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Abstract 

The objectives of the thesis are: 

1. To examine racial/ethnic differences in coronary artery calcification (CAC) 

and coronary artery disease (CAD), between symptomatic South Asians 

and Caucasians, matched for age, gender and conventional cardiovascular 

risk factors. 

 
2. To assess in a meta analysis model the natural history of and stability of 

measurements of coronary calcium scoring based on data collected from 

two large published trials: St Francis and EBEAT. 

 
3. To investigate the prevalence of CAC in individuals with CT evidence for 

aortic valve calcification (AVC), mitral valve calcification (MAC) or of 

both of them (AVC+MAC). 

4. To assess any potential association between family history of premature 

CHD (<55 years in first-degree male relatives and <65 years in first-degree 

female relatives) and CAC in a large cohort of asymptomatic individuals. 

Therefore, we conducted 4 studies to achieve the above objectives. 

STUDY I 

Methods: We identified, retrospectively, 101 symptomatic angina patients of South 

Asian origin who underwent computed tomography coronary angiography (CTCA) 

and CAC score (CACs) and compared them with 101 age, gender and risk factors 

matched Caucasian patients.  

 

 
 
 



 

 x 

Results:   South Asians had a greater mean number of affected coronary segments, 

with both obstructive and non-obstructive plaques, (p=0.006 & p=0.0003, 

respectively) and higher prevalence of triple-vessel disease (p=0.0004) than 

Caucasians. CAC was present in 54.5% of South Asians and 43.5% of Caucasians  

(p=0.16). Furthermore, South Asians had a higher mean CAC score (p<0.0001); in 

the CAC score categories >100 (101-400, 401-1000 & >1000) there were more 

South Asians than Caucasians, although the difference was not statistically 

significant in the latter category. South Asians had a higher number of arterial 

segments with calcified and non-calcified plaques. These results were more marked 

in patients aged >50; in those ≤50, the mean CAC score was not significantly 

different between the two ethnic groups (p=0.28). Moreover, CAD prevalence and 

severity in this age group was not significantly different between South Asians and 

Caucasians.  

STUDY II 

Methods: We analysed data obtained from St Francis and EBEAT trials; 649 

individuals in total: 443 on placebo with 2 year follow up from St Francis trial and 

209 on 10 mg atorvastatin with 1 year follow up of EBEAT trial. Total CACs and 

that in the left coronary artery (LCA) branches, main stem (LMS), anterior 

descending (LAD), circumflex (Cx) and right coronary artery (RCA) were analysed. 

In view of the wide CACs spectrum, data were logarithmically transformed before 

the analyses and mixed model analysis was used to evaluate the change of CACs 

over time. 

Results: The overall agreement between the two measurements was fairly good, 

showing a small but significant increase in CAC: 68% of the group as a whole 

presented an increase in CACs, 23 % of the cohort had negligible change in CACs 

of <10% irrespective of the baseline CACs; and the remaining 10% showed a fall in 

CACs. Both studies showed similar patterns. The analysis of individual coronary 

arteries showed significantly higher variability of measurements in the RCA than 

that of the LCA. Males had higher baseline CACs than females, but the rate of 
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progression was not different between genders, irrespectively of age and baseline 

score. 

Study III 

Methods: This is a retrospective study of 282 consecutive patients with calcification 

in either the aortic valve or mitral annulus. Calcium scoring of the coronary artery, 

aortic and mitral valve was measured using the Agatston score.  

Results: AVC+CAC were observed in 53.5%, MAC and CAC in 2.1%, and 

combined AVC, MAC and CAC in 31.6%. The median CACs was higher in 

individuals with combined AVC+MAC, followed by those with AVC and the lowest 

was in the MAC group. The majority (40%) of individuals with AVC had CAC 

score >400, and only in 16% had CAC=0. The same pattern was more evident in 

individuals with AVC+MAC, where 70 % had CAC score >400 and only 6 % had 

CAC score of 0. These results were irrespective of gender. There was no correlation 

between AVC and MAC but there was modest correlation between CAC score and 

AVC score (r=0.28, p=0.0001), MAC (r=0.36, p=0.0001) and with combined 

AVC+MAC (r=0.5, p=0.0001).  

 

Study IV 

Methods: A retrospective study of 3613 asymptomatic individuals who underwent 

Electron Beam Computed Tomography, between December 2009 and January 2002. 

Individuals were selected based on the presence or absence of family history (FH). 

Individuals with other risk factors for atherosclerosis were excluded from the 

analysis. 

Results: Mean age of cohort was 50.4 ± 9.5 year (74.6% males); and 15.6 % 

reported FH, in a parent, sibling or both (in 12.8% of those only in parents, in 1.9% 

among siblings and 0.9% in both parents and siblings). The prevalence of CAC was 

similar in individuals with FH (35%) and those without (36%), p=0.2; with no 
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difference in the mean CACs between the two groups, p=0.4. Individuals with FH 

only in parents had similar prevalence of CAC compared to those without FH 

(p=0.9) with no difference in the mean CACs, p=0.9. Finally, the prevalence of 

CAC was not different in individuals with FH in both parents and siblings compared 

to those without FH (p=0.1), neither was the mean CACs (p=0.6). 

Conclusion: Symptomatic South Asians seem to have more diffuse arterial 

calcification compared to Caucasians, despite similar cardiovascular risk factors for 

CAD. The natural history of CACs was overtime progression in the majority of 

subjects, irrespective of gender. The higher variability in RCA measurements could 

be related to the low baseline CACs or exaggerated movement of the right side 

atrioventricular ring, whereas those for LCA are influenced by the branch allocation 

of the CACs. Large changes to and from zero might be related to technical 

limitations. The presence and extent of calcification in the aortic valve or / and 

mitral valves is associated with severe coronary artery calcification. In 

asymptomatic individuals with none of the conventional risk factors for 

atherosclerosis, there is no relationship between the prevalence and extent of CAC 

and the presence of FH.  
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Chapter I 
 

 

EPIDEMIOLOGY OF CORONARY ARTERY DISEASE  
 

Coronary artery disease (CAD) due to atherosclerosis represents a major health care 

problem. In Sweden, CAD deaths reached 17, 034 or 24.5% of total deaths (1), while 

in the UK there are 124,000 myocardial infarctions (MI), and 94,000 deaths from 

CAD each year (2). In the United States, in 2003, CAD accounted for nearly 1.4 

million deaths and was responsible for one in almost three deaths. Almost 2500 

Americans die of CAD every day, an average of one death every 35 seconds (3).  

 

Despite a recent decline in CAD mortality in men and women, the main problem is 

related to the acute manifestation e.g. acute coronary syndrome (ACS), which leads 

30–50% of subjects to sudden and fatal outcomes (4). Furthermore, it has been 

estimated that up to 75% of asymptomatic individuals with CAD are not aware of 

their sub-clinical disease, as they have no symptoms and may well have passed a 

standard stress test. In up to 20% of individuals who died from CAD, this could be the 

first and last presentation (2).  

 

 

PATHOPHYSIOLOGY OF ATHEROSCLEROSIS 

 
Histology of arterial wall  

The arterial wall is made of three layers (5). The tunica intima is 150-200 µm in 

thickness and consists of endothelial cells. The adjacent smooth muscle cells, 

extracellular matrix, and internal elastic membrane separate it from the tunica media, 

which is 100-350 µm in thickness and is made up of smooth muscle cells, elastin, and 

collagen. The external elastic membrane encircles it. The outermost layer, the tunica 

adventita, is 100-350 µm in thickness and is composed of fibrous tissue. It is 

surrounded by perivascular connective tissue and epicardial fatty tissue.  
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Atherogenesis 

Atherosclerosis is regarded as chronic inflammatory condition of the vascular wall 

that is converted to an acute clinical event by the induction of plaque rupture, which 

in turn leads to thrombosis. The early lesions of atherosclerosis consist of 

subendothelial accumulation of cholesterol-engorged macrophages, called ‘foam 

cells’. In humans, such ‘fatty streak’ lesions can usually be found in the aorta in the 

first decade of life, the coronary arteries in the second decade, and the cerebral 

arteries in the third or fourth decades. Because of differences in blood flow dynamics, 

there are preferred sites of lesion formation within the arteries. Fatty streaks are not 

clinically significant, but they are the precursors of more advanced lesions 

characterized by the accumulation of lipid-rich necrotic debris and smooth muscle 

cells (SMCs). Such ‘fibrous lesions’ typically have a ‘fibrous cap’ consisting of 

SMCs and extracellular matrix that enclose a lipid-rich ‘necrotic core’. Plaques can 

become increasingly complex, with calcification, ulceration at the luminal surface, 

and haemorrhage from small vessels that grow into the lesion from the media of the 

blood vessel wall. Although advanced lesions can grow sufficiently large to block 

blood flow, the most important clinical complication is an acute occlusion due to the 

formation of a thrombus or blood clot, resulting in myocardial infarction or stroke. 

Usually, the thrombosis is associated with rupture or erosion of the lesion (6-8).  

 

 

The vulnerable plaque  

Atherosclerotic plaques typically consist of a lipid-rich core surrounded by an 

eccentrically thickened intima; the lesion is covered on its luminal aspect by a fibrous 

cap (9-10). A large lipid-rich core, a thin fibrous cap, and an extensive inflammatory 

burden identify a vulnerable plaque. There is a close relationship between the size of 

the lipid core and plaque vulnerability with a large lipid core correlates with a higher 

probability of plaque rupture and thus of acute thrombosis. Plaques with a high lipid 

content but not angiographically significant stenosis are more prone to rupture, 

whereas hemodynamically significant plaques with a small lipid core but a high 

content of smooth muscle cells and collagen are more stable. Both the lipid core 

dimension and the composition of the plaque determine its likelihood for rupturing (9-

10).  
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Vulnerable plaques generally have thin fibrous caps and increased numbers of 

inflammatory cells. Maintenance of the fibrous cap reflects matrix production and 

degradation, and products of inflammatory cells are likely to influence both processes. 

For example, T cells produce IFN-γ, which inhibits the production of matrix by 

SMCs, and macrophages produce various proteases that degrade extracellular matrix, 

including interstitial collagenase, gelatinases and stromolysin. Plaque rupture 

frequently occurs at the lesion edges, which are rich in foam cells, suggesting that 

factors contributing to inflammation may also influence thrombosis. In this regard, it 

is notable that the incidence of myocardial infarction and stroke increases during 

acute infections. The stability of atherosclerotic lesions may also be influenced by 

calcification and neovascularization, two common features of advanced lesions 

(11,12). 

 

The main problem is related to the long-time delay between the start of the 

development of atherosclerosis in young adults and the clinical manifestation decades 

later.  

 

 

VASCULAR CALCIFICATION (VC) 
 

Vascular calcification is an important manifestation of atherosclerosis. Virchow 

recognized it in 1858 as bone-like tissue within atherosclerotic arteries’ ‘plates of 

bone’, with lamellar structure, osteoblast-like cells, and hematopoietic elements (13). 

Cardiovascular calcification refers to pathological calcium phosphate deposition in 

the blood vessels, myocardium, and cardiac valves (14,15). Clinical consequences of 

cardiovascular calcification depend on its extent and the organ affected.  

 

Vascular calcification reduces arterial elasticity, affecting hemodynamic parameters 

of the cardiovascular system (16,17). Arterial calcification previously considered 

passive and degenerative process involving advanced atherosclerotic lesions; is now 

recognized as a pathobiological process sharing many features with embryonic bone 

formation (18). Recently, it has been demonstrated that arterial calcification is a 

complex and regulated process (19,20).  
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TYPES OF VASCULAR CALCIFICATION 

 

ANATOMICALLY 

Vascular calcification can occur in different sites of the vasculature including intimal 

and medial vessel wall calcification, cardiac valvular calcification and soft tissue 

calcification. 

Intimal calcification 

Intimal calcification represents atherosclerotic disease but with increased calcification 

of the plaques in comparison with the general population. Intimal calcification forms 

small scattered (focal) deposits of calcium hydroxyapatite inside matrix vesicles.  It 

develops mainly in the diabetic or ageing population who have a clinical history of 

atherosclerotic complications, and is associated with elevated phosphate, lower serum 

albumin and higher calcium carbonate intake. Intimal calcification is observed as a 

part of advanced atherosclerosis. It is more inflammatory and is associated with 

cholesterol deposition, and usually contributes to MI, impaired vascular tone, 

dissection in angioplasty, and poor surgical outcome caused by loss of aortic recoil 

(21-23). 

Medial calcification 

Medial calcification is mainly found in ageing, diabetic and renal populations and is 

predominantly found in muscle-type conduit arteries such as femoral, tibial and 

uterine arteries (24- 27). It is associated with abnormalities in calcium and phosphate 

metabolism. Chronic Kidney Disease (CKD) patients with medial calcification tend to 

be much younger than patients with intimal calcification, but are also more likely to 

have a prolonged haemodialysis history. Table 1 shows the differences between 

intimal and medial wall calcification.  
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Table 1. Differences between intimal and medial wall calcification. 

 

 Intimal Medial 

Morphology Focal, scattered deposits Continuous linear plaque 

Histological  

association 

Associated with mast cells and 

macrophages, vascular smooth 

muscle cell, lipid 

Occurs in lipid rich milieu, 

associated with atheromatous 

plaque 

Associated with smooth muscle 

cells and elastin 

 

Occurs in absence of atheroma 

formation 

Disease Atherosclerosis Monckeberg’s sclerosis 

Diabetes Mellitus 

 

 

Calciphylaxis/calcific uraemic arteriolopathy 

Calcification can also occur in the medial wall of small vessels and arterioles leading 

to subsequent tissue necrosis (28). This is a rare condition in patients with CKD but is 

associated with significant morbidity and mortality (29). It has been shown to be 

associated with preceding warfarin use, weight loss and immunosuppressive drugs 

(30). 

Valvular calcification 

Studies have shown that nearly 50% of haemodialysis patients have evidence of 

valvular calcification and its presence is a marker for atherosclerosis and arterial 

calcification (31). In comparison with the general population, calcification is 

markedly increased in mitral (29% vs. 6%) and aortic valves (22% vs. 6%) [32]. 

 

HISTOLOGICALLY             

Histologically, the deposits may have osteomorphic, chondromorphic, or amorphic 

structure. 
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ETIOLOGICALLY   

Etiologically, vascular calcification may be categorized as metastatic, in which 

diffuse tissue calcification arises from systemically high calcium/phosphate products, 

or dystrophic which is pathological but not metastatic (33).  

 

 

MECHANISMS OF VASCULAR CALCIFICATION  
 

It is generally accepted that the presence of calcification in the arterial walls is a 

response to tissue injury, and represents a repair process in the form of scar tissue. 

Experimental and clinical studies have shown that vascular calcification is a process 

reflecting changes of the vascular smooth-muscle cells (VSMC) and pericytes from 

contractile to secretory phenotype (34). VSMC synthesize bone-associated proteins, 

including alkaline phosphatase, osteocalcin, osteopontin and a coat of collagen-rich 

extracellular matrix, and includes the formation of matrix vesicles, nodules and 

apoptotic bodies, which serve as initiation sites for apatite crystallization. 

 

Calcification does not increase fibrous cap stress in typical ruptured or stable human 

coronary atherosclerotic lesions. In contrast to lipid pools, which dramatically 

increase stresses, calcification does not seem to decrease the mechanical stability of 

the coronary atheroma.  

In order to explain the vascular calcification four different theories have been 

proposed which are not mutually exclusive. 

 

Theory 1: Loss of inhibition  

Most body fluids and organs normally contain inhibitors of calcium phosphate 

deposition. According with this theory vascular calcification occurs through the loss 

of these physiological inhibitors or their inadequacy. A growing number of such 

molecules have been identified using mouse mutational analyses.  
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Inorganic Pyrophosphate 

Inorganic pyrophosphate is a potent inhibitor of vascular calcification and 

increasingly recognized as vascular paracrine factor that mediate the process. The 

mechanism by which pyrophosphate modulate vascular calcification is through direct 

physiochemical inhibition of hydroxyapatite formation and preventing propagation of 

tissue calcium deposition (35). More recently, it was found that pyrophosphate also 

prevents vascular smooth muscle cells (VSMC) transition to an osteochondrogenic 

phenotype (36).  

 

Matrix Gla protein (MGP) 

The role of MGP in calcification is complex; MGP is a major inhibitor of both arterial 

and cartilage calcification and a major regulator of bone and vascular metabolism (37-

39). Mice with a null mutation in MGP were found to die within the first 2 months of 

age due to arterial rupture and heart failure as a result of extensive calcification of the 

large elastic and muscular arteries (40). Human data showed the extent of coronary 

calcification, determined by Electron Beam CT (EBCT), is correlated with serum 

MGP levels (41).  These findings probably reflect an attempt by the body to maintain 

homeostasis. Eventually, this attempt at regulation fails, and the expression of MGP is 

decreased globally before atherosclerotic or medial calcification occurs.  (42-44). 

 

FETUIN-A 

Fetuin-A is another systemic calcification inhibitor with a controversial role in the 

pathogenesis of atherosclerosis (45).  Emerging evidence suggests that fetuin-A may 

protect against advanced atherosclerosis, being inversely related to mortality in 

haemodialysis patients (46). Although its pathogenetic mechanisms are not yet fully 

understood, current research proposes that an imbalance between a number of 

circulating promoters and inhibitors, apart from fetuin-A may be responsible for this 

enhanced calcification process (47,48). In their experimental study, Westenfeld et al 

demonstrated that fetuin-A deficiency almost exclusively promoted intimal rather 

than medial calcification of atheromatous lesions (49). The combination of fetuin-A 

deficiency, hyperphosphatemia, and CKD, led to a 15-fold increase in vascular 

calcification. Zhang et al, in a small group of 29 chronic hemodialysis patients, 

examined the relationship between serum fetuin A and CAC (50). CAC was found to 

be significantly higher in patients with low serum fetuin A levels, while CAC score 
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was related to serum fetuin-A levels, in all patients. The results indicated that serum 

fetuin A levels were independently correlated with CAC. In addition, Mori et al in 92 

patients, who underwent coronary angiography, found that fetuin-A levels are 

significantly decreased in those with advanced 3-vessel disease compared with those 

without stenosis (p<0.05) [51]. Likewise, the results of Kirkpantur’s cross-sectional 

designed study, which included 72 hemodialysis patients and 30 controls, were 

similar (52). CAC score, mass extent and volume of coronary artery plaques were 

significantly correlated with serum fetuin-A levels. Furthermore, Mehrota et al, in 

their cross-sectional, cohort study of 88 patients with diabetes mellitus (DM) 

demonstrated a strong, direct relationship between serum fetuin-A levels and the CAC 

score (53). In contrast to the above strong evidence, Uz et al failed to find a 

correlation between fetuin-A and CAC score (54). In the same direction was the study 

by Jung et al on 40 haemodialysis patients after a minimum follow up period of 12 

months (55).  

 

Theory 2: Induction of bone formation 

The presence of bone proteins such as osteopontin, osteocalcin, and BMP2, matrix 

vesicles, and outright bone and cartilage formation in calcified vascular lesions has 

suggested that osteogenic mechanisms may also play a role in vascular calcification 

(56). Indeed, cells derived from the vascular media undergo bone- and cartilage-like 

phenotypic change and calcification in vitro under various conditions. 

One major hypothesis of vascular calcification, notably advanced by Demer and 

colleagues, is that it is a consequence of active bone formation in situ by osteoblast-

type cells (57). Demer and others have established the existence of a subpopulation of 

smooth muscle cells (SMCs) in the vascular wall, termed “calcifying vascular cells” 

(CVCs), that spontaneously form nodules and calcify when maintained in long-term 

culture. These nodules share many properties with bone, including increased alkaline 

phosphatase (ALP) activity and osteocalcin, osteonectin, and osteopontin (OPN) 

expression (58). Different hypotheses abound as to the origin of these cells; some 

studies indicate that the presence of osteoblastic cells in the vascular wall is the end 

result of phenotypic change of vascular smooth muscle cells (VSMCs), although other 

observations point toward activation and differentiation of nascent resident pericytes 

or circulating stem cells. 
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OSTEOPONTIN (OPN) 

OPN is an acidic, phosphorylated glycoprotein, which is regulated by local cytokines 

and is a known inhibitor of bone formation and calcification (59). OPN is present in 

human atherosclerotic coronary and carotid artery specimens but not in healthy 

coronary artery samples (60). OPN was the first calcification-regulating protein to be 

discovered within calcified plaques (61-62). The expression of osteopontin is high in 

macrophages in calcified atherosclerotic lesions but low in medial VSMCs in both 

normal arteries and arteries with Monckeberg's sclerosis. Despite the overall low 

levels of expression, the protein accumulated at the boundary between VSMC and 

calcification. OPN is a potent inhibitor of hydroxyapatite deposition by cultured 

VSMC. Several studies have suggested that OPN may be an important regulator of 

vascular calcification as well as a chemoattractant factor, which is released by 

activated vascular smoth muscle cells, and is involved in guiding the migration of 

fibroblasts (63-64).  

 

OSTEOPROTEGERIN (OPG) 

OPG, from the tumour necrosis factor (TNF)-related group of cytokines, participates 

in the activation of the NF-κB ligand (RANKL)/ receptor of the NF-κB (RANK) triad 

(65). Its expression and production is regulated by several inflammatory cytokines 

including interleukin-1 and TNF-α (66-67). Recent observational studies have shown 

a positive correlation between endogenous serum OPG levels and the presence and 

severity of clinical CAD and cerebrovascular events and their associated morbidity 

and mortaliy as well as with the progression of atherosclerosis (68-74). With regards 

to CAC and OPG, Kurnatowska et al studied 47 renal patients and estimate CAC and 

serum OPG levels at baseline and after 30 months of hemodialysis (75). Patients 

without calcification at baseline remained calcification free and demonstrated lower 

serum OPG values than those with CAC. CAC progression was predominantly among 

patients with CAC at baseline and correlated with the extent of baseline CAC and 

serum OPG levels. Furthermore, patients who died during the study period had 

presented with significantly higher baseline CAC and serum OPG than survivors. 

Serum OPG was also found to be associated with high CAC scores in a study, which 

included 85 patients with pre-dialysis diabetic nephropathy and without history of 

CAD (76). Also in a study of 101 hemodialysis patients, OPG correlated positively 

with calcium score and OPG is an independent predictor of CAC (77). A strong 
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association between OPG and elevated CAC scores has also been confirmed in 510 

asymptomatic patients with type II diabetes (78). 

 

Theory 3: Circulating nucleating complexes 

A growing number of studies have linked bone remodeling, specifically osteoclastic 

resorptive activity, with vascular calcification. First, mice deficient in osteoprotegerin 

(OPG), a soluble member of the TNFa family, are osteo- porotic and show vascular 

calcification, suggesting that OPG and its regulators may be important in explaining 

the link between CAD and osteoporosis (79). Indeed, recent studies have elucidated a 

key role for OPG as an osteoblast-derived inhibitor of osteoclast differentiation and 

function by virtue of its ability to bind receptor activator of NFnB ligand (RANKL), 

and thereby block function of receptor activator of NFnB (RANK) [80]. While much 

less is known about effects of OPG on vascular cells, Price et al have found that OPG 

and the bisphosphonates, alendronate and ibandronate inhibit arterial calcification in 

warfarin- and/or vitamin D-treated rats at doses comparable to those used to inhibit 

bone resorption (81-82). These findings led to the hypothesis that vascular 

calcification is linked to osteoclastic resorption. Price et al suggested that soft tissue 

calcification is promoted by crystal nuclei generated at sites of bone resorption that 

travel in blood and lodge in soft tissue, thereby inducing tissue mineralization (82). 

Indeed, these authors have observed that under some circumstances, a complex 

consisting of a calcium phosphate mineral and the proteins etuin and MGP are 

released from bone and can be detected in blood, and the release of the complex can 

be inhibited by osteoclastic inhibition (83). This hypothesis is appealing given the link 

between postmenopausal osteoporosis and cardiovascular calcification for which no 

mechanistic data are yet available (84). However, how such a circulating nucleating 

complex crosses the endothelial barrier is unknown. Furthermore, if bisphosphonates 

and other osteo- clastic inhibitors prove to be effective against CAD in 

postmenopausal women, this would be useful as the latest studies indicate that 

hormone replacement therapy is negatively correlated to cardiovascular health (84).  

 

Theory 4: Cell death and Apoptosis 

Cell death has long been regarded as a major nucleational mechanism for vascular 

calcification, especially in the case of dystrophic calcification which observed in 

atherosclerotic lesions where large areas of necrosis are typically observed. It is 
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known that dying cells become highly permeable to calcium and phosphate and may 

therefore concentrate these ions beyond their solubility product and facilitate 

homogeneous nucleation of crystals (85). In addition, phospholipid membranes may 

provide sites for heterogeneous nucleation and/or epitactic growth of calcium phos- 

phate crystals. Indeed, matrix vesicles, the known nucleation sites for calcium 

phosphate crystal formation in cartilage and bone, were observed in calcifying 

vascular lesions and appeared to be derived from dying SMCs (86). The association 

of cell death with calcification of SMCs was also studied in vitro in cultured SMC 

nodules. Apoptosis was found to occur before the onset of nodular calcification of 

SMCs; and stimulation or inhibition of nodular apoptosis increased or decreased SMC 

calcification, respectively. More interestingly, apoptotic bodies isolated from SMC 

cultures were found to accumulate calcium. Like matrix vesicles, the calcium 

concentrated inside the apoptotic bodies was in crystallized forms (87).  

 

Calcium (Ca) and phosphorus (P) 

Some authors refer to Ca and P as “passive mechanisms of calcification”. Elevated 

levels of Ca, P and CaxP (prevalent in patients with CKD and significantly associated 

with death due to CHD in these patients cause clusters of bioapatite crystals to form 

and grow (88-90). Bioapatite is the main mineral component of bones, fish bones and 

shells. In vitro studies found that when VSMC were incubated with high 

concentrations of Ca and P, bioapatites accumulated in the extracellular matrix. When 

they were incubated with both elements at the same time, a synergistic effect of 

calcification was observed. However, this process is not just a passive precipitation of 

divalent ions, but also rather a phenotypic change of VSMC and the up-regulation of 

genes commonly associated with bone differentiation. The effects of 

hyperphosphataemia are mediated by a sodium-dependent phosphate cotransporter 

(NPC). Type III NPC, Pit-1, has been found in VSMC. High phosphorus levels 

stimulate the load while elevated calcium levels increases the Pit-1 mRNA 

expression. This transporter allows phosphorus to accumulate within cells, which acts 

as a signal for the expression of osteogenic genes. This causes mineral molecules to 

be secreted (matrix vesicles, calcium-binding proteins, alkaline phosphatase and 

collagen-rich extracellular matrix). The combination of these factors induces the cell 

to change and become susceptible to calcification (91- 94). 
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VASCULAR CALCIFICATION IN CHRONIC KIDNEY DISEASE  
 

The pathogenesis of vascular calcification in CKD is not well understood and, similar 

to the general population, is almost certainly multifactorial. In CKD patients, several 

studies have found associations of both traditional and uremic-specific risk factors 

with calcification (95). However, these associations do not prove cause-effect and 

prospective studies in humans or, at minimum, experimental data are needed to 

confirm the role of these factors. Duration of dialysis and disorders of mineral 

metabolism have the most data to support a causative role in the vascular calcification 

of CKD. In humans with CKD, there appears to be a relationship between disorders of 

mineral metabolism (abnormal levels of serum calcium and phosphorus), abnormal 

bone (renal osteodystrophy) and VC (96). 

 

Most patients with progressive CKD develop elevated parathyroid hormone (PTH) 

and phosphorus. Phosphate binders are given to decrease the gastrointestinal 

absorption of phosphorus, and vitamin D is given to suppress PTH secretion. Early 

on, patients are usually hypocalcemic, but then can develop hypercalcemia when 

given calcium or vitamin D (97-98). 

 

Rats with chronic kidney disease induced experimentally, or naturally occurring, 

develop medial calcification, but not atherogenic/ intimal calcification. Treatment of 

CKD rats with the non-calcium containing phosphate binder sevelamer reduces aortic 

vascular calcification compared with treatment with calcium containing phosphate 

binders, supporting an important role for excess calcium intake in the pathogenesis of 

vascular calcification in CKD. Inducing CKD in apo-E knockout mice appears to 

accelerate or increase the atheromatous volume in the aorta although no changes in 

calcification were noted. However, inducing CKD in the LDL-receptor knockout 

mice fed a high cholesterol diet led to increased calcification of both the intima and 

media of the aorta, and could be ameliorated by bone morphogenic protein-7 infusion, 

possibly by improving renal bone disease and thus mineral balance (99). Thus, 

experimental data supports a relationship with disorders of mineral metabolism and 

vascular calcification in CKD. 
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CLINICAL APPLICATIONS OF CAC 
Atherosclerosis is by far the most frequent cause of CAD, with thrombosis induced 

plaque disruption being the main cause of the acute coronary syndromes of unstable 

angina, myocardial infarction, and sudden death.  

 

Atherosclerosis is a chronic, progressive, inflammatory disease, which begins early in 

life and follows a long asymptomatic phase. Postmortem evaluation of hearts of 

young (mean age, 22.1 years) men killed during the Vietnam conflict demonstrated 

that almost 50% had some evidence of coronary atherosclerosis (100). The main 

problem is related to the long-time delay between the start of the development of 

atherosclerosis in young adults and the manifestation many decades later. Similarly, 

postmortem analysis of coronary vessels from teenagers and young adults who died 

from other causes showed evidence of early atherosclerotic lesions and, in some 

cases, fibrous plaques (101-102). The term ‘subclinical atherosclerosis’ or ‘preclinical 

atherosclerosis’ was introduced to descript the early stage of the process of 

atherosclerosis where within the vascular walls, “something is starting to change”.  

While the disease is still in a subclinical stage, there is a need for a diagnostic tool to 

estimate the presence and severity of subclinical atherosclerosis in asymptomatic 

individuals as subclinical atherosclerosis confers an increased risk of CAD.  Currently 

detecting CAC by imaging methods confirms the presence of atherosclerotic plaque.  

	
  

	
  

CAC AND CONVENTIONAL RISK FACTORS  
Many studies have examined the relationship between CAC and coronary risk factors, 

having identified age and gender as the most important risk factors for CAC ranging 

from 14% for men and women less than 40, to 93% to 100% for men older than 70, 

and 77% to 100% for women older than 70 (103). The amount of CAC in women is 

similar to that in men a decade younger, paralleling the 10-year lag in women of the 

development of atherosclerosis (104).  

 
From the other cardiovascular risk factors elevated plasma cholesterol has most 

consistently been shown to be associated with coronary calcification. Diminished 

HDL, cigarette smoking, elevated blood pressure, obesity, number of risk factors, 



	
   14	
  

diabetes, and elevated triglycerides have all been shown to be associated with 

coronary calcification in one or more studies in one or more patient groups (105-111). 

However, the presence and extent of CAC in individuals with isolated risk of family 

history of premature cardiac events has not been precisely determined and remains  

controversial with some studies supporting the role of FH in siblings compared to 

parental and others showing no relationship. 

 

CAC IN ASYMPTOMATIC INDIVIDUALS 
Many screening methods have been proposed to stratify the risk of cardiac events in 

asymptomatic individuals and accordingly to target therapies to those who would 

benefit most from them, including aggressive lifestyle changes and the use of 

antiplatelet therapy and/or cholesterol-lowering agents. The Framingham Risk Score 

(FRS) is among the most commonly and widely used tools for risk assessment in 

clinical practice. The FRS classifies subjects into three groups in terms of 10-year risk 

of future cardiovascular events: low-risk group (<10%), intermediate-risk group 

(10%-20%), and high-risk group (> 20%). However, the FRS has its own limitations 

(112-115). 

 

Since most of the cardiovascular events occur in individuals at intermediate risk, more 

accurate assessment for the risk of developing a major cardiovascular event is needed 

by refining or adding more objective variables. Those in the intermediate-risk group 

would benefit most from such further risk stratification. Several studies have 

demonstrated the independent and incremental prognostic value of CAC over 

traditional risk factors for the prediction of all-cause mortality and cardiovascular 

events (116-123). Also it was suggested that the predictive value of CAC score 

(CACs) for future heart events is superior to the FRS when used in asymptomatic 

patients (124). 

 

Based on such evidence, trials have been established to evaluate the response of 

coronary calcification to various medications, particularly statins, but all failed to 

demonstrate any direct effect. Furthermore, a recent meta-analysis has clearly 

reported a lack of response of coronary calcification to statins despite significant fall 

in LDL, in contrast to atheroma that shrink in size with treatment (125). In addition, 
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observational and trials results suggest that the natural history of coronary 

calcification is mostly progression, irrespective of the use of statins (119,126-128).  

 

CAC IN SYMPTOMATIC INDIVIDUALS 
Coronary calcified plaque by cardiac CT has a high sensitivity and negative predictive 

power for obstructive CAD but limited specificity. Patients with chest pain of an 

undeterminate nature, particularly if coronary status is unknown (no prior infarction, 

angiogram, or other definitive diagnostic result), frequently require further 

investigations before a decision can be made regarding the proper course of treatment. 

In ambulatory subjects, electrocardiographic exercise testing, with or without cardiac 

imaging, is commonly used. If the results are markedly abnormal, the patient is 

frequently referred for a coronary angiogram. If the results are normal, the patient 

may be reassured or referred for further evaluations directed as no cardiac causes of 

chest pain. In the case of equivocal results, the decision to administer medical 

therapy, perform an alternative form of stress testing, implement aggressive risk 

factor management, or perform coronary angiography will depend on other aspects of 

the patient's symptoms and wishes as well as the physician's judgment. The 

physician's decision on the need for further testing and/or responses to the results of 

initial testing should consider the specificity and sensitivity of exercise test results, 

along with the pretest probability based on symptoms, risk factors, in estimating the 

post exercise test probability of not only angiographically severe disease but also 

morbid events.  

 

The ability of CAC to predict future coronary events in symptomatic patients has been 

demonstrated in various studies. A study of 368 patients undergoing coronary 

angiography and EBCT scanning found that higher CAC were associated with an 

increased risk of coronary events (129). CAC was a stronger independent predictor of 

future events than a sum of all of the conventional risk factors combined. Keelan et al 

followed 288 symptomatic persons who underwent angiography and calcium 

scanning for a mean of 6.9 years (130). They found age and CAC were the only 

independent predictors of future hard coronary events. A study of 192 patients 

showed that absolute CAC score were strongly related to the occurrence of hard 

events and all cardiovascular events (131). Patients with high scores were 13.2 times 
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more likely to suffer a cardiac event than those with low or zero scores. In a study of 

254 patients who presented with new-onset stable typical or atypical angina, CAC 

score was found to be a significant predictor of CAD independent of other variables. 

Other studies demonstrated that the presence of CAC score is highly sensitive (95-

97%) for the presence of CAD; but has a limited specificity (66-75%) [132-134]. 

Therefore, CAC score is a good test in effectively “ruling out” angiographically 

significant CAD in symptomatic patients and can be used as a filter prior to 

angiography. 

 

 

CAC AND ETHNICITY  

The first observation that blacks have less CAC than whites was first described in a 

large autopsy series in 1965 (135). That study, which included 777 autopsies in 

Louisiana, found the relative prevalence of calcified lesions in the 3 major coronary 

arteries for decedents who did not die of atherosclerotic heart disease to be 20% 

compaired to 75% in white descendents. Data from the MESA study and other studies 

demonstrated that whites have a higher prevalence of CAC and higher CAC scores 

than other races, and this raised the question of the validity of CAC in nonwhites 

(136-143). Nasir et al evaluated the use of CAC to predict all-cause mortlity in 14,812 

patients (144). The prevalene of CAC was highest in whites, although blacks and 

Hispanics had a greater clustering of risk factors for CAD. Despite a lower prevalence 

of CAC and lower scores compared with other races, black individuals demonstrated 

the highest mortality rates even after multivariable adjustment for clinical risk factors 

and baseline CAC scores. Compared with whites, the relative risk for death was 2.97 

in blacks, 1.58 in Hispanics, and 0.85 in Chinese. Also Detrano et al showed that 

CAC is a strong predictor of CAD events independent of race in 6722 MESA patients 

(145). CAC seems to be an excelent marker of risk in all races so far investigated, 

although the prognostic significance of score categories may vary among racial 

groups. So far, South Asians although considered as one of the largest ethnic groups 

(20% of the world’s population) and at risk of CAD, they are under-represented in the 

studies investigating the presence of CAC in various ethnic groups (146).  
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CAC AND VALVE CALCIFICATION  

 
AORTIC VALVE CALCIFICATION (AVC) 

Aortic valve disease is a general term that includes both aortic sclerosis and aortic 

stenosis (147). Aortic sclerosis represents an early stage in the disease processs that 

eventually progresses to aortic stenosis. Previously, aortic sclerosis and aortic stenosis 

were felt to be ‘degenerative’ disease, consequence of aging. However, recent studies 

suggest that they are the result of an active disease process within the aortic leaflets 

that has similarities to atherosclerosis including the presence of inflammatory cells, 

the deposition of lipids and involvement of active mediators of calcification (148-

150). Calcification plays a central role in the disease process. Pathological studies 

have shown that calcium occurs in areas of lipoprotein deposition and macrophages 

within the valve leaflets locally produce proteins such as osteopontin that are involved 

in calcium metabolism(151- 153).   

 

Cardiac CT  is an excellent modality for the assessment of AVC. A valvular Agatston 

score of 1100 or higher has been associated with an 93% sensitivity and 82% 

specificity for the diagnosis of severe aortic stenosis; while a score of 3700 or higher 

was found to have a sensitivity and negativity predictive value of 100% (154). 

 

The prevalence of AVC varies depending upon the population studied. In 

asymptomatic patients referred for CAC scanning, AVC is present in 7.5-17.7%; 

while in symptomatic individuals AVC is present in 30% (155-157). Increasing age is 

strongly associated with increasing prevalence of AVC. Except from age, risk factors 

for AVC are similar to those of atherosclerosis, including hypertension, active 

smoking, increased LDL and lipoprotein (a) cholesterol levels.  

 

Nasir et al found that among asymptomatic subjects with existing CAC (from the 

Multi Ethnic Study of Atherosclerosis-MESA), the prevalence of AVC increased 

across levels of CAC severity with AVC prevalence being independently associated 

with increasing severity of CAC (158).  

Since calcification of the coronary artery is a strong predictor of acute coronary 

syndrome and mortality and AVC is the most common cause of aortic stenosis in the 
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developed countries, it would be important for patient management to determine 

whether the prevalence and extent of the one would also predict the other. Although a 

number of studies have found a correlation between calcification of the coronary 

artery and aorta, few have investigated whether the prevalence and extent of valve 

calcification is too related to that of the coronary arteries (159-161). 

 

MITRAL ANNULAR CALCIFICATION (MAC) 

MAC is characterized by calcium and lipid deposition in the annular fibrosa of the 

mitral valve. MAC is  a chronic degenerative process and is associated with 

atherosclerosis risk factors (157,162). MAC is also feasible with cardiac CT and the 

degree of MAC correlates with the severity of mitral valvular disease seen on 

echocardiography (163). The prevalence of MAC in patients more than 60 years old 

with the use of EBCT  is 18% (164).  

 

Among studies investigating MAC, the MESA study found that MAC prevalence 

increased with increasing CACs in asymptomatic subjects (165). While Tenenbaum et 

al in a study of hypertensive patients (from International Nifedipine Study of 

Intervention as a Goal in Hypertension Treatment –INSIGHT) found that only 

advanced MAC (assessed by echocardiography) is an independent variable associated 

with severe CAC (assessed with EBCT) [166]. The same team also showed in the 

same patient group that advanced MAC predicted the presence of severe CAC (167). 

All these studies investigated the prevalence of  MAC in patients with known CAC 

but there is no study assessing the presence of CAC in patients with MAC, or 

combined AVC and MAC. 
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CHAPTER II 
 

 

Detection of Coronary Artery Calcification 
Several imaging techniques are able to detect CAC. These include plain radiography 

of the chest, fluoroscopy, intravascular ultrasound, conventional CT, ultrafast CT, and 

MR imaging.  

 

Plain chest radiography  
CAC is not easily detected on chest radiography unless the CAC is extensive (168). 

Accuracy of plain chest x ray in detecting CAC is only 42% compared to fluoroscopy, 

which also is not accurate (169). 

 

Fluroscopy 
Despite the fact that fluroscopy has been widely used to detect CAC it has several 

disadvantages. The sensitivity of fluoroscopy as a marker of coronary artery stenosis 

>50% compared to angiography is 40-79% and the specificity is 52-95% (170,171).  

In addition, the accuracy of the test depends on the skill and experience of the 

operator as well as on the duration of the study and the number of views obtained. 

Other factors to be considered are BMI, equipment differences, overlapping 

calcifications in structures such as valve annuli (172).  

Loecker et al compared fluoroscopic detection of CAC with angiography in 613 

asymptomatic men (mean age: 40 ± 5 years) and found sensitivity of 66%, specificity 

of 78%, positive predictive value of 38% and negative predictive value of 92% for 

significant disease (angiographic stenosis > 50%) [173]. Also, Uretsky et al compared 

fluoroscopy with coronary angiography for detecting CAC in 600 patients (174). 

They found sensitivity for detecting CAC in angiographically significant stenosis of 

65% and specificity 90% in patients <45 years old; while in patients <55 years old the 

specificity was 85%. In patients <45 years of age a single area of calcification 

increased the chances of stenosis while calcification of ≥2 vessels in patients between 

45-65 years increased the chances of significant stenosis. They concluded that 

patient’s age and number of calcified vessels were important predictors of significant 
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stenosis; however fluoroscopic detection of CAC was not helpful in the diagnosis of 

significant stenosis in patients >65 years old.  

Furthermore, Bobbio et al reported that fluoroscopic detection of calcium had a 72% 

diagnostic and 67% prognostic accuracy in diagnosing significant CHD and in 

predicting future cardiac events (175). Finally, Agatston et al compared fluoroscopy 

with high-resolution ultrafast CT in 584 subjects and found that 52% of calcific 

deposits (p=0.001) could be detected fluoroscopically (176). The mean calcium 

density for lesions detected by ultrafast CT was +99H, whereas that for lesions 

detected by fluoroscopy was +546H, suggesting that fluoroscopy can detect more 

calcified plaques.  

 

Intravascular Ultrasound 

Angiography the “gold standard” for the diagnosis of coronary artery disease, simply 

shows the vessel lumen, and does not provide additional information about the 

complex nature of coronary disease. Intravascular ultrasound (IVUS) was 

introduction at the end of 1980s, as the most modern application of diagnostic 

ultrasound as it is capable of supplying important information about the composition 

of atherosclerotic plaques. IVUS is an invasive technique that yields tomographic 

images of the vascular structures and direct visualization of both the luminal area and 

vessel composition. Since angiography only provides planar, map-like information 

about the coronary anatomy, it is also limited in estimating the mechanisms and 

progression of atherosclerotic disease. On the other hand, IVUS visualizes the artery 

in cross-sections through tomographic appraisal of the plaque, its extent and its 

composition below endothelial surface (177). Moreover, IVUS can also supply 

qualitative information regarding the risk of plaque progression/destabilization and 

quantitative data about the dimensions of the lumen and vessel (178). The limitation 

of IVUS is that as an invasive imaging modality it has the same potential risk of 

coronary angiography. Mintz et al studied 1117 patients using IVUS and coronary 

angiography and found that IVUS detected calcium in >70% of lesions, significantly 

more often than standard angiography (179).  

 

Also, IVUS has better ability to detect smaller coronary calcifications than MSCT due 

to its lower resolution as it has been shown in a study of 23 patients who have been 
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investigated both with IVUS and MSCT (180). In a study of 45 patients, Okabe et al 

evaluated the relationship between CACs and IVUS estimated calcification and 

reported that CACs accurate in evaluating coronary calcium burden non-invasively 

(181).  

 

On the other hand, Otsuka et al investigated the accuracy of coronary plaque volume 

measurement acquired with 64-slice MSCT compared with quantitative IVUS in 47 

patients (182). Quantification of coronary plaque within selected proximal or middle 

coronary segments without image blurring and heavy calcification with 64-slice CT 

was moderately accurate with respect to intravascular ultrasound and demonstrated 

good reproducibility.  

 

Optical Coherence Tomography 

Optical coherence tomography (OCT) can delineate calcified plaque without artifacts. 

Kume et al evaluated the ability of OCT to quantify calcified plaque in ex vivo human 

coronary arteries in 33 consecutive human cadavers. OCT estimates of the area of 

calcification were more accurate than those estimated by IVUS (183). 

 

Conventional CT 

Cardiac CT provides image slices or tomograms of the heart. CT technology has 

significantly improved since its introduction into clinical practice in 1972. Because 

calcium causes attenuation of the X-ray beam, CT is extremely sensitive in detecting 

CAC. The biggest issue with cardiac imaging is the need for both spatial and temporal 

resolution. In contrast cardiac MR where temporal resolution (how long it takes to 

obtain an image) is inversely related to spatial resolution, cardiac CT does not suffer 

from this inverse relationship, and allow both high spatial and temporal resolution.    

 

The limitations of conventional CT are slow scan times, motion artifact, volume 

averaging, breathing misregistrations, and inability to qualify the extent of the plaque. 

Generally, conventional CT is superior to fluoroscopy for detecting calcification in 

coronary arteries and to angiographically detect calcification in significant coronary 

artery disease (184). Timis et al found sensitivities of 16-78%, specificities of 78-

100% and positive predictive values of 83-100% for CT detection of CAC as a 
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marker of significant angiographic stenosis (185). Reinmuller et al used CT, 

fluoroscopy, and angiography in a study of 47 patents whose mean age was 57 years 

(186). CT scans showed calcification in 62% of vessels with significant lesions on 

angiography, whereas fluoroscopy showed it in only 35%. In this study, CT showed 

CAC in all the patients in whom fluoroscopy showed CAC and in all patients in 

whom angiography showed stenosis. Furthermore, CT showed CAC in 50% more 

vessels than fluoroscopy did. 

 

Electron Beam CT 

Electron beam CT (EBCT) was introduced clinically in the early 1980s. Since its 

initial introduction, it has been known as ‘rapid CT’, ‘cine CT’, ‘ultrafast CT’.  Today 

EBCT is established as the ‘gold standard’ for CAC detection. EBCT is a quick 

imaging modality, that uses low radiation dose to detect coronary calcium within 10-

15 min. EBCT scanners use ultrafast scan acquisition times of 100 msec in synchrony 

with the heart cycle. In this time images with pixel sizes of 0.25-0.5 mm2 can be 

obtained. The multisourse detector is stationary while the electron beam sweeps 

across the tungsten rings. Thirty to 40 serial 3-mm-thick slice tomographic sections of 

the heart are acquired. The scan is obtained in one or two breath-holding sequences 

and is triggered with prospective gating. EBCT has significant advantages in 

detecting calcification of coronary arteries. Because of this rapid imaging and high 

spatial resolution small amounts of calcium can be detected with considerable 

accuracy. With ultrafast CT, the effective radiation dose is 0.7 to 1.0 mSv in men and 

0.9 to 1.3 mSv in women, and no contrast material is required.  

 

To identify a lesion as calcified a threshold of 130 Hounsfield units (HU) is used. 

This level is based on the premise that the attenuation of soft tissues is about +50 H, 

and +130 H is enough of an increase that any structure with an attenuation of +130 H 

probably contains calcium (187).  

 

The next to be agreed was the density area needed to define a lesion as calcific. A 

+130 H density area of 2 mm2 or greater indicates a calcific lesion whereas < 2 mm2 

should be considered noise. The 100-msec minimizes cardiac motion, and the 

proximal coronary arteries can be imaged during one breath-hold. Tanenbaum et al 
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used EBCT and coronary angiography to examine 54 patients (188). Angiograms 

showed significant CAD in 43 patients, and 88% of these had detectable calcium in at 

least one coronary artery. The specificity in this study was 100%.  Agatston et al in a 

large cohort of 584 patients reported that EBCT is an excellent technique for detecting 

and quantifying CAC, giving a sensitivity of 71-74% and specificity of 70-91% (176). 

The negative predictive value of a zero calcification was 94-100%. In 50 patients who 

underwent both EBCT and fluoroscopy, EBCT showed calcium in 90% and 

fluoroscopy in 52%.  

 

Coronary artery calcium scoring is performed by quantifying coronary calcification 

throughout the epicardial coronary tree and is described using either the original 

Agatston score or the calcium volume score. The Agatston score is derived from the 

multiplication of the calcified plaque area and the highest attenuation coefficient. A 

coefficient value of 1 to 4 is assigned based on the peak Hounsfield units in the 

plaque. The method requires the slice thickness of the scan to be 3mm and is 

susceptible to partial volume effects. Subsequently, a more reproducible method to 

follow the progression of CAC was developed by Calister et al (189). The calcium 

volume score is independent of calcium density and computes the score based on 

voxels above threshold of 130 Hounsfield units.  

 

 

Multidetector CT 

Multidetector CT (MDCT) scanners, which became available in 1998, allows scan 

acquisition time <500ms. MDCT scanners use a rapidly rotating X-ray tube and 

several rows of detectors, also rotating. The tube and detectors are fitted with slip 

rings that allow them to continuously move through multiple 360° rotations. The 

helical and spiral mode is possible secondary to the development of this slip ring 

interconnect. This allows the X-ray tube and detectors to rotate continuously the 

rotating and stationary components of the system without a need to unwind the wires. 

When scanning in the axial mode, each 10-mm slab is divided into four 2.5-mm slices 

for measuring coronary calcium; there are no gaps or overlap between the four slices 

within the acquisition slab. This slip-ring technology was a fundamental breakthrough 

in conventional CT, as it permitted the passage from single slice scanning to the rapid 
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multislice scanning. The effective radiation dose for MDCT is 1 to 1.5 mSv in men 

and 1.1 to 1.8 mSv in women. MDCT can potentially improve reproducibility by 

reducing the amount of cardiac variability inherent in the diastolic image set by being 

closer to a true volumetric acquisition and with overlapping slices and retrospective 

gating, better reproducibility is possible (190,191).  

 

Becker et al studied 100, patients, comparing MDCT and EBCT and reported a high 

correlation between the two modalities, and the percentage variability was 32% 

between the two modalities for CACs (192). Patients with CACs<100 appeared to 

have the most deviation by MDCT as compared to EBCT; while the high correlations 

between the two modalities may have been driven by individuals with high CACs. 

Furthermore, mean variability for repeated measurement by using EBCT (22%) and 

slightly higher for MDCT (25%) whereas for retrospective analysis the interest 

variability was 42%. A limitation of this comparison is that the R-R interval for ECG 

triggering used for imaging with EBCT was 0% and for MDCT was 50%. Further 

reduction of variability with EBCT may have been possible if a more desirable R-R 

interval of approximately 40% was used (193).  

 

Horiguchi et al studied 60 patients with coronary calcified deposits who underwent 

EBCT and retrospective ECG gated MDCT (194). Correlation coefficient between the 

two modalities was 0.84 in the lower calcium group and 0.985 in the higher calcium 

group, respectively. Knez et al studied the diagnostic accuracy of MDCT compared to 

EBCT in 99 symptomatic male patients (195). The results indicated excellent 

correlation between the two modalities (CC=0.99). The mean variability between the 

MDCT and EBCT derived scores was 17%. Importantly, the study population had 26 

patients with score ranging from 0 to 100, and the mean variability between the tests 

was 20%, which was not significantly different from very high scores.  
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EBCT vs. MDCT 

Reproducibility of Results 

A potential of these technologies is to accurately measure atherosclerosis burden and 

to track changes over time to assess efficacy of therapy. This would be dependent on 

the reproducibility of the technologies. The interobserver and intraobserver variability 

of CACS for EBCT have improved and are now quite good (196).  

 

Bielak et al studied 256 patients who had EBCT evaluation of calcium and coronary 

angiography (197). A repeat EBCT scan was done immediately after the initial scan 

but after the patient had come off the scanner table. These investigators found that 

segmental areas with small amounts of calcification (less than 2 mm) were seen at a 

second examination only in 50% of the time. A study of 1376 asymptomatic 

individuals undergoing sequential scanning resulted in an average variability of 15% 

to 17%, while another recent study revealed a mean inter-scan variability of 16% to 

17% and a median variability of 4% to 8% (198,199). EBCT inter-scan 

reproducibility has been shown to be approximately 10%, with inter-reader variability 

approximately 3% and intra-reader variability <1% (200, 201).  

 

Reproducibility has not been as good with MDCT. The inter-scan variability in 

several studies is 32% to 40% (202,203). Goldin et al reported a mean inter-reader 

variability of 4.5% for EBCT versus 41.5% for MDCT (204). In 537 patients Daniell 

et al demonstrated a mean variability of 36% for volume scoring and 43% for 

Agatston scoring with MDCT (205). Other investigators have suggested that a large 

increase in calcium score is needed before a change in calcium score can be attributed 

to progression of pathology rather than measurement error. (206,207) Thus, although 

calculation of the total calcium score using EBCT is quantitative and operator 

independent, reproducibility varies from excellent to moderate, depending on the 

laboratory and, most likely, the actual magnitude of the calcium score (208). The 

variability in repetitive measurements of calcium score is largely related to scan 

misregistration secondary to patient motion. Preliminary application of 6 mm thick 

slice scanning rather than the traditional 3 mm EBCT scanning has been suggested to 

halve inter-scan variability. Further improvements in electrocardiographic triggering 

algorithms and shorter total scan time have recently been implemented and should 
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further reduce inter-scan variability. Also, careful patient instruction about breath 

holding can reduce respiratory misregistration. 

 

Transthoracic and Transesophageal Echocardiography 
Transthoracic echocardiography is exquisitely sensitive to detection of mitral and 

aortic valvular calcification; however, visualization of the coronary arteries has been 

documented only on rare occasions; therefore, there are no practical applications for 

transthoracic echocardiographic. In the same way, transesophageal echocardiography 

has sufficient density, resolution, or available acoustic windows to reliably define in 

situ coronary artery calcium (209,210).  

 

Magnetic Resonance Imaging 

The ability to detect coronary calcification with magnetic resonance imaging (MRI) is 

limited due to technical limitations. The main technical limitation is the limiting 

temporal resolution, which restricted the MRI application in the rapid moving vessels 

like the coronary arteries. Fibrous tissue, scar tissue and calcium have little signal on 

MR images, all appear as signal voids. These lesions cannot be differentiated, because 

MR imaging has poorer resolution than CT (211, 212). In addition, a validated 

automated operator-independent software for quantitative assessment of plaque 

dimension and composition is still missing. Finally the high costs associated with this 

technique will limit the use of MRI for screening purposes (213).     
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CHAPTER III 
 

Objectives  
The objectives of this thesis are: 

 

1. To examine racial/ethnic differences in CAC and CAD, between 

symptomatic South Asians and Caucasians, matched for age, gender and 

conventional cardiovascular risk factors. 

 

2. To assess, using a meta-analysis model, the natural history of and stability 

of measurements of coronary calcium scoring based on data collected from 

two large published trials: St Francis and EBEAT. 

3. To investigate the prevalence of CAC in individuals with CT evidence for 

AVC, MAC or of both of them (AVC+MAC). 

4. To assess any potential association between premature CHD (<55 years in 

first-degree male relatives and <65 years in first-degree female relatives) 

and CAC in a large cohort of asymptomatic individuals. 
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Subjects and Methods 
 

Subjects 
Study I 

The study cohort consists of 101 patients of South Asian origin (India, Pakistan, Sri 

Lanka, Nepal and Bangladesh) who complained of angina-like chest pain or 

equivalent symptoms and had undergone CTCA between 1st December 2009 and 30th 

April 2011, at European Scanning Centre (London, UK). These South Asians were 

matched consecutive randomly with 101 symptomatic Caucasians, identified from a 

population of 1800 patients referred for CTCA at the same period of time. The 

matching was done for age, gender and conventional risk factors (family history of 

premature CAD, diabetes mellitus, hypertension, dyslipidaemia, smoking, 

overweight). European Scanning Centre is an independent imaging centre in the 

central London, and provides medical support in residents of central London.  All 

patients were referred for CTCA for exclusion of significant CAD from the local 

physicians, and were private patients.  

 

The presence of risk factors was confirmed from the referral letters and the 

questionnaires, which were completed by the patients prior to the CTCA. Family 

history for premature CAD was defined as CAD in a first-degree relative (men <55 

years and women <65 years). Diabetes mellitus (DM) was defined as fasting glucose 

level of at least 126 mg/dl (7.0 mmol/l), use of hypoglycaemic medications or self-

reported previous physician diagnosis. Hypertension (HTN) was defined as the use of 

antihypertensive medications or known but untreated hypertension. Dyslipidaemia 

was defined as the use of cholesterol-lowering medications or having known but 

untreated total serum cholesterol >240mg/dl (6.2 mmol/L). Current smokers and those 

who stopped smoking fewer than 30 days prior to the CT scan were included in the 

smoking category, whereas the remainder were characterised as non-smokers. 

Overweight was defined as body mass index (BMI) ≥25. 

 

Patients with known history of CAD, prior intervention, surgery, valve disease, 

chronic kidney disease (creatinine >130mmol/L) or heart failure were excluded from 
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the study. All patients had given written consent for the CT scan and for their clinical 

data to be used for research purposes. 

 

Study II 

The natural history of CACs measurements was assessed based on data from the 

cohort of subjects without statins treatments, or with only a low-dose statins 

treatment, in the previously published St Francis (Study A) and EBEAT (Study B) 

trials, respectively. 

 

In St Francis trial 1,005 men and women age 50 to 70 years, with CACs above the 

80th percentile for age and gender and with no history, symptoms or signs of CHD 

were enrolled in the study. From them, 490 enrolled to receive atorvastatin 20mg 

daily, vitamin C 1g daily and vitamin E (alpha tocopherol) 1.000 U daily versus 515 

matching placebo, administered in double-blind fashion. In addition all participants 

were given 81 mg of aspirin daily.  

 

The EBEAT trial was a multicenter trial, (55 sites in Germany, England, and Russia), 

in which 471 men and women aged between 32 and 80 years with no history of CAD 

and no evidence of high-grade coronary stenosis (demonstrating either by an invasive 

angiogram or by an exercise stress test) were enrolled if they had CACs >30 and  >/= 

2 cardiovascular risk factors. For inclusion in the study, patients had to have at least 2 

cardiovascular risk factors, defined as (1) current or former smoking, (2) systemic 

hypertension (seated systolic blood pressure  >/=140 mm Hg or diastolic blood 

pressure >/=90 mm Hg on at least 2 measurements or current antihypertensive 

medication use), (3) LDL cholesterol levels >160 mg/dL, (4) HDL cholesterol levels 

<45 mg/dL, (5) type II diabetes mellitus, or (6) a positive family history of ischemic 

heart disease (documented myocardial infarction or sudden cardiac death before age 

55 years in male or before age 65 years in female first-degree relatives). A total of 

235 patients were assigned to the 80-mg atorvastatin group and 236 patients to the 10-

mg atorvastatin group.  

 

In Study A, changes in CACs were compared between the baseline measurements and 

the 2-year follow-up measurements from subjects in the placebo group, where 443 

patients (77% males) had complete measurements in both investigations. In Study B, 
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changes between baseline and one year follow-up were compared in 209 patients 

(76% males) commenced on small dose of statins (10 mg Atorvastatin). In total, we 

analysed 649 patients in the present study. At baseline, the mean age of patients was 

59.1 years (SD 6.0) in Study A and 61.1 years (SD 8.6) in Study B (p=0.002, 

groupwise T-test). No patient had heart failure, valve disease or any other systemic 

disease which might influence the rate of arterial calcification e.g. kidney failure or 

clinical parathyroidism. 

 

Study III 

Between August 2010 and September 2011 from the patients referred to European 

Scanning Centre, London, UK, for assessment of CAC score, we identified 282 

consecutive patients with AVC, MAC or both.	
   Medical	
   history,	
   demographic 

information and the presence of risk factors were abstracted from referral letters and 

questionnaires completed by the patients prior to the CT scan.   

 

Patients with known history of coronary artery disease, prior intervention, surgery, 

valve disease, chronic kidney disease (creatinine >130mmol/l) or heart failure were 

excluded from the study. Detailed assessment of CAD risk factors was undertaken. 

HTN was defined as the use of antihypertensive medications or known but untreated 

hypertension. Dyslipidaemia was defined as the use of cholesterol-lowering 

medications or having known but untreated total serum cholesterol >240mg/dl (6.2 

mmol/l). DM was defined as a fasting plasma glucose level of at least 126 mg/dl (7.0 

mmol/l), use of hypoglycaemic medications or self-reported previous physician 

diagnosis. The body-mass index was calculated as the weight (in kilograms) divided 

by the square of the height (in meters), and obesity was defined as BMI ≥30.  Family 

history (FH) of CAD was confirmed if first-degree relative (men <55 years and 

women <65 years) had had a fatal or non-fatal myocardial infarction, coronary 

angioplasty, or coronary-artery bypass surgery. Current smokers and those who 

stopped smoking prior to the CT scan were included in the smoking category.  

 

Study IV 

We identified retrospectively 3613 asymptomatic individuals who underwent Electron 

Beam Computed Tomography, at the European Scanning Centre (London, UK) as 

part of a preventive health programme or because of physician referral between 
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December 2009 and January 2002. Individuals were included in the study irrespective 

of having family history of premature CHD. Individuals with previously documented 

CHD or chronic kidney disease were excluded from this analysis. Demographic 

information and the presence of risk factors were abstracted from referral letters and 

questionnaires completed by the patients prior to the EBCT examination. We selected 

only non-smokers without history of hypercholesterolaemia, HTN, DM or obesity 

(BMI> 30). Subjects with late-onset family history of CHD (>55 years in first-degree 

male relatives and  >65 years in first-degree female relatives) were excluded. History 

of premature CAD was defined as the presence of CHD or sudden death in a first-

degree relative before age 55 years in males or before age 65 years in females.  
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Methods 
Study I  

CTCA protocol 

Imaging was performed using a 640 slice, 320-row CT scanner with 0.5mm detector 

elements, 350ms of gantry rotation time and up to 16cm of coverage in the Z direction 

(Aquilion® ONE, Toshiba Medical Systems, Otawa, Japan). Prior to the CTCA, the 

referring physician prescribed patients an oral beta-blocker, unless contraindicated. If 

the heart rate remained >70 beat/min, an additional 5-20mg of intravenous metoprolol 

was administered immediately before the scan. Glyceryl trinitrate (GTN) spray was 

given sublingually if systolic blood pressure was ≥110mmHg. Scanning settings of 

approximately 450mA (range 350-580mA) and 100-120kV were used, depending on 

BMI. Contrast agent was given intravenously (70mL non-ionic iodinated, dual-phase 

injection with saline flush of about 40mL; Iomeron 400). The automatic sure-start 

option of the CT scanner was used to achieve adequate contrast enhancement in the 

coronary arteries, initiating CT scanning after a threshold of 180-Hounsfield units in 

the left ventricular cavity had been reached. Images were acquired prospectively at 

70-80% and 30-80% of the RR interval for patients with heart rate ≤68 beats/min and 

> 68 beats/min, respectively. 

 

CTCA image analysis 

CAC was assessed using dedicated software and was quantified using the Agatston 

method. The number of diseased coronary vessels and segments, number and type of 

plaques and grading of branch stenosis were recorded. Coronary arteries were divided 

into four main branches: left main stem (LMS), left anterior descending (LAD), 

circumflex (LCx) and right coronary artery (RCA), according to the standard 

description of the American Heart Association. Sixteen segments were analysed for 

each patient (or 17 segments if the intermediate artery was present): LMS; LAD- 

proximal, mid and distal; First Diagonal Branch (D1); Second Diagonal Branch (D2); 

Intermediate artery; LCx- proximal and distal; First Obtuse Marginal Branch (OM1); 

Second Obtuse Marginal Branch (OM2) and Posterolateral (PL); RCA- proximal, mid 

and distal; Posterior Descending Artery (PDA) and Posterior Left Ventricular Branch 

(PLV). 
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Branch stenosis was graded as negative (no stenosis), minimal (<25% stenosis), mild 

(25-50% stenosis), moderate (50-70% stenosis), severe (>70 % stenosis) or total 

occlusion (100% stenosis) in LAD, LCx or RCA; and >50% stenosis in LMS 

classified as severe. 

 

Coronary plaques were classified as calcified plaque (plaques with higher density than 

contrast-enhanced lumen), non-calcified plaque (plaques with lower CT attenuation 

than contrast-enhanced lumen without calcification) or mixed plaque (non-calcified 

and calcified elements in a single plaque). 

 

Study II 

In the St Francis trial, EBCT scanning was performed at the time of enrolment with 

an Imatron C-150 XP scanner (Imatron, South San Francisco, California) with a 

reconstruction field of view of 26 cm. Forty contiguous 3-mm slices were scanned 

during a single breath hold, beginning at the carina. At least two adjacent pixels with 

an attenuation coefficient >130 Hounsfield units defined a calcified lesion, and CACs 

were calculated using the method of Agatston et al.  

 

In the EBEAT trial, EBCT examination was performed in a standardized fashion in 

all 9 EBCT centers. For the imaging procedure, the protocol described by Agatston et 

al was used. The EBCT scanners were operated in the high-resolution, single-slice 

mode with continuous, nonoverlapping slices of 3-mm thickness and an acquisition 

time of 100 ms; while a 26-cm2 field of view was used. The EBCT images were 

documented and sent to the core laboratory at the University Clinic Essen for blinded 

analysis. The local EBCT centers generated the total Agatston CACs, which was used 

as the EBCT inclusion criterion. CAC was defined as a hyperattenuating lesion above 

the threshold of a CT density of 130 Hounsfield units (HU) in an area of 3 or more 

adjacent pixels.  

 

In both trials reported CACs measurements in the four main arteries of the coronary 

tree: left main stem (LMS), left anterior descending (LAD), left circumflex (Cx) and 

right coronary artery (RCA), respectively. Total CACs was calculated as the sum of  

scores of the four obtained vessels. 
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Study III 

CT imaging protocol 

Coronary imaging was performed using a 640 slice, 320-row CT scanner with 0.5mm 

detector elements, 350ms of gantry rotation time and up to 16cm of coverage in the Z 

direction (Aquilion® ONE, Toshiba Medical Systems, Otawa, Japan). Forty 

contiguous, 3-mm-thick slices were obtained during a single breath hold, beginning at 

the lower edge of the carina. The field of view was 26cm, and the scan time was 100 

ms per slice, with synchronized electrocardiographic triggering at 80% of the RR 

interval. At least two adjacent pixels (i.e. area ≥0.93mm2) with a density >130 

Hounsfield units were required to define a lesion. 

 

Calcification of the coronary arteries, aortic valve and mitral annulus were quantified 

using the Agatston method. AVC was defined as any calcified lesion below the origin 

of the coronary arteries and located at the point of attachment of the aortic leaflets, 

including the valvular point of attachment or the leaflets but not including the aortic 

root. MAC was defined as any calcification located at the junction between the left 

atrium and ventricle and includes the mitral leaflets. CAC was defined as any 

calcification occurring in the coronary artery.  

 

Study IV 

All EBCT CAC studies were performed using the same scanner (Imatron C300 

Ultrafast computed tomography scanner, GE Healthcare, London, UK) and the same 

scanning protocol. Forty contiguous, 3-mm-thick slices were obtained during a single 

breath hold, beginning at the lower edge of the carina. The field of view was 26cm, 

and the scan time was 100 ms per slice, with synchronized electrocardiographic 

triggering at 80% of the RR interval. At least two adjacent pixels (i.e. area ≥0.93mm2) 

with a density >130 Hounsfield units were required to define a lesion. CAC scores 

were calculated according to the method proposed by Agatston et al. 
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Statistical analysis 
Study I 

Continuous variables are expressed as mean ± standard deviation (SD); discrete 

variables as absolute numbers and percentage. All analyses were performed using 

SPSS for Windows (version 13.0, SPSS Inc., Chicago, Illinois). The Student t test 

was used for differences in continuous variables between the two ethnic groups and 

the Chi-square test was applied to investigate whether distributions of categorical 

variables differ from one another. The difference in the number of coronary segments 

with plaques was estimated with Mann-Whitney U. A two-tailed p value of <0.05 was 

considered to be statistically significant.  

 

Study II 

The change in calcium score over time was analysed using a linear mixed effect 

model, where CACs was assumed to be dependent on age at baseline (AGE), and the 

time (TIME, in years) between the baseline and follow-up measurements, 

respectively. The baseline measurement was used as reference level, i.e., TIME was 

set to zero for the observations at baseline, and set to one or two for the observations 

from the second investigation. Baseline age was expressed as the deviation from age 

30 years, for better interpretation, as the youngest subject was 32 years old. The 

model also contained an indicator for gender. The mixed effect modelling was the 

repeated after inclusion of an additional indicator for study. 

 

To estimate the random variation in the population, the model also included estimates 

of two random effects reflecting the inter-individual variation in CACs and its change 

over time: the intercept (patient effect) and the slope (individual annual change).  

Because of the large inter-individual differences in CACs and to fulfil basic model 

assumptions, data were logarithmically transformed (using the base 10) before the 

analyses. Thus, a value of CACs of 100 corresponds to a log-transformed value of 2.  

When analysing CACs in individual arteries, we added 1 to all values to allow log-

transformation of data from subjects with CACs of zero in any of the two 

measurements. Means and standard deviations (SD) were calculated based on log-

transformed CACs. 



	
   36	
  

Mixed effects modelling were performed using R version 2.15.3. Model estimation 

was based on restricted maximum likelihood (REML) and model selection was based 

on Akaike's Information Criterion (AIC) and analysis of variance using F-tests. 

Additional analyses were performed using the Matlab Software (Mathworks Inc, 

Natick, Ma). Statistical significance was defined as p < 0.05. 

 

Study III 

Statistical analyses were carried out using a statistical package program (SPSS). 

Results of numerical data are presented as median, range. A p < 0.05 was considered 

statistically significant. AVC was assessed in a continuous fashion/way, AVC score 

(AVCs). The same method was followed for MAC (MACs) and the combined 

AVC+MAC (AVCs + MACs). Also the CACs was assessed in a continuous fashion 

and also in categories (0, 1-100, 101-400, 401-1000, and >1000). The CACs, AVCs, 

MACs and the AVCs +MACs were log transformed before the analysis in order to 

access normality and fulfill model assumptions. The association between AVC, MAC, 

and AVC+MAC with the CAC was assessed with the use of scores by the 

determination of Pearson’s rank correlation.  

 

Study IV 

Statistical analyses were carried out using a statistical package program (SPSS 

Statistics,	
  18). Results of numerical data are presented as mean ± standard deviations.	
  

A p<0.05 was considered statistically significant. The coronary artery calcium score 

(CACs) was classified into the following categories: 0, 1-100, 101-400, >400. 

Continuous variables were compared using Student’s t test and categorical variables 

were compared using Pearson Chi-square test. Associations between risk factors and 

CACs were assessed using multiple linear regression analyses. The CACs were log 

transformed using the model: CAClog = log10 (CAC+1) before the regression 

analysis. 
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CHAPTER IV 
 

Results 
Study I 

 

The demographic and clinical characteristics of the study population and controls are 

summarized in Table 1. There was no significant difference in mean age or coronary 

disease risk factors between the two groups. 

 

 
 
Table 1. Clinical characteristics of the study population. 
 
 
Characteristics South Asians 

   (n=101) 

Caucasians 

   (n=101) 

 p value 

 

 

Age 

  

 

54.8 ± 10.9 

  

 

54.7 ± 10.6 

  

 

0.92 

 

Male gender 

   

73 (72.27%) 

  

73 (72.27%) 

  

0.98 

 

BMI 

 

   

27.79 ± 3.93 

  

28 ± 7.80 

 

0.81 

Family history of 

premature CAD 

 

37 (36.63%) 

  

36 (35.64%) 

  

0.97 

 

Hypertension 

   

46 (45.54%) 

 

48 (47.52%) 

  

0.99 

 

Hypercholesterolemia 

 

60 (59.40%) 

  

62 (61.38%) 

  

0.96 

 

Diabetes Mellitus 

   

14 (13.86%) 

  

14 (13.86%) 

 

0.99 

 

Smoking 

   

15 (14.85%) 

  

18 (17.82%) 

  

0.96 
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Prevalence of atherosclerotic plaque and arterial calcification 

CTCA image quality was satisfactory -thus allowing accurate diagnosis- in 3,288 

(98.8%) out of 3,328 coronary artery segments. In the remaining 40 segments (1.2%), 

the CTCA image quality was considered unsatisfactory, either due to severe 

calcification or breathing artefacts.  

 

Both the prevalence and extent of CAC was higher in the South Asian group (Table 

2). Presence of CAC (CACs>0) was reported in 54.5% (n =56) of South Asians as 

compared to 43.5% (n =45) of Caucasians (p =0.16). In the CAC score categories 

>100 (101-400, 401-1000 & >1000) there were more South Asians than Caucasians, 

although statistically significant difference was not reached in the latter category (p 

=0.2). South Asians showed a higher mean CAC score (156 ±27.4 vs. 25.4 ±6.2, p 

<0.0001; Table 3). The CAC score was significantly different in all coronary artery 

branches (Table 3).  

 

South Asians also had a greater mean number of coronary artery segments containing 

plaque (1.9 ±2.3 vs. 1.0 ±1.6, p =0.0001) with calcified (1.2 ±1.8 vs. 0.7 ±1.2, p 

=0.02), mixed (0.4 ±0.8 vs. 0.15 ±0.5, p =0.004) and non-calcified plaque (0.4 ±0.8 

vs. 0.15 ±0.4, p =0.002; Table 5). This refers to both obstructive (0.45 ± 1.4 vs. 0.1 

±0.5, p =0.006) and non-obstructive plaques (1.5 ±1.7 vs 0.9 ±1.3, p =0.0003) (Table 

5). 

 

The severity of CAD (based on CTCA findings) in the two ethnic groups is shown in 

Table 6 and Figure 1. When compared to Caucasians, there were additional twenty (n 

=20) South Asians with triple-vessel disease (p =0.0004). In both groups, the LAD 

was the predominantly affected artery (for >25% coronary artery stenosis, Table 4), 

while for <25% stenosis the plaque was more evenly distributed between arteries. 

Higher CAC scores were also found in the LAD (p =0.0001); Table 3.  
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Patients ≤ 50 years of age 

In the subgroup ≤50 years of age, the mean CAC score was not significantly different 

between the two ethnic groups (Table 3) and there was no difference in the proportion 

of the two subgroups in any of the CAC score categories >100, p =1 (Table 2). With 

regards to plaque morphology, South Asians were affected more than Caucasians, for 

all types of plaque, although the difference did not reach statistical significance (Table 

5). The number of South Asians, with coronary atherosclerotic plaque was higher in 

relation to Caucasians (Table 5).  

 

The LAD was again the predominantly affected artery (Table 3). The differences 

between the two populations in numbers with single- and triple-vessel disease were 

not significant (p =0.7 & 0.2, respectively). Only two Caucasians had >25% 

narrowing of the LAD (Table 4). Mean CAC score was higher in all-arterial branches 

of the South Asian population than of the Caucasian (p=0.0001 for all); Table 3. 

 

Patients >50 years of age 

South Asians >50 years of age had a higher mean CAC score (p<0.0001) and there 

were more South Asians than Caucasians in all CAC scores categories (Table 3,2). 

All three patients with CAC score >1,000 were South Asians >50 years old. South 

Asians had a greater number of affected coronary segments (p =0.001); obstructive (p 

=0.03) and non-obstructive (p =0.007), Table 5. With regards to plaque morphology, 

South Asians had a higher number of all type plaque, although for calcified plaques 

the difference was not statistically significant (p =0.08). 

 

With regards to the topography of the disease, the LAD was the segment 

predominantly affected for >25% stenosis and calcium deposition in both ethnic 

groups (Table 4). The difference in mean CAC score in each artery was again 

significantly higher in South Asians (Table 3). This was reflected in the higher 

numbers of South Asians with triple vessel disease (p =0.0001) and the 

correspondingly fewer with single vessel disease (p =0.0001), Table 6. 
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Figure 1. Severity of stenosis in the total cohort. 

 

 

 
 
 
Figure 2. Severity of stenosis in participants </= 50 year old. 
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Figure 3. Severity of stenosis in participants >50 years old. 
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Study II 

 

Total CACs at baseline vs. follow-up  

Table 7 summarizes relative changes between the baseline and follow-up 

examinations: 23% of the cohort had negligible change in CACs of <10% irrespective 

of the baseline CACs; 68% of the group as a whole presented an increase in CACs; 

and the remaining 10% showed a fall in CACs. Figures 4 and 5 show total CACs at 

the baseline and follow-up examinations and how the changes are related to age and 

baseline value, respectively. Several outliers were found, including subjects with very 

large increases and others with large decreases in CACs between the two 

measurements. Since data were log-transformed, relative changes were amplified in 

subjects with low CACs.  

 

All variables included in the mixed effect model were statistically significant (Table 

8). The intercept corresponds to a baseline CACs of 38.9, at age 30, for females and 

98.5 for males. The effect of gender corresponds to an increase in CACs of 153% for 

males compared to females at age 30. For each year over 30 CACs is expected to 

increase by 4.5. 

 

The estimated average change in CACs between baseline and follow-up, 

complementary to the effect of AGE, was an annual increase of 13.5%, as indicated 

by the estimated effect of the variable TIME. For subjects in study A, the follow-up 

time was two years, whereas it was one year in study B. 

 

There was a significant variability in the random effects as represented by the values 

of the Intercept and TIME variables, reflecting the between-subjects variation in 

baseline measurements and in the changes of CACs between measurements. An 

estimated 95% prediction interval at age 30 for individual baseline CACs was for 

females (6.0, 252.0) and (15.2, 638.8) for males. For TIME a 95% prediction interval 

for the annual progression was  (-2.3, 31.9) %, which indicates that a small decline in 

CACs over time can be expected in some subjects. 

 

The estimated within-subject correlation between intercept and TIME was 0.037, 

which was not significantly different from zero. This implies that there is no evidence 
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of any systematic relationship between the intercept and CACs progression between 

baseline and follow-up measurements. 

 

An additional mixed-model analysis was performed to investigate the differences 

between the two studies by adding the indicator variable STUDY, and also controlling 

for the effects of interactions between variables, progression between measurements 

and gender differences (Table 9). The extended model contained similar estimates for 

all variables included in the first model. Study B subjects presented significantly 

lower CACs, e.g., they were predicted to have significantly lower baseline CACs at 

age of 30. Moreover, they also presented a 4.7% faster predicted CACs progression 

from baseline. 

 

Analysis of individual arteries 

We compared the baseline and follow-up measurements in each of the two coronary 

arteries, as well as in the three individual arteries of the left system (Figure 6). There 

were a number of subjects with marked decreases and marked increases when the two 

measurements were compared. In all arteries, data demonstrated many suspected 

outliers, consisting of the following two patterns: 1) a marked increase of CACs from 

zero at baseline, or 2) a marked decrease of CACs to zero from a non-zero baseline. 

However, when the sum of the CACs from the three branches of the left coronary 

artery, LMS, LAD and Cx was calculated, only six subjects presented zero values at 

any time point, baseline or follow-up.  

 

Table 10 shows a summary of relative changes in the individual arteries. Note that in 

the RCA measurements, 220 subjects presented more than 50% increase in CACs. 

However, 177 of these subjects had CACs <100 at baseline. The larger variability for 

RCA, we noticed, compared to LCA was probably caused by both the inherent 

variability found in subjects with CACs <100, as well as the greater motion of the 

RCA. Mean difference in CAC was 0.09 (SD 0.20) on the left coronary system, 

compared to 0.16 (SD 0.47) for the right coronary artery. Almost one quarter of the 

two groups of patients did not show significant change in CACs over the follow up 

period. Over 40% of the left coronary arteries had up to 50% increase in CACs 

compared to 26% of RCA. This rate of progression in the two arteries was reversed in 

patients showing >50% increase in CACs. Only 10% of the two arterial systems 
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showed a fall in CACs up to 50% baseline values and only 2% and 5% had >50% 

reduction in CACs in the left and right systems, respectively.  

 

 

 

 

 
Figure 4. CACs at baseline and at follow-up in relation to age for all subjects 
(N=649).  The thick line shows the estimated age-dependence in the cohort, whereas 
the short lines show the change from baseline to follow-up for each individual. CACs 
were logarithmically transformed using the base 10. 
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Figure 5. The change in CACs between the baseline and follow-up measurements in 
relation to baseline value (N=649). The change is represented by the slope of the 
individual lines shown in Figure 1, i.e., the difference divided by the time between 
measurements. Solid horizontal line shows the mean difference, and dashed lines 
shows mean±2SD. CACs were logarithmically transformed using the base 10. 
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Figure 6. Calcium score measurements in coronary arteries on each side (top) and 
individual arteries on the left side (bottom) in all subjects (n=649). The baseline value 
is shown on the X-axis, and the difference between follow-up and baseline is shown 
on the Y-axis. Solid horizontal line shows the mean difference, and dashed lines 
shows mean±2SD. CACs were logarithmically transformed using the base 10. 
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Table 7. Summary of relative changes between the baseline and follow-up 
examinations. 

Change All subjects 
CAC<100  

at baseline 

CAC≥ 100  

at baseline 

>50% reduction 10 (2%) 2 (2%) 8 (1%) 

10-50% reduction 51 (8%) 18 (18%) 33 (6%) 

Relatively unchanged 

(<10% change) 
150 (23%) 19 (19%) 131 (24%) 

10-50% increase 303 (47%) 27 (26%) 276 (50%) 

>50% increase 135 (21%) 36 (35%) 99 (18%) 

 

 

 

Table 8. Mixed effects modelling of the variation in calcium score. AGE: expressed 
as actual age-30 (in years); TIME: time from baseline examination (in years); 
GENDER: indicator variable set to one for males, and zero for females. 
 
Variable Value Std. Error p-value AIC:57 
Intercept 1.590 0.083 <0.001 
AGE  0.019 0.002 <0.001 
TIME      0.055 0.003 <0.001 
GENDER     0.404 0.039 <0.001 
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Table 9. Mixed effects modelling of the variation in calcium score, including an 
analysis of the differences between the two studies. AGE: expressed as actual age-30 
(in years); TIME: time from baseline examination (in years); GENDER: indicator 
variable set to one for males, and zero for females; STUDY: indicator variable set to 
one for study B, and zero for study A. 
 
Variable value Std. Error p-value AIC:-40 
Intercept  1.596 0.077 <0.001 
AGE         0.023 0.002 <0.001 
TIME         0.052 0.003 <0.001 
GENDER       0.411 0.036 <0.001 
STUDY -0.361 0.033 <0.001 
TIME x STUDY  0.020 0.010  0.0504 
 
 

 

 

 

Table 10. Comparison of relative changes between the baseline and follow-up 

examinations in individual coronary arteries. 

 

Change Left CA Right CA 

>50% reduction                 13 (2%) 35 (5%) 

10-50% reduction 66 (10%) 61 (9%) 

Relatively unchanged 

(<10% change) 
               152(23%)  165 (25%) 

10-50% increase 280 (43%) 167 (26%) 

>50% increase 138 (21%) 220 (34%) 
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Study III 

 

The study group consisted of 282 individuals with detectable valve calcification 

(AVC, MAC or AVC+MAC). The mean patients age was 67.1 ± 10.6 years old, while 

176 (63.8%) were males. Family history of premature CAD was present in 53 

(19.1%) of the cohort, 210 (75.3%) had hypercholesterolemia, 174 (63%) were 

hypertensive, 34 (12.3%) were diabetic and 32 (11.6%) were smokers.  

 

The majority of individuals (63.8%) had isolated AVC, 33.7% had combined 

AVC+MAC and only 2.5% had isolated MAC. Absence of CAC (CAC score = 0) 

was noted in 12.7% of the study population. AVC and CAC were observed in 53.5% 

of the study population, MAC and CAC in 2.1%, while combined AVC+MAC and 

CAC in 31.6%.  

 

Aortic valve calcification 

In 16% of individuals with isolated AVC there was no CAC; while 31%, 13%, 23% 

and 16% of the study population had CAC scores of 1-100, 101-400, 401-100, and 

>1000 respectively; p < 0.003.  

 

The median CACs was 125 [0-3326] while the median AVCs was 109.5 [30-4646]. 

The median AVCs increased from 196 [36-644] in subjects with CACs of 0 to 1506 

[53-5343] in those with CACs >1000. Table 11 shows that AVCS increases parallel to 

the CACs. The AVCs correlated with the CACs (r=0.4; p < 0.0001). A ROC analysis 

showed that an AVC score of 262 had a sensitivity of 78% and specificity of 92% for 

the prediction of presence of CAC. 

 

Mitral annulus calcification 

The population group with isolated MAC was very small. The majority of individuals 

belong to the category with CACs of 1-100; and there is no statistical difference in the 

distribution of individuals in CACs categories; p=0.5. The median CACs was 65 [0-

1113] and the median MACs was 88 [18-179]. The median MAC score showed the 

lowest value [18 ± 0] in subjects without CAC, and reached the highest value [179 ± 

0] in those with CACs 101-400. MAC correlated modestly with the CACs (r=0.36; 

p<0.0001). 
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Aortic valve calcification + Mitral annulus calcification  

Absence of CAC (CACs=0) was observed in 6% of individuals with combined 

AVC+MAC; whereas 17.9%, 6.3%, 26.3%, 43.2% had CACs of 1-100, 101-400, 401-

1,000 and >1,000 respectively; p<0.0001. The median CACs was 651 [0-6408] and 

the median AVC+MAC score was 445 [140-1314]. The median AVCs increased from 

235 [70-333] in individuals with no CAC, to 1135 [210-1987] in those with 

CACs>1000. The combined AVC+MAC correlated with CACs (r=0.5; p<0.0001). A 

ROC curve showed that an AVC+MAC score of 1011 had a sensitivity of 67% and 

specificity of 100% for the prediction of presence of CAC.  

 

Influence of gender 

Approximately 20% of males and 12% of females with AVC had no CAC; while in 

patients with AVC+MAC the frequency of males in the same category was 6% and 

the frequency of females was 12%.  In AVC patients, approximately 50% of males 

had CACs>400, but 50% of females were found in the category with CACs 1-100, p 

< 0.0001 (Figure 7). In contrast, the majority of males and females with combined 

AVC+MAC had CACs > 400. There was no specific pattern of gender distribution in 

those with isolated MAC; most of them had CACs between 1-400.   

 

In a multiple linear regression analysis MAC (p<0.001), AVC (p<0.0001), 

AVC+MAC (p<0.001), age (p<0.0001) and male gender (p<0.0001) were associated 

with CACs.  
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Table 11. Median value and range of AVC, MAC, AVC+MAC and CAC according 
to CAC score groups. 
 
 

CAC  

categories 

                     AVC     

CAC score                 AVC score 

         MAC 

CAC score                 MAC score 

            AVC + MAC 

 CAC score          AVC+MAC score 

0 0  58(95-532) 0 18 0 235 (70-333) 

1-100 39(1-100) 76(3-1421) 64(6-190) 83(64-179) 32 (17-65) 273 (91-1359) 

101-400 166(102-362) 92(12-4646) 0 0 317(136-386) 317 (136-386) 

401-1000 557(401-902) 110(15-1589) 0 0 540(407-957) 363 (101-5631) 

>1000 1685(1007-3326) 318(82-3149) 1116(1110-1113) 145(140-149) 1618(1008-6408) 1508 (53-5343) 

 

 
 
 
Figure	
  7.	
  	
  Distribution	
  of	
  males	
  and	
  females	
  with	
  valve	
  disease	
  in	
  CAC	
  categories.	
  AVC:	
  males	
  97;	
  
females	
  83,	
  MAC:	
  males	
  5;	
  females	
  2	
  and	
  AVC+MAC:	
  males	
  48;	
  females	
  47).	
  
	
  
	
  

 



	
   57	
  

	
  

	
  

 

 

 

 

 

 

 

 

 

 

 



	
   58	
  

Study IV 

 

The study population consisted of 3613 asymptomatic individuals, of mean age 50.4 ± 

9.5 year, with the majority (2696, 74.6% %) males. 566 (15.6 %) of the cohort 

reported FH of premature CHD, in either a parent or sibling or both. Participants with 

FH of premature CHD were younger compared with those without FH (46.9 ± 8.2 vs. 

51± 9.5 year, p<0.0001) but had no gender difference (73.3 % vs. 74.8%, p=0.8). FH 

of premature CHD was present in parents in 12.8% of the population, among siblings 

in 1.9% and in both parents and siblings in the remaining 0.9%. 

 

The prevalence of CAC (CACS>0) was similar in individuals with FH of premature 

CHD (35%) and those without (36%), p=0.2. Similarly there was no difference in the 

mean CACs between the two groups, p=0.4 (Table 12). Figure 8 shows that there was 

no difference in the proportion (%) of the two subgroups in any of the CACs 

categories (>0, 1-100, 100-400 and >400) (p=0.5). Multivariate analysis showed that 

CACs was associated with age (p<0.0001), male gender (p<0.0001) but not with FH 

of premature CHD (p=0.06). 

 

Individuals with FH in parents 

Individuals with FH of premature CHD only in the parents had similar prevalence of 

CAC compared to those without FH (p=0.9). Similarly there was no difference in the 

mean CACs between the two groups, p=0.7 (Table 12). There was also no difference 

in the proportion of the two populations in any CACs range, p=0.5 (Figure 9). 

Multivariate analysis showed that CACs was associated with age (p<0.0001), male 

gender (p<0.0001) but not with FH of premature CHD (p=0.1). 

 

Individuals with FH in siblings 

The prevalence of CAC was similar in individuals with FH of premature CHD only in 

siblings and those without (Table 12), p=0.7. The mean CACS was not significantly 

different between the two populations, p= 0.9 (Table 8) neither were the proportions 

of the two populations in any CACs range, p=0.9 (Figure 9). Again, multivariate 

analysis showed that CACs was associated with age (p<0.0001), male gender 

(p<0.0001) but not with FH of premature CHD (p=0.8). 
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Individuals with FH in both parents and siblings 

The prevalence of CAC was not different in individuals with FH in both parents and 

siblings compared to those without FH  (p= 0.1), neither was the mean CACS  

(p=0.6). There was no difference in the proportion of the two subgroups in any of the 

CACs categories (p=0.5) between groups with and without FH (Figure 9). 

Multivariate analysis showed that only male gender (p<0.0001) and age (p<0.0001) 

predicted the presence of CAC but not FH (p=0.06). 

 

 

 

 

 

 

 

Table 12. Baseline characteristics according to family history (FH) of premature 
CAD.  

 No FH Yes FH FH in parents only FH in sibling only FH in both  

Number 3047 566 464 68 34 

Males 2281(74.8%) 415 (73.3%) 345 (74.3%) 47(69.1%) 23(67.6%) 

Age (mean ± SD)  51 ± 9.6 46.9 ± 8.2 46.6 ± 8.1  49.5 ± 8.4 47.3 ± 8.2 

Prevalence of CAC 1065 (35%) 204 (36%) 163(35.2%) 25 (36.7%) 16 (47%) 

Mean CACS (± SD) 43.6 ± 143.3 46.8 ± 152.7  46.5 ± 158.4  45.5 ± 126.6  54.3 ± 121.6  
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Figure 8. Proportion (%) of individuals with and without FH of premature CAD in 
the CAC score categories 
 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
   61	
  

Figure 9. Distribution (%) of CAC scores by categories of FH of premature CAD. 
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Discussion  

 

In Study I, we have identified ethnic differences in the pattern of CAC, with the South 

Asian ethnic group having more diffused calcification disease than Caucasians despite 

carrying similar conventional risk factors. In our cohort, patients of South Asian 

ethnic origin had a significantly greater amount of coronary segments with obstructive 

and non-obstructive atherosclerotic plaque than Caucasian patients, with a 

concomitant increase in triple vessel disease. Similarly, South Asians had a higher 

mean CAC score in total and in every coronary branch investigated with significantly 

more CAC in all categories between CAC score =100-1,000. South Asians also 

demonstrated a significantly greater number of arterial segments with plaque 

(calcified and non-calcified), showing more extensive and diffuse disease. The LAD 

was the predominantly affected artery for both >25% narrowing and calcification in 

both South Asians and Caucasians. These results were reflected in patients aged over 

the age of 50, although in those few less than 50 the differences between South 

Asians and Caucasians were less marked and Caucasians showed a higher mean 

number of affected segments and segments with non-obstructive plaque.  

 

Our findings demonstrate the nature of the pattern of coronary disease between South 

Asians and Caucasians, which help to explain the difference in severity and 

prevalence of CAD. Over the age of 50, South Asians undergo an extensive and 

diffuse coronary wall calcification process, in contrast to Caucasians, despite carrying 

similar conventional risk factors. 

 

In Study II, we identified three patterns of CAC behaviour over the course of 12-24 

months. There were insignificant changes in CACs in 23% of patients, progressive 

increase in CACs values in 68% of patients, and a fall in CACs values in the 10% 

minority of patients. This finding suggests a progressive atherosclerotic pathology, 

irrespective of absence of symptoms in the two analysed trials. Furthermore, the 

progression of the CACs values was irrespective of the baseline values since they 

were log transformed. Only 10% of patients showed an overtime fall in CACs, which, 

in the first instance, could be interpreted as a good response to the low-dose statins 
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treatment in the subjects from the EBEAT study. However, very similar percentage of 

patients with overtime fall in CACs was found among the placebo group in St Francis 

trial, thus refuting the response to statins hypothesis. Therefore, this observation could 

possibly be attributed to the technical measurements of the CACs in individual 

arteries. Finally, despite higher CACs at baseline among males, irrespective of age, 

the rate of progression was not different between genders.  

 

Analysis of individual coronary arteries showed that the lowest measurement 

reproducibility was that of the RCA, suggesting a role of the active motion of the 

right heart atrioventricular ring and groove, where the RCA runs, the unclear 

delineation of the RCA course or a low baseline CACs in underestimating the follow 

up measurement differences. The overall variability of the measurements in the LCA 

on the other hand was quite satisfactory, showing lower standard deviation of 

differences compared with the RCA. However, the agreement of the measurements of 

individual branches of the LCA was less satisfactory. This discrepancy may reflect 

the technical limitation in assessing CACs in the left coronary artery branches, with 

possible counting of some of the proximal left anterior descending artery segments as 

distal part of the left main stem and vice versa. The same applies to the circumflex 

artery and the left main stem branches. These changes and differences were also 

consistent in the two trials, thus excluding the use of a small dose of statins as a 

significant medical intervention in coronary calcification pathology. 

 

In Study III, we found that in patients with valve calcification, the disease is not 

isolated but involve also and the coronary arteries. We have also found moderate 

association of CAC with calcification in aortic valve, mitral valve or in both. The 

combined AVC with CAC is the most prevalent, followed by calcification in all 

locations (AVC, MAC and CAC) while only a few patients have CAC+MAC. The 

median CACs was highest in individuals with combined AVC+MAC, followed by 

those AVC and finally with MAC. In a similar way, the valvular calcium burden was 

highest in individuals with combined AVC+MAC, followed by those with AVC and 

then MAC. The majority (40%) of individuals with AVC had CAC score >400, and 

only in 16% there was no detectable calcium. The same pattern was more evident in 

individuals with combined AVC+MAC, where 70% had CACs > 400 and only 6% 

had CACs of 0. Finally, we noted there is a correlation between CACs and AVCs, 
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MACs and AVCs+MACs. The higher the prevalence and extent of calcification in the 

valves the greater is the calcium score in the coronary circulation. 

 

In Study IV we found that in asymptomatic individuals with none of the conventional 

risk factors for atherosclerosis, namely hypertension, diabetes, smoking, obesity or 

dyslipidemia, there was no relationship between the prevalence and extent of 

coronary calcification and the presence of family history for coronary artery disease, 

defined as angina, prior MI or coronary intervention. This lack of relationship was 

irrespective of the family history-affecting parents, siblings or both. Despite 

individuals with family history were slightly younger than those without, the only 

independent predictor of CACs was age and male gender. Our findings suggest that 

FH for coronary heart disease might predispose individuals to potential development 

of atheromatous vascular disease but not necessarily calcification. 
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Limitations 
 

The Study I was a retrospective analysis of available data with its inherent limitations. 

Although the risk factors were accurately documented by either the referring 

physician or the CT scan supervising personnel, the duration of individual risk 

factors, which may have helped to explain some of the differences between the two 

groups, was not available. Furthermore in subjects with South Asian origin it was not 

known the duration of UK residence.  The small number of subjects limited the 

strength of the study. In study II we included in the analysis 443 subjects on placebo  

from St Francis trial and 209 on small dose of atorvastatin (10mg), from EBEAT trial. 

Since there was not significant changes in the level of LDL and total cholesterol this 

small dose of atorvastatin was treated as “placebo”. The Study III was a retrospective 

study and thus subject to known bias and limitations. The aim of the study was to 

assess  the nature of CAC in patients with CT evidence for mitral or aortic valve 

calcification so the analysis is based on such selection. The small group of patients 

with MAC limits the drawing of a sound conclusion in this subgroup. The Study IV 

was based on the retrospective analysis of available data with its inherent limitations. 

However, we believe that the referring physician or the CT scan supervising physician 

accurately documented risk factors. A parallel analysis of FH of severe calcification 

could have assisted in strengthening the potential difference between the two 

syndromes.  
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Conclusions 
 

Coronary artery calcification is more extensive and diffuse in symptomatic patients of 

South Asian ethnic origin as compared to Caucasians, despite similar conventional 

risk factors for CAD. This is more evident in those >50 years of age, suggesting 

potential genetic or other risk factors yet to be determined. The natural history of 

coronary artery calcification was overtime progression in the majority of subjects, 

irrespective of gender. The higher variability in RCA measurements could be related 

to the low baseline CACs or exaggerated movement of the right side atrioventricular 

ring, whereas those for LCA branches are influenced by the branch allocation of the 

CACs. Valve calcification is not isolated but involve also and the coronary arteries. 

The presence of calcification in the aortic valve or combined aortic and mitral valves 

predicted coronary artery calcification. Additionally patients in whom both valves 

have become calcified tend to have severe coronary artery calcification. And finally, 

there is no relationship between the prevalence and extent of coronary artery 

calcification and the presence of family history of coronary heart disease in 

asymptomatic individuals with none of the conventional risk factors for 

atherosclerosis.  
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