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ABSTRACT 

 

Introduction  

 

Coronary artery disease (CAD) is the most common cause of death in Europe and North America 

and early detection of atherosclerosis is a clinical priority. Diagnosis of CAD remains conventional 

angiography, although recent technology has introduced non-invasive imaging of coronary arteries 

using computed tomographic coronary angiography (CTCA), which enables the detection and 

quantification of coronary artery calcification (CAC). CAC forms within the arterial wall and is 

usually found in or adjacent to atherosclerotic plaques and is consequently known as sub-clinical 

atherosclerosis.  

 

The conventional cardiovascular (CV) risk factors used to quantify the estimated 10-year coronary 

event risk comprise dyslipidaemia, hypertension, diabetes mellitus, obesity, smoking and family 

history of CAD. Nevertheless, their relationship with significant (>50%) stenosis, their interaction 

with the CAC score and their predictive ability for CAC presence and extent has not been fully 

determined in symptomatic patients.  

 

Methods   

 

For Papers 1-4 we took patients from the Euro-CCAD cohort, an international study established in 

2009 in Umeå, Sweden. The study data gave us the CAC score and the CV risk factor profile in 

6309 patients, together with angiography results for a reduced cohort of 5515 patients. In Papers 1 

and 2 we assessed the risk factors for significant stenosis, including CAC as a risk factor. Paper 2 

carried out this analysis by geographical region: Europe vs USA and northern vs southern Europe. 

Paper 3 investigated the CV risk factors for CAC presence, stratified by age and gender, while 

Paper 4 assessed the CV risk factors for CAC extent, stratified by gender.  

 

In paper 5 we carried out a systematic review and meta-analysis of all studies of the risk factor 

predictors of CAC presence, extent and progression in symptomatic patients. From a total of 884 

studies, we identified 10 which fitted our inclusion criteria, providing us with a total of 15,769 

symptomatic patients. All 10 were entered in the systematic review and 7 were also eligible for the 

meta-analysis.  

 

Results 

 

Paper 1: Among risk factors alone, the most powerful predictors of significant coronary 

stenosis were male gender followed by diabetes, smoking, hypercholesterolaemia, hypertension, 

family history of CAD and age; only obesity was not predictive. When including the log 

transformed CAC score as a risk factor, this proved the most powerful predictor of >50% stenosis, 

but hypercholesterolaemia and hypertension lost their predictive ability. The conventional risk 

factors alone were 70% accurate in predicting significant stenosis, the log transformed CAC score 

alone was 82% accurate but the combination was 84% accurate and improved both sensitivity and 

specificity.  

 

Paper 2: Despite some striking differences in profiles between Europe and the USA, the most 

important risk factors for >50% stenosis in both groups were male gender followed by diabetes. 

When the log CAC score was included as a risk factor, it became by far the most important 

predictor of >50% stenosis in both continents, followed by male gender. In the northern vs southern 

Europe comparison the result was similar, with the log CAC score being the most important 

predictor of >50% stenosis in both regions, followed by male gender. 
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Paper 3: Independent predictors of CAC presence in males and females were  

age, dyslipidaemia, hypertension, diabetes and smoking, with the addition of family history of CAD 

in males; obesity was not predictive in either gender. The most important predictors of CAC 

presence in males were dyslipidaemia and diabetes, while among females the most important 

predictors of CAC presence were diabetes followed by smoking. When analysed by age groups, in 

both males and females aged <70 years, diabetes, hypertension and dyslipidaemia were predictive, 

with diabetes being the strongest; in females aged <70 years, smoking was also predictive. Among 

those aged ≥70 years, the results are completely different, with only dyslipidaemia being predictive 

in males but smoking and diabetes being predictive in females.  

 

Paper 4: In the total cohort, age, male gender, diabetes, obesity, family history of CAD and 

number of risk factors predicted an increasing CAC score, with the most important being male 

gender and diabetes. In males, hypertension and dyslipidaemia were also predictive, although 

diabetes was the most important predictor. Diabetes was similarly the most important risk factor in 

females, followed by age and number of risk factors. Among patients with CAC, hypertension, 

dyslipidaemia and diabetes predicted CAC extent in both males and females, with diabetes being 

the strongest predictor in males followed by dyslipidaemia, while diabetes was also the strongest 

predictor in females, followed by hypertension. Quantile regression confirmed the consistent 

predictive ability of diabetes.  

 

Paper 5: In the systematic review, age was strongly predictive of both CAC presence and 

extent but not of CAC progression. The results for CAC presence were overwhelmed by data from 

one study of almost 10,000 patients, which found that white ethnicity, diabetes, hypertension and 

obesity were predictive of CAC presence but not male gender, dyslipidaemia, family history or 

smoking. With respect to CAC extent, only male gender and hypertension were clearly predictive, 

while in the one study of CAC progression, only diabetes and hypertension were predictive. In the 

meta-analysis, hypertension followed by male gender, diabetes and age were predictive of CAC 

presence, while for CAC extent mild-moderate CAC was predicted by hypertension alone, whereas 

severe CAC was predicted by hypertension followed by diabetes.  

 

Conclusion 

 

Our investigation of the Euro-CCAD cohort showed that the CAC score is far more predictive of 

significant stenosis than risk factors alone, followed by male gender and diabetes, and there was 

little benefit to risk factor assessment over and above the CAC score for >50% stenosis prediction. 

Regional variations made little difference to this result. Independent predictors of CAC presence 

were dyslipidaemia and diabetes in males and diabetes followed by smoking in females. The risk 

factor predictors alter at age 70. The most important risk factor predictors of CAC extent were male 

gender and diabetes; when analysed by gender, diabetes was the most important in both males and 

females. Our studies have consistently shown the strong predictive ability of male gender in the 

total cohort and diabetes in males and females and this is reflected in the meta-analysis, which also 

found hypertension to be independently predictive. Interestingly, dyslipidaemia does not appear to 

be a strong risk factor.  
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INTRODUCTION 

 

Epidemiology of cardiovascular disease (CVD) in the West  

 

Cardiovascular disease (CVD) remains the most important cause of death in developed countries; 

European Cardiovascular Disease Statistics for 2012 reported that despite CVD mortality now 

falling in most European countries, each year CVD causes over 4 million (47%) of all deaths in 

Europe and is the main cause of death in women in all European countries [1]. Until fairly recently, 

women were believed to have lower incidence of CVD; consequently the possibly atypical 

symptoms and gender differences in physiology, pathophysiology and risk factors meant that it was 

not detected until later in the process, meaning that treatment was delayed [2].  

 

Pathophysiology of coronary artery disease (CAD) 

 

The arterial wall consists of three layers: the tunica intima, comprising endothelial cells, separated 

from the medial layer by VSMCs, extracellular matrix and internal elastic membrane, the tunica 

media, comprising VSMCs, elastin and collagen and bounded by an external elastic membrane, and 

the tunica adventitia, comprising collagen and other fibrous tissue [3]. The whole is covered in 

perivascular connective tissue and epicardial fatty tissue.  

 

An important component of CVD is coronary artery disease (CAD) or atherosclerosis, an arterial 

disease involving endothelial dysfunction. This starts with the accumulation of low density 

lipoprotein (LDL) in the intima as early as the second decade of life and first reveals itself as fatty 

streaks within the arterial wall but may not manifest clinically until the fifth or sixth decade. At sites 

of haemodynamic stress, fibromuscular proliferation, referred to as adaptive intimal thickening, 

may occur [4] and may evolve into lipid-rich lesions (atheromas), with a plaque cap formed of 

varying thickness of vascular smooth muscle cells (VSMCs), with infiltrated macrophages and T-

lymphocytes within a collagen-proteoglycan matrix. [3,5]  

 

Early atheromas comprise lipid-rich macrophages, known as ‘foam cells’, and necrotic debris 

(largely matrix degradation products and apoptotic foam cells). They grow by cell proliferation, 

extracellular matrix production and the accumulation of extracellular lipid as additional 

macrophages migrate from the circulation. Initially the lesions grow inwards towards the medial 

layer (arterial remodelling) until a critical point is reached, after which they begin to expand 

outwards into the lumen, ending up with a fibrous cap consisting of VSMCs and extracellular 

matrix that encloses a lipid-rich necrotic core. [6] The atheroma protruding into the lumen causes 

stenosis, with >50% occlusion being seen as significant and likely to cause symptoms of stable 

angina: breathlessness and chest pain on exertion due to reduced blood flow in the coronary artery.   

 

Atheromas could develop into thin cap fibro-atheromas (TCFAs), with a large lipid-rich necrotic 

core containing cholesterol crystals, microcalcification (‘spotty’ calcification) and necrotic debris 

covered by a thin fibrous cap, or they may develop into thick cap fibro-atheromas (ThCFAs), with a 

thicker, fibrosed and possibly calcified plaque cap. TCFAs are prone to rupture or erosion, 

developing a thrombus which may completely block the coronary artery or may break off and 

migrate elsewhere in the body. Acute coronary syndrome (ACS), potentially leading to death, may 

develop from a ruptured or eroded plaque on which a thrombus has formed. In a small but 

significant number of individuals, a presentation of ACS may be the first time they have been 

symptomatic or that risk factors have been detected. Furthermore, it has been noted that, 

traditionally, the same risk factors as were predictive of ACS were believed to be predictive of the 

ThCFAs found in stable angina, although the development and natural history of each is completely 

different. [7]   

 



7 

 

 

Coronary artery calcification (CAC) 

 

Coronary artery calcification (CAC) is the deposition of calcium salts in one or more layers of the 

coronary arterial wall [8]. It is commonly found with atherosclerosis (and is known as ‘sub-clinical 

atherosclerosis’), in chronic kidney disease (CKD) and in diabetes but it may also be found in 

patients presenting with exertional angina but without flow-limiting lesions [9]. Arterial 

calcification may also be found with numerous other conditions as diverse as rheumatoid arthritis 

[10], hepatitis C [11], pre-eclampsia [12], hypothyroidism [13], chronic obstructive pulmonary 

disease [14], impaired cognitive function [15], cancer [14], osteoporosis [14], hepatic steatosis [16], 

depression [17], psoriasis [18] and periodontal disease [19], or it may occur with no other 

pathology.  

 

Its presence and extent are regularly used as surrogates for the presence or extent of coronary artery 

disease (CAD) or for plaque progression in trials. Although the coronary is the best studied artery, 

calcification can occur in all arteries as well as the cardiac valves. In fact we have already shown 

[20] that the presence, extent and progression of calcification in the principal arteries and aortic 

valve are correlated, although calcification of the mitral valve is less common and the correlation is 

not so clear. This demonstrates that cardiovascular calcification is a systemic, diffuse disease.  

 

Histopathology studies have demonstrated that the calcium is mainly in the form of hydroxyapatite 

(calcium phosphate – CaPO4) whichever layer of the artery is affected and in all conditions which 

generate arterial calcification [21-23]. The presence of hydroxyapatite suggests that CAC is due to a 

process of biomineralisation similar to osteogenesis [24,25]; indeed fully formed bone was found in 

13-15% of calcified carotid artery lesions [26] as well as in the coronary artery and cardiac valves 

[27].  

 

IMAGING TECHNIQUES FOR THE DETECTION OF CAC 

 

Imaging techniques available to detect CAC: 

 

Plain chest radiography: CAC is not easily detected unless it is extensive [28]. 

 

Conventional angiography:  Angiographic calcium must be detected by the operator and may be 

classified as none, mild, moderate, or severe. Moderate calcification is defined as radiopacities 

noted only during the cardiac cycle before contrast injection, whereas severe calcification is defined 

as radiopacities seen without cardiac motion, usually affecting both sides of the arterial lumen. [29] 

 

Fluoroscopy: Fluoroscopy was widely used in the 1960s and 1970s [30], with CAC presence 

proving useful in distinguishing ischaemic from non-ischaemic cardiomyopathy and in identifying 

CAD patients with a poorer prognosis because of the presence of CAC [28]. As a technique it was 

convenient, relatively cheap and offered a low risk scanning modality [28], although it has several 

disadvantages: it is only moderately sensitive, it depends on the skill and experience of the operator, 

the large number of views which must be obtained, the difficulty in obtaining a clear image in the 

case of obesity or thick chest wall, equipment differences and overlapping calcification in structures 

such as valve annuli or vertebrae [28,31,32]. In addition, fluoroscopy is less sensitive for detection 

of proximal lesions than for detection of distal lesions and quantification of the extent of CAC is not 

possible [28]. The next development was magnetic resonance imaging (MRI), which proved of 

limited use because fibrous tissue, scar tissue and calcium have little signal on MR images, all 

appearing as signal voids which cannot be differentiated. MRI scanning was also very expensive 

and had limited availability. [28]  
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Computed tomographic (CT) scanning: In the 1970s, quantification of CAC on gated, 

unenhanced computed tomographic (CT) scans was the emerging non-invasive technique for 

identifying clinical and subclinical coronary atherosclerosis [30]. CT scanning provided image 

slices or tomograms of the heart and coronary arteries. Because calcium causes attenuation of the 

X-ray beam, CT scanning is extremely sensitive in detecting CAC. The biggest issue with cardiac 

imaging is the need for both spatial and temporal resolution (the time it takes to acquire an image). 

Temporal resolution using cardiac MRI is inversely related to spatial resolution but CT scanning 

does not suffer from this inverse relationship and allows both high spatial and high temporal 

resolution. It also provides good sensitivity, specificity and positive predictive value for detection of 

coronary calcification. The limitations of conventional CT scanning are slow scan times, motion 

artefacts, volume averaging, poor breathing regulation and inability to quantify the calcium extent. 

[28] 

 

Electron beam CT scanning: The next development was electron beam CT (EBCT) scanning, 

which was introduced clinically in the 1980s. It has been known as ‘rapid CT’, ‘cine CT’ and 

‘ultrafast CT’. EBCT uses low dose radiation to detect coronary calcium within 10-15 minutes 

using scan acquisition times of 100 milliseconds in synchrony with the heart cycle, providing 

images with pixel sizes of 0.25-0.5mm2. The detector remains stationary while the electron beam 

sweeps across tungsten rings, allowing 30-40 serial 3mm-thick slice tomographic sections of the 

heart to be acquired. The scan is obtained in 1 or 2 breath-holding sequences and is triggered by 

prospective gating. It therefore minimises cardiac motion and provides rapid imaging and high 

spatial resolution which can detect small amounts of calcium with considerable accuracy. Because 

contiguous sections can be scanned, three-dimensional reconstruction is possible. The effective 

radiation dose is 0.7-1.0 mSv in men and 0.9-1.3 mSv in women and no intravenous contrast 

material is required. EBCT has advantages over conventional CT scanning because of its rapid scan 

acquisition times (50 or 100 ms/image), which, facilitated by excellent spatial resolution, are 

applicable to quantification of in vivo cardiac anatomy and function. When inter- and intra-observer 

variability was assessed, the correlation factor was 0.99. [28,33] 

 

Multidetector CT scanning (MDCT):  MDCT scanners became available in the late 1990s 

and were originally known as spiral or helical CT scanners. They use a rapidly rotating X-ray tube 

and several rows of rotating detectors; the tube and detectors are fitted with slip rings that allow 

them to move continuously through multiple 360 degree rotations. When scanning in the axial 

mode, each 10mm slab is divided into four 2.5mm slices, with no gaps or overlaps between the four 

slices within the slab. This slip ring technology allowed the passage from single slice scanning to 

rapid multislice scanning allowing acquisition times of less than 500ms.  Calcification is more often 

detected in the thinner MDCT slices because of decreased partial volume but this higher sensitivity 

necessarily leads to a systematic error and poor agreement when comparing the results with EBCT 

[34]. MDCT nevertheless allows high reproducibility for the Agatston score, calcium volume and 

calcium mass [35] and can potentially improve reproducibility by reducing the inherent cardiac 

variability by moving closer to a true volumetric acquisition and by employing overlapping slices 

and retrospective gating. While EBCT has higher temporal resolution, MDCT provides better 

spatial resolution for detecting small calcified lesions, although sensitivity for microcalcification 

(calcium nodules <50μmin diameter) is limited and could be overcome by combining with positron 

emission tomography (PET) scanning. The exposure time for MDCT is slightly longer than for 

EBCT, which results in a slightly higher effective radiation dose of 1-1.5 mSv in men and 1.1-1.8 

mSv in women, although newer scanners have reduced radiation exposure. [30] 

 

Positron emission tomography (PET): PET scanning has much higher sensitivity for 

microcalcification, but lacks spatial resolution (limited to approximately 5 mm), requiring 

combined use with CT for adequate signal localization. Nevertheless, another technique uses the 

increased glycolytic activity of macrophages in atherosclerotic lesions through detection of 18F-
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FDG uptake in the vessel wall by PET, which is linked to microcalcification, although this 

technique has not yet been validated. Similarly, 18F-sodium fluoride (18F-NaF)-based PET-CT 

imaging has demonstrated that radiotracer uptake correlates strongly with regions of 

microcalcification seen on histology or ex vivo microCT. [36] 

 

Near-infrared fluorescence (NIRF): Optical imaging with near-infrared fluorescence (NIRF) 

probes involves the intravenous administration of fluorophores capable of being visualised by 

excitation light in the near infrared range (650–900 nm). One NIRF-based probe that may prove 

useful measures calcium directly using a bisphosphonate derivative that binds with high affinity to 

hydroxyapatite. However, NIRF excitation light has limited tissue penetration that may reduce its 

practical application to ex vivo imaging of tissue samples or catheter-based modalities. [36] 

 

Intravascular ultrasound (IVUS): Although calcium is a powerful reflector of ultrasound, neither 

conventional transthoracic nor transoesophageal ultrasound is employed to detect or measure 

coronary calcification since little of the beam enters or penetrates calcium, casting a shadow over 

deeper arterial structures. However, IVUS, introduced at the end of the 1980s, which is an invasive 

technique with the same risks as coronary angiography, yields tomographic cross-sectional images 

of the vasculature, including the lumen and the endothelial layers. By using a transducer within the 

arterial lumen with rotating reflectors mounted on the tips of catheters, it is possible to obtain cross-

sectional images of the coronary arteries, which provide information not only about the thickness of 

the artery but also about the tissue characteristics of the arterial wall. IVUS can distinguish between 

calcification and echodense fibrous tissue because calcium, but not dense fibrous tissue, produces 

reverberations, multiple reflections from oscillation of ultrasound between the transducer and 

calcium to cause concentric arcs at reproducible distances, especially after calcium is treated with 

rotational or orbital atherectomy. Hyperechoic plaque with shadowing is highly sensitive to 

calcium, whereas reverberations are highly specific; nevertheless, there may still be a problem 

detecting microcalcification, particularly when hidden behind a necrotic core. [28,29] 

 

Calcium is assessed quantitatively with IVUS according to the arc (measured in degrees, using a 

protractor centred on the lumen) and length (using motorised transducer pullback). An in vitro study 

showed that the sensitivity of IVUS was 86.7%, the specificity was 93.3%, and the predictive 

accuracy was 92.3% for detecting calcium but the predictive accuracy behind calcium (in areas of 

shadowing) fell from 82.7% to only 53.3% [37]. There are also three radiofrequency (RF)-IVUS 

technologies with high sensitivity, specificity and predictive accuracy, although only IVUS virtual 

histology (IVUS-VH) is widely available but there is ongoing controversy as to whether IVUS-VH 

can ‘see’ behind calcium or misclassify stents. [29] 

 

Optical coherence tomography (OCT): Other newer techniques include optical coherence 

tomography (OCT), which can delineate calcified plaque without artefacts [38]. With OCT, calcium 

appears as a signal-poor or heterogeneous region with sharply delineated leading, trailing, and/or 

lateral borders. Unlike IVUS, where calcium is most often confused with dense fibrous tissue, OCT-

detected calcium is most often confused with lipid or necrotic core; however, the signal-poor 

regions of calcium are sharply delineated whereas the signal-poor regions of lipid or a necrotic core 

have poorly defined or diffuse borders. Penetration of calcium by OCT is greater than for other 

tissue types, so that, unlike with IVUS, OCT can automatically measure calcium thickness, area and 

volume. Furthermore, micro-optical coherence tomography (mOCT) is able to visualize endothelial 

cell disruption, as well as microcalcifications located in the vulnerable thin fibrous cap long at much 

lower concentration than may be detected by CT scanning. The major limitation of OCT remains its 

invasiveness. [29,36] 
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CAC scoring techniques in CT scanners 

 

Agatston score: Unlike conventional CT scanning, EBCT and MDCT can quantify CAC 

throughout the epicardial coronary tree through various means. The semi-quantitative Agatston 

score was derived in 1990 by using a slice-by-slice analysis of EBCT images and is the product of 

the calcification area to which is applied a stepwise cofactor which depends on the peak density of 

the calcification (the highest attenuation coefficient) in ECG-gated single slice mode, 3mm slice 

thickness and 100ms acquisition time. The scoring method takes into account both the total area of 

calcified voxels (virtual values on a grid in three dimensional space) in the coronary arteries, as well 

as the density of each region of interest based on the voxel with the highest density and thus the 

highest x-ray attenuation. The threshold for a calcific lesion was set at an attenuation threshold of 

130 Hounsfield units (HU); this level is based on the premise that the attenuation of soft tissues is 

around +50 HU, making 130 HU a sufficient increase to ensure that any structure with this degree 

of attenuation probably contains calcium. Only lesions with an area ≥3 adjacent pixels (≥1mm2 ) 

were counted to eliminate single pixels, which were again more likely to be noise. Automated 

measurements of the lesion area and the maximum HU of each region of interest were recorded. A 

weighting factor of 1 to 4 was then assigned based on the peak Hounsfield units and the Agatston 

score was calculated by multiplying the weighting factor by the area of the calcified lesion and the 

score for all coronary artery lesions is summed to determine the total CAC score. [28,30,33] A 

study of the Agatston score showed a high correlation with histomorphometric measurements [39]. 

The Agatston score has some limitations, which are responsible for its relatively high inter-scan 

variability when compared to volume and mass scores. Firstly, the calculated score does not 

correspond to a physical measure, so it cannot be easily compared to a ‘true value’. Secondly, small 

variations due to noise and motion can have relatively large effects on the score because of the 

reliance on the maximum HU of the lesion. Furthermore, the Agatston score is based on scanning 

with the 3 mm slice thickness used in EBCT but this can lead to over-sampling when using the 2.5 

mm slice thickness of MDCT, although this can be mathematically corrected by an appropriate 

scaling factor. Finally, the Agatston score is affected by partial volume effect, such that an entire 

voxel with maximal HU below the threshold value will not be counted. [30] 

Calcium volume score: For this reason, the calcium volume score was developed, which is 

independent of calcium density, does not depend upon the maximum HU of the lesion and does not 

involve any weighting factor. A region of interest is drawn around each calcified lesion and the total 

number of voxels exceeding the threshold of 130 HU is summed; the volume score is then the 

product of the number of voxels containing calcium; a 40% reduction in error was obtained using 

the volume score compared to the Agatston score and improved reproducibility since the volume 

score is less sensitive to noise. Nevertheless, in symptomatic subjects undergoing MDCT scanning 

the Agatston and volumetric calcium scores demonstrated a close correlation for the whole study 

group [40]. Because of improved inter-scan reproducibility, volume scores are better suited for 

quantifying CAC progression over time. Limitations of the volume score are broadly similar to 

those of the Agatston score. The volume score is not widely used in clinical practice because of a 

lack of reference standard criteria from large multicentre research studies. [28,30,41].  

 

Calcium mass score: Since neither the Agatston score nor the volume score corresponds to a 

physical measure, the mass score was designed to provide an actual quantitative assessment of CAC 

by measuring the absolute mass of the mineral using calibration phantoms to generate a continuous 

score in milligrams. Although the calculated calcium mass only represents the mass above the CT 

attenuation threshold of 130 HU, use of the mass score improves measurement accuracy and 

reproducibility, with lower inter-scan variability, both at the level of the total score and the 

individual vessel score. Mineral mass measurements may allow for improved correction for 

variation of CAC measurements due to individual scanner type, scan parameter (tube voltage, tube 



11 

 

current) and patient-dependent factors. Additionally the mass score takes into account the mean HU 

for each lesion, rather than the maximum HU. It has been suggested that the mass score is a more 

accurate measurement that could replace the Agatston and volume scores because of its improved 

accuracy and reproducibility in quantifying CAC but it has not been widely adopted, even in 

research studies. [30] 

 

Limitations of these CAC scoring techniques: All these methods make the assumption that the 

location of the calcium within a given coronary artery is not important. Yet proximal plaque is more 

prone to rupture and to undergo thrombotic occlusion, with a worse outcome, while distal disease is 

more frequently associated with multi-vessel disease than single-vessel disease. It also makes the 

assumption that calcium is all coronary arteries is of equal importance, with no weight given to any 

particular artery. It has been suggested that vessel-specific calcium scoring or risk assessment based 

on the score in individual vessels is more informative compared to a composite score.  Finally, none 

of the methods include information about the CAC distribution, i.e. whether it is localised in a 

single plaque or distributed throughout the coronary system. Whether there is focal or diffuse 

calcification for a given calcium score may have implications for patient outcomes. [30] 

 

Calcium coverage score: To overcome some of these difficulties, the calcium coverage score 

(CCS) was proposed, which estimates the spatial distribution of coronary calcification with 

unenhanced CT. The CCS quantifies the percentage of the coronary tree affected by calcification. 

CCS was calculated by dividing the number of absolute subdivisions of 5 mm linear segments in 

which calcification was present by the total number of subdivisions in the coronary arteries and then 

multiplying by 100 to estimate the percentage of coronary arteries affected by calcification. CCS 

was slightly less reproducible compared to the Agatston score or mass score but correlation was 

high. CCS depends on an accurate tracing of the arteries along their entire length, making the 

reading time substantially longer and contributing to variability. Nevertheless, after 3.5 years’ 

follow up, the overall cardiovascular events were better predicted with CCS compared to the 

Agatston score or mass score, although there was no statistically significant difference in the 

prediction of hard coronary heart disease events. [30] 

 

Overall: Most modern CT machines semi-automatically evaluate the traditional Agatston 

score as well as the volume, mass, and density of the coronary calcium burden. Nevertheless, 

despite the excellent inter- and intra-observer reproducibility and close correlation of CAC 

measurements by MDCT using the three scoring mechanisms, the Agatston score remains the most 

widely used technique in both research and clinical settings, while volume and mass scores remain 

largely confined to the research setting. [30] 

 

Detector comparison studies  

 

At various times, most diagnostic methods have been tested against another diagnostic method, with 

the one detecting the most calcification being deemed the preferred method. Examples of these are 

shown in Table 1 below, which demonstrates that although the early models of MDCT scanner were 

possibly inferior to EBCT, later developments allowed improvements. Both IVUS and OCT appear 

to offer improved detection over CT scanning, with OCT proving to give the closest results to those 

derived from histological examination.  

 

EBCT vs MDCT reproducibility 

 

Intra-observer, inter-observer and inter-examination reproducibility were generally good for EBCT 

scanning [42] although some researchers have suggested that a large increase in CAC score is 

needed before the change in CAC score can be attributed to progression of pathology rather than 

measurement error. The variability in repetitive measurements of the calcium score is largely 
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related to failure to control patient breathing or motion. Reproducibility has not been as good with 

early MDCT scanners, which gave a rather high inter-scan variability. A 2001 comparison study 

between EBCT and MDCT found that with a 130 HU threshold for the quantification of calcium, 

there were no significant differences in interscan and interobserver variation in calcium scores 

between EBCT and MDCT images but greater interobserver and interscan variation in scores when 

a 90-HU threshold was used for MDCT images [43]. 

 

A 2005 review of studies used in the US Multi-Ethnic Study of Atherosclerosis (MESA) showed 

that from six centres, three using EBCT and three using MDCT, there was equivalent 

reproducibility for presence of calcium between both types of scanner. The mean absolute 

difference between calcium scores for the two scans was 15.8 for EBCT and 16.9 for MDCT 

scanners (p = 0.06), although reproducibility was lower for scans with versus those without image 

misregistrations or motion artefacts. Calcium volumes and interpolated volume scores were slightly 

more reproducible than Agatston scores. [44] Another 2009 study by the same team compared the 

interscan variability for both Agatston and volume scores derived with newer (16- and 64-MDCT) 

scanners with that derived with older scanners and found that the variability for MDCT was similar 

but not superior to that of EBCT [45].  
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Table 1. Examples of comparison studies of CAC diagnostic methods 

 

Less effective detection 

 
More effective detection 

 
Reference  

 

Plain chest radiograph 

 

Plain chest radiograph 

 

 

Fluoroscopy 

 

 

Fluoroscopy 

 

 

Fluoroscopy 

 

 

Coronary angiography 

 

 

EBCT 

 

 

 

EBCT /MDCT 

 

 

 

 

EBCT/MDCT 

 

 

MDCT 

 

 

 

MDCT 

 

 

64-slice MDCT 

 

 

IVUS and OCT 

Fluoroscopy (higher sensitivity) 

 

Fluoroscopy (X-rays detected only 42% of 

calcium) 

 

EBCT (fluoroscopy detected only 52% of 

calcium; EBCT can detect smaller deposits. 

 

CT (fluoroscopy detected 35% of deposits 

vs CT 62%) 

 

EBCT (fluoroscopy detected 52% of 

deposits vs EBCT 90%) 

 

IVUS (angiography detected 38% of 

deposits vs IVUS 73%) 

 

MDCT (areas under the ROC curve similar 

for CAC score, volume, mass and number 

of lesions but lower for calcium density) 

 

EBCT/MDCT (addition of retrospective 

ECG-gating algorithm to MDCT software 

allowed fewer motion artefacts, so high 

correlation between EBCT and MDCT. 

 

EBCT/MDCT (excellent correlation for 

volumetric calcium score) 

 

EBCT (despite ECG-gating, MDCT had 

more motion artefacts and lower contrast to 

noise ratio. 

 

EBCT (MDCT failed to detect scores <5, 

otherwise good correlation) 

 

IVUS (detected almost twice as many 

deposits as MDCT) 

 

Autopsy (both IVUS and OCT failed to 

detect areas of calcification but OCT was 

much closer to histological results)   

 

Sakuma et al, 1988 [46] 

 

Souza et al, 1978 [47] 

 

 

Kelley et al, 1983 [28] 

 

 

Reinmuller et al, 1987 

[48] 

 

Agatston et al, 1990 [49] 

 

 

Mintz et al, 1995 [50] 

 

 

Becker et al, 2001 [34] 

 

 

 

Horiguchi et al, 2001 

[51] 

 

 

 

Knez et al, 2002 [52] 

 

 

Achenbach et al, 2003 

[53] 

 

 

Daniell et al, 2005 [54] 

 

 

Van der Giessen, 2011 

[55] 

 

Kume et al, 2011 [38] 
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CORONARY CALCIFICATION OCCURRENCE AND PREDICTIVE ABILITY 

 

Calcification of the arterial layers 

 

In X-ray studies, a patchy distribution is thought to be characteristic of intima calcification in 

association with atherosclerosis, while a rail-track or pipeline-like distribution has been attributed to 

media calcification, although in many patients the two processes develop in tandem [23]. 

Nevertheless, the scanning modalities generally available are incapable of detecting the precise 

location of calcium deposits within the layers; with the greater use of intravascular ultrasound 

(IVUS) and optical coherence tomography (OCT), it may soon be possible to determine whether 

these assumptions are correct [56]. While intimal calcification is believed to be a largely age-related 

degenerative condition, this is not the case in chronic kidney disease (CKD) patients where the 

medial calcification usually develops due to inadequate glomerular filtration giving rise to uraemic 

toxicity, particularly hyperphosphataemia [27]. It has been observed that in phenotypic and 

molecular terms, medial arterial calcification appears to be identical in patients with chronic kidney 

disease and patients with diabetes [57], despite few other similarities between the conditions. 

However, in those patients with a high degree of intimal as well as medial calcification there is a 

worse prognosis than those with medial calcification alone [58,59].  

 

Although medial calcification tends to occur in the peripheral arteries, where it is known as 

Mönckeberg's sclerosis [58], it may also occur in the coronary and other arteries [60-62]. Recent 

animal and autopsy studies have now found calcification in the adventitial layer. In ApoE-deficient 

mice fed a high fat diet, calcification developed in the intimal and adventitial layers of the coronary 

arteries, with adventitial calcification occurring in approximately 10% of the sample. The same 

team also carried out an autopsy study of individuals who had died of CHD, heart failure or acute 

renal failure and demonstrated calcification in the adventitial layer of the aorta in approximately 

50% of the sample. [63] An earlier autopsy study had found significant calcification in the 

adventitia of the coronary artery [64].  

 

CAC and stenosis 

 

Our 2013 review of the calcification paradox [8] discussed the association of arterial calcification 

with atheroma and stenosis. Autopsy studies and intravascular ultrasound (IVUS) studies showed a 

strong association between CAC presence and atherosclerosis burden, although not all found a close 

linear relationship between calcification area and plaque extent, possibly due to arterial remodelling. 

Angiographic studies tended to show a very high sensitivity but poor specificity of the CAC score 

(or log transformed CAC score) for obstructive disease, irrespective of symptoms. Although plaque 

calcification was commonly observed in stable angina, it was rarely seen covering the plaque cap in 

acute coronary syndrome. Furthermore, calcification appeared to be more common in symptomatic 

versus asymptomatic patients, suggesting the association with significant stenosis. There was a low, 

but not negligible, risk of obstructive plaque with a zero CAC score, particularly in symptomatic 

patients with a high pretest probability of CAD. Medial calcification does not correlate with plaque 

burden [65], as would be expected, since it does not intrude into the lumen.  

 

Predictive ability of conventional risk factors for CV events 

 

CV risk recognition began with the Framingham models, comprising age, gender, dyslipidaemia, 

hypertension, diabetes, smoking, which used data from population studies to provide three 

categories of 10-year risk for a CV event: low risk at <10%, intermediate risk at 10-20% and high 

risk at >20%. Although the Framingham risk score (FRS) is among the most widely used tools for 

risk assessment in clinical practice, it is known to have limitations and may overestimate the risk in 

older women and middle-aged men [66] while underestimating the risk in CKD patients [67]. It is 
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the intermediate risk patients, particularly males aged >45 and females age >55, that present a 

problem to clinicians since they do not qualify for intensive risk factor intervention but may have 

risk factor levels which are of concern; most cardiovascular events occur in individuals at 

intermediate risk [68]. It is also recognised that the conventional CV risk factors (dyslipidaemia, 

hypertension, diabetes, obesity, smoking, family history of CAD, lack of exercise) are imperfect as 

predictors of CV events, particularly among women [69], and can predict only 60%–65% of CV 

risk, which means that 35-40% of patients suffer a CV event with no conventional risk factors 

[68,70,71]. This shortcoming was highlighted in a study of previously asymptomatic adults 

hospitalised for their first acute myocardial infarction (MI), among whom 75% would not have been 

considered for lipid-lowering therapy according to guidelines [72]. 

 

It has therefore been suggested that CAC scoring could assist with additional risk stratification in 

this group [68,73]. Several studies have demonstrated the independent and incremental prognostic 

value of CAC over traditional risk factors for the prediction of all-cause mortality and CV events in 

asymptomatic subjects [74-80]. This has been accepted by later scientific statements from the 

American Heart Association (AHA) [81] and Screening for Heart Attack Prevention and Education 

(SHAPE) task force [82], which now advocate CAC scoring for intermediate risk individuals in 

order to reclassify patients with a CAC score >100 to be considered for lipid-lowering medication, 

aspirin and possibly ACE inhibitors. 

 

Predictive ability of CAC for CV events 

 

In our 2013 review article discussing the calcification paradox, we showed that a highly significant 

association existed between the presence, extent and progression of CAC and CV events and all-

cause mortality, in both CV and renal patients [8]. In asymptomatic subjects, a CAC score of >500 

was also predictive of stroke, unrelated to carotid intimal thickness or conventional risk factors [83]. 

Subsequent studies have shown similar results in both symptomatic and asymptomatic subjects [84-

89]. Furthermore in high risk asymptomatic adults, the number of calcified arteries were 

independently correlated with the incidence of coronary death or infarction [90]. In our 2014 review 

of the predictive ability of CV calcification [91] we also discussed the additive effect of 

calcification in more than one location in predicting mortality and CHD but in the few studies that 

adjusted for calcification in other arterial beds, the association with CV events and mortality was 

rendered non-significant, suggesting that the association may not be causal. The predictive value of 

arterial calcification in the elderly has already been questioned [92] and it has been suggested that it 

serves as a marker of a more generalized vascular disease process [93].  

 

Our 2013 review [8] also showed that calcification was associated with significant morbidity and 

mortality in renal patients and several studies have shown the same predictive ability in diabetes 

patients [57,94,95], although it is unknown whether this calcification in renal and diabetic patients 

was intimal, medial or a combination, since most assume it is purely medial [23]. Nevertheless in a 

study of type 2 diabetics, where calcification of the femoral artery was classified by the radiologist 

according to whether it was discrete plaque (i.e. probably intimal) or uniform linear rail track type 

(i.e. probably medial), after a ten year follow-up, medial calcification was the most important 

predictor of CV mortality after adjustment for risk factors but intimal calcification was not 

predictive, even though more patients at baseline had intimal calcification than medial [96]. A 

similar study by the same team found that after a follow-up of seven years, medial calcification was 

again a strong independent predictor of total, cardiovascular and CHD mortality, CHD events, 

stroke and amputation [97].  

  

The AHA have noted that a CAC score of zero makes the presence of vulnerable plaque highly 

unlikely [81] and a meta-analysis showed that among subjects with zero CAC, only 0.56% 
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experienced a CV event during a mean follow-up of 51 months [98], although even a CAC score of 

1-10 carried with it a significantly increased risk [99].  

 

Calcification and culprit/vulnerable plaque 

 

Our 2013 review of the calcification paradox [8] discussed some of the major studies which 

consistently show that obstructive plaque is very rarely the culprit plaque in ACS and that severity 

of occlusion is a poor predictor for coronary events. On the contrary, culprit plaques, which have 

ruptured or eroded with resultant thrombus formation, are likely to be small, possibly undetectable 

by angiogram, and to have low attenuation [100]. Most importantly, although there may be ‘spotty’ 

calcification within the large, lipid-rich necrotic core of the culprit plaque, the fibrous cap will 

generally be thinner and will not be calcified [101-108]. Autopsy studies have shown that 

characteristics of vulnerable plaque include large necrotic core size, inflammation and low fibrous 

cap thickness [109]. An optical coherence tomography (OCT) study confirmed that in patients with 

ACS, the culprit lesions were thin-capped fibroatheroma (TCFAs) with spotty calcification; spotty 

calcification was in fact an independent predictor of plaque rupture [110]. Similarly, IVUS 

investigations showed that culprit plaques had a higher remodelling index, a lower degree of 

calcification, less dense calcium deposits and a higher prevalence of non-calcified soft lesions [111-

112], while the PROSPECT Study showed that in ACS patients, absence of calcium was an 

independent predictor of plaque rupture [113]. In patients scheduled for percutaneous coronary 

intervention (PCI), a further IVUS study showed that lesions undetectable by angiogram but with 

spotty calcification were more vulnerable than those with detectable angiographic calcification and 

a large necrotic core area [114]. Lesions may, however, be classified as ‘mixed plaque’, with a soft 

lipid-rich core and a partially calcified cap [115,116].  

 

A comparison study of patients with stable angina showed that their plaques had intact fibrous caps, 

while those with ACS had ruptured plaque or plaque with thrombus [117], while a 2014 review 

showed that risk of plaque vulnerability was inversely associated with calcification density, with 

large areas of calcification potentially stabilising the plaque, while microcalcification (‘spotty’ 

calcification) within the plaque fibrous cap could result in plaque rupture [118]. The calcified non-

culprit plaques are more likely to be thick cap fibroatheromas (ThCFAs) and thus clinically stable 

[119-121].  

 

A protective effect of CAC? 

 

This has led several researchers to hypothesise that plaque may be protected from rupture only 

when extensive calcification has occurred, whereas the earlier phases of calcification may in fact 

enhance plaque vulnerability [107,122]. It has also been suggested that this may in part explain the 

frequency of extensive calcification in the older population since it may have survival value [122], 

particularly since ruptured and eroded plaques can heal, including those responsible for ACS, 

whereupon they develop into a less vulnerable plaque type [100,119,123,124]. Histopathology 

studies have shown that the CAC extent within plaques may correlate with the presence of healed 

plaque ruptures [125], a further argument in favour of its protective effect [8].  

 

In our 2013 review [8], we highlighted the paradox that both extensive calcification and high 

amounts of non-calcified plaque are predictors of CV events and mortality, yet at the same time, a 

culprit plaque in ACS is highly unlikely to be calcified. Furthermore, the fact that mortality reduces 

with lipid-lowering agents despite CAC progression [126], suggests that notwithstanding the clear 

association of CAC with CV events and mortality, the relationship is not in fact causal. The usual 

explanation for this paradox is that extensive CAC is indicative of a high plaque burden, some of 

which will be uncalcified or mixed and therefore prone to rupture [127,128].  
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After decades of believing that arterial calcification is a pathogenic condition, some researchers, 

including ourselves, are now investigating the possibility that it may in fact be a protective response 

by strengthening the arterial wall and stabilising vulnerable plaque against various stressors and 

subsequent rupture or erosion [107,122,129-131]. It has even been suggested that to minimise ACS, 

the goal of therapy could be to promote an increased fibrocalcific response [132].  

 

One form of endothelial injury is shear stress, which can be a cause of atheroma formation, 

particularly in areas of the artery where there is branching, bifurcation or curvature, leading to 

disturbed or turbulent flow [133]. Shear stress can also be a cause of plaque rupture [107] and is 

associated with calcification development. Shear stress increased by 47.5% when the calcification 

was located in the thin fibrous cap as ‘spotty’ calcification [134], which can promote plaque rupture 

[132] and several studies have shown that peak circumferential shear stress increases with size of 

the lipid pools, particularly where there is also spotty calcification [109,135], and with reduced 

fibrous cap thickness [136,137]. In contrast, increasing stenosis severity actually decreased peak 

stress [136], while ‘non-spotty’ calcification was found to stabilise the plaque [134,135]; finite 

element modelling of stress distribution showed that large calcium deposits reduce circumferential 

stress in plaque [135] without increasing plaque vulnerability [138].  

 

CONVENTIONAL CV RISK FACTORS FOR THE PRESENCE AND EXTENT OF CAC 

 

Many studies have examined the relationship between CAC and the conventional CV risk factors. 

While virtually all studies are agreed that age and male gender are key risk factors, with females 

lagging males in CAC development and extent by around 10 years [139,140], there is little 

agreement over other CV risk factors. This is curious since some form of dyslipidaemia could be 

expected consistently to predict CAC if it is indeed a form of sub-clinical atherosclerosis. This may 

be because it is the type of lipid particle which shows the association with CAC, rather than the 

lipids themselves. Although serum high density lipoprotein (HDL) was overall not associated with 

CAC development, small and medium sized HDL particles, but not large HDL particles, were 

protective [141]; similarly, only small LDL and large VLDL particles were significantly associated 

with CAC [142-144].  

 

Although a meta-analysis found that CAC screening was equally accurate in stratifying risk in 

women and men [145], concern remains that the meaning of the CAC score is different according to 

ethnicity and gender, although guidelines have tended to assume that all potential patients are white 

and male [8]. African Americans appear to have significantly lower risk of CAC than Caucasians, 

while having a much higher rate of CV events [146-148]. Similarly, women may have a greater 

probability of death than men in each classification of CAC scores [149] and in a symptomatic 

population CAC scores were consistently higher among women with stenosis [150]. [8]. 

Nevertheless, there are often many unknown factors with respect to risk factors which may have a 

bearing on their predictive ability. The patient and clinician may not know the age of onset and 

duration of risk factors, particularly if routine scanning was missed. The severity will also vary but 

this is rarely taken into account in studies. Furthermore, in some patients risk factors respond to 

treatment while in others they do not; this is likely due to genetic differences but few clinicians 

have that information available and again, it is rarely taken into account in studies.  

 

In fact, in their study that coined the phrase ‘calcium begets calcium’, Yoon et al showed that the 

strongest risk factor for CAC progression is a high baseline CAC score [151]. In addition, several 

studies show that CAC can exist without any risk factors; the Rotterdam Study is a case in point, 

with 29% of the men and 15% of the women without risk factors having a high calcium score [152]. 

Equally risk factors can exist with no CAC; a MESA study showed that around 30% of subjects 

with ≥3 risk factors had no detectable CAC [153]. In CKD patients, associations have been found 
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with conventional CV risk factors but more consistently with uraemic-specific risk factors, such as 

disordered mineral metabolism, renal osteodystrophy and dialysis duration.  

 

To date, no systematic review or meta-analysis has been carried to determine the conventional CV 

risk factor predictors of CAC presence, extent or progression, either in asymptomatic subjects or 

symptomatic patients. It is also unclear to what extent age, gender and ethnicity/geography modify 

these risk factor associations. Finally, although these risk factors are routinely used to predict the 

likelihood of significant stenosis and CAC, there is no inherent reason why they should predict 

either, since they were intended as predictors of 10-year event risk.  

 

POTENTIAL CAUSES OF ARTERIAL CALCIFICATION 

 

Arterial calcification as a response to injury 

 

We and others have proposed that arterial calcification is a response to injury, an attempt by the 

arterial wall to repair existing damage, so reducing the likelihood of plaque rupture [154,155]. 

Grases et al showed that development of arterial calcification requires a pre-existing injury as an 

inducer [156], while aortic injury in mice induced tissue necrosis and calcification [157]. Rat aortic 

rings failed to calcify when cultured in elevated calcium and phosphate but mechanical injury 

induced substantial medial calcification [158]. Similarly, rabbits subjected to oversized balloon 

angioplasty to simulate injury rapidly developed calcium deposits in the media, which proliferated 

over time [159], while animals with endothelial injury developed calcification when exposed to 

calcifying nanoparticles, which were harmless in healthy arteries [160]. This suggests that an 

injured endothelium is more susceptible to other insults. In pigs, a magnesium deficiency combined 

with excess vitamin D induced coronary intimal damage and thickening with cell degeneration 

together with calcification [161], indicating that an imbalance in normal blood nutrients also can 

trigger injury which can lead on to calcification. It is instructive that all the means of inducing 

arterial calcification in animals are, in fact, endothelial toxins: nicotine, very high fat diets, excess 

levels of vitamin D. 

 

It appears that endothelial injury, such as shear stress, triggers an alteration in VSMC phenotype via 

mechanoreceptors located on the endothelial cell surface, inducing an intracellular signalling 

cascade [3,133,162] that eventually leads to release of apoptotic bodies or matrix vesicles 

containing cellular debris, with VSMC proliferation and migration to effect repair by forming a 

protective fibrous cap at the site of injury, which acts as a barrier to shield the lipid-rich, 

prothrombogenic plaque core from the blood flow. If the cause of the injury remains in place, the 

VSMCs will then undergo differentiation into osteoblasts, chondrocytes or adipocytes, leading to 

calcification. [163] In addition there appears to be immune system involvement, since T cells, 

monocytes and macrophages have been observed around vascular damage and may help regulate 

the calcification [164,165].  

 

Apart from the shear stress discussed above, there are many other potential forms of injury to the 

endothelium. Most of the risk factors for atherosclerosis (dyslipidaemia, hypertension, smoking, 

diabetes, obesity) are associated with inflammation, oxidative stress and consequent endothelial 

injury, while endothelial damage may also be caused by hypoxia, an impaired renin-angiotensin 

system, radiation, elevated homocysteine, oxidised LDL and various other factors. Infection can 

also cause endothelial injury; calcification was found to be present in VSMCs containing chlamydia 

pneumoniae and in the vesicles that exited the VSMCs [166], while experimental injection of 

adeno-associated virus vector induced aortic calcification in mice [167].   

 

As early as the 1970s, atheroma formation was also proposed as a response to injury. This 

hypothesis has gained proponents over the years so that many papers now routinely talk of 
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atherosclerosis development being a response to injury, drawing parallels with normal wound 

healing with its local inflammation and macrophage activation [168]. In vitro studies have shown 

that the endothelial cell damage occurred well before plaque formation and cholesterol 

accumulation [169].  

 

Other possible causes  

 

Biochemistry:   Arterial calcification has long been recognised as a complex and regulated 

process [25,170]. It is generally understood that it results from a complex interplay between 

initiators, promotors and inhibitors of calcification [171] and there are already a large number of 

biochemical mechanisms proposed as contributing to arterial calcification [59,172-174], with new 

associations being found almost on a monthly basis. Although there are several different hypotheses 

to explain the biochemistry of arterial calcification, none of them is exclusive or definitive [175], 

although most studies seem agreed that oxidative stress and/or inflammation are involved. 

Inflammation inevitably results from any form of injury and in vitro studies have shown that 

calcifying vascular cells cultured in pro-inflammatory cytokines induce calcification and produce 

many of the promoters of calcification, which were absent before incubation with the cytokines 

[57]. Similarly, oxidative stress, found in hypertension, diabetes and smoking, as well as oxidised 

LDL in dyslipidaemia, is a known source of endothelial damage. Most studies have been carried out 

on simulated diabetes, where the oxidative stress manifests as increased advanced glycation end 

products (AGEs), one of which is regularly tested as glycosylated haemoglobin (HbA1c). The 

interaction of AGEs with their receptor (RAGE) generates oxidative stress, inflammatory cytokine 

production and osteoblastic differentiation in the vascular endothelium; many of the anti-diabetic 

glitazones suppressed all these responses and were able to attenuate arterial calcification [176-178]. 

 

Interestingly, many of the biomarker associations with calcification are also found in non-calcified 

atherosclerosis and may also be predictors of CV mortality and morbidity [179-180]. Likewise, 

oxidative stress, including oxidised LDL, is also implicated in atheroma formation and plaque 

rupture [181,182] and it has been hypothesised that it is the link between arterial calcification and 

bone resorption [183,184]. Similarly, inflammation is also known to be implicated in atheroma 

formation and plaque rupture [185-188]. This suggests that these biomarkers may be an indication 

of a disease state, rather than being specifically confined to calcification.  

 

Genetics:  The fact that ethnicity impacts risk of arterial calcification (e.g. the significantly 

higher risk for Caucasians versus African Americans) suggests a genetic component to its 

pathogenesis. Studies have shown that in individuals at high risk for hypertension, coronary 

calcification was associated with genes regulating collagen formation, allograft inflammatory factor 

1, bone morphometric protein receptor type 1A, matrix metalloproteinase 9 (MMP9), matrix Gla 

protein (MGP) and osteopontin (OPN), all shown to be associated with CAC promotion or 

inhibition, while another found associations with genes related to innate immunity, elastin 

remodeling and post-translational modification of proteins [189]. Rare genetic diseases have also 

allowed mutations to be identified in the genes ENPP1, ABCC6, NT5E, and SLC20A2, which may 

trigger calcification [190,191]. While gene studies may ultimately be helpful, they have not yet 

greatly aided understanding of CAC; in fact it is the study of epigenetics which looks to be more 

fruitful [192].  

 

Diet:  Our 2015 review of dietary influences on arterial calcification [193] found that among 

macronutrients, transfats and simple sugars may help cause calcification, probably by inducing 

oxidative stress, while long chain ω-3 fats from oily fish may be protective. Among micronutrients, 

we found that inorganic phosphorus from food preservatives and colas could induce calcification, 

while a high intake of magnesium (≥380 mg/day), 800 μg/day of calcium and 500 μg/day of vitamin 

K1 (phylloquinone) proved to be protective, as did a serum 25(OH)D concentration of ≥75 nmol/L. 
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The antioxidant compounds epigallocatechin gallate from green tea and resveratrol from red grapes 

were also beneficial. Finally, we found that a homocysteine concentration >12 µmol/L was 

predictive of calcification, although a plasma folate concentration of >39.4 nmol/L could both lower 

homocysteine and protect against calcification.  

 

Magnesium, folate, vitamin K and antioxidants are principally found in vegetables, which contain 

many other cardio-protective chemicals such as polyphenols [194]; we hypothesise that in the clear 

association of these micronutrients with protection against arterial calcification, they are acting as a 

surrogate for increased vegetable consumption. To support this hypothesis, the Cardia study found 

that higher intake of fruit and vegetables during young adulthood was protective against developing 

arterial calcification after 20 years [195]. However, similar dietary advice is routinely given by 

nutritionists to CVD patients, not merely those with, or at risk of, arterial calcification, with oily 

fish, fruits and vegetables being an important component of the Mediterranean diet.  

 

Other potential causes: Our 2015 review [193] highlighted that one important cause of 

arterial calcification is known to be warfarin, a vitamin K antagonist; recent studies have also 

confirmed this association [196,197]. Others have hypothesised that arterial calcification is an 

attempt to wall off infective agents, such as parasites and bacteria, which are unaffected by normal 

immune defences [198]. Another potential cause of endothelial damage and calcification is 

environmental toxins. Examples include fine particulate matter (PM2.5) which was found to be 

associated with thoracic aortic calcification extent [199] and CAC progression [200], while arsenic 

exposure can increase phosphate-mediated calcification in aortic VSMCs and rat aorta [201]. Fine 

particulate matter can, however, also increase carotid intima-media thickness, another indicator of 

atherosclerosis [202] and we have previously shown that it is a general risk factor for CVD as well 

as calcification [203].   

 

 

 

TREATMENT OF CORONARY ARTERY CALCIFICATION 

 

Since CV calcification is believed to be sub-clinical atherosclerosis, it would follow that statins 

would be an effective treatment. However one meta-analysis found that while statins lowered LDL 

cholesterol, no reduction in CAC progression was found, suggesting that the pathogenesis of 

calcification and atheroma development may be different [204]. Other studies have found that rather 

than the treatment group, it is the placebo group that has less calcium progression [205,206]; it has 

also been suggested that statins may in fact cause microcalcification, a known risk factor for ACS 

[207,208]. A Japanese team hypothesised that statins increased CV calcification by functioning as 

mitochondrial toxins that impair heart and vessel muscle function through the depletion of 

coenzyme Q10 and haem A, resulting in reduced adenosine triphosphate (ATP) generation and 

impaired vitamin K2 and antioxidant synthesis [169]. Similar results have been found in a large 

study of type 2 diabetics, where patients treated with statins showed greater calcification and the 

authors concluded that statin use was an independent predictor of calcium progression [209].  

 

Anti-hypertensive medications were also associated with increased calcification [210,211], while 

corticosteroid or aspirin use in systemic lupus erythematosus correlated with CAC extent [212] or 

progression [213]. No other CV drug therapy has so far proved effective in slowing the progression 

of calcification [214-216], although, as previously mentioned, the glitazones can reduce arterial 

calcification in diabetics through their antioxidant effect. Among other common medications, only 

hormone replacement therapy (HRT) may potentially be effective in reducing CAC prevalence and 

extent [217] but also increases risk of breast cancer, stroke and pulmonary embolism [218]. In renal 

patients, calcium-based phosphate binders tended to exacerbate arterial calcification whereas a 2015 

meta-analysis found that sevelamer, a non-calcium-based phosphate binder, reduced arterial 
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calcification in dialysis patients [219] but this mechanism is purely through reduction in uraemic 

toxicity. Sevelamer has not been tested in non-renal patients. Bisphosphonates, treatment for bone 

diseases such as osteoporosis, have inhibited arterial calcification in animals but have so far shown 

conflicting or insufficient results in humans [220], as have calcimimetics [221] and sodium 

thiosulphate [173 ].   

 

It has been suggested that the principal hope for inducing calcification regression lies in vitamin K 

supplementation. Vitamin K studies have attracted a great deal of interest recently, with trials from 

The Netherlands showing the successful slowing of calcification progression in animals with 

supplementation of vitamin K2 [222-224]. Trials in humans have been slow to materialise because 

so many CV patients are deemed to be at risk of thrombosis and there is concern that supplementing 

vitamin K will counteract any blood-thinning medication. Nevertheless, a study of phylloquinone 

supplementation (vitamin K1, which converts in the body to vitamin K2, the active form) showed 

that in older adults, there was less CAC progression in those taking 500 μg/day phylloquinone, 

despite 500 μg/day being at the lowest extremity of the recommended dose [225]. A more recent 

study found that vitamin K2 supplementation significantly reduced CAC progression and carotid 

intima media thickness (another form of sub-clinical atherosclerosis) [226]. Seven further clinical 

trials are on-going [227].  

 

It is the opinion of some that nothing can reduce arterial calcification, that it is a relentlessly 

progressive condition. Nevertheless, since the endothelium of calcified vessels contain osteoclasts 

as well as osteoblasts [228], this suggests that it is possible for the calcification to undergo 

resorption but possibly this will only occur when the causes of the original injury have ceased. It 

may be that the likely success of vitamin K is due to its beneficial effect on the endothelium.  
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OBJECTIVES OF THE DISSERTATION 

 

The objectives of this dissertation are the following: 

 

Paper 1 From the Euro-CCAD cohort of symptomatic patients:  

 To ascertain and rank the conventional CV risk factor predictors for significant coronary 

stenosis 

 To determine the importance of the CAC score as an independent predictor of significant 

stenosis and its impact on the other conventional CV risk factors 

 To carry out ROC curve analysis to determine the accuracy of risk factors and the CAC score 

for significant stenosis assessed by CTCA compared with conventional angiography 

 

Paper 2 From the Euro-CCAD cohort of symptomatic patients: 

 To assess the difference in risk factors, stenosis prevalence and CAC extent between Europe 

and USA groups and between northern and southern Europe.  

 To compare the predictive ability of the conventional CV risk factors for significant stenosis by 

continent and European region.  

 To compare the predictive ability of the CAC score between continents and European region, as 

well as its impact on the other conventional CV risk factors 

 

Paper 3 From the Euro-CCAD cohort of symptomatic patients: 

 To assess the difference in CAC prevalence between males and females according to age 

 To determine the risk factor predictors of CAC presence and increasing CAC scores by gender 

 To investigate whether these risk factor predictors change according to age group 

 

Paper 4 From the Euro-CCAD cohort of symptomatic patients 

 To assess the difference in risk factor prevalence according to CAC extent and gender. 

 To determine the risk factor predictors for different quantiles of CAC extent by gender.  

 

Paper 5 In symptomatic patients:  

 To determine the risk factors and risk factor markers predictive of CAC presence, extent and 

progression in a systematic review 

 To determine the risk factors predictive of CAC presence and extent in a meta-analysis 
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SUBJECTS AND METHODS 

 

Subjects – Papers 1-4 
 

The study cohort was derived from the international multi-centre European Calcific Coronary 

Artery Disease (Euro-CCAD) study, established in 2009 in Umeå, Sweden. Euro-CCAD was 

initiated with an objective of assessing the additional role of coronary artery calcification (CAC) in 

stratifying patterns of CAD and to investigate further into its predictors. Retrospective data on 

patients with typical or atypical angina symptoms, at intermediate (10-20%) 10-year risk for 

developing coronary heart disease, was collected from seven heart centres in six countries on two 

continents: Denmark, Germany, France, Italy, Spain and the US. The exclusion criteria for these 

patients were:  

 Acute coronary syndrome or recent CV event,  

 Stroke or transient ischaemic attack 

 Valve disease 

 Prior coronary intervention (percutaneous intervention or bypass graft surgery)  

 Heart failure or previous decompensation 

 Chronic kidney disease (creatinine >120mmol/l) 

 Parathyroid disease 

 Pregnancy 

 

Papers 1 and 2 investigated risk factors and CAC as predictors of >50% stenosis, with Paper 2 

assessing any differences between geographical region (Europe vs USA and northern vs southern 

Europe). The total number of patients in these 2 studies was 5515.  

 

Papers 3 and 4 investigated risk factors predictors of CAC presence and extent, with a total 

population of 6309. Paper 3 looked at predictors of CAC presence according to age group, while 

Paper 4 assessed risk factors for CAC extent, both stratified by gender.  

 

Subjects – Paper 5 
 

This systematic review and meta-analysis required an electronic database search for any clinical 

studies which reported the presence, extent, new development or progression of CAC, assessed by 

EBCT, MDCT or coronary angiography, as described below. We initially retrieved 884 studies. 

After excluding those relating to asymptomatic subjects, those involving patients with a specific 

diagnosis (i.e. no healthy control group) or other exclusion criteria, 10 studies were available for 

systematic review (comprising 15,769 patients) and 7 for meta-analysis (comprising 12,682 

patients).    

 

Methods – papers 1-4 
 

Because this was a retrospective study we could not control the patient assessment methods at the 

various centres. Nevertheless, we assured ourselves that patients had received a thorough clinical 

examination and assessment of conventional risk factors for CAD, together with coronary calcium 

scoring according to usual protocols as shown below, using a 16- or 64 slice scanner. The majority 

of patients also received coronary angiography (conventional or CTCA) to assess the presence and 

extent of stenosis; significant coronary stenosis was taken as >50% narrowing of one or more of the 

epicardial coronary arteries. Patients from France and Spain received conventional angiography, 

those from Germany, Italy and the US received CTCA and those from Denmark were a mixture of 

the two but the majority had CTCA.  
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Computed tomography scanning protocol 

 

CT scanning for coronary calcification was undertaken with the patient in the supine position. The 

heart was localized by low-dose, low-resolution spiral CT imaging of the chest. High-resolution 

scanning of the heart was begun at the level of the bifurcation of the main pulmonary artery and 

proceeded caudally through the cardiac apex. Rotation and slice acquisition protocols were adopted 

according to individual scanners and local protocols. At least four contiguous pixels with a CT 

density ≥130 Hounsfield units were used to define an area of CAC. The total CAC score (CACS) 

was computed from all calcified lesions by means of the Agatston score, calculated by multiplying 

the area of each lesion by a density factor and then summing the individual lesion scores. Analyses 

were performed using local protocols and workstations Calcium scores were categorized as follows: 

0, 1-99 (mild), 100-399 (moderate), 400-999 (severe) and ≥1000 (extensive).  

 

Computed tomographic coronary angiogram (CTCA) scanning protocol 

 

CTCA was performed according to local protocols. Heart rate was controlled by oral or intravenous 

metoprolol administered before CTCA. As an example, CTCA may be performed using a 64-slice 

scanner (64 × 0.625 mm collimation, 330 ms gantry rotation time, VCT, GE Medical Systems, 

Milwaukee, WI, USA), with dose modulation attained with ‘electrocardiographic gating’ for 

maximum gantry delivery 40%-80% of the R-R interval. Image datasets were analysed using 

volume rendering and multiplanar reconstruction on post-processing workstations. A 

semiquantitative scale was used by the CTCA readers to grade extent of luminal stenosis as a 

percentage of the vessel diameter using visual estimation, according to guidelines. 

 

Conventional invasive angiography protocol 

 

Conventional invasive coronary angiography was performed by adopting the Judkins technique, 

using the femoral or radial approach as appropriate, guide wires and conventional x-ray scanning 

protocols. Assessment of coronary stenosis severity was made using subjective experience; when in 

doubt, flow fraction reserve (FFR) technique was using to confirm stenosis severity.   

 

Risk factor assessment 

 

All centres used standard definitions for risk factors. Blood lipids were measured using standard 

enzymatic methods. Hypercholesterolaemia was defined as total cholesterol >5.0 mmol/l (193 

mg/dl), low density lipoprotein cholesterol >3.00 mmol/l (116 mg/dl) or use of lipid-lowering 

medication. Diabetes was defined as overnight fasting blood glucose ≥7 mmol/l (126 mg/dl), 

postprandial blood glucose ≥11 mmol/l (200 mg/dl) or use of insulin or oral hypoglycaemic agents. 

Family history of premature CAD was noted if a male first-degree relative developed CAD aged 

<55 years or a female first-degree relative aged <65 years. Hypertension was defined according to 

the JNC-7 guidelines as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg 

and/or use of antihypertensive medication [9]. Body mass index (BMI) was calculated using height 

and weight measurements, with BMI ≥30 kg/m2 indicating obesity. The patient was classified a 

smoker if they had smoked during the last month. A total risk factors score was created by counting 

1 for each risk factor present, with the exception of age.  

 

Statistical analysis 

 

Statistical analysis was undertaken using Statistical Package of Social Science version 18, 21 or 22 

(SPSS Inc., Chicago, IL, USA). Continuous variables were expressed as mean ± SD or median, and the 

differences between groups were analysed by Student’s t test or Mann-Whitney test, as appropriate. 
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Categorical variables were expressed as absolute value and percentage and the differences were 

analysed by Chi-Square test. Where applicable, the CAC score was log-transformed after adding 1 in 

the multivariate logistic regression model. The covariates-adjusted odds ratios (OR) and 95% 

confidence intervals (CI) of risk factors were derived from the Multivariate Logistic Regression 

models. To assess the stability of the derived models, 10-fold cross-validation was used, where the 

corresponding classification accuracy, sensitivity and specificity were determined for each of the ten 

models. Classification results based on different sets of explanatory variables were compared using 

nonparametric methods. Where applicable, the receiver operating characteristic (ROC) curves were 

determined based on predicted probabilities from multivariate logistic regression models. Where 

applicable, the CAC score was grouped as 0, 1-99, 100-399, 400-999, and ≥1000 and differences 

between groups were evaluated by ANOVA for parametric variables and by the chi-square test for 

categorical variables. Logistic regression analysis was used to elucidate the associations between risk 

factors and the severity of CAC and quantile regression analysis was conducted to measure the effects 

of different risk factors on CAC extent, with age included as a co-variate. Standard errors for regression 

coefficients were obtained with the bootstrap method. A p-value of <0.05 was considered statistically 

significant. Where applicable, approximately 40% of obesity values were missing and consequently 

obesity was analysed separately. The remaining patients with missing values were excluded from the 

Multivariate Logistic Regression analysis.  

 

Methods – Paper 5 
 

Information search and data collection 

 

We systematically searched electronic databases (PubMed, MEDLINE, EMBASE and Cochrane 

Centre Register) for observational human studies, assessing CAC and conventional CV risk factors. 

Articles were selected if the title or abstract indicated that the paper analysed original associations 

between CAC and CV risk factors using different combinations of the Medical Subject Headings 

(MeSH):  ‘coronary calcification’ or ‘coronary calcium’ and ‘risk factors’, ‘hypertension’, 

‘dyslipidaemia’, ‘hyperlipidaemia’, ‘obesity’, diabetes’, ‘smoking’, ‘family history’, ‘exercise’ or 

‘physical activity’. No date limit was applied to article selection. Because computed tomographic 

scanning for CAC was first introduced in the early 1990s, the study dates range from then to the 

present date. Two researchers performed the literature search, study selection and data extraction 

independently of each other, with the results placed in a spreadsheet; disagreements were resolved by 

discussion between the two researchers and a third adjudicated in case of disagreement. The selected 

reports were manually searched and other relevant articles, obtained from the reference lists, were 

retrieved. We also performed a quality assessment of each study included in the meta-analysis. 

  

Study eligibility criteria 

 

Any clinical studies that reported the presence, extent or progression of CAC, assessed by electron 

beam computed tomography (EBCT), multi-detector computed tomography (MDCT) or coronary 

angiography, were eligible, regardless of whether or not the study objective was an assessment of 

the association of risk factors with CAC.  

 

Study inclusion criteria were: 

a) English language articles published in peer-reviewed journals,  

b) In addition to age, gender and ethnicity (where applicable), the study must include assessment of 

at least three risk factors out of dyslipidaemia, hypertension, obesity, diabetes, smoking, family 

history of premature CVD or exercise. In some cases surrogate markers were used to indicate the 

presence of a risk factor, such as elevated low density lipoprotein (LDL) cholesterol to indicate 

dyslipidaemia or elevated systolic blood pressure (SBP) consistent with hypertension. Any 

differences in risk factor criteria between studies are discussed in the narrative.   
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c) The ability of risk factors to predict CAC presence, extent or progression must be displayed in a 

table rather than as narrative. This criterion was included because narrative results in some studies 

did not adequately reflect the tabular results, for example where a risk factor shown as significant in 

a table was not mentioned in the narrative. Studies also varied in their treatment of a p-value of 

0.05, with some taking it as borderline and others as significant but the exact p-value may not be 

shown in the narrative; for our purposes only p<0.05 is taken as significant.  

f) The patients must be symptomatic (complaining of chest pain or any other typical or atypical 

angina symptoms).  

g) For the Systematic Review only, the study results must show risk factors as multivariate 

predictors of CAC presence, extent or progression. 

  

Study exclusion criteria were: 

Those involving patients with a specific diagnosis, such as Type 1 diabetes or renal disease, which 

had no healthy control group.  

 

There were no specified requirements for the control groups, where applicable.  

 

Statistical analysis for the meta-analysis 

 

The data was extracted from each study and analysed using the Revman software 5.3. The 

publication bias was tested using Egger's regression interception test and funnel plot by 

comprehensive meta-analysis software. The unadjusted ORs of risk factors were estimated from the 

exposure distributions for CAC presence or absence. The ORs and 95% confidence intervals (CIs) 

were converted into Log OR and standard error (SE) using the calculator and the Revman software 

in order to obtain the forest plots for each risk factor. The statistical heterogeneity was evaluated 

using the I2 statistical test. When the I2 was greater than 50%, the analysis was considered 

significantly heterogeneous and the random effect model was applied. When the I2 was less than 

50%, the analysis was considered not heterogeneous and the fixed effect meta-analysis model was 

applied.  A p-value of <0.05 was regarded as significant. 
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RESULTS 

 

Paper 1 
 

Patient characteristics 

 

Table 1 shows that among 5515 symptomatic patients who had coronary angiograms, the mean 

patient age was 60±12 years (range 31-94), comprising 61% males and 39% females. Of these, 56% 

had hypertension, 45% had hypercholesterolaemia, 13% had diabetes, 34% smoked, 21% were 

obese and 45% had family history of CAD. The mean number of risk factors per patient was 2.6. 

28% had significant coronary stenosis. 64% had a CAC score >0; the median CAC score was 21. 

CAC presence was significantly associated with older age, male gender, smoking, diabetes mellitus, 

hypertension, obesity, hypercholesterolaemia and a higher risk factors score (p<0.001 for all except 

smoking where p=0.04) compared with zero CAC; there was no association with family history of 

CAD. CAC presence was also associated with coronary stenosis >50% (p<0.001). The relevance of 

these differences is limited because of age and gender difference between the two groups. 

 

Risk factors and coronary stenosis severity 

 

Table 2 shows that in patients with CAC, coronary stenosis was associated with a higher prevalence 

of smoking, diabetes, hypertension, hypercholesterolaemia and male gender; age, obesity and 

family history of CAD were not significantly different. In addition, the risk factors score and the 

median CAC score were higher in significant stenosis (p<0.001 for both). Only 5.5% of patients 

with zero CAC had significant stenosis and consequently no risk factor analysis was performed.  

 

Figures 1a and 1b show a comparison of the number of risk factors associated with significant 

stenosis in patients with and without CAC. In patients with zero CAC, most had no stenosis but the 

cumulative risk factors score was not different between the stenosis and no stenosis subgroups, with 

approximate peak value of 2 for both. In those with CAC, a greater proportion had significant 

stenosis, despite a similar peak risk factors score (approximately 3) for both presence and absence 

of stenosis.  

 

CAC score in patients with and without significant stenosis  

 

Figure 2 shows a comparison of the number and proportion of patients with and without significant 

stenosis according to the CAC score. There is a linear decline in patients with insignificant stenosis 

with increasing CAC score, while for those with significant stenosis, the prevalence increases up to 

CACS = 100-399, with negligible change thereafter. Up to CACS = 100-399, the number of 

patients with insignificant stenosis exceeded those with significant stenosis but at >400 this pattern 

reverses.   
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Table 1: Patient characteristics and comparison of risk factors according to CAC presence or 

absence 

Risk Factor Total 

patients  

(n = 5515) 

CACS >0 

(n=3528) 

CACS = 0 

(n=1987) 

p-value 

 

Age, years, mean±SD 

 

60±12 

 

63±11 

 

54±11 

 

<0.001 

Male gender, % 60.6 68.7 46.4 <0.001 

Family history of CAD, % 45.4 44.5 47.0 0.07 

Smoking, % 33.9 34.9 32.1 0.04 

Diabetes mellitus, % 13.2 16.6 7.3 <0.001 

Hypertension, % 56.1 63.3 43.1 <0.001 

Obesity, % 20.7 22.5 17.5 <0.001 

Hypercholesterolaemia, % 45.4 50.1 36.9 <0.001 

No. of risk factors,  

mean±SD 

2.6±1.3 2.9±1.3 2.2±1.2 <0.001 

Coronary stenosis >50, % 27.9 40.5 5.5 <0.001 

     

CAC score     

       0,% 36.0 -   

1-99,% 28.0 43.8   

100-399, % 16.7 26.1   

400-999,% 10.9 17.0   

≥1000, % 8.4 13.2   
Median CAC score (25%, 75%) 
 

21 (0, 246) 136 (28, 527)   

CACS = CAC score; CAD = Coronary artery disease 

 

 

Table 2: Comparison of risk factors for coronary stenosis >50% in patients with CAC  
 

Risk Factors 

 

CACS >0 (n = 3528) 

Stenosis >50% 

(n = 1429) 

Stenosis ≤50% 

(n = 2099) 

p-value 

 

Age, years 

Male gender, % 

Family history of CAD, % 

Smoking, % 

Diabetes mellitus, % 

Hypertension, % 

Obesity, % 

Hypercholesterolaemia, % 

Number of risk factors 

Median CAC score (25%, 75%) 

 

63±11 

78.2 

46.0 

37.4 

22.2 

65.4 

24.2 

52.9 

3.1±1.2 

407 (117, 991) 

 

63±11 

62.2 

43.5 

33.2 

12.8 

61.9 

21.7 

48.2 

2.7±1.3 

59 (14, 224) 

 

0.232 

<0.001 

0.162 

0.010 

<0.001 

0.035 

0.227 

0.007 

<0.001 

<0.001 
 

CACS = CAC score; CAD = coronary artery disease 
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Figure 1: Comparison of the number of risk factors between patients with and without >50% 

coronary stenosis in patients with zero CAC (left) and with CAC >0 (right).  

 

 

 

 

Figure 2: Comparison of the number (left) and proportion (right) of patients with and without 

>50% stenosis in patients with different CAC scores. 
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Multivariate risk factor predictors of significant coronary stenosis  

 

Table 3 shows the multiple binary regression analysis of risk factor predictors of significant stenosis 

for the 5074 patients with a complete data set. The most important predictor was male gender (β 

=1.07) followed by diabetes (β = 0.70), age, smoking, hypercholesterolaemia, hypertension and 

family history of CAD. Obesity was excluded due to significant missing values but when a separate 

analysis was performed in the 3106 patients with data, it proved not to be a significant predictor 

(p=0.84).  

 

Table 3: Multivariate risk factor predictors for coronary stenosis >50%  

Risk Factors n = 5074 

β OR (95% CI) p-value 

Age 0.03 1.03 (1.027-1.04) <0.001 

<0.001 Male gender 1.07 2.92 (2.52-3.39) 

Smoking 

Diabetes mellitus 

0.36 

0.70 

1.44 (1.25-1.65) 

2.01 (1.67-2.42) 

0.003 

<0.001 

Hypertension 0.24 1.28 (1.10-1.47) 0.001 

Hypercholesterolaemia 0.28 1.32 (1.15-1.51) <0.001 

Family history of CAD 0.20 1.23 (1.07-1.40) 0.003 

CACS = CAC score; CAD = coronary artery disease 

 

 

Multivariate predictors of significant coronary stenosis including the CAC score  

 

Table 4 shows the results of multiple binary regression analysis of predictors of significant stenosis 

when the log transformed CAC score is included as a risk factor. The CAC score was the most 

powerful of the continuous predictors (β = 1.25), followed by age. Of the dichotomous variables, 

male gender (β = 0.48) was the strongest predictor, followed by diabetes, smoking and family 

history. Hypertension and hypercholesterolaemia lost significance. A separate analysis of in the 

3106 patients with obesity data showed that it was not a significant predictor (p=0.68).  

 

 

 

 

  



31 

 

Table 4: Multivariate predictors of coronary stenosis >50 with the inclusion of the CAC score 

 

Risk factors n=5074 

 β OR 

(95% CI) 

p-value 

 

Age 

 

-0.02 

 

0.98 (0.97-0.99) 

 

<0.001 

<0.001 

0.013 

Male gender 0.48 1.61 (1.36-1.90) 

Smoking 0.20 1.22 (1.04-1.43) 

Diabetes mellitus 0.33 1.39 (1.13-1.71) 0.002 

Hypertension 0.10 1.10 (0.94-1.30) 0.255 

Hypercholesterolaemia 0.08 1.08 (0.93-1.26) 0.323 

Family history of CAD 

Log transformed CACS 

0.18 

1.25 

1.20 (1.03-1.40) 

3.48 (3.19-3.81) 

0.018 

<0.001 
CACS = CAC score; CAD = coronary artery disease 

 

Prediction of significant coronary stenosis diagnosed by conventional angiography and CTCA 

 

When the patients were divided into those who had conventional angiography (France, Spain) and 

CTCA (Denmark, Germany, Italy, USA), cross-validation analysis (Figure 3) showed that the 

sensitivity of risk factors, the CAC score and the combination for predicting significant stenosis 

measured by conventional angiography was considerably higher than for significant stenosis 

measured by CTCA. However for patients assessed by CTCA, the specificity of risk factors, the 

CAC score and the combination was considerably higher than in those assessed by conventional 

angiography.  

 

 

Figure 3: Box plots for conventional angiography (Angio) and Computed Tomographic Coronary 

Angiogram (CTCA) showing the sensitivity and specificity of risk factors (RF), log transformed 

CAC score (CACS) and the combination (CACS/RF) for prediction of >50% stenosis based 10-fold 

cross-validation of each model (90% of data used for training, the remaining 10% used for testing).  
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ROC curve analysis 

 

Figure 4 shows ROC curves based on logistic regression analysis for all patients, regardless of CAC 

status, divided according to whether they received a conventional angiogram or CTCA. In patients 

who underwent conventional angiography, the CAC score (AUC=0.78) was more accurate than risk 

factors alone (AUC=0.74), with the combination having the highest accuracy (AUC=0.81). In those 

given CTCA, the CAC score alone (AUC=0.85) was considerably higher in accuracy than risk 

factors alone (AUC=0.71), although the combination (AUC=0.85) was no more accurate than the 

CAC score. The accuracy of CTCA for predicting >50% stenosis using the CAC score alone was 

higher (AUC=0.85) than using a combination of the CAC score and risk factors with conventional 

angiography (AUC=0.81).  

 

 

 

 

Figure 4: ROC curves with area under curve (AUC) based on logistic regression in all patients, 

regardless of CAC status, using three different models:  

RF – model based on risk factors alone;  

CACS – model based on log transformed CAC score alone;  

CACS/RF – model based on risk factors and log transformed CAC score. 
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Paper 2 
 

Continent comparison: Europe vs USA  

 

Patient characteristics 

 

Table 5 shows the patient characteristics divided into 4867 from Europe and 648 from the USA.  

The USA patients were younger by a mean of six years (p<0.0001) with a higher percentage of 

males (p=0.004) than the Europe patients. In the USA group, the prevalence of diabetes (p=0.002), 

smoking (p=0.003) and hypercholesterolaemia (p=0.044) and the number of risk factors (p=0.042) 

were significantly higher but the prevalence of hypertension was lower (p=0.004) compared to the 

Europe group. There was no difference in the prevalence of a family history of CAD. 

Approximately 40% of obesity values were missing, including from all USA patients, and 

consequently no comparison could be carried out between continents.  

 

Table 5: Patient characteristics by continent 

 
 Continent comparison 

Risk factors/CAC score Europe  
n = 4867 

USA   
n = 648 

p-value 

Age (years), mean±SD 60.6±11.7 54.7±10.9 <0.0001 
Male gender, % 59.9 65.9 0.004 
Family history of  CAD, % 45.7 43.6 0.315 
Smoking, % 33.2 39.2 0.003 
Diabetes mellitus, % 12.7 17.0 0.002 
Hypertension, % 56.8 50.5 0.004 
Hypercholesterolaemia, % 44.9 49.1 0.044 
Obesity, % (out of 3126 patients) 20.7 - - 
No. of risk factors, mean ± SD 1.89±1.10 1.99±1.22   0.042 
Coronary stenosis >50% 25.4 46.8 <0.0001 
Median CAC score (25%, 75%) 18 (0, 227) 62 (0, 371) <0.0001 
Log (CAC+1) 1.29±1.19 1.52±1.18 <0.0001 
CAC score     

0, % 36.9 29.3  
1-99, % 28.1 26.5  
100-399, % 16.2 20.2      <0.0001 
400-999, % 10.2 16.2  
≥1000, % 8.6 7.7  

 CAD = Coronary Artery Disease 

 

 

The prevalence of significant coronary stenosis in the USA group was nearly double that of the 

Europe group (p<0.0001). Despite the age difference, the median CAC score was more than three 

times higher in the USA group (p<0.0001) and the mean log (CAC+1) was also higher (p<0.0001). 

When broken down into CAC score ranges (Figure 5a), the USA group had fewer patients with zero 

and mild CAC but more patients with moderate and severe CAC compared to the Europe group. 

The prevalence of extensive CAC (score ≥1000) was not different between groups. Combining the 

severe and extensive CAC groups (i.e. all those with a score of ≥400) (Figure 5b), showed that the 

USA group had more patients with any CAC score ≥100 (p<0.001) than the Europe group.  
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Figure 5a and 5b: CAC distribution by continent  

 

 
 

Multivariate risk factor predictors of >50% stenosis between Europe and USA patients with and 

without the CAC score as a risk factor 

 

With the CAC score excluded as a risk factor, Table 6 shows that in both the Europe and USA 

groups, male gender was the strongest predictor of stenosis (ORs 2.83 and 3.89 respectively, 

p<0.0001), followed by diabetes (ORs 1.91, p<0.0001 and 1.93 p=0.005 respectively). In the 

Europe group, smoking was the next strongest predictor (OR 1.47, p<0.0001), followed by 

hypertension (OR 1.39, p<0.0001), family history of CAD (OR 1.27, p=0.002), 

hypercholesterolaemia (OR 1.22, p=0.009) and age (OR 1.04, p<0.0001). In the USA group, 

hypercholesterolaemia was the next strongest predictor (OR 1.77, p=0.001), followed by age (OR 

1.04, p<0.0001); smoking, hypertension and family history of CAD were not independently 

predictive.  

 

When the CAC score was included in the multivariate analysis its effect eclipsed that of all risk 

factors, giving an OR of 3.17 for the Europe group and 4.36 for the USA group (p<0.0001 for both).  

Male gender remained the next most important predictor on both continents, with an OR of 1.55 for 

the Europe group and 2.85 for the USA group (p<0.0001 for both). In the Europe group, diabetes 

was the next most important risk factor (OR 1.33, p=0.01), followed by family history of CAD (OR 

1.27, p=0.006), smoking (OR 1.21, p=0.03) and age (OR 0.99, p=0.01) hypertension and 

hypercholesterolaemia lost significance. In the USA group, there were no other independently 

predictive risk factors. 

 

Region comparison: Northern vs Southern Europe  

 

Patient characteristics 

 

Table 7 shows the patient characteristics divided into 1906 from northern Europe (NE) and 2961 

from southern Europe (SE). The NE patients were slightly younger than the SE patients by a mean 

of two years (p<0.0001) but the gender ratio showed a higher percentage of males in the SE patients 

(p<0.0001). The prevalence of family history, smoking and obesity were significantly higher among 

the NE patients (p<0.0001 for all), while the prevalence of diabetes (p=0.004), hypertension 

(p<0.0001), hypercholesterolaemia (p<0.0001) and the number of risk factors (p<0.0001) were 

significantly higher in the SE group. 
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Table 7: Patient characteristics by European region 

 
 Europe region comparison 
Risk factors/CAC score Northern Europe 

n = 1906 
Southern Europe 

n = 2961 
p-value 

 
Age (years), mean±SD 

 
59.3±11.0 

 
61.5±12.0 

 
<0.0001 

Male gender, % 53.9 63.8 <0.0001 
Family history of CAD, % 52.8 40.9 <0.0001 
Smoking, % 45.7 25.2 <0.0001 
Diabetes mellitus, % 11.0 13.9 0.004 
Hypertension, % 50.3 61.0 <0.0001 
Hypercholesterolaemia, % 34.5 50.9 <0.0001 
Obesity, % (out of 3126 patients) 31.0 19.4 <0.0001 
No. of risk factors, mean ± SD 1.95±1.11 2.07±1.24 <0.0001 
Coronary stenosis >50% 25.9 25.1 0.55 
Median CAC score (25%, 75%) 12 (0.179) 24 (0, 253) 0.005 
Log (CAC+1) 1.22±1.17 1.33±1.20 0.002 
CAC score     

0, % 37.6 36.5  
1-99, % 31.1 26.2  
100-399, % 14.2 17.4 <0.0001 
400-999, % 9.0 11.0  
≥1000, % 8.1 8.9  

CAD = Coronary Artery Disease 
 

 

The prevalence of significant coronary stenosis was not different between the two regions although 

the median CAC score was twice as high in the SE group (p=0.005) and the mean of log (CAC+1) 

was also higher (p=0.002). When broken down into CAC score ranges (Figure 6), the SE group had 

fewer patients with mild CAC but more with ≥100 (p<0.0001).  
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Figure 6: CAC distribution between northern and southern Europe  

 
 

Multivariate risk factor predictors of >50% stenosis between northern and southern Europe groups 

with and without the CAC score as a risk factor 

 

With the CAC score excluded as a risk factor, Table 8 shows that in both the NE and SE groups, male 

gender was the strongest predictor of significant stenosis (ORs 2.75 and 3.19 respectively, p<0.0001 

for both). In the NE group, hypertension was the second strongest predictor (OR 1.45, p=0.004) 

followed by age (OR 1.04, p<0.0001); smoking, hypercholesterolaemia and family history of CAD 

had no predictive ability, while diabetes was borderline with a p-value of 0.05. In the SE group, 

diabetes was the second strongest predictor (OR 2.18, p<0.0001) after gender, followed by smoking 

(OR 1.86, p<0.0001), hypercholesterolaemia (OR 1.82, p<0.0001), hypertension (OR 1.42, p=0.002), 

family history of CAD (OR 1.30, p=0.01) and age (OR 1.05, p<0.0001). Obesity was excluded from 

this analysis due to significant missing values but when a separate analysis was performed in the 3126 

patients with data, it showed that obesity was the second strongest predictor in NE group (OR 2.40, 

p=0.03) but showed no predictive ability in SE group (p=0.40). 

 

When log (CAC +1) was included in the regression analysis, it became the most important 

independent predictor of significant stenosis in both the NE and SE groups (ORs 2.76 and 3.53 

respectively, p<0.0001 for both), followed by male gender (ORs 1.62 and 1.69 respectively, p<0.0001 

for both). In the NE group the second most important predictor was hypercholesterolaemia (OR 1.51, 

p=0.003) followed by hypertension (OR 1.36, p=0.03) and smoking (OR 1.31, p=0.04). Age, diabetes 

and family history had no predictive ability. In the SE group, however, smoking was the next most 

important risk factor after log (CAC+1) and male gender (OR 1.64, p<0.0001), followed by 

hypercholesterolaemia (OR 1.63, p<0.0001), diabetes (OR 1.43, p=0.01) and family history of CAD 

(OR 1.32, p=0.02). Age and hypertension had no predictive ability. Obesity was excluded from this 

analysis due to significant missing values but when a separate analysis was performed in the 3126 

patients with data, it showed that obesity was the second strongest predictor in NE group (OR 2.39, 

p=0.0006) but showed no predictive ability in SE group. 
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Paper 3 
 

Comparison of prevalence of risk factors between males and females, with and without CAC 

 

Table 9: Comparison of prevalence of risk factors between males and females and between 

patients with and without CAC.  

 

Risk factors CAC=0 (n = 2132) CAC>0 (n = 4177) 

 Female  

n =1130 

Male 

n = 1002 

p-

value 

 

Female  

n = 1268 

Male 

n = 2909 

p-

value 

 

Age, years,  

mean±SD 

57.1±11.2 51.1±10.7 <0.001 66.3±10.1 62.0±10.6 <0.001 

Family history of 

CAD,  

yes/total , % 

565/1112 

(57.9) 

417/990  

(42.1) 

<0.001 589/1219 

(48.3) 

1181/276

3 (42.7) 

0.001 

Smoking, yes/total ,  

% 

301/1120 

(26.9) 

376/998 

(37.7) 

<0.001 378/1255 

(30.1) 

1041/289

5    (36.0) 

<0.001 

Diabetes mellitus, 

yes/total % 

81/1124      

(7.2) 

71/999     

(7.1) 

0.99 232/1254 

(18.5) 

492/2901  

(17.0) 

0.23 

Hypertension, 

yes/total % 

549/1125 

(48.8) 

387/998 

(38.8) 

<0.001 835/1263 

(66.1) 

1808/290

1  (62.3) 

0.02 

Dyslipidaemia, 

yes/total, % 

433/1074 

(40.3) 

323/967 

(33.4) 

0.001 653/1258 

(53.3) 

1455/283

0 (51.4) 

0.45 

Obesity, yes/total , 

% 

102/631 

(16.2) 

118/638 

(18.5) 

0.30 140/699 

(20.0) 

394/1712 

(23.0) 

0.12 

Number of risk 

factors,  

mean±SD 

1.83±1.15 2.09±1.29 <0.001 2.37±1.19 2.82±1.36 <0.001 

       
CAC = CAC score; CAD = Coronary artery disease 

 

 

Table 9 shows the distribution of risk factors according to gender in 6309 symptomatic patients 

classified by whether or not they had any CAC. This analysis shows that irrespective of the 

presence or absence of CAC, females recruited into this study were older than males by 

approximately 5 years. The mean age of males with CAC was 62 years, compared to those with 

zero CAC whose mean age was 51 years, whereas in females the mean age of those with CAC was 

66 years, with a mean age of 57 years in those with zero CAC. Regardless of CAC presence, 

females more frequently had hypertension and a family history of CAD, whereas males were more 

frequently smokers and had a higher number of risk factors. In patients with zero CAC, females 

more frequently had dyslipidaemia. There was no difference between males and females for 

incidence of diabetes or obesity, irrespective of CAC presence, and in patients with CAC there was 

no difference in the incidence of dyslipidaemia between genders.   
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Table 10: Proportion of patients with and without CAC by gender in different age groups  

 

10-year age 

group 

Males  Females  p-value 

CAC=0  

n = 1002 

CAC>0  

n = 2909 

CAC=0 

n = 1130 

CAC>0 

 n = 1268 

 

30-39y 70.8% 

(170) 

29.1%         

(70) 

86.1%         

(87) 

13.9%           

(14) 

0.003 

40-49y   48.5%        

(336) 

51.5%           

(357) 

76.2%          

(234) 

23.8%         

(73) 

<0.001 

50-59y    25.7%          

(290) 

74.3%         

(840) 

56.9%          

(359) 

43.3%          

(273) 

<0.001 

60-69y   14.3%          

(165) 

85.7%         

(991) 

42.3%         

(321) 

57.7%         

(437) 

<0.001 

≥70y     5.9%          

(41) 

94.1%        

(651) 

21.5%         

(129) 

78.5%          

(471) 

<0.001 

 

CAC = CAC score; numbers are % (n), where percentages in each age range indicate the % of the number of that 

gender with or without CAC in the respective age-group.  

 

 
 

Table 10 shows the distribution of the proportion of males and females with and without CAC in 

different age groups. This shows that in males, among those aged 30-39 there are more without than 

with CAC, while at age 40-49 the proportions are similar and at older age the proportions with CAC 

exceed those without and increased with age. Among females the proportion without CAC 

exceeded those with CAC up to approximately age 60, when the proportion of those with CAC 

exceeded those without and increased with age. Similarly, Figure 7 shows that the proportion of 

patients with CAC was significantly higher for males in all age groups, compared to females, and 

that there is a linear increase in the proportion of both genders with CAC with increasing age.   

 
 

 
Figure 7: Proportion of patients with CAC by gender in different age groups 
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Figure 8 demonstrates that in both males and females, the mean number of risk factors was 2, with 

both distributions showing a similar pattern, an approximate normal distribution. Figure 9 shows the 

proportion of patients with CAC in different age groups by gender, according to the presence or 

absence of the four modifiable risk factors (smoking, diabetes mellitus, hypertension, 

dyslipidaemia). This demonstrates a fairly linear increase in both genders with increasing age, 

indicating that in each age group the proportion with at least one modifiable risk factor always 

exceeds those with no risk factors, which seems to be more marked among females.  Figure 10 

shows boxplots comparing the number of risk factors against an increasing CAC score in males and 

females. This analysis demonstrates that in both males and females the median and interquartile 

CAC scores increase with the number of risk factors, possibly more dramatically in females than 

males, but, as expected, are always lower in females than males except among females with ≥4 risk 

factors, when the CAC extent approaches that of males. This figure also demonstrates that it is 

possible to have relatively high CAC but no risk factors in both genders.  

 

 
 

RF = risk factors 

 

Figure 8. Comparison of number of risk factors (family history of coronary artery disease, diabetes 

mellitus, smoking, hypertension, dyslipidaemia and obesity) by gender. 
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RF = presence of one or more of the four risk factors; No RF = absence of all four risk factors. 

 

Figure 9: Comparison of the proportion of patients with CAC in different age groups by gender, analysed 

according to the presence or absence of at least one of the four modifiable risk factors (smoking, diabetes 

mellitus, hypertension and/or dyslipidaemia).  

 

 

 

 
RF = presence of one or more of the four risk factors; No RF = absence of all four risk factors. 

 

Figure 10: Comparison of the proportion of patients with CAC in different age groups by gender, analysed 

according to the presence or absence of at least one of the four modifiable risk factors (smoking, diabetes 

mellitus, hypertension and/or dyslipidaemia).  
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Univariate risk factor prediction of CAC presence  

 

Table 11: Univariate risk factor predictors in males and females using logistic regression for 

predicting the risk of a) CAC presence vs zero CAC; b) CAC ≥100 vs zero CAC; c) CAC≥400 vs 

zero CAC; and d) CAC ≥1000 vs zero CAC 

 

 Males Females 

Risk factors β OR (95% CI) p β OR (95% CI) p 

   

a) CAC>0 n=3911, 74% with CAC>0 n=2398, 53% with CAC>0 

Family history of 

CAD 

0.34 1.41 (1.20-1.66) <0.001 0.03 1.03 (0.86-1.23) 0.76 

Smoking 0.22 1.24 (1.05-1.47) 0.01 0.63 1.88 (1.53-2.30) <0.001 

Diabetes mellitus 0.69 1.99 (1.51-2.62) <0.001 1.03 2.79 (2.09-3.73) <0.001 

Hypertension 0.53 1.70 (1.44-2.00) <0.001 0.37 1.44 (1.20-1.73) <0.001 

Dyslipidaemia 0.72 2.05 (1.73-2.42) <0.001 0.35 1.42 (1.19-1.70) <0.001 

Obesity 0.28 1.33 (1.03-1.71) 0.03 0.38 1.47 (1.08-2.00) 0.01 

No.of risk factors 0.44 1.56 (1.46-1.66) <0.001 0.38 1.47 (1.36-1.59) <0.001 

       

b) CAC≥100 n=2805, 64% with CAC≥100 n=1776, 36% with CAC≥100 

Family history of 

CAD 

0.48 1.61 (1.13-1.96) 0.001 0.05 0.95 (0.76-1.19) 0.65 

Smoking 0.24 1.28 (1.05-1.55) 0.01 0.65 1.91 (1.47-2.48) <0.001 

Diabetes mellitus 0.96 2.62 (1.95-3.52) <0.001 1.38 3.96 (2.85-5.51) <0.001 

Hypertension 0.62 1.86 (1.54-2.24) <0.001 0.50 1.66 (1.31-2.09) <0.001 

Dyslipidaemia 0.84 2.31 (1.91-2.80) <0.001 0.41 1.51 (1.20-1.89) 0.001 

Obesity 0.31 1.36 (1.01-1.84) 0.05 0.35 1.42 (0.96-2.11) 0.08 

Number of risk 

factors 

0.61 1.83 (1.69-1.98) <0.001 0.49 1.63 (1.48-1.80) <0.001 

       

c) CAC≥400 n=2035, 51% with CAC≥400 n=1422, 21% with CAC≥400 

Family history of 

CAD 

0.42 1.52 (1.21-1.92) <0.001 -0.08 0.92 (0.69-1.25) 0.61 

Smoking 0.35 1.42 (1.13-1.78) 0.003 0.70 2.02 (1.43-2.86) <0.001 

Diabetes mellitus 1.09 2.96 (2.13-4.11) <0.001 1.69 5.40 (3.65-8.00) <0.001 

Hypertension 0.67 1.96 (1.57-2.45) <0.001 0.74 2.09 (1.51-2.90) <0.001 

Dyslipidaemia 0.78 2.18 (1.74-2.74) <0.001 0.47 1.60 (1.12-2.15) 0.002 

Obesity 0.45 1.57 (1.11-2.23) 0.01 0.71 2.03 (1.22-3.41) 0.007 

No. risk factors 0.68 1.98 (1.80-2.18) <0.001 0.64 1.90 (1.66-2.18) <0.001 

       

d) CAC≥1000 n=1452, 31% with CAC≥1000 n=1258, 10% with CAC≥1000 

Family history of 

CAD 

0.41 1.51 (1.12-2.04) 0.007 -.08 0.92 (0.60-1.40) 0.69 

Smoking 0.19 1.21 (0.89-1.64) 0.21 1.20 3.32 (2.07-5.32) <0.001 

Diabetes mellitus 1.59 4.90 (3.34-7.20) <0.001 1.72  5.61 (3.33-9.46) <0.001 

Hypertension 0.82 2.26 (1.69-3.03) <0.001 0.76 2.13 (1.32-3.42) 0.002 

Dyslipidaemia 0.73 2.08 (1.55-2.79) <0.001 0.53 1.70 (1.11-2.58) 0.01 

Obesity 0.68 1.97 (1.26-3.08) 0.003 0.78 2.18 (1.08-4.39) 0.03 

No. of risk factors 0.74 2.09 (1.84-2.36) <0.001 0.75 2.12 (1.75-2.56) <0.001 
 

CAC = CAC score; CAD = Coronary artery disease 
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Table 11 shows the univariate regression analysis to identify risk factors predictive of a CAC score 

>0, ≥100, ≥400 and ≥1000 compared to zero CAC, divided by gender and having corrected for age. 

This table shows that in males, family history of CAD, smoking, diabetes, hypertension, 

dyslipidaemia, obesity and number of risk factors were all predictive of CAC >0, CAC ≥100 and 

CAC ≥400, smoking proved not to be predictive among those with CAC ≥1000.  Results were 

similar for females, except that family history of CAD was never a predictor of CAC in any 

subgroup and smoking remained predictive in those with CAC ≥1000. While all risk factors, 

including the number of risk factors, predicted CAC in all subgroups, obesity became borderline 

significant in patients with CAC ≥100.  

 

Multivariate risk factor prediction of CAC presence 

 

Multivariate logistic regression analysis (Table 12) was performed to identify risk factors predictive 

of a CAC score >0, ≥100, ≥400 and ≥1000 compared to zero CAC by using backwards elimination 

in all patients with full data sets (n=5851) to remove non-significant factors in a two-step process, 

having corrected for age. In the first step, all risk factors were included (age, family history of 

CAD, smoking, diabetes mellitus, hypertension, dyslipidaemia and obesity); after removal of 

subjects with incomplete data, 2339 males and 1218 females remained. This analysis showed that 

there was a non-significant influence of obesity in both genders; obesity was therefore removed. In 

all patients with complete data (3624 males and 2227 females), backwards elimination removed 

family history of CAD in females, dyslipidaemia in females with CAC ≥400 and ≥1000 and 

smoking in males with CAC ≥1000.  All other risk factors had a significant influence in both 

genders. 

 

The most important dichotomous predictors of CAC presence in males were dyslipidaemia and 

diabetes (β = 0.64 and 0.63 respectively) and for increasing CAC scores diabetes was the most 

important, followed by dyslipidaemia; hypertension was only an important predictor for those with 

CAC ≥1000. Among females the most important predictors of CAC presence were diabetes 

followed by smoking (β = 1.08 and 0.68 respectively) and these risk factors remained the most 

important predictors with increasing CAC scores.  

 

Multivariate predictors of CAC presence by gender and age group 

 

Table 13 shows the multivariate independent predictors of CAC presence analysed by gender and 

by age groups <50 years, 50-70 years and ≥70 years in 5851 patients. This demonstrates that in 

patients aged <50 and 50-70 years, the predictive risk factors were the same. In males, diabetes, 

hypertension and dyslipidaemia are predictive, with diabetes being the most important in both age 

groups. In females the same risk factors were predictive with the addition of smoking; diabetes is 

also the most important risk factor in females in both age groups. In males aged ≥70 years, 

however, only dyslipidaemia was predictive, while in females aged ≥70 years both smoking and 

diabetes were predictive, with smoking being the more important.  
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Table 12: Multivariate predictors of a) CAC presence vs zero CAC, b) CAC≥100 vs zero CAC, c) 

CAC≥400 vs zero CAC, and d) CAC≥1000 vs zero CAC in males and females using the logistic 

regression model with backwards elimination.  

 

Risk factors Males Females 

 

 

β OR (95% CI) p-value β OR (95% CI) p-value 

a) CAC>0 n=3624, 74% with CAC>0 n=2227, 53% with CAC>0 

Age 0.09 1.09 (1.08-1.10) <0.001 0.08 1.08 (1.07-1.10) <0.001 

Family history of 

CAD 

0.30 1.35 (1.14-1.60) 0.001    

Smoking 0.19 1.20 (1.01-1.43) 0.04 0.68 1.97 (1.59-2.44) <0.001 

Diabetes mellitus 0.63 1.88 (1.40-2.53) <0.001 1.08 2.94 (2.14-4.05) <0.001 

Hypertension 0.39 1.47 (1.24-1.75) <0.001 0.30 1.35 (1.11-1.64) 0.003 

Dyslipidaemia 0.64 1.90 (1.60-2.25) <0.001 0.30 1.34 (1.11-1.62) 0.002 

       

b) CAC≥100 n=2586, 63% with CAC≥100 n=1641, 36% with CAC≥100 

Age 0.12 1.13 (1.12-1.14) <0.001 0.11 1.11 (1.10-1.13) <0.001 

Family history of 

CAD 

0.46 1.58 (1.29-1.95) <0.001    

Smoking 0.23 1.26 (1.02-1.55) 0.03 0.74 2.09 (1.58-2.75) <0.001 

Diabetes mellitus 0.97 2.64 (1.90-3.66) <0.001 1.39 4.01 (2.78-5.77) <0.001 

Hypertension 0.40 1.49 (1.21-1.82) <0.001 0.36 1.44 (1.11-1.85) 0.005 

Dyslipidaemia 0.79 2.20 (1.80-2.69) <0.001 0.32 1.37 (1.08-1.75) 0.01 

       

c) CAC≥400 n=1872, 49% with CAC≥400 n=1318, 20% with CAC≥400 

Age 0.13 1.14 (1.13-1.16) <0.001 0.12 1.12 (1.10-1.15) <0.001 

Family history of 

CAD 

0.42 1.52 (1.19-1.94) 0.001    

Smoking 0.33 1.39 (1.09-1.78) 0.009 0.77 2.16 (1.49-3.13) <0.001 

Diabetes mellitus 1.08 2.95 (2.06-4.24) <0.001 1.63 5.08 (3.31-7.80) <0.001 

Hypertension 0.46 1.59 (1.25-2.03) <0.001 0.54 1.71 (1.20-2.44) 0.003 

Dyslipidaemia 0.70 2.02 (1.59-2.58) <0.001    

       

d) CAC≥1000 n=1336, 29% with CAC≥1000 n=1170, 10% with CAC≥1000 

Age 0.14 1.15 (1.13-1.17) <0.001 0.13 1.15 (1.12-1.18) <0.001 

Family history of 

CAD 

0.39 1.48 (1.06-2.05) 0.02    

Smoking    1.22 3.40 (2.07-5.56) <0.001 

Diabetes mellitus 1.60 4.93 (3.21-7.56) <0.001 1.76 5.81 (3.31-10.2) <0.001 

Hypertension 0.64 1.89 (1.36-2.63) <0.001 0.60 1.82 (1.08-3.07) 0.02 

Dyslipidaemia 0,63 1.87 (1.36-2,58) <0.001    
 

CAC = CAC score; CAD = Coronary artery disease; Age = actual age in years 
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Table 13: Multivariate predictors of CAC presence by gender and age group 

 

CACS = CAC score; CAD = Coronary artery disease 

 

 

Risk factors Males with CACS >0 (n = 3624 ) Females with CACS >0 (n = 2227) 

β OR (95% CI) p-value β OR (95% CI) p-value 

 

Age <50 years  

(males n = 886;  

females n = 375) 

 

      

Smoking    0.57 1.76 (1.02-3.06) 0.04 

Diabetes mellitus 0.67 1.96 (1.10-3.49) 0.02 1.96 7.08 (3.24-15.5) <0.001 

Hypertension 0.39 1.48 (1.11-1.98) 0.007 0.74 2.09 (1.20-3.67) 0.01 

Dyslipidaemia 0.84 2.32 (1.75-3.07) <0.001 0.64 1.89 (1.07-3.34) 0.03 

 

Age 50-70 years 

(males n = 2102;  

females n = 1305) 

 

      

Smoking    0.50 1.65 (1.29-2.11) <0.001 

Diabetes mellitus 0.66 1.93 (1.34-2.77) <0.001 0.76 2.13 (1.46-3.11) <0.001 

Hypertension 0.59 1.80 (1.44-2.24) <0.001 0.33 1.39 (1.10-1.74) 0.005 

Dyslipidaemia 0.52 1.69 (1.35-2.11) <0.001 0.33 1.40 (1.12-1.75) 0.003 

 

Age ≥70 years 

(males n = 636;  

females n = 547) 

 

      

Smoking    1.12 3.07 (1.54-6.11) 0.001 

Diabetes mellitus    1.05 2.86 (1.43-5.71) 0.001 

Dyslipidaemia 0.79 2.20 (1.12-4.32) 0.02    
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Paper 4 
 

The overall Euro-CCAD cohort consists of data from 6309 symptomatic patients, among whom 

4177 had CAC but 600 (9.5%) had no risk factors. Among the patients with CAC, 7% had no risk 

factors. Table 14 describes the prevalence of individual risk factors categorised according to the 

CAC scores 0, 1-99, 100-399, 400-999 and ≥1000. Age and number of risk factors increased with 

the CAC score, as did the percentage of patients with hypertension and diabetes (p<0.001 for all). 

Although the percentage of males and patients with dyslipidaemia increased up to a CAC score of 

1000 and the overall association was significant (p<0.001 for both), the percentage decreased 

among those with a CAC score ≥1000. Similarly, the percentage of patients with no risk factors 

decreased with increasing CAC score (p<0.001), although it increased slightly for those with a CAC 

score ≥1000. The percentage of patients with obesity, out of a reduced cohort of the 3680 patients in 

whom data was available, also increased with the CAC score (p<0.001). The percentage of smokers 

and those with family history of CAD were not different among the CAC score groups.  

 

 

Table 14: Individual patient risk factors by CAC score category 
 

Risk factors 
 

CACS = 0 
n = 2132 

CACS = 1-99 
n = 1728 

CACS = 100-399 
n =1124 

CACS = 400-999 
n =747 

CACS ≥1000 
n = 578 

p-value 

 
Age, years  

(6309), mean±SD 

 

54.3±11.4 

 

59.9±10.8 

 

64.3±10.2 

 

65.8±9.6 

 

68.2±9.4 

 
<0.001 

Male gender (6309), % 47.0 64.0 68.5 78.0 77.9 <0.001 
Hypertension (6287), % 44.1 58.2 63.7 68.2 72.6 <0.001 
Diabetes (6278), % 7.2 11.6 17.4 20.9 30.4 <0.001 
Dyslipidaemia 
(6109), % 

37.0 48.6 54.7 55.0 51.5 <0.001 

Obesity (3680), % 17.3 21.8 19.3 23.4 27.8 <0.001 
Smoking (6268), % 32.0 35.3 33.2 35.4 31.2 0.12 
Family history of CAD 
(6084), % 

46.7 46.4 43.9 42.6 41.9 0.09 

Number of risk factors, 

mean±SD 
1.75±1.16 2.10±1.16 2.20±1.19 2.31±1.17 2.36±1.26 <0.001 

No risk factors, % 14.0 7.9 7.0 5.2 6.6 <0.001 

 
CACS = Coronary artery calcium score; CAD = Coronary artery disease 
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Figure 10. Number of risk factors and the absolute CAC and log CAC score by gender  

 

Figure 10 shows that when plotting the CAC score against number of risk factors, females with 0-6 

risk factors have significantly less CAC than males (p<0.001). When the log transformed CAC 

score is used, this variation is smoothed out to give a more uniform increase in CAC score in both 

males and females with increasing number of risk factors.  

 

 

 
Figure 11. Number of risk factors and the proportion of patients in each CAC score group.  

 

Figure 11 demonstrates that as the number of risk factors increase, the proportion of patients in the 

lower CAC score ranges decreases, while the proportion with a higher CAC score generally 

increases (p<0.001).  

 

 

  



49 

 

Table 15: Multivariate predictors of CAC extent 

Risk factors All patients (n=6309)  Females (n=2398)  Males (n=3911) 
 β p-value  β  p-value  β  p-value 
 
Age 

 
0.09 

 
<0.001 

  
0.08 

 
<0.001 

  
0.09 

 
<0.001 

Gender 1.36 <0.001       
Hypertension 0.06 0.56  0.10 0.37  0.24 0.02 
Diabetes 0.47 <0.001  0.94 <0.001  0.56 <0.001 
Dyslipidaemia 0.04 0.68  0.12 0.26  0.31 0.002 
Obesity 0.22 0.04  -   0.09 0.40 
Family history of 
CAD 

0.26 0.009  -   -  

Number of risk 
factors 

0.36 <0.001  0.13 0.03  0.22 <0.001 

CAD = Coronary artery disease 

 

Table 15 shows the multivariate individual risk factor predictors of an increasing CAC score for 

males, females and all patients using ordinal regression analysis. Smoking in all patients, obesity 

and family history of CAD in females and family history of CAD in males were not significant in 

univariate analysis and so were not entered into the multivariate analysis. In all patients, an 

increasing CAC score was correlated with age, male gender, diabetes, obesity, family history of 

CAD and number of risk factors, with the most important predictors being male gender (β = 1.36, 

p<0.001) followed by diabetes (β = 0.47, p<0.001). In females, the most important risk factor for 

increasing CAC score was diabetes (β = 0.94, p<0.001) followed by number of risk factors and age 

but in males age, Hypertension, diabetes, dyslipidaemia and number of risk factors were predictive, 

with diabetes being the most important (β = 0.56, p<0.001) followed by dyslipidaemia (β = 0.31, 

p=0.002). Hypertension and dyslipidaemia were only predictive in males, whereas obesity and 

family history were only predictive in all patients.  
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Table 16: Quantile regression of different risk factors as predictors of CAC extent with correction for 

age, including regression coefficients from linear regression (LR).  
 

Quantile Males Females 

 β SE p value β SE p value 

Hypertension        

90% 0.14 0.04 <0.001 0.160 0.073 0.03 

75% 0.050 0.03 0.11 0.209 0.063 0.001 

50% 0.096 0.046 0.04 0.179 0.058 0.002 

25% 0.058 0.053 0.27 0.050 0.073 0.50 

10% 0.043 0.066 0.52 0.036 0.092 0.70 

LR 0.062 0.031 0.04 0.134 0.046 0.004 
       

Dyslipidaemia       

90% 0.003 0.040 0.94 0.124 0.045 0.006 

75% 0.029 0.030 0.33 0.076 0.059 0.20 

50% 0.106 0.043 0.01 0.120 0.057 0.03 

25% 0.197 0.048 <0.001 0.135 0.077 0.08 

10% 0.216 0.059 <0.001 0.083 0.090 0.36 

LR 0.101 0.03 <0.001 0.103 0.043 0.02 
       

Diabetes mellitus        

90% 0.212 0.033 <0.001 0.296 0.601 <0.001 

75% 0.230 0.043 <0.001 0.388 0.052 <0.001 

50% 0.303 0.044 <0.001 0.433 0.077 <0.001 

25% 0.288 0.073 <0.001 0.261 0.104 0.01 

10% 0.221 0.089 <0.001 0.303 0.124 0.02 

LR 0.267 0.038 <0.001 0.336 0.055 <0.001 
       

Smoking        

90% -0.057 0.036 0.12 0.108 0.052 0.04 

75% 0.018 0.031 0.56 0.118 0.065 0.07 

50% 0.080 0.042 0.06 0.086 0.070 0.22 

25% 0.071 0.054 0.19 0.220 0.066 0.001 

10% 0.155 0.068 0.02 0.272 0.083 0.001 

LR 0.055 0.030 0.07 0.125 0.049 0.01 
 

Family history  
      

90% 0.035 0.039 0.36 -0.093 0.055 0.09 

75% 0.060 0.029 0.04 -0.108 0.059 0.07 

50% 0.116 0.044 0.009 -0.056 0.060 0.35 

25% 0.054 0.054 0.31 0.038 0.077 0.62 

10% 0.053 0.068 0.43 0.091 0.081 0.26 

LR 0.059 0.030 0.05 -0.022 0.045 0.61 
       

Obesity       

90% 0.159 0.042 <0.001    

75% 0.099 0.052 0.06    

50% 0.035 0.002 <0.001    

25% 0.123 0.081 0.13    

10% 0.109 0.113 0.34    

LR 0.099 0.045 0.03 -0.011 0.073 0.88 
       

Only subjects with CAC>0 were included in the analysis. SE = Standard error; CAD = Coronary artery disease 



51 

 

Table 16 shows the estimated coefficients of selected variables from age-adjusted quantile 

regression analysis at percentiles of 90%, 75%, 50%, 25% and 10%, as well as from linear 

regression, for 4175 patients with CAC, 2090 male and 1268 female. Linear regression showed 

hypertension, dyslipidaemia and diabetes as predictors of CAC extent in both males and females, 

although smoking was a predictor only in females as was obesity only in males. Family history 

failed to predict CAC in either gender. Based on the magnitude of β, the strongest predictor of CAC 

extent in males was diabetes (β=0.267, p<0.001) followed by dyslipidaemia (β=0.101, p<0.001). 

Diabetes was also the strongest predictor of CAC extent in females (β=0.336, p<0.001), followed 

by hypertension (β=0.134, p=0.004).  

 

In quantile regression, which represents the effect of a risk factor on the average level, hypertension 

significantly predicted CAC extent in the 50% and 90% quantiles and in 50-90% quantiles in 

females. dyslipidaemia predicted CAC extent in males in the 10-50% quantiles (i.e. below the 

median) but in females it was predictive only in the 50% and 90% quantiles. In contrast, diabetes 

significantly predicted CAC extent at all quantile levels in both males and females, despite a 

slightly lower significance in the 10% and 25% quantiles in females. Smoking predicted CAC 

extent only at the 10% quantile in males but was more predictive in females, with significance at the 

10%, 25% and 90% quantiles. Family history for CAD was a predictor at the 50% and 75% 

quantiles only in males but not at any level in females. Finally, obesity modestly predicted CAC 

extent at 50% and 90% quantile levels but the analysis could only be carried out in males. Based on 

the magnitude of β, diabetes is the most important predictor of CAC extent in every quantile in both 

males and females.   

 

Figure 3 shows the corresponding quantile regression lines for the principal risk factors 

hypertension, dyslipidaemia and diabetes in males and females, according to age. For each quantile, 

the distance between the linear regression line for subjects with the risk factor present (red lines) 

and subjects without the risk factor (blue lines) corresponds to the β in Table 3. The figures show 

that hypertension is mainly important for high CAC (≥50% quantile), while dyslipidaemia is mainly 

important for males with lower levels of CAC (≤50% quantile) but for females the importance of 

dyslipidaemia is more evenly distributed. For diabetes, the distance between red and blue lines are 

greater than for the other risk factors, indicating the higher β from Table 3.  
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Key: Red lines = subjects with the risk factor; Blue lines = subjects without the risk factor. The distance between red 

and blue lines corresponds to the β in Table 4.  

 

Figure 12. Quantile regression lines for hypertension, dyslipidaemia and diabetes by age and 

gender 
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Paper 5 

 

Data extraction  

 

A total of 884 studies were identified. After exclusion of duplicates and review of the retrieved 

papers for the above criteria (the selection process is shown in Figure 13), 10 studies comprising 

15,769 symptomatic patients [10-19] were eligible for inclusion in the systematic review, while 7 

studies comprising 12,682 patients [10-12,14,16-18] were eligible for inclusion in the meta-

analysis. All are listed in Table 12. A risk factor was included in the meta-analysis when at least 3 

papers had provided data on that risk factor. The papers were then divided according to CAC 

assessment type (i.e. CAC presence, extent or progression). One study, Lai et al [10], assessed both 

CAC presence and extent and is consequently shown twice in both the systematic review and meta-

analysis, while studies by Mayer et al [11] and Mitsutake et al [12] could be used for both CAC 

presence and extent in the meta-analysis but were used only for CAC extent in the systematic 

review.   

 

 

Figure 13: Flow chart showing selection of eligible studies 

 

 

 
 

 

 

CAC presence was defined as any CAC score >0. CAC extent was defined as the amount of the 

CAC score in studies which did not use a CAC score threshold or, in studies which did use a CAC 

score threshold, CAC extent was defined as any CAC score >150 compared to CAC=0; any study 

with a CAC score threshold ≤150 was taken as a study of CAC presence. Similarly in angiographic 

studies, where moderate/severe calcification was compared with mild/no calcification, this was also 

taken as a study of CAC presence. CAC progression was defined as an increase in the CAC score 

over time.  
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Ten studies fitted our inclusion criteria [10-19], comprising 15,769 symptomatic patients, as 

outlined in Table 17. The number of patients ranged from 114 in Maragiannis et al [17], to 1,560 in 

Greif et al [15], with one study of CAC presence by Kovacic et al comprising 9,993 patients [16]; 

because of the large numbers in this study, it will be separately mentioned in the analysis unless its 

results conform to those of all other studies. Three studies had a solely Japanese population 

[12,13,19], two studies were Chinese [10,18], while one was Turkish [14]. All studies were mixed 

gender except for Lai et al [10] and Mayer et al [11], which investigated exclusively male patients. 

One study, Greif et al [15], separately investigated males and females and consequently this was 

treated as 2 separate studies [15M; 15F] in the analysis. All studies investigated a wide age range 

except Lai et al [10], whose patients were aged ≥65. All patients in the study by Kovacic et al [16] 

had coronary stenosis ≥60%, while those in the study by Mayer et al [11] had CAD and a close 

relative who had suffered a myocardial infarction before the age of 60 years. Eight of the 10 studies 

had CAC assessed by CT scanner, either 16- or 64-slice, but the remaining two were investigated 

angiographically. Kovacic et al [16] assessed the extent of CAC on the stenotic lesion undergoing 

percutaneous coronary intervention (PCI), with CAC being graded as none, mild, moderate or 

severe, while Mayer et al [11] assessed the CAC observed in the coronary vessels as none, mild-

moderate or severe. Kovacic et al [16] assessed predictors for calcification as moderate-severe 

calcification compared to no calcification; we have included this in the analysis as a study of CAC 

presence rather than CAC extent. 

 

Systematic review 

 

We analysed the following numbers of studies in each category:  

 CAC presence cross-sectional:  6 studies   12,830 patients 

 CAC extent cross-sectional:  4 studies      2,986 patients 

 CAC progression:    1 study        164 patients 

   ------------------- 

Total symptomatic patients:       15,980 patients 

(but Lai et al, with 211 patients, was included in both CAC presence and extent) 

 

Meta-analyses 

 

We analysed the following numbers of studies in each category, with three studies providing data 

for both CAC presence and extent:  

 CAC presence cross-sectional:  7 studies    12,682 patients 

 CAC extent cross-sectional:  3 studies        1,623 patients 

    

The unadjusted ORs of each risk factors were estimated from the exposure distributions for CAC 

presence or absence [20,21], with the exception of the ORs from the study by Kovacic et al [16], 

which directly showed the univariate ORs in the results. Because age was a continuous parameter, 

the OR for age was pooled from multivariate results. For the remaining risk factors, few papers 

provided the multivariate ORs, so consequently the pooled ORs from multivariate results were not 

analysed. In the three papers which provided the ORs for both CAC presence and extent [10-12], 

we extracted the exposure distributions for moderate and severe CAC and combined them as CAC 

presence. In these three papers, the ORs for the comparison between mild to moderate CAC and 

zero CAC and the comparison between severe CAC and zero CAC were pooled from the exposure 

distribution separately to assess the risk factors which predicted CAC extent. 
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Table 17. Study characteristics  

 

Author, 

Year 

Ref 

No. 

Study population 

CAC=0    CAC>0 

or total population 

if no data provided 

Mean 

age 

(years) 

Means of CAC assessment 

 

Notable patient 

characteristics 

CAC Extent: 

 

Lai et al, 2015 

as above 

 

Mayer et al, 2007 

 

 

 

Mitsutake et al, 

2007 

 

Tanaka et al, 

2012 

 

 

CAC Presence: 

 

Atar et al, 2013  

 

Greif et al, 2013 

 

 

Kovacic et al, 

2012 

 

 

Lai et al, 2015 

 

 

Maragiannis et al, 

2015 

 

Qing et al, 2015 

 

 

CAC Progression: 

 

Okada et al, 2013 

 

 

10 

 

 

11 

 

 

 

12 

 

 

13 

 

 

 

 

 

14 

 

15 

 

 

16 

 

 

 

10 

 

 

17 

 

 

18 

 

 

 

 

19 

 

 

91        120 

 

 

333      544 

 

 

 

245      290 

 

 

1363 

 

 

 

 

 

382           60 

 

Males     1123 

Females    437 

 

8553      1440 

 

 

 

91          120 

 

 

65          49 

 

 

146     364 

 

 

 

 

164  

(all with CAC>0) 

 

 

71.1 

 

 

59.7 

 

 

 

64.0 

 

 

68.0 

 

 

 

 

 

53.6 

 

55.4 

63.2 

 

66.6 

 

 

 

71.1 

 

 

56.1 

 

 

56.0 

 

 

 

 

68.7 

 

 

64-slice GE scanner 

 

 

Angiographic, CAC observed in 

the coronary vessels could be 

none, mild-moderate or severe.  

 

16- or 64-slice Toshiba CT 

scanner 

 

64-slice Toshiba CT scanner 

 

 

 

 

 

64-slice Phillips CT scanner 

 

16-slice Siemens CT scanner 

 

 

Angiographic, CAC on stenotic 

lesion undergoing PCI, could be 

none, mild, moderate or severe.  

 

64-slice GE scanner 

 

 

16-slice Phillips CT scanner 

 

 

64-slice GE CT scanner 

 

 

 

 

64-slice Toshiba CT scanner 

 

 

Chinese ethnicity, 

males aged ≥65 

 

Males 

 

 

 

Japanese ethnicity 

 

 

Japanese ethnicity 

 

 

 

 

 

Turkish ethnicity 

 

European 

ethnicity  

 

All with coronary 

stenosis ≥60% 

 

 

Chinese ethnicity, 

males aged ≥65 

 

US study 

 

 

Chinese ethnicity 

 

 

 

 

Japanese ethnicity 

 

 

All studies of CAC presence and extent were case-control studies, while the one study of CAC 

progression (Okada et al) was a cohort study.  
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Systematic review 

 

The papers were then analysed by age, gender, ethnicity, diabetes, dyslipidaemia, family history, 

hypertension, obesity and smoking (Table 18). In none of the studies was physical activity assessed. 

In several studies the definition of the risk factor comprised multiple components (for example, 

dyslipidaemia could include any of elevated total, LDL cholesterol or the total/HDL cholesterol 

ratio or decreased HDL cholesterol. For the purposes of analysis for the systematic review, a risk 

factor was assessed if any one of its components was present (so dyslipidaemia was predictive if 

only LDL cholesterol was elevated and all other components were in normal range). Analysis of the 

precise risk factor components is also provided in each relevant section, where any modifying effect 

of age is also considered.  

 

 

Table 18. Systematic Review:  Analysis of number and type of studies investigating risk 

factors for CAC  

 

 

Risk factors 
CAC presence  CAC extent  CAC progression 

Predictive Not 
predictive 

 Predictive Not 
predictive 

 Predictive Not 
predictive 

Age 5 1  3 1  0 1 
Gender 2 2  2 0  0 0 
Ethnicity 1 0  0 0  0 0 
Diabetes 3 4  1 3  1 0 
Dyslipidaemia 3 4  1 3  0 1 
Hypertension 2 5  3 1  1 0 
Family history 0 1  1 1  0 0 
Obesity 1 5  0 3  0 1 
Smoking 1 5  0 4  0 0 

 

 

 

 

Age: There are 5 studies showing that age is predictive of CAC presence [14-18], compared to 1 

study which is not predictive [10], although in this study all patients were aged ≥65. Three studies 

showed that age was predictive of CAC extent [11-13] and the same study of patients aged ≥65 

found age not to be predictive [10]. The only study of CAC progression found that age was not 

predictive [19].  

 

Male gender: 2 studies of CAC presence showed that gender was not predictive [14,16], including 

the angiographic study of 9,993 patients [16], although in 2 studies of CAC presence [17,18] and 2 

studies of CAC extent it was predictive [12,13].  

 

Ethnicity: The study of 9,993 patients was the only one to consider ethnicity and this found that it 

was predictive of CAC presence [16].  

 

Diabetes mellitus: The two Greif et al studies [15M;15F] and the angiographic study of 9,993 

patients [16] found diabetes to be predictive of CAC presence, although 4 smaller studies showed 

that it is not [10,14,17,18]. Although one study of 1,363 patients found diabetes to be predictive of 

CAC extent [13], three studies with a total of 1623 patients showed that it was not predictive [10-

12] The only study of CAC progression showed that diabetes was predictive [19].  
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When the studies are analysed by markers for diabetes: 

 Blood glucose was not predictive of CAC presence [14] or extent [12]  

 Insulin was not predictive in 1 study of CAC presence and extent [10]. 

 HbA1c was not predictive of CAC presence [15M;15F,18] or extent [11,12], although it did 

show predictive ability for CAC progression [19] 

 Oral hypoglycaemic medication was not predictive in 1 study of CAC presence and extent [10]. 

 Homeostatic Model Assessment – Insulin Resistance (HOMA-IR) was not predictive of CAC 

presence [15M;15F]  

 

Dyslipidaemia: Thee studies showed that dyslipidaemia was predictive of CAC presence 

[15M,15F,18], while 4 studies, including the study of 9,333 patients, shows that it is not predictive  

[10,14,16,17]. For CAC extent, however, 1 study showed that dyslipidaemia was predictive [11] but 

3 studies, with more than twice as many patients, found it not to be predictive [10,12,13]. The 1 

study of CAC progression [19] showed that it was not predictive.  

 

When the studies are analysed by markers and biomarkers for dyslipidaemia: 

 Elevated LDL cholesterol was not predictive in all 4 studies of CAC presence [14,15M,15F,16] 

and in 2 studies of CAC extent [11,12]. 

 Elevated total cholesterol was not predictive in 2 studies of CAC presence [14,18], 2 studies of 

CAC extent [11,12] and 1 study of CAC progression [19].  

 Decreased HDL was not predictive in 3 studies of CAC presence [14,15M,15F] and 1 study of 

CAC extent [12] but was predictive of severe CAC extent in 1 study [11].  

 Lipid-lowering medication was predictive in 3 studies of CAC presence [15M,15F,18] but was 

not predictive in 1 study of CAC presence [10] and 2 studies of CAC extent [10,12].  

 

Hypertension: Although 2 studies, including the study of 9,993 patients, [16,17] found that 

hypertension was predictive of CAC presence, the remaining studies showed that it had no 

predictive ability [10,13,15M,15F,18]. Three studies of CAC extent found that it was predictive 

[11,12,13] but 1 study found it not to be predictive [10]; the 1 study of CAC progression was also 

predictive [19].  

 

When the studies are analysed by markers for hypertension: 

 Systolic blood pressure (SBP) was not predictive in 3 studies of CAC presence [10,15M,15F] 

and 2 studies of CAC extent [10,12] but 1 angiographic study showed it was predictive of 

severe CAC extent [11]. SBP was also predictive of CAC progression [19].  

 Diastolic blood pressure (DBP) was not predictive in 3 studies of CAC presence [10,15M,15F] 

and 3 studies of CAC extent [10,11,12]. 

 Antihypertensive medications were not predictive in 4 studies of CAC presence 

[10,15M,15F,18] and 1 of CAC extent [10]. 

 Pulse pressure was not predictive in 1 study of CAC extent [11] and the study of CAC 

progression [19]. 

 

Family history of premature CHD:  The only study to assess predictive ability for CAC presence 

was the study of 9,993 patients [16], which found it was not predictive. Among those investigating 

CAC extent, 1 was predictive, with 877 patients, [11] but another was not, with 535 patients [12]. 

The one predictive study was angiographic and investigated a family history of CAC since the 

population was preselected to comprise males with a family history of CAD [11].  

 

Obesity: Five studies found no predictive ability for obesity [10,15M,15F,17,18], although the large 

study by Kovacic et al found that there was an inverse predictive ability between obesity and CAC 
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presence, making obesity protective against CAC [16]. No study of CAC extent, found that obesity 

was predictive [10,11,12]. The only study of CAC progression did not find obesity to be predictive 

[19].  

 

When the studies are analysed by markers for obesity: 

 Body mass index (BMI) was inversely predictive in the angiographic study of CAC presence 

involving 9,993 patients [16] but not in 3 studies of CAC presence [10,17,18] and 1 of CAC 

extent [10]. BMI was not predictive in 1 study of CAC progression [19]. 

 Weight was not predictive in 1 study of CAC extent [16]. 

 

Smoking: With respect to CAC presence, only one small study found it to be predictive [14], while 

the remainder, including the study of 9,993 patients, found that smoking was not predictive 

[10,15M,15F,16,18]. None of the 4 studies of CAC extent [10,11,12,13] found smoking to be 

predictive.  

 

When the studies are analysed by markers for smoking, current smoking was not predictive in 2 

studies of CAC presence [15M,15F]. 

 

Meta-analyses 

 

Out of the ten papers that were eligible for the systematic review [10-19], seven were also suitable 

for the meta-analysis: Lai et al [10], Mayer et al [11], Mitsutake et al [12], Atar et al [14], Kovacic 

et al [16], Maragiannis et al [17] and Qing et al [18].  

 

The meta-analysis investigated the predictive ability of age, male gender, diabetes, dyslipidaemia, 

hypertension and smoking for CAC presence and extent (Supplementary Figures 1-6). It was not 

possible to include obesity, exercise or number of risk factors but the angiographic study of 9,993 

patients found that white ethnicity was predictive of CAC presence, although family history of 

CAD was not predictive; since no other study assessed these two risk factors, they have not been 

entered in the meta-analysis. As mentioned above, data from three studies investigating CAC extent 

in the systematic review (Lai et al [10], Mayer et al [11] and Mitsutake et al [12]) have been re-

analysed as potential predictors of CAC presence in the meta-analysis.   

 

Predictors of CAC presence 

 

Table 19 gives the pooled results from the meta-analysis. The predictors of CAC presence in order 

of importance were hypertension (OR=1.71, p<0.00001), male gender (OR=1.47, p=0.02), diabetes 

(OR=1.34, p=0.03) and age (OR=1.07, p=0.04). Smoking and dyslipidaemia were not predictive. 

The Egger's regression interception test was not significant suggesting no significant publication 

bias. Age, being a continuous variable, could not be entered into the Egger test. The funnel plots for 

each risk factor are provided in the supplementary data and similarly show no publication bias.  

 

Because of the disproportionately large number of patients in the study by Kovavic et al [16], we 

repeated the meta-analysis after excluding this paper (shown in the supplementary data). This 

slightly increased the ORs for hypertension to 1.89 (p<0.00001), male gender to 1.74 (p<0.00001), 

diabetes to 1.45 (p<0.00001). Smoking and dyslipidaemia were still not significant.   
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Table 19. Meta-analysis:  Pooled risk factors and their ORs predicting CAC presence 

 

Risk factors Pooled OR  

(95% CI) 
p for  
overall 
effect 

Studies Patient  
numbers 

Egger’s test 

     Intercept t value p-value 

Age (years) 
 

1.07 (1.00-1.04) 0.04 10, 14, 18 1,163 
 

   

Male gender 
(yes/no) 
 

1.47 (1.05-2.06) 0.02 12, 14, 16-18 11,594 2.29 2.42 0.09 

Hypertension 
(yes/no) 
 

1.71 (1.51-1.94) <0.00001 10-12, 14, 16-18 12,682 0.94 0.78 0.47 

Diabetes mellitus  
(yes/no) 
 

1.34 (1.02-1.75) 0.03 10-12, 14, 16-18 12,682 0.81 0.83 0.44 

Smoking (yes/no) 
 

1.42 (0.90-2.22) 0.13 10-12, 14, 16-18 12,682 3.39 1.84 0.12 

Dyslipidaemia 
(yes/no) 
 

1.25 (0.81-1.94) 0.31 10, 12, 16, 17 10,853 1.09 0.64 0.59 

 

 

Predictors of CAC extent 

 

Only 3 studies (Lai et al [10], Mayer et al [11] and Mitsutake et al [12]) analysed the predictors of 

CAC extent, among which Mayer et al was an angiographic study classifying CAC as either ‘no 

calcification’, ‘mild to moderate calcification’ or ‘severe calcification’. Mitsutake et al used CAC 

scoring and classified the lowest group (taken to be CAC = 0) as a CAC score of 0-12, the mild-

moderate group as a CAC score of 13-445 and the severe calcification group as a CAC score of 

>445, while Lai et al used a threshold CAC score of ≥400 The results are shown in Table 20.  

 

The presence of mild-moderate CAC, compared with zero CAC, was independently predicted only 

by hypertension (OR 1.61, p<0.0001), with diabetes, dyslipidaemia and smoking proving not to be 

predictive. The presence of severe CAC, compared with zero CAC, was predicted by hypertension 

(OR 2.09, p=0.01) and diabetes (OR 1.55, p=0.005); dyslipidaemia and smoking were not 

independently predictive. It was not possible to analyse age or male gender as predictors of CAC 

extent. 

 

Quality assessment  

 

We carried out a MINORS evaluation of the studies included in the meta-analysis, as shown at 

Table 21. The items are scored 0 (not reported), 1 (reported but inadequate) or 2 (reported and 

adequate), with the global ideal score being 16 for non-comparative studies. Most studies scored 2 

for all parameters expect follow up data and prospectivity which were obviously not in the design 

for our case-control studies. These results were considered quite satisfactory.   
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Table 20. Meta-analysis:  Pooled risk factors and their ORs predicting CAC extent 
 

Risk factors 

Mild to moderate CAC or 
CACS 13-445 
vs. CACS =0 

 Severe CAC or CACS >445  
vs. CACS=0 

Patient  
numbers 

 

OR p-value  OR p-value  

Hypertension (yes/no) 
 

1.61 (1.28-2.03) <0.0001  2.09 (1.09-4.03) 0.01 1,623 

Diabetes mellitus (yes/no) 
 

1.22 (0.93-1.60) 0.16  1.55 (1.14-2.10) 0.005 1,623 

Dyslipidaemia (yes/no) 
 

0.75 (0.52-1.00) 0.13  1.03 (0.65-1.63) 0.90 746 

Smoking (yes/no) 
 

0.93 (0.72-1.20) 0.60  1.07 (0.68-1.67) 0.77 1,623 

CACS = Coronary artery calcification score 

 

Studies used in CAC extent meta-analysis: Lai et al [10], Mayer et al [11] and Mitsutake et al [12]. 

Lai et al, a study using a threshold of >400, was included as severe CAC.  

 

 

 

 

 

Table 21. Quality assessment of studies included in the meta-analysis  

 

Study 

Clearly 
stated 

aim 

Consecutive 
patients 
inclusion 

Prospective 
collection 

of data 
Endpoints 

appropriate 

Unbiased 
assessment 

of the 
study 

endpoint 

Follow-up 
period 

appropriate 
to the aim 

of the 
study 

Loss to 
follow 
up less 

than 5% 

Prospective 
calculation of 
the study size: 

Total 
score 

Atar et al, 2013 2 2 2 2 2 0 0 0 10 

Greif et al, 2013 2 2 2 2 2 0 0 0 10 

Kovacic et al, 2012          1 2 0 1 2 0 0 0 6 

Mayer et al, 2007 2 2 2 2 2 0 0 0 10 

Mitsutake et al, 2007       2 2 2 2 2 0 0 0 10 

Okada et al, 2013 2 2 2 2 2 2 1 0 13 
 
Tanaka et al, 

2012 2 2 2 2 2 0 0 0 10 
 
Lai et al, 2015 2 2 2 2 2 0 0 0 10 
 

Maragiannis et 
al, 2015 2 1 2 2 2 0 0 0 9 

Qing et al, 2015 2 2 2 2 2 0 0 0 10 

 

Evaluation of meta-analysis studies using the Methodological Index for non-randomized studies 

(MINORS) [35]. Elements are scored 0 (not reported), 1 (reported but inadequate) or 2 (reported 

and adequate).  
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DISCUSSION 

 

Paper 1 

 

Comparison with other studies: conventional risk factors and significant coronary stenosis  

 

In patients with CAC we found that male gender, diabetes, age, smoking, hypercholesterolaemia 

and family history were predictive of >50% stenosis. Schmermund et al found that only age, male 

gender and dyslipidaemia were predictive [9], with the inclusion of smoking in a second study [10]. 

These results were broadly confirmed by Phillips et al [11], but others reported different predictive 

risk factors [12-15], suggesting a lack of consistency in the ability of conventional risk factors to 

predict stenosis severity. This is not surprising since the original purpose of analysing risk factors 

was to predict cardiac events caused by unstable culprit plaque, which is not necessarily associated 

with significant stenosis [16,17]. Furthermore, the considerable variability in the severity and 

duration of each risk factor, as well as their potential interaction, may impact coronary stenosis.   

 

Comparison with other studies: coronary calcification and stenosis  

 

It has also been suggested that the CAC score can enhance risk stratification in predicting the 10-

year event risk, over and above risk factors alone. Erbel et al showed that adding CAC scores to the 

Framingham risk factors and National Cholesterol Education Panel ATP III categories improved 

their accuracy from 0.68 to 0.75 and from 0.65 to 0.76 respectively for prediction of hard events [5], 

while Polonsky et al reported increased accuracy from 0.76 using Framingham risk factors to 0.81 

with the addition of the CAC score [18]. We found that the CAC score is as reliable for prediction 

of >50% stenosis as risk factors and may be more sensitive. Autopsy and histopathology studies 

have shown a significant association between CAC presence and atherosclerosis burden [19] 

although CAC extent was better correlated with plaque burden than degree of luminal narrowing 

[3,19]. The relationship between CAC and the extent of stenosis is generally reflected in 

angiographic studies, with very high sensitivity but poorer specificity of the CAC score or log 

transformed CAC score [18,20-26], irrespective of symptoms. Nevertheless, a few studies have 

shown only weak correlation between CAC and stenosis extent [27,28], possibly because of arterial 

remodelling [29]. Other than Budoff et al, who showed that in symptomatic patients the addition of 

the CAC score increased the AUC for age and gender from 0.67 to 0.84 [23], our study appears to 

be the first to consider the incremental predictive value of the CAC score over conventional risk 

factors for significant stenosis and to analyse the data by means of stenosis assessment.  

 

We showed that the prevalence of significant stenosis increased with the CAC score, particularly up 

to CACS of 400. Where risk factors are also considered, the CAC score is consistently the most 

powerful predictor of significant stenosis compared to any risk factor in symptomatic patients 

[9,14]. Brown et al showed that risk factors alone explained only 10% of the variation in stenosis 

burden, whereas the addition of the CAC score explained 45% [12]. Schmermund et al calculated 

an algorithm which showed that significant stenosis could be predicted by the log transformed CAC 

score, male gender and diabetes [30].   

 

Comparison with other studies: risk factors and coronary stenosis in patients with zero CAC  

 

Our results showed that around 20% of symptomatic patients had zero CAC. In these patients, 

studies have shown a low 10-year event risk (around 1%) [19], although there may be a higher risk 

of significant stenosis. The percentage of these patients with >50% stenosis in recent large studies 

ranges from 0 to 4.3% [24,31,32], with the large CONFIRM registry showing a prevalence of 3.5% 

[21]. The respective prevalence in our cohort was 5.5%, confirming the importance of further 
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investigating those patients presenting with angina, even in the absence of CAC. In patients with 

zero CAC, only smoking was predictive. Comparison of our findings with those of others 

[21,31,33] demonstrates the lack of consistency of conventional risk factors in predicting significant 

stenosis in these zero CAC symptomatic patients.   

 

Clinical implications 

 

The conventional risk factors have modest accuracy in predicting the presence of >50% coronary 

artery stenosis and only smoking was found to be predictive of the severity of stenosis in those with 

no calcification. The coronary calcium score enhances significantly the accuracy of risk factors in 

predicting significant stenosis. The use of CAC has significantly higher sensitivity in predicting 

angiographic diagnosis of significant stenosis but enhances the specificity of CTCA in obtaining a 

similar diagnosis.  

 

 

 

Paper 2 

 

Comparison with similar studies 

 

Essentially, there are no geographical studies investigating risk factor and CAC predictors of 

significant stenosis. The comparisons studies cited therefore principally look at geographical 

propensity to risk factors.  

 

The principal geographical comparison studies have been between the US Multi-Ethnic Study of 

Atherosclerosis (MESA) and the German Heinz Nixdorf Recall study (HNR), both population 

studies, whereas ours investigated referred symptomatic patients. Although none of these 

comparison studies assessed significant stenosis, a study of CAC [8] showed that the prevalence of 

most risk factors among the German cohort was higher than among the US cohort. This was in 

contrast to our study, which found that USA symptomatic patients were younger than Europeans 

and more diet- and lifestyle-related risk factors. As in our study, hypertension was lower in the USA 

group, thought to be due to greater use of anti-hypertensive medication; incidence of smoking and 

hypercholesterolaemia was also lower in the US cohort but diabetes prevalence was similar.  

Another comparison study, using a completely different USA cohort (from the Epidemiology of 

Coronary Calcification study) but possible duplicates among the HNR population, found that risk 

factors were generally more prevalent among Germans, particularly smoking [9]. A further study 

comparing Caucasian cohorts from the USA, Portugal and Brazil [10], the latter two selected for 

their genetic similarity, found that generally risk factors among males and females were most 

prevalent among the Brazilian cohort, which had the lowest mean age, and were least prevalent in 

the US cohort, with the Portuguese cohort lying in between; the only exception was the incidence of 

smoking, which was highest among Portuguese men.   

 

Another MESA/HNR comparison study investigated predictors of carotid intima-media thickness 

(cIMT) [11], a known surrogate for coronary artery disease, and showed that the CV risk factors 

were generally worse in the HNR cohort. Nevertheless, the strongest risk factors associated with 

cIMT in both cohorts were age, male gender and systolic blood pressure, with smoking, diabetes 

and hypercholesterolaemia also proving significant. The authors described a ‘remarkable level of 

agreement’ between the US and German cohorts. A further cIMT study (IMPROVE) investigated 

elderly high risk Caucasian subjects from Finland, France, Italy, the Netherlands and Sweden [12] 

and found that a more northerly latitude was the most important determinant of cIMT, followed by 

age, gender, pulse pressure, duration of smoking, educational level and hypertension. Northern 

European participants had a significantly more proatherogenic profile than patients recruited in 
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France and Italy, thought in part to have been related to the ready availability of olive oil and fresh 

fruits in southern Europe, which were only available to those of higher socioeconomic status in 

northern Europe. The authors also considered that a difference in vitamin D metabolism and 

incidence of depression may help to account for the geographical difference.  

 

Clinical implications 

 

It is interesting that in symptomatic patients, coronary calcification is the strongest predictor of 

significant stenosis irrespective of the continent or geographical origin of the patients. This supports 

previous findings which showed that the extent of coronary calcification is a powerful predictor of 

stenosis severity. However this study also demonstrates the clinical predictive power of the CAC 

score over and above those of conventional risk factors, routinely used in clinical practice to 

manage such patients. Nevertheless, a few patients with stenosis have zero CAC, so the presence of 

CAC should be taken as indicative and not as ruling out the possibility of significant stenosis. The 

second important predictor was gender, which again complies with previous population findings 

which showed that coronary stenosis lags by almost 10 years of age in females compared to males. 

These findings support the regular use of the CAC score in the clinical management of intermediate 

risk symptomatic individuals as a predictor of significant stenosis rather than the traditional use of 

risk factors in Europe and the USA. Nevertheless, this does not obviate the need for optimum 

control of conventional risk factors, particularly in Europe, where they are more prevalent and 

modestly predictive.    

 

 

 

Paper 3 

Comparison with other studies 

 

Not many studies have investigated the association between risk factors and CAC presence in 

symptomatic patients. Atar et al studied 442 Turkish patients and found that smoking and the 

Framingham risk score (comprising age, gender, LDL and HDL cholesterol, smoking, blood 

pressure and diabetes) independently predicted CAC presence, as well as serum uric acid [13]; 

however, because the Framingham risk score was used rather than individual risk factors we cannot 

directly compare the data. Greif et al investigated 1560 European patients and showed that diabetes, 

dyslipidaemia (as statin use) and lipoprotein (a) were independent predictors of CAC presence [14]. 

Nevertheless in our multivariate analyses, dyslipidaemia and diabetes in males were also predictors 

of CAC presence in agreement with Greif et al. Ehara et al investigated the risk factors for zero 

CAC among 309 symptomatic patients and found that the absence of dyslipidaemia and diabetes 

were independently predictive in men but not in women [15]; this would suggest that the presence 

of these risk factors may be predictive of CAC presence in males, although other risk factors may 

also be predictive. This is broadly in line with our results for males, which showed that 

dyslipidaemia and diabetes were the strongest risk factors, and those of Greif et al in a 72% male 

cohort. Nevertheless, our results showed that these risk factors were predictive in females as well. 

More recently, Ovrehus et al have shown that in 2257 symptomatic patients, mean age 55.5 years, 

45% male, age, male gender, hyperlipidaemia, hypertension, smoking and family history of CAD 

were independent predictors of CAC presence, with male gender having the highest risk [16]. 

Although they did not analyse by gender, Ovrehus et al’s results are broadly in line with ours.  

 

Although Ehara et al divided their sample by gender, none of the four studies of symptomatic 

patients described above assessed the risk factors by age group. However, in a study of 

asymptomatic subjects,  Detrano et al used age 65 years as a threshold and found that among 1461 

high risk subjects, with a mean age of 63years, 88% of whom were male, a family history of 
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premature myocardial infarction or death was the only predictor of CAC presence in both age 

groups, while diabetes was predictive only in those aged <65 years and smoking and low HDL were 

predictive only in those aged ≥65 years [17], which is somewhat at variance with our results and the 

studies of symptomatic patients. Amongst the many other studies of asymptomatic subjects which 

do not analyse their sample by age group or gender, the DanRisk study showed that gender, 

smoking, diabetes, hypercholesterolaemia, hypertension and family history of CVD were all 

independently predictive [18]. 

 

Among studies of symptomatic patients, our findings concur with most published evidence that as 

well as age, dyslipidaemia and diabetes are the most important predictors of CAC presence in males 

or in cohorts which are predominantly male. Our findings also agree with Detrano et al, that at age 

65-70 some risk factors may cease to be predictive, while others become predictive. Therefore we 

believe that our findings are of significant importance for three reasons. Firstly, because of our large 

sample volume of 6309 patients, ours is by far the largest cohort of symptomatic patients. Secondly, 

we investigated a multinational cohort of patients from six countries and two continents and thirdly, 

we studied the impact of both age and gender, not covered by any other study.  
 

Clinical implications 

 

Our analysis has shown that predictive risk factors for CAC presence include dyslipidaemia, 

hypertension, diabetes and smoking, which are all modifiable risk factors, either by medication or 

diet and lifestyle changes. Only family history of CAD, which was mildly predictive in males, is not 

susceptible to modification. Our results also show that individual risk factors have a different 

degree of impact depending on age and gender, a finding that should have direct clinical application 

in atherosclerosis prevention clinics.  

 

 

 

Paper 4 

 

Comparison with other studies investigating CAC extent  

 

Other studies investigating risk factors independently predictive of CAC extent in symptomatic 

patients include Mayer et al who found that in 877 males, age, hypertension, dyslipidaemia and 

family history of CAD were predictive of severe CAC assessed angiographically, while obesity, 

diabetes and smoking were not predictive [12]. Similarly, Mitsutake et al found that in 535 patients 

age, gender and hypertension predicted CAC extent, while dyslipidaemia and diabetes were not 

predictive [13] but Tanaka et al found that age, gender, hypertension and diabetes were predictive in 

1363 patients, while obesity, smoking and dyslipidaemia were not [14]. Finally, using a cut-off of 

≥400, Lai et al found that in 210 patients, none of the conventional CV risk factors were predictive 

of a higher CAC score [15]. Our patient group of 6309 was considerably larger than the cohort size 

in any of these studies but there is little agreement either between these studies or with our findings, 

except to demonstrate the importance of age and male gender.  

 

Clinical implications: 

Our results highlight the important relationship between diabetes and coronary calcification, 

irrespective of gender and the presence of other risk factors. Regardless of the pathophysiological 

mechanism behind this association, the findings strengthen the role of determining the extent of 

CAC among diabetics, particularly when symptomatic. It has previously been documented that 

severe and extensive calcification could contribute to patients’ limiting symptoms, irrespective of 
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the presence of significant stenosis. Thus, our findings strengthen this argument and establish the 

vital place of CAC assessment in the routine management of symptomatic patients with diabetes.      

 

 

 

 

Papers 1-4 Limitations 

 

We relied on the risk factor assessments by the investigating centres rather than by our own core 

lab, but we believe that they should be substantially accurate. Data on the duration of risk factors 

was unavailable but might have had a bearing on the predictive ability of those risk factors; 

however we believe that most risk factors were reasonably controlled at the time of recruitment in 

the study. Despite the lack of data for obesity in all patients, analysis of those with data did not 

demonstrate any predictive value for obesity, irrespective of whether the CAC score was included 

in the model. In Papers 1 and 2, data on whether the patients had typical or atypical angina and the 

duration of risk factors were not available and might have had a bearing on their predictive ability. 

Patients with typical angina would invariably have been sent for an invasive angiogram, whereas 

those receiving CTCA are likely to have had atypical angina. The CTCA local protocol might have 

slightly differed between centres, but this is unlikely to be of significant magnitude to alter the 

results or to re-stratify patients into different categories. Coronary stenosis severity was subjectively 

judged, as is the pattern of clinical practice; this might have over- or under-estimated the extent of 

arterial narrowing and hence the accuracy of the prediction analysis. We cannot exclude the 

potential role of confounding factors such as diet, which have been shown to influence both stenosis 

and CAC 

 

 

 

Paper 5 

 

Areas of difference between results from the systematic review and meta-analysis  

 

The most striking difference between the results from the systematic review and the meta-analysis 

is the minimal importance of age as a predictor of CAC in the meta-analysis, whereas it is a 

consistent predictor of both CAC presence and extent in the systematic review. However this may 

largely be accounted for by firstly the fact that age is a continuous variable and secondly that a 

different mix of studies of CAC presence were used for the systematic review and meta-analysis. 

We have previously shown the important predictive value of age in a large cohort of symptomatic 

patients [22].  

 

With respect to CAC presence, there were no other clear predictive risk factors based on the 

numbers of studies but when considering numbers of patients then the Kovacic et al study of 9,993 

patients, which found that diabetes and hypertension were predictive, was broadly in agreement 

with the meta-analysis. In the systematic review, CAC extent was predicted by male gender and 

hypertension, whereas in the meta-analysis CAC extent was predicted by hypertension and diabetes; 

this can be explained by the different mix of studies between the two methods. The main limitation 

of the systematic review is its qualitative analysis, with many contributory factors such as the power 

of the study, the number of studies and the number of patients. These limitations are overcome by 

the quantitative pooling of the meta-analysis.  
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Comparison with other studies 

 

Although we have found that in symptomatic patients the predictive risk factors for CAC presence, 

extent and progression are hypertension and diabetes, this is not the case in asymptomatic subjects 

where dyslipidaemia, smoking, obesity and family history of CAD have also been shown to be 

predictive in large population studies such as the Multi-Ethnic Study of Atherosclerosis and Heinz 

Nixdorf Recall [23,24]. No systematic review or meta-analysis of risk factor predictors for CAC in 

asymptomatic subjects has been carried out. Although the two conditions, hypertension and 

diabetes, are different in their clinical presentation and means of treatment, their effect on the 

arterial wall seems to be phenotypically similar, suggesting a shared mechanism such as oxidative 

stress [25,26]. Arterial calcification represents segmental ossification which is known to be 

progressive even after controlling risk factors, thus suggesting a perpetual effect, through a 

biochemical and/or histopathological mechanism, of those risk factors rather than just a triggering 

effect that subsides with their optimum control. Nevertheless, there is no inherent reason why the 

conventional CV risk factors, which were identified as predictors of 10-year coronary event risk 

[27,28], should predict CAC presence or extent, merely because CAC can also predict the 10-year 

event risk [3].   

 

Curiously, the expected predictive risk of dyslipidaemia did not feature strongly in either the 

systematic review or the meta-analysis. While some studies have shown that dyslipidaemia can be 

predictive of arterial calcification in asymptomatic subjects, this is not always the case, previously 

seen in a systematic review and meta-analysis of predictors of breast arterial calcification which 

found no relationship with dyslipidaemia [29]. In addition, dyslipidaemia is a particularly Caucasian 

problem [30] and it may be that the high number of studies with a Chinese or Japanese population 

included in the meta-analysis has impacted the results. Nevertheless, we have previously found that 

lipid-lowering medication has no effect on reducing coronary or aortic valve calcification [31,32], 

while other studies have found that rather than the treatment group, it is the placebo group that has 

less calcium progression [33,34]. It may however be the case that by the time calcification is 

established, the association with dyslipidaemia has been lost.  

 

Limitations 

 

A number of limitations deserve mention. Firstly, although we attempted to identify and include all 

relevant studies, there will inevitably be some that we have overlooked. Secondly, our search was 

restricted to studies in English, so it may be possible that some studies in other languages have been 

missed. Thirdly, the studies included in this systematic review and meta-analysis varied in design, 

population (e.g. eligibility by age), definition and duration of risk factor and year of publication. As 

expected, we observed considerable heterogeneity between studies, so it is arguable whether a 

summary estimate should be presented. However, our objective was not to provide this but rather to 

present a general approximation of the prevalence of these risk factors to facilitate the message. In 

particular, two studies assessed CAC angiographically, which is not sensitive to CAC detection, 

while the remainder used 16- or 64-slice CT scanning. Fourthly, analysis of studies of CAC 

presence was overwhelmed by the study of 9333 patients, while the next largest study had only 

1560. Fifthly, the lack of standardisation of definitions of risk factors limits our ability to provide 

summary estimates and we had no information on the duration of risk factors, which might have 

impacted the analysis. Sixthly, we were confined to those risk factors commonly measured in a 

clinical setting and inevitably there are others which might have been relevant.  
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CONCLUSION 

 

Paper 1 

 

Conventional risk factor predictors of significant coronary stenosis in symptomatic patients proved 

to be, in descending order of importance, male gender, diabetes, smoking, hypercholesterolaemia, 

hypertension, family history of CAD and age, with no predictive ability for obesity. The log 

transformed CAC score proved to be the most powerful predictor followed by male gender, while 

hypercholesterolaemia and hypertension lost significance. The addition of the log transformed CAC 

score to conventional risk factors significantly increased their predictive accuracy, irrespective of 

the method used for diagnosis of stenosis, conventional angiography or CTCA.  These results 

support those of others and show that the CAC score is highly predictive for significant stenosis. It 

should therefore maintain its position in the screening process of symptomatic patients, particularly 

those at intermediate risk, with the caveat that 5.5% of our patients with zero CAC nevertheless had 

significant stenosis.  

 

 

Paper 2 

 

The most striking result in our study is the strong importance of the CAC score followed by male 

gender as independent predictors of >50% stenosis in all geographical regions, despite little 

similarity in the conventional risk factor profiles. Since there were no other independent predictors 

in the USA group, it suggests that conventional risk factors are either predictive of CAC (age and 

dyslipidaemia) or not predictive of significant stenosis. This was in marked contrast to the two 

Europe groups, where virtually all risk factors with the exception of age remained predictive, albeit 

to a lesser extent. These differences might be related to the patients’ ethnicity, being mostly 

Caucasians in Europe but multi-ethnic in the US.  

 

 

Paper 3 

 

Although most risk factors, excluding obesity in both genders and family history of CAD in 

females, are predictive of CAC presence in males and females, our study clearly demonstrates the 

importance of diabetes and dyslipidaemia in predicting increasing CAC scores in males and 

diabetes and smoking in females. Furthermore, the risk factor predictors of CAC presence in 

symptomatic patients are influenced by age and gender.  In patients aged <70 years, diabetes, 

hypertension and dyslipidaemia were predictive in both genders, with smoking also being predictive 

in females. Among those aged ≥70 years, only dyslipidaemia was predictive in males but smoking 

and diabetes were predictive in females. The reduced number of risk factors predicting CAC in the 

older age group supports the important role of age in predicting CAC presence in symptomatic 

patients, as has been shown elsewhere in asymptomatic subjects.  

 

 

Paper 4 

 

In our cohort of symptomatic patients with CAC, diabetes, hypertension, dyslipidaemia and number 

of risk factors predicted an increasing CAC score in both genders, with diabetes being the most 

important in every quantile in both genders. A small proportion of those with CAC had no risk 

factors, while some of those with risk factors had zero CAC. These findings support the important 

role of CAC assessment in the management of symptomatic patients, particularly diabetics. 
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Paper 5 

 

Our meta-analysis showed that hypertension followed by diabetes were the most important risk 

factors for prediction of CAC presence and extent, with age and male gender also showing predictive 

ability for CAC presence. The results from the systematic review were more equivocal but the two 

forms of analysis were in general agreement that dyslipidaemia, obesity and smoking were not 

predictive. Irrespective of the mechanism for arterial endothelial damage hypertension and diabetes 

seem to result in a common phenotypic arterial wall damage in the form of calcification. Finally, 

despite CAC and the conventional CV risk factors both being predictive of 10-year coronary event 

risk, only a few of the CV risk factors appear predictive of CAC.  
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