significant AAC do not have elevated levels of creatinine and cystatin C levels, and are not hyperphosphatemic (serum phosphate > 1.46mM/liter, Figure 8, Supplementary Figure S16). In fact, we observe that AAC is anticorrelated with creatinine levels (pBf = 3.03e−7).


[image: Figure 8]
FIGURE 8
 Distribution plots for a selected set of biomarkers plotted as a function of calcification severity. Elevated HgA1c and phosphate were the strongest biochemical predictors of AAC identified in adjusted regression models. LDL and kidney biomarkers (Vitamin D, Creatinine, Cystatin C, eGFR are not statistically significantly associated with AAC after age adjustment (see Figure 7).


To further elucidate the relationship between kidney function and AAC, we estimated glomerular filtration rate (eGFR) from the cystatin C levels for all participants (pBf = 1) (Supplementary material). Across the first four quintiles of AAC, eGFR estimates were within normal kidney function ranges (eGFR ~90, Supplementary Figure S17). The participants in the highest quintile of AAC showed slightly reduced kidney function (eGFR ~80). Given the low prevalence of CKD in this cohort (< 0.5%), this observation suggests that the majority of people who develop calcification do so in the background of normal functional kidneys.

To further confirm the validity of these findings, we carried out a replication study of biochemical associations in the Osteoporotic Fractures in Men (MrOS) cohort (17). The MrOS study is a multi-center prospective, longitudinal, observational study designed to examine risk factors associated with longer term health outcomes in eldery men. In MrOS, AAC was evaluated for the risk of a hip fracture among 5,400 men with baseline lateral DXA scans using the same Kauppila score measure as in this manuscript (17). All major UKBB findings were confirmed in the MrOS cohort, including: (i) increased levels of AAC with phosphate, (ii) increased levels of AAC with HbA1C, glucose, triglycerides, (iii) increased levels of AAC with systolic blood pressure, and (iv) anticorrelation with creatinine and HDL (Supplementary Figure S13).

The overall picture that emerged from this analysis is that aging of arteries, diabetes/pre-diabetes, and elevated serum phosphate are the greatest risk factors for the development of AAC.



AAC is an LDL-independent risk factor for myocardial infarctions

Another possibility is that calcification might be occurring secondary to hypercholesterolemia. In the analysis of biochemical factors, we observed that AAC is anticorrelated with HDL (pBf=2.46e−9) and is not associated with LDL (pBf = 1). The prevalence of diagnosed hypercholesterolemia in the cohort was <6.5%, strongly suggesting that calcification can occur independently of LDL. However, it is also possible that lack of association might be due to the use of statins—which lowers observed LDL levels in high-risk CVD population.

To investigate this possibility, we developed a number of multivariate survival models of myocardial infarction (MI) with and without statin adjustments, and jointly model MI risk with adjusted LDL levels and AAC. Since LDL was measured at the baseline visit and AAC was assessed at the imaging visit, we repeated the analysis starting from both the baseline visit (Figure 9) as well as the imaging visit, and observed similar results (Supplementary Figure S26).
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FIGURE 9
 Comparison of AAC and statin-adjusted LDL hazards on Myocardial Infarction Outcome. We compared the hazard ratios for AAC, LDL, and triglycerides using a multivariate CoxPH model with age and sex covariates. (A) Complete cohort- a whole cohort with no statin adjustment. (B) Non-statin users only. (C) The whole cohort after adjusting for statin using method 1—assumes that LDL levels are reduced by 1.25 mmol/L in statin users. (D) The whole cohort method 2—assumes that LDL levels are reduced by 35% in statin users. (E) The whole cohort imputation of LDL levels is based on remaining biomarkers and physiological measurements. The blue dots represent the mean hazard ratio, while error bars represent 95% confidence intervals. The interaction term between LDL and calcification is starred. This analysis was done with 11.8 years of median follow-up time post-baseline visit during which LDL was measured.


Approximately 15% of the UKBB cohort is taking statins. To obtain an unbiased estimate of LDL effect on MI risk, we estimated LDL risk after adjusting for statin usage using three different models (Supplementary material, Supplementary Figure S23). In model #1, we adjusted the LDL and triglycerides levels for statin users by increasing measured LDL and triglycerides by 1.25 mmol/L (18) (Figure 9C). In model 2, similar to the model #1, LDL and triglycerides were increased by a relative increase of 54% in statin users (18) (Figure 9D). In model #3, we imputed the untreated LDL and triglyceride levels for statin users based on blood pressure, pulse, age, sex, and non-lipid molecular biomarkers (Figure 9E). For non-statin users, LDL and triglyceride levels were maintained as measured at the baseline (Figure 9B).

In all statin-adjusted models, MI risk associated with severity of AAC (HR~1.4 per standard deviation) was comparable to LDL risk (HR~1.4 per standard deviation). We did not find evidence for an interaction between LDL and AAC (p > 0.05) in any of the models, suggesting that AAC is a hypercholesterolemia-independent risk factor for MI. These results are also consistent with our genetic analysis which did not find a genetic correlation between AAC and lipid biomarkers (Figure 10C; Supplementary Table S10). In all statin-adjusted models, we found that the adjusted LDL and triglyceride levels deconfounded the effect of statins on MI (LDL HR ~1.4 without statin adjustment, and LDL HR ~1.2 with statin usage).
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FIGURE 10
 Genetic analysis of AAC. (A) GWAS Manhattan plot. Association of each SNP -log(p-values) ordered by chromosome. Genome-wide significance cut-off (p-value 5 x 10−8) is shown as a red line. (B) Approximate standardized effect size estimates for the UK Biobank data, CHARGE consortium data, and the meta-analysis at the four genome-wide significant loci in this study, and one additional locus previously reported by CHARGE. (C) Genetic correlation and p-value for correlation between AAC and other complex traits. X-axis: Estimated correlation. Y-axis: -log10(p-value). The horizontal line is at the Bonferroni-corrected p-value threshold.


We also assessed the risk of AAC for MI events in a subgroup of participants who do not take statins. Nonusers are expected to represent a healthier CVD subpopulation. In this group, AAC is still a significant risk factor for MI (HR~1.4), a value that is comparable to LDL (HR~1.4), with no significant interaction detected between LDL and AAC (p > 0.05). Overall, all models of AAC-LDL interaction constantly showed calcification of the abdominal artery as an LDL-independent risk factor for acute MI outcomes, indicating that risk associated with calcification cannot be addressed by the use of statins.



Identification of AAC genetic risk factors

To identify genetic factors that may contribute to AAC, we performed rare and common variant genome-wide association studies. For the common variant association study (Figure 10, Supplementary Figure S24), we tested 9,572,557 single-nucleotide variants or polymorphisms (SNPs) with minor allele frequency at least 1% across 31,786 participants (Methods). We estimated the SNP-based heritability to be 12.4% (s.e. 1.7%; Methods). To increase our power to identify genetic effects we combined these summary statistics with those from a previous AAC study (19), conducted by the Cohorts for Heart and Aging Research in Genome Epidemiology (CHARGE) consortium (20), and performed a meta-analysis spanning 6,360,639 SNPs and 41,203 participants (Supplementary Table S9).

We identified four loci associated with AAC (p <5x10-8; Figure 10A). We did not detect any rare variant associations. To gain insight into a potential biological mechanism(s), we carried out three types of genetic analysis. First, we fine-mapped independent signals and potential causal variants within each associated locus. Second, we identified other traits that likely share the same underlying causal variant, performing a colocalization analysis with other UKBB phenotypes. Third, we looked for colocalizing expression quantitative trait loci (eQTLs) across 48 tissues to identify candidate effector genes. The full list of methods can be found in the supplement.

A set of consistent associations between UKBB and CHARGE consortium are summarized in Table 2 and the Supplementary Functional Analysis of GWAS Associations section. We successfully replicated a strong association at the TWIST1/HDAC9 locus (lead SNP, rs2107595 p = 1.47x10−20). TWIST1 is a regulator RUNX2, a key transcription factor responsible for the differentiation of osteoblasts. This locus has been linked to several cardiovascular traits including ischaemic stroke (21, 22) in large and small vessels (23, 24), coronary artery disease (CAD) (23), peripheral artery disease (25, 26), blood pressure (25, 27–29), pulse pressure (30), and MoyaMoya disease (31). This signal colocalizes with the expression of TWIST1 in the aortic artery, but not the expression of HDAC9 in any of the tissues considered. Based on tissue colocalization and expression analysis, it is likely that the TWIST1 gene is responsible for the association, but the role of HDAC9 cannot be ruled out (Supplementary Figures S19–S21).


TABLE 2 Summary of genome-wide significant associations identified in a metaanalysis of 31,786 UK Biobank participants and 9,417 CHARGE participants.
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In addition to the TWIST1/HDAC9 locus, we identified three novel loci (FGF9, NAV1, and APOE) associated with AAC, although it remains unclear mechanistically how they may be involved. We found signals for genetic colocalization of FGF9 and NAV1 with cardiovascular tissue. FGF9 and NAV1 have been implicated in the abdominal aortic aneurysm (32) and aortic valve stenosis (33) respectively, which may indicate the observed calcification is systemic and not isolated to the abdominal aorta.

To understand which tissues/cell types might be involved in the development of AAC, we partitioned the overall SNP-based genetic heritability across the genome using different tissue and cell type annotations derived using chromatin marks and marker genes (Supplementary material). After multiple hypothesis correction, we found enrichment of AAC heritability in blood vessels, vascular endothelial cells, arteries, fat-related tissues, as well as a number of other tissues (FDR <5%; Supplementary Figure S19).

Finally, we calculated the genetic correlation between AAC and 773 other traits to understand the extent to which genetic factors are shared between AAC and other phenotypes (Methods). After adjustment for multiple testing (p < 6 x 10−5), we found that AAC is genetically correlated with cardiovascular-related diseases (hypertension, angina, heart attack, and ischaemic heart disease) and medications (cholesterol-lowering medication, aspirin, and blood pressure medication) (Figure 10C, Supplementary Table S10). These results are largely consistent with the correlations we observe with physiological traits. For instance, we do not observe a phenotypic association between hyperlipidemia and AAC, nor do we observe a genetic correlation between AAC and lipid levels.

In summary, our genetic analysis implicates three novel genes (FGF9, NAV1, and APOE) in the pathogenesis of AAC and confirms one known association (TWIST1/HDAC9). Both heritability enrichment and expression colocalization analyses point to a key role for vascular tissue in the pathogenesis of vascular calcification.




Discussion

In this study, using image-based machine learning methodology, we quantified AAC from 38,264 participants from a UK Biobank, the largest scale analysis of pathology to date. While the prevalence and heritability of AAC has been previously investigated in smaller longitudinal cohorts (34, 35), the pathology has never been studied at scale in healthy individuals. We found that calcification of the abdominal aorta is a common pathology with a relatively high prevalence in the general population (>10% of participants). Both men and women were affected to the same extent and with similar aging trajectories.

Consistent with previous reports on AAC, we found that the presentation of AAC is strongly predictive of poor outcomes across disease space—linked to increased incidence of multiple diseases, including future myocardial infarctions, chronic ischemic heart disease, and heart failures (36). Intriguingly, we also observed an association of AAC with poor respiratory outcomes such as COPD and emphysema, suggesting that consequences of AAC extend beyond the cardiovascular space. It is unclear how such a broad set of negative outcomes can be explained. It is possible that calcification of large arteries causes decreased vessel plasticity, resulting in increased systolic blood pressure, and broad stress across the entire cardiovascular system. It is also possible that AAC is a readout of calcification in other smaller blood vessels, and as such, it is not a direct contribution to CVD, but rather an indicator of calcification in other sites. Unfortunately, due to the high noise and low resolution of the DEXA scans, detection of calcification in the smaller vesicles cannot be easily achieved.

The etiology of AAC is not well understood. Vascular calcification can arise as a complication of diabetes and chronic kidney disease (1); however, in this study, we find that the vast majority of individuals with calcified arteries do not display signs of kidney damage. We observed that the severity of AAC is strongly associated with elevated serum phosphate, calcium, and diabetic biomarkers, even though the levels of these biomarkers would be considered within clinically normal ranges. The association of normal but elevated phosphate to AAC is consistent with similar observations made in the Framingham Offspring Study (37) that the risk of cardiovascular disease increases with phosphate levels even in the absence of hyperphosphatemia. It is plausible that over the lifetime of individuals even small but systemic elevation of phosphate contributes to the development of AAC. An overall summary of the core identified associations is illustrated in Figure 11.
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FIGURE 11
 Summary of statistically significant risk factors associated with the development of AAC in the UK Biobank Imaging Cohort. Positive associations are shown as “+” arrows, and negative associations are shown as “-” arrows. Age, smoking, diabetic/pre-diabetic state, and elevated plasma levels of Ca/PO4 are the biggest risk factors for the development of AAC. Notably, reduced kidney function and elevated LDL were not associated with increased AAC. A strong positive association between AAC and poor future CVD outcomes could arise through a combination of direct effects on vascular structure, indirect effects such as loss of vessel compliance and increased hypertension, or through induced correlation with calcification in other vascular sites.


Two distinct forms of arterial calcification are known to exist—intima layer calcification associated with plaque deposits and medial layer calcification (38). The resolution of DEXA images is not sufficient to distinguish between different forms of calcification and it is possible that AAC has a shared component of both. In this study, we did not find a statistically significant association between AAC and LDL. We believe we were sufficiently powered with ~38K observations to find an association if it existed; thus, it is likely to conclude that hypercholesterolemia is not a contributing factor to AAC. We further considered whether the lack of association might be due to confounding with statins usage. In every statin-adjusted LDL model, we observed that AAC was an independent contributor to MI outcomes, further supporting the hypothesis that AAC is unlikely to be a plaque-driven phenomenon. Considering the elevated phosphate association, we believe that our observations are more consistent with the medial layer calcification hypothesis, although confirmation would require large-scale histological evaluation.

The other plausible explanation for the development of AAC is genetic risk factors. It has been observed that smooth muscle cells transform into an osteoblast-like state and hydroxyapatite is progressively deposited across various parts of the cardiovascular system including heart valves, coronary arteries, aorta, abdominal aorta, tibial arteries, and kidneys (39, 40). In support of this “phenotypic-switch” hypothesis, we saw a robust replication of an AAC association at the TWIST1/HDAC9 locus. Investigation of which of these genes potentiate osteogenic states in the vasculature is an active research area, with experimental evidence supporting the role of both (19, 41).

Overall, our findings highlight the importance of monitoring calcification in large arteries. The contribution of AAC to cardiovascular disease risk is similar to that of hypercholesterolemia, but the condition remains severely underdiagnosed. Although there are currently no medical interventions that could be used to treat or slow the progression of calcification, there is ongoing work to develop therapeutics in this space (42). Based on the evidence collected here, we believe that anti-calcification therapies would broadly be helpful, and likely would be complementary to existing lipid-lowering strategies in reducing cardiovascular risk.



Data availability statement

Data used in this research can be obtained by qualified researchers by application from the UK Biobank. Summary statistics for the genome-wide association study conducted in the UK Biobank cohort are available from the NHGRI-EBI GWAS catalog under accession number GCST90134614. Summary statistics for the genome-wide association study can be obtained by application to dbGaP accession phs000930.v9.p.



Ethics statement

The studies involving human participants were reviewed and approved by UKBB. Data were accessed under the approval of UKBB within project 18448. The study was conducted following the principles of the declaration of Helsinki and all participants gave prior written informed consent to participate in this study.



Author contributions

AS and EM carried out epidemiological analysis. DT, ES, and MC carried out genetic analysis. JR and JV developed machine learning models. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Calico Life Sciences LLC. Support for the CHARGE consortium infrastructure was provided by the NIH grant R01 HL105756 (B Psaty). Support for establishing and curation of the dbGaP CHARGE Summary site (phs000930) was provided by the University of Virginia. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



Conflict of interest

Authors AS, JR, ES, MC, and EM are employed by Calico Life Sciences LLC. Authors DT and JV were employed by Calico Life Sciences LLC.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Acknowledgments

The authors would like to thank Nick van Bruggen, Garret Fitzgerald, Amoolya Singh, Aarif Khakoo, David Kelley, Magdalena Lopez, Tian-Quan Cai, and Dan Eaton for discussions and inputs regarding the manuscript. This research has been conducted using the UK Biobank Resource application number 18448. The Osteoporotic Fractures in Men (MrOS) Study is supported by National Institutes of Health funding. The following institutes provide support: the National Institute on Aging (NIA), the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS), the National Center for Advancing Translational Sciences (NCATS), and NIH Roadmap for Medical Research under the following grant numbers: U01 AG027810, U01 AG042124, U01 AG042139, U01 AG042140, U01 AG042143, U01 AG042145, U01 AG042168, U01 AR066160, and UL1 TR000128.

Summary statistics were obtained from dbGaP accession phs000930.v9.p1. The authors acknowledge the essential role of the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium in the development and support of this research. (See http://web.chargeconsortium.com for more details) The authors thank the investigators, the staff, and the participants of each contributing cohort in the CHARGE consortium publication from which these results were obtained.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.1003246/full#supplementary-material



Abbreviations

HbA1c, glycated hemoglobin; GGT, gamma glutamyl transferase; ApoA, apolipoprotein; HDL, high density lipoprotein; LDL, low density lipoprotein; WBC, White blood cell; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; RBC, red blood cell, Imm. Reticulocyte, immature reticulocyte; IMT, intima media thickness; SBP, systolic blood pressure; PEF, peak expiratory flow; FVC, forced vital capacity; QUI, quantitative ultrasound index, US, ultrasound; BMD, bone mineral density; FEV1, forced expiratory volume in 1 second; CVD, Cardiovascular Disease; CT, Computed tomography; DEXA, Dual-Energy X-ray Absorptiometry; BMD, bone mineral density; CKD, Chronic Kidney Disease; MI, Myocardial Infarction; eGFR, Estimated Glomerular Filtration rates; CHARGE Consortium, Cohorts for Heart and Aging Research in Genomic Epidemiology; MrOS, The Osteoporotic Fractures in Men Study.



References

 1. Giachelli CM. Vascular calcification mechanisms. J Am Soc Nephrol. (2004) 15:2959–64. doi: 10.1097/01.ASN.0000145894.57533.C4

 2. Lanzer P, Boehm M, Sorribas V, Thiriet M, Janzen J, Zeller T, et al. Medial vascular calcification revisited: review and perspectives. Eur Heart J. (2014) 35:1515–25. doi: 10.1093/eurheartj/ehu163

 3. Amann K. Media calcification and intima calcification are distinct entities in chronic kidney disease. Clin J Am Soc Nephrol. (2008) 3:1599–605. doi: 10.2215/CJN.02120508

 4. Kelkar Anita A, Schultz William M, Faisal K, Joshua S, O'Hartaigh Briain WJ, Heidi G, et al. Long-term prognosis after coronary artery calcium scoring among low-intermediate risk women and men. Circ Cardiovasc Imaging. (2016) 9:e003742. doi: 10.1161/CIRCIMAGING.115.003742

 5. Prabhakaran S, Singh R, Zhou X, Ramas R, Sacco RL, Rundek T. Presence of calcified carotid plaque predicts vascular events: the Northern Manhattan Study. Atherosclerosis. (2007) 195:e197–201. doi: 10.1016/j.atherosclerosis.2007.03.044

 6. Budoff MJ, Shaw LJ, Liu ST, Weinstein SR, Mosler TP, Tseng PH, et al. Long-term prognosis associated with coronary calcification: observations from a registry of 25,253 patients. J Am Coll Cardiol. (2007) 49:1860–70. doi: 10.1016/j.jacc.2006.10.079

 7. Keyes KM, Westreich D, UK. Biobank, big data, and the consequences of non-representativeness. Lancet. (2019) 393:1297. doi: 10.1016/S0140-6736(18)33067-8

 8. Petersen SE, Matthews PM, Bamberg F, Bluemke DA, Francis JM, Friedrich MG, et al. Imaging in population science: cardiovascular magnetic resonance in 100,000 participants of UK Biobank - rationale, challenges and approaches. J Cardiovasc Magn Reson. (2013) 15:46. doi: 10.1186/1532-429X-15-46

 9. Kauppila LI, Polak JF, Cupples LA, Hannan MT, Kiel DP, Wilson PW. New indices to classify location, severity and progression of calcific lesions in the abdominal aorta: a 25-year follow-up study. Atherosclerosis. (1997) 132:245–50. doi: 10.1016/S0021-9150(97)00106-8

 10. Denny JC, Ritchie MD, Basford MA, Pulley JM, Bastarache L, Brown-Gentry K, et al. PheWAS: demonstrating the feasibility of a phenome-wide scan to discover gene-disease associations. Bioinformatics. (2010) 26:1205–10. doi: 10.1093/bioinformatics/btq126

 11. Cox DR. Regression models and life-tables. J R Stat Soc Series B Stat Methodol. (1972) 34:187–220. doi: 10.1111/j.2517-6161.1972.tb00899.x 

 12. Hoffmann U, Massaro JM, D'Agostino RB Sr, Kathiresan S, Fox CS, O'Donnell CJ. Cardiovascular event prediction and risk reclassification by coronary, aortic, and valvular calcification in the framingham heart study. J Am Heart Assoc. (2016) 5. doi: 10.1161/JAHA.115.003144

 13. Levitzky YS, Cupples LA, Murabito JM, Kannel WB, Kiel DP, Wilson PWF, et al. Prediction of intermittent claudication, ischemic stroke, and other cardiovascular disease by detection of abdominal aortic calcific deposits by plain lumbar radiographs. Am J Cardiol. (2008) 101:326–31. doi: 10.1016/j.amjcard.2007.08.032

 14. Walsh CR, Cupples LA, Levy D, Kiel DP, Hannan M, Wilson PWF, et al. Abdominal aortic calcific deposits are associated with increased risk for congestive heart failure: the Framingham Heart Study. Am Heart J. (2002) 144:733–9. doi: 10.1016/S0002-8703(02)00150-3

 15. Wilson PW, Kauppila LI, O'Donnell CJ, Kiel DP, Hannan M, Polak JM, et al. Abdominal aortic calcific deposits are an important predictor of vascular morbidity and mortality. Circulation. (2001) 103:1529–34. doi: 10.1161/01.CIR.103.11.1529

 16. Linefsky JP, O'Brien KD, Katz R, de Boer IH, Barasch E, Jenny NS, et al. Association of serum phosphate levels with aortic valve sclerosis and annular calcification. J Am Coll Cardiol. (2011) 58:291–7. doi: 10.1016/j.jacc.2010.11.073

 17. Szulc P, Blackwell T, Schousboe JT, Bauer DC, Cawthon P, Lane NE, et al. High hip fracture risk in men with severe aortic calcification: MrOS study. J Bone Miner Res. (2014) 29:968–75. doi: 10.1002/jbmr.2085

 18. Nissen SE, Tuzcu EM, Schoenhagen P, Crowe T, Sasiela WJ, Tsai J, et al. Statin therapy, LDL cholesterol, C-reactive protein, and coronary artery disease. N Engl J Med. (2005) 352:29–38. doi: 10.1056/NEJMoa042000

 19. Malhotra R, Mauer AC, Lino Cardenas CL, Guo X, Yao J, Zhang X, et al. HDAC9 is implicated in atherosclerotic aortic calcification and affects vascular smooth muscle cell phenotype. Nat Genet. (2019) 51:1580–7. doi: 10.1038/s41588-019-0514-8

 20. Psaty BM, O'Donnell CJ, Gudnason V, Lunetta KL, Folsom AR, Rotter JI, et al. Cohorts for heart and aging research in genomic epidemiology (CHARGE) consortium: design of prospective meta-analyses of genome-wide association studies from 5 cohorts. Circ Cardiovasc Genet. (2009) 2:73–80. doi: 10.1161/CIRCGENETICS.108.829747

 21. Malik R, Chauhan G, Traylor M, Sargurupremraj M, Okada Y, Mishra A, et al. Multiancestry genome-wide association study of 520,000 subjects identifies 32 loci associated with stroke and stroke subtypes. Nat Genet. (2018) 50. doi: 10.1038/s41588-018-0058-3

 22. Loci associated with ischaemic stroke and its subtypes (SiGN): a genome-wide association study. Lancet Neurol. (2016) 15. doi: 10.1016/S1474-4422(15)00338-5

 23. von Berg J, van der Laan SW, McArdle PF, Malik R, Kittner SJ, Mitchell BD, et al. Alternate approach to stroke phenotyping identifies a genetic risk locus for small vessel stroke. Eur J Hum Genet. (2020) 28:963–72. doi: 10.1038/s41431-020-0580-5

 24. van der Harst P, Verweij N. Identification of 64 novel genetic loci provides an expanded view on the genetic architecture of coronary artery disease. Circ Res. (2018) 122. doi: 10.1161/CIRCRESAHA.117.312086

 25. Klarin D, Lynch J, Aragam K, Chaffin M, Assimes TL, Huang J, et al. Genome-wide association study of peripheral artery disease in the Million Veteran Program. Nat Med. (2019) 25:1274–9. doi: 10.1038/s41591-019-0492-5

 26. Nelson CP, Goel A, Butterworth AS, Kanoni S, Webb TR, Marouli E, et al. Association analyses based on false discovery rate implicate new loci for coronary artery disease. Nat Genet. (2017) 49. doi: 10.1038/ng.3913

 27. Giri A, Hellwege JN, Keaton JM, Park J, Qiu C, Warren HR, et al. Trans-ethnic association study of blood pressure determinants in over 750,000 individuals. Nat Genet. (2019) 51. doi: 10.1038/s41588-018-0303-9

 28. Takeuchi F, Akiyama M, Matoba N, Katsuya T, Nakatochi M, Tabara Y, et al. Interethnic analyses of blood pressure loci in populations of East Asian and European descent. Nat Commun. (2018) 9. doi: 10.1038/s41467-018-07345-0

 29. Kato N, Loh M, Takeuchi F, Verweij N, Wang X, Zhang W, et al. Trans-ancestry genome-wide association study identifies 12 genetic loci influencing blood pressure and implicates a role for DNA methylation. Nat Genet. (2015) 47. doi: 10.1038/ng.3405

 30. Hoffmann TJ, Ehret GB, Nandakumar P, Ranatunga D, Schaefer C, Kwok P-Y, et al. Genome-wide association analyses using electronic health records identify new loci influencing blood pressure variation. Nat Genet. (2017) 49:54–64. doi: 10.1038/ng.3715

 31. Duan L, Wei L, Tian Y, Zhang Z, Hu P, Wei Q, et al. Novel susceptibility loci for moyamoya disease revealed by a genome-wide association study. Stroke. (2018) 49. doi: 10.1161/STROKEAHA.117.017430

 32. Jones GT, Tromp G, Kuivaniemi H, Gretarsdottir S, Baas AF, Giusti B, et al. Meta-analysis of genome-wide association studies for abdominal aortic aneurysm identifies four new disease-specific risk. Loci Circ Res. (2017) 120:341–53. doi: 10.1161/CIRCRESAHA.116.308765

 33. Sébastien Di T, David MZ, Solena LS, Romain C, Nathalie G, Sidwell R, et al. Genetic association analyses highlight IL6, ALPL, and NAV1 as 3 new susceptibility genes underlying calcific aortic valve stenosis. Circ Genom Precis Med. (2019) 12:e002617. doi: 10.1101/515494

 34. El-Saed A, Curb JD, Kadowaki T, Okamura T, Sutton-Tyrrell K, Masaki K, et al. The prevalence of aortic calcification in Japanese compared to white and Japanese-American middle-aged men is confounded by the amount of cigarette smoking. Int J Cardiol. (2013) 167:134–9. doi: 10.1016/j.ijcard.2011.12.060

 35. O'Donnell CJ, Chazaro I, Wilson PWF, Fox C, Hannan MT, Kiel DP, et al. Evidence for heritability of abdominal aortic calcific deposits in the Framingham Heart Study. Circulation. (2002) 106:337–41. doi: 10.1161/01.CIR.0000022663.26468.5B

 36. Leow K, Szulc P, Schousboe JT, Kiel DP, Teixeira-Pinto A, Shaikh H, et al. Prognostic value of abdominal aortic calcification: a systematic review and meta-analysis of observational studies. J Am Heart Assoc. (2021) 10:e017205. doi: 10.1161/JAHA.120.017205

 37. Dhingra R, Sullivan LM, Fox CS, Wang TJ, D'Agostino RB Sr, Gaziano JM, et al. Relations of serum phosphorus and calcium levels to the incidence of cardiovascular disease in the community. Arch Intern Med. (2007) 167:879–85. doi: 10.1001/archinte.167.9.879

 38. Lanzer P, Hannan FM, Lanzer JD, Janzen J, Raggi P, Furniss D, et al. Medial arterial calcification: JACC state-of-the-art review. J Am Coll Cardiol. (2021) 78:1145–65. doi: 10.1016/j.jacc.2021.06.049

 39. Sage AP, Tintut Y, Demer LL. Regulatory mechanisms in vascular calcification. Nat Rev Cardiol. (2010) 7:528–36. doi: 10.1038/nrcardio.2010.115

 40. Burton DGA, Matsubara H, Ikeda K. Pathophysiology of vascular calcification: Pivotal role of cellular senescence in vascular smooth muscle cells. Exp Gerontol. (2010) 45:819–24. doi: 10.1016/j.exger.2010.07.005

 41. Nurnberg ST, Guerraty MA, Wirka RC, Rao HS, Pjanic M, Norton S, et al. Genomic profiling of human vascular cells identifies TWIST1 as a causal gene for common vascular diseases. PLoS Genet. (2020) 16:e1008538. doi: 10.1371/journal.pgen.1008538

 42. Raggi Paolo B, David B, Jordi B, Mariano R, Markus K, et al. Slowing progression of cardiovascular calcification with SNF472 in patients on hemodialysis. Circulation. (2020) 141:728–39. doi: 10.1161/CIRCULATIONAHA.119.044195

 43. Pirruccello JP, Chaffin MD, Fleming SJ, Arduini A, Lin H, Khurshid S, et al. Deep learning enables genetic analysis of the human thoracic aorta. Nat Genet. (2020) 54:40–51. doi: 10.1101/2020.05.12.091934

 44. Eichner JE, Dunn ST, Perveen G, Thompson DM, Stewart KE, Stroehla BC. Apolipoprotein E polymorphism and cardiovascular disease: a HuGE review. Am J Epidemiol. (2002) 155:487–95. doi: 10.1093/aje/155.6.487



OPS/images/fcvm-09-1003246-t002.jpg
Lead SNP

152107595

159510086

£$560804

1541290120

Locus

HDACY/ TWIST1

FGF9

NAV1

APOE

p-value

1.47x1072
738710

9.30x10~"

2.9x107

Tissue and diseases
colocalization

Aorta Diseases: CAD, Systolic
BR, Pulse Pressure

“Tibial Artery

Heart—left ventricle and
atrial appendage; Diseases:
Diastolic BP

CAD

Description

Regulation of osteogenic master regulator RUNX2. Previously
implicated in AAC and in a number of CVD traits.

Role in AAC is unknown. FGE expression has been shown to be
increased in aneurysms compared to control tissue (43).

Role in AAC is unknown. Recent study (33) identified NAV1 asa

candidate gene for aortic valve stenosis.

Role in AAC is unknown. The lead SNP at this locus is in LD
(% >0.99) with the APOE ¢2 allele, rs7412(44).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Calcification of the abdominal aorta is an under-appreciated cardiovascular disease risk factor in the general population



		Introduction



		Materials and methods



		Study population: DEXA imaging subcohort of UK Biobank



		Manual annotation of abdominal aortic calcification in DEXA



		Scoring AAC using machine learning models







		Results



		Calcification of abdominal aorta is a highly prevalent pathology



		AAC is a prognostic risk factor of future cardiovascular events



		Physiological and biochemical predictors of AAC levels



		AAC is an LDL-independent risk factor for myocardial infarctions



		Identification of AAC genetic risk factors







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		Abbreviations



		References

















OPS/images/fcvm-09-1003246-t001.jpg
'UKBB cohort baseline Imaging subcohort Imaging subcohort first

visit (2008-2010) baseline visit (2008-2010) imaging visit (2014+)
n 502,604 38,264 38,264
Age (years) 56.3 (8.1) 549 (7.5) 63.6(7.6)
9% Females 54.40% 48.26% 48.26%
BMI 27.43 (4.80) 26,63 (4.23) 26.56 (4.41)
SBP 139 (20) 137 (19) 138 (18.5)
Pulse 68 (11.7) 68.0(11.0) 69.0 (12.1)
Smoker (current) 10.50% 6.50% 3.55%
Smoker (previous) 34.50% 32.50% 33.02%
Comorbidities
% Hypertension 7.88% 413% 13.23%
%TID 0.42% 0.15% 026%
%T2D 183% 0.71% 246%
% MI 2.12% 112% 385%
% Stroke 0.14% 0.07% 0.10%
% CAD 0.99% 0.57% 1.36%
% CKD 0.13% 0.02% 0.61%
Biomarkers
Glucose (mmol/L) 5.12(124) 5.00 (0.98)
HbA e (mmol/mol) 352 (678) 350(5.07)
Trig (mmol/L) 1.75 (1.45) 1.67 (0.98)
LDL (mmol/L) 3.56 (0.87) 3.58 (0.83)
HDL (mmol/L) 145 (0.38) 147 0.37)
Cholesterol (mmol/L) 569 (1.14) 5.72(1.09)
Serum Phosphate (mmol/L) 1.16 (0.16) 115 (0.16)
Serum Calcium (mmol/L) 2.38 (0.09) 237 (0.09)
Serum Creatinine (umol/L) 7231 (18.55) 72.63(14.16)
Cystatin C (mg/L) 091 (0.18) 0587 (0.13)
‘The following second level ICDI0 codes from the electronic health records of all part re used to identify the number of participants with different comorbidities prior to the

appropriate visit to the etes (T2D), 125 - Myocardial Infarction (MI), 164 - Stroke, 121 - Coronary Artery Disease

nter: 110 - Hypertension, E10 - Type 1 Diabetes (T1D), E11 -
(CAD), and N18 - Chronic Kidney Disease (CKD).

BMI, body mass index; SBE, systo
The decline in number of curre

sty lipopro

Iy due to adaptation of a healthier lifestyle by the participant:





OPS/images/fcvm-09-1003246-g011.gif





OPS/images/fcvm-09-1003246-g010.gif
‘Standardized offoct size.

25 onciscromicgumt gsose—s
pernion S P

O
o Koo

s a o5 N

Genetic comelaion










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
¥ frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-09-1003246-g005.gif





OPS/images/fcvm-09-1003246-g006.gif





OPS/images/fcvm-09-1003246-g003.gif
Pratctos o Cacticaon

B a5 er 9
Manuaty Avcotod Colcicton






OPS/images/fcvm-09-1003246-g004.gif





OPS/images/fcvm-09-1003246-g009.gif
8 NonstetnUsas  © LOAComection flethed )

© Lot comection ehos2)






OPS/images/fcvm-09-1003246-g007.gif
Effect Size (per standard deviation)





OPS/images/fcvm-09-1003246-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Calcification of the abdominal
aorta is an under-appreciated
cardiovascular disease risk
factor in the general population





OPS/images/fcvm-09-1003246-g001.gif
o
T
e
woxpicony
piheecy
e
Pty
 —————
P R e I M~
ST - s
piizey
ity
[ty






OPS/images/fcvm-09-1003246-g002.gif





