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Abstract 

Atherosclerosis, Carotid Intima-Media Thickness, and DNA 

Methylation 

by Michael Wong 

 

The rise of chronic disease has made the study of cardiovascular disease 

and atherosclerosis increasingly important. Cardiovascular disease is 

incredibly prevalent in the United States (over 1 in 3 adults) and is the 

single largest contributor to mortality nationally and globally. While 

traditional cardiovascular disease risk factors, such as smoking and high 

blood pressure, have been identified and studied for decades, advances in 

technology have helped identify risk factors such as carotid intima-media 

thickness (CIMT), measurable through ultrasonography, and DNA 

methylation, quantifiable through next generation sequencing (NGS). 

Using CIMT as a measure of the development of atherosclerosis, 13 CpG 

sites were identified to have an association between DNA methylation and 

the IMT variables. 
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Background: 

Epidemiology: 

Cardiovascular disease (CVD) is the leading cause of disability and premature 

mortality worldwide. (1,2) In the United States today, approximately 85 million 

American adults over the age of 20 (over one in three) are living with CVD, with 

43.7 million of those over the age of 60. (3) CVD is a chronic disease that can 

lead to a fatal outcome such as heart attack and stroke. While the rate of 

mortality from this disease has decreased by 30% from 2001 to 2011 due to 

improving medical capabilities, it remains the leading cause of illness and death 

in the United States today, accounting for 31% of all mortality. Over 2000 

Americans die of cardiovascular disease or related complications everyday, or 

about 230 per 100,000. (3,4,5) By 2030, the American Heart Association projects 

that 44% of the United States population will have CVD. (3) One study suggests 

that eliminating all CVD would increase average life expectancy of Americans by 

seven years. (6) 

 

On a global scale, the World Health Organization (WHO) estimates 20 million 

deaths attributable to cardiovascular disease in 2015, which would account for 

30% of the world’s total deaths. (7) As the world continues to shift away from 

infectious disease towards chronic disease, the absolute number and proportions 

of CVD death are projected to continue to increase, and CVD will continue to be 

the United States’ and the world’s greatest contributor to mortality.  
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Pathogenesis: 

Atherosclerosis is often a precursor for CVD. It is a disease that starts in 

childhood and can develop over decades. (8) It is a condition in which the walls 

of the arteries thicken and harden due to inflammatory response from white blood 

cells. The fatty streak is a visible lesion found in the innermost layer of the artery, 

often found in children. (9) It consists of lipids, macrophages, smooth muscle 

cells, and cellular waste products. A plaque builds as white blood cells respond to 

the lesion, which becomes coated with a tough, fibrous cap made up of 

connective tissue and smooth muscle, making it difficult to treat. As 

atherosclerosis advances, the blood flow in the artery can be partially blocked, 

and a cardiovascular disease can manifest in the form of a heart attack or stroke. 

(10) Atherosclerosis can also lead to carotid artery disease, where the walls of 

the arteries that carry oxygen-rich blood to the brain narrow, or coronary artery 

disease, where the arteries going to the heart are blocked. (11) 

 

Risk Factors: 

While the exact etiology of atherosclerosis is not perfectly understood, certain 

risk factors for atherosclerosis and carotid artery disease can accelerate the 

complications of the disease. Major risk factors for atherosclerosis include 

smoking, high blood pressure, high blood cholesterol, diabetes, age, physical 

activity, obesity, and genetics. Due to the relationships between these risk factors 
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and CVD, studying these traditional, yet important contributors is critical in order 

to understand and treat atherosclerosis. One study estimates that not smoking, 

maintaining healthy weight through diet and regular exercise, not having 

diabetes, and maintaining reasonable blood pressure and cholesterol levels can 

prevent 80% of cardiovascular disease. (3) Meanwhile, data from NHANES II 

shows that mortality from cardiovascular disease was reduced by about 60% for 

non-smokers without hypertension and high cholesterol. (12) 

 

High carotid intima-media thickness (IMT) is commonly used as a quantitative 

measurement to assess atherosclerosis and overall cardiovascular health. (13, 

14, 15, 16) IMT has been shown to be a low-cost, non-invasive, and reproducible 

approach to predicting cardiovascular outcomes independently from the more 

traditional risk factors, like high blood pressure. (17) Progression of 

atherosclerosis is often measured through change in IMT over time, which is 

popularly used as the outcome of interest in many risk factor intervention and 

observational studies. (16) IMT represents the thickness of the two innermost 

layers of an artery wall. It is measured through non-invasive B-mode ultrasound. 

(18) IMT can be measured from either the carotid artery wall nearer to or farther 

from the ultrasound transducer, known as near wall and far wall measurements 

respectively. (19) Research suggests that far wall measurements are more 

accurate than near wall measurements in predicting CVD outcomes, while far 

wall measurements combined with near wall measurements have also produced 
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reliable results. (20,21) Measurement values larger than 1mm suggest significant 

plaque buildup in the artery, and even values greater than 0.80mm for common 

carotid artery IMT have shown a two-fold increase in CVD outcomes. (13,22)  

 

Epigenetics: 

Epigenetic processes are important regulators of gene expression. The most 

widely studied mechanism in the field of epigenetic epidemiology is DNA 

methylation (DNAm), a form of epigenetic modification of cytosine that can lead 

to modification of gene expression in regulatory regions. (23) DNAm has been 

linked to many chronic diseases including atherosclerosis, as well as aging. (1) 

DNA methylation levels at a specific locus naturally change over time, and as 

monozygotic twins grow older, their epigenetic profiles show greater variability, 

likely through slight changes over years of successive cell divisions. (24) This is 

known as “epigenetic drift,” which is associated with aging. (25) 

 

The most common type of methylation involves CpG sites, where a methyl group 

is reversibly added to the 5’ carbon of cytosine to potentially alter expression. 

(26) In humans, healthy somatic cells exhibit methylation on about 1% of 

cytosines, although variation from that number can occur in different kinds of 

tissues. (27) Approximately 70-80% of cytosines in CpG sites are methylated. 

(28) These stretches of methylation are important in silencing in noncoding DNA 

such as introns. (1) There are also regions with high unmethylated CpG counts, 
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known as CpG islands, which are found in gene promoters. (24) Alterations by 

methylation found in CpG islands are of particular interest in atherosclerosis 

research for their role in gene expression. It has been proposed that these 

epigenetic changes can modify DNA methylation patterns in arterial smooth 

muscle cell walls. Hypermethylation of CpG sites usually results in transcriptional 

silencing, with some studies suggesting increased DNAm in CVD patients. (29) 

Other studies propose a relationship between inflammation and hypermethylation 

in blood lymphocytes. (30) Research also suggests that hypomethylation of CpG 

sites may occur in atherosclerotic lesions and plaques. (8) 

 

The study of epigenetic factors in the field of atherosclerosis research is rather 

new, but is becoming increasingly important. A person’s DNA methylation profile 

presents a history of that person’s environmental exposures that can be useful in 

studying disease risk. Thus, examining the relationship between DNA 

methylation, atherosclerosis, and cardiovascular disease risk factors could be 

crucial in understanding the etiology of atherosclerosis. 

 

Twin Studies of Epigenetics: 

Twin studies have been well documented as being valuable in genetic 

epidemiology studies. Being able to compare monozygotic and dizygotic twins 

can help estimate the heritability of traits (i.e., the variance in traits due to genetic 
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factors). (31) Twins are reliable for studying many traits because of the ability to 

ignore age effects and separate genetic and environmental factors. (24) 

 

Monozygotic twin studies are especially helpful in epigenetic research and 

understanding epigenetic profiles. Differences in phenotype between co-twins 

imply that environmentally related epigenetic factors, such as diet, smoking, or 

stress may be involved. (32) Monozygotic twins are matched for age, genotype, 

maternal environment, and sex. In recent research, for some diseases such as 

autism spectrum disorder, psychosis, and Type 1 diabetes, there is often 

discordance between monozygotic twins, suggesting that differences in 

environment may play a role. (24,31) Research supports the idea that the effect 

of the environment on the human genome can be mediated through epigenetics. 

Using twin studies in epigenetics is advantageous because it helps to compare 

the epigenetic variance at a single locus due to genetic variation and 

environmental factors between twins. (33)  

 

Methods: 

Subjects: 

The DNA methylation data comes from the Emory Twin Study, which examined 

behavioral, biological, and psychological risk factors for cardiovascular disease 

among twins. In these studies, male monozygotic and dizygotic twins born 

between 1946 and 1956 were randomly selected from the Vietnam Era Twin 
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(VET) Registry, which is composed of 7369 twin pairs and is one of the largest 

twin registries in the United States. (34) The twins were examined together at the 

Emory University General Clinical Research Center between March 2002 and 

March 2006. (35) The study protocol was approved by the Emory University 

Institutional Review Board, and all subjects submitted informed consent. (36)  

 

Data Methods: 

142 monozygotic twins were epityped using Illumina Infinium 450K methylation 

BeadChip array to examine over 480,000 CpG sites. This array uses 500 

nanograms of genomic DNA per sample from peripheral blood leukocytes and 

can fit 12 samples per array. It examines methylation levels of 485,577 CpG 

sites, covering 99% of RefSeq genes and 96% of CpG islands. Methylation level 

is measured with a probe that uses red and green fluorescent labeling to 

determine levels of cytosine or thymine resulting from bisulfate transformation of 

unmethylated cytosine. Methylation level is based on the signal intensities of the 

fluorescent labels. Computed beta values, ranging from 0 to 1, are ratios of 

fluorescence intensity of methylated probes to the sum of intensities of both 

methylated and unmethylated probes. Quantile-normalized beta values were 

performed to adjust for potential technical shift between methylation signals 

across differing probe categories. (37) From these beta values, no control probe 

values were greater than 4 standard deviations from their mean values. 

Methylation sites were excluded if they overlapped with known single nucleotide 
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polymorphisms (SNPs) or if they could not be uniquely matched to a genomic 

location on the reference genome. (38) After these quality control measures, the 

final analysis included 409,967 autosomal CpG sites and 140 MZ twins. 

 

Twins were given identical diets, fasted overnight, and were not allowed to 

smoke the night before testing. (36) Medical history was taken at time of 

examination, and all measurements were performed in the morning. Body mass 

index (BMI) was measured by dividing weight (kg) by the square of height 

(meters), with obesity being a BMI greater than 30. Low- (LDL) and high-density 

lipoprotein (HDL) cholesterol levels were measured using plasma samples. Blood 

pressure was taken in two measurements using a mercury sphygmomanometer 

on the right arm. Smoking status was obtained through questionnaire and was 

divided into three groups: never smokers, current smokers, and past smokers, 

who reported to have smoked more than 100 cigarettes. Physical activity was 

measured with the Baecke questionnaire, which uses 16 questions to determine 

the level of activity. Intima-media thickness (IMT) was measured using B-mode 

ultrasound. The ultrasound transducer is moved around the circumference of the 

neck to scan multiple carotid artery segments. (39) 

  

Research suggests that DNA methylation profile is cell type specific. The shift of 

cell type proportions in peripheral blood can be a major confounder for blood cell-

based epigenetic association studies. (40) The white blood cell types - B 
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lymphocytes, granulocytes, monocytes, natural killer (NK) cells, and T cells (95% 

of which are CD4+ T cells and CD8+ T cells) - should be controlled for, because 

the modified proportions of leukocyte subtypes can shift the cell type specific 

DNA methylation profiles, leading to differences in methylation measures 

between cases and controls. (41) Houseman et al have developed a regression 

model that estimates cell compositional differences using sorted leukocyte 

references. 

 

All statistical analyses were performed using R version 3.2.2 (https://www.r-

project.org/). The R package nlme was used to implement a linear mixed effect 

model for batch and twin effects. 

 

Two different linear mixed effects models were run to test the relationship 

between intima-media thickness and DNA methylation. DNA methylation was 

measured using the beta values calculated using fluorescence intensity. 

1. DNA methylation ~ (β1)IMT_max_FW + (β2)current smoking status + (β3)age 

+ (β4)BMI + (β5)HDL cholesterol + (β6)LDL cholesterol + (β7)physical activity + 

(β8)cell type proportions + ε 

2. DNA methylation ~ (β1)IMT_max_tot + (β2)current smoking status + (β3)age + 

(β4)BMI + (β5)HDL cholesterol + (β6)LDL cholesterol + (β7)physical activity + 

(β8)cell type proportions + ε 
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3. Results: 

For the 140 monozygotic twins, each twin in a pair was randomly assigned to one 

of two groups to compare the distribution of variables between co-twins. Table 1 

shows the descriptive statistics of the study group and related risk factors.  

 

To determine the effect of IMT on DNA methylation, we used a linear mixed effect 

(LME) model. The variable IMT_max_FW represents the intima-media thickness 

measured from the far wall, while the variable IMT_max_tot represents the 

intima-media thickness from the near wall. Twin effects were considered random 

effects. Never smokers and past smokers were combined as non-current 

smokers. Both HDL and LDL cholesterol levels were included. 

 

The results of the top epigenetics associations (p-value < 2 x 10-5) from two linear 

mixed effect models are shown in Table 2. DNA methylation and IMT measured 

from the far wall were most strongly associated at CpG sites cg04085789 and 

cg06945936. DNA methylation and IMT measured from the near wall were most 

strongly associated at CpG sites cg04085789, cg00157962, cg00187229, 

cg02005758, cg03534505, cg05257202, cg09827751, cg10799327, 

cg11551560, cg26217402, and cg26532621. Only cg04085789 was strongly 

associated with both IMT traits. The analyses produced 13 CpG sites that 

suggest associations between methylation and intima-media thickness. While the 

two measurements of IMT are similar, the far wall results showed associations 
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with low p-values. All effect sizes were positive values, suggesting an increase in 

thickness of the arterial walls is associated with DNA hypermethylation. 

 

Figure 1 shows the summary plots (a. Q-Q plot, b. Manhattan plot, c: regional 

plot) for intima-media thickness measured from far wall, while Figure 2 shows 

the summary plots for intima-media thickness measured from near wall. The Q-Q 

plot (a) shows the association between DNA methylation and the IMT variables. 

The inflation factor (λ) value represents the ratio between the medians of the chi 

square distributions of the expected and observed values. (42) A ratio of 1 

indicates the data follows a normal chi-square distribution, while a ratio greater 

than 1 indicates inflation of the null distribution. Both the far wall plot and near 

wall plot show moderately deflated values (λ=0.929 and λ=0.907, respectively). 

The higher IF value in the far wall plot indicates that the observed pattern was 

closer to the expected null distribution compared to that of the near wall plot. The 

Manhattan plot (b) maps out the p-values of all tested CpG sites in the genome. 

More significant p-values are smaller, and as a result, would have larger –log(p-

values). Using 1.5 x 10-6 as the baseline for significance, only one site was found 

to be truly significant, methylation of cg06945936 on chromosome 19 and the far 

wall measurement. The highest purple dot on chromosome 22 (cg04085789) 

appears in both plots, showing a strong association in both measurements. After 

the strongest associations are identified, the CpG regional plots are used to 

depict the location of that CpG site, its position on the chromosome, and its 
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proximity to any genes. A regional plot (c) is created to look at the strength of an 

association in the context of surrounding genes and CpG sites. These plots may 

display multiple closely related sites that show varying degrees of association. 

(43) Figure 1c shows the regional plot for cg06945936 (KIRREL2), cg04085789 

(SLC25A1), and cg10740660 (VARS). Figure 2c shows the three strongest 

(lowest p-values), which were identified as cg05257202 (UBAC2), cg11551560 

(TLE3), and cg04085789 (SLC25A1). 

 

Discussion: 

CpG Locations 

Cg10751811 (p-value: 1.68 x 10-5) is located on chromosome 1 at the 

Cytochrome P450 4X1 (CYP4X1) gene, which is expressed in trachea and aorta. 

(44) This gene encodes the CYP4X1 protein, a cytochrome P450 protein, which 

is involved in drug breakdown and lipogenesis (lipid formation). Also, increased 

expression of CYP4X1 has been linked to intake of flavonoids, which has been 

shown to reduce inflammation to reduce CVD. (45,46) Another site, cg09827751, 

is found at the Epsin-3 (EPN3) gene, which has been shown to increase 

expression with increased levels of ethinyl estradiol, which in turn has been 

shown to protect artery walls against atherosclerotic lesions from high cholesterol 

diets. (47,48) Lastly, the site cg26532621 is found at the PROP paired-like 

homeobox (PROP1) gene. Hydrogen peroxide has been show to create oxidative 

stress leading to artery wall cell death and inflammation. (49) PROP1 gene 
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mutants have shown a resistance to hydrogen peroxide, and thus could resist 

hydrogen peroxide exposures. (50) 

 

Causality in Epigenetic Studies: 

Statistical significance does not always imply biological significance, so it is 

useful to look at the strength of the association as well as the p-values. (41) In 

our study, the top associations were not found to be statistically significant after 

correction for multiple testing, but may have value biologically. While many 

epigenetic studies have found significant associations between DNA methylation 

and gene expression differences, the correlations can be somewhat small and 

correlation does not always imply a causal relationship. Epigenetic patterns can 

be fluid and subject to modification, so while epigenetic variation and a 

phenotype may be associated, it may be a challenge to establishing causality. 

(51) For example, recent research has identified epigenetic biomarkers in bladder 

and ovarian cancers. However, a causal relationship between these biomarkers 

and phenotype can be very complex. Studies must address confounding, reverse 

causation, and measurement error. While genetic variables are not subject to 

classical epidemiologic confounders, there may be confounding through linkage 

disequilibrium, which can be addressed through population stratification. Reverse 

causation can arise in epigenetics, as a trait or disease can influence health 

behaviors, thus changing the epigenome. Hypothetically, cancer can increase 

expression of the gene SREBF2, which changes the epigenome by modifying 
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lysine residues. (52,53) Hypothetically, Studying both genomic and epigenomic 

factors is a growing, yet critical approach to understanding disease risk prediction 

models. 

 

Relton et al proposed a quantitative approach called the Mendelian 

randomization strategy, in which the impact of exposures or risk factors on the 

epigenetic profile is identified, after which the causality between the epigenetic 

profile and the disease outcome is assessed. (54) This process requires a 

genetic proxy (e.g., a SNP) for the exposure or risk factor, such as alcohol 

consumption or smoking. The SNP is used as a proxy for DNA methylation levels 

to assess the causality with the disease outcome. This approach has been 

applied in CVD research to establish the causal relationship between lipid levels 

and alcohol intake on disease risk. (55,56) 

 

Strengths and Weaknesses: 

One strength of this study involves how the data was collected. Data for the twins 

was collected together at the same time of day. Also, all DNA methylation 

samples were taken from the same source, blood, to help minimize variability. 

Several studies have tested and validated the effectiveness of Illumina Infinium 

BeadChip 450k methylation array. (40, 57, 58, 59, 60) The ability to examine 

485,577 CpG sites at a time is definitely advantageous. 
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One limitation of this study is that the study population was small in scope and 

does not represent the general population. Studying only male twins born within a 

certain decade (1946-1956) that served in the Vietnam War is a very specific 

cohort. The smaller sample size may limit the external validity of this study, and 

may also increase inaccuracies in the results. Also, the per sample cost of 

epigenome-wide profiling remains high. A substantial increase of the sample size 

would require additional funding support. In addition, the linear mixed effect 

model did not take into account twin effects to study the effect of environmental 

differences between twins, as each twin was randomized into each group. 

 

Future Directions: 

The next step in this study would be to develop a twin-specific model that would 

address the environmental differences within twin pairs. Carlin proposes a  

paired-difference model of the basic format: E(Y) = β0	+	βw(x - x̄) + βB(x̄) that uses 

within- and between-pair effects, where the expected value changes with every 

unit increase in the difference between the observed x and average, x̄, or for 

every unit increase in x̄. (61) Adding the within-pair effect to the model prevents 

treating twin pairs as individuals. Future research could also tackle some of the 

weaknesses above, such as small sample size. Also, after identifying methylated 

CpG sites significantly associated with intima-media thickness, future studies 

could further analyze the DNA methylation at these sites and possibly in CpG 

islands surrounding them. Identifying CYP4X1 as a gene of interest could allow 
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future research to study how DNA methylation affects its ability to regulate 

cholesterol and steroid formation. EPN3 and PROP1 could also be further 

examined to study how DNA methylation and inflammatory response are related. 

In addition, the Emory Twin Study recorded mental health and stress data that 

could also be studied to find a potential relationship with DNA methylation. 
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Table 1: Summary Statistics 
 

 

 

  

Variable  Group 1 mean Group 2 mean 

IMT_max_tot (mm)  0.7655  0.7686 

IMT_max_FW (mm)  0.7659 0.7584 

    

age (years)  55.63 55.69 
body mass index 

(kilograms / meter)  28.38 29.87 

current smokers 
(count)  26 (37%) 21 (30%) 

physical activity 
(count) low 7 (10%) 10 (14%) 

 med 45 (64%) 43 (61%) 

 high 18 (26%) 17 (24%) 
HDL cholesterol 

(mg/dL)  38.95 37.54 

LDL cholesterol 
(mg/dL)  117.97 124.20 



 

 

27 

Table 2: CpG Sites 

* Genes identified using UCSC Genome Browser. https://genome.ucsc.edu/ 

 
 

CpG site Chromosome RefSeq 

Gene* 

IMT_max_FW E IMT_max_FW p-value 

cg04085789 22  0.1076 4.25 x 10-5 

cg06945936 19 KIRREL2 0.0378 1.03 x 10-6 

     

   IMT_max_tot E IMT_max_tot p-value 

cg04085789 22  0.1386 5.76 x 10-6 

cg00157962 1 FAM102B 0.1156 1.29 x 10-5 

cg00187229 4 CPLX1 0.1210 1.07 x 10-5 

cg02005758 3 RAB7A 0.0935 1.18 x 10-5 

cg03534504 5 STK10 0.0772 1.89 x 10-5 

cg05257202 13 UBAC2 0.1262 7.77 x 10-6 

cg09827751 17 EPN3 0.1035 1.50 x 10-5 

cg10751811 1 CYP4X1 0.2287 1.68 x 10-5 

cg10799327 3  0.0785 1.88 x 10-5 

cg11551560 15  0.1080 3.50 x 10-6 

cg26217402 14 C14orf43 0.0615 1.75 x 10-5 

cg26532621 5 PROP1 0.1065 1.39 x 10-5 
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Figure 1: Q-Q Plot (a), Manhattan Plot (b), and CpG Regional Plot (c) for the Top Associations for Intima-Media Thickness 
(Far Wall) 

(a)  
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(b) 
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(c) CpG Regional Plot for cg10740660, cg06945936, cg04085789 
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Figure 2: Q-Q Plot (a), Manhattan Plot (b), and CpG Regional Plot (c) for the Top Associations for Intima-Media Thickness 
(Near Wall) 

(a)
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(b) 
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(c) CpG Regional Plot for cg05257202, cg11551560, and cg0405789. 


